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Abstract

Influenza viruses cause annually seasonal flu epidemics with an important morbidity and
mortality, as well as a high economical cost worldwide. The severity of the annual influenza
epidemic is proportional to the degree of immune protection of the population, which is related
to the high change rate of the viral envelope of these viruses. Since annual vaccination is the
main prevention measure, the high antigenic drift obliges to the annual reformulation of the
vaccine composition. Accordingly, global virological surveillance of circulating influenza
viruses is required in order to collect genetic and antigenic information necessary to determine
the vaccine composition yearly, a task that is coordinated globally by the World Health
Organization (WHO) and to which laboratories from all over the world contribute.

The hemagaglutination inhibition assay (HAI) is one of the methods recommended by the WHO
for the antigenic characterization of circulating influenza viruses and for the titration of specific
neutralizing antibodies (Ab) against them, two tasks that are crucial for the annual
recommendation of the vaccine compaosition. HAI is based on the fact that influenza binds to
red-blood cells producing their agglutination and changing their sedimentation pattern, a
behaviour that is prevented in the presence of specific anti-influenza Ab. HAI is a relatively
simple and economical assay, but it has to be carried out with fresh erythrocytes. This is a
biological reagent that is variable, unstable and difficult to obtain in large quantities for
worldwide distribution, and that is acquired independently by each laboratory, which
introduces lots of intra- and inter-laboratory variability in the results produced.

The main objective of this PhD Thesis was the development of a synthetic reagent that could
substitute animal erythrocytes in the HAI assays. As it will be shown, a reagent called
“synthrocyte” has been developed, which mimics the differential sedimentation displayed by
animal RBCs in the absence and in the presence of agglutinating agents in <25 min. By the
end of this Thesis work, synthrocytes could bind the 4 influenza seasonal subtypes
(A(HIN1)pdmO09, A(H3N2), B/Yamagata and B/Victoria), producing changes in sedimentation
that resembled those generated by erythrocytes in 30-60 min, and entailing a protocol and
level of handling similar to those in classical HAI assays. Moreover, synthrocytes were
reproducible and more stable than their animal counterparts, could be lyophilized for long-
term storage, and were mass-producible.

This work laid the first stone for the creation of a new research line that has continued beyond
this Thesis with the contribution of other Team Members. We envisage that the results
summarized here, and those that followed and will follow, will pave the way to achieve the
worldwide standardization of HAI tests with minimal equipment or training requirements and
facilitate inter-laboratory result evaluation.
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| State of the art

Chapter 1. State of the art

1.1 Influenza

Influenza (also known as “flu”) is an acute respiratory illness caused by influenza viruses. It
can produce mild to severe illness, and at times can even lead to death. Annual seasonal
influenza epidemics infect every year up to 20% of the population during the colder months,
which has a huge impact in the national Health Systems and global economy.!

Most people with influenza present upper-respiratory-tract symptoms that include cough, sore
throat and nasal discharge, which often occur suddenly in combination with other systemic
symptoms such as fever, myalgia, fatigue or muscle aches.? Although not severe, these
symptoms usually disrupt daily activities, including work or school attendance, and in some
cases, they even require medical care. Some people are more prone to suffer complications,
particularly people over 65 years, young children, pregnant women and people with certain
chronic conditions. These serious complications include pneumonia, myocarditis and
encephalitis among others, and may result in death. The World Health Organization (WHO)
estimates that between 290.000 and 650.000 people die of respiratory diseases linked to
seasonal influenza each year worldwide, and that up to 72.000 of these deaths occur in the
European Region.?3

This entails important expenses for the countries and their National Health Systems in
preventive policies, vaccination campaigns, medical leaves, absenteeism, and a significant
decrease in productivity.

1.1.1. Classification and nomenclature of influenza viruses

Influenza viruses belong to the Orthomyxoviridae family and can be divided into 4 types,
named influenza A, B, C and D viruses. Types A and B are responsible for global epidemics
and are referred to as seasonal influenza viruses. Influenza A viruses generally cause most
of the seasonal influenza infections and have the highest rates of morbidity and mortality.*
Moreover, all the influenza pandemics registered to date were caused by these types of
viruses. Besides humans, influenza A viruses also infect many avian and mammalian species,
including ducks, geese, pigs and horses, among others,® and it is well known that their primary
reservoir are aquatic birds.® Influenza B viruses, on the other hand, infect humans almost
exclusively and use to cause minor localized outbreaks that occur some weeks later than
influenza A epidemics,” but have never been associated with a pandemic before.® Influenza
C viruses infect humans and some animals, causing asymptomatic or mild upper respiratory
symptoms and minor localized outbreaks.® Finally, influenza D viruses mainly affect cattle and
swine populations. Although Ab against influenza D viruses have been reported in people
exposed to cattle, it is unclear if they can infect and cause disease in humans.°

Influenza A viruses are further classified into subtypes according to the combinations of their
hemagglutinin (H) and neuraminidase (N) proteins (Figure 1.1). There are 18 different H
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subtypes and 11 N subtypes, numbered from H1l to H18 and N1 to N11, respectively.
Currently, more than 130 different combinations have been found in nature, most of them in
avian species, except for H17N10 and H18N11 that were only found in bats,!* and there are
potentially many more.
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Figure 1.1 | a) Influenza virus classification. Influenza A and B viruses are responsible for most of the
human infections and for seasonal flu epidemics. Influenza A viruses are further classified into subtypes
depending on their H and N composition, while influenza B are further classified into B/Victoria or
B/Yamagata lineages. b) Examples of the nomenclature used for naming influenza A virus isolates.

Influenza B viruses, on the other hand, are not classified into subtypes but divided into two
antigenically distinct lineages: B/Victoria and B/Yamagata. These two lineages have been co-
circulating worldwide since 1985 and their dominance alternated over time across different
geographic locations and seasons.'?> However, B/Yamagata-lineage has not been isolated
since March 2020, and some authors consider it extinct as a result of a combination of its slow
antigenic and genetic changes and the suppressive conditions of the COVID-19 pandemic.t34

Due to the large number of different influenza viruses identified, it was necessary to define an
international criterion for their naming. In 1979 the WHO accepted a nomenclature system that
considered the antigenic type, the host of origin, the geographic origin, the strain number and
the year of collection.*® For example, A/duck/Hunan/795/2002 refers to an influenza virus of
antigenic type A, from duck origin, isolated in Hunan with the strain number 795 in 2002. If the
virus has a human origin, the name of the host is omitted, as in A/Kansas/14/2017. For
influenza A viruses they also considered the H and N subtypes, which are indicated in
parentheses at the end. Hence, these two viruses would be named as
A/duck/Hunan/795/2002 (H5N1) and A/Kansas/14/2017 (H3N2), respectively.

1.1.2. Structure and genome

Influenza viruses are enveloped viruses with a spherical or filamentous shape. Freshly isolated
virions are often filamentous and turn more spherical with the successive passages when
grown in cultured cells or in embryonated eggs.'® Spherical virions often reach 100 nm in
diameter, while filamentous forms usually exceed 300 nm in length."18
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Influenza A and B viruses' genomes contain eight single-stranded RNA segments that encode
transcripts for at least 12 viral proteins.? Of them, matrix-2 protein (M2), H and N are exposed
on the surface of the envelope and confer the antigenic characteristics to the viral particle.®
While H and N are glycoproteins found in a molar ratio of approximately four to one in the viral
membrane, M2 forms pH-regulated proton selective ion channels and is expressed at lower
concentration (in a ratio of 1 per 10-100 H molecules).?” Figure 1.2 shows a scheme of the
viral particle with these surface proteins.

b)

]

Hemagglutinin Neuraminidase M2 lon
(H) (N) Channel

Figure 1.2 | a) Structure of influenza virus virion, obtained from'® b) TEM micrography of some of the
viruses employed for this thesis (A/NewCaledonia/20/99 (H1N1)).

H is the dominant glycoprotein in the surface of influenza A and B viruses and is responsible
for the recognition and binding to the cells of the upper respiratory tract of the host. Its structure
is homotrimeric, consisting of three identical monomers, each one displaying a globular head
domain that contains a receptor binding site specific for sialic acid (SA).% During infection, H
attaches to the host sialylated glycan receptors and initiates the viral entry. Although the avidity
of a single H trimer for SA is in the order of 103 M Kd values, a remarkably weak union,?%2 it
has been defended that simultaneous binding of multiple H trimers increases the avidity 10*
to 10%-fold.® Moreover, virion morphology is also an important factor for the binding, with
spherical viral particles binding cells better than the filamentous ones.*®

N, on the other side, is the glycoprotein in charge of the release of the viral particles from
infected cells. It removes the terminal SA present on cellular receptors from the dying cell that
are bound to H to promote the release of the new virions and their spread in the respiratory
tract. Moreover, it also prevents the H-mediated aggregation of the virions by desialylating H
and other glycolipids on the virion surface.?

1.1.3. Host-Receptor binding

As defined above, H binds to the SA on the host cell surface and initiates the entry of the viral
particle. Accordingly, H protein is a key determinant for host specificity and its evolution over
time is crucial for the virus to expand or modify its host tropism, as it happens with the
adaptation of avian and swine influenza A viruses to humans.?* SA are a diverse family of

3



Chapter 1 |

sugars consisting of a nine-carbon backbone that are typically attached to the terminal position
of N- and O-linked glycans.?®> SA can have a variety of structural arrangements depending on
the groups and the type of linkage they exhibit, but always display negative charge and
hydrophilicity, which plays a part in its multiple biological roles.?® As depicted in Figure 1.3a,
the most common mammalian SA has the carbon 5 (C5) substituted with an acetamido to form
5-N-acetylneuraminic acid (Neu5Ac), an hydroxyacetamide to form 5-N-glycolylneuraminic
acid (Neu5Gc), or a hydroxyl moiety to form deaminoneuraminic acids.?’ It is well known that
H attaches to terminal Neu5Ac. However, this has to be linked to a galactose (Gal) through
an a2,6 or a2,3 linkage, followed by a Glucose (Glc) or a N-acetyl-glucosamine (GIcNAc)
residue through a B-1,4 linkage, to allow H binding.?® These SA-coupled disaccharides are
also named as Sialyllactose (SL) and Sialyl-N-acetyllactosamine (SLN), respectively (Figure
1.3b).
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Figure 1.3 | a) Structural diversity of mammalian sialic acids, depending on the modification of the C5.%7
b) Scheme of SA recognized by influenza viruses, which are generally linked via a2,6- (top) or a2,3-
(bottom) linkages to a galactose.?6 ¢) Binding of a2,3- (left) and a2,6- (right) linked SA to H protein (in
grey). While a2,3-receptor binds through an extended configuration, a2,6-linked binds through a folded
conformation.?®

Rogers and Paulson were the first to demonstrate that influenza viruses exhibited different
host tropism depending on the host species they had been isolated from, a work that started
with H3 viruses®® and followed with H1 and H2 influenza A viruses.?:*? |t was later revealed
that human-adapted influenza A and influenza B viruses generally prefer a2,6- linked SA,?":33
which are expressed predominantly on the apical surface of the upper respiratory epithelia in
humans.3* Avian influenza A viruses, on the contrary, prefer a2,3- linkages, which are largely
expressed in the gut and respiratory tract of birds and in the alveolar and bronchiolar region
of humans.?63+3 These changes in the binding preference are related to the configuration that
adopts the SA, which binds differently into the HA pocket (Figure 1.3c).%® Nevertheless, the
general categorization of influenza viruses as a2,3 or a2,6 - preferred binding depending on
their host origin is an oversimplification. Some studies have shown that individual strains of
influenza viruses exhibit a wide variation of glycan binding profiles.'®3” Moreover, some
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studies suggest that the sequence and structure of the glycans adjacent to the Neu5Ac also
affects the affinity of influenza viruses,® and not just this linkage.

One of the characteristics of new emerging human-adapted influenza A viruses is that they
suffer a change in H glycan binding preference, shifting from avian to human receptor
tropism.3%4% Although it is commonly assumed that adaptation of avian influenza A viruses to
bind a2,6 linkages is the main driver to produce pandemics, it is not the only significant issue
involved in breaking the inter-species barrier.24%° Others, such as the ability to transcribe and
replicate the RNA genome efficiently*! or the absence of previous immunity for the novel virus
in the global population, are also key elements to generate pandemics. However, it is
important to note that all strains that effectively propagated in the human population exhibited
02,6 preference or at least combined a2,3 and a2,6 binding affinity.?* It is true that some recent
avian influenza viruses (H5N1) isolated from human samples show a2,3 preference,*? which
is associated with increased pathogenicity due to the presence of a2,3 in the human lower
respiratory tract. The lack of increased recognition of a2,6 in these strains is a factor to explain
the low transmissibility between humans of these viruses.

On another note, previous studies showed that affinity of influenza viruses grown in vitro could
be subjected to adaptations to the method of culture used. In other words, human influenza
viruses grown in embryonated eggs could change their receptor tropism to a2,3 through the
multiple passages to adapt to the dominance of a2,3-linkages in eggs.**** Some of these
mutations have minimal impact in H antigenicity, while others can alter it significantly.* Thus,
this should be taken into consideration when analyzing the binding preferences of influenza
viruses, which should have suffered the fewest passages possible.

1.1.4. Antigenic shift and antigenic drift

The severity of each seasonal influenza epidemic is proportional to the degree of protective
immune status of the population. This is in turn related to the degree of change in the virus
antigenic components because influenza A and B viruses mutate, and thus evolve, at a high
rate. These changes occur due to two major mechanisms: the antigenic drift and the antigenic
shift.

Antigenic drift is a process that results of the accumulation of small and gradual changes that
introduce alterations in the key epitopes of the surface proteins of the virus. These changes
take place through mutations in the viral genome during the replication cycle of the virus, and
are of particular importance when they affect H and N proteins, the main antigens on the viral
surface. Usually, these small changes produce viruses that are closely related to one another,
but the changes can accumulate over time and produce viruses that are antigenically different,
and therefore, that could escape the host preexisting immunity.*® Occasionally, a single
change in a relevant antigenic location on the H is enough to result in antigenic drift.*"48

The new influenza strains produced by antigenic drift are the primary reason why the
composition of flu vaccines needs to be updated annually, and also why a person becomes
susceptible to many influenza infections over a lifetime. Older influenza viruses are generally
replaced by new drifted variants, although the rate of replacement depends on the virus
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subtype. Influenza A(H1N1) and specially B viruses tend to co-circulate for a longer time, while
A(H3N2) have a faster substitution rate.*%:>°

Antigenic shift is a less frequent and more dramatic change that usually ends with the
emergence of novel influenza A viruses that differ from the previously circulating ones and
that possess pandemic potential. The antigenic shift occurs when the new influenza A virus
exhibits either a new H protein or a new combination of H and N proteins that can infect
humans. There are different mechanisms by which this antigenic shift could happen.®* The
most common is a process of genetic reassortment, in which two influenza viruses co-infect a
host at the same time and swap viral RNA segments. This process could occur directly (such
as a simultaneous infection of two human influenza viruses in a patient) or through an
intermediate animal host (such as pigs), in which influenza viruses from different species could
co-exist and cause the reassortment more easily (Figure 1.4b (ii)).

a) Antigenic Drift
=
Accumulations
of mutations
b) Antigenic Shift

H3N2

Figure 1.4 | Scheme of antigenic drift and shift mechanisms. a) In antigenic drift, the virus accumulates
over time nonsynonymous substitutions in diverse genes such as the ones encoding for H and N
proteins. b) Diverse mechanisms that produce antigenic shift. i) Direct transmission from one species
to another, or through an intermediate vessel (swine in the image). ii) Gene reassortment, after two
antigenically distinct influenza viruses (that can infect originally two different species) co-infect a pig.
Because influenza virus is segmented, it can lead to gene reassortment and produce a new virus that
contains characteristics from both parental strains (such as H from one and N from the other).
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This co-existence is feasible thanks to the expression of both a2,6 and a2,3 receptors in the
respiratory epithelial cells of swine and some avian species such as turkeys.?552 Antigenic
shift can also happen when viruses from certain animals undergo a mutation that makes
possible to infect humans directly (or through an intermediate species), without undergoing
genetic reassortment, although it is less common (Figure 1.4b (i)).53

If the novel influenza A virus generated by antigenic shift has the ability to sustain chains of
human-to-human transmission and a significant part of the population does not have Ab
against it, it can potentially cause a pandemic outbreak. In fact, since 1900 this phenomenon
has caused at least four pandemics, all originated by influenza A virus subtypes HIN1, H2N2
or H3N2 that were reassorted with influenza viruses of avian origin. In the case of the two
A(H1IN1) pandemics, swine influenza A viruses were also involved in this antigenic shift.>*

1.1.5. Pandemic and seasonal influenza

Seasonal influenza epidemics are a relatively predictable annual event, which causes a
consistent disease burden year after year. Currently, influenza A(HLN1)pdm09 and A(H3N2)
viruses circulate among people worldwide, together with B/Victoria (and until recently,
B/Yamagata).

Influenza A viruses are usually the predominant viruses each season, although there is not a
clear prevalence between A(H1N1) and A(H3N2) viruses. Severity also varies each year
depending on the strain characteristics (receptor affinity, immunological trigger capacity and
replication efficiency, among others) and the immunologic state of the population (similarity to
previous strains and the appropriateness of the annual influenza vaccine).

Table 1.1 | Estimates of the predominant influenza viruses each season between 2012 and 2020 in the
United States and Europe.5556

Predominant viruses

Season
Europe USA
2012-2013 B A/H3N2
2013-2014 A/HIN1pdmO09 A/HIN1pdmQ9
2014-2015 A/H3N2 A/H3N2
2015-2016 A/HIN1pdm09, B A/HIN1pdm09
2016-2017 A/H3N2 A/H3N2
2017-2018 B A/H3N2

2018-2019  A/H1IN1pdm09,A/H3N2 A/HIN1pdm09, A/H3N2
2019-2020  A/H1N1pdm09, A/H3N2 A/HIN1pdm09, B

For influenza pandemic outbreaks, four have been documented since 1900. It is thought that
wild waterfowl are the main reservoir for the spread of potential pandemic influenza viruses.
When multiple avian viruses infect a bird and undergo genetic reassortment, they occasionally
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display the ability to infect humans and, if the human population is not protected
immunologically, the new virus may cause pandemic outbreaks.

The first of these four pandemics occurred in 1918 and was identified popularly as the
“Spanish flu”. Although there is no global consensus on where it originated due to its almost
simultaneous appearance in North America, Europe and Asia, it seemingly arose in the United
States in March 1918 and was propagated by the American army during the First World War.>’
It was also the most severe, with an estimated 500 million people infected (one third of the
world’s population) and around 50 million deaths worldwide during the pandemic. This virus
was an A(H1N1) strain closely related to what is called “classic swine” influenza virus. One of
its characteristics was the ability to produce infection of both human and swine, although it is
yet to be resolved if the virus spread from swine to human or vice versa. Nevertheless, the
sequence analysis carried decades later suggested that at least some of the genes derived
from an avian-like influenza virus that did not circulate widely in humans or swine prior to the
pandemic, which could contribute to its elevated virulency.® Regarding the SA binding
preference, isolates with a dual a2,3/a02,6 affinity and a2,6 preference were identified from
clinical material. Further analysis showed higher transmissibility of the a2,6-binding preference
viruses, but not appreciable difference in virulence.>%°

The next pandemic influenza virus emerged in East Asia in February 1957, and was isolated
for the first time in Singapore.® Morbidity and mortality of this pandemic, known as the “Asian
Flu”, was significantly lower than the previous one, yet it produced between 1 and 4 million
deaths.®! This was caused by an A(H2N2) virus originated by antigenic shift after reassortment
between wild duck influenza A viruses and some circulating human A(H1N1) viruses genes.®?
A(H2N2) viruses showed a low rate of genetic and antigenic evolution (specially H2)% and
retained the preference for avian-like a2,3-linked SA receptors.®* The pandemic remitted by
1958, but the virus remained circulating in humans for 11 years, until it was displaced in 1968
by the emergence of new H3N2 viruses.®® Although the H2N2 subtype has actually
disappeared from humans, wild birds still act as a reservoir for it. Reemergence of these
viruses represent a potential thread due to the absence of humoral immunity in subjects born
after 1968, caused by their lack of exposure to H2N2 subtype viruses.®®

It is suspected that the A(H3N2) virus responsible for the subsequent 1968 pandemic derived
in part from the 1957 A(H2N2) virus, which had been evolving through antigenic shift. This
A(H3N2) virus comprised two genes derived from low pathogenicity avian influenza A virus,
including H3, but maintained the N2 from the 1957 A(H2N2) virus (among other six genes).®?
The H3 protein contained two mutations that altered its receptor specificity to bind
preferentially a2,6-linked SA®¢67 and facilitated human-to-human transmission, producing a
rapid worldwide expansion that caused an estimated 1 million deaths worldwide.®® Despite
this, this pandemic was considered a mild outbreak, since the immunity developed with the
previous A(H2N2) pandemic protected the population to a certain extent. The 1968 pandemic
also received the name of “Hong Kong pandemic” because of its first isolation in Hong Kong
in July 1968. Since then, this subtype continued circulating worldwide as a seasonal influenza
A virus, associated with more severe illness than those caused by influenza A(H1N1)
viruses.®8
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The last recorded influenza pandemic occurred in 2009. It was caused by an A(HLN1)pdmQ9
virus that was first identified in Mexico and in the United States.®® Because this virus was very
different from the A(H1N1) viruses that were circulating at the time of the pandemic, the suffix
“pdm09” was added to its nomenclature to distinguish it and its successive derived viruses.
Serological studies showed that young people did not possess immunity against this new
strain, while one third of people over 60 years had Ab against it, suggesting that the virus did
not derive from the contemporary seasonal A(H1N1) but was related to a previous A(H1N1)
(Figure 1.5).
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Figure 1.5 | Reassortment events related to historic pandemic influenza A viruses in the last 110 years,
based on 7°. The 1918 A(H1N1) probably originated from multiple reassortments between avian, human
and swine viruses or by direct zoonotic transmission. This A(H1N1) continued to circulate until 1957,
when it presumably reassorted with an avian A(H2N2) virus. Subsequent reassortments in 1968 with
an A/H3NX virus are pointed as the origin of the H3N2 virus that has caused seasonal epidemics ever
since. A(H1N1) was introduced again in the human population in 1977, where it co-circulated with
A(H3N2) until the emergence of HIN1pdmO09. This virus originated after multiple reassortment events
between avian, swine and human influenza viruses.

In fact, genetic analysis established a connection with three influenza viruses that circulated
in pigs, which could be traced back to the 1918 A(H1IN1) pandemic virus.”*’2 Other genes
from the A(H1N1)pdmOQ9 virus had their origin in the “triple-reassortant” lineage, a variant that
included genes from human, swine and avian influenza viruses.®® Although this virus contained
genes derived from diverse swine influenza viruses, exposure and transmission from pigs
were not detected.
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The “swine flu”, as commonly called, produced between 151.000 and 575.00 deaths worldwide
along 2009, according to the estimations.”® Moreover, contrary to typical seasonal influenza
viruses, these deaths occurred mostly in children and young adults instead of in older age
groups (>65 years).®® Nowadays, other strains derived from the A(H1IN1)pdmO09 continue to
circulate and constitute one of the current seasonal flu viruses.

In summary, influenza comprises a diverse group of viruses with unique characteristics.
Among others, their ability to infect a diversity of host species (including birds, swine, humans,
dogs, horses and other mammalian species) depending on their affinity for the different SA-
based host receptors. Another characteristic is their high mutation rate, which often produces
antigenic changes that allow the virus to escape the immune protection, even that induced by
vaccination, or cause changes in the SA-affinity that facilitate inter-species transmission.
Finally, the simultaneous co-infection of the host cells by various influenza virus (of different
subtype or even host-species origin) can produce the emergence of new reassorted influenza
viruses with a devastating pandemic potential, as has happened before.’

In consequence, monitoring the multiple changes and adaptations that influenza viruses
undergo is essential to mitigate the effects of the seasonal epidemics and reduce the
pandemic menace.

1.2. Influenza virus global surveillance

Apart of its role to anticipate pandemics, epidemiologic and virologic surveillance of influenza
viruses is essential to produce effective influenza virus vaccines. By now, vaccination is the
main measure available to lessen the impact of influenza epidemics, but viral antigenic drift
imposes vaccine annual reformulation (and risk-population annual revaccination). This obliges
to the antigenic characterization of circulating influenza viruses, which is carried by an
international surveillance network coordinated by the WHO Global Influenza Program (GIP).

1.2.1. Global Influenza Surveillance and Response System (GISRS)

Since its creation in 1952, the WHO’s Global Influenza Surveillance and Response System
(GISRS) monitors continuously the changes occurred in influenza viruses that circulate around
the world, conducts risk assessment and recommends risk management measures. In this
way, GISRS acts as a global network for surveillance of influenza evolution and epidemiology,
monitoring also the impact of the annual vaccination in the disease spreading and severity.
With this information, it develops plans to prepare the response to the seasonal epidemics
and zoonotic influenza. Moreover, GISRS also establishes alerts when novel influenza viruses
and other respiratory pathogens emerge.
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Figure 1.6 | Distribution of the laboratories that are part of the GISRS network,” in charge of worldwide
influenza surveillance.

The GISRS consists currently of 158 national institutions distributed across 129 countries.”®
They are divided into:

144 National influenza centers (NICs). They collect virus specimens from patients
with influenza-like illness, acute respiratory infection or severe acute respiratory
infection (SARI). These samples are then used to perform primary virus isolation and
preliminary analysis and identification by molecular methods, virus culture and/or
immunological methods. In general, NICs attempt to differentiate between influenza A
and influenza B viruses and to determine their subtype or lineage using reference
reagents provided by the WHO. Then, they ship representative samples of the isolated
viruses to the WHO Collaborating Centers, including the influenza A viruses that
cannot be typed or subtyped at the NICs.”’

7 WHO Collaborating Centers (WHO CCs). They perform further analysis of the
samples gathered by the NICs, including advanced genetic and antigenic
characterization. The WHO recommendation on the influenza vaccine composition for
the Northern and Southern hemisphere is made twice a year based on these results.
Moreover, WHO CCs are also in charge of the production of reference reagents and
the publication of all the data gathered through portals such as FluNet.”87®

4 WHO Essential Regulatory Laboratories (ERLS). These institutions are
associated with national regulatory agencies and are the primary information resource
on issues related to influenza vaccines. They facilitate and/or perform serological
studies on sera obtained from individuals after influenza vaccination and help in the
standardization, development and regulation of influenza vaccines and the reagents
required for their evaluation.®
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e 13 WHO H5 Reference Laboratories. A specific H5 Reference Laboratory Network
was established in 2004 to monitor particularly avian influenza A(H5N1) infections in
humans and to define influenza pandemic preparedness. They collect specimens and
virus isolates of A(H5N1) and other influenza subtypes with the potential to cause
human infections (from animals and human sources) and perform advanced genetic
and antigenic analysis, together with serological studies, in the local region where
these were isolated. They also monitor the antiviral susceptibility of these viruses.8!

In short, GISRS operates through efficient sharing of influenza viruses and surveillance
information, and provision of technical support and updated reagents by and to GISRS
members. It is estimated that, every year, more than 5000 influenza viruses are thoroughly
characterized by the GISRS network.®2 The work is done continuously around the year so that
there is always an overall image of the antigenic and genetic characteristics of the
contemporary influenza viruses and their general evolution. This information has a big
relevance for public health, but is dependent on the quality and representativeness of the
isolates and clinical specimens shared by NICs and other laboratories with the WHO CCs.

National Influenza Centers

H5 Reference Laboratories

Viral isolates &
Kit Reagents clinical samples
Data reports Epidemiological data

WHO Collaborating Centers

Antigenicanalyses
Geneticsequencing
Human serology
Antiviral sensitivity testing

Vaccine manufacturers
Prepare reference reagents

Isolate candidate vaccine virus Influenza Vaccine
Vaccine recommendations production

Essential Regulatory Laboratories

Figure 1.7 | GISRS workflow for influenza surveillance and vaccine formulation
recommendation. NICs and other reference laboratories ship viral isolates and clinical
specimens to WHO CCs after performing a preliminary analysis. There, WHO CCs further
characterize the viruses and produce reference antigens and candidate vaccine viruses,
besides gathering all the data together and publishing it in portals such as FluNet. With all this
information, they recommend the composition for next season influenza vaccine.
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1.2.2. Local influenza monitoring

The European Influenza Surveillance Network (EISN, former European Influenza Surveillance
System) was established in 1996.% Its role is similar to the GISRS, but centered in Europe.
This network, comprising mostly NICs of the GISRS, covers 29 countries and is coordinated
by three European institutes. One of the coordinating centers is the Worldwide Influenza
Center at the Francis Crick Institute, in London (UK), which is the WHO CC in charge of the
European region.

In Spain, flu surveillance uses diverse systems and information resources, which allow
monitoring the flu activity at a national level and in each autonomous community. One of them
is the sentinel surveillance network, which covers at least 1% of the population of each
autonomous community and collects microbiologic and epidemiologic data from a
representative part. This provides a comprehensive view of the disease evolution and the
circulating viruses for each season.?

To conduct this surveillance, physicians who collaborate with the sentinel network collect
samples from patients that present symptoms compatible with flu and send them to the
designated laboratory of the corresponding autonomous community. Altogether, these
laboratories form the “Red de Laboratorios Autonémicos de Gripe” (ReLEG). Samples from
patients with SARI that required hospitalization in a sentinel hospital are also collected. Such
samples are analyzed by reverse transcription polymerase chain reaction (RT-PCR) for flu,
COVID-19 and, if possible, for respiratory syncytial virus (RSV). When positive for flu, samples
are genetically sequenced to monitor variants. If the center/hospital does not count with the
facilities or equipment necessary, samples are sent to the “Centro Nacional de Microbiologia”
(CNM) for this analysis. Optimally, this study should distinguish between influenza A and B
viruses and, in the case of A viruses, the subtype (H1, H3 and H5). However, the correct
detection of the virus may be conditioned by the sample quality, transport to the reference
laboratory, and storage before realizing the analysis.?
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Figure 1.8 | Workflow for influenza virus sample handling by ReLEG and Spanish NICs. Samples
collected by the sentinel network are preliminary analyzed in ReLEG to type and subtype the virus and,
when possible, the virus present are isolated. The successfully isolated viruses and the unclassifiable
ones (such as non-seasonal virus types) are sent to the CNM for further antigenic and genetic
characterization. There, some of these viruses are cultured and sent to the WHO CCs at least twice per
epidemic season.

It is important to note that the number of samples collected is different depending on the week
of the year. In summer (from week 21 to 39 in the north hemisphere), samples are not collected
routinely by the sentinel physicians, but confirmed influenza infections from hospital
laboratories are still notified. If the network detects a higher incidence that could be indicative
of a pandemic/non-typical epidemic, the sentinel centers maintain the surveillance as the rest
of the year. In the epidemic season (from week 40 to week 20 in the north hemisphere), a
representative selection of the circulating viruses (in the form of isolated viruses or respiratory
samples), collected on different time points of the epidemic, are sent to the CNM to be
antigenically and genetically characterized. Then, this information and some representative
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samples are shipped to the London WHO CC for further characterization. In general, it is
advised to send samples to the WHO CC at least twice per epidemic season. The first
shipment should include viruses isolated in autumn-winter (beginning of the season), and the
other should proceed by the end of January (end of the season). Besides, the samples
obtained during the inter-epidemic season (in summer) and those considered unclassifiable
should also be sent for further analysis.®*

The protocol described here applies to Spain, but other countries follow similar processes to
obtain, analyze and share samples. With all this information, the GISRS is able to monitor
globally influenza changes (produced by antigenic drift) and the emergence of new subtypes
or variants (produced by antigenic shift), and then design and develop plans and strategies
for prevention and/or mitigation of the disease burden.

1.2.3. Vaccine strain adaptation and production

Due to the constantly evolving nature of influenza viruses, every flu season is different.
Therefore, it is necessary to readjust annually the strains that compose the vaccine in order
to achieve the desirable effectiveness.

Since 1973, the WHO has provided formal recommendations for the composition of influenza
vaccines based on the information provided by GISRS. Twice a year, the WHO organizes
technical consultations with an advisory board of experts that consider the surveillance data
of the recently circulating viruses and recommend the strains suitable to be included in the
influenza vaccine for the following influenza season. These meetings are held in February and
September to define the northern and southern hemisphere vaccine composition, respectively.
These recommendations are generally followed by the national vaccine regulatory agencies
and by the pharmaceutical companies when they design and produce the influenza vaccines.®

1.2.3.1. Selection of candidate vaccine viruses (CVVs)

Detecting and identifying antigenically drifted seasonal influenza viruses is not the only
function of WHO CCs. They are also responsible for selecting and producing the candidate
vaccine viruses (CVVs). The wild-type influenza viruses that circulate in nature do not always
grow well in vitro and are not always suitable to mass-fabricate vaccines in the short timeframe
available. CVVs are flu viruses generally produced by reassortment of circulating influenza
strains with laboratory-adapted influenza strains that grow to high titers in eggs, and which will
be later used by vaccine manufacturers to mass produce the flu vaccines. CVVs are designed
taking into account the influenza specimens collected over the previous year and should reflect
the antigenic characteristics of the circulating viruses. To ensure this, these viruses are grown
in embryonated eggs or cell cultures and submitted to precise genetic and antigenic analysis.
CVVs are also employed to carry serologic studies on sera obtained from people of all age
groups and from different geographical areas, both before and after flu vaccination.®® These
studies are useful to determine each season if the immunological response elicited by that
year’s reassortant vaccine is protecting the population against the current circulating influenza
viruses.®? Sometimes, these experiments reveal that previous vaccines are already effective
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against some of the new circulating strains, which means that vaccine composition does not
need to be updated completely. An example is the B/Yamagata virus strain, which has
remained unchanged in the vaccine since the 2013/14 season.

Both the antigenic and serological studies cited above are mostly performed using
hemagglutination inhibition assays (HAI). To carry these assays, researchers need, not only
the CVV under study, but also batteries of reference antisera displaying Ab against selected
influenza strains. Such sera are often produced in ferrets, because influenza elicits in them an
immunological response very similar to that produced in humans. Precisely because ferrets
are susceptible to circulating influenza viruses,®” they must be kept in appropriate facilities to
avoid prior exposure to the virus. The animals are then infected under laboratory conditions
with the selected influenza strain, and convalescent antiserum is obtained. The antiserum
produced contains Ab specific against the influenza strain used for the infection, and can be
employed as a sensitive reagent in HAI for detecting antigenic variations between reference
and tested influenza viruses and establishing similarities between them.®? This antiserum is
also used in HAI assays to characterize new CVVs and determine if they display the
antigenicity recommended by the WHO for the next season vaccine virus, and therefore
choosing the vaccine composition.

Besides these antigenic tests, it is necessary to perform impurity and exclusivity tests to
guarantee that each CVV preparation only contains the virus intended and no other viruses,
bacteria or fungi.® Moreover, confirming that the CVVs do not kill chicken embryos is key to
use them in vaccine mass production, which is usually carried in embryonated eggs.828°
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Figure 1.9 | Process of influenza vaccine virus selection and development. Steps involving HAI assays
are marked with an asterisk.82

One major challenge of selecting these CVVs is the time-pressure. CVVs must be prepared
and available early enough for the manufacturers to mass produce influenza vaccines in time
for the flu season, which usually requires 6-8 months depending on the type of vaccine. Some
years influenza viruses start circulating later than usual, and this hinders the timely selection
of the suitable candidates for the vaccine.

1.2.3.2. Production of CVVs

Once the strains are selected, vaccine manufacturers begin the manufacturing process to
include newly selected flu strains. Historically, vaccine viruses were isolated and grown in
chicken eggs to facilitate their mass production. This presents an important problem for
influenza A(H3N2) viruses, which grow poorly in eggs.®® Furthermore, it is known that growing
human influenza viruses in eggs can cause changes in their antigenicity due to virus
adaptation*3449 reducing the similarity of the vaccine viruses to the circulating ones. To avoid
this, the WHO recently authorized the growth of influenza vaccine viruses in mammalian
cultured cells (Madin-Darby Canine Kidney, MDCK)®% and also the use of recombinant flu
vaccines. Accordingly, the WHO recommends two different vaccine compositions if the viruses
are produced in eggs or in cultured cells.®
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Nevertheless, in order to produce the required quantities of influenza vaccine on time,
manufacturers produce hybrid viruses called “high-growth reassortants” (hgr). These viruses
have 2 genes encoding the H and N surface proteins from the recommended virus and 6
“backbone” genes from another established egg-adapted strain (like A/Puerto Rico/8/34) to
improve the growth in eggs.® Before these hgr are used in vaccine production processes, they
need to pass additional antigenic characterization using HAIl assays to guarantee that all the
process (the reassortment and the growth in eggs/cells) maintains the antigenic
characteristics of the selected viruses.®® Ferret antisera raised against these viruses are
employed in these assays.

For this season (2022-2023), at least 29 different CVVs have been developed and are
available for influenza vaccine manufacturing.®®

1.2.3.3. Vaccine production

Influenza vaccines can be classified depending on diverse features. For example, they can be
sorted according to the virus production technology employed (egg-based, cell-based or
recombinant) or according to the type of active substance (inactivated influenza vaccine,
attenuated influenza vaccine, and recombinant H vaccine).®® Another classification is based
on the number of strains present in the seasonal vaccine. We can distinguish between
quadrivalent vaccines (that contain 4 strains; HIN1, H3N2, B/Yamagata and B/Victoria) and
trivalent vaccines (without B/Yamagata). Each year, the 3 or 4 strains are individually
evaluated and selected.

Plenty of companies produce their own influenza vaccine (Seqirus, Sanofi and
GlaxoSmithKline, among others), always based on the WHO recommendations. Although
CVVs are available, sometimes these companies develop their own reassortants from a wild
type virus or de novo by molecular techniques. In this case, the new reassortant must also be
genetically and antigenically characterized, including a demonstration of its antigenic similarity
to the WHO recommended strain (generally by HAI).28

The process for vaccine production is depicted in Figure 1.10. For cultured-based vaccines,
once the virus is grown, it undergoes a process of harvesting, filtration and purification, which
is followed by virus inactivation or disruption depending on the type of vaccine. Then, H and
N antigens for each production batch are characterized, usually using specific antisera
obtained from a WHO CC and performing HAI tests. Genetic characterization of the H and N
genes and comparison to the CVVs is also recommended. Moreover, it must be ensured that
the inactivation process does not affect the antigenicity of the influenza vaccine virus.
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Figure 1.10 | Production process of influenza vaccines from CVVs recommended by the WHO, using
egg or cell-cultured process.8

Finally, the amount of H protein should be quantified using the immunological single radial
immunodiffusion ssay (the current gold standard) to measure the potency of the inactivated
influenza vaccines and standardize their content.®®

After the vaccine production, it is necessary to distribute and administer the vaccine prior to
the beginning of the influenza season, starting with the immunologically compromised
population.

To sum up, the production of influenza vaccines is a long and highly regulated process that
must be performed within 6-8 months to allow for the timely production of the annual seasonal
influenza vaccines. Figure 1.11 shows how the process is distributed around the year and how
it compares with the incidence of the flu season in the northern hemisphere.
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Figure 1.11 | a) Flu incidence in the northern hemisphere between September 2018 and September
2020 (two seasons), data obtained from FluNet.”® b) Timeline of influenza vaccine development with
the different phases detailed.

This process entails multiple steps, being the antigenic characterization of the viruses (both
CVVs and contemporary circulating strains) a central pillar of it.

1.3. Antigenic characterization

As previously stated, antigenic analysis is key to monitor influenza evolution and to select
strains for producing influenza vaccines. Initial typing of influenza virus isolates is usually
performed by commercially available multiplexed immunofluorescence.®® A number of
methods may be used next to antigenically characterize those viruses. Basically, these
methods rely on categorizing the H and N proteins on the virus surface, generally by
comparison with known influenza viruses.

One of them is the hemagglutination inhibition assay (HAI). HAI allows determining the
antigenic resemblance of an isolated virus to a known reference virus by using controlled
antisera that contain Ab against specific influenza subtypes. In this way, HAI is employed for
subtyping and for determining antigenic characteristics of influenza viral isolates. This is one
of the reference methods that the WHO CCs employ to monitor every season the circulating
influenza viruses, it is also widely used during the production of CVVs to assess their antigenic
characteristics, and will be discussed in detail in the next sections.

Other techniques have been described for chemical, physical and biological characterization
of H antigens, including Western Blot, SDS-PAGE electrophoresis, matrix assisted laser
desorption/ionization-mass spectrometry (MALDI/MS), transmission electron microscopy
(TEM) and dynamic light scattering (DLS).%8

N activity is usually analyzed by neuraminidase inhibition assay (NI). This assay was first
described by Warren in 1959,%” and was later modified by Aymard-Henry et al in 1973.%8 This

20



| State of the art

technique is based in the fact that binding of specific Ab to NA results in the inhibition of its
enzymatic activity.®® NI is performed in microtiter plates and starts with the incubation of the
virus isolate with selected subtype-specific reference antisera. Then, a sialylated protein, such
as fetuin, is added. If the viral neuraminidase is active, it will release quantities of free Neu5Ac
from fetuin. This free Neu5Ac is converted to B-formyl pyruvic acid due to the oxidation
produced by a periodate reagent added to the plate. Next, arsenite reagent and thiobarbituric
acid are added and consecutively boiled to release a pink-reddish product. Color intensity is
then measured spectrophotometrically and should be proportional to the potency of the N.
However, in the presence of homologous antiserum, N is inhibited, Neu5Ac is not released,
and the reaction does not happen.

Molecular methods (such as RT-PCR) could also be employed to characterize H and N.
Nevertheless, the information they provide is complementary to the HA/HAI techniques and
not a direct replacement.

1.3.1. Hemagglutination assay

The hemagglutination assay (HA) is a classical method used worldwide in a broad range of
applications. This assay is often used for quantification of viruses or bacteria under controlled
conditions and is necessary for the production of some vaccines and antigens in vitro. HA is
employed as well as a tool for screening the cell cultures or the egg amnio-allantoic fluid on
which the influenza viruses are usually grown from respiratory patient samples.1%19 However,
HA by itself is not an identification assay, because there are diverse pathogens (such as
influenza,'%? paramyxoviruses,% rubivirus,°* adenovirus,'°>1% and certain bacteria'®’ able to
produce hemagglutination with similar results. In contrast, when the assay is modified to
perform an inhibition hemagglutination assay (HAI), it allows both pathogen identification and
characterization, and also titration of anti-pathogen neutralizing Ab.108

HA and HAI were originally described by Hirst in 1942 based on the ability of influenza viruses
to bind to red blood cells (RBCs), causing hemagglutination and altering RBC
sedimentation.®> Normally, free RBCs sediment in the wells of microtiter plates and form a
visible pellet at the bottom. This is related to the fact that the abundant sialylated glycoproteins
of the RBC surface give the individual cell a negatively charged surface. This creates a
repulsive electric zeta potential between cells that prevents the RBCs to interact with each
other and agglutinate!®. In this way, individual cells settle down over time, roll across the plate
bottom, and concentrate around the center of the well. The produced pellets have different
shapes depending on the animal origin of the RBCs and the type of microtiter plate used (a
tight button for avian RBCs in V-shaped plates and a halo for the mammalian ones in U-
shaped plates; Figure 1.12a).

However, when the RBCs are incubated in the presence of influenza virus, the H proteins
exposed on the virus surface recognize and bind the SA residues of the RBCs surface. This
interaction is driven by a combination of hydrophobic, electrostatic, and hydrogen bonds,
which counteract the repulsion between the RBCs. If influenza viruses bind simultaneously to
multiple RBCs, they produce their agglutination and form a lattice structure that prevents RBCs
sedimentation. These agglutinated RBCs remain cloudy in the wells without displaying any
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pellet (Figure 1.12b). This process is called hemagglutination and can be easily observed by
the naked eye, without using any equipment, although it requires some experience and can
be subjected to different criteria depending on the type of erythrocytes employed.

Erythrocytes Incubation Sedimentation Microtiter result

No reaction
S ©)
’ Adan  Mammalian
b) % @
0

Hemagglutination

Influenza
_ virus

Figure 1.12 | a) RBCs sediment in the microwell and produce two types of pellets depending on the
RBCs origin and the type of microtiter plate used (V-plate, avian RBCs; U-plate, mammalian RBCs).
b) In the presence of influenza virus, RBCs hemagglutinate and prevent the pellet generation.

To perform HA assays, dilutions of virus-containing samples are mixed with a fixed amount of
RBCs. Then, the virus titer is determined based on the highest minimal sample dilution that
produces a change in RBCs sedimentation pattern and is recorded in HA units (HAU). In this
way, a HAU does not correspond to an absolute concentration of virus, but instead describes
the amount of a certain virus preparation needed to agglutinate a fixed amount of a
standardized RBC suspension.’® By convention, the last well in the HA titration where
complete hemagglutination occurs contains 1 HAU.

1.3.2. Characteristics of RBCs in hemagglutination

As described before, human influenza viruses bind preferentially to a2,6 linked SA, while avian
influenza viruses prefer a2,3 linked SA. Accordingly, the choice of the erythrocytes used in the
HA and HAI assays varies depending on the characteristics of the tested virus. In this respect,
the content, type and proportion of SA is different in RBCs of different animal species. For
example, dog erythrocytes contain an estimate of 72x10° SA residues/erythrocyte, while rabbit
erythrocytes contain only 3x10° residues/erythrocyte, 24-times less.!!!

Not only the total amount of SA diverges, but also the proportion between 02,6 and a2,3 linked
SA present in the glycoproteins and glycolipids of the erythrocyte surface. Table 1.2 shows a
summary of the distribution of different types of SA among diverse animal RBCs, revealed by
diverse studies using lectins that recognize specifically these types of linkages (Maackia
amurensis lectin for a2,3 and Sambucus nigra lectin for a2,6). For example, horse RBCs
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display almost exclusively a2,3 linked SA, which is useful for characterizing avian (A(H5N1))
and equine influenza viruses due to their preference for a2,3-linked SA. Nevertheless, horse
RBCs display mainly Neu5Gca2,3Gal instead of Neu5Aca2,3Gal,'? which could explain why,
in some comparative studies, they leaded to lower HA titers but higher HAI titers than other
alternatives. Again, this makes them the preferred option for HAI titration against avian
viruses.!?

Table 1.2 | Comparation of the amount of a2,3- and a2,6-linked SA described in RBCs depending on
their animal origin.112114 * Contain mainly NeuGc instead of NeuAc.

RBCs Origin a2,3 a2,6

Chicken ++ +
Turkey + 4
Pigeon +/- ++
Human ++ ++
Guinea Pig + ++
Horse* ++ +/-
Pig* + ++

Sheep ++ s
Cow* ++ +/-

Both turkey and chicken erythrocytes are a popular selection for performing seasonal influenza
HA and HAI due to their availability, faster settling time, and clearer inhibition patterns,
because both are small and nucleated cells that display rapid sedimentation.!*1> However,
turkey RBCs contain both types of receptors (a2,3 and a2,6), although with a higher content
of a2,6, which allow them to recognize more influenza H3 viruses.!'%'” This trend has
changed recently, since some strains of influenza viruses (specially A(H3N2)) have reduced
or even lost their ability to bind to turkey RBCs in the later years,'"118 making them less useful
for determining HA and HAI titers. As described previously in Section 1.1.3, this is related to
changes occurred in amino acids around the receptor pocket of the H protein, which could
produce this effect in the binding preference of the virus. On the other hand, these same
viruses retained their binding to guinea pig RBCs.!° Therefore, for the analysis of viruses with
high a2,6 affinity or in early passages during growth in vitro, guinea pig RBCs are often
required to obtain acceptable titers in HA assays.'®

It is worth noting that even when using a certain type of RBCs, such as from a fixed animal
species, there may be differences in the sensitivity of the RBCs depending on the individual
animal they were obtained from*!4. Moreover, it is well known that, in each RBC preparation,
the amount of SA is also affected by aging. Some studies showed that, as erythrocytes grow
old, the amount of SA exposed on surface can drop by 20-30%, which decreases the surface
negative charge and may be related to senescence and survival of RBCs.120-122

23



Chapter 1 |

Other differences between species include RBC shape and diameter, among other
morphological parameters. Mammal RBCs are anucleated cells with a size ranging from 7.5
to 8.7 um in diameter in humans.'?® Guinea pig RBCs show a mean diameter of 7.1 ym, while
sheep, pig and horse RBCs are smaller with mean diameters ranging from 4.9 to 6.2 ym.'?
The absence of the nucleus produces a thinner central region, which confers the biconcave
shape typical in most of the mammalian erythrocytes. Bird RBCs, on the other hand, contain
an oval nucleus and present a more elliptical shape. Their diameter can range between 10-15
um in length and 6-9 uym width depending on the bird species,'?>126 making them larger than
mammalian erythrocytes. Due to these morphological differences, some HA settings, such as
the type of plates (U-bottomed or V-bottomed) and the sedimentation times, should be
adapted for each RBC species. This also includes the way to interpret the pellets when
hemagglutination does or does not occur. Table 1.3 shows a summary of these adaptations
when working with mammalian and avian cells.

Table 1.3 | Changes in the HA protocol according to the type of RBCs. Avian RBCs are bigger due to
the nucleus presence, and therefore require less time to sediment. When using V-plates with avian
RBCs, it is also recommended to tilt the plate to differentiate easily between agglutinated and non-
agglutinated wells, while this is not required for mammalian RBCs.

RBCs Origin Platetype Sedimentationtime Tilting required

S
Avian V-bottom 30 min Yes \'/D
e 4

Mammal U-bottom 60 min No -

To sum up, using erythrocytes from different hosts can be a fast way to evaluate the receptor
specificity of influenza viruses. H binding depends on the type of SA and the linkage that
connects it to the oligosaccharide.!'? By exploiting these characteristics, combined with the
diverse distribution of SA on the surface of RBCs of different species, we can study influenza
virus specificity and detect potential changes that could lead to interspecies transmission.
However, unavoidable RBC intra-host differences could introduce some variability in these HA
results.
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1.3.3. Hemagglutination inhibition assay (HAI)

Although HA can provide useful information, its lack of specificity and the potential changes in
H tropism make it insufficient to subtype the different influenza viruses. Therefore, a HAI assay
is usually performed after HA.

HAI test involves 3 different elements: Ab, influenza virus and RBCs. When a sample
containing a certain influenza virus is pre-incubated with Ab that show affinity for that virus,
the Ab recognizes the virus and binds to it. If this blocks the virus H, it does no longer bind to
RBCs. Consequently, hemagglutination is inhibited and RBCs sediment, forming the
characteristic sedimentation pattern (Figure 1.13a). On the contrary, if the Ab had been raised
against a strain completely different from the one in the sample, recognition does not take
place, the Ab does not block H in the influenza virus, and HA happens (Figure 1.13b).
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Figure 1.13 | a) When influenza virus is incubated with specific Ab against the same strain (or a strain
antigenically similar), it causes the inhibition of RBC agglutination, thus producing the sedimentation
pattern. b) If the Ab have been produced against a completely different strain, they will not block the
interaction between the virus and the RBCs and hemagglutination will happen.

This method has two main applications: the antigenic characterization of isolated viruses and
as a tool for serological analysis (to evaluate vaccine response or for epidemiological studies).
Depending on the target application, a combination of reference viruses or reference antisera
are used to perform HAI (Figure 1.14).

Most of these reference viruses are inactivated for safety reasons, generally using beta-
propiolactone (BPL), a process often used in vaccine virus inactivation as well. Working with
inactivated viruses facilitates their handling, because BSL-3 facilities are not required.'?’ Other
alternatives have been described for inactivating influenza viruses, including the use of heat,
formalin, Triton X-100, UV-radiation and H.O,, among others.?"-12%
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Figure 1.14 | Schematic of two of the main applications for HAI assays. The viral antigenic
characterization requires incubation of reference Ab with virus isolated from patient samples and grown
in eggs or cell culture. Serological studies, on the contrary, are generally performed incubating
reference viruses with serum samples obtained pre and post vaccination. In both cases, results are
always compared to a reference panel that combines reference Ab and reference viruses that function
as controls.

Although some studies showed that BPL treatment reduces the HA titer,?128 it is still the
preferred method due to its widespread use in industrial settings for inactivation of multiple
pathogens, disinfection, and sterilization of some components such as plasma or tissue for
transplants.**°

For the antisera, they are produced by infecting immunological naive animals, normally ferrets,
goats or sheep, with the reference virus. It has been known for long that HAI tests can be
affected by non-specific inhibitors and agglutinins naturally present in the sera.'33132 There are
many serum treatments used to remove non-specific inhibitors, including heat treatment and
treatment with either kaolin, periodate or receptor destroying enzyme (RDE) from Vibrio
cholerae (which has neuraminidase activity),*3** among others.3113%

Of these, the WHO recommends employing preferentially the RDE treatment for all the serums
to be used in HAI assays. This is especially important for the sera from ferrets, which are
extensively used at CCs to antigenically characterize the viruses obtained locally or through
NICs, due to their higher content of non-specific inhibitors compared to other species.*! Once
the RDE has destroyed most of the non-specific inhibitors, it must be inactivated at 56°C prior
to the use of the treated sera in HAI assays.

Apart from the non-specific inhibitors, non-specific agglutinins must also be removed from the
sera. These agglutinins could interact directly with the RBCs causing HA, and thus false
negative results in HAI tests, even in the presence of specific anti-influenza Ab. To solve this,
it is recommended to perform sera pre-adsorption with an excess of RBCs from the same
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species that is going to be used in the assay.!® Moreover, in some cases (such as when using
horse RBCs for serologic detection of Ab against some avian influenza viruses), it is suggested
to perform first RBCs adsorption and then RDE treatment, because new non-specific inhibitors
may be introduced into the serum during the adsorption step.3®

HAI has diverse advantages that explain their extended use. It is relatively inexpensive and
rapid: results can be obtained in about 2 h. No special equipment or facilities are needed to
perform the assay. Moreover, different types of samples are allowed (serum, plasma, allantoic
fluid and cell culture supernatant, among others). HAI assays are also very versatile, because
they can be set up to detect either Ab or viruses depending on the reagents employed.**’ Still,
they present some disadvantages, such as the need to pre-treat serum samples to remove
nonspecific agglutinins and potential inhibitors, the need to titrate and adjust the biological
reagents each time the assay is performed, or the subjective interpretation of the test results
that can be biased by worker training and experience, among others. Nevertheless, HAI still
remains being one of the reference assays for global influenza surveillance.

1.3.3.1. Antigenic characterization of isolated viruses by HAI

One of the main uses of HAI is measuring the degree of antigenic similarity between a test
virus and a known reference virus, using for this a reference antiserum with Ab against that
reference virus. This characterization is employed by the WHO to monitor the changes that
are taking place in circulating viruses and to compare them to those included in the vaccines.

To perform a HAI assay for virus antigenic characterization, each reference antiserum is
diluted across the microtiter plate and incubated with a fixed amount of the virus-containing
test sample or a reference virus for 15 to 90 min, depending on the protocol employed.138139
Test samples use to be respiratory samples obtained from patients, which have been spiked
in embryonated eggs or cell cultures to amplify the virus so that it reaches titers high enough
to be studied by HAI. The amount of sample, and thus test virus dilution, needed has been
previously obtained during a HA titration and is in general equivalent to 4 HAU per 25 pL.1%®
Then, RBCs, diluted to a standard concentration, are added to the wells. The plate is then
incubated for other 30-60 min, depending on the type of RBCs used, to allow RBC to sediment.
If the Ab in a reference antiserum, that resulted from animal immunization with a certain
reference virus, can recognize and bind the influenza virus present in a sample obtained from
an ill patient, this indicates that both viruses display some antigenic similarity. By determining
which reference antiserum dilutions inhibit the hemagglutination of the RBCs in the presence
of the test and reference viruses, we can compare RBC tropism and Ab-binding affinity and
specificity for the two viruses (Figure 1.15). This is, the fewer the amount of Ab required to
prevent hemagglutination (thus the higher the dilution of the reference antiserum), the higher
the antigenic similarity between the two viruses compared. In this context, the highest dilution
of the antiserum that results in hemagglutination inhibition is considered the HAI titer for that
test virus.
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Figure 1.15 | Two ways of performing HAI assay for virus antigenic characterization. In HAI assays,
both virus and RBCs are added at a fixed concentration. a) In this example, different reference anti-
sera are sequentially diluted and incubated with the same fixed amount of virus from isolate 1. As can
be seen, reference serum anti-B produces a total inhibition of the hemagglutination, while serum anti-
A and D produces none. This indicates that Virus 1 is from the same type or subtype as reference virus
B. Virus 1 also presents some cross-reaction with reference serum anti-C. Controls (reference virus for
each anti-serum) should always be added to allow comparation. b) In this configuration, the assay is
carried in parallel for a reference strain (A) and two test viruses using the same reference antiserum
(anti-A) submitted to serial dilution. This reference virus has a HAI titer of 1280, because the greatest
dilution of antiserum that still blocks hemagglutination from occurring is 1:1280. At this dilution, the Ab
in the antiserum are still capable of recognizing and binding to the antigens on the virus, inhibiting virus-
induced RBC hemagglutination. In contrast, in the presence of less Ab, the virus produces
hemagglutination. When test virus 1 is compared to the reference virus, they differ in HAI titer by only
one dilution (a 2-fold difference) and therefore they display antigenic similarity. However, test virus 2
differs by five dilutions (a 32-fold difference) and should be considered as a completely different strain.

Test virus 1

Test virus 2

It is considered that two influenza viruses are antigenically similar if their HAI titers differ by
two-well dilutions (4-fold dilution) or less.'*® Figure 1.15 shows an example of a HAI assay
where one of the tested viruses is considered similar to the reference one (Virus 1), with just
a 2-fold difference (1 dilution) in titer. Virus 2 clearly differs antigenically because it shows a
32-fold difference (5 dilutions) with the reference virus. This indicates that test virus 2 is
probably a completely different strain or even subtype of influenza virus.
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This information is helpful to determine, for example, if the individual components of the
vaccine need to be updated each year. If a reference antiserum, produced by infecting ferrets
with one of the influenza strains included in the vaccine of the previous season, can target and
neutralize effectively a virus of the same subtype circulating the following season, that
circulating virus will be considered antigenically similar to the strain used in the vaccine. If a
similar result is obtained for the whole set of circulating and vaccine-included viruses, the
vaccine may not need to be changed that year. On the contrary, if the ferret antiserum does
not neutralize one or more of the circulating flu viruses, it will be concluded that the circulating
virus has undergone significant antigenic drift and therefore this component needs to be
updated in the next vaccine.

1.3.3.2. Serologic studies using HAI

Direct virus antigenic characterization is the main use for HAIl assays at the GISRS, but they
can also be helpful to carry out serological studies. Serological tests are a fundamental tool in
epidemiological and immunological studies, as well as for evaluation of the Ab response
following vaccination.

Serological analysis are not ordinarily used for influenza diagnosis, because virus isolation is
usually faster and produces more accurate results. In addition, most human sera contain Ab
to influenza viruses due to prior infections or vaccinations, and therefore diagnosis of individual
cases using only one-time point serum extraction is unreliable. Nevertheless, serology can be
useful in certain situations, such as when the identification of the virus by direct isolation is not
feasible (because clinical specimens are unobtainable or when appropriate facilities for virus
isolation are not available). This is also the method of choice to study the immunological
response of a population group after vaccination or after infection with influenza virus. In this
case, serology testing requires the analysis of paired serum samples (pre- and post-
vaccination; acute and convalescent). Then, seroconversion is assessed based on the titer of
specific anti-influenza Ab detected 2-3 weeks after the infection, which should have increased
4-fold or more to be considered significant. This may allow to establish the diagnosis of
influenza infection in cases when the direct attempts to detect the virus have been negative.'*®

When used for this application, HAI follows the same principle as for the antigenic
characterization, but using reference viruses instead of reference antisera. These viruses are
usually controlled strains produced by the WHO (for example, CVVs or the components of the
WHO Influenza Reagent Kit) or influenza virus strains grown in the laboratory and previously
characterized. The Influenza A reference antigens in the WHO Influenza Reagent Kit are BPL
inactivated whole viruses also suitable for serological diagnosis, but influenza B antigens need
to be ether-treated. This is necessary due to the low sensitivity to Ab rises of influenza B whole
viral antigens.’>!4! Although ether treatment increases the sensitivity, it also reduces the
specificity of HAI when performing the assay with serum samples against influenza B.142143
Therefore, the WHO Influenza Reagent Kit provides BPL-inactivated B reference antigens for
antigenic characterization and ether-treated antigens for serological purposes.
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As previously, paired serums require to be pretreated using RDE and RBC pre-adsorption to
eliminate nonspecific inhibitors and nonspecific agglutinins. Then, HAI test can be carried out
following the same protocol as in antigenic characterization of viral isolates.

The HAI titer of a serum sample is defined as the inverse of the highest serum dilution where
RBCs show complete inhibition, i.e. where cells are not agglutinated. In general, the starting
dilution is 1:10, and therefore the lower detection limit of the Ab titer in this assay is 10.1*> An
Ab titer higher than 40 is commonly considered an indication of seroprotection against that
specific virus. Beyond this threshold, there is at least a 50% reduction in the possibility of
contracting influenza infection.'1%144 This protection increases in correlation with the titer,
although the progressive benefits for titers higher than 100 are less significant.4®

As previously stated, it is recommended to state the immune protection based on
seroconversion. This is especially useful to evaluate vaccination effectiveness, where the
titers of the pre-vaccinated serum and 30-days post-vaccination serum are compared. A 4-
fold titer increase indicates the achievement of seroprotective titers.4® In the case of negative
pre-vaccination serums, the minimum titer to be considered seroconversion is 40.
Nonetheless, this criterion should be adjusted depending on the age of the cohort, where
children and elders require different thresholds due to their immunological state.

1.3.3.3. HAl versus other serological methods

Complement fixation and enzyme immunoassays can also be used for serological diagnosis.
Complement fixation is easier to perform than HAI, but it does not distinguish between virus
subtypes, and ELISA entails longer and more complex handling.®® Hence, the gold standard
techniques for detecting anti-influenza Ab and to differentiate between subtype- and strain-
specific Ab are the neutralization and the HAI assays.'*® The neutralization assay (also called
microneutralization assay when performed in 96-well plates) is a highly sensitive and precise
test that detects specifically neutralizing Ab to influenza viruses. The assay is based on the
assumption that neutralizing Ab present in a test serum will block the H protein, preventing
virus binding to the host cell surface and inhibiting infection. To carry the assay, serially diluted
serum is pre-incubated with a standardized amount of influenza virus, as it happens in the HAI
procedure. Then, MDCK cells are added and incubated overnight to allow infection to occur.
Next day, cells are fixed and detection of influenza nucleoprotein in infected cells is performed
through an ELISA.

One characteristic of this technique is that it detects functional strain-specific Ab against the
viral H protein. Furthermore, it uses infectious viruses instead of inactivated antigens, which
should facilitate assay implementation in response to the emergence of a novel virus or in a
pandemic setting. On the other side, it requires the use of high-level facilities in the case of
highly pathogenic strains, which hinders the establishment of these techniques in many
laboratories. Other disadvantages includes a considerable inter-laboratory variability due to
discrepancies in their reference protocols and the internal procedure to determine the endpoint
of the assay,'® and their laborious and time consuming process, which requires at least two
days to yield results.
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Compared to the HAI assay, microneutralization identifies functional n-Ab and is more
sensitive than HAI, especially for low-titer seroconversions.'® However, it is less specific in
elderly adults, because some of the neutralizing Ab produced by previous exposure to
influenza viruses will target conserved regions of the H, common between different subtypes
of influenza A viruses,*” and requires more time and complex equipment to be performed.

1.3.4. Limitations of hemagglutination inhibition assay

The importance of the HAI assays for influenza surveillance is evident. HAI is a key method
to obtain antigenic information of the circulating viruses and to determine whether a vaccine
made using a specific set of viral strains will protect the population against the circulating
viruses or not. It is a widespread technique used in most of the laboratories that comprise the
GISRS, but still has some limitations that impact its potential use and result reliability.

A few of these limitations are directly related to circulating virus isolation and growth efficiency.
For example, as stated before, respiratory samples from patients do not display virus titers
high enough to be studied directly by HAI and are normally grown first in eggs. However, a
considerable proportion of recent influenza A(H3N2) viruses do not grow well in eggs, and are
also more prone to suffer egg-related adaptations than other influenza viruses. This not only
worsens the matching between the vaccine and the current A(H3N2) circulating viruses, but
also reduces the amount of virus available to perform the antigenic characterization after egg-
growth. To solve this, primary isolation is now being performed using MDCK cells in many
centers. Moreover, this cell line was modified to increase the amount of a2,6-linked SA in their
surface (MDCK SIAT1),*8 because current A(H3N2) viruses bind preferentially to these SA
residues. Nevertheless, there is still a reduction in the HA titer obtained from isolates grown
in cell culture compared with egg-grown isolates.*®

Another issue is the ability of different influenza viruses to agglutinate RBCs obtained from
different animal species. The changes in the viral H molecule sometimes alter receptor affinity,
and this may translate into a loss of sensitivity when using certain RBCs. This is especially
important in the most recent A(H3N2) viruses,'#®*%° and also in some strains during the early
growth passages.!!’ This handicap makes it necessary to use different types of RBCs to obtain
satisfactory HA titers for the whole set of circulating influenza viruses, because RBCs from
different species have different SA-residue composition. Turkey RBCs are generally the
primary option to perform HAI, but for difficult influenza strains it is recommended to use
guinea-pig RBCs, which have demonstrated more sensitivity for human influenza viruses.'*®
Even though, there are still some A(H3N2) viruses that cannot be characterized through HAI
due to the low HA titer they produce in the culture step. For these cases, a new assay that
requires less virus was developed, called High-content Imaging-based micro-Neutralization
Test (HINT),*! but its use is still not widespread.
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1.3.4.1. The challenge of method standardization

One of the most important limitations of HAI analysis is the lack of standardization between
laboratories. The results obtained from HAI assays by the different GISRS members must be
analyzed globally, integrating the data from multiple laboratories distributed around the world
in order to reach a consensus for the vaccine composition and to detect the emergence of
new influenza viruses. In this context, HAI result variability hinders the comparability of the
results obtained and impacts ultimately the vaccine effectiveness. The limited reproducibility
of HAI assays between laboratories has always been a concern, with titers that could vary up
to 128-fold for some specimens tested in parallel in diverse laboratories.®? This high variability
is mainly caused by two parameters: the lack of protocol harmonization and the use of
biological reagents difficult to standardize.

Regarding protocol unification, since 1994 different international studies have been carried
out to assess the extent of the problem.**2 In fact, “lmmunological Assay Standardisation and
Development for use in Assessments of Correlates Of Protection for Influenza Vaccines” was
the main topic for the 10th Innovative Medicines Initiative (IMI) call in 2013.%%* Moreover,
multiple attempts to standardize the technique have been made, for example, by the creation
of diverse global partnerships such as CONSISE in 2011 (Consortium for the Standardization
of Influenza Seroepidemiology,'®® and FLUCOP in 2015.1%

Some of the identified variables with a significant impact in the assay variability included the
amount of virus added, the viral culture system (eggs or cultured cells), the initial serum
dilution and the duration of the RDE treatment, the duration and temperature of the serum-
virus incubation and for the serum-virus-RBCs settling.**215":1%8 Moreover, the age and origin
of the RBCs and the concentration employed in HAI assays showed the highest variability
across laboratories.**

Another issue noted by many of these authors was that, despite the availability of common
HAI protocols, most laboratories used their own assay procedures.*® Nevertheless, diverse
studies that attempted to unify the protocol reported that, even with detailed harmonization,
interlaboratory variability was not significantly improved.**® One of the suggested explanations
was that some of the most critical reagents, such as the RBCs, were obtained from different
sources in the different laboratories. Later studies showed that when the key reagents were
obtained from the same source, variability was reduced.®’

The biological reagents used in the HAI assay are difficult to standardize. To help with the
standardization of influenza surveillance assays worldwide, the WHO distributes to the
requesting centers (through the International Reagent Resource (IRR) of the Centers for
Disease Control and Prevention (CDC, Atlanta, USA)) a kit that contains most of the reagents
needed for HAI virus typing, subtyping and antigenic characterization, with the exception of
RBCs. Accordingly, RBCs are obtained by each laboratory independently. Apart from
providing intra- and inter-laboratory variability, using unstable fresh RBCs forces the
experimentalist to titrate and adjust the different kit components each time a HAI test is
performed, which constitutes another inconvenience of this technique.
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1.3.4.2. RBCs drawbacks

RBCs are one of the main reagents needed for HAI and HA assays, but also one of the main
causes for the assay high variability. Logistical issues and their short-life impede the
centralized production and distribution of RBCs from a common source to all the laboratories
performing HAI for influenza surveillance. Diverse studies highlighted the importance of
standardizing the RBCs. One of the most recent was the last FLUCOP report, which surveyed
the variation in the RBCs usage protocols in 11 laboratories. This study showed that RBCs
were one of the main sources of variability in HAI assays due to the differences in the type,
age (days from bleeding) and concentrations employed, as well as for the procedures to obtain
them.**® These differences also entailed the RBCs counting protocols (which could be based
on packed volume estimate, hematocrit, autocell count or photometer) and the number of
washing steps prior to their use in HAI, which differed between 1 and 4 washes.

This study selected fresh turkey RBCs (1 to 5 days old) as the optimal setting for HAI assays.
This brings forward one of the main drawbacks of RBCs: their short shelf-life. RBCs should
be obtained regularly because they begin to hemolyze after 5-7 days from the bleeding,
causing inaccuracies in HA/HAI assays.'?! Accordingly, RBCs should be discarded after 1
week to avoid false results. This same characteristic is what makes erythrocytes difficult to
obtain commercially and/or in large quantities for worldwide distribution. In our experience,
when RBCs are commercially purchased through suppliers, they often arrive too close to their
expiration date, or even after it, which hinders the performance of the assays (Figure 1.16).

Figure 1.16 | Commercial RBCs received the same day of the expiration date.
Hemolysis of the RBCs can be easily observed in the supernatant of the
bottle, even prior its opening. Another option is to employ glutaraldehyde-
stabilized RBCs, which are also commercially available.18 This treatment
helps to extend the RBCs shelf-life while preserving the erythrocyte
antigenicity, but few studies have evaluated this treatment impact in HA and
HAI assays.161 Although results seem promising, their performance after a
prolonged storage period is not demonstrated yet. This, together with its
considerable higher price, makes the use of this material not common for
influenza surveillance.

Besides the lack of stability, RBCs also require multiple and cumbersome pre-wash steps to
prepare them each time they are extracted or when hemolysis has occurred.!'®* Then, RBCs
have to be normalized using a counting protocol that, as stated before, is not well standardized
across the laboratories.***

Moreover, the titration of the reference viruses by HA is always necessary previous to any HAI
tests to ensure that the virus still recognizes successfully the remaining RBCs, which
consumes resources and time.

Another major drawback of using fresh RBCs is the need to use and bleed regularly caged
animals, which entails ethical concerns. Increasingly stringent regulations related to animal
welfare are being established globally, which hampers the collection of this required reagent.
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RBCs should be collected from specific pathogen-free or specific Ab-negative animals, and
even the sex of the animal must be considered. For example, some studies suggest that the
hormones present in hen’s blood can decrease the reproducibility of the test, an effect
expected to be common across the different species.® Due to this requirement, many
laboratories decide to obtain the RBCs through their own stabled animals or through
arrangements with nearby animal facilities instead of purchasing them using traditional
commercial suppliers. This increases further the variability of RBCs acquisition price and
characteristics across the laboratories.

Moreover, as explained in Section 1.3.2, RBCs from different animal species must be used
depending on the virus affinity. For example, as a generalization, avian influenza viruses
recognize better the a2-3 linked SA, and thus are better analyzed using horse RBCs, which
contain more of this type of SA-linked residue. When focused on human influenza viruses,
A(H3N2) viruses are traditionally analyzed using guinea pig RBCs, while turkey RBCs are
recommended for the rest of the seasonal influenza viruses.

1.3.4.3. Alternatives to RBCs

HAIl assays are essential for influenza virus surveillance and vaccine or antigen (Ag)
production, despite their multiple drawbacks. Most of them could be prevented by the
standardization of the protocols and substitution of RBCs, one of their main variability sources.
Multiple attempts have been made in this direction, usually substituting RBCs with synthetic
particles coated with specific antigens or Ab.

These synthetic particles can be made of different materials, including latex, silica, polymers
or even gold nanoparticles. Latex particles are one of the most common approaches. In
general, coated-latex beads could clump together in the presence of the appropriate Ag or Ab,
mimicking the hemagglutination assay. An example of this application for serological studies
was developed by Esmail and colleagues, who designed an agglutination-based test where
blue latex particles coated with receptor-binding domain (RBD) or nucleocapsid protein
recognized anti-SARS-CoV-2 Ab with high sensitivity.’¥2 They compared these modified
particles to RBCs conjugated with the same SARS-CoV-2 antigens. In both cases, the assay
was performed on cards, and although agglutination could be observed by the naked eye, it
was difficult to distinguish the degree of agglutination without using image analysis, especially
in the latex particles. Many serological assays based on latex agglutination use this type of
readout in cards.!631%4 Other approaches kept the sedimentation of the particles in microplates
as a reading method, more like classical HAl assays. S. Hosaka, for example, employed dyed
poly(glycidyl methacrylate) microparticles with a diameter of 2 to 4 um covered with BSA and
achieved a sedimentation rate and sediment shape nearly equal to those of RBCs.'%
Moreover, these particles could also change the sedimentation pattern when agglutinated with
anti-BSA antisera, producing the same hazy bottom than RBCs.

On the other side, latex and gold nanoparticle agglutination tests based on Ab have been
previously developed to detect influenza H.1%%1%8 |n these examples, particles were coated
with reference antisera, which could produce variability between particle and antisera
production batches. Moreover, these assays required spectrophotometric reading to obtain
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the results. Although all these methods were sensitive and relatively fast, they relied on Ab
recognition. As described in section 1.1.3, influenza viruses present a high diversity on H,
which mean that implementing such an immunoassay would require producing specific beads
for each influenza strain tested, which would make the assay cumbersome and expensive.

To avoid this issue, multiple strategies that employ influenza receptors instead of Ab have
been developed. One of the most used is the incorporation of SA glycans to different types of
particles, including gold nanoparticles.'®®-1"2 This incorporation could be achieved through
chemical conjugation to the surface or embedding the SA during the particle production
process. One of the common strategies for detecting influenza viruses consists of using a2-3
and a2-6 SA, generally in form of SL or SLN, or even as larger ramified derivatives. The
studies have shown that employing SA with ramifications and multiple SA-terminals per
molecule, which allows for the simultaneous binding of multiple H trimers, increased the
sensitivity of the assays. Some of these SA-coated nanoparticles are even employed as
influenza virus infection inhibitors in antiviral therapy.1’3174

Albeit the multiple approaches described above have been defended by their authors as
feasible alternatives to HA and HAI, most of them require substantial changes compared to
the standard HA/HAI methodology, often requiring additional instrumentation for obtaining the
results (such as spectrophotometry,’®72 biolayer interferometry,’’* or surface plasmon
resonance,'’>1’® which are not always available in laboratories of low-income countries.
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Chapter 2. Objectives

The overall aim of this PhD Thesis was the development of a synthetic reagent that could
substitute animal erythrocytes in the HA/HAI assays used currently for global influenza
surveillance. This reagent, called “synthrocytes”, should mimic the differential sedimentation
displayed by animal RBCs in the absence and in the presence of agglutinating agents, but be
more stable, reproducible, and potentially mass-produced, without requiring considerable
changes in the existing protocol for HAI assays. This should contribute to worldwide
standardization of HAI tests with minimal equipment or training requirements and facilitate
inter-laboratory result evaluation.

To ensure the transferability of the developed protocols, commercially available materials and
well-established techniques have been used wherever possible. Moreover, because this work
was envisioned as a potentially marketable product, some decisions during the development
were conditioned by their economic impact and not only by their scientific performance.

In order to accomplish the general thesis aim, the work targeted four specific objectives over
time, which are detailed next:

1. Development of synthrocytes with the capacity to bind influenza viruses and change the
sedimentation pattern upon binding, to be used to perform HA- and HAI-like assays.

1.a. Production of the first proof-of-concept made with naturally sialylated proteins.
1.b. Use of synthetic receptors for improving synthrocyte sensitivity and reproducibility.

1.c. Development of a multiplexed synthrocyte using a battery of receptors on surface to
achieve recognition of the main 4 seasonal influenza types.

2. Explore synthrocyte industrialization feasibility by optimizing strategies for synthrocyte
long-term stabilization and production scale-up.

3. Reduce the variability of synthrocyte agglutination assays through automatization and
objectivation of results readout.

4. ldentification of new alternative applications for the developed technology.

The accomplishments achieved during this thesis have been organized in 10 chapters plus
annexes. Chapter 3 describes the reagents, materials and procedures employed during this
work. Chapters 4 to 9 describe the experimental results obtained and their corresponding
discussion. More specifically, chapters 4 and 5 present the design and development of the
different synthrocyte versions produced, starting with the selection of the synthrocyte
components and the optimization of their production protocol. Chapter 6 describes the stability
studies, lyophilization procedure and production scale-up, which were performed under the
supervision of Dr. Pere Carulla during a 12-month stage in the company Biosystems. These
tasks overlapped over time with those described in Chapters 4-5. Chapter 7 shows the results
of the first technology field validation carried in the National Influenza Center of Valladolid.
Chapter 8 presents two different approaches explored for quantification and automation of
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synthrocyte agglutination assays, including a microfluidic device developed during a 5-month
internship carried out in Dr. Henry’s group in Colorado State University (USA). Two alternative
applications for the technology developed in this work are explored in Chapter 9. The general
conclusions and future work are presented in Chapter 10.

Finally, Annex 1 includes a copy of the manuscript published summarizing part of the results
of this Thesis and Annex 2 displays copies of the scientific articles with results obtained during
this Thesis, often as part of the training received, but not included in this dissertation.

This work started thanks to the Explora project BIO2015-72401-EXP, funded by the Spanish
Ministry of Economy, which enabled the design and development of the first proof-of-concept
of synthrocytes. Following this preliminary study, synthrocytes were improved and tested for
other applications in the context of projects 1U68-017255/2019PROD00086 (Agéncia de
Gestio d'Ajuts Universitaris i de Recerca (AGAUR), Departament d'Empresa i Coneixement,
Generalitat de Catalunya; Projectes Producte), DTS20/00093 (Instituto de Salud Carlos llI;
Proyectos de Desarrollo Tecnolégico en Salud), and LCF/TR/CC21/52490005 (La Caixa
Foundation; Consolidate). Projects IU68-017255/2019PROD00086 and
LCF/TR/CC21/52490005 supported also patentability and market studies, intellectual property
protection and helped to determine regulatory and economical requirements for synthrocyte
realistic implementation.

The whole thesis was possible thanks to a predoctoral fellowship IFI18/00020 “Doctorados
IIS-Empresa en Ciencias y Tecnologias de la Salud” (i-PFIS), granted by Instituto de Salud
Carlos lll, cofounded by the European Regional Development Fund, and two contracts
supported by projects BIO2015-72401-EXP and LCF/TR/CC21/52490005. The 5-month stage
in Colorado University (USA) was supported by a mobility fellowship M-AES from Instituto de
Salud Carlos Il (MV19/00036).

The technology described in this Thesis, including the synthrocytes and their utilization in
agglutination assays, have been protected through the following patent request:

Reagents and fast methods for pathogen characterization and serology testing Autores:
Eva Baldrich Rubio, Ana Sanchez Cano, Andrés Anton Pagarolas, Cristina Andrés
Vergés. José Raul Herance Camacho, Tomas Pumarola Sufé.

European Patent EP19382496.8, 13 June 2019, Oficina Espafiola de Patentes y Marcas

International Patent PCT/EP2020/066292, 12 June 2020, European Patent Office, The
Hague

Fundacié Hospital Universitari Vall d'Hebron - Institut de Recerca (VHIR)
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Chapter 3. Materials and Methods

3.1. Reagents, Chemicals, and Biocomponents

3.1.1. Microparticles

Diverse types of microparticles were employed in this Thesis, comprising a range of sizes,
materials, densities and reactive groups exposed on surface. They are summarized in Table
3.1.

Table 3.1 | Properties of tested microparticles. “ns”, stands for not stated by the provider.

Material Density Diameter
Provider Particle Surface Reference
(colour) (g/ccm) (rm)
10 73-01-104
NH, 5 73-01-503
Sicastar — blue Silica (blue) 1.8
3 73-01-303
COOH 5 Custom-made
30 54-01-304
PLA-blue Poly(D,L-lactic
Micromod 1.0 NH, 2 54-01-203
Sicastar acid) (blue)
(Germany) 0.5 54-01-502
Magnetic silica
Sicastar-M 2.5 NH, 1.5 39-01-153
(brown)

Cluster-typed
Sicastar-M-CT magnetic silica 2.5 NH, 6 59-01-603
(brown)

Polymer and iron
Bangs ProMag 3 1.6 COOH 2.75 PMC3N
oxide (brown)

Laboratories

Polymer and iron
(USA) ProMag HP 3 1.4 COOH 3.13 PMC3HP
oxide (brown)

Invitrogen Dynabeads M-  Polystyrene with
ns NH, 2.70 14307D
(USA) 270 Amine magnetic material
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3.1.2. Receptor candidates

Over the course of this thesis, multiple receptor candidates (natural and synthetic) have been tested for their potential influenza-binding capacity.

3.1.2.1. Naturally sialylated proteins

The characteristics of all the proteins used for influenza recognition are described in Table 3.2.

Table 3.2 | Characteristics of the proteins evaluated. ns, not stated by the provider. *Reports indicate that GYPA has a carbohydrate content ranging 40-80%176
and accounts for 75% of the total sialic acid exhibited on the RBCs membrane.177:178 ** Experimental results shown that Trnsf has a pl of 5.7 approximately.17®

Provider Protein Ref. Abbrev. Origin SA content MW (kDa) Isoelectric point (pl)
Human erythrocyte
Glycophorin A G5017 GYPA ns* 50-80 5.9-6.3
membrane
Bovine Mucin M3895 BM Submaxillary glands 9-24% ~ 1000 3
Porcine Mucin M2378 PM Stomach mucus <1.2% ~1000 35
Sigma-Aldrich
(Spain)
Fetuin F3004 Fet Fetal Bovine Serum 5-8% 48.4 3.3,3.2-38
Human Transferrin T3309 Trnsf Human ns 76-81 ns (5.7)**
Bovine Serum Albumin A7030 BSA Bovine Serum ns 66 4,7-53
Avidin 21121 Av Egg ns 67-68 10
Thermo Fisher
(USA)
Neutravidin 31000 NeuAv Egg Deglycosylated 60 6.3
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Unless otherwise recommended by the provider, proteins were aliquoted immediately after
being received, and were stored at -20°C in isofreeze color-changing racks. Lyophilized
proteins received in high volume were stored in powder and the required weight was freshly
resuspended before each use.

Neutravidin (NeuAv) and BSA were used as negative controls for diverse experiments.

3.1.2.2. Synthetic receptors

Synthetic receptors that comprised various types of SA were analyzed. Below is a table with
the description of their molecular structure (Table 3.3).

Table 3.3 | Description of the different SA mentioned in this work.

Name Abbrev. Nomenclature Scheme
3'-Sialyllactose 3’-SL Neu5Ac(a2-3)Gal(B1-4)Glc 23 \bLd
a2,6 Bl4
6'-Sialyllactose 6’-SL Neu5Ac(a2-6)Gal(p1-4)Glc

3'-Sialyl-N-acetyllactose 3’'-SLN Neu5Ac(a2-3)Gal(f1-4)GIcNAc
6'-Sialyl-N-acetyllactose 6’-SLN Neu5Ac(a2-6)Gal(B1-4)GlcNAc

N-Acetyllactose N-Ac Gal(Bf1-4)GIcNAc

@ Newsac O Gal @Glc M GlcNAC

These SA were obtained commercially from two different providers, modified with different
reactive groups, linkers and/or protein carriers to facilitate their conjugation on top of the
particles. Table 3.4 shows the different combinations employed in this work.

45



Chapter 3 |

Table 3.4 | Characteristics of the SA molecular derivatives tested.

Provider Ref. Provider’s terminology SA Linker/carrier Abbrev.

01-038 3'-Sialyllactose-PAA-biotin 3’-SL PAA-biotin [3’-SL];-PAA-b

Glycotech
01-039 6'-Sialyllactose-PAA-biotin 6’-SL PAA-biotin [6°-SL];-PAA-b
(USA)
6'-Sialyl-N-acetyllactosamine-
01-060 6’-SLN PAA-biotin [6’-SLN];-PAA-b
PAA-biotin
NH316 Glycyl-6'-sialyllactose 6’-SL Gly (-NH2) 6’-SL-NH2
NGB1706 6’-Sialyllactose-biotin 6’-SL Biotin 6’-SL-b
NGP0706 6'-Sialyllactose-BSA 6’-SL BSA 6’-SL-BSA
Dextra
(UK} NGPo702 3'_Sjalyllactose-BSA 3.sL BSA 3'_SL-BSA
3'-Sialyl-N-acetyllactosamine-
NGP0301 3’-SLN BSA 3’-SLN-BSA
BSA
NGP0201 N-Acetyllactosamine-BSA None BSA N-Ac-BSA

PAA: Poly(acrylic acid); BSA: Bovine serum albumin

In the synthetic receptors with PAA-biotin, the SA is incorporated to a polyacrylamide matrix
thereby creating a 30-kd multivalent polymer. Unless otherwise stated, approximately every
5th amide group of the polymer chain is N-substituted with biotin in a 4:1 ratio. The final content
of this polymer is approximately 5% mol biotin and 10% mol SA.

In the synthetic receptors with BSA, the SA is incorporated in the BSA surface through a 3-
carbon spacer.

3.1.3. Lectins

Lectins are glycoproteins usually obtained from plant sources that have a carbohydrate-
binding capacity. They bind with high specificity to sugar moieties present in glycoproteins or
in free monosaccharide and glycan structures. In the presence of human RBCs, this may
produce hemagglutination. Each lectin has its own recognition pattern, some of them being
very restrictive, and displays a different hemagglutination activity. The hemagglutination
activity is expressed as the lowest concentration needed to agglutinate a 2% suspension of
human erythrocytes after 1 h incubation at 25°C.

Three different lectins purchased from Sigma-Aldrich were employed to simulate the virus-
induced agglutination. Their characteristics are shown in Table 3.5.
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Table 3.5 | Summary of the lectins employed in this work.

Hemagglutination

Lectin Ref. Abbrev. Recognition .
activity
Wheat germ N-acetyl-B-D-glucasamine
© L9640  WGA , <20 pg/mL
agglutinin oligomers and Neu5Ac
Sambuccus nigra Mostly a-NeuS5Ac(a2-6)Gal, and
. L6890 SNA <4 pug/mL
lectin Neu5Ac(a2-6)GalNAc
Maackia amurensis
L8025 MAA Mostly Neu5Ac(a2-3)GalNAc <10 pg/mL

lectin

3.1.4. Influenza viruses

All influenza viruses used in this work had been inactivated by the producer using beta
propiolactone treatment (BPL). This treatment modifies chemically the nucleic acids and
amino acids of the virus and produces a loss of the infectivity capability.3%18 The inactivated
influenza viruses used for developing the first version of synthrocytes were provided by Hytest
(Finland). Apart from BPL inactivation, these viruses had been purified using
ultracentrifugation with sucrose gradient from allantoic fluid of 10 days old embryonated eggs.
The final preparations contained also 0.09 % sodium azide (NaNs) and 0.005 % thimerosal
and their concentration was estimated by the supplier. The references for these viruses are
found in the following table.

Table 3.6 | Inactivated virus from Hytest.

Strain Subtype/Lineage Ref.

A/New Caledonia/20/99 HIN1 8IN73-3
A/Solomon Islands/03/06 H1N1 8IN73-4
A/Taiwan/1/86 HIN1 8IN73

A/Beijing/262/95 H1N1 8IN73-2
A/Brisbane/10/07 H3N2 8IN74-4
A/Panama/2007/99 H3N2 8IN74-1
B/Victoria/504/00 B/Yamagata 8IN75-3

WHO reference viral antigens were obtained through the Influenza Reagent Resource (IRR,
Influenza Division, WHO collaborating center for the surveillance, epidemiology and control of
Influenza; Centers for Disease Control and Prevention, Atlanta), which corresponded to the
viruses included in the WHO Influenza Reagent Kit for Influenza Isolates of the seasons 2018-
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21. These vials contained BPL-inactivated virus in allantoic fluid containing 0.01% of NaNs. A
summary of all the viruses employed and their corresponding season are listed below.

Table 3.7 | WHO reference viral antigens used in this work. The season in which each strain was
included in the kit is also indicated.

Subtype/Lineage Strain Ref. Year
A/California/07/2009 NYMC X-179A FR-1184 2013-2015
A/Michigan/45/2015 NYMC X-275 FR-1605 2018-2019
HIN1pdm09 FR-1665  2019-2020
A/Brisbane/02/2018
FR-1730 2020-2021
A/Indiana/02/2020 FR-1773 2021-2022
A/Singapore/INFIMH-16-0019/2016 FR-1606 2018-2019
FR-1666 2019-2020
H3N2 A/Kansas/14/2017
FR-1731 2020-2021
A/Tasmania/503/2020 cIn2 FR-1783 2021-2022
FR-1609 2018-2019
FR-1669 2019-2020
B/Yamagata B/Phuket/3073/2013

FR-1734 2020-2021

FR-1777 2021-2022

FR-1607 2018-2019
B/Colorado/06/2017
FR-1667 2019-2020

B/Victoria
FR-1732 2020-2021
B/Washington/02/2019

FR-1775 2021-2022

A/Egypt/N03072/2010 PR8-IDCDC-RG29 FR-1073 -

H5N1 A/Vietnam/1203/2004 PR8-IBCDC-RG/GLP FR-919 -

A/Chicken/Vietnam/NCVD-016/2008 PR8-IDCDC-RG12  FR-907 -

H7N9 A/Anhui/01/2013 FR-1248 -

HON2 A/Hong Kong/33982/2009 PR8-IDCDC-RG26 FR-916 -
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3.1.5. Antiserums

The WHO Influenza Reagent Kit for identification of influenza isolates contained each year
reference antiserums against each of the viral types included in the kit. These serums were
made of pooled hyperimmune antiserum produced in goats against representative influenza
viruses that circulated at the time the reagent was manufactured. A description of all the
reference antiserums employed in this work can be found in the following table.

Table 3.8 | Reference antiserums from the WHO Influenza Reagent Kit for identification of influenza
isolates. The season where each strain was included in the kit is also indicated.

Subtype/Lineage specificity Ref. Year
FR-1611 2018-2019
FR-1682 2019-2020
H1N1pdmO09
FR-1736 2020-2021
FR-1779 2021-2022
FR-1612 2018-2019
FR-1683 2019-2020
H3N2
FR-1737 2020-2021
FR-1780 2021-2022
FR-1614 2018-2019
B/Yamagata FR-1685 2019-2020
FR-1739 2020-2022

FR-1613 2018-2019

B/Victoria FR-1684 2019-2020
FR-1738 2020-2022
Negative control sera FR-1377 2018-2022
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3.1.6. RBCs

Commercial chicken, turkey and guinea pig RBCs were employed in this Thesis. Chicken and
guinea pig RBCs were obtained from Innovative Grade US Origin (USA). Turkey RBCs were
obtained from Rockland (USA). In all the cases, RBCs were received as washed pooled cells
at concentrations ranging from 5 to 10% cells/mL. Before using them, cells were washed once
to eliminate the buffer and the hemolyzed residues, and to work with a concentrated 100%
erythrocytes stock.

Human RBCs were obtained locally from residual whole blood samples from anonymized O-
individuals. Approval from the ethical committee was not required for this obtainment. Isolation
and preparation of these RBCs are described in Section 3.10.1.

3.1.7. Buffers

All buffer solutions were prepared with milli-Q water and all reagents were of the highest
available grade. The composition of these solutions is described in Table 3.9:

Table 3.9 | Composition of the buffered solutions used in this work.

Abbrev. Composition pH
PBS 11.9 mM sodium phosphate, 137mM NaCl, 2.7 mM KCl 7.4
PBST PBS, Tween20 0.05 % 7.4
TBS 25 mM Tris, 140 mM NacCl, 3.0 mM KCl 7.4
MES 150 mM 2-(N-morpholino)ethanesulfonic acid 5.4

3.1.8. Enzyme Linked Immunosorbent Assay (ELISA) reagents

All ELISA assays were performed using 96-well high-binding microtiter plates purchased from
Corning (Ref. 9018). A summary of the Ab and reagents used for the ELISA development is
shown in Table 3.10. The blocking of the plate after physisorption of the capture molecule was
performed using a commercial BSA-based buffer (Reagent Diluent Concentrate 2, R&D
Systems). The primary Abs required for the ELISAs were purchased from Hytest (Finland).
Each Ab had been produced in mouse and specifically recognized a different type/subtype of
influenza based on the H protein. Secondary Ab was an anti-mouse IgG conjugated to
horseradish peroxidase (HRP; Sigma Aldrich). ELISA detection was performed
colorimetrically, using a ready-to-use solution of 3,3',5,5-tetramethylbenzidine Liquid
Substrate (TMB; Sigma Aldrich) that contains hydrogen peroxide (H-O>) as a substrate. This
solution was stored at 4°C and protected from light, as recommended by the provider, but it
was temperated before its utilization. The stop solution employed was 1 M H2SO..
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Table 3.10 | Summary of the reagents used in ELISA.

Reagent Provider Ref. Description Dilution
i . R&D . .
Blocking solution DY995 10x PBS with 10% BSA 1:10in H20
Systems

3AH1 Influenza A Hemagglutinin H1 Ab 1:10000

Primary Ab Hytest 3HG3 Influenza A Hemagglutinin H3 Ab 1:5000
3BH9 Influenza B Hemagglutinin Ab 1:10000
5 darv Ab Sigma- A9044 Anti-mouse IgG peroxidase- 1:30000
econdar :
Y Aldrich labeled Ab (Ab-HRP)
Sigma- 3,3',5,5'-tetramethylbenzidine
Enzyme substrate . T4444 o Ready-to-use
Aldrich liquid substrate (TMB)
. Fisher
Stop solution o 12933634 H,SO, 1M
Scientific

3.1.9. Other reagents

For the particle-dying process, reactive blue (Ref. A12911, Alfa Aesar), dimethyl sulfoxide
(DMSO, Ref. BP231, Fisher Scientific) and tetrahydrofuran (THF, Ref. 401757, Sigma Aldrich)
were employed.

For cross-linking, reagents used included glutaraldehyde (Ref. 354400, Merck), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Ref. 22980, Fisher Scientific),
bis(sulfosuccinimidyl)suberate (BS3, Ref. 21580, Thermo Fisher) and Poly(ethylene glycol)
diamine (PEG-diamine, Ref. 753084, Sigma-Aldrich).

BSA (Ref. A9074), Tween20 (Ref. P1379) and cholera filtrate (Ref. C8772, used as a receptor-
destroying enzyme (RDE) to treat sera for hemagglutination inhibition assay) were obtained
from Sigma-Aldrich.

3.1.10. Other applications specific reagents

For malaria detection, PAN Plasmodium lactate dehydrogenase (pLDH) monoclonal Ab (Ref.
C01834M) were purchased from Biospacific (USA), and recombinant LDH from Plasmodium
falciparum (PfLDH, Ref. A3005) was provided by CTK biotech (USA).

For SARS-CoV-2 detection, stabilized trimeric spike protein from SARS-CoV-2 was purchased
from ExcellGene (Switzerland) and casein was purchased from Sigma-Aldrich (Ref. C5679).
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3.2. Instrumentation

Several agitation equipment were used to perform the bead conjugation process and to
optimize the agglutination assay.

e Rotator: Mini Lab Roller rotator (Labnet International, USA). This compact equipment
displayed a 15-cm wheel that could be placed either in vertical or horizontal position,
and that rotated at a fixed speed of 24 rpm. For this work, the wheel was always placed
horizontally.

e Vortex Genie 2 (Scientific Industries, USA). This robust vortex agitator accommodated
a wide platform that held up to 24 Eppendorf tubes. Vibration speed could be regulated
between approximately 600 and 3200 rpm.

e Thermal Shake lite (VWR). Microtube shaking incubator with temperature control from
0 to 105°C. Agitation speed could be regulated between 300 and 1500 rpm.

e PS-M3D (Grant-bio). Multifunction 3D rotator with reciprocating, vortexing and orbital
shaking. The turning angle is between 0 and 30° with adjustable speed between 1 and
100 rpm. The orbit diameter is 22 mm.

Centrifugations were carried using a Heraeus Fresco 21 centrifuge (Thermo Scientific). This
is a refrigerated centrifuge with a capacity of 24 microtubes (1.5-2 mL) and a maximum speed
of 14.800 rpm.

A FLUOstar Omega (BMG Labtech) microplate reader was employed to perform the quality
control of colored particles and to interpret spectrophotometrically HA/HAI sedimentation
patterns. This equipment can perform UV/Vis spectrometric reading from either the top or the
bottom of the well. Moreover, it can also scan the wells forming a matrix that collects more
than 900 data points per well.

Pictures of the microtiter plates with HA/HAI results were taken using a digital camera (Sony
G Exmor R 20.4) or a mobile phone camera (Xiaomi MiA3). lllumination and placement of the
plate was kept constant when possible. Usually, full-row images were taken (this is, each
picture showed the 12 wells of the plate). When detail was required, two pictures of each row
were taken to enhance the definition and to keep the wells centered (in this case, each picture
contained 6 wells).
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3.3. Characterization of receptor candidates by ELISA

ELISA was used to assess the ability of receptor candidates to recognize different influenza
virus types before conjugating them to the beads. In order to do this, the different proteins and
SA synthetic receptors were used as plate-bound capture agents (Figure 3.1).

& Bioreceptor ﬁ Influenza virus  » Anti-influenzaAb % Ab-HRP

Figure 3.1 | Scheme of the ELISA procedure to evaluate the receptor candidates. The receptors were
adsorbed in the plates and acted as a capture agent for the viruses. Then, the viral attachment was
detected using a primary anti-hemagglutinin Ab followed by secondary-HRP-labeled Ab. Finally, the
TMB substrate was added and the result read spectrophotometrically at 450 nm.

Unless otherwise stated, incubations were performed using 100 uL/well, with the plate covered
with an adhesive seal to prevent evaporation, and were always followed by three consecutive
washes using 200 uL/well of PBST. To start with, 50 uL/well of the receptor was immobilized
in a 96-well high-binding plates overnight at 4°C. The optimal concentration for each receptor
was previously established by performing a titrate with 2-fold dilution series of the receptor
(prepared in PBS). Then, the plates were washed and were blocked for 1 h at room
temperature (RT) with 200 pL/well of PBS-BSA 1% to prevent non-specific binding. Three
consecutive incubations followed, with the corresponding washing steps in-between, the first
with decreasing concentrations of the influenza virus strain of interest (90 min at 34°C); the
second with primary Ab (diluted in PBS-BSA 1%; 60 min at RT); and the third with an HRP-
labeled secondary Ab (diluted in PBS-BSA 1%; 60 min at RT). Finally, the plate was washed
4 times and was incubated with TMB substrate solution for 20 min (100 pL/well). This ready-
to-use TMB was color-less. HRP catalyzed the oxidation of TMB coupled to the reduction of
H>0O,, which produced a half-oxidized blue product. When the stop solution was added (50
pL/well of 1 M H,S0O.), the reaction produced fully oxidized TMB with a yellow color that was
read spectrophotometrically at 450 nm.
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3.4. Selection of beads displaying agglutination-dependent sedimentation

3.4.1. Microparticle chemical crosslinking

Two different strategies were used for the chemical crosslinking of the microparticles,
depending on the reactive group exposed on their surface (NH, or COOH). In both cases,
particles were washed once with PBS and then serially diluted with PBS in a microtiter plate
with or without the corresponding crosslinker. For aminated patrticles, we employed a 2.5 mM
solution of BS3, an homobifunctional crosslinker composed of two hydroxysuccinimide (NHS)
ester groups separated from each other by an 11.4 A spacer arm. This reagent binds amine-
to-amine from different particles, promoting agglutination (Figure 3.2). Carboxylated patrticles
were incubated with a mixture of EDC (4 mg/mL) and PEG-diamine (0.05 or 0.5 mg/mL) to
activate the carboxyl groups and to produce agglutination, respectively.

" s 0 BS3
2 Na'ﬁ?’ 0 0
O = L Ay s
NH, 0 ° \ $=0
NH; : 0 0 [ -
u I N
- B %
coon EDC PEG-diamine TO

/
> a
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N=C=N

NH,

COOH

Figure 3.2 | Microparticle chemical-induced agglutination. Aminated particles were crosslinked using
BS3, which reacts directly with the amine-terminals on the particle surface. Carboxylated particles, on
the other hand, require first COOH-activation by EDC. Then, the two terminal amines of the PEG-
diamine react to the activated carboxyl groups and produce agglutination.

Particles were allowed to settle down in the microplates at RT while taking pictures every 5
min. For amine particles, 10 min were enough to see differences, while for carboxyl particles
it was required at least 30 min before noticing changes in the sedimentation pattern.

3.4.2. Study of well shape and agitation conditions in microparticle sedimentation

Since RBCs of different animal origin sediment differently in diverse bottomed plates, here,
sedimentation of 5 and 10 ym Sicastar particles was studied using three types of microtiter
plates: U-bottom (Ref. NUNC262162), V-bottom (Ref. NUNC249662) and flat-bottom (Ref.
NUNC269787).

The effect of the agitation was also studied. Amine Sicastar 5 ym particles were incubated
under different types of agitation or in static during 15 min, with concentrations of BS3 ranging
from 2.5 mM to 0.07 mM. The types of shaking included vortex fast mixing (Vortex Genie 2,
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600 rpm) and orbital agitation at either 10 or 30 rpm (PS-M3D). Then, images of the plates
were taken after 15 min.

3.5. Particle custom-dyeing protocol and quality control

Particles of diverse colors were commercially available when we started this development, but
they were subjected to a high batch-to-batch variability that affected color vividness
specifically. Standardization of the bead color intensity was achieved by developing our own
custom protocol for particle staining, using colorless Sicastar micropatrticles (Figure 3.3). This
process was optimized mostly by another team member, together with the quality control
required to ensure that each batch of custom-dyed particles displayed color and concentration
within certain acceptable ranges.

Briefly, a 150 mM dilution of reactive blue dye was prepared in DMSO. This preparation was
then diluted 1:100 in THF to obtain a final concentration of 1.5 mM. After that, as-received
microparticles were homogenized, were mixed with the 1.5 mM reactive blue dilution in a 1:1
(v/v) ratio (usually, 500 L of each), and were incubated for 1 h at RT with rotation. Particles
were washed once with THF and twice with MiliQ water. Then, the final volume of the particle
suspension was adjusted to match the initial volume.

Reactive Blue

NH, -beads

o

1hRT e

1100 3 1:1 ratio )
X3 NH;

150 mM 1.5 mM
in DMSO in THF

Figure 3.3 | Schematic of the microparticle custom-dyeing protocol.

The quality control of custom-dyed particles consisted of absorbance measurement by
spectrophotometry. For this, 3 puL of the homogenized stained particles (uP) and 3 pL of the
supernatant (SN, after sedimenting the custom-dyed beads) were collected and measured
spectrophotometrically at 604 nm. Then, the % of dyeing rate was calculated as follows:

Abs pP

100
Abs pP + Abs SN -

It was established that the % of dyeing rate should range between 95 and 100%, which
indicated that most of the dye was permanently bound to the particles and was not being
released to the supernatant anymore. Lower percentages indicated that particles were still
releasing dye to the supernatant and thus required more washes.
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3.6. Bead chemical modification

The incorporation of the receptors onto the particles can be accomplished by diverse methods.
The coupling strategy must take into consideration the reactive groups on the surface of the
particles and the available groups in the receptor. Here, receptors were bound directly using
chemical crosslinkers (glutaraldehyde or EDC) or indirectly through biotin-NeuAv affinity
binding. Unless otherwise stated, all incubations were carried out in Eppendorf tubes, at RT,
protected from light, and under end-to-end mixing using a Mini Lab Roller rotator. For washes,
particles were centrifuged for 3 min at 100 XxG and resuspended in the appropriate buffer.

3.6.1. Direct modification

This type of coupling was employed for all the sialylated protein receptors and for synthetic
receptors that contained a SA residue with a terminal -NH available (SA-NH.) or that were
bound to a BSA carrier (SA-BSA). Conjugation with glutaraldehyde was employed for amine-
bearing particles and EDC was used for carboxylated beads. The first produced the best
results and will thus be described in more detail.

3.6.1.1. Conjugation of aminated particles using glutaraldehyde

A two-step incubation protocol was used for this type of conjugation (Figure 3.4). Sicastar blue
particles (12.5 mg, equivalent to 250 uL of the as-received 50 mg/mL stock) were washed
once with PBS and were incubated in rotation in 0.5 mL of glutaraldehyde 6% for 30 min.
Glutaraldehyde-activated beads were washed with 1 mL of PBS and were incubated for 2 h
in 0.5 mL of PBS with the appropriate amount of receptor (Table 3.11). This step was
performed under agitation at 950 rpm in a thermoshaker (Thermal Shake Lite).

Modified beads were then centrifuged, the supernatant was removed, and the beads were
incubated in rotation for 30 min with 1 mL of a TBS, 1% BSA blocking buffer. The resulting
synthrocytes were washed once more with PBS and were finally resuspended in PBS, 0.02%
BSA, 0.1% NaNs and stored at 4°C.
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Figure 3.4 | Schematic of the two-step glutaraldehyde conjugation protocol for aminated particle
modification with receptors.

Table 3.11 | Summary of the amount of protein required for each conjugation depending on the receptor
employed.

Receptor Quantity for conjugation
GYPA, BM, PM, Av, NeuAv, Fet, Trnsf 150 ug
SA-BSA 60-80 pg
Malaria panAb LDH 25 ug
SARS-CoV-2 Trimeric Spike 20 ug

This protocol was optimized thoroughly during this work. Parameters depicted in Table 3.12,
such as the amount of receptor, volumes, number of washes, incubation times, types of
blockings, buffer pH, type of agitation and storage buffer were optimized. The protocol
described here includes the final selected conditions for direct conjugation with
glutaraldehyde.
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Table 3.12 | Summary of the different conditions optimized during this work, including the range
evaluated for each of them.

Conditions optimized Range tested Optimal
Number of washes pre-conjugation 1-3 1
Incubation volumes 250-1000 plL 500 L
Conjugation incubation time 30min—4h 2h

L . Vortex-type
Type of agitation Rotation, vortex (950-1500 rpm)

(950 rpm)
Conjugation buffer pH 6-8 7.4
Number of washes post-conjugation 0-2 1
Number of washes post-blocking 1-3 1

Physical blocking: BSA, casein, dry-milk
Types of blocking BSA + TBS
Chemical blocking: TBS, ethanolamine

Storage buffer 0.01%-1% BSA 0.02% BSA

3.6.1.2. Conjugation of carboxylated particles using EDC

Carboxylated Sicastar blue particles (25 mg, equivalent to 500 uL of the as-received 50 mg/mL
stock) were washed twice with 1 mL of MES 0.5 M (pH = 4.5). Then, particles were incubated
in 0.5 mL of MES, 20 mM EDC and 69 mM N-hydroxysulfosuccinimide (sulfo-NHS) for 45 min.
EDC-activated particles were washed once with PBS and were incubated for 3 h with 200 pg
of the sialylated protein dissolved in PBS. After that, particles were washed once with PBS
and blocked using 1 mL of TBS, 1% BSA for 30 min. Finally, the conjugated beads were
washed thrice with PBS and were stored with 0.1% BSA.

3.6.2. Indirect modification

Although direct conjugation was the main coupling strategy employed during this thesis, other
approaches were evaluated. Biotin-NeuAv affinity binding can act as an amplifier of the
available active area. This is because NeuAv is a tetrameric protein that display 4 biotin-
binding sites, increasing 3 or 4 times (theoretically) the number of receptor-binding moieties
on the surface, although this process is not completely efficient (Figure 3.5). The main
disadvantage of this strategy was that it was useful only to bind biotinylated receptors.
Accordingly, it was used for receptors that could be biotinylated in the laboratory, and this
strategy was also useful to incorporate commercial biotinylated synthetic receptors, such as
biotinylated SA [SA]s-PAA-b and 6’-SL-b employed in this work.
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Figure 3.5 | Schematic of the indirect conjugation protocol, which consist in combining particles
conjugated with NeuAv (by direct conjugation) and biotinylated fetuin.

3.6.2.1. Preparation of NeuAv-conjugated beads

Amine Sicastar particles were directly conjugated with NeuAv following the protocol described
in Section 3.6.1.1. StrepAv direct conjugation was also tested during the optimization of this
work following the same protocol, although NeuAv was finally chosen.

3.6.2.2. Preparation of biotinylated fetuin

The main biotinylation reagent employed for this protocol was Biotin-XX, SSE (6-((6-
((Biotinoyl)Amino)Hexanoyl)amino)Hexanoic Acid, Sulfosuccinimidyl Ester, Sodium Salt; Ref.
B6352; Thermo Fisher). This biotin presents a succinimidyl ester group that reacts with
amines, a sulfonate group that provides water solubility, and a 14-atom spacer that enhances
the accessibility of biotin to the relatively deep biotin-binding sites of NeuAv.

A solution of Biotin-XX, SSE 2.5 mg/mL was prepared in MiliQ water immediately before its
utilization. Different molar ratios (biotin:fetuin) were used during the optimization, ranging from
5:1 to 18:1 of molar excess. The appropriate volume of the Biotin-XX solution was added to
150 ug of fetuin and the mixture was incubated for 2 h in rotation at RT.

Next, the conjugate was purified using a desalting column PD MiniTrap G-25 (GE Healthcare,
Ref. 28-9180-07) and eluted with 1.5 mL of PBS. Fractions of 200 yL were recovered and
analyzed with a Nanodrop Spectrophotometer 2000 (Thermo Scientific) at 280 nm. Finally,
fractions containing the biotinylated protein were combined and concentrated using a
centrifugal filter K Amicon Ultra-0.5 50K (Merck, Ref. UFC510024). The conjugate was
measured again spectrophotometrically and diluted with PBS to the desired concentration to
store it at 4°C.

3.6.2.3. Modification of NeuAv-conjugated beads with biotinylated receptors

NeuAv-conjugated beads were incubated in rotation with the biotinylated receptor for 30 min
to promote their affinity binding. Finally, particles were washed twice with PBS and were
resuspended in PBS, 0.1% BSA, 0.1% NaNs and stored at 4°C.
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3.7. Synthrocyte standardization and lyophilization

After conjugation, modified beads were counted using a Neubauer chamber and adjusted to
a final concentration of ~1.1x108, ~9.5x108 beads/mL or ~2x10° beads/mL for 10, 5 and 3 um
particles, respectively, to produce standardized synthrocyte stocks. These were stored in
solution at 4°C using the correspondent storage buffers described in Section 3.6. Before being
used, synthrocytes were diluted with PBS to produce the appropriate synthrocyte working
suspensions (see later in the text).

For long-term storage, particles were lyophilized. A number of excipients were tested during
lyophilization optimization (Table 3.13).

Table 3.13 | Summary of the different excipients tested for lyophilization and their tested range.

Excipient Ref. Provider Tested concentration
BSA A9647 Sigma-Aldrich 5g/L-40g/L
. . DC Fine
Sodium Azide 111500 _ 0.1%
Chemicals
Trehalose 108216 Sigma-Aldrich 5g/L-40g/L
Lactose 36889 Fisher Scientific 10g/L-40g/L
Sucrose 131621 Panreac 5g/L-40g/L

The final composition of the Iyophilization buffer included 11.6 g/L of BSA and 0.1% of NaN3
in PBS. Usually, 125 pL of standardized synthrocytes and 375 uL of lyophilization buffer were
distributed in each 5 mL glass vial during the optimization process. For the final lyophilization
format, the amount was increased to 350 L of synthrocytes and 850 uL of buffer in each vial.
These vials were reconstituted with 5 mL of PBS to produce ready-to-use synthrocyte working
suspensions, which covered the requirements of one full microtiter plate.

The lyophilization process was performed using industrial equipment at Biosystems facilities.
The lyophilizing recipe employed (temperature and cycles) is confidential and will not be
disclosed here.

3.8. Synthrocyte Agglutination (SynA) Assay

Synthrocyte agglutination was achieved here by diverse means, including the use of lectins
and different influenza viruses. In all cases, a dilution series of the agglutinating agent was
prepared in a microtiter plate; synthrocytes, diluted to produce working suspensions, were
added; and the mixtures were incubated at room temperature until sedimentation pattern
interpretation. Unless otherwise stated, U-bottomed microplates (NUNC) were employed for
all the assays involving synthrocytes.
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Parameters such as dyeing and BSA blocking efficiency affected particle sedimentation and
determined the amount of particles per well needed to carry SynA. Accordingly, this parameter
had to be re-optimized along synthrocyte development and after each methodological
improvement. Table 3.14. summarizes how synthrocyte working suspensions were prepared
and the amount of particles needed per well for the main production paths that will be
described in the work.

Table 3.14 | Amount of particles needed per well for the main synthrocyte production paths. The table
compares de stock dilution needed to produce the different working suspensions, and the
corresponding amount of synthrocyte stock needed per well in each case.

. Amount of Amount of Working suspension
Type of particles o
stock/well beads/well (stock dilution)
Commercially-dyed 7.5 uL 375 ug 1/6.66
Custom-dyed 5 uL 250 pg 1/10
Lyophilized 3.5uL 175 ug 1/14.3

3.8.1. Lectin-mediated SynA

A 10-fold serial dilution of the corresponding lectin (from 0.01 to 100 ug/mL in PBS) was
prepared in a 96-well plate (final volume of 50 uL/well). Then, 50 uL of synthrocyte working
suspension were added, mixed by pipetting and incubated for 10 to 25 min at RT before
sedimentation evaluation.

The three lectins used for these experiments and their corresponding carbohydrate-binding
tropism are described in Section 3.1.3.

3.8.2. Influenza virus mediated SynA

For influenza mediated SynA, 50 uL/well of PBS were added to each microplate row. Then,
50 uL of the influenza Ag was added to the first well and a serial 2-fold dilution was performed
across the row, from well 1 to 11 as shown in Figure 3.6. The starting virus dilution
corresponded to a 2 titer and the last one to 2048. The last well in the row did not contain virus
and was used as a negative control. Then, 50 pL of synthrocyte working suspension were
incorporated to all the wells and incubated at RT (for 10 min for 10 and 5 ym synthrocytes,
and for 25 min for 3 ym synthrocytes). Finally, images of the wells were taken.

The agglutination titer was defined as the highest virus dilution able to produce visible
agglutination and was considered to contain 1 Synthrocyte Agglutination Unit (SynAU).
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Figure 3.6 | Schematic of SynA protocol. In this example, 3 different viruses are tested. After adding
50 yL of PBS to all the wells, each virus is diluted in a serial 2-fold dilution to column 11, leaving well
12 with just PBS as a negative control. Then, 50 uL of synthrocyte working suspension are added and
allowed to sediment for 10 to 25 min depending on the synthrocyte size.

3.8.3. Agglutination assessment by microscopy

To confirm lectin- and virus-induced agglutination, 2 uL of the synthrocyte stock solution were
mixed with 22 L of lectin or virus and incubated for 30 s on a glass slide. Then, the slide was
covered and gently swung for 2 min. Finally, it was observed by microscopy (20x) using a
Nikon TE2000 microscope.

3.9. Synthrocyte Agglutination Inhibition Assay (SynAl)

Along this work, diverse reagents were used to produce synthrocyte agglutination inhibition.
As explained in Section 1.3.3, inhibition would happen if agglutination occurred in the presence
of binders that display affinity for the agglutinating agent tested (for instance, Ab recognizing
specifically the influenza virus strain present). Moreover, these Ab should block the ability of
the viral H to interact with their SA receptor in order to prevent the agglutination, thus should
be neutralizing Ab (n-Ab). Such n-Ab are present in the serum of infected and vaccinated
individuals, but can be also produced in animal hosts (such as ferrets or goats) and through
hybridoma technology (i.e., as monoclonal n-Ab). Here, we disclose the different protocols
used depending on the source of Ab employed. In all the cases, the protocols were based on
the ones provided by the WHO,!® and adjusted following our hospital recommendations.

3.9.1. Agglutination inhibition by n-Ab

Commercial n-Ab were employed in the initial steps to confirm that the inhibition of the
agglutination was specific, and before testing more complex sera (Section 3.9.2). Two
monoclonal Ab specific for influenza A hemagglutinin were tested (Antibodies Online,
Germany). The first one was raised against A/New Caledonia/20/99 (Ref. ABIN1605067), the
other against A/Taiwan/1/86 (Ref. ABIN284533), both influenza A(H1N1) viruses.
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To perform the analysis, 10-fold dilutions of each n-Ab were prepared in the wells of a U-plate
(50 pL/well in PBS). Then, 50 uL/well of a 2.5 mg/mL dilution of A/New Caledonia/20/99 virus
were added to each well, gently mixed and incubated for 30 min at RT. Finally, 50 uyL/well of
the synthrocyte working suspension were incorporated and images were taken after 10 min.

3.9.2. Agglutination inhibition by serums

This section includes the process required to work with WHO reference antiserums and with
serum obtained from vaccinated and control donors and volunteers. In all the cases, serums
were pretreated to remove nonspecific inhibitors of hemagglutination and nonspecific
agglutinins that occur naturally in sera. These interferences could produce false positive and
negative HAI/SynAl results, respectively.

3.9.2.1. Serum pre-treatment

To remove nonspecific inhibitors, serums must undergo a treatment with receptor destroying
enzyme (RDE). This sialidase is extracted from Vibrio cholerae cultures and was purchased
as a lyophilized powder from Sigma-Aldrich (Ref. C8772). 100 uL of each serum were mixed
with 300 pL of RDE (reconstituted in 5 mL sterile water) and were incubated for 16 h at 37°C.
Then, the RDE was inactivated by incubating the mixture at 56°C for 30 min. Finally, 600 pL
of PBS were added to each serum to obtain a final 1/10 serum dilution.

Next, serums were pre-adsorbed with synthrocytes to remove nonspecific agglutinins. For this,
the RDE-treated serum (1 mL after the 1/10 dilution) was incubated with 190 pL of stock
synthrocytes for 40 min. To avoid modifying the serum dilution, synthrocytes were centrifuged
and the supernatant was removed before adding the serum. After each 10 min, particles were
mixed by inversion to favor the adsorption of nonspecific agglutinins. Finally, the mixture was
centrifuged, and the supernatant was collected. This treated serum could be directly stored at
-20°C. If the serums were to be used in HAI, this process was performed using RBCs instead
of synthrocytes, as described in Section 3.10.3.

3.9.2.2. SynAl procedure

The first step for SynAl was performing a SynA assay following Section 3.8.2 to obtain the titer
for each virus considered. Then, the virus was diluted to a final concentration equivalent to 2
or 4 SynAU/25 pL. A back-titration was next done using this Ag dilution to confirm if this was
the dilution needed or should be amended.

Serial 2-fold dilutions of each serum (25 pL/well) were prepared across a plate between wells
1 and 7. 25 pL of each serum was also added to well 8 as a non-specific agglutination control.
A fixed dilution of the virus (2 or 4 SynAU/25 pL/well) was added to wells 1-7 and 25 pL of just
PBS to well 8, and the mixtures were incubated for 30 min at RT. Afterwards, 50 uL of
synthrocyte working suspension were incorporated to all the wells and incubated for 10 min
for 10 um particles or for 25 min for 3 pm particles to allow them to sediment. Images were
taken and the pattern was analyzed to determine the SynAl titer. The SynAl titer was the
reciprocal of the highest serum dilution at which the agglutination was inhibited.
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Figure 3.7 | Schematic of SynAl protocol. First, SynA is performed to determine the appropriate virus
dilution for each virus. In this example, 3 different serums are tested for anti-influenza Ab against 2
different viral strains. Each serum is diluted 2-fold from column 1 to 7, adding serum directly to column
8 too. Then, 25 pL of each virus dilution are added to all the wells in a row except for well 8, that just
adds PBS. After 30 min of incubation at RT, 50 pL of synthrocyte working suspension are added and
allowed to sediment for 10 to 25 min depending on the synthrocyte size.

The nonspecific inhibitors are not always completely removed by RDE treatment and their
presence can give false positives. Occasionally some viral isolates can be highly sensitive to
this, and will be recognized because they have high SynAl titers to more than one antiserum
in the test. To solve this, serum can be heat-inactivated again (56°C for 30 min) or alternative
methods such as trypsin-heat-periodate can be used.!®

3.10. Hemagglutination and Hemagglutination Inhibition Assay (HA & HAI)

3.10.1. RBCs preparation and standardization

When the RBCs source was whole blood, for example in RBCs from human origin, RBCs were
isolated by centrifugation of 10 mL of blood (5 min at 500G, without break). After the
centrifugation, plasma and the leukocyte layer were removed by carefully pipetting. Then, 50
mL of PBS were added to wash the cells and the process was repeated 3 more times before
using them. After the last washing, PBS was completely removed to concentrate the
erythrocytes to a 100% stock. Such processed RBCs were stored and used in less than 4
days unless otherwise specified.

Commercial isolated RBCs were also washed 4 times using the same procedure. In cases
where the supplier indicated that RBCs had been already washed, only two cycles of washes
were performed.
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Before using them in HA and HAI assays, the amount of RBCs needed for the experiments
was diluted with PBS to a 0.5% or 0.75% working dilution (for avian or mammalian RBCs,
respectively).

3.10.2. HA

The procedure to prepare the microplate and to dilute the virus was the same as described in
Section 3.8.2 for SynA assays. The type of microplate varied depending on the type of RBCs.
Avian RBCs required V-bottomed plates while mammalian RBCs employed U-bottomed
microplates to produce the appropriate sedimentation profiles. After virus dilution, 50 uL of the
standardized RBCs working dilution were incorporated to all the wells, gently mixed and
incubated at RT for 30 min for avian RBCs or 60 min for mammalian RBCs to allow them to
settle down. Finally, images of each well were taken. V-bottomed plates were also tilted to
produce a tear-shape pattern to assess agglutination. Table 3.15 shows a summary of the
procedures and results interpretation depending on the RBCs animal origin.

Table 3.15 | Differences in the HA and HAI procedure and interpretation depending on the RBCs origin.

Origin RBC  Dilution Plate Incubation Time Sedimented pattern

-

Mammal 0.75% U-bottom 60 min

Avian 05% V-bottom 30 min @

The agglutination titer was defined as the highest dilution that produced visible agglutination.
The last agglutinated well was considered to contain 1 HAU.

’4-

3.10.3. HAI

Serums were pretreated before performing HAI following a protocol similar to the one
described in Section 3.9.2.1. RDE treatment was exactly the same, but serum for HAI was
adsorbed using RBCs. For each mL of diluted and RDE-treated serum (1/10), 50 pL of packed
RBCs (100%) were added, gently mixed and incubated at 4°C for 1 h, mixing by inversion
every 15 min. Finally, the mixture was centrifuged and the supernatant was collected for the
posterior HAI.

Serial 2-fold dilutions of each serum (25 pL/well) were mixed with the corresponding dilution
of the virus (25 pL/well) and incubated for 30 min at RT. Afterwards, 50 yL of standardized
RBCs working dilution were incorporated and incubated for 30 to 60 min depending on the
type of RBCs. Images were taken and the pattern was analyzed to determine the HAI titer.
The HAI titer was the reciprocal of the highest serum dilution at which the agglutination was
inhibited.
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3.11. Laminated microfluidic device for agglutination detection

3.11.1 Materials

Diverse device designs were developed along this work. All of them were made using the
materials described in the following table.

Table 3.16 | Summary of the materials required to produce the laminated devices.

Material Provider Ref.
Polyester film (100 pm thick) 3m PP2500
Double-sided adhesive (50 pum thick) M 467MP
Filter paper Grade 4 CHR Whatman plc  3001-917
Filter paper Grade 1 CHR Whatman plc  3004-917

3.11.2. Capillary-flow device fabrication

All the models produced during the optimization were manually assembled following the same
process, but the number of layers and channels varied depending on the design. This section
describes the process to produce the final version of the device.

This laminated microfluidic device was produced by assembling 4 layers of hydrophilic
polyester film intercalated with 3 layers of double-sided adhesive. Each layer displayed series
of patterns, which were designed using CorelIDRAW and cut with a CO;, laser cutter, in order
to create upon assembly 3D microfluidic channels, inlets and outlets. A piece of filter paper
was inserted at the detection zone to separate agglutinated from non-agglutinated beads, and
a waste pad was placed over the end of the device to create a passive pump for the fluidic
system.
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Figure 3.8 | Schematic of the different layers that integrated the final device design. In grey, layers
made of polyester film; in blue, double-sided adhesive layers. For more details reefer to Chapter 8.
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3.11.3. Device operation

Synthrocytes and sample were mixed in a 1:3 (v:v) proportion in an Eppendorf. 10 uL of this
mixture were added to the device sample inlet. Then, the device was placed vertically for 5
min to facilitate sample-synthrocyte incubation under flow conditions and transfer towards the
incubation valve. After that, 80 uL of washing buffer (PBS) were added to the buffer-inlet. Buffer
arrival to the incubation valve prompted synthrocyte/solution flow in direction to the detection
zone. Here, synthrocyte aggregates were retained by the filter paper, while free synthrocytes
passed across. The process was considered finished once all the PBS had been pulled by the
passive pump and the flow stopped (approximately 20 min after start).

3.11.4. Colorimetric band quantification

Pictures of the synthrocyte band (at the detection zone) were taken once the flow stopped.
Then, ImageJ software was employed for their analysis. Images were inverted and converted
to 8-bit greyscale, selecting a rectangular area before the filter paper on the detection zone.
Integrated density of the selected area (the product of area x mean grey value) was calculated
automatically by the software from the menu “Analyze”. Data was usually fitted with a 4
parameter logistic regression (4PL) using GraphPad.
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Chapter 4. Synthrocytes proof-of-concept with naturally sialylated glycoproteins

HA and HAI assays are reference serological techniques used worldwide for a number of
different applications. Among others, HA and HAI are employed for virus antigenic
characterization, determination of immunity to recent infection or vaccination, and monitoring
of vaccine production. These applications are an essential part of the global virological
surveillance of influenza viruses and are vital to establish the annual reformulation of the flu
vaccine.

HA and HAI are relatively simple, fast (generate results in hours), inexpensive and do not
require sophisticated equipment nor a challenging training for the operators. All these
characteristics contribute to make HA and HAI widely accepted. However, these
methods have a major drawback: they have to be carried out in fresh erythrocytes. This
biological reagent displays a short shelf-life (<2 weeks) and is hard to mass-produce, being
the main source of variability in HA-based assays.**° Moreover, erythrocytes must be obtained
from different animal species, such as turkey, chicken or guinea pig, depending on the virus
that is going to be analyzed.'** For this, animals must be held in animal facilities under strict
rules and RBCs need to be extracted frequently. Thus, ethics and animal welfare become
another concern for these assays.

The necessity for a standardized method is evident and is regularly requested by the WHO.
However, the different attempts to harmonize HA/HAI have not been successful. For instance,
unifying the protocols used in the different laboratories, which usually diverge, could not
circumvent the fact that RBCs are a difficult reagent to standardize. Efforts to produce an
artificial material that could fully mimic the properties of native human RBCs, including size,
biconcave shape, deformability, and oxygen-carrying capacity, entailed complex and
expensive manufacturing steps.'®182 Trakarnsanga et al produced stable and immortalized
cell lines able to provide a continuous supply of RBCs obtained in vitro, but their production
was complex and required genetic manipulation through lentiviral transduction.8

Another strategy consisted on fully changing the technique, substituting HA/HAI by a novel
method. Some examples include using glycan-functionalized gold nanoparticles to produce a
colorimetric agglutination method for influenza identification;'® or using gold electrodes
modified with sialic acid receptors and either a quartz crystal microbalance or an
electrochemical sensor to detect influenza viruses.'® Other approaches include using
molecular methods instead of HA to detect the viral nucleic acid,'®® and ELISA or neutralization
assays to substitute HAL'* Nonetheless, none of the methods proposed as HA or HAI
alternatives provide the same antigenic characterization as the classical technique. Moreover,
most of them are more expensive or time-consuming, and might require providing appropriate
training and measuring equipment to all the laboratories of the global network, which would
be expensive.

The objective of this doctoral Thesis was to create synthrocytes, a synthetic reagent able to
substitute fresh erythrocytes in HA and HAI assays, in order to facilitate method
standardization. This chapter describes the production of the first synthrocyte proof-of-
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concept, for its application in monitoring and surveillance of influenza viruses. Fundamentally,
synthrocytes comprise two parts. On the one hand, a colored microparticle, which mimics
erythrocyte size and density and provides the sedimentation capacity. On the other hand, a
(bio)receptor incorporated on the particle surface, which gives the ability to bind the virus.
Work included the selection of both, the optimization of microparticle surface bioengineering,
and synthrocyte testing in the presence of a battery of influenza viruses and virus-binding
antiserums provided as WHO reference materials.

4.1. lIdentification of beads displaying agglutination-dependent differential

sedimentation.

The differential sedimentation displayed by agglutinated and non-agglutinated erythrocytes
depends on different physicochemical factors. Their size, density, shape, and surface charge
has been shown to be crucial for the sedimentation to occur.1®® Here, work started with the
identification of microparticles capable of producing different sedimentation patterns when free
or agglutinated.

For this, a battery of commercial microparticles displaying a range of materials, sizes and
densities were tested. The properties of all these particles are summarized in Table 3.1
(Chapter 3.1.1). Beads were serially diluted in PBS with or without a chemical cross-linker that
produced their agglutination, and were allowed to settle down in the wells of a microtiter plate
for 20 min. For particles that displayed amino groups on the surface, a homobifunctional
amino-to-amino crosslinker, bis(sulfosuccinimidyl)suberate (BS3), was employed (Figure 3.2).
For particles with carboxyl groups, these were activated with EDC to create amine-reactive
groups, followed by diamine-PEG addition to produce agglutination. As it can be observed in
Figure 4.1, only two of the amine beads changed their sedimentation pattern upon
agglutination, Sicastar-blue 5 and 10 um in diameter. Both particles were silica based, blue-
stained, spherically shaped, and had a density of 1.8 g/ccm. They thus exhibited
characteristics close to those of human erythrocytes, which have 7-9 ym diameter and a
density of 1.11 g/ccm.'?187 |n the absence of BS3, a dilution 1:8 of the 5 ym Sicastar-blue
stock (equivalent to 625 ug/well) sedimented, forming a halo at the bottom of the well that
reminded that observed for mammalian erythrocytes. The presence of the cross-linker
prevented the sedimentation of the beads. This effect was also observed in Sicastar-blue 10
pum, but only for 1:2 and 1:4 dilutions (equivalent to 1.25 and 2.5 mg/well). Sicastar-blue 3 ym
also showed a differential sedimentation pattern when agglutinated or not, but the results were
not reproducible during the series of test performed.

Overall, when the number of Sicastar-blue particles per well was too high, agglutination failed
to induce changes in the sedimentation pattern. However, low particle concentrations did not
produce sediments observable by the naked eye.
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Figure 4.1 | Examples of the sedimentation patterns of nine types of commercial microbeads displaying
amino groups on surface (Table 3.1, Chapter 3.1.1). Beads were serially diluted 1:2 with PBS, were
chemically crosslinked using an agglutinating agent (BS3, 2.5 mM) and were allowed to settle down in
U-shaped wells. Squares highlight the changes in sedimentation observed.
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In contrast, the rest of amine-bearing particles tested did not display erythrocyte-like
sedimentation. PLA patrticles, which are made of polymer, exhibited extremely faint pellets that
needed hours to form (over 24 h for 0.5 um beads). Three types of magnetic particles (MP)
were also tested, but differences between agglutinated and non-agglutinated particles were
only significant when using magnets, which increased the complexity of the assay. In
consequence, these particles were discarded.

For evaluation of carboxylated MP, beads were activated using EDC and subsequently cross-
linked using PEG-diamine. As can be seen in Figure 4.2, free and agglutinated particles
displayed the same sedimentation pattern. The only difference was observed between non
activated and EDC-activated particles, which could be explained by higher electrostatic
repulsion between as-received carboxylated particles.

Promag Series 3 I Promag HP 3
2.75 um : 3.13 um

Stock diluted 1 in
[ERY
(@)}

EDC - + + + 5 - + + +

[PEG- Diamine] 0 0 0.05 0.5 0 0 0.05 0.5
(mg/mL)

Figure 4.2 | Sedimentation of two types of beads displaying carboxyl groups on the surface (Table 3.1,
Chapter 3.1.1). Beads were serially diluted with PBS prior or after activation with EDC (“-“ and “+”,
respectively) and incubation in the absence or presence of different concentrations of PEG-diamine as
a crosslinker. Beads were then allowed to settle down in U-shaped wells. No differences could be
appreciated between free and agglutinated particles.

Once 5 and 10 uym Sicastar-blue beads had been selected, they were further characterized.

The SEM images of both types of particles revealed a well-defined spherical shape with a
relatively smooth surface (Figure 4.3). They also presented a range of sizes instead of a totally
homogeneous composition. For 10 um beads, size ranged between 4 and 12 um, and for 5
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Mm particles the range was between 3 and 7 um. Results were consistent with the information
provided by the commercial supplier (size range 7.5-12.5 and 3.5-6.5 ym for Sicastar-blue 10
and 5 um, respectively). Furthermore, some particles were shattered, revealing an inner core
made of the same material (Figure 4.3c). This inner structure is probably related to the
manufacturing method which, although not revealed by the supplier, is presumably based in
a core-shell synthesis strategy.

Figure 4.3 | Exemple of SEM images of Sicastar-blue particles (10 um). a) Differences in particle size
could be observed b) Amplification of the surface. c) Inside of a broken particle.

Sedimentation of Sicastar-blue 5 and 10 um beads was next tested in three types of microtiter
plates, which had flat-, U-, or V-bottomed wells. In classical HA and HAI test, erythrocytes
from different species require different bottomed wells. Mammalian discoidal RBCs, which are
enucleated, work better in U-bottomed wells, where they form broad ring-like sediments. In
contrast, spherical nucleated avian RBCs are used in V-bottomed plates, in which they form
a tight button. As shown in Figure 4.4a, differences in sedimentation between agglutinated
and non-agglutinated Sicastar 5 ym particles were only evident in U-shaped wells, in which
they formed ring-like sediments. For Sicastar 10 um, the changes could be observed in both
U- and V-shaped wells, where they formed rings and tight pellets, respectively, but the assay
was more sensitive and easier to interpret visually in U-shaped wells. In contrast, no distinction
could be made between free and agglutinated beads in flat-bottomed plates in none of the
cases.

The effect of agitation in particle sedimentation was also evaluated. Aminated Sicastar 5 um
particles were incubated during 15 min with decreasing concentrations of BS3 either in static
or with different types of agitation. Results are shown in Figure 4.4b. Under static conditions,
the particles settled down forming ring-like pellets without BS3 or with BS3 concentrations
below 0.15 mM, changing the sedimentation pattern for BS3 concentrations spanning 0.31-
2.5 mM. Vortex agitation was discarded because it produced sedimentation in all the wells
independently of BS3 presence. This could indicate that fast agitation difficulted the
agglutination and/or promoted particle collaborative rolling across the well bottom and towards
the center of the well. Incubation in an orbital shaker at 30 rpm also promoted the
sedimentation, although to a lower extent and only for BS3 concentrations above 0.63-1.25
mM, depending on the replicate. Finally, incubation in the orbital shaker at 10 rpm increased
the sensitivity slightly, and SB3 could be detected down to 0.15 mM. However, the
improvement was not significant enough to include new equipment and modify the established
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protocol with RBCs. Other parameters, such as cross-linker length, were studied, but did not
affect the performance of the assay.
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Figure 4.4 | Effect of the shape of the well and agitation type in sedimentation assays. a) Aminated
Sicastar beads were diluted in PBS containing or not BS3 (“+” and “-“, respectively) and were allowed
to settle down for 10 min in either V-, U- or flat-bottomed wells before taking a picture. Two bead
dilutions are shown for each assay condition, including two replicates of each. In V-shaped wells, beads
settled down forming thigh buttons, while in U-shaped they formed ring-like sediments that could only
be appreciated with 5 ym particles. No distinction could be made between free and agglutinated beads
in flat-bottomed plates in none of the cases b) Sicastar 5 um particles (750 ug per well) were incubated
with decreasing concentrations of BS3 (2 replicates per concentration) and were allowed to settle down
for 15 min without agitation or submitted to different types of agitation: orbital shaker at 30 rpm, orbital
shaker at 10 rpm, and vortex at 600 rpm. Harsh agitation methods, like vortexing, produced
sedimentation of all the particles. Gentle agitation ameliorated slightly the sensitivity, but the
improvement was not worth the addition of the required equipment.
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4.2. Selection of influenza-binding bioreceptors

Influenza viruses interact with erythrocytes through the H protein of the viral envelop.
Specifically, H can recognize and bind the SA residues exposed on the surface of the RBCs
membrane. Each virus has different affinity for different sialic acids, depending on its preferred
host cell. For example, human influenza viruses preferably bind to SA linked to a terminal
galactose in 02,6 bond, while avian viruses prefer an a2,3 bond, which are the most frequent
in the epithelial cells of the upper respiratory tract of the corresponding host species.
Accordingly, binding of influenza viruses to erythrocytes of one or another species depends
on the presence of naturally glycosylated proteins that display on surface appropriate sialic
acids. For example, while human influenza viruses are usually studied by HA/HAI using
erythrocytes from guinea pig or human, avian influenza viruses use to be studied on horse or
chicken erythrocytes. Here, production of synthrocytes was initially founded in the utilization
of naturally glycosylated proteins displaying a high content of SA on surface.

In this section, we studied the ability of four highly sialylated proteins of commercial origin to
bind influenza viruses. The characteristics of these proteins are described in Table 3.2
(Section 3.1.2.1). Each of them had a different sialic acid compaosition (both in content and in
oligosaccharide type). Neutravidin (NeuAv), a deglycosylated protein, was used in parallel as
a negative control.

A sandwich ELISA was developed to assess the affinity of influenza virus for each receptor. A
full description of the process is explained in Chapter 3.3. In brief, a dilution series of the
sialylated bioreceptor candidate was first immobilized on the surface of the plate (Figure 4.5.
Next step was blocking with BSA to prevent non-specific adsorption, followed by an incubation
with a serial dilution of the virus. Finally, indirect immunodetection was done, which included
three serial incubations with an Ab specific for the virus, a secondary Ab labelled with the
enzymatic tag HRP, and a chromogenic enzymatic substrate. Color evolution was finally
measured spectrophotometrically. As it can be observed, color intensity was proportional to
the amount of virus bound by the bioreceptor candidate. Binding increased slightly also with
the amount of protein immobilized on surface. For example, maximal binding of A(H1N1)
A/NewCaledonia/20/99 was observed for GYPA immobilized on plate at a concentration of 10
pg/mL, signal attained saturation for 20 ug/mL in the case of BM, avidin and neutravidin, but
PM had to be used at 40 pg/mL and even then, the signal obtained was low.

Time and temperature of the virus incubation step were also optimized. Virus binding was
efficient at RT and only improved slightly at 34°C for high virus concentrations (Figure 4.6a).
Binding was fast and occurred in about 30 min, although it improved if incubation was
extended to 90 min (Figure 4.6Db).
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Figure 4.5 | Binding of influenza A(H1N1) A/NewCaledonia/20/99 by 4 different bioreceptor candidates
and a negative control (NeuAv). Each candidate was immobilized on surface at concentration ranging
0-40 pg/mL, followed by incubation with increasing concentrations of influenza A(H1N1) and indirect
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Figure 4.6 | a) ELISA in which the plate, modified with 20 pg/ml of BM, was alternatively incubated at
24 or 34°C with a serial dilution of influenza HIN1A/NewCaledonia/20/99. Although incubating at higher
temperature provided greater signals, A(HLN1) virus could be also detected at room temperature.
b) ELISA performed at 34°C and with different virus incubation times. Results show that the whole
concentration range tested could be detected after a 30-min incubation. However, the highest signals
were registered after incubating for 90 min and extending the incubation further did not improve the

result.
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As it can be seen in Figure 4.7, under optimal assay conditions, influenza A(H1LN1) was able
to bind efficiently three of these proteins, GYPA, BM and Av. The signals registered for all of
them were proportional to the concentration of virus A(HLN1). The best response was
observed for GYPA, which produced the highest signals with the lowest concentration of
bioreceptor (10 ug/mL, equivalent to 0.5 pg/well). It is worth noting that this molecule is one of
the predominant erythrocyte surface membrane proteins, and the one with the highest
carbohydrate content (40-80%) compared to the other candidates tested. Furthermore, it is
estimated that 75% of the total sialic acid exhibited on RBCs originates from GYPA,176178
which is consistent with the high recognition from influenza viruses observed here. In contrast,
PM provided no significant binding, presumably due to its low sialic acid content (<2%). As
anticipated, no recognition was displayed by NeuAv, which is completely deglycosylated.

As shown in Figure 4.7d, similar trends were observed for the four strains of influenza A(HLN1)
tested (A/ New Caledonia/20/99; A/Solomon Islands/03/06; A/Taiwan/ 1/86; and
A/Beijing/262/95). A certain degree of binding was observed for influenza B (Figure 4.7c¢), but
none of the proteins evaluated successfully recognized influenza A(H3N2) (Figure 4.7b).

4.3. Production of sialylated beads and lectin-mediated agglutination assays
(SynA)

Once the best-performing particles had been selected and receptor candidates had been
characterized, they were combined to produce sialylated beads. 5 and 10 ym Sicastar-blue
beads displaying amino or carboxyl groups on the surface were chemically conjugated to each
bioreceptor candidate (PM, BM, GYPA and Av). In order to do so, amine beads were activated
using glutaraldehyde, while carboxyl beads used EDC. The details for the full procedures are
described in the Chapter 3.6.1.1. To sum up, in both cases the activation was followed by an
incubation with the receptor protein for its crosslinking and a blocking step, with extensive
washing after them.

Three plant lectins (WGA, SNA and MAA) were used to confirm that the sialylated proteins
were correctly bounded to the particles and to carry SynA assays. Lectins are proteins with
different carbohydrate-binding tropisms that could mimic the influenza virus interaction.
Specifically, SNA binds preferentially to sialic acid attached to a terminal galactose in 02,6,
similar to human influenza viruses, while MAA binds a2,3-linked sialic acids, as avian influenza
viruses do. WGA has a broader spectrum, with high affinity for N-acetylglucosamine oligomers
and sialic acid glycoconjugates.
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Here, a fixed concentration of the modified beads was allowed to settle down for 10 min in the
absence or presence of increasing concentrations of agglutinating lectins. As can be seen in
Figure 4.8, agglutination was lectin-dependent. Particle sedimentation was prevented in the
presence of all the lectins, although with different sensitivity for each combination. For
instance, while GYPA beads detected lower concentrations of SNA, the beads modified with
BM and PM were more sensitive for WGA. This indicated that GYPA had more a2,6 linked SA
than mucines (BM and PM). On the other hand, MAA recognized worse GYPA and specially
PM, suggesting that these proteins had little a2,3 linked SA receptors. A similar pattern was
observed for 5 and 10 pym particles, but in these experiments bigger particles seemed more
sensitive and detected lectin concentrations 10 times lower.

Avidin particles did not sediment clearly, neither in the absence or in the presence of the 3
tested lectins. One of the major differences between avidin and the other candidate
bioreceptors was its isoelectric point (Ip), as detailed in Table 3.2. Avidin has an Ip >10, while
the other proteins Ip ranges between 3 and 4 for mucins and is around 6.5 for GYPA.

In order to determine if the Ip of the exhibited protein and the pH of the medium could impact
the sedimentation of the sialylated micropatrticles, particles were settled down in 150 mM NacCl
adjusted to different pHs. As can be noted in Figure 4.9, in general, beads sedimented at pH
above the Ip of the conjugated protein, when they were negatively charged. This suggested
that surface charge, and more particularly negative charge, had a profound effect in
microparticle sedimentation. This negative charge presumably produced repulsion between
individual beads, preventing the formation of the visible sediments. This behavior resembles
that described for RBCs, in which membrane sialylated proteins are negatively charged at
neutral pH, producing a similar effect.1%®

It was therefore concluded that avidin-coated particles would not be useful for virus detection
in SynA assays, which should be performed at neutral pH.
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Figure 4.8 | Sedimentation of 5 (a) or 10 pm (b) beads, modified alternatively with the 4 bioreceptor
candidates (GYPA, BM, PM and Av) or a negative control (NeuAv), in the absence and in the presence
of increasing concentrations of three different lectins, WGA, SNA, and MAA (7.125x108 and 8.25x10°
beads/well, respectively). 5 and 10 ym modified beads displayed similar trends, setting down when they
were incubated alone, and changing the sedimentation in the presence of increasing concentrations of
agglutinating lectins. Sensitivity of the assay depended on the combination of coating protein and lectin
used. GYPA particles were better recognized by SNA, while PM and BM were better recognized by
WGA. In contrast, NeuAv-coated particles were not recognized by any of the lectins tested.
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Figure 4.9 | Microparticles modified with the 4 sialylated proteins studied (GYPA, Av, BM and PM) were
incubated for 10 min in 150 mM NaCl adjusted to different pHs. Red bars mark approximately the
isoelectric point (Ip) for each sialylated protein. pH of the solution had a profound effect in microparticle
sedimentation, which correlated with the Ip of the protein exhibited on surface.

To confirm that changes in the sedimentation were agglutination-dependent, and not random,
microscopic characterization of the beads with or without lectin was done. The results showed
that while the beads alone remained individualized in PBS, the presence of lectin resulted in
the formation of aggregates (Figure 4.10). Moreover, the size of the aggregates increased
proportionally to lectin concentration, confirming that these changes were correlated to lectin-
mediated agglutination. Av-coated beads, on the contrary, did not show any agglutination in
the microscopic observation. This confirmed that the lack of sedimentation observed in the
microtiter plates was not due to a classic agglutination effect, but rather to repulsion between
particles caused by the high surface charge.

Figure 4.10 | Microscopic images of BM-conjugated 10 uym particles incubated in PBS (@), or in
presence of WGA at a concentration of 1 ug/ mL (b), and 10 uyg/mL (c). Size of the aggregates increased
with lectin concentration.
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Diverse parameters affected the sedimentation and visualization of the particles in SynA. First,
bead size had a deep impact on the sedimentation speed, with bigger beads sedimenting
faster (Figure 4.11a). Particles above 15 um, which settled down in a matter of seconds, were
difficult to handle and therefore were discarded. Second, the type of conjugation influenced
the final color and the width of the ring-like sediments. Carboxylated beads conjugated using
EDC produced sediments of a lighter color, while amine beads conjugated with glutaraldehyde
had a darker color and formed tighter pellets that were easier to interpret (Figure 4.11b). This
was attributed to the unreacted COOH groups present on the surface of the carboxylated
beads, which could induce repulsion between individual particles and prevent tight
sedimentation. In agreement with this observation, glutaraldehyde particles were selected for
subsequent experiments. Although in these experiments the best sensitivity was apparently
displayed by particles modified with 50 ug of BM, which detected lectin concentrations 10
times lower than the particles modified with 100-200 ug of BM, later experiments showed that
this was caused by non-specific binding.

Third, the number of beads per well also affected the performance of the agglutination assays.
Higher particle loads produced darker and tighter sediments but were also less sensitive to
the presence of the agglutinating lectin (Figure 4.11c). For instance, while the use of 500-750
Mg of beads/well allowed detecting WGA at concentrations above 5 pg/mL, using 250-375 ug
of beads/well permitted detecting WGA concentrations down to 0.5 ug/mL. However, the
sediments produced by 375 ug of beads/well were more consistent across experiments, which
made us select these conditions for subsequent experiments.

Two other parameters that seemed to affect the performance of the modified particles in SynA
were the type of agitation imposed during conjugation (Figure 4.12a) and the volume of the
conjugation reaction (Figure 4.12b). Two types of agitation, end-to-end mixing and vortexing,
were studied. For this, 5 ym particles were conjugated for 2 h in continuous agitation with 300
Mg of BM in Eppendorf tubes. The modified beads produced with vortex-mixing detected
concentrations of lectin two-fold lower than those prepared by end-to-end mixing. Regarding
the conjugation volume, when a fixed amount of particles (12.5 mg) was conjugated in
Eppendorf tubes in BM volumes ranging between 250 pL and 1 mL at a fixed concentration of
300 pg/mL, best results were obtained for particles conjugated in a final volume of 0.5 mL.
This allowed to also reduce the amount of sialylated protein needed, decreasing the final cost
of the synthetic reagent.
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Figure 4.11 | a) 250 pL of sialylated silica beads of the same material and density but different size
were allowed to sediment in a microtube with PBS for 1 h. Pictures were took at different times to show
the difference in sedimentation speed between them. As it can be observed, the higher the size (and
weight) of the particle, the faster the sedimentation process. b) 5 um particles, displaying on surface
either COOH or NH: reactive groups, were conjugated with 3 different concentrations of BM (200 pg/mL,
100 pg/mL and 50 ug/mL) using EDC or glutaraldehyde cross-linking, respectively. These particles
were then allowed to settle down in the absence or in the presence of increasing concentrations of
lectin. Glutaraldehyde-conjugated particles sedimented forming darker and tighter pellets than the
particles conjugated through EDC chemistry, and therefore were selected for the next experiments.
c) Effect of the amount of conjugated bead used per well in the performance of the agglutination assays.
Different amounts of 5 ym BM-beads were incubated in the presence of increasing concentrations of
WGA lectin. Best results were produced using 375 pg of beads/well.
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Figure 4.12 | Optimization of particle conjugation. a) Comparative of two types of agitation, end-to-end
mixing and vortex, imposed during bead conjugation. In both cases, 12.5 mg of 5 ym particles were
incubated in continuous agitation with 300 ug of BM dissolved in 1 mL of PBS. Vortex-mixing produced
more sensitive beads than end-to-end mixing. b) Influence of the conjugation volume in the sensitivity
of BM-coated particles. A fixed amount of particles (12.5 mg) was conjugated in reaction volumes
ranging between 250 pL and 1 mL of BM at a fixed concentration (300 pug/mL). Particles produced in
0.5 mL showed the best sensitivity.

4.4, Behavior of sialylated beads in the presence of influenza virus and virus-

mediated SynA assays

The results obtained in the ELISA and lectin-mediated agglutination experiments indicated
that GYPA- and BM-coated 10 um beads were the best candidates for influenza A(H1N1)
virus detection. Recognition through ELISA was efficient for both receptors, and coated
particles were able to form evident pellets and changed their sedimentation pattern when
agglutinated by lectins. Additionally, 10 ym particles were, in general, more sensitive than 5
Mm beads.

Therefore, GYPA- and BM-coated 10 um particles were next allowed to settle down in the
presence of increasing concentrations of A(H1N1) virus. As can be seen in Figure 4.13a,
GYPA particles changed their sedimentation pattern in the presence of the virus. In contrast,
BM patrticles did not change their behavior. The microscopy study confirmed that GYPA beads
agglutinated in the presence of influenza A(H1N1) (Figure 4.13c-d), while BM beads displayed
only mild virus-induced agglutination (Figure 4.13e-f). This was consistent with the lower
content of sialic acids of BM and with the reports claiming that a high receptor load is required
for RBCs to agglutinate in the presence of influenza virus.'8®
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Figure 4.13 | a-b) Sedimentation of GYPA and BM particles in U-shaped wells in the presence of
increasing concentrations of influenza A(HLN1). c-d) Microscopic images of GYPA particles incubated
in PBS (c) or 5 pg/mL of A(H1N1) virus (d). e-f) Microscopic images of BM particles incubated in PBS
(e) or 5 ug/mL of A(H1N1) virus (f).

Specificity of the agglutination was tested by carrying a competitive assay with soluble GYPA
(Figure 4.14). The results confirmed that GYPA-beads agglutination was inhibited in the
presence of high concentrations of free GYPA, because it competed for the interaction with
influenza virus. Moreover, greater concentrations of virus required higher amounts of free
GYPA to inhibit virus-induced agglutination efficiently, demonstrating that the virus was
recognizing specifically the GYPA of the surface of the particles. In view of these results, 10
um GYPA particles were selected to produce synthrocytes.
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Figure 4.14 | Competition assay performed by incubating GYPA particles with 5 or 2.5 pg/mL of
A(H1IN1) and increasing concentrations of free GYPA in solution. Higher concentrations of GYPAs
competed with GYPA-coated particles, inhibiting virus-induced agglutination.

Next, GYPA beads were incubated with different influenza A subtypes and B strains. As shown
in Figure 4.14, synthrocytes recognized the different influenza A(H1N1) and B viruses tested
but did not detect A(H3N2). These results were consistent with those obtained previously by
ELISA (Section 4.2). Furthermore, the results were consistent with reports by other teams
showing that circulating H3N2 strains do no longer agglutinate human RBCs efficiently in HA
assays, which correlates with a loss of H3N2 hemagglutinin affinity for a2,6 bound SA.°

Interestingly, the GYPA-coated beads produced sedimentation patterns similar to those
generated by animal RBCs, and were especially comparable in pellet shape to guinea pig
erythrocytes. In general, synthrocytes were less sensitive than animal RBCs, requiring higher
concentration of virus to produce agglutination. However, synthrocytes were significantly
faster. While RBCs required between 30 and 60 min to display changes in the sedimentation
pattern, synthrocytes provided results in just 5 min. These results demonstrated that
synthrocytes could mimic animal RBCs in classical HA assays but providing SynA assays with
a faster readout.
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Figure 4.15 | Sedimentation of synthrocytes and RBCs from (clockwise for each virus strain) chicken,
guinea pig, and human in the presence of increasing dilutions of A(H1IN1). Changes were visually
observable after 60 (human and guinea pig), 30 (chicken), or 5 min (synthrocytes) of incubation.
Experiments carried in U-plates, except for chicken RBCs which were incubated in V-plates.

4.5. Agglutination Inhibition Assays (SynAl) Using GYPA-Synthrocytes

The next step was studying if GYPA-synthrocytes could be employed in HAI-like assays
(SynAl from now on), a method that is regularly carried to study the Ab present in samples
obtained from individuals after infection or vaccination, and also to characterize antigenically
the viruses. In classical RBC-based HAI, sera are diluted serially, are then incubated in parallel
with different influenza antigens, and are finally incubated with appropriate erythrocytes. In the
presence of influenza-binding Ab, virus-induced RBC agglutination is inhibited, an effect that
occurs proportionally to serum, and thus Ab, concentration. In the case of serological analysis,
the sedimentation patterns registered for each sample (serum) and virus combination allow
determining if a sample has Ab against one or another virus. The sample dilutions at which
sedimentation inhibition occurs, provides an approximate Ab titration as well. The
methodological details are explained in Chapter 3.9.
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Here, two commercial neutralizing Ab (n-Ab) were used in parallel as a starting point. Both
had been produced in mouse immunized with influenza A(H1N1) antigens, but Ab1 was raised
specifically against influenza A/NewCaledonia/20/99, while Ab2 was produced against
another A(H1IN1) subtype. For this experiment, the protocol employed tried to emulate a
classic HAI procedure. Briefly, a fixed amount of virus A/NewCaledonia/20/99 was incubated
for 30 min in the wells of a microtiter plate with increasing concentrations of the corresponding
n-Ab. Later, 50 pL of synthrocytes were added to the mixture, which were allowed to settle
down for 10 min. Results showed that virus-induced synthrocyte agglutination was inhibited in
the presence of high amounts (> 1 ug/mL) of n-Ab (Figure 4.16). As expected, this effect was
stronger for Abl, which had been raised specifically against the virus subtype employed in
this experiment, and therefore presented a higher affinity for it.

No Virus H1N1 Virus + Neutralizing Ab (ug/mL) + Virus
No Ab 100 10 1 0.1 0.01 No Ab

=

Figure 4.16 | SynAl carried in the presence of increasing concentrations of two n-Ab (Abl and Ab2).
Each well contained 2.5 pg/mL of A(H1N1) A/New Caledonia/20/99 virus and 8.25x10° synthrocytes.
(Bottom) Scheme showing synthrocyte expected behavior in the different types of wells shown above.
Strain-specific Ab-1 produced higher inhibition of the agglutination.

Then, SynAl was performed with the same protocol but using serum instead of n-Ab.
According to the WHO guidelines, serum must be treated with Receptor Destroying Enzyme
(RDE) prior to its study by classical HAI. This enzyme eliminates non-specific inhibitors
potentially present in human serum that produce false positives in HAIl (i.e., RBC
sedimentation independently of the presence or absence of virus-binding Ab in the sample
tested). It was thus first determined if RDE was also required for SynAl test performed with
synthrocytes. For this, a pool of influenza-negative human sera, either RDE-treated or not,
was studied by SynAl using A(HLN1) A/New Caledonia/20/99 virus. The results revealed that
untreated pooled serum induced non-specific synthrocyte sedimentation at all serum dilutions
tested (Figure 4.17). On the contrary, virus-induced synthrocyte agglutination occurred in
RDE-treated serum diluted 1:16 — 1:128. Nevertheless, serum dilutions 1:2 — 1:8 interfered in
SynAl, which suggested that synthrocytes were more sensitive to non-specific interferents
than RBCs. In view of these results, it was concluded that treatment with RDE is also
necessary in SynAl. Although initially disappointing, these results confirmed that synthrocytes
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were mimicking RBC, promoting influenza binding and agglutination inhibition through similar
molecular mechanisms.

Serum diluted 1 in
+ Serum

2 4 8 16 32 64 128 No Virus

RDE

Figure 4.17 | Effect of RDE pre-treatment of serums in SynAl assays. A pool of human sera negative
for influenza, treated (+) or not (-) with RDE and diluted serially, was incubated for 30 min with a fixed
amount of virus, synthrocytes were added and the mixture was allowed to sediment for 10 min (A(H1N1)
A/New Caledonia/20/99 virus and 8.25x10° synthrocytes/well). The results show that RDE is essential
to avoid non-specific inhibition of the synthrocytes agglutination, just like in classical RBC-based HAI.

Finally, synthrocytes were tested using the WHO reference reagents included in the kit for
influenza surveillance (season 2018-2019). As previously explained (Section 1.3.4), these kits
usually contain antigens of similar influenza virus types to the ones expected to circulate
during the season. Last seasons, the kit has included four types of inactivated influenza
viruses, including one A(H1N1)pdmO09, one A(H3N2), and two B (Yamagata and Victoria
lineages), of different strains in all cases depending on the season. They also carry five
antisera, 4 against each of the influenza reference antigens and a negative control (without
Ab recognizing the 4 reference antigens). The composition of the WHO kits for each season
from 2018 to 2019 can be consulted in Table 3.7.

The first step to use these reagents for the identification of field strains by HAI is the titration
of the control reference antigens by HA. This allows determining the minimal concentration of
each viral Ag that produces RBC agglutination, which is equivalent to one hemagglutination
unit (HAU), and therefore the virus dilution needed to perform HAI assays. Here, titrations
were carried in parallel by HA and SynA using alternatively human RBCs and synthrocytes in
order to determine the HAU-like unit applicable to synthrocytes (SynAU). As shown in Figure
4.18, synthrocytes were able to recognize all of the reference isolates except A(H3N2). This
is consistent with previous results in which neither GYPA alone (in ELISA, Section 4.2) nor
GYPA-synthrocytes were able to recognize commercial A(H3N2) viruses. The results also
confirmed that SynA was less sensitive than HA and that synthrocytes detected the different
viruses at dilutions 3-4 times lower than human RBCs (and thus at higher virus concentration).
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Figure 4.18 | Titrations carried to determine, for each influenza strain included in the WHO kit for
influenza surveillance (season 2018-2019), the minimal virus dilution needed to produce
RBC/synthrocyte agglutination. Human RBCs were washed prior to use and diluted to a final
concentration of 0.75%. Two-fold serial dilutions of the antigens (50 uL/well) were mixed in the wells of
a U-bottomed microtiter plate with 50 pL of RBCs (0.75%) or synthrocytes (8.25x105 beads in 50 pL of
PBS) and let settle down for 1 h (RBCs) or 10 min (synthrocytes). The highest dilution of virus that
caused complete (hem)agglutination was considered 1 HA/SynA unit (HAU/SynAU).

Once the reference viruses were titrated, optimization of SynAl was performed. The impact of
the amount of synthrocytes employed per well for SynAl was evaluated. Two different
concentrations of beads were used to perform a SynAl experiment with A(H1N1)pdmO09
reference Ag and positive and negative reference sera. As can be seen in Figure 4.19,
performing the assay with 375 pg of synthrocytes per well, the same quantity employed in
SynA, allowed detecting tight pellets for most anti-H1N1 serum dilution tested, which could be
caused by agglutination inhibition. However, pellets formed to a certain extent also in the
negative control serum. These were not the expected results, because the negative control
serum did not contain specific Ab against the tested virus, and therefore it should not prevent
virus-induced synthrocyte agglutination. Although pellet shape was different in positive and
negative serums, differences were too subtle and could be misleading. Decreasing the number
of particles to 250 pg/well reduced the sedimentation in the negative serum while conserving
the inhibition pattern in the positive antiserum. Albeit the pellet formed was less defined than
when using more synthrocytes per well, the differences between positive and negative control
sera were more evident. Even when pellets also formed for the highest concentrations of
negative control sera tested, this effect was also observed in classical HAI, although at lower
dilutions.
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Figure 4.19 | SynAl performed with different amounts of GYPA-synthrocytes per well. In both cases
SynAl was carried out using A(H1N1)pdmO9 virus and either a reference negative control serum or the
specific anti-HIN1 antisera. Although agglutination inhibition is clear with anti-HLIN1 serum (thus
synthrocyte sedimentation in the presence of virus and antiserum) when using 375 pg of particles/well,
the negative serum also showed some non-specific inhibition that made the readout more difficult.
Reducing the amount of particles/well to 250 pg helped to minimize this nonspecific inhibition and the
sedimentation patterns displayed by positive and negative serums in SynAl were easier to distinguish.

The SynAU units required to perform SynAl were also determined. Protocols recommended
using between 2 and 4 HAU/25 pL per well for classical HAI (preferably the first in order to
reduce the amount of virus required). Results showed that there was no significant difference
between using 2 or 4 SynAU/25 pL for WHO reference antigens in SynAl assays.

Finally, performance of synthrocytes was compared to RBCs in agglutination inhibition assays.
These experiments were carried out using all the WHO reference antigens and antiserums
recognized by synthrocytes. Therefore, A(H3N2) virus and its antisera were not evaluated. As
shown in Figure 4.20, synthrocytes were able to mimic RBCs behavior in SynAl for A(H1N1)
and B viruses. As before, synthrocytes were less sensitive than RBCs, but still displayed
differential sedimentation in the presence of positive and negative antisera. Disappointingly,
synthrocytes exhibited also more nonspecific inhibition at high concentrations of the negative
control serum, which was also observable in RBC-based HAI, but only at the highest
concentrations of serum tested.
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Figure 4.20 | Agglutination inhibition assays performed with synthrocytes (up, 5 min) or human RBCs (bottom, 60 min), using WHO reference viruses and
antisera from season 2018-2019.
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This issue was subsequently studied. Antiserum against A(HLN1) and negative control serum
were analyzed in search of Ab that could react against the different components of the
synthrocytes and cause this non-specific inhibition. Another concern was that the blocking
step carried with BSA during particle conjugation could be insufficient to prevent subsequent
non-specific binding of non-target sample components. Thus, different commercially available
blocking solutions were studied. This study was carried by ELISA, which allowed testing
several blocking conditions per plate. Wells were coated alternatively with GYPA, BSA or the
new blockings. Then, the plate was blocked with either BSA or the different blocking solutions
tested, and both positive and negative WHO reference serums (all produced in goat) were
incubated. Next, an HRP-labelled anti-goat IgG was used to detect any Ab present in the goat
serums that reacted against the synthrocytes components.

Results displayed in Figure 4.21 showed than both serums, but specially the negative control
one, produced signals that were proportional to serum concentration when tested against most
of the candidate blockings studied. Since background noise (without serum) kept low in these
ELISAs, these results evidenced that the two sera tested contained Ab with affinity for
components of the blocking solutions. The exception was BSA, which displayed the lowest
recognition and was confirmed as the best blocking for synthrocytes. Even though negative
serum generated 30-40% more signal than anti-H1N1 antiserum in general, for GYPA it
presented an increase of more than 400% (Figure 4.21c). This indicated that negative serum
contained Ab that reacted specifically against GYPA, which explained the agglutination
nonspecific inhibition observed for GYPA-synthrocytes in this sample. Although anti-GYPA Ab
were not found consistently in all the control sera provided by the WHO, this also suggested
that this version of synthrocytes was not ideal.
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Negative Antisera [ . Anti- HIN1 Antisera
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—_ m StartingBlock ‘E‘
E M SuperBlock S
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Figure 4.21 | Presence of Ab against synthrocyte-components in WHO reference antiserums, either
negative (a) or positive (b) for anti-H1N1 influenza virus. The graphs show the absorbance signals (after
blank subtraction) obtained by ELISA for detection of goat IgG with affinity for the different components
coated on the plate surface. Signals obtained with negative serum were significantly higher, especially
for GYPA recognition.
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Nevertheless, this first proof of concept showed that it was possible to substitute RBCs in HA
and HAI-like SynA/SynAl assays for influenza surveillance. As it has been discussed above,
GYPA-synthrocytes were able to bind to influenza A(H1N1) and B viruses, triggering
synthrocyte agglutination. This process produced changes in the sedimentation pattern that
could be observed by naked eye in less than 10 min, compared to the 30-60 min that required
animal RBCs. Furthermore, the interaction between synthrocytes and influenza could be
inhibited by specific n-Ab, which allowed performing HAI-like SynAl assays for antigenic
characterization and serological studies.

However, sensitivity and selectivity still needed improvement. A(H3N2) viruses remained
undetectable, and some of the reference antisera displayed recognition of the synthrocytes
components hindering SynAl results readout. Moreover, GYPA price was elevated, increasing
significantly the cost of synthrocytes production. Therefore, the need for new receptors able
to overcome these problems was compulsory.

4.6. New sialylated proteins as receptor candidates

Due to the aforementioned limitations, a search for new receptors for influenza binding was
performed. Two new sialylated proteins were identified, fetuin and transferrin, which according
to previous reports were recognized by influenza.'%-1%2 Both proteins had a similar molecular
weight (Mw of 64 KDa and 78 KDa, respectively; compared to 50-80 KDa for GYPA), but their
sialic acid composition was different.%1% Fetuin contained a2-3-linked and a2-6-linked
sialiosides (a2-3—linked in higher proportion*®*) while transferrin contained only a2-6—linked.*®
Detailed description of each protein can be found in Chapter 3.1.2.

To begin with, we evaluated the ability of both proteins to bind different influenza viruses
(A(HIN1), A(H3NZ2) and B). In order to do so, both proteins were studied using the sandwich
ELISA described in Chapter 3.3 and used in Section 4.2 to assess previous receptors. Here,
fetuin or transferrin were immobilized in the plate, followed by blocking, virus incubation and
indirect detection through Ab-HRP. Fetuin and transferrin plate coating concentration had
been previously optimized using A/New Caledonia/20/99 virus.

As can be seen in Figure 4.22, for A/IHLN1/New Caledonia/20/99 and B/Victoria/504/00,
signals were proportional to the concentration of virus. This showed that both viruses bound
the two proteins studied, although fetuin generated higher signals for all the viruses tested.
Moreover, fetuin was able to recognize more A(H1N1) subtypes compared to transferrin,
including Solomon Islands/03/06, A/Taiwan/1/86 and Beijing/262/95 subtypes, which was
attributed to the a2-3-linked sialic acids it contained. Neither fetuin nor transferrin were able
to recognize H3N2 viruses efficiently. This could indicate that the amount of a2-6-linked SA
displayed by these proteins was insufficient for H3N2 virus binding.
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Figure 4.22 | Binding of different subtypes of influenza A(H1N1), A(H3N2) and B/Victoria by fetuin (a)
or transferrin (b), both coated on plate at a concentration of 20 ug/mL Fetuin was recognized by all the
H1N1 viruses tested except A/Taiwan/1/86, which had worse recognition. Transferrin, on the other side,
only recognized A/New Caledonia/20/99 virus and B/Victoria/504/00. None of them was able to bind

any of the H3N2 viruses tested.

Even though transferrin performance was inferior, both proteins were conjugated to 10 ym
Sicastar aminated particles using the same protocol described in Section 3.6.1. Then, particles
were allowed to settle down for 10 min in the presence or absence of A/New Caledonia/20/99
virus and the sedimentation pattern was assessed. Figure 4.23 shows that virus recognition
through fetuin-synthrocytes was successful down to 0.94 pg/mL, while transferrin-
synthrocytes only suffered agglutination at concentrations of virus above 3.75 yg/mL. These
results agree with the ones obtained previously by ELISA. Sensitivity of fetuin-synthrocytes
was slightly lower compared to GYPA-coated synthrocytes (detection down to 0.94 ug/mL vs
0.32 ug/mL of H1N1, respectively), but the protein cost was noticeably lower. GYPA had a
price approximately 215 times higher than fetuin.

[A/New Caledonia/20/99 (H1N1)] (ug/mL)
3.75 1.88 0.94 0.47

1 EEED
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Figure 4.23 | Sedimentation in U-shaped wells of fetuin and transferrin coated particles in the presence
of increasing concentrations of influenza A/New Caledonia/20/99 (H1N1). Fetuin showed higher

sensitivity than transferrin (4-fold).
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4.7. Production of fetuin-synthrocytes

Thanks to the decrease in the bioreceptor price, it was possible to try new surface engineering
strategies in an attempt to incorporate a higher amount of fetuin on synthrocyte surface to
improve assay sensitivity.

The first approach consisted in directly increasing the amount of protein during the conjugation
process from 75 to 300 pg/reaction. Then, the different coated particles were sedimented in
PBS in the absence or presence of increasing concentrations of A/New Caledonia/20/99 virus.
As can be seen in Figure 4.24, the best results were obtained for the conjugation with 150
pg/reaction of fetuin. Carrying the conjugation with more fetuin did not entail higher sensitivity.
This could be due to the limited amount of amine or glutaraldehyde-activated amine reactive
groups available in the surface. On the other hand, when the fetuin concentration was
decreased in the conjugation, a subtle halo developed in SynA at 1.87 ug/mL of virus indicating
that sensitivity was dependent on fetuin incorporation.

[HIN1 A/New Caledonia Virus] (ug/mL)
7.5 3.75 1.88 0.94 0.47 0

Fetuin (ug)

Figure 4.24 | SynA assay performed with particles conjugated with increasing amounts of fetuin. 375
pg/well of 10 um fetuin coated-beads were incubated with increasing concentrations of A/New
Caledonia/20/99. Increasing the amount of fetuin in the conjugation above 150 pg/reaction did not
improve sensitivity.

The following step was trying to increase the number of reactive groups on the particles’
surface. Fetuin was being incorporated to the particles using a two-step conjugation protocol,
in which the amine groups in the particles were first activated with glutaraldehyde, followed by
particle washing and fetuin incorporation. Fetuin-synthrocyte performance improved if the
concentration of glutaraldehyde in the activation step increased from 4 to 8%, to keep
unchanged for higher concentrations (Figure 4.25a). Some studies showed that more intense
crosslinking can be achieved when proteins are firstly adsorbed on the surface and then
treated with glutaraldehyde. Under these circumstances, glutaraldehyde molecules bound to
the protein can react covalently with glutaraldehyde molecules bound to the amino groups of
the support, establishing multi-point connections between them.!®® Here, integration of
activation and conjugation in a single step was performed in an attempt to increase these
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available attachments. However, as can be seen in Figure 4.25b, this single-step conjugation
protocol did not provide any improvement compared to the classical two-step protocol. This
confirmed that the limiting issue was not the activation of the surface amine groups, but the
number of available binding points on the beads.
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Figure 4.25 | SynA assay performed with fetuin-synthrocytes produced (@) using increasing
concentrations of glutaraldehyde to crosslink fetuin in a two-step conjugation protocol, or (b) carrying a
single-step conjugation of different legnths. In both cases, the images show the sedimentation pattern
in presence of increasing concentrations of A/New Caledonia/20/99.

Therefore, a new approach was assessed, this time using NeuAv-biotin amplification. Initially,
particles were coated with NeuAv as in Section 4.3 and 3.6.2.1. Then, NeuAv-modified beads
were coated with biotinylated fetuin. The process to produce this biotinylated fetuin is
described in Section 3.6.2.2. NeuAv contains four identical biotin-binding subunits, which
should allow the incorporation of between 1 and 4 biotinylated fetuin molecules per NeuAv,
although the process is not 100% efficient (Figure 4.26a).

Once conjugated, neutravidin particles, modified or not with biotinylated fetuin, were settled
down in PBS. As can be seen in Figure 4.26c¢, particles coated with NeuAv were able to form
a visible pellet. In contrast, sedimentation was inhibited when biotinylated fetuin was bound,
both in V and U-shaped wells. This effect did not occur when fetuin was bound directly to the
particle surface (previous section and Figure 4.26b), and no agglutination was observed in the
NeuAv-fetuin particles by microscopy evaluation. Employing different molecular ratios of
fetuin:NeuAv during particle modification did not improve the sedimentation. As did not the
use of biotinylation reagents displaying spacers of different length to produce biotinylated
fetuin.

99



Chapter 4 |

% - e
¢ v
'® @:“* ["m’ /“‘* @
ONH: m ‘
Activation with NeuAv Blockin Fetuin-biotin
glutaraldehyde incorporation g incorporation

' O=@ = Q”.m. ¥

Activation with ~ Fetuin. Blocking
glutaraldehyde incorporation
c) Fetuin-biotin:NeuAv Ratio

NeuAv 2:1 1:1 0.5:1

e

Bottom shape

Figure 4.26 | Scheme of indirect (a) or direct (b) incorporation of fetuin. Indirect incorporation required
a first conjugation with NeuAv followed by incorporation of biotinylated fetuin. Direct conjugation
followed the same protocol described in Section 3.6.1 and allowed incorporation directly through amine
surface groups crosslinked to fetuin amine groups. (¢) NeuAv particles were incubated with different
molar ratios of biotinylated fetuin (2:1, 1:1 and 0.5:1). Then, 375 ug of 10 uym of indirectly conjugated
particles were sedimented in PBS for 15 min in V- or U-shaped wells. In all cases, sedimentation of the
particles was inhibited. Same NeuAv particles without biotynylated fetuin were able to sediment (left
well).

In order to confirm if the biotinylated protein contained enough biotin to bind NeuAv without
impairing the recognition of fetuin by influenza virus, it was tested by ELISA. In order to do so,
fetuin was biotinylated using different biotin-fetuin molar ratios (5, 10 and 18). Then, the
biotinylated fetuin was coated on plate either directly or through NeuAv-biotin affinity binding.
For this, NeuAv was immobilized on the plate, followed by a BSA-blocking. Then, biotinylated
fetuin was incubated for 30 min at different NeuAv-fetuin molar ratios. After washing, plates
were incubated with a dilution series of HIN1 virus and indirect detection through HRP-Ab
and colorimetry was performed. Results are shown in Figure 4.27.

Decreasing the amount of biotin used to modify fetuin did not decrease the signal obtained
(Figure 4.27a). This indicated that a 5:1 biotin-fetuin ratio was enough to guarantee efficient
binding to NeuAv, while keeping the virus recognition intact. Still, results showed that NeuAv
binding decreased the signal obtained by 20% compared to the use of biotinylated fetuin
coated directly on surface, independently of the number of biotins per fetuin molecule used for
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biotinylation. This could be due to a worse adsorption of NeuAv in the plate or to steric effects,
which reduced the space available for incorporation of biotinylated fetuin molecules.
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Figure 4.27 | ELISA for detection of A(HLN1) using for capture biotynylated fetuin. (a) Comparison of
A(H1IN1) recognition using biotynylated fetuin produced with different biotin:fetuin ratios, coated on
surface either directly or through NeuAv affinity binding. Decreasing the amount of biotins per molecule
did not improve the recognition capacity of the virus. On the other hand, increasing biotin number did
not improve the binding to NeuAv. (b) Comparison between incubations with different molar ratios of
NeuAv:fetuin during its binding.

On the other side, different ratios of NeuAv:Biotinylated fetuin had a small impact in virus
recognition (Figure 4.27b). Results suggested that lower ratios could produce higher signals
(6% higher), but the increase was not significant. In absence of biotinylated fetuin, signal was
strongly suppressed, which confirms that virus recognition was specific and fetuin directed.

The lack of sedimentation of the particles modified with neutravidin and biotinylated fetuin may
be explained by changes in surface charges. Fetuin is a highly glycosylated protein that has
a high content of SA. This can be observed in its low Ip, partially due to its SA content.®”
Consequently, a considerable amount of these SA (with their negative charge) should be
externally exposed. Biotinylation and NeuAv-biotin binding could alter the exposition of these
SA on the molecule surface, changing the total surface charge of the particle and preventing
sedimentation.

4.8. Conclusions

To sum up, the first proof of concept of synthrocytes conjugated with naturally sialylated
glycoproteins showed that this reagent could substitute RBCs in HA- and HAI-like SynA/SynAl
assays for influenza surveillance. More specifically, GYPA-synthrocytes were able to bind to
influenza A(H1N1)pdmQ9 and B viruses (but no A(H3NZ2) viruses), triggering synthrocyte
agglutination and a change in the sedimentation pattern visible by naked eye in less than 10
min, compared to the 30-60 min that require avian or mammal animals, respectively.
Furthermore, the interaction between synthrocytes and influenza could be inhibited by specific
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n-Ab, which allowed performing HAI-like SynAl assays for antigenic characterization and
serological studies.

More receptors were evaluated to improve the sensitivity and selectivity of synthrocytes,
achieve A(H3NZ2) recognition, and decrease the cost of synthrocyte production, which was
elevated due to GYPA cost. The fact that some reference antisera displayed recognition of
the GYPA-synthrocytes components, hindering SynAl result readout, highlighted also the
need for finding new receptors.

Fetuin was chosen as a promising candidate because of its recognition of A(HLN1) and B
viruses and its significantly reduced price. However, although different strategies were
attempted to increase the sensitivity of fetuin-synthrocytes to at least GYPA-synthrocyte level,
none of them was successful. Increasing the amount of fetuin during particle modification,
optimizing glutaraldehyde conjugation to increase the number of active surface groups in the
particles, or amplifying the number of possible binding spots through biotin-NeuAv linking did
not improve the performance of the fetuin-synthrocytes produced. Moreover, H3N2 viruses
still remained undetectable by fetuin. These results were attributed to the fact that native
sialylated proteins contained an unpredictable variety of SA, and only some of them were
recognized by influenza viruses. For this reason, we decided to explore the use of synthetic
receptors instead of naturally sialylated proteins. Using synthetic SA should allow us to
incorporate on the synthrocyte surface only selected receptors for targeted virus binding.
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Chapter 5. Synthrocyte development using synthetic SA

Protein-conjugated particles have been used for a long time for pathogen detection. However,
most of these particles used Ab as bioreceptors for pathogen capture due to their specificity
and easy conjugation chemistry.166:1919 Ap present high affinity for their targets, and therefore
their interactions are stronger that the ones mediated by SA. Nevertheless, Ab tend to be
highly specific, which hampers the use of a single Ab for the detection of the full variety of
strains of influenza viruses.

In this Thesis project, we considered that employing batteries of Ab for bead modification, in
order to achieve multiplexed influenza detection, would be too expensive and complex (in
terms of assay optimization). Thus, as described in Chapter 3, approaches based on the
recognition of SA by influenza viruses were explored instead. The use of sialylated native
proteins, such as the GYPA or fetuin employed in the previous chapter, provided promising
results but exhibited diverse drawbacks. All the sialylated proteins tested as bioreceptor
candidates in this Thesis were obtained commercially. All of them had been directly obtained
from their biological sources and none was a recombinant protein produced in vitro. This led
to a complete lack of control of the composition of their SA. For most of the sialylated proteins
we obtained, their exact SA content and composition was not facilitated by the provider.
Moreover, not only the SA content was not always quantified; it was also inconsistent between
production lots. This certainly affected reproducibility between batches of synthrocytes
fabricated with these proteins, and therefore produced variations in influenza virus recognition.
For that reason, synthetic SA of different molecular structure were explored here as influenza-
binders.

SA have been exploited for therapeutic purposes, especially as inhibitors of influenza H. For
example, Matrosovich and colleagues were among the first to demonstrate that synthetic
polymeric compounds that contained SA could inhibit influenza virus receptor-binding
activity.?® They later observed that monovalent SA, although able to interact with the virus,
had limited success due to its low binding strength.?®t On this basis, polyvalent
neoglycoconjugates were created to improve the recognition. Two different strategies were
used in order to produce compounds with multiple SA residues.?°>2% The first was using as
carriers biomolecules like proteins?°22%4 or glycopeptides.?®® The second approach entailed
using synthetic backbones such as polymers (e.g., poly(acrylamide),?°62%7 poly(glutamic
acid)?®® and poly(phenylacetylene),?*® dendrimers,?°-2!2 or liposomes.?13214

Nowadays, the production of new glyconanomaterials is expanding.?*® The need for novel SA-
containing structures that allow their use in virus-detection biosensors or as antiviral drugs is
rapidly increasing. Even so, most of the systems reported for influenza binding involve tailor-
made oligosaccharides (as the ones described above) or immobilized sialylated proteins (such
as fetuin) that contain the carbohydrate pattern recognized by the virus.

This chapter describes the diverse alternatives that were tested along this Thesis to
incorporate synthetic SA to the surface of the particles. These included affinity binding of
biotinylated SA residues displaying spacers of different length and type, chemical conjugation
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of SA modified with amino groups, and cross-binding of SA-BSA glycoconjugates. The
characteristics of the different SA used have been summarized in Table 3.4. With these
approaches we intended to reduce non-specific interactions and improve the control of the SA
composition, while increasing the number of SA of interest on the surface of the beads.

5.1. Incorporation of biotinylated SA by affinity binding

Although in the previous chapter we had sedimentation problems when using biotin-NeuAv
linkers for bead conjugation, we decided to try this approach again mostly because of three
reasons. First, avidin-biotin affinity binding is a simple and efficient method that is widely used
for surface bioengineering, and that is compatible with extensive surface blocking to prevent
non-specific adsorption of non-target components. Second, biotinylated SAs that displayed
spacers of different length and composition were commercially available. Third, the presence
of different spacers could change the surface charge of the particle and modify the
sedimentation pattern compared to that observed previously with biotinylated-fetuin particles.

For these studies, we obtained biotinylated SA from two different providers. Dextra was one
of these identified companies, which could supply 6’-SL SA that displayed a terminal biotin
through a 3-carbon spacer (6’-SL-b). This SA had been previously used to study influenza H
and N interactions with their host cells.?'®

The second group of biotinylated glycan probes was purchased from Glycotech. In this case,
the union between the carbohydrate probes and the biotin molecules was through a
polyacrylamide (PAA) polymer with a molecular weight of approximately 30 kDa. These
synthetic SA were multivalent, meaning that each probe contained a trisaccharide, three
residues of the selected SL bound together ([SA]s-PAA-b). Glycotech could provide three
different SA of this type ([6’-SL]s-PAA-b, [6’-SLN]s-PAA-b, and [3’-SL]s-PAA-b). A more
detailed description of these receptors can be found in Section 3.1.2.2.

5.1.1. Biotinylated SA characterization by ELISA

The first step for substituting native sialylated proteins by synthetic SA in synthrocytes was to
assure the ability of influenza viruses to recognize SA alone. In order to do so, a new ELISA
was optimized to evaluate the different types of biotinylated SA.

To begin with, we studied which biotin-binding protein could capture and expose better the SA
to the influenza viruses. Briefly, NeuAv, Av or streptavidin (StrpAv) were immobilized by
adsorption in a microtiter plate, followed by blocking with BSA. Then, incubation with 6’-SL
biotinylated glycan probes (either 6’-SL-b or [6’-SL]s-PAA-b) was performed as a model for all
the available SA. After the reagent excess was washed away, incubation with different
concentrations of influenza virus A/New Caledonia/20/99 (H1N1) was carried out. The
procedure continued as in the ELISA described in Chapter 3.3, with three serial incubations
with primary Ab, HRP-labelled secondary Ab, and TMB as chromogenic enzymatic substrate.
Finally, absorbance was measured using a spectrophotometer.
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As can be seen in Figure 5.1, [6’-SL]s-PAA-b immobilization trough NeuAv and StrpAv
produced comparable trends, which slightly higher signals for NeuAv, while plate modification
using Av generated significantly lower signals. This contrasts the fact that the expected affinity
for biotin of these 3 proteins is similar, and even lower for StrpAv than for the other two (Kd of
1.3x10*® for Av and NeuAv, and 0.04x10*° for StrpAv according to the supplier’s data sheets).
The differences observed in these signals could be explained because Av is a highly
glycosylated protein that also presents other carbohydrate moieties and SA, which could
impact the recognition of the A(H1N1) virus or even repel electrostatically the synthetic [6'-
SL]s-PAA-b that were being linked to it. As shown in Figure 5.1a, a concentration of 333 ng/mL
of [6’-SL]s-PAA-b was enough to maximize virus recognition, and therefore it was selected for
the subsequent experiments. This concentration equaled to approximately 1 pmol/well and
was 16 times lower than the NeuAv molar concentration used (16 pmols/well). The unexpected
low incorporation of the SA could be explained by an excess of NeuAv unable to bind to the
well during plate modification, decreasing the amount of available NeuAv far from the
theoretical 16 pmol/well, or to steric effects (NeuAv local overcrowding, NeuAv partial
denaturation, or repulsion between [6’-SL];-PAA-b molecules). On the other hand, each [6’-
SL]s-PAA-b contains diverse residues of biotin that could bind to more than one NeuAv
molecule simultaneously. Thus, each [6’-SL]s-PAA-b. molecule could block/occupy several
biotin-binding sites. Because in particle conjugation it was also necessary to incorporate an
excess of the capture protein, this issue was not further optimized.

In contrast, as can be seen in Figure 5.2a, the signal obtained when using 6’-SL-b was very
low, almost indistinguishable from the negative control. This could be partly explained because
the amount of SA was markedly lower in SA-b oligosaccharides compared to [SA]s-PAA-Db,
and partly because individual 6’-SL-b moieties were incorporated on surface farther from each
other. It is worth stressing that, while in 6’-SL-b probes each SA was linked directly to a biotin
in a 1:1 ratio, in the case of [SA]s-PAA-b they were paired in trios and linked several times
along the PAA polymer. The later was expected to perform better, because the interactions
between the hemagglutinin and individual SA moieties are rather weak (Kd ~1 mM),%t” which
is compensated by multivalent binding. Thus, H has a trimeric structure, which contains three
recognition sites that can bind to multiple SA moieties simultaneously. The type of multivalent
glycan probes employed in this section should enhance the stability of the SA-receptor union,
compared to the monovalent probes from Dextra.?8
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Figure 5.1 | Comparison of signals obtained by immobilization of the [6’-SL]s-PAA-b on microtiter plates
through NeuAv (a), StrpAv (b) and Av (c). Left, signals obtained for each [6’-SL]s-PAA-b concentration
tested after blank subtraction. Right, signal to noise for each of them.
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Figure 5.2 | Signals obtained when using NeuAv to immobilize 6’-SL-b on microtiter plates, followed by
incubation with increasing concentrations of virus A/New Caledonia/20/99 (H1N1). Left, signals with the
blank subtracted, right, signal to noise.

Next, we studied the recognition of three different [SA]s-PAA-b ([6’-SL]s-PAA-b, [6’-SLN]s-
PAA-b, and [3-SL]s-PAA-b) by a battery of influenza viruses (obtained from Hytest). This
recognition was evaluated using the same ELISA settings previously described, using NeuAv
for [SA]s-PAA-b immobilization and incubating with increasing virus concentrations. Figure 5.3
shows that A(H1N1) viruses were able to recognize the three SA probes although with different
affinity. A/Taiwan/1/86 and A/Beijing/262/95 recognized better [3’-SL];-PAA-b, they detected
to a certain extent [6'-SLN]s-PAA-b and they displayed minimal affinity for [6’-SL]s-PAA-b. In
contrast, A/New Caledonia/20/99 subtype produced higher signals with [6’-SLN]s-PAA-b and
[6’-SL]s-PAA-b, although its recognition level of [3’-SL]s-PAA-b was comparable to the other
A(H1N1) viruses. According to the provider, all of these viruses had been isolated from human
hosts and grown in embryonated eggs, and should bind a2,6-linked SA preferentially.
However, it is well demonstrated that propagation of human influenza viruses in eggs usually
alters their binding preferences.*® Generally, egg-adaptation results in (artificially) increased
affinity of human-derived viruses for a2,3-linked SA, and decreased binding to the a2,6-linked
SA, which could explain the results obtained here.

On the other hand, A(H3) and B viruses preferred 6’-SLN and 6’-SL ends, although the signals
obtained for H3 viruses were lower than those observed for B viruses.

5.1.2. Microparticle modification with biotinylated SA

Once the recognition of biotinylated SA by diverse influenza viruses had been assessed,
indirect incorporation to the particles was performed. The used protocol was similar to the one
described in Section 3.6.2. In accordance with the results shown in Figure 5.1, NeuAv was
selected as the binder on the particles. Then, NeuAv-particles were modified with different
concentrations of [SAJs-PAA-b, using different molar ratios of [SA]s-PAA-b:NeuAv. These
ratios were based on the optimal theoretical ratio defined in the previous ELISA (0.063:1), but
slightly increased to ensure an excess of SA even if the NeuAv incorporation was more
efficient than in the plate wells.
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Figure 5.3 | Binding of different influenza viruses (A(H1N1), A(H3N2) and B) by different types of [SA]s-
PAA-b captured through NeuAv on microtiter plates (6’-SL, 6’-SLN and 3’-SL).
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The different conjugated beads obtained were then allowed to sediment in the presence or
absence of influenza A/New Caledonia/20/99 (H1N1) virus. Their behavior, which can be
observed in Figure 5.4, was similar to that displayed by particles produced by indirect
incorporation of biotinylated fetuin in Section 4.7. This is, particles conjugated with [6’-SL]s-
PAA-b did not sediment, even when the number of particles per well or the sedimentation time
increased (Figure 5.4.a-b). Augmenting or decreasing the amount of [SA]s-PAA-b did not
improve the sedimentation either. This contrasts with the performance of NeuAv-conjugated
particles alone, which were able to form a pellet. This suggested that the problem was the
[SA]s-PAA-b addition step and not the initial NeuAv conjugation.

Finally, no difference in sedimentation pattern was observed when exposing the beads to the
virus (Figure 5.4a-b, bottom).

a) b)
Virus Beads [6"-SL] 5-PAA-b (ug/mL) [6’-SL] 3-PAA-b (ug/mL)
o (e 0 6 12 18 6 12 18

- 375

- 750

+ 375

Figure 5.4 | a) Sedimentation of NeuAv coupled particles modified without or with increasing
concentrations of [6’-SL]s-PAA-b, equivalent to theoretical [6’-SL]s-PAA-b:NeuAv molar ratios 0:1,
0.08:1, 0.16:1 and 0.25:1, respectively. Two different amounts of particles were tested (375 and 750
pg/well) with equal results. The sedimentation pattern did not change after incubation with 5 pg/mL of
A(H1NZ1) virus. b) Same sedimentation patterns than in (a), after allowing particles to settle down for 48
h.

The buffer used in the assay was modified in an attempt to improve the sedimentation of [6’-
SL]s-PAA-b-NeuAv particles. Performing the assay in buffers of different pH did not produce
any effect (Figure 5.5a). On the other hand, surfactants were added to increase medium
viscosity, disperse better the particles, and force their sedimentation compared to
performance in just PBS. As can be seen in Figure 5.5b, diverse concentrations of Tween20
and Triton X-100 were tested. Sedimentation was achieved only in the presence of Tween20,
which had this effect at concentrations as low as 0.001%. However, particles also sedimented
in the presence of influenza virus for most concentrations of Tween20 tested. Although some
changes in sedimentation attributed to virus-induced agglutination could be observed at low
Tween20 concentrations (such as 0.0025%), these results were not reproducible. Therefore,
we also discarded this option.
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Figure 5.5 | Sedimentation of synthrocytes modified with different concentrations of [6’-SL]s-PAA-b.
Effect of pH (a) and detergents (b) in the sedimentation. c) Effect of different concentrations of Tween20
in particle sedimentation in the absence (left) and in the presence of virus (right).

The results obtained when using [SA]s-PAA-b in ELISA confirmed that viruses were able to
recognize these synthetic SA by themselves, but when these biotinylated polymers were
coupled to the beads, they prevented particle sedimentation. This was consistent with the
results obtained when conjugating biotinylated fetuin and corroborate that receptor
incorporation through biotin affinity binding was not an appropriate approach for synthrocyte
production. Therefore, new strategies to incorporate the sialic acids were necessary.

5.2. Chemical incorporation of aminated SA

Chemical coupling of SA was next explored using a SA bound to a molecule of glycine in a
1:1 proportion with a NH; terminal available for conjugation (SA-NHy). In this case, the SA-
NH2 were not evaluated by ELISA and were tested directly on the surface of the particles.

SA-NH, were bound to the particles by glutaraldehyde conjugation using the protocol
described in Section 3.6.1, which derives from the one employed in Chapter 4.1 for production
of GYPA-synthrocytes.
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Figure 5.6 | Sedimentation pattern of particles conjugated with 6’-SL-NHz in the presence of different
concentrations of A(H1N1) virus (a) or SNA lectin (b).

As can be seen in Figure 5.6, particles conjugated with 6’-SL-NH, were able to sediment in
the absence of influenza viruses. This confirmed that the lack of sedimentation identified in
the previous section for particles modified with [SA]s-PAA-b was due to the biotin linker and
not caused by the SA itself. Unexpectedly, 6’-SL-NH;, coated particles did not recognize
influenza. Independently of the concentration of 6’-SL-NH, used in the conjugation, these
particles did not change their sedimentation pattern in the presence influenza virus A/New
Caledonia/20/99 (H1N1), and they did not agglutinate when observed under the microscope.
To discard conjugation issues, we confirmed the incorporation of the SA to the particles
through SNA-lectin recognition. The particles modified with 6’-SL-NH.> agglutinated and
changed their sedimentation in the presence of SNA-lectin, but at concentrations higher than
those detected by particles modified with native sialylated proteins (Figure 5.6b vs 4.8). In
these oligosaccharides, each SA displayed a single glycine moiety, which equals the 1 to 1
link to biotin showed for 6’-SL-b in Figure 5.2. Therefore, the behavior of these two molecules
was similar. Accordingly, the null recognition of influenza could be explained by reduced
incorporation and uneven distribution of the SA on the surface of the particles, where they
were probably too far from each other to promote virus binding. In view of the high price and
bad performance of SA-NH, this strategy was no longer pursued.

5.3. SAincorporation trough BSA-carriers

Another accessible option was modifying the particles with a synthetic glycoconjugate
displaying a known amount of selected SA. Here, we used conjugates obtained from Dextra,
which consisted of a molecule of BSA that contained between 7 and 13 molecules of the
selected SA attached to it through a 3-atom spacer (SA-BSA). We started by testing a
conjugate that displayed 6’-SL (6’-SL-BSA).

The first step to test 6’-SL-BSA was to perform an ELISA to evaluate the level of recognition
by the virus and to define conjugate optimal concentration. For this, we adsorbed increasing
concentrations of 6’-SL-BSA directly in the plate. The rest of the assay proceeded as before,
including blocking with BSA, capture of serially diluted influenza, and serial incubations with
primary Ab, HRP-labelled secondary Ab and TMB substrate before spectrophotometric
detection.
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Figure 5.7 | Detection of influenza A/New Caledonia/20/99 (H1N1) by ELISA using as surface-bound
receptor different concentrations of 6’-SL-BSA. Left, signals after blank subtraction, right, signal to noise
(S/N).

Influenza virus recognized SA better when they were coupled to BSA than to a biotinylated
linker, and 2 ng/mL of 6’-SL-BSA were enough to produce completely functional surfaces
(compared to 333 ng/mL needed for [6’-SL]s-PAA-b) (Figure 5.7). This could be explained
because each molecule of BSA carried a relatively large number of SA, specifically 7 in the
case of 6’-SL-BSA, which allowed further SA molecules to be exposed closer to each other
than when SA-b or [SA]s-PAA-b were incorporated on surface. However, this result could also
indicate that the PAA spacer in [SA]s-PAA-b affected particle surface charge, hydrophilicity or
NeuAv biotin affinity binding. In any case, employing 6’-SL-BSA improved the recognition by
the viral HA, similarly to when using multivalent polymers.2°

On the other hand, when chemically conjugated to particles, 6’-SL-BSA displayed better
recognition of the A/New Caledonia/20/99 (H1N1) virus than the other counterparts tested
above. These results were consistent with the signals obtained from the previous ELISA. As
shown in Figure 5.8a, 6’-SL-BSA coated particles sedimented in the absence of virus and did
not in its presence. Moreover, the agglutination titer was dependent on the amount of 6’SL-
BSA incorporated on the surface during the conjugation. This is, particles conjugated with
more 6’-SL-BSA detected the virus at lower concentrations. In contrast, particles conjugated
with just BSA (without SA) sedimented always, independently of the amount of virus they were
incubated with. This confirmed that the virus-SA recognition was specific.
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Figure 5.8 | a) Sedimentation pattern of particles conjugated with different concentrations of 6’-SL-BSA
or BSA alone, in the absence or in the presence of different concentrations of A/New Caledonia/20/99
(H1N1) virus. b) SynA pattern obtained for 6’-SL-Synthrocytes with different concentrations of A(H3N2)
A/Panama/2007/1999 and A/Brishane/10/2007.

Next, we evaluated the recognition of these particles by viruses of the A(H3N2) subtypes. This
group of viruses was not recognized by any of the native proteins previously tested. Moreover,
recognition of these viruses is critical because their culture and assessment are one of the
most problematic for the WHO.1"21° |n fact, HA of some H3 viruses must be done in the
presence of Oseltamivir, an inhibitor of the neuraminidase that increases the agglutination
capacity of the cells.

Of the two A(H3N2) viruses analyzed, we were able to recognize one with considerable
sensitivity (Figure 5.8b). Although this certainly left room for improvement, this result was
encouraging and a noticeable improvement compared to the outcome of all the previous
particles.

At this point, discontinuation in the virus supply chain forced a change of the virus source and
only the virus antigens included in the 2018-2019 WHO Influenza reagent kit were employed
in subsequent experiments (described in Section 3.1.4). As can be seen in Figure 5.9, neither
A(H1N1) nor A(H3N2) recognized this version of 6’-SL-synthrocytes, which was attributed to
the presence of large aggregates in the virus preparations. However, both B/Yamagata and
B/Victoria reference Ag were detected down to 1:128 and 1:256 dilutions, respectively.
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Figure 5.9 | SynA performed with 6’-SL-Synthrocytes and all the reference antigens of the 2018-2019
WHO Influenza reagent kit. It included the following 4 reference Ag, which were egg-grown viruses
inactivated with BPL: A/Michigan/45/2015 NYMC X-275 (H1N1), A/Singapore/INFIMH-16-0019/2016
(H3N2), B/Phuket/3073/2013 (Yamagata) and B/Colorado/2017/06/2017 (Victoria).

After these results, we selected the WHO B/Yamagata B/Phuket/3037/2013 reference Ag as
a model for subsequent 6’-SL-Synthrocyte re-optimization. This virus has been part of the kit
and the annual vaccine recommendations since 2013 and has been consistently available
from the IRR-WHO since then.

Then, particles were re-optimized, starting with the amount of 6’-SL-BSA used in their
production. For this, particles were conjugated in parallel with increasing amounts of 6’'SL-
BSA before being blocked with BSA 0.5%. Decreasing the amount of SA-BSA under 40
pg/conjugation had a considerable negative impact in virus recognition, probably because the
particles were not completely coated (Figure 5.10a). On the other hand, increasing the amount
of 6’SL-BSA above 40 ug/conjugation did not produce better-performing synthrocytes, raising
their fabrication cost unnecessarily. This concentration was thus selected as the optimal.

Under these conditions, the number of molecules of 6’-SL-BSA per particle was small
compared to the amount used for native sialylated proteins in the previous chapter. As a result,
blocking with BSA 0.5% was insufficient and the coated particles displayed non-specific
agglutination in the presence of virus-free serum (Figure 5.10b). Because of this, the blocking
was also re-optimized, testing BSA concentrations spanning between 0.5 and 4%. As
discussed above, at the lowest concentration tested, the blocking was not efficient, and we
observed some non-specific agglutination in the presence of virus-free serum. Blocking with
BSA 1% was enough to counteract this effect, although the pellets formed in the presence of
serum were still wider than those obtained in PBS. Problems in virus recognition aroused at
the highest blocking concentration tested, producing a slight but observable sediment in the
presence of it. Therefore, we increased the blocking from 0.5% to 2% BSA before continuing
with the next SynA and SynAl experiments. Particles modified with 40 ug/conjugation of 6’-
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SL-BSA and blocked with 2% of BSA produced similar pellets in PBS and virus-free serum,
and generated agglutination patterns in the presence of virus.
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Figure 5.10 | a) Optimization of the amount of 6’-SL-BSA required for particle modification (particles
blocked with BSA 0.5%). With 6’-SL-BSA concentrations under 20 pg/conjugation, particles were not
coated enough and the pellets obtained in SynA tests were not consistent. b) Particle sedimentation in
PBS (top), human serum (mid) and 5 pg/mL of B/Yamagata virus in PBS, after modification with 40
pg/conjugation of 6’-SL-BSA and blocking with BSA 0.5-2% (bottom). Particles blocked with BSA 0.5%
displayed non-specific agglutination in the presence of serum. Particles blocked with BSA 4% produced
a diffuse pellet in the presence of virus instead of a clear agglutination pattern.

5.4. Improvement of particle staining

At this point of development, it became clear that the commercial Sicastar blue particles had
color reproducibility issues. As can be seen comparing figures from Chapter 4 and Chapter 5
(for example the sediments in Figure 4.11 and Figure 5.8), the intensity of the halos observed
varied importantly between production batches. This impacted negatively the visual
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observation of the sedimented pellets, forcing to use more beads per well, and thus making
the assay more expensive and less sensitive.

Initially, these changes were attributed to the differences in the handling and variability during
the conjugation process. But once the optimization of the different parameters was finished
and the protocol was stablished, we realized that the problem came mainly from the
commercial beads. As can be seen in Figure 5.11, the level of particle staining in the different
batches provided by the supplier was clearly different. Moreover, color was not related to the
aging of the particles or to the concentration of particles present in each batch, but to the
staining intensity of each one.

Figure 5.11 | Sedimentation of as-received commercial 10-um bare Sicastar blue beads of different
production batches. 7.5 uL were pipetted in 92.5 pL of PBS and were observed either immediately (top)
of after 10 min of sedimentation (bottom). In all the cases, the number of particles per uL ranged
between 135.000 and 150.000 and did not correlate with the color.

In an attempt to standardize bead color intensity, a customized dying protocol was developed
and optimized by another member of the team (Section 3.5). This protocol allowed producing
particles of reproducible color intensity. Furthermore, because the custom-dyed beads were
more intense than the commercial ones, it was possible to decrease the number of
particles/well necessary to perform the assays. As can be seen in Figure 5.12, the reduction
was from 375 pg/well necessary for the commercial blue beads, to 250 pg/well of the custom-
dyed ones. Sediments could be observed even with 200 pg/well of dyed beads in the negative
controls (without virus), but the results were less reproducible than when using 250 pg/well.
The 30% reduction of the particle numbers cheapened the assay considerably, because the
extra cost of dying the particles was very low (of the order of 0.77 €/10 mL). This decrease in
bead working unit also improved the sensitivity of the assay. As shown in Figure 5.12b,
particles were more sensitive the fewer they were.

From then on, all the particles used in SynA and SynAl were custom-dyed and quality checked
using particle count and spectrophotometry absorption as described in Section 3.5.
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Figure 5.12 | a) Bare beads in solution (top) and conjugated with fetuin and sedimented (bottom). While
the images on the left correspond to commercial Sicastar blue particles, the images on the right display
custom-dyed particles, which were more intense in color. b) SynA using fetuin-conjugated particles. On
top, using commercial blue particles, middle and bottom using custom-dyed beads with two different
amounts of particles per well. The rectangles label the wells with agglutination patterns, showing that
custom-died particles provided more sensitive synthrocytes that could be used at lower concentration.

5.5. Sedimentation pattern of particles conjugated with different SA-BSA

Once the particles were successfully dyed, they were conjugated with different SA-BSA. We
used the 3 SA-BSA neoglycoproteins that were available commercially from Dextra, which
included 3’-SL, 3’-SLN and 6’-SL as terminal sialic acid residues coupled to the BSA.
Furthermore, we employed N-Acetyllactosamine-BSA (N-Ac-BSA) as a negative control. This
molecule contains the same structure than SA-BSA, but lacks the a2,6- or a2,3- terminal
residue, which is crucial for influenza virus recognition.??

Finally, we performed a SynA using the diverse SA-BSA conjugated particles and the 4
reference Ag included in the 2018-19 WHO kit for influenza surveillance (Figure 5.13). As
expected, each of the viruses displayed different affinity for each of the SA tested. For
example, A(H1N1)pdmO09 virus recognized better 3’-SL and 3’-SLN SA than 6’-SL, which
exhibited almost no recognition. Although influenza human viruses should present a higher
recognition of a2,6-SA, this virus has its origin in Swine influenza and is propagated in eggs,
which increases a2,3-SA affinity. Moreover, no clear consensus exists on the recognition of
02,3-SA by A(H1N1)pdm09, with some results suggesting the dual recognition of a2,3 and
02,6,199.221.222 \while others detecting very limited binding to a2,3-SA.36223224 Nevertheless, HA
protocols recommend using turkey RBCs to perform A(H1N1) virus HA, which should express
higher a2,3-linked SA.?%
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Figure 5.13 | SynA performed with 250 pg/well of custom-dyed beads conjugated with 6’'SL-BSA, 3'SL-BSA, 3'SLN-BSA and N-Ac-BSA from top to bottom row
in each experiment. The tested viruses were those provided in the WHO Influenza Surveillance Kit (2018-2019), detailed in Section 3.1.6. In the top images
virus dilution started 1 in 2, while for Influenza B (bottom images) it started 1 in 4. Each virus had different binding affinities for each of the tested SA. N-Ac-BSA

acted as a negative control.
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A(H3N2) virus, on the contrary, exhibited higher agglutination titers when exposed to 6’SL-
BSA beads and had almost no recognition of a2,3-linked SA. On the other side, influenza B
viruses showed a similar recognition for all the SA-BSA tested. We also used N-Ac-BSA
coupled beads to assess the level of non-specific interaction of the virus with the BSA and its
linker to the SA. As can be seen in Figure 5.13, N-Ac-BSA-particles sedimented even at high
concentrations of the WHO reference Ag, proving that the agglutination obtained in SA-BSA
SynA assays was specific. Only B viruses exhibited non-specific interactions at the highest
viral concentrations assessed (to a titer of 4).

These results indicated that using a single SA for bead coating would not grant binding of alll
influenza A viruses. Furthermore, as reported in the literature, A(HIN1) and A(H3N2)
recognition required different SA. This is similar to what currently happens with RBCs, since
erythrocytes from different species must be used in order to detect the different influenza
viruses. Therefore, producing synthrocytes for simultaneous binding of A(HLIN1), A(H3N2) and
B influenza viruses demands for an equilibrium between a2,3- and a2,6-linked SA present on
the surface. Accordingly, particles were next modified with batteries of receptors instead of
individual ones.

5.6. Particle modification with batteries of influenza-binding receptors

At this point, the team dedicated to synthrocyte development grew. Therefore, it is worth
mentioning that all the data shown in this section is the result of combined efforts between
diverse group members to achieve a common objective: define the best combination of
influenza receptors to detect the maximum number of virus types and subtypes.

5.6.1. Performance of GYPA/6’-SL-BSA-synthrocytes

We started this process using combinations of GYPA and 6’-SL-BSA receptors. We chose
GYPA because, despite its higher cost, its performance in the recognition of some A(H1N1)
viruses was better than with 3’-SL synthetic receptors. As shown in Chapter 4, GYPA-
synthrocytes did not agglutinate in the presence of A(H3N2) virus. Therefore, 6’-SL-BSA was
added to the particle coating in order to promote the simultaneous recognition of A(H3N2) and
A(H1IN1) viruses.

The protocol used for conjugation was the same previously employed (Chapter 3.6.1), but
protein crossbinding was performed simultaneously with 6’'SL-BSA and GYPA, mixed in
different proportions. The battery of GYPA/6’-SL-synthrocytes obtained in this way was then
evaluated by SynA in the presence or absence of A(H1N1), A(H3N2) and B/Yamagata virus
dilutions. A summary of the results is presented in Table 5.1.
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Table 5.1 | Summary of the GYPA/6’-SL-BSA combinations studied. Diverse ratios of 6’-SL:GYPA were
used to produce synthrocytes, which were evaluated by SynA using A/Brisbane/02/2018 (H1N1),
A/Kansas/14/2017 and B/Phuket/3073/2013 (Yamagata)

Receptor i Influenza virus titer
(ug/conjugation) Molar ratio
(6’-SL:GYPA)
6’-SL (ug) GYPA (ug) A(H1N1) A(H3N2) B/Yamagata
40 0 1:0 2 32- 128-
36 15 2.2:1 32- 32- 128-
34 22.5 1.4:1 32 32- 128-
32 30 1:1 32 16 128-
28 45 0.6:1 32 16- 128
0 150 0:1 64 8 128

All the combinations produced recognition of the 3 influenza viruses tested. In these
experiments, GYPA-synthrocytes showed recognition of A(H3N2) virus down to a 1:8 dilution.
This contrasts with the results obtained in Chapter 4, in which A(H3N2) virus was not bound
by GYPA-synthrocytes. This was attributed to the use of custom-dyed patrticles here, which
reduced the amount of beads required per well and enhanced sensitivity, as previously stated.
The recognition of both A viruses was more dependent of the coating combination than that
of B/Yamagata viruses, which remained almost unchanged for all the combinations tested.
Furthermore, recognition of A(H1N1) and A(H3N2) viruses was inversely related to each other,
meaning that when A(H1N1) titer increased (together with GYPA proportion in the mix),
A(H3N2) titer diminished due to a reduction in the total 6’-SL content. As can be seen, best
performance was achieved with 34 ug of 6’-SL and 22.5 pg of GYPA per conjugation, which
equals a molar ratio of 1.4:1 (6’-SL:GYPA). With this combination, recognition of both A(H1N1)
and A(H3N2) reached a titer of 32, while B/Yamagata arrived to a titer of 128. SynA results for
the selected condition are shown in Figure 5.14a.

Then, SynAl was performed using GYPA/6’-SL-synthrocytes with WHO reference antisera
and their corresponding B/Yamagata virus. As can be seen in Figure 5.14b, these
synthrocytes showed considerable interference when employed in SynAl. The specific
antisera produced inhibition up to a 640 titer, while the negative antisera reached a titer of
320, far exceeding the WHO recommendations for negative controls. These results are
accordant with the ones obtained in the previous chapter (Section 4.7), which demonstrated
that some serums cross-reacted against GYPA. This made impossible the use of these
GYPA/6’-SL-synthrocytes in HAI-like SynAl assays. This synthrocyte version was thus
abandoned.

122



| Results & Discussion

a) Virus (diluted 1 in) Virus (diluted 1 in)

32 64 128 C

= S |
2 ®
- N [-T]
L £
< g
g 3
2
on |
I |
<
+ Serum
b) No Vi
1280 O Virus
€ A
o =
5 @
¥ o
§
£ ¥
=

Figure 5.14 | Performance of GYPA/6’-SL-synthrocytes. a) Results of SynA performed with the best 6'-
SL:GYPA combination (1.4:1 ratio) for each virus. b) SynAl performed with anti-B/Yamagata antiserum
and negative antiserum with their corresponding B/Yamagata virus.

5.6.2. Evaluation of SA-BSA combinations

Although with GYPA/6’-SL-BSA-synthocytes we recognized A(H1N1) and A(H3N2) viruses
simultaneously, in general sensitivity was lower than expected. Increasing the ug of receptors
used during the conjugation step of the 10 um particles did not improve the sensitivity,
indicating that the surface of these particles was already saturated and unable to bind more
protein. We decided to decrease beads size and use 3 um beads to increase the total surface
available (sizes studied in the range between 1 and 10 um). Although these particles had been
initially discarded due to their low reproducibility (Chapter 4.1), once they were custom-dyed
and quality controlled by us, they gained enough robustness to proceed with the next
experiments.

Moreover, we discarded GYPA as a potential receptor for synthrocytes due to its significant
interference during the SynAl and its elevated cost, and instead focused on batteries of
combinations of SA-BSA. Figure 5.15 shows a summary of the diverse combinations
examined. Particles were conjugated as usual, with the incubation step performed with a mix
of SA-BSA instead of just one of them. The total amount of SA-BSA used was kept constant
in all the conditions (120 pg/conjugation). Then, SynA was carried out to evaluate synthrocyte
performance. Previous results using GYPA/6’-SL-synthrocytes had showed that the
recognition of A(HLN1) and A(H3N2) subtypes of viruses inversely correlated, meaning that
higher A(HLN1) recognition leaded to lower A(H3N2) recognition and vice versa. In contrast,
as Figure 5.13 already demonstrated, B viruses produced the same titer regardless the SA-
BSA employed. Therefore, these SynA were evaluated using only A(H1IN1) and A(H3N2)
viruses.
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As can be seen in Table 5.2, different SA-BSA combinations displayed different affinity for
each virus. Binding of A(H3N2) viruses was heavily dependent on the 6’-SL-BSA content. In
the absence of 6-SL receptors, the tested A(H3N2) displayed null recognition of the
synthrocytes. A(H1N1) viruses, on the contrary, relayed more in a2,3 links exposed on the
surface, with slightly better recognition of 3’-SL than 3’-SLN for the virus tested. Combining
the two types of receptors made possible to recognize both influenza A subtypes.

We enhanced assay sensitivity by using the 3-um synthrocytes. Although it depended on the
virus strain and the receptor combination attempted, generally we improved the recognition at
least one titer when compared to 10-um synthrocytes with the same surface composition.
Furthermore, we reached a sensitivity even better than when using GYPA (specially for
A(H3N2) viruses), but with a 7-fold reduction in the receptor cost.

SA-BSA (pg/conjugation) Influenza virus titer
6’-SL 3’-SL 3’-SLN A(HIN1) A(H3N2)
60 60 16 64/128
60 60 8 64/128

60 60 32 0
40 40 40 32 64/128

Table 5.2 | Summary of SA-BSA combinations tested. Titer obtained by SynA for A/Brisbhane/02/2018
(H1N1) and A/Kansas/14/2017 (H3N2) for each combination.

After optimizing the process, we determined that the best combination was using 40 ug of
each SA-BSA per conjugation (6’-SL/3’-SL/3’-SLN-BSA-synthrocytes). Decreasing more the
6’-SL-BSA content produced a decay in the ability to recognize A(H3N2) viruses. On the other
hand, using both 3’-SL- and 3’-SLN residues simultaneously allowed for a broader recognition
of different influenza strains.

Influenza viruses were titrated using these mixed 6’-SL/3’-SL/3’-SLN-BSA-synthrocytes and
with human RBCs in parallel. We tested different strains of A(HLN1) and A(H3N2) viruses that
had been included over time in the WHO Influenza Surveillance kit, an also one strain of each
influenza B lineage. Results obtained in these SynA tests are shown in Figure 5.15. As can
be seen, these 3-um SA-BSA-synthrocytes were able to recognize the 4 subtypes/lineages of
currently circulating seasonal influenza viruses. In general, the overall sensitivity of the SA-
BSA-synthrocytes was similar to that of the human RBCs, obtaining the same titer (or a 1-titer
difference) for most of the tested viruses. A notable exception was the A/Tasmania/503/2020
(H3N2), for which the recognition was 3-titer better with synthrocytes than with RBCs.

On the other side, A/California/07/2009 NYMC X-179A (H1N1) showed null recognition of
synthrocytes, but RBCs recognition was also lower than expected (reaching a titer of 4, while
this should be around a titer of 128 according to the WHO specifications). A/California/07/2009
NYMC X-179A was the oldest A(H1N1) of the virus preparations tested, and previous
bibliography highlighted a significant decrease in its stability compared to other A(HLN1)
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strains, or even compared to other isolates derived from the same A/California/07/2009
original strain,??® which could explain these results.

Finally, 6’-SL/3’-SL/3’-SLN-synthrocytes were used in a SynAl assay employing one A(HLN1),
one A(H3N2) strain, one B/Yamagata virus and their corresponding antiserums. In all the
cases, a negative reference antiserum was employed in parallel to monitor interferences. As
can be seenin Figure 5.16, interferences considerably decreased compared to employing 10-
pm GYPA-6’-SL-synthrocytes (Figure 5.14b). This improvement could be explained by diverse
factors. First, the total amount of functional receptors available increased due to the larger
curvature and total surface of the smaller particles, allowing more interactions between
synthrocytes and virus particles (thus making their binding more stable). Second, although the
ug of synthrocytes remained the same, the number of particles raised from 2.65x10° to 1x10’
per well. This reduced the impact of nonspecific interactions because their inhibitor capacity
(for example, by covering the particles and preventing them to interact with the virus) was
distributed among more particles, diluting their effect.

Even then, nonspecific agglutination inhibition could still be observed in some of the SynAl
tests. For example, the negative control serum diluted from 20 to 320 produced a faint
sedimentation halo for 6’-SL/3’-SL/3’-SLN-synthrocytes in the presence of A(HLN1) virus,
albeit it was easily distinguished from the specific inhibition produced by the anti-A(H1N1)
serum. The same effect was noted in the A(H3N2) SynAl, although between 20 and 160 titers.
Nevertheless, in all cases, when the inhibition was induced by the specific Ab of the
corresponding antiserums, a tight sedimentation pattern was observed, similar to the one
obtained in the control well in the absence of virus.

In the light of these results, we concluded that 3-um 6’-SL/3’-SL/3’-SLN-synthrocytes
displayed the best performance for SynA and SynAl assays. In SynA, these synthrocytes were
recognized by the 4 main seasonal influenza viruses, and even by diverse viral strains in the
case of A(HIN1) and A(H3N2) viruses. Furthermore, with these particles, the agglutination
titer obtained generally was the same than with human RBCs (£1 titer).

Although SynAl performed with the WHO reference antiserums still exhibited some
interferences, they were greatly reduced compared to the previous GYPA-6’-SL-synthrocytes.
Moreover, all these results were achieved with incubations of 20-25 min (instead of the 5-10
min needed for 10 um synthrocytes), which were comparable to the 30-min incubation
required for avian RBCs and half the time required for mammalian RBCs.
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Figure 5.15 | Comparison of HA performed with 0.75% human RBCs and SynA carried with 250 pg/well
of 6’-SL/3’-SL/3’-SLN-synthrocytes (3 um) using different A(H1N1) and A(H3N2) strains, and one virus
from each B lineage. All viruses were obtained from different WHO Surveillance Reagent Kits.
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Figure 5.16 | SynAl performed using 250 ug/well of 6-SL/3’-SL/3’-SLN-synthrocytes (3 pm) and
A/Brisbane/02/2018 (H1N1), A/Kansas/14/2017 (H3N2) or B/Phuket/3073/2013 viruses and their
corresponding antiserums (from WHO Influenza Surveillance Reagent Kit).

5.6.3. Performance of 6’-SL/3’SL/3’-SLN-synthrocytes with non-seasonal influenza

viruses

We proved that the new combined 6’-SL/3’-SL/3’-SLN-synthrocytes recognized diverse
A(H1N1), A(H3N2) and influenza B strains. The importance of these viruses lies in their routine
circulation among people, being responsible for flu seasons each year. These subtypes and
lineages of influenza virus are constantly monitored by the GISRS and constitute the 4 types
of influenza viruses present in the quadrivalent flu vaccine. Nevertheless, other subtypes of
influenza A viruses are also monitored to detect new emerging zoonotic viruses that could
produce pandemics, with special attention to swine and avian influenza viruses.

Almost all the known subtypes of influenza A viruses can infect birds. Among them, H5, H7
and H9 subtypes of avian influenza viruses have caused the majority of the reported infections
in humans. More specifically, some A(H5N1) and A(H7N9) viruses were considered highly
pathogenic avian viruses responsible for more severe symptoms and higher mortality.??. In
order to antigenically characterize them using HA and HAI, it is recommended to use mostly
chicken RBCs, although turkey or guinea pig could also be useful in these assays. Horse
RBCs are also suggested to identify human Ab against avian strains, because their content of
02,3-Gal linked residues is higher than the other types of RBCs.'* Furthermore, previous
results indicate that the titers obtained for human Ab using avian or guinea pig RBCs was not
satisfactory.112:228
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We explored if our synthrocytes would be useful for the surveillance of other influenza viruses
than the current circulating human seasonal influenza viruses. We started by analyzing 3
different strains of A(H5N1) influenza virus, including one isolated from chicken
(A/chicken/Vietnam/NCVD-016/2008). As can be seen in Figure 5.17, synthrocytes were able
to recognize the three A(H5N1) virus studied. Two of them, A/Vietham/1203/2004 and
A/chicken/Vietham/NCVD-016/2008, were recognized with a sensitivity comparable to human
RBCs, but turkey RBCs were 2-3 titers more sensitive.

Virus A(H5N1) titer

2 4 8 16 32 64 128 256 512 1024 2048 0

A(H5N1) Strain
A/Egypt/N03072/2010

A/Vietnam/1203/2004

A/chicken/Vietnam/
NCVD-016/2008

Figure 5.17 | HA and SynA performed with 3 different strains of A(H5N1). 0.5% of turkey RBCs (top),
0.75% of human RBCs (middle) or 6’-SL/3’-SL/3’-SLN-synthrocytes (bottom) were employed for the
assays.

Next, a strain of A(H7N9) and another of A(H9N2) were also titrated using RBCs and 3-um 6’-
SL/3’-SL/3’-SLN-synthrocytes. These results are shown in Figure 5.18. A(H7N9) virus was
recognized with synthrocytes with a titer 2-fold lower than any of the tested RBCs. A(H9N2),
on the other side, presented a considerably lower titer when tested with RBCs, and was not
correctly recognize by this version of synthrocytes.

Overall, the lower titers obtained for non-seasonal influenza viruses with synthrocytes
compared to turkey RBCs could be explained by the proportions of a2,3- and a2,6-residues
in the surface of the synthrocytes. Turkey RBCs express a mixture of a2,3- and a2,6-Gal
linkages, with some studies yielding a ratio of 1:1 between them,??° while others find their a2,6-
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Gal content higher than a2,3-Gal.'** Human RBCs also express both linkages in similar
proportions. Most avian influenza viruses bind preferentially to a2,3- residues, and therefore
we expected an increase in the recognition because the theoretical proportion of a2,3-Gal
residues in synthrocytes should be higher, more similar to the composition of chicken RBCs.
Unexpectedly, the titers obtained with synthrocytes were lower than in turkey RBCs. Although
the total amount of 3’-SL and 3’-SLN-BSA employed in the conjugation of the synthrocytes
was higher than that of 6’-SL-BSA, we did not know if the incorporation of the receptors to the
surface maintained this proportion.
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Figure 5.18 | HA and SynA performed with A(H7N9) and A(H9N2) virus. 0.5% of turkey RBCs (top),
0.75% of human RBCs (middle) or 250 pg/well of 6’-SL/3’-SL/3’-SLN-synthrocytes (bottom) were
employed for the assays.

More analysis will be required to confirm that synthrocytes could be useful for surveillance of
zoonotic influenza viruses. Sensitivity needs to be increased for this application, which may
be achieved by increasing even more the proportion of 3’-SL/3’-SLN residues in the
synthrocytes, due to avian virus preference for a2,3-linked SA. One option would be employing
a2,3-only synthrocytes, mimicking the horse RBC usually used in HAI for avian viruses.?113

Moreover, SynAl still needs to be performed to confirm its usefulness for antigenic
characterization. Nevertheless, detecting 3 strains of A(H5N1) and one A(H7N9) tested are
the first steps towards the development of synthrocytes potentially helpful for non-seasonal
influenza surveillance.
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5.7. Conclusions

The results in this chapter demonstrate that 3-um synthrocytes coated with a combination of
6’-SL/3’-SL/3’-SLN-BSA bind diverse A(H1N1), A(H3N2) and influenza B strains. These
viruses circulate constantly and are responsible for seasonal flu epidemics each year,
therefore they are constantly monitored by GISRS. To help with it, these subtypes are the
main antigenic components in the WHO Influenza Reagent Kit and are also present in the
annual flu vaccine.

6’-SL/3’-SL/3’-SLN-synthrocytes displayed the best performance for SynA and SynAl assays,
achieving an agglutination titer equal to the human RBCs (1 titer) in just 20-25 min, compared
to the 60 min incubation required for human RBCs. Although SynAl performed with the WHO
reference antiserums still exhibited some interferences, they were greatly reduced compared
to the previous GYPA-synthrocytes. Furthermore, when the inhibition was induced by the
specific antiserums, a tight sedimentation pattern was observed, similar to the one obtained
in the control well in the absence of virus.

These version of synthrocytes were also able to recognize some influenza viruses from
zoonotic origin, such as A(H5N1) and A(H7N9), which are also monitored to detect new
emerging zoonotic viruses that could produce pandemic. Although more experiments and
specific optimization will need to be done before confirming their usefulness (including SynAl
assays for non-seasonal viruses), this indicates a promising application for 6’-SL/3’-SL/3’-
SLN-synthrocytes in pandemic prevention.

130



Chapter 6

Synthrocyte stabilization and

production scaling up






| Results & Discussion

Chapter 6. Synthrocyte stabilization and production scaling up

One of the main drawbacks of using biological reagents is their limited stability. Methods to
extend the shelf-life of some bioreagents, such as Ab, are well known. For example, using
stabilizer buffers, lyophilizing, or even drying the Ab directly in paper in the presence of certain
sugars can extend their shelf-life to weeks or months.?*® Nevertheless, few of these strategies
are applicable to whole cells, including erythrocytes.

RBCs have a lifespan of around 120 days in the bloodstream.?®! In the case of blood
transfusion bags, this lifespan is shortened to 42 days maximum, albeit it is advised to
consume the RBCs before 21 days. When RBCs age, they suffer different changes in their
surface, apart from hemolysis and loss of their stiffness. One of these alterations is a decrease
in the amount of SA exposed on the RBCs membrane, which can impact its morphology and
surface charge, often leading to the generation of aggregates.?22% |n fact, in older RBCs (>21
days), the load of SA is approximately 35% lower than in younger cells.?! This effect is even
greater in stored blood compared to circulating RBCs.

This characteristic is especially critical when using erythrocytes for influenza HA assays,
because influenza viruses recognize specifically these SA. For this application, it is
recommended to discard the RBCs just a week after the extraction to avoid hemolysis and
RBCs changes that could lead to false results. In order to solve this, diverse strategies have
been tested to increase the shelf-life of these cells. For example, once extracted, RBCs were
treated with glutaraldehyde to fix them and preserve their structure. Unfortunately,
erythrocytes treated with different concentrations of glutaraldehyde displayed slight
differences in the titer obtained when HA was performed, which even differed depending on
the RBCs species origin.?** Moreover, it has been shown that when glutaraldehyde-treated
erythrocytes were employed in HA assays for blood typing, the strength of agglutination was
reduced when using RBCs treated with increasing concentrations of glutaraldehyde.?*®

An alternative approach entails lyophilizing the erythrocytes. Diverse attempts of performing
RBCs lyophilization have been made, with limited success.?*¢%7 In all the cases, lyophilizing
RBCs involved using complex mediums to minimize the damage of the cell membrane during
the freezing-drying process and during rehydration. Some of these buffers included the use of
high concentrations of polymers such as dextran-40 and polyvinylpyrrolidone,?® sugars such
as trehalose and glucose, antioxidants, proteins such as human serum albumin, or even
viscous solvents such as DMS0.2%¢ Even when using all these protective agents, which must
be washed away before performing further analysis, hemolysis was still a challenging setback
and recovery of RBCs rarely surpassed 85%.

RBC instability is one of the main issues for HA standardization. Thus, one of the objectives
of this Thesis work was producing a more stable synthetic alternative that could be mass-
produced. It seemed clear that producing synthrocytes of longer shelf-life than RBCs would
be a key point for synthrocytes to have any chance to replace RBCs. Along this Thesis we
have shown different versions of synthrocytes, with coatings ranging from native proteins
naturally containing SA to modified BSA coupled with synthetic SA. In this chapter, we will
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analyze the stability of the different synthrocyte versions and the strategies tested to extend
their shelf-life. Specifically, we will show the optimization of a lyophilization process that
allowed extending synthrocyte stability to months, obtaining a ready-to-use product that was
extremely easy to distribute, resuspend and handle. The last section includes also the first
attempts to scale-up synthrocyte production, demonstrating that the bead staining and
conjugation protocols developed for volumes of hundreds of microliters could be scaled-up to
tens of milliliters. These characteristics would be essential to distribute the synthrocytes
among the GISRS laboratories and across the globe, facilitating standardization of the
methods used for influenza surveillance.

Although all lyophilizing-related experiments have been clustered in this chapter to facilitate
their understanding, most of these results were obtained in parallel with the results of Chapter
4 and 5 and over a 12-month stage in the company BioSystems. This explains why
lyophilization was not optimized directly with the final synthrocyte prototype and why this
chapter refers to different synthrocyte versions.

This work has been possible thanks to the contribution of Biosystems R&D Team, which kindly
provided the industrial lyophilizer, the materials needed to use it (vials, caps and reagents
necessary for the process) and their know-how. The continuation of this collaboration has
allowed extending this work, which is still in process.

6.1. Stability of synthrocyte suspensions and optimization of the storage buffer

Once synthrocytes had been successfully conjugated and recognition of influenza viruses had
been assessed, we needed to test their stability. We started by studying the stability of
synthrocytes in solution, when they had been resuspended in different storage solutions.

6.1.1. Stability of GYPA-synthrocytes in solution

The first version of synthrocytes, produced with GYPA-coated 10-um particles, was initially
evaluated. As a reminder, at that point particles were still not custom-dyed, and thus the
sediments were lighter and it was required to use 375 pg of the conjugated particles per well.

SynA was performed after 2 weeks of synthrocyte storage at 4°C in different storage solutions,
which included PBS supplemented with different concentrations of BSA with or without NaN.
Results demonstrated that using BSA concentrations higher than 0.1% did not increase
GYPA-Synthrocytes stability (Figure 6.1). Using NaNs, on the contrary, increased the durability
of Synthrocytes and even their performance. Both preserving agents combined produced the
best results, granting detection of lower virus titers than the other storage solutions tested.
Therefore, PBS-BSA(0.1%)-NaN3(0.1%) was selected for long-term storing of synthrocytes.
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BSA  NaN, H1N1 A/NewCaledonia/20/99 (nug/mL)
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0.1% - | - Fresh
synthrocytes

0.1% -

0.2% -

2-week
synthrocytes

0.1% 0.1%

Figure 6.1 | SynA carried in parallel with GYPA-Synthrocytes of the same production batch, but that
had been stored for 2 weeks at 4°C in PBS supplemented with different concentrations of BSA and
NaNz. Increasing the amount of BSA in the storage buffer decreased the sensitivity of the assay, which
displayed a faint halo for 2.5 ug/mL of A(H1N1) virus. Adding NaNs, on the other side, increased the
sensitivity and stability of synthrocytes, reducing the lowest virus agglutinating concentration to at least
0.63 pg/mL.

Once determined the best storage buffer, synthrocyte stability was compared to that of RBCs.
In order to do so, SynA was performed weekly using GYPA-Synthrocytes that had been
produced following the usual protocol, but had been aliquoted and stored at 4°C in PBS-
BSA(0.1%)-NaN3(0.1%). Guinea pig erythrocytes were used as a reference, which were
obtained commercially and stored at 4°C in the same solution they were received in. Results
employing HIN1 A/New Caledonia/20/99 virus are shown in Figure 6.2.

Influenza H1IN1 (diluted 1 in)
2 4 8 16 32 64 Novirus

Storage time

Figure 6.2 | Performance of guinea pig RBCs (left) and GYPA-synthrocytes (right) after storage at 4°C.
RBC were stored in the buffer they were received in (Alsever’s solution); GYPA-synthrocytes were
stored in PBS-BSA(0.1%)-NaNs(0.1%). Synthrocytes were more stable and could be used after 3 weeks
of storage at 4°C, while erythrocytes had lost performance after 2 weeks at 4°C and did not recognize
the virus 1 week later.
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As can be seen, erythrocytes decreased their performance at least 8-fold each week, and after
3 weeks they did not recognize the virus at all. This was critical for erythrocytes acquired
commercially. For example, the guinea pig RBCs displayed in Figure 6.2 were imported from
the USA because no local supplier was found. For this reason, at least 7 days had passed
between their extraction (including RBCs separation, washing and resuspension in Alsever’s
solution with preservatives) and their delivery to the laboratory, when we could perform the
first HA. By then, they could not be used for longer than 2 weeks, which left a very small
window period to perform HA. This correlates with the general recommendations of using
RBCs for no more than 6-7 days to carry HA/HAI and demonstrated that, at least for this
application, the 28-day shelf-life claimed by the supplier was overoptimistic. Moreover, due to
the fast degradation of the RBCs, a HA had to be done daily prior to HAI to confirm the RBCs
ability to agglutinate and readjust the amount of virus needed, and RBCs had to be washed
before their use if they displayed signs of hemolysis.

GYPA-Synthrocytes, on the other hand, were initially less sensitive, but could be used after 3
weeks of storage and did not lose their performance at the same speed as RBCs. Only after
4 weeks of storage, GYPA-Synthrocytes started losing performance, which was attributed
initially to the limited stability of GYPA itself. In addition, synthrocyte suspensions could be
used straightforward, without needing centrifugation or washing steps.

6.1.2. Stability of 6’-SL-BSA-syntrocytes in solution

Although the results indicated that the shelf-life of GYPA-synthrocytes was superior to that of
RBCs, it was still insufficient for a synthetic RBC mimetic. To solve this and other issues
previously stated, a new generation of synthrocytes was developed, this time using synthetic
SA-BSA as the virus binder (6’-SL-BSA-synthrocytes) as described in Chapter 5. The stability
of these synthrocytes was evaluated and results can be seen in Figure 6.3.

A/NewCaledonia/20/99 (H1N1) (ug/mL)

NaN, 10 5 25 125 063 O

Figure 6.3 | 6’-SL-BSA-Synthrocytes performance in SynA after 14 days stored at 4°C in PBS-
BSA(0.1%) with (+) or without (-) 0.1% of NaNs.
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As can be seen, while freshly produced 6’-SL-BSA-synthrocytes detected this A(HLN1) virus
down to 1.25 pg/mL, the virus produced agglutination of 14-days old synthrocytes only at
concentrations above 5 pg/mL. Hence, using 6’-SL-BSA on surface did not improve
synthrocyte stability compared to GYPA coating. Although using NaNs improved the
performance of 6’-SL-BSA-synthrocytes, they were less stable than GYPA-synthrocytes.
These results were unexpected due to the highest stability described in the bibliography for
SA, which could reportedly last up to 817 days at 25°C and pH 7.2

Our results could be produced by the detachment of the 6’-SL-BSA from the particles, by
decomposition of the 6’-SL-BSA itself, or by a combination of both. Therefore, we decided to
test the stability of the 6’-SL-BSA molecules in different storage buffers. In order to do it, we
adsorbed a fixed amount of 6’SL-BSA (0.2 pg/well) in a 96-well plate, then blocked the wells
with BSA(1%) and filled them with different storage buffers which included trehalose, mannitol
and lactose, among others. After up to 2 months at 4°C, these wells were washed with PBS
and were used in an ELISA to detect HIN1 A/New Caledonia/20/99 virus (5 pug/mL) as
described in Chapter 3.3. Results are shown in Figure 6.4.
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Figure 6.4 | a) Signals obtained by ELISA using 6’-SL-BSA for virus capture, immobilized on the well
surface and stored for up to 2 months in different storage buffers. Wells were kept stored at 4°C in a
humid chamber during all the process. b) Comparison of signals at the starting point (0d) and after 2
months at 4°C (60d), for the wells with or without 6’-SL-BSA (BSA, negative control).
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As can be noted in Figure 6.4, the signals obtained by ELISA barely changed over storage
time, confirming that the 6’-SL-BSA layer was stable. Furthermore, the virus attached to the
wells coated with 6’-SL-BSA, but not to the negative control ones (without 6’-SL-BSA). This
ensured that virus recognition was specific for 6’-SL-BSA and not due to SA-BSA detachment
from the surface (which could allow the virus to adsorb directly to the well and produce false
signals). These results suggest that the low stability of the 6’-SL-BSA-synthrocytes was not
due to the SA-BSA itself, because the recognition by influenza virus persisted over the
duration of the ELISA-based experiment. If the SA split from the 6’-SL-BSA adsorbed on the
plate, and consequently was washed away in the first washes, we should have observed a
decrease in the signals obtained, something that did not happen in this experiment.

Signals obtained showed little differences between storage buffers, but they were not
significant and could be attributed to the variability of the assay. Results showed that storing
the 6’-SL-BSA dried, without any buffer, reduced virus recognition. This impact could be
explained because the drying of the wells was performed in just PBS, without any preserving
agent, which could have impacted the viability of the SA-BSA.

Therefore, we concluded that the low stability of SA-BSA synthrocytes was not caused by the
SA-BSA molecule itself, but probably by the conjugation to the NH2-particles or by the stability
of the particle coating after the process, a phenomenon that could not be controlled at that
point of the development. Moreover, adding preservatives as the diverse sugars tested did not
significantly improve the stability of the SA-BSA molecule.

6.2. Synthrocyte lyophilization for long-term storage

Even if synthrocyte suspension shelf-life was slightly extended using the storage buffer
containing NaNs; (one month for GYPA-synthrocytes or 2 weeks for SA-BSA-synthrocytes),
the stability was far from optimal for a synthetic reagent conceived to be mass produced and
worldwide distributed.

Ideally, the shelf-life of this reagent should be long enough to allow its shipment from the
manufacturer facilities to the International Reagent Resource (IRR, the WHO distribution
center in charge of the delivery of other official Influenza Surveillance Kit reagents), its
distribution to the different GISRS laboratories, and its utilization to carry SynAl in each center.
This means that synthrocytes should be stable for months to be accepted by end-users.

The results of Section 6.1. indicated that synthrocyte suspensions were not appropriate for
distribution. Although it could increase synthrocyte stability, plain freezing was also discarded
because it would have complicated the transport of the reagent, requiring -20°C containers
and consequently increasing the shipping cost. Moreover, freeze-thaw cycles, which are
frequent during shipping and handling processes, could negatively impact the stability of the
reagent.

Therefore, we decided to evaluate lyophilization of synthrocytes as a strategy for long-term
storage.
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6.2.1. Short introduction to lyophilization

Lyophilization is a water removal process that generally involves 3 different stages: freezing,
primary drying (sublimation) and secondary drying (adsorption).?*® A schematic depiction of
the process is shown in Figure 6.5.
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Figure 6.5 | Scheme of lyophilization process adapted from 24°.The procedure consists of three different
phases (freezing, primary drying and secondary drying), distinguishable by the different temperature
and pressure applied in each of them. The combination of these phases allows for the removal of most
of the water content in the lyophilized product.

During the freezing phase, the reagent is cooled down (usually to around -40°C) at
atmospheric pressure until the water turns into ice crystals.

At the primary drying stage, the chamber pressure is reduced below the triple point of water,
a combination of pressure and temperature at which water exists in all solid, liquid and gas
states. Heat is then provided, which results in sublimation of the ice crystals present in the
vials. This step requires the longest incubation of the lyophilization process. The temperature
and time required to achieve this state must be optimized for each reagent and excipient
formulation.

Finally, in the secondary drying step the temperature of the product is raised. The aim of this
step is to remove any non-frozen water molecules that remain ionically-bound to the product.
This allows reducing the final residual water content to an acceptable limit in the range of 1-
4%. When the lyophilization process is complete, vacuum can be broken using an inert gas
such as nitrogen before the material is sealed.

In order to successfully lyophilize synthrocytes, we needed to optimize their formulation
(including amount of synthrocytes per flask, buffer composition, the excipients needed, and
total volume) and the lyophilization “recipe”, which included the design of the temperature and
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pressure cycles. The choice of the excipients added to the formulation can impact the thermal
characteristics of the reagent and hence affect its ability to lyophilize. Therefore, depending
on the excipients and the characteristics of the product itself, the requirements for the cycles
could change substantially.

For this optimization, we based our excipient selection and cycle recipe in the established
processes at Biosystems, with the aim to facilitate a future recipe transfer and to ensure that
the use of industrial equipment was feasible. Part of this information, especially the diverse
lyophilization recipes tested, are confidential and will not be disclosed here.

6.2.2. Optimization of the lyophilization excipients.

Lyophilization was optimized initially for 10-um 6’SL-BSA-synthrocytes. Performance of the
optimized lyophilization protocol was confirmed later on by lyophilizing 10-um GYPA-
synthrocytes and a smaller version of the 6'SL-BSA-synthrocytes produced with 3-pum
particles.

For the first trials, we used in parallel equal volumes and concentrations of 4 types of
excipients that are frequently used in lyophilization processes, which included BSA, lactose,
saccharose, and trehalose. Because these experiments were done simultaneously to the
development of the final synthrocyte version, the particles used to test lyophilization were the
custom-dyed 10 um SA-BSA coated ones, and unless otherwise stated, the 6’-SL-BSA-
coated. Hence, 6.25 mg of 10-ym 6’-SL-BSA-synthrocytes were mixed with PBS
supplemented with 40 g/L of the corresponding excipient up to a final volume of 0.5 mL and
were lyophilized.

As can be seen in Figure 6.6, the dried sediment (named cake) obtained with each excipient
(using the same recipe and initial reagent volume) differed considerably. In all the cases, two
different layers could be observed. The bottom blue layer was common to all of them and
tended to locate in the edges of the vial. This layer was formed by the 10 um particles
themselves, which sedimented to the bottom of the vial during the long lyophilization process,
and thus separated from the liquid phase. The top layer was made mainly by the excipient and
was clearly diverse between them. For example, BSA formed a thick compact white cake that
could be detached from the vial walls. Saccharose and trehalose formed a small and irregular
white cake, which was not large enough to cover all the bottom of the vial. Lactose, on the
other side, formed a faint crystalline structure instead of the desirable cake. Changes on the
employed recipe did not improve the formation of the lactose cake.

140



| Results & Discussion

BSA Sucrose Trehalose Lactose

Figure 6.6 | Vials of 10-um 6’-SL-BSA-synthrocytes lyophilized with different excipients. (a) Side or (b)
bottom view of each vial. Two phases can be discerned, a white cake on the top (mainly excipient) and
a blue layer on the bottom (the patrticles).

Although only BSA produced a compact cake, all the vials were reconstituted with 2 mL of
PBS for 20 min in agitation and were homogenized by pipetting (final concentration of 7.2 g/L
of excipient). After that, the sedimentation pattern of the particles was assessed, using the
same number of beads per well considered optimal for the non-lyophilized 6’-SL-BSA-
synthrocytes (250 pg/well). All the synthrocytes sedimented, except the ones containing
lactose that were discarded (Figure 6.7a, right). The pellets obtained with the other excipients
were tighter and more visible than those observed for freshly produced particles. This was
especially evident for particles lyophilized with BSA, for which the halo-like pellet was
substituted by a button similar to the pattern displayed by avian erythrocytes.

In view of these results, SynA was performed using B/Phuket/3073/2013 (Yamagata lineage)
to evaluate its ability to agglutinate and alter the sedimentation of the different synthrocyte
preparations. As can be seen in Figure 6.7a, the synthrocytes were able to recognize the virus
even after lyophilization, albeit with less sensitivity than before the treatment. BSA was the
excipient that better preserved the particles, although it reduced the SynA titer 3-fold and
generated some non-specific sedimentation in some wells (e.g. at titer 16). Trehalose and
saccharose reduced the SynA titer at least 4-fold.

Because the pellets formed after lyophilization were more defined than in freshly prepared
synthrocytes, we decided to lower the amount of particles per well, which was expected to
increase the sensitivity of SynA, as previously observed in Figure 6.7b for fresh synthrocytes.
Diminishing the particles to 150 pg/well (a 40% reduction) improved the sensitivity of the
assay. For saccharose and trehalose we obtained a SynA titer 2-times higher than before, but
still one titer below that of fresh particles. On the other hand, the pellet produced in absence
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of virus was fainter and more similar to the halo observed for fresh synthrocytes in the negative
controls. For BSA-lyophilized synthrocytes the titer remained unchanged, but non-specific
sedimentation was not observed and the pellets formed in absence of the virus were still more
defined than those generated by synthrocytes lyophilized with the sugar excipients.
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Figure 6.7 | SynA performed with 6’-SL-BSA-synthrocytes either freshly made (top row) or lyophilized
using different excipients (40 g/L) in the absence (C-) or the presence of serial dilutions of influenza
B/Phuket/3073/2013. Lyophilized synthrocytes were resuspended using PBS to a final concentration of
250 pg/well (a) or 150 pg/well (b).

As has been seen before, carrying SynA in a complex medium, such as serum, affected the
sedimentation of the beads. This was the case for the lyophilized particles that, after
reconstitution, where resuspended in a medium supplemented with a high concentration of
the BSA or sugars used for the lyophilization. These molecules could shield the surface
charges of the synthrocytes, promoting their sedimentation through a “snowball effect”, where
rolling particles pushed each other down the well bottom and produced a tighter pellet. As
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shown in Figure 6.8, decreasing the BSA concentration used as lyophilization excipient
increased the sensitivity of the SynA assay. Nevertheless, at concentrations of 10 g/L the
pellet formed in the negative controls started to dim, likely due to a reduction of the “snowball
effect”. The agglutination titer obtained with 6’-SL-BSA-synthrocytes lyophilized with 15 g/L of
BSA was comparable to the titers obtained using saccharides instead, but with the negative
control pellets being more defined and reproducible. We decided to prioritize this
reproducibility and 15 g/L of BSA was selected as the optimal excipient for lyophilization. Once
particles were reconstituted, the final concentration of BSA in the synthrocytes “ready-to-use”
was 2.7 g/L.

B/Yamagata (Virus diluted 1 in)

4 8 16 32 64 128 256 512 C-

BSA (g/L)

Figure 6.8 | Impact of BSA concentration used as lyophilization excipient in synthrocyte SynA
performance. In all cases, 6.25 mg of 6’-SL-BSA-synthrocytes were lyophilized in 0.5 mL of PBS
supplemented with 10-40 g/L of BSA. Upon reconstitution with 2 mL of PBS, the final BSA concentration
was of 7.2, 3.6, 2.7 and 1.8 g/L, respectively. Synthrocyte concentration in SynA was 150 pg/well.

In order to confirm the robustness of the protocol defined for the lyophilization of the 10 um, it
was next employed to lyophilize a battery of synthrocytes. These were produced using
alternatively different receptors (GYPA, 6’-SL-BSA, or mixtures of both), which were
conjugated to particles of either 10 or 3 um of diameter. Lyophilization was carried using
always 15 g/L of BSA as an excipient at a fixed volume. All the synthrocytes were lyophilized
successfully and all of them recovered SynA performance upon reconstitution with PBS.
Figure 6.9a shows the results obtained for the 3-um 6'SL-BSA-synthrocytes. After
lyophilization, these smaller synthrocytes formed a cake very similar to that obtained for 10
pum particles, which also contained two distinguishable phases. The blue phase stayed more
distributed around the vial base compared to the 10 um particles. Once reconstituted, the color
of the solution was darker than with the bigger particles, a phenomenon that was consistent
with the more intense blue color of the particles before lyophilization. When 3 um synthrocytes
were tested in a SynA assay, they were more sensitive (SynA titer of 64 compared to 32 for
10 um synthrocytes). Furthermore, the amount of particles could also be reduced by 40% to
150 pg/well, increasing the SynA titer obtained to 128-256 depending on the production batch
(compared to 64 for 10 um beads), although the pellet became wider in the negative control
wells (Figure 6.9b).
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Figure 6.9 | Behavior of lyophilized 3 pm 6-SL’-BSA-synthrocytes before and after reconstitution. a)
From left to right, vial after lyophilization (side and bottom view) and subsequent resuspension. b) SynA
performed using B/Phuket/3073/2013 as a model for B/Yamagata, with two different amounts of
synthrocytes per well (250 and 150 pg/well).

These results confirmed that synthrocytes could be lyophilized and that after reconstitution
they retained the ability to bind influenza virus and be used in SynA assays. Nevertheless, the
SynA titers observed for lyophilized synthrocytes worsened between 1 and 3 titers compared
to freshly produced particles.

6.2.3. Optimization of synthrocyte dosification

One of the objectives of developing synthrocytes was to provide users a method as similar as
possible to classical HA using animal RBCs. Therefore, to carry SynA, 50 pL of resuspended
synthrocytes should be added to each well (which corresponded to 150 pg of solid
synthrocytes per well), to be mixed with 50 uL of virus-containing sample. In this way, around
5 mL of the ready-to-use synthrocytes were needed to carry SynA in a whole plate (plus some
reagent excess to ease the handling), which was equivalent to approximately 15 mg of
particles. To this point, all the lyophilization tests had been performed using 6.25 mg of
synthrocytes per vial in a volume of 0.5 mL, which entailed a 1:3 proportion between the
volumes of particles and excipient. It was thus decided to increase the amount of particles per
vial, in order to produce lyophilized units with enough synthrocytes for one full 96-well plate.

To achieve the required increment, we explored two different strategies: to increase the final
pre-lyophilization volume (from 0.5 mL to ~1.2 mL, keeping the concentration of particles
constant) or to increase just the ratio of particles to excipient volume (from 1:3 to 1:1,
maintaining the pre-lyophilization volume constant). These two different approaches could
impact the lyophilization process in a different way. Changing the lyophilization volume often
requires re-optimization of the recipe, usually expanding the time of the cycles. Modifying the
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ratio, on the other hand, could impact the ability to form a cake and the stability of the particles
afterwards.

Results showed that the best option was to increase the pre-lyophilization volume, which did
not impact the sensitivity of the SynA assay (Figure 6.10). Furthermore, this option opens the
door to increase in future the size of the vials further. This would be crucial to produce vials
large enough to contain enough synthrocytes to carry SynA in more than one plate, easing
distribution, storage, and waste management. Increasing the ratio, on the other side, affected
the sedimentation of the particles to the point where the negative controls were not well
defined. Moreover, the reproducibility between vials for this condition was not satisfactory.

B/Yamagata (Virus diluted 1 in)

Volume
Ratio (mL)
1:3 1.2
1:1 0.5

Figure 6.10 | SynA performed with 6’-SL-BSA-synthrocytes lyophilized through two different strategies
to increase the amount of particles in each vial (from 6.25 mg to 15 mg). In this experiment, volume
refers to the volume buffer (PBS supplemented with 15 g/L of BSA) pre-lyophilization. On top, particles
lyophilized doubling the volume of particles and lyophilization buffer, maintaining a particle:excipient v:v
ratio of 1:3. At the bottom, particles lyophilized by increasing the particle:excipient v:v ratio to 1:1 (i.e.,
doubling the amount of particles but keeping constant the volume of the BSA excipient).

6.2.4. Stress and stability studies of lyophilized synthrocytes

After determining the optimal concentration, ratio and recipe for synthrocyte lyophilization,
lyophilized vials were subjected to an accelerated stability test through thermal stress in order
to evaluate their stability. Accelerated aging is based in the fact that reactions occur faster at
higher temperatures. Accordingly, exposing a reagent for short periods of time to relatively
high temperature, at which it is still stable, allows simulating how the reagent will behave at
lower temperatures over a longer time.?*! These experiments allow to explore, for example,
the viability of a reagent during the transport process, compare alternative formulations and
packaging, and predict its shelf-life.

In order to do so, we maintained the lyophilized vials of 10 um 6’-SL-BSA-synthrocytes at
either 45°C (stressed) or 4°C (control) for 5 days. After this time, stressed and control
synthrocytes were reconstituted and used in a SynA test with B/Yamagata as a model virus.
Two concentrations of BSA were analyzed, 40 and 15 g/L. As can be seen in Figure 6.11a,
the thermal treatment did not significantly impact synthrocyte ability to recognize the virus and
agglutinate. Although the sedimented pellet became more irregular and broader for stressed
particles, it was still possible to differentiate clearly between positive and negative wells.
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Figure 6.11 | a) Effect of thermal stress in the performance of lyophilized 10 um 6’-SL-BSA-synthrocytes
in SynA. The different vials were prepared from the same stock of synthrocytes, lyophilized
simultaneously, and then stressed (45°C) or stored at 4°C for 5 days. b) SynA performed for
B/Phuket/3073/2013 and A/Kansas/14/2017 using 10 ym 6’-SL-BSA-synthrocytes lyophilized and
stored at 4°C for 9 months. It should be pointed out that the vials employed in this assay were remnants

of the ones prepared for Chapter 7, and therefore they had been transported without temperature
control multiple times, which could negatively impact the stability.

Lyophilized synthrocytes are intended to be stored at 4°C, like the rest of the WHO
Surveillance Kit Reagents. It is worth noting that aging for 5 days at 45°C is equivalent to aging
for 90 days at 4°C or 20 days at 24°C (calculated with a standard Q10 value of 2.0). Therefore,
we confirmed that lyophilized synthrocytes were stable for at least 3 months at 4°C after
lyophilization and could withstand relatively high temperatures, which suggests that they could
be transported at room temperature without special temperature conditions. A real-time
stability experiment was next performed by maintaining the lyophilized vials for 9 months of
storage at 4°C. Results showed that synthrocytes were able to recognize the virus for at least
this period, although the pellets in the negative controls were more similar to the stressed
ones, and even fainter (Figure 6.11b). Although these results seemed promising (increasing
the shelf-life at least 39-fold compared to RBCs), better pellet formation should be achieved
after synthrocyte lyophilization and reconstitution. Thus, future work should include testing
alternative methods of storage of the lyophilized vials (such as freezing) and assessing the
stability of the final versions of synthrocytes over time.
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The accelerating aging test (5 days at 45°C) was carried also for 3 ym 6’-SL-BSA-
synthrocytes. As can be seen in Figure 6.12a, the pellet formed in the absence of virus was
also wider and less tight in stressed than in control 3 ym 6’-SL-BSA-synthrocytes, but it was
clearly distinguishable from agglutinated wells. Unexpectedly, SynA sensitivity seemed to
improve after synthrocyte aging. This could be explained because, as seen previously for 10
pum synthrocytes, the pellet became fainter for particles exposed to the thermal stress.

Finally, because the product had to be reconstituted before being used in SynA or SynAl
assays, we also analyzed its stability once reconstituted with PBS (i.e., in solution). Moreover,
the final BSA concentration in the reconstituted buffer was higher than the one used in the
storage buffer used for freshly made particles (0.02% of BSA, equivalent to 0.2 g/L) and thus
we needed to assess the impact of this BSA excess in the storage of such reconstituted
synthrocytes. For this, the lyophilized 3 um 6’-SL-BSA-synthrocytes were reconstituted and
stored at 4°C to study their evolution for a month. As can be seen in Figure 6.12b, particles
were not stable after 2 weeks. They produced inconsistent patterns, which could be caused
by bacterial contamination. We repeated the same experiment after supplementing the
lyophilization buffer with NaNs, which did not affect the performance of fresh 3 pm
synthrocytes, nor affected the formation of a proper cake after lyophilization with BSA. Figure
6.12c shows how with NaNs, reconstituted synthrocytes were stable for at least 4 weeks
without losing much of their functionality.

Currently, the NIC laboratories employ fresh RBCs over a full week. Therefore, reconstituted
synthrocytes displayed stability 3 times longer. This suggested that producing larger vials of
lyophilized synthrocytes (for example vials containing enough synthrocytes to carry
SynA/SynAl in 5-10 microtiter plates), easier to distribute and store than many small vials, was
feasible. In this way, large vials could be reconstituted and stored at 4°C, to be used over time.
In addition, with their long stability in the lyophilized state, we demonstrated that synthrocytes
can improve the handling and preservation compared to using RBCs.

Having a reagent almost “ready-to-use”, which only requires adding a determined PBS volume
and mix, makes the handling much more comfortable for the final user compared to obtaining
the blood, separating the RBCs and doing the multiple washes to prepare them, a
cumbersome process that usually takes hours. Moreover, synthrocyte production can be
standardized, making sure that the amount of particles is consistent between batches. This
avoids the need for cell counting or hematocrit correction, reducing the time required to
prepare the reagents before performing the assay.
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Figure 6.12 | a) Accelerated aging on 3 uym 6’-SL-BSA-synthrocytes. Synthrocytes were lyophilized,
were submitted to thermal stress for 5 days at 45°C or stored at 4°C, and then used in SynA with
B/Phuket/3073/2013 virus. b) Stability of synthrocytes after reconstitution with PBS. c) Stability of
reconstituted synthrocytes that contained different amounts of NaNs in their lyophilization buffer,
besides 15 g/L of BSA.

6.2.5. SynAl using lyophilized synthrocytes

After having demonstrated that synthrocytes could be lyophilized for long-term storage and be
reconstituted for SynA, we tested if lyophilized synthrocytes could be used in SynAl, which is
carried in the presence of sera samples of variable and complex composition. Specifically, we
wanted to check if lyophilization contributed to counteract part of the non-specific interactions
observed for fresh RBCs and fresh synthrocytes, or multiplied them.

These experiments were carried with three types of lyophilized synthrocytes, 10 um 6’-SL-
BSA-synthocytes, 10 um GYPA-6’-SL-BSA-synthocytes (a version that displayed on surface
a mixture of GYPA and 6’-SL-BSA), and 3 um 6’-SL-BSA-synthocytes, in all cases using WHO
Reference materials in SynAl (i.e., inactivated virus antigen, negative control serum without
Ab against the virus tested, and positive control serum with Ab against the virus). As can be
seen in Figure 6.13, the two 10 pum versions generated well defined pellets in the presence of
serum without virus (labelled “+Serum No virus” in the figure). However, 10 um GYPA-6’-SL-
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BSA-synthocytes produced also pellets in the presence of virus in both negative and positive
sera down to 1:640 dilutions. This suggested that some serum components bound the
particles, inhibiting virus-driven agglutination. These interferences were reduced when using
10 um 6’-SL-BSA-synthocytes, which evidenced virus-driven agglutination in the presence of
negative serum diluted 1:160 or more, but sedimentation, and thus agglutination inhibition, in
the presence of Ab-containing positive serum diluted between 1:160 and 1:1280. This is
consistent with results in Chapters 4 showing that negative serums contained some Ab against
GYPA. Lyophilization did not seem to decrease this type of non-specific interferences, further
confirming the need to employ synthrocytes coated just with combinations of SA-BSA as the
bioreceptor.
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Figure 6.13 | Performance of lyophilized synthrocytes in SynAl. Dilutions of negative serum or
antiserum against B/Yamagata were incubated with B/Phuket/3073/2013 virus. Then, 150 pg
particles/well of 10 ym GYPA-6’-SL-BSA-synthocytes or 6-SL-BSA-synthocytes, lyophilized and
reconstituted in PBS, were added to the wells. Negative controls (well on the right) were carried by
incubating the synthrocytes with the corresponding serum and no virus.

As an additional confirmation, 3 um lyophilized synthrocytes coated with 6’-SL-BSA were
lyophilized, reconstituted, and tested in SynAl using WHO Reference materials. More
specifically, we used B/Yamagata and A(H3N2) viruses and their corresponding antiserums
(plus the negative serum). The same experiment was repeated in parallel using RBCs as a
reference. As can be seen in Figure 6.14, 3 ym lyophilized 6’-SL-BSA-synthrocytes exhibited
clear agglutination inhibition (thus sedimentation) in the presence of virus and its
corresponding antiserum (diluted between 1:20 and 1:1280), while they agglutinated in the
presence of virus and the negative control serum. This behavior resembled that observed for
fresh RBCs. Moreover, SynAl was more sensitive and was less prone to non-specific
interference than when using 10 um 6’-SL-BSA-synthrocytes. Nevertheless, the negative
controls obtained for 3 um lyophilized 6-’SL-BSA-synthrocytes in the presence of antiserum,
but without virus, still showed a certain degree of nonspecific agglutination, appreciable

149



Chapter 6 |

because the pellet was wider and more subtle than the ones observed in absence of serum
(Figure 6.9b). This phenomenon was also observed with the freshly produced particles
(without lyophilization; Chapter 5), but in fact it improved with the lyophilization and the effect
of the increased BSA content in the buffer after reconstitution.
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Figure 6.14 | SynAl performed with 3 ym 6’-SL-BSA-synthrocytes, B/Phuket/3073/2013 or A(H3N2)
A/Kansas/14/2017 virus, and their corresponding antiserums and negative control serum (150 pg beads
per well). Each SynAl is compared with its corresponding HAI performed in parallel using human RBCs.

In conclusion, lyophilized synthrocytes could be used to carry HAI-like SynAl assays, requiring
less particles per well than freshly made synthrocytes, which decreased the cost of the assay
and improved its sensitivity. Furthermore, 3 um synthrocytes were more sensitive than their
10-um counterpart and were also less sensitive to nonspecific interactions by serum sample
components.
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6.3. Production scale-up

In parallel to stability improvement, it was necessary to confirm the potential scalability of the
synthrocyte production process. Usually, taking a technology from the benchtop to the
commercial scale presents some significant challenges. It entails the adjustment of protocols
for larger scale fabrication, sometimes implying the reformulation of the product, changes in
the temperature or mixing, or even modification of the time required to perform the different
procedures. Moreover, technical aspects such as cleaning needs and waste management
should also be considered.

As previously stated, the procedure to produce synthrocytes entails different consecutive
steps: particle custom-dying, conjugation of the selected receptors, surface blocking, and
lyophilization. To begin with, we decided to scale-up the dying process. This was a simple but
very robust protocol that provided reproducible and stable custom-dyed particles that could
be easily quality-controlled. Moreover, although the chemical reactions for the dying and the
conjugation phases were different, their methodological procedure was similar, involving
incubation steps under end-to-end mixing using a rotator (Figure 6.15a) and centrifuge
washing. Thus, another advantage was the potential transferability of the materials and
procedures selected initially to scale up particle staining to the conjugation process later on.

End-to-end mixing through a horizontal axis (also called rotation) is technically feasible at the
level of laboratory production (1-2 mL, Figure 6.15a), but challenging when the process needs
to be escalated to liters because there are not many industrial “end-to-end lab rotators”
available. The know-how of Biosystem’s R&D Team was crucial in the selection of an
alternative type of mixing since, although our objective for this thesis was to escalate the
production from pL to mL, the final expected volume for the annual synthrocyte production
should reach 10-20 L in future.

Figure 6.15 | a) Labnet rotator employed in laboratory production. b) Spinner-flask system used for the
proof of concept of production scale-up. We chose the 50 mL system because it was the smallest
available and improved production volume up to 40-fold.
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Among the marketed technologies, we decided to use a glass spinner flask for agitation
(Figure 6.15b). These types of flasks are frequently employed for cultivating cells and are
available in a wide range of volumes, ranging from 50 mL to 15 L. They include a glass flask
with a wide upper mouth and two smaller lateral arms that can be opened and closed
independently. One feature of these flasks is the conservation of height-to-width aspect ratio
along the different sizes, which eases scalability. Usually, this system has an internal paddle
with an integrated magnet that is designed to provide an even rotation at different speeds
when placed on a standard magnetic agitator. The two sidearms facilitate the access via pipes
or pipettes without interrupting the mixing. Bell's work demonstrated that the initial speed
required to lift the particles could be different (and higher) than the speed required to maintain
them in suspension.?*? Therefore, the possibility of not stopping the process to introduce or
remove buffers could avoid unnecessary changes in stirring speed during the procedure that
could affect the process outcome. Moreover, the access through sidearms is of special
importance for the addition of hazardous buffers and reagents, such as THF for the dying and
glutaraldehyde for the conjugation, which must be manipulated inside a fume hood.

When used in cell culture, these flasks often stir at a controlled low speed preventing cell
shearing stress. Here, stirring had to be slow enough to prevent the breakage of particles, but
high enough to avoid their sedimentation while minimizing impact on their integrity. Therefore,
already custom-dyed 10 um patrticles (to facilitate their observation) were subject to different
speeds of agitation for 10 min, ranging from 25 to 150 rpm. Immediately after halting the stirrer,
particle sedimentation was visually assessed. The optimal speed was defined as the minimal
stirring speed for which the particles remained completely suspended in solution. As shown in
Figure 6.16, below 125 rpm particles sedimented, notably around the magnet spinner.
Therefore, 125 rpm was selected as the optimal agitation speed for 10 um particles.

‘r,.

25 rpm 100 rpm 125 rpm 150 rpm
‘T‘ -
Bottom ‘
pellet

Figure 6.16 | Sedimentation of 10 mL of custom-died 10 um patrticles in the spinner flask viewed from
the side (top row) and from below (bottom row) after 10 min of agitation at different stirring speeds.
Sedimented particles are clearly visible at the bottom for stirring speeds up to 100 rpm.

Once stirring speed was defined, the staining process was scaled-up. We started with 10 mL
of 10 um particles, which was a volume 20 times larger than the usual amount produced in
the laboratory. All the buffers were scaled accordingly. Briefly, the non-stained particles were
placed inside the spinner flask with 125 rpm agitation to ensure their complete suspension
before starting the dying process. Dye was prepared as usual (Section 3.5), and once
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completely dissolved, it was added through a tube placed at one of the sidearms on top of the
suspended particles. After 1 h of agitation, the flask was opened and patrticles were transferred
to a centrifuge tube, where they underwent the regular water washes.

Washed particles were subject to the usual quality control, including counting their number
and absorption spectra analysis. After further optimization of the handling along the process,
we achieved beads with a color intensity equal to the benchtop-stained ones. However, while
at the laboratory scale we recovered in average ~ 75% of the initial particles, with this process
recovery increased to 98%. As a result, carrying particle staining with larger volumes
contributed to decrease synthrocyte production cost, presumably by minimizing particle lost
by nonspecific adsorption to the material.

Next, we studied if a similar procedure could be employed for particle conjugation scale-up.
For this, 10 um custom-died particles were conjugated in parallel using the laboratory or the
scaled-up process. Fetuin was selected for these optimizations due to its availability and lower
cost compared to SA-BSA.

The conjugation procedure was similar to bead dying. Stirring was maintained at 125 rpm and
incubation times and reagent final concentrations (particles, glutaraldehyde, fetuin, blocking
BSA) were those optimized previously for the benchtop process, although total reagent volume
increased proportionally to the scale. In this case, 7.5 mL of particles were conjugated using
the scale-up process (a volume 30 times higher than the regular laboratory procedure). Since
the protocol included different incubations under stirring conditions, particles were transferred
after each one to a centrifuge-adapted vessel for washing and resuspension. The procedure
finished with particle characterization by counting and spectrophotometric study.

Once counted, the recovery for these particles was of around 92%, compared to the 85% in
the laboratory process. This increase was not as significant as during the dying process, which
could be explained by the particle loss during the multiple manual washing steps. Although a
recovery above 90% was considered acceptable from an economical point of view, automation
of the washing steps in future should ameliorate this numbers additionally.

B/Yamagata (Virus diluted 1 in)

16 32 64 128 256 512 1024 C-

Figure 6.17 | SynA performed with B/Phuket/3073/2013 with 10 pm fetuin-synthrocytes produced in
parallel using the scale-up process (top) or the classic benchtop protocol (bottom). All the solutions
(such as glutaraldehyde or blocking solutions) were common between these two conditions.
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Figure 6.17 shows how 10 um fetuin-synthrocytes produced with the scaled-up protocol
recognized the B/Yamagata virus with better sensitivity than when they were laboratory-
produced, but generating lighter pellets in the negative controls. This effect was partly
attributed to aggregation of the particles during conjugation, because these particles displayed
under the microscope more clusters of 2-3 particles than the benchtop particles. This could
explain the fainter pellet in the sedimented wells without virus but did not justify the difference
in 3-titers observed in SynA when compared with the benchtop-produced.

6.4. Conclusions

To sum up, synthrocytes lyophilized using BSA as the main excipient could be used in SynA
and SynAl assays, reducing the number of particles per well compared to fresh synthrocytes.
This decreased the cost of the assay and improved its sensitivity, especially in the case of 3
pm synthrocytes, that were also less sensitive to nonspecific interactions by serum sample
components than their 10-um counterpatrt.

These results showed that scale-up of the microparticle dyeing and conjugation processes
was also possible, although the removal of the manual washing steps should be the next
priority. It is worth noting that this proof-of-concept was performed with 10 um particles and
fetuin (instead of SA-BSA because of its lower cost), and therefore should still be transferred
and adapted to the 3 um SA-BSA-synthrocytes in future. We have already confirmed that
these smaller synthrocytes are more sensitive in SynA/SynAl assays and equally lyophilizable,
but produce less non-specific interactions than the 10 um in the presence of serum samples.
Based on the results at laboratory level, once the agitation speed is re-optimized, it should be
feasible to scale-up the fabrication process for this size of synthrocytes as well.
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Chapter 7. Validation in a National Influenza Center

National Influenza Centers (NICs) are an essential part of the GISRS network. Usually, NICs
collect virus specimens from patient samples and perform preliminary analysis of them. These
analyses include typing and subtyping by PCR, often followed by cell or egg culture of a
representative selection of these viruses. Some of the NICs also perform HA and HAI to titer
and/or to characterize antigenically the viruses isolated and grown, while others perform
neutralization assays, IF or genetic sequencing of the viral samples, or even neither of them.
After that, some of these viral isolates are shipped to WHO CCs for advanced antigenic and
genetic analysis.

A few of the NICs participate more closely in influenza vaccine monitoring, such as Valladolid's
NIC in Spain. In addition to culturing the virus samples and pre-analyzing them, they also
collect sera from vaccinated patients (both before vaccination and 14-21 days after
immunization) and test by HAI their immunological response against the viruses included in
that season’s vaccine. This center kindly provided us the opportunity to test our synthrocytes
and carry out a first field validation with them. Testing our reagent in a NIC boosted the
technology to achieve Technology Readiness Level 5 (TRL 5 — technology validated in
relevant environment),?*® an important milestone in the development of our synthrocytes.
Moreover, it provided invaluable information about their standard working procedures and
feedback from the final users on the handling and performance of the synthrocytes.

This chapter will describe the validation performed in their facilities, the feedback obtained by
end users, and the measures taken to improve synthrocyte performance in accordance to this
feedback. It is important to state that, when this validation was performed, the final version of
synthrocytes was still under development. This is, lyophilization of 3 um synthrocytes and
particle modification with combinations of different SA-BSA had not been optimized yet. For
this reason, we tested lyophilized 10 um 6’-SL-BSA-synthrocytes and GYPA-6’-SL-BSA-
synthrocytes, plus fresh 3 ym 6’-SL-BSA-synthrocytes. Hence, these are results of the
performance of a prototype version of synthrocytes, which were later improved based on this
feedback to obtain the updated version shown in this Thesis.

7.1. SynA with WHO reference antigens and egg-grown viruses

The first step to validate the synthrocytes was to evaluate if they recognized viruses that had
been directly isolated from patients and later grown in eggs. In order to assess that, we
performed in parallel a SynA assay using synthrocytes and U-bottomed wells and a HA assay
using chicken RBCs and V-bottomed wells. The protocol followed by Valladolid NIC members
for HA started with the addition of the virus directly to the first wells, instead of using a 2-fold
dilution with PBS as recommended.'’®> We adapted our protocol to fit theirs. All the
experiments using RBCs were performed by Valladolid NIC members, while SynA were
carried out by us.

Because the goal of this experiment was to test the maximum number of different viruses, we
used 10 um lyophilized GYPA-6-"SL-BSA-synthrocytes. As has been stated in Chapter 5
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(section 5.6.1), these synthrocytes were able to recognize A(H1N1), A(H3N2) and both
lineages of B influenza viruses. We studied the recognition of 3 series of viruses:

¢ 5 reference antigens of the WHO Surveillance Kit (2021 and 2020 B/Victoria) already
tested in our laboratory, in order to give us a picture of the reproducibility of the assay
between laboratories and confirm that synthrocytes were operational after
transportation;

e 3 WHO reference antigens from B lineages that were ether-extracted, in which virus
cleavage increases the hemagglutinin availability facilitating HA detection;

e and 5 viruses obtained from patients and grown in eggs by the Valladolid NIC
members, including one A(H1N1), two A(H3N2) and two B/Yamagata, to determine if
synthrocytes detected them.

Figure 7.1a. shows as an example the results obtained for the WHO reference Ag
B/Yamagata, while Figure 7.1b depicts the same Ag but ether-extracted. A detailed
comparison of the results obtained previously in our laboratory versus those generated in the
NIC validation using synthrocytes and chicken RBCs is shown in Figure 7.1c. For the classical
WHO antigens, sensitivity was considerably lower for synthrocytes compared to fresh chicken
RBCs, with differences in SynA titer that spanned between 1-2 titers for B/Victoria, to up to 3-
4 titers for A(H1N1) viruses. Part of these differences were attributed to the lyophilization,
which reduced slightly the titer obtained in the SynA (~ 1 titer). Comparison between these
results and performance of fresh synthrocytes processed at our laboratory previously
sustained this, confirming that synthrocytes worked as expected even after their transport to
the NIC (Figure 7.1c). On the other side, and as NIC responsible confirmed, RBCs worked
better than usual. The reference HA titer provided by the WHO for each of these viruses when
using chicken RBCs was 128, which contrasts with the 512 titer obtained for most of them.
This could be due to the use of a fresher RBCs preparation or to a higher dilution of the RBCs
than ordinary.
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a) Reference virus (WHO Kit) diluted 1 in
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A/Brisbane/02/2018 (H1IN1) 32 32 512
A/Kansas/14/2017 (H3N2) 32- 32- 128
B/Phuket/3073/2013 (Yamagata) 128- 64 512
B/Washington/02/2019 (Victoria) nd 32 256
B/Colorado/06/2017 (Victoria) nd 32 512

Figure 7.1 | Results obtained for some of the WHO reference antigens, which were evaluated in parallel
by HA with fresh chicken RBCs and by SynA with 10 um lyophilized GYPA-6’-SL-BSA-synthrocytes
during validation at the Valladolid NIC. Chicken RBCs were freshly obtained, washed and prepared,
and HA was performed and evaluated following NIC protocol by their members. SynA was performed
in parallel by us. a-b) HA and SynA for B/Phuket/3073/2013 (a) classical and (b) ether-extracted WHO
reference antigen. Blue marks signal the agglutination titer determined by NIC experts. ¢) Comparison
of agglutination titer obtained for the same antigens in our laboratory using fresh synthrocytes
(Laboratory), at the NIC using lyophilized synthrocytes (NIC) and with chicken RBCs. nd: not
determined.

None of the ether-extracted B-antigens were recognized by synthrocytes. In fact, their
sedimentation was faster than usual, which indicates that residues of ether present in these
antigens may interfere with synthrocytes performance, promote their sedimentation, and/or
inhibit virus-driven agglutination.
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On the other side, all five egg-grown viruses were recognized by synthrocytes, which formed
the expected agglutination pattern (Figure 7.2).
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) Virus (similar to) Expected SynA HA
A/Victoria/504/2005 (H1N1) 128 16 256
A/Texas/50/2012 (H3N2) 256 32 128
A/Texas/50/2012 (H3N2) 32 16 128
B/Massachusetts/2/2012 (Yamagata) 64 64- 64
B/Massachusetts/2/2012 (Yamagata) 64 32 8

Figure 7.2 | Summary of the results obtained for egg-grown antigens evaluated in parallel by HA using
fresh chicken RBCs and SynA using 10 um lyophilized GYPA-6-SL-BSA-synthrocytes during validation
at the Valladolid NIC. HA was performed and evaluated following NIC protocol by their members,
simultaneously with SynA performed by us. a-b) HA and SynA for A/Texas/50/2012 (a) and
B/Massachusetts/2/2012 (b) -like viruses. Blue marks signal the agglutination titer determined by NIC
experts. ¢) Summary and comparison of agglutination titer obtained for the same viruses using SynA
and HA compared to the expected titer determined retrospectively by NIC members (Expected).

For influenza A viruses, the SynA titer was also 3 to 5 times worse for synthrocytes than for
RBCs (for A(H3N2) and A(H1N1) respectively), a result similar to that obtained with the WHO
reference antigens. Nevertheless, the titers obtained by HA and SynA correlated well. For
instance, when two batches of the same H3N2 virus were compared, both RBC-based HA
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and synthrocyte-based SynA revealed a difference of one agglutination titer between them.
This confirmed that, albeit less sensitive, synthrocytes could also detect changes in the virus
concentration. Unexpectedly, synthrocytes displayed equal to higher sensitivity (of 1-2 titers)
for B influenza viruses than RBCs. B viruses have a limited host range and are usually
restricted to humans. Therefore, their growth in eggs and analysis with chicken RBCs are
usually more difficult compared to other influenza viruses.1"21%244 According to these results,
synthrocytes were a competitive candidate for the study of influenza B viruses, which could
avoid the need for ether-extracted antigens that are usually used for serologic diagnosis
because of their higher sensitivity.

Finally, we studied the reproducibility of SynA between users and gathered user’s feedback
on synthrocyte handling. In order to do so, SynA was performed for A(H3N2) and B/Yamagata
viruses by a NIC technician, who used automatic multichannel pipettes and reagent plastic
reservoirs as he used to do for RBC-based HA (Figure 7.3). He was given a flask of lyophilized
synthrocytes, information of the volume of PBS needed for reconstitution and volume of
reconstituted synthrocytes needed per well, and advice to shake reconstituted synthrocytes
regularly to prevent their sedimentation. Due to their higher availability and lower cost, the
lyophilized 6’-SL-BSA-synthrocytes were used here instead of the GYPA-6’SL-BSA ones.

Virus diluted 1 in

1 2 4 8 16 32 64 128 256 512 1024 2048

B/Yamagata

Figure 7.3 | SynA performed by NIC members for two different viruses using lyophilized 6’-SL-BSA-
synthrocytes and automatic multichannel pipettes, without further training. Blue marks signal the SynA
titer determined by NIC experts.

Results were very similar to the ones previously obtained in our laboratory, confirming that
synthrocyte handling could be achieved by personnel familiar with HA/HAI without further
training and using their own equipment. Nevertheless, users reported that synthrocytes
sedimented too fast compared to RBCs. Although this made it possible to obtain the results
faster, it also hindered handling when high volumes of synthrocytes had to be used. Usually,
for performing multiple HA/HAI assays, RBCs are placed in a reservoir designed for
multichannel pipettes and then distributed into the plate wells. Because their sedimentation
takes between 30 min and 1 h, it is not necessary to agitate or mix them during the procedure.
10 um synthrocytes in the reservoir sedimented faster, which could produce differences in the
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number of particles dispensed in each well if not correctly resuspended, potentially producing
false results. While feasible, the handling was more uncomfortable because it required faster
dispensation or more mixing during the process.

In short, these experiments show that synthrocytes could recognize the four main types and
lineages of influenza viruses, which is essential for influenza surveillance. Moreover, they
could recognize patient sample viruses isolated and grown in eggs, as is regularly performed
at NICs. In addition, synthrocytes proved to be reproducible when handled by different
personnel and similar enough in their handling to RBCs not to require further training. Despite
this, improving the sensitivity of the particles and decreasing their sedimentation speed would
be key to compete satisfactorily with chicken RBCs.

7.2. SynAl for vaccine response evaluation

Once the usability of synthrocytes for SynA was demonstrated, we analyzed their performance
in HAI-like SynAl assays. As previously stated, Valladolid NIC is one of the centers that also
cooperates in evaluating vaccine response, participating in the iMOVE network (Influenza -
Monitoring Vaccine Effectiveness in Europe). This means that they also use HAI assays to
evaluate the serums of vaccinated people to assess the level of Ab against the vaccine strains,
and not only to subtype the viruses isolated from patient samples.

As a suggestion from Valladolid NIC members, we tested 15 serums from vaccinated people
plus two reference antiserums from the WHO Surveillance Kit. For this application we used
fresh 3 um 6’-SL-BSA-synthrocytes, for which lyophilization had not been optimized yet,
instead of 10 um GYPA-6’-SL-BSA-synthrocytes. The reason was that the last experiments
performed before the validation on-site revealed that particles containing GYPA produced
more interferences in SynAl, despite improving detection and allowing the recognition of the
4 types of reference influenza viruses. In addition, 3 um particles exhibited better surface
blocking than the 10 um, contributing to decrease nonspecific interferences caused by serum
samples. Therefore, for these SynAl experiments we used 6'SL-BSA coated particles instead
of the mixed ones, even though the virus recognition was limited to A(H3N2) and B viruses.
Consequently, HAI/SynAl assays were performed only with WHO reference A(H3N2) and
B/Yamagata viruses.

Figure 7.4 shows the HA and SynA done before the HAI/SynAl to establish the agglutination
titer for both viruses. As expected, 3 um 6’-SL-BSA-synthrocytes were more sensitive than 10
pum, but still displayed agglutination titers 1-2 lower than chicken RBCs.

Once the corresponding titer was defined, viruses were diluted to 4 HAU-SynAU/25 L (twice
the amount usually used in our group) and HAI/SynAl were performed in parallel. For this, all
the serums were previously treated with RDE and adsorbed using RBCs as the protocol
recommends. Dilution series were next prepared for each serum, were dispensed in the wells
of a microtiter plate (V-bottomed for RBCs and U-bottomed for synthrocytes) and were
incubated for 30 min with 4 HAU/SynAU of the virus (either A(H3N2) or B/Yamagata). RBCs
or synthrocytes were finally added and sedimentation was allowed to proceed (for 60 min in
the case of RBCs; for 20 min in the case of synthrocytes). The inhibition titer for the RBCs
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was determined by NIC members, while for the synthrocytes it was determined jointly.
Samples inducing agglutination inhibition, and thus RBC/synthrocyte sedimentation, had Ab
against the virus tested. The comparison of sample inhibition titer before and after vaccination
allowed determining if that individual had produced Ab against each virus.

Virus diluted 1 in

128 1024 2048

A(H3N2)

B/Yamagata

Figure 7.4 | Comparison between HA and SynA using 3 pm 6’-SL-BSA-synthrocytes. This experiment
was performed prior to HAI/SynAl in order to establish each virus agglutination titer.

Figure 7.5a,b shows an example of the results obtained for some of the serums evaluated by
HAI and SynAl ((a) for H3N2 and (b) for B/Yamagata virus), and Figure 7.5¢c summarizes all
the results obtained. For WHO reference antiserums, the inhibition titer was higher in the
presence of their corresponding virus, as expected, but they showed some crossed reaction
(in both RBCs and synthrocytes) with the other virus tested as well. For instance, the cross-
reaction of anti-B/Yamagata serum for A(H3N2) virus reached in HAI an inhibition titer of 40,
while the cross-reaction of anti-A(H3N2) serum for B/Yamagata virus reached even 80.
According to the WHO standards,*!® these results were slightly worse than recommended. In
synthrocytes this effect was also present and even increased because synthrocytes were less
sensitive. Albeit cross-reaction of anti-B/Yamagata serum for A(H3N2) virus produced also a
SynAl titer of 40 (as for HAI), this was only 1 titer below that produced by the corresponding
anti-A(H3N2) antiserum for A(H3N2) virus (a SynAl titer of 80, compared to a HAI titer 320).
In contrast, the SynAl titer of anti-A(H3N2) serum for B/Yamagata virus shifted to 160 in SynAll,
compared to 80 in HAL.

The study of the serums obtained from patients was in general also less sensitive by SynAl
than by HAI. This was especially critical for A(H3N2) virus, for which the inhibitions generally
produced a SynAl titer 2-3-fold lower than for RBCs. Moreover, titer reduction was not always
constant, and samples with lower SynAl titers did not always correlate with low HAI titers
(Figure 7.5c). For example, sample 3 (which had a relatively low SynAl titer) had a difference
of one titer when assessed by SynAl and by HAI (40 and 80, respectively), while sample 1
had a difference of three titers (increasing from 20 with synthrocytes to 160 with RBCs).

The SynAl results correlated better with those obtained in HAI in the case of B/Yamagata.
This could be explained because of the high concentration of B/Yamagata-binding Ab present
in almost all the tested samples (Figure 7.5d). Further dilutions of the serum samples
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Figure 7.5 | Study of serum samples from patients by HAI and SynAl. a-b) HAI and SynAl results for
the two reference antiserums tested plus 4 serum samples from vaccinated donors as examples, using
A/Kansas/14/2017 (a) or B/Phuket/3073/2013 virus (b). Blue marks signal the titer determined by NIC
experts. Negative controls refer to the corresponding serum diluted (1/10) without the presence of virus.
c-d) Summary of all the serum samples analyzed for A/Kansas/14/2017 (c) or B/Phuket/3073/2013 (d)
viruses. Red bars correspond to HAI titers, while blue lines correspond to SynAl titers for each sample.
All the donor samples were sorted based on the HAI titer and exhibited from lower to higher titers,
arranged for each virus independently. This explains the differences in the placement of each donor
between c¢ and d figures. Samples without blue bars correspond to the ones with non-specific
agglutination that ruled out SynAl titer determination.
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would be required in order to establish differences between SynAl and HAI. Despite this, one
of the two samples that showed a lower titer in HAI, sample 3, presented a similar titer in SynAl
(320 in both cases); the other one, sample 5, could not be analyzed by SynAl due to
agglutination interferences.

It is important to note that some serums (such as sample 1 in Figure 7.5a,b) interfered in
synthrocyte sedimentation, which made impossible to determine an accurate SynAl titer.
Among them, samples 5 and 7 (13% of the samples) prevented synthrocyte sedimentation in
all the SynAl assays carried, and samples 1, 11 and 13 displayed interference only in SynAl
carried for A(H3N2) (for which 33% of the samples failed). These serums showed a fainter or
non-existent halo in the negative control (left column in the Figures 7.5a and b, which are wells
with the corresponding antiserum but without virus). Because synthrocytes displayed an
agglutination pattern in the presence of these serums, inhibition of virus-driven agglutination
was masked and was barely distinguishable even at high serum concentrations (when more
Ab are present).

Despite this interference, inhibition was produced. For example, in Figure 7.5b, while sample
1 produced synthrocyte agglutination patterns at high serum concentrations (1:10 to 1:20),
synthrocytes sedimented for more diluted serum, contrary to what was expected. This
indicated that B/Yamagata-binding Ab were present in this sample and that inhibition of the
agglutination occurred along all the row. However, it was not appreciable in the first wells
because some serum interferent produced non-specific synthrocyte agglutination and masked
the inhibition. The effect of this interferent was compensated when diluting the serum, allowing
the particles to show sedimentation again when inhibition occurred.

To sum up, this experiment showed that synthrocytes still displayed interferences in the
presence of some human sera that impacted negatively in SynAl performance. Although these
interferences were less relevant in WHO reference antiserums, they had a huge impact in the
study of human serums. These interferences were attributed to the fact that, compared to
RBCs, synthrocytes displayed a simpler and more homogeneous surface coating. Hence,
either synthrocytes required additional surface blocking and/or engineering reoptimization to
prevent non-specific binding, or the standard serum pre-adsorption using RBCs removed
synthrocyte-binding interferents inefficiently and should be substituted by pre-adsorption using
synthrocytes instead. Therefore, more development was needed before being able to use
synthrocytes in SynAl assays for vaccine response evaluation.

7.3. General feedback for synthrocytes

After carrying out the different assays in Valladolid and evaluating their results, feedback from
the final users was requested to survey synthrocytes usability and improve their performance.

In their opinion, the main strength of synthrocytes was their almost ready-to-use format,
obtained thanks to the lyophilization. Reconstitution only took ~30 min with light mixing to
ensure the complete rehydration of the particles, compared to the handling required to obtain
animal RBCs, including displacement to extract blood from caged animals, refrigerated and
biosecurity transport to the NIC facilities, and the subsequent washes to isolate RBCs, which
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could take half-day. Synthrocytes were even easier to use than commercially purchased
RBCs, which also require having the number of cells standardized. In order to do so, RBCs
had to be counted and/or have their hematocrit analyzed and normalized before performing
any HA/HAI. Synthrocytes, on the other hand, were standardized before lyophilization and
thus did not require any extra step besides adding 5 mL of PBS per vial.

Synthrocytes also had increased stability compared to RBCs, both in the lyophilized state,
when the particles could potentially be stored for more than 9 months at 4°C, or once
resuspended, when they remained stable for around a month, 4-times more than RBCs.
Moreover, being able to guarantee the stability of synthrocytes for at least a couple of weeks
could decrease the number of SynA required to perform SynAl. For example, users could
carry out a single SynA per vial just after synthrocyte reconstitution and then perform only
small back-titrations to confirm the correct virus dilution prior to the successive SynAl, instead
of performing a full HA daily prior to each HAI as now. This could be especially useful if large
synthrocyte vials were available, which could reduce the waste of virus and synthrocytes.

Other interesting aspects were result reproducibility between users and the fact that
SynA/SynAl handling and pattern readout were very similar to those of classical HA/HAI, which
spared further training for the technicians. Synthrocytes could be even used with automatic
multichannel pipettes, which eased the dispensation in the wells. Furthermore, time of the
assay was decreased from 30-60 min to 20 min for 3 um synthrocytes (or 10 min for 10 pm
synthrocytes).

Although the feedback was in general positive, some concerns aroused about the sensitivity
of synthrocytes. With 10 um beads, the recognition was 3 to 4 titers lower than with RBCs, a
difference too high to be acceptable. As a reference, WHO criteria allow a maximum difference
of 1 titer between different assays and users performed with the same conditions.'® Sensitivity
of 3 um particles, in contrast, was within this range for some of the viruses, such as for
B/Yamagata. Another issue was the speed of sedimentation, which provided fast results, but
also hampered the handling of the particles due to their fast sedimentation in the reservoir
during pipetting. NIC members agreed that having to mix synthrocytes continuously to prevent
their sedimentation was “stressful” and produce user discomfort. Moreover, fast synthrocyte
sedimentation could create concentration gradients in the reservoirs, increasing result
variability between wells. This could be crucial for eventual SynA/SynAl automation.

Lastly, interferences were detected when SynAl was performed using human serums from
vaccinated donors. In HAIl assays, serums must be treated systematically to avoid
interferences. On one side, RDE is used to eliminate non-specific agglutination inhibitors. All
the WHO reference antiserums employed in SynAl along this Thesis were treated with RDE
as a part of the standard protocol (Chapter 3.9.2.1). However, the main interference detected
in these SynAl was non-specific agglutination. In HAI, serums are also pre-adsorbed with
RBCs (in a ratio 1:20 v:v) to remove non-specific agglutinins, a pre-treatment that seemed not
efficient enough to remove synthrocyte-binding interferents.

Donor serums tested at the NIC were also pre-adsorbed with RBCs following the WHO
protocol. Results obtained during this validation confirmed that our synthrocytes also required
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pre-treatment of the serums, and doing it with RBCs was not enough. Usually, these RBCs
capture non-specific agglutinins present in the serum that could interact with RBCs during HAI
assay. Synthrocytes exhibit different molecules on surface compared to erythrocytes, and
therefore serums presumably needed to be pre-adsorbed using synthrocytes instead of RBCs
to remove all the non-specific agglutinins.

As shown in Chapter 5 and 6, when synthrocytes were employed in SynAl using WHO
reference antiserums (which are produced in goat or sheep), interferences were also present,
albeit lighter. None of these reference antiserums were previously pre-adsorbed. As a result
of this validation, we identified the need to include this step in our protocols, which highlights
the need for cheaper synthrocytes production costs to be able to use them in pre-adsorption.

7.4. Synthrocyte upgrading

Some of the improvements that resulted from the feedback provided by Valladolid NIC
members have been already disclosed during this Thesis, especially in Chapter 5. This mostly
included the substitution of 10 um beads by 3 um particles. As was proved on-site and in our
laboratory, this replacement increased the sensitivity of synthrocytes to almost the range
required for satisfactory SynA. In addition, the time required for sedimentation of 3 um beads
doubled that of 10 um particles (~20-25 min vs 10 min), which improved user handling
following NIC recommendations but without compromising the total incubation time of the
assay (20-25 min).

It is worth highlighting that the protocol used for HAI in Valladolid NIC differed from the one
we used at Vall d’'Hebron, and both were slightly different to the one described in the WHO
Manual for the laboratory diagnosis and virological surveillance of influenza.'*®> Moreover, in
parallel they were testing a new protocol provided by FLUCOP. This brings forward the need
for a standardization of the HA and HAI protocols, an objective that could be achieved by
substituting the RBCs by a synthetic reagent coupled with specific instructions for its use.

The requirement for a combination of receptors to recognize all the 4 main subtypes and
lineages of influenza viruses became evident during this validation. The development of
synthrocytes moved forward to approach a fully synthetic RBC-mimetic reagent, by
substituting sialylated native proteins such as GYPA by a battery of SA-BSA receptors. As it
has been shown in Chapter 5, this contributed to reduce nonspecific interferences, facilitate
surface tuning, and reduce the production cost.

Finally, we confirmed the need for serum pre-adsorption to remove non-specific agglutinins,
especially important for human serum pre-treatment. Different methods for pre-adsorption
were assessed in our group to try to mimic the removal of nonspecific agglutinins with RBCs.
The method selected due to its performance and similar procedure to RBCs was pre-
adsorbing the serums with a large volume of colorless SA-BSA-synthrocytes (Figure 7.6).
Patrticles for pre-adsorption did not require color because they were removed by centrifugation
(imitating RBCs procedure), thus the cost of dying could be reduced.

The synthrocyte:serum proportion used for this preabsorption was slightly higher than that
required for RBCs, probably because the number of receptors in the surface was insufficient
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to correctly treat the high volumes of serums. Increasing the number of receptors in the surface
(if the cost of SA-BSA could be reduced) or reducing the size of the particles to allow for more
receptors would improve the pre-treatment of the serums.

Synthrocyte:Serum Ratio for pre-adsortion

1:28 No treated

Figure 7.6 | Sedimentation of synthrocytes in serum, either untreated or pre-treated with different
conditions. Serum without pre-treatment (right) produce non-specific agglutination of synthrocytes. To
remove these agglutinants, serum was pre-treated with different amounts of synthrocytes and then
centrifuged to eliminate those synthrocytes. These serums were then dispensed in the wells of a plate
and synthrocytes were added and allowed to settle down. Only pre-treatment with synthrocyte:serum
ratios of 1:2 depleted efficiently the nonspecific agglutinant from the serum. For higher ratios (thus lower
amount of depleting synthrocytes), the sediments obtained were fainter and broader, and even
disappeared.

7.5. Conclusions

In conclusion, synthrocytes were able to improve user experience and reproducibility of the
assay compared to RBCs and obtained the positive feedback from Valladolid’ NIC members.
These experiments showed that synthrocytes were able to bind egg-grown viruses isolated
from patients, even with the preliminary 6’-SL-GYPA version tested here. Based on results
from Chapter 5, it is expected that the subsequent versions of synthrocytes will recognize at
least the same combination of viruses, probably with better sensitivity.

Nevertheless, synthrocytes still displayed interferences in the presence of some human sera,
which made them of limited usefulness in SynAl assays for vaccine response evaluation. Part
of these interferences were attributed to the simpler surface coating of synthrocytes compared
to RBCs, and to the lack of pre-adsorption of the serums using synthrocytes. Firsts steps to
reoptimize serum adsorption are already under development.
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Chapter 8. Assay automatization

HA and HAI are worldwide extended methods, which are used for a broad range of
applications and not just influenza surveillance. For example, HA is used routinely as a
screening assay in blood banks to detect Ab against blood group antigens before blood
transfusions, and to titer such Ab as well.?*> HA is also a method to monitor virus growth in
vitro for the manufacturing of vaccines and viral antigens. Moreover, due to its wide range of
applications, HA and HAI possess the flexibility to be used from single sample testing to scale-
up analysis using automated platforms in clinical laboratories.

As discussed before in this Thesis dissertation, one of the main limitations of HA/HAI assays
is the high variability of the results produced. Some of this variability can be attributed to the
compulsory use of RBCs, but subjective outcome interpretation also plays a role in it. Many
factors contribute to this variability, including human bias, cognitive impaired performance
after the repetitive task, operator level of expertise, or differences in training between
laboratories. Moreover, the procedure for titer determination can also differ, with some
laboratories relaying in just one expert judgment, while others gather multiple interpretations
for every plate and establish a consensus result.

In an attempt to solve these problems, various solutions have been proposed. One of them
was the development of robotic equipment to remove the subjectivity from the result readout,
as proposed by Warren’s group.?*® These instruments improve the reproducibility of the assay
interpretation thanks to the automatic recording and analysis of the HA wells. Moreover, they
provide traceability of the data thanks to its digitalization. Nevertheless, when using this
equipment to interpret the results, some HA steps still have to be carried out manually. This
type of equipment does not provide a quantitative readout either. Instead, serial sample
dilutions have to be tested to estimate the minimal agglutinating dilution, which consumes time
and resources.

Another approach to solve the subjectivity of the reads consisted in employing devices that
facilitate the quantification of the agglutination. Some of these devices were based on
microfluidics, which allowed carrying faster assays in lower sample and reagents volumes. In
general, microfluidic devices designed to work with HA (mainly for blood typing) entail accurate
micropumps and flow control.245:247248 Capillary-driven systems are an alternative to powered
pump-based microfluidics, enabling fast and accurate flow control with a low production cost
and no energy consumption.?*® Within this group, laminated designs, based on stacking
multiple layers of pre-cut paper or polyester films to form microchannels,?%2% are increasing
their relevance. This strategy allows the use of non-porous materials, such as polyester films,
which can improve particle and sample transport with minimal nonspecific adsorption, an
essential feature for agglutination assays.

In this chapter, we will explore two different schemes for the quantification and automation of
SynA. For the first approach, SynA assays were read using a spectrophotometer able to scan
the well surface and produce a color matrix with the absorbance of the different well areas.
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This was useful to imitate the process of the automated equipment used in some WHO CCs
laboratories.

For the second strategy, we designed a semi-automatic low-cost device that delivered a
guantitative result for SynA after image analysis. Then, we produced calibration curves and
demonstrated that the amount of influenza A(H1N1) virus in spiked culture medium samples
could be successfully quantified. This device was developed thanks to the contribution of Dr.
Henry’s group, from Colorado State University (USA), during a 5-month internship carried out
during this Thesis.

8.1. Spectrophotometric scan readings of SynA

The use of the HA and HAI techniques is not uniform among the GISRS laboratories. WHO-
CCs conduct the majority of these assays because they centralize the reception of the
samples collected in their regions and carry most of their antigenic characterization. To
facilitate the analysis of these hundreds of plates, the biggest GISRS centers usually employ
one of the few automatic equipment available to perform HA/HAI and/or to interpret the results.

For example, SciRobatics, in collaboration with Tecan, developed an instrument that enabled
partial automation of the liquid handling steps in HAI.?52 To carry the assay with this platform,
the user has to check and dilute manually the viruses and RBCs and prepare the serial
dilutions of the antisera prior to their loading in the workstation. Then, the instrument carries
out the dispensation, incubation and even the tilting of the HAI assay plates when necessary
(i.e., when using avian RBCs in V-plates). Finally, it photographs the plates and analyzes
images for each individual well using an algorithm to recognize changes in shape and size in
the settling patterns. This intelligent software is trained on user plates, for example using the
results obtained from virus controls for each assay.?®? Other devices, such as the InDevR'’s
Cypher One Automated Hemagglutination Analyzer, are unable to tilt the plates or perform
reagent dispensation, but can image and analyze the plate using an algorithm designed
specifically to avoid this tilting.2>3

The use of this type of equipment increases the number of plates that can be processed in a
day, improving the consistency of well interpretation and, in some cases, offering some
handling standardization. Furthermore, they facilitate data analysis and provide a traceable
record for each plate through automated digital record keeping.2°324

In this project, after the first on-field synthrocyte validation at Valladolid NIC, we decided to
test the performance of our synthrocytes in instruments of this type based in the suggestion
of the NIC collaborators. However, only a few GISRS laboratories currently use these
automated analyzers due to their high acquisition cost, and none of them could be contacted
to perform these tests during this Thesis. We thus explored readily available alternatives for
HA/HAI objective interpretation.

For this, we employed a microplate reader with an area scanning function (FLUOstar Omega,
BMG Labtech). This approach was also used by Zhao et al to perform galectin-3-induced HAI
using chicken RBCs, reporting objective and robust data interpretation of the HAI assays.?*®
In our case, the instrument measures individual absorbance unit (AU) values in multiple points
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of each well (60 points, from a 9x9 matrix), displays each scanned point (or groups of them)
graphically, and creates a color map for each well. Although not the same, this approach also
uses characteristics employed by the automatic analyzer algorithm (mostly size, density and
shape of the sedimented pattern) to interpret each well.

To evaluate the usefulness of this instrument, a SynA was performed using 6’-SL/3’-SL/3’-
SLN-Synthrocytes (3 um custom-dyed particles) and a reference virus (B/Yamagata) in a U-
bottomed plate (Figure 8.1a). Then, the plate was analyzed using the matrix scan function of
the microplate reader. The wavelength used for these measurements was the same employed
for the quality control of the custom-dyed particles (604 nm). The AU values obtained for each
point were finally represented in either a 2D (Figure 8.1b-c) or a 3D gradient color scheme
(Figure 8.1d).

Synthrocytes, as well as RBCs, are not evenly distributed across the whole well when
sedimented. Therefore, determining the number and distribution of the points useful for the
analysis was necessary. The instrument software allowed scanning from 60 points that
comprised an area of 6 mm of diameter (@) in the well, down to a minimum of 2 mm g (12
points), which corresponded to the center of the well (Figure 8.1c). Figure 8.1e summarizes
the average signals registered for each well after blank subtraction (this is, after subtracting
the signals registered in just PBS, without synthrocytes, under similar measurement
conditions). As can be seen, the diameter and thus area scanned significantly impacted the
average AU values obtained for each well. The highest differences between agglutinated and
non-agglutinated synthrocytes were obtained when the analysis took into account only the
central area (2 to 3 mm g, or 12 to 16 points respectively). When analyzing a 4 to 5 mm g well
area, differences could still be observed, but they were reduced because the average included
points outside the sedimented pattern.

In the 6 mm @ area, signals were remarkably lower for both agglutinated and sedimented
wells. This could be explained because the analysis included points in the perimeter of the
wells, which were U-bottomed and thus displayed different solution deepness across the well
bottom. As it can be easily seen in Figure 8.1f, which shows the distribution and the average
of the signals registered in a blank well (containing just PBS without synthrocytes) for each
diameter analyzed. When using the 6 mm g area, the blank value increased 10-fold, a raise
that was not constant in all the wells, which affected background subtraction. On the other
hand, the well periphery displayed no synthrocytes in SynA well, which also contributed to
decrease the average signals registered for 6 mm g areas. Altogether, this made it impossible
to quantify the agglutination or define an agglutination titer.

173



Chapter 8 |

Virus B/Phuket/3073/2013 (Yamagata) titer

C- 2 4 8 16 32 64 128 256 512 1024 2048

e) o mm f)
®2 3 4 o5 @6
161 S : A Blank ¢ (mm) | AU
®

T 121 o ® oo 6 ' 0.694
< $ § 8 5 3 ’
o
e 087 5 . 0.092
2 ® ° o o o o ,

0,4 - e e

. i} o
0

1 2 4 8 16 32 64 128 256 512 10242048 C-
B/Yamagata Titer

Figure 8.1 | SynA performed using 250 ug of synthrocytes/well and B/Phuket/3073/2013 as a reference
virus. a) Image of the SynA pattern directly observed compared to the scan obtained by
spectrophotometry for each well and an analyzed well g area of either 5 mm (b) or 2 mm (c) to obtain
the average absorbance for each well (values shown below in AU for 2 mm). d) 3D chart representation
of the absorbance obtained for a sedimented well (negative control without virus) and an agglutinated
well (2-fold virus dilution). e) Plot of the signals obtained for each well of the SynA and different well g
areas. The dashed line represents the agglutination titer determined visually (256). The filled line
separates the negative control (synthrocytes without virus). f) Graphic representation of a scanned
blank well (just PBS without synthrocytes) when the software analyses different well g areas, with the
average AU value obtained depending on the area analyzed.
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The comparison between the image taken by the camera (Figure 8.1a) and the representation
of the scanned values for each well revealed that 5 mm g signals provided a full view of the
usable scanned surface (Figure 8.1b). However, as previously discussed, a 2 mm g was more
useful to calculate the average values for each well (Figure 8.1c,e). Results show that the
differences between agglutinated and non-agglutinated wells were registered correctly by the
instrument and the circular synthrocyte sediments were noticeable even when the 2 mm g
was used to calculate the average absorbance values. Under these conditions, and even if all
the wells produced significant signals due to the blue color of the synthrocytes, the average
signal registered increased around 44% in the sedimented wells compared to the agglutinated
ones. On the other hand, the virus agglutination titer obtained by visual interpretation (256)
correlated with the one obtained using the automated plate reader. Moreover, similar to the
naked eye assessment, we could observe that the sediment appeared gradually for
decreasing virus concentrations, generating increasing average signals.

One of the problems when using the scan function was that the equipment bulb was in a fixed
position and the plate was moved step-by-step to obtain the images of the different wells one-
by-one. This resulted in agitation of the wells’ content. Although the patterns produced by 3
Mm synthrocytes were stable when resting on a surface, we did not know how the agitation
would impact them, which was crucial to read a full plate. If the agglutination was not stable
enough, particles would sediment and patterns would disappear before the final well was
reached, producing false results depending on the well position in the plate.

When the plate of Figure 8.1 was read a second time, the agglutinated patterns were slightly
affected, producing faint and wide halos in wells that did not display synthrocyte sedimentation
in the first reading (Figure 8.2a and b). The truly sedimented wells also produced a tighter
pellet at the bottom. This made more difficult to determine the agglutination titer with the naked
eye. However, because the quantification in the second reading was also performed in the
central area of each well, the average signal obtained was not affected. Figure 8.2c shows a
comparison between the first and the second signals read, which were almost equal in the
agglutinated wells. The sedimented wells were still detected, and the difference in signal
between sedimented and agglutinated particles even increased up to 71%.
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Figure 8.2 | a) Second scanning with a 5 mm g of the SynA shown in Figure 8.1, after a previous full
reading of the plate that produced agitation. Average absorbance values for each well were obtained
using the 2 mm g area previously defined and are shown under the wells scan. b) Image of an
agglutinated and a sedimented well, fresh (before the first reading on the instrument) and after the
second reading. ¢) Comparison of the signals obtained for each well in the first and the second read.

It is worth to note that when using 10 um particles, the agitation produced by the automatic
plate movement to take the images forced the sedimentation in all the wells, making them
unsuitable for use in these types of automated settings. Nonetheless, the results obtained with
3 um synthrocytes suggest that these patterns are stable enough to be read by automatic
readers such as the ones used in the WHO CCs. Moreover, this feature could be useful in
other applications that require a quantitative outcome, because agglutination patterns
produced absorbances that increased proportionally to the concentration of the agglutinating
agent. This should allow quantification of blind samples by interpolation in a calibration plot
after the analysis of a single or few sample dilutions, compared to classical HA that requires
the analysis of a whole dilution series.

8.2. Capillary-flow device for SynA quantification and objective reading

Even if RBCs could be substituted by synthrocytes in classical HA-like SynA assays, the
method still entailed some drawbacks. Both HA and SynA depended on subjective outcome
interpretation, which could cause some variability in the results reported by different users.
Although introducing automatic readout instruments and software to analyze the plates would
decrease this variability, it was still subject to the formation of an interpretable pattern.
Moreover, HA and SynA did not provide a quantitative readout per se. Instead, a series of
sample dilutions were tested to identify the minimum virus titer that resulted in
RBC/synthrocyte agglutination. This increased the amount of sample and reagents necessary
to perform the assay, as well as the analysis time. For these reasons, we decided to develop
a microfluidic device able to perform SynA semi-automatically, producing a more objective
pattern that could be easily quantified.
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This work was performed in the context of a 5-month stay in Dr. Henry’s laboratory, in Colorado
State University (Colorado, USA). At that point, the hosting group was developing a technique
based on microfluidic laminated devices made of low-cost materials.?*® These devices
consisted of alternating layers of transparent polyester film (100 pm thickness) and double-
sided adhesive (50 um). Each layer displayed unique laser-cut features that, upon device
assembly, formed microfluidic channels and chambers.?492%6:257 |n this way, if a buffer/solution
was injected in the device inlet, it flowed along the channels by capillarity, without any external
pump or power source being needed. Furthermore, the pre-cut layers were manually and
quickly assembled without any external equipment, which was suitable for fast prototyping and
allowed for an easy scale-up of the technology as well.

For the development described in this section we used 10 um synthrocytes coated with fetuin,
due to our deep knowledge of this type of particles at that time and their cheap cost.

8.2.1. Device design optimization

We started the development of these devices based on the previous results of the hosting
group, and therefore we decided to use the same materials for our device. The first step was
to ensure that the capillary flow generated in this type of devices was strong enough to
transport the microparticles along a microfluidic channel. For this, we designed a simple device
comprising 2 layers of polyester film and a double-sided adhesive layer with the channel cut
on it (Figure 8.3a and b). The device had an inlet at one end to allow the particles to enter the
channel. At the other channel end, a fan-shaped filter paper acted as a passive pump to drive
the flow and compensated for the decay in the flow rate observed in its absence in previous
works.2%8

To test this device, a mixture of synthrocytes with PBS (250 ug of particles plus 10 yL of PBS)
was pipetted in the inlet and the flow was monitored for 5 min. As can be seen in Figure 8.3c,
most of the synthrocytes flowed to the end of the device, where they were retained by the
paper filter. Even so, some synthrocytes still remained in the edges of the inlet, unable to enter
the channel. This occurred because the sedimentation rate was higher than the speed at which
synthrocytes were absorbed by the channel, which produced a considerable variation between
devices. To solve this, the height of the channel was increased by substituting the 50-pm thick
double-sided adhesive for another of 100 um thickness. This improved the absorption capacity
of the channel and made the particle mixture enter directly inside when dropped in the inlet.
Once there, the capillarity force exerted on the buffer was enough to drag the particles along
the channel. This simple design allowed us to optimize the diameter of the inlet required to
hold all the liquid (5 mm @), and the height (100 um) and maximum length (25 mm) of the
channel that sustained the flow successfully to its end.
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Figure 8.3 | a) Scheme of the different layers used for assembling the device. In grey, polyester film
layers; in blue, double-sided adhesive layer. b) Image of the device with the channel indicated with
dashed lines. c) Device after adding the particles in the inlet and letting them flow for 3 min. Most
synthrocytes reached the end of the device, where the passive pump retained them. No visible particles
remained in the channel, although some could be observed in the inlet.

In an attempt to distinguish between agglutinated and non-agglutinated flowing particles, we
introduced a second fragment of filter paper (Whatman grade 4), this time inside the channel,
that acted as a filtration unit (Figure 8.4a). In this case, synthrocytes were mixed with or without
MAA lectin in a tube and were incubated for 5 min to induce agglutination. We decided to use
lectin instead of the influenza viruses because the clumps obtained with lectin were bigger
than with influenza viruses (Chapter 4.3), which could ease result interpretation during the
development of this device. Once incubated, the mixture was transferred to the device inlet
and was let to flow for 3 min. Figure 8.4b shows the difference in behavior between
agglutinated and non-agglutinated particles. Non-agglutinated synthrocytes were able to flow
through the paper to the end of the channel. Agglutinated particles, on the contrary, formed
clumps bigger than the paper average pore size (~20-25 pm @) that were retained at the start
of the filtration unit, forming a colored line distinguishable by naked eyes.

The size and material of the filtration unit was optimized. We tested fiberglass paper, Fusion
5 and Whatman grade 1 and 4, with sizes between 1.25- and 5-mm in length. The best
differentiation between agglutinated and non-agglutinated synthrocytes were obtained using
a piece of Whatman grade 4, 2.5 mm in length, and therefore it was selected for subsequent
experiments.
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Figure 8.4 | a) Image of the device containing a filtration unit within the microfluidic channel, prior to its
use. b) Optimization of the size of the filtration unit. A mixture of synthrocytes without (-) or with (+) 10
pg/mL of MAA lectin was added to the device after the 5-min incubation outside. Each pair of devices
contained filtration units of different lengths (1,25, 2.5 and 5 mm). The biggest difference between
agglutinated and non-agglutinated particles was observed when using the 2.5 mm pad.

8.2.2. Integration of synthrocyte-lectin incubation

Although the differences between agglutinated and non-agglutinated synthrocytes were
always visible, the thickness of the line presented a high variability between experiments. This
could be explained because the incubation of the particles with lectin was produced outside
the device, in a microtube. When transferring this mixture to the device, some of the
agglutinates were broken due to the pipetting, introducing variability in the results. The next
step was to adjust the device design in order to carry the incubation on-chip.

In order to achieve this, we incorporated 2 symmetric curved channels that were placed at
different levels of the device (L2 and L6 in Figure 8.5a). They displayed two inlets placed side-
by-side in the assembled device and overlapped in their final section. Here, the two channels
connected to a higher chamber that worked as a valve to control the flow (L3-L5 in Figure
8.5a). This valve was a modification of one previously designed by Jang.?*® The height of both
channels was of 100 um, and the chamber was approximately 300 um high. After the chamber,
both paths united in a single exiting channel (100 um height) located in the bottom level, where
the paper pump was connected.
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Figure 8.5 | a) Scheme of the different layers used for assembling the device. In grey, polyester film
layers; in blue, double-sided adhesive layers. The bottom layer corresponds to L1, the top layer to L7.
From L3 to L5 form the valve chamber, where combine the two symmetric curved channels (L2 and
L6). Synthrocytes were added to the sample inlet, they flowed along the curved section of the channel
in L2 until they reached the valve. Here, the sudden increase in height (from 100 to 300 um) interrupted
the capillary flow. After PBS addition to the PBS inlet (L6), this filled the valve chamber and the mixture
resumed flow along the exiting channel (L2) to the end of the device. b) Image of the device after the
PBS addition. The synthrocytes (and liquid) front moved along the exiting channel to the passive pump,
which absorbed the buffer.

For the assay, fetuin-synthrocytes were mixed with MAA lectin and 10 pL were directly
transferred to the sample inlet. The mixture moved forward due to capillarity until it reached
the chamber, where the abrupt change in height stopped the buffer. After 5 min of incubation,
30 pL of PBS were added to the PBS inlet. When the new buffer reached the chamber, it filled
the gap completely and allowed the flow to continue forward to the single exiting channel. This
ended in the fan-shaped paper pump that provided enough suction to keep the flow constant.
Results showed that the valve chamber was able to stop the flow for at least the 5 minutes
required to perform an incubation. After PBS addition, the particles flowed across the chamber
and were able to continue along the exiting channel to the end of the device (Figure 8.5b).

8.2.3. Laminated device final design

Once we confirmed that the incubation step could be performed inside the device by exploiting
a valve chamber and that a paper-based filtration unit was enough to separate agglutinated
and non-agglutinated synthrocytes, we fused both features in a single device of enhanced
design. This design included 2 inlets, one exit and 3 channels (Figure 8.6a and b). The top
and bottom channels connected with the PBS inlet, while the middle channel was attached to
the sample inlet. The three channels joined at the valve chamber, which was approximately
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550 um in height. The bottom PBS channel was added to increase the total height of the valve
chamber and reduce potential leakages during incubation. Moreover, it prevented backflow of
the particles and facilitated driving them to the exiting channel and to the detection zone.

This detection zone was located in the exiting channel, which ran in the bottom layer of the
device (L2, height of 100 um). It contained a paper filtration unit (Whatman grade 4, 2.5 mm
long) where agglutinated and non-agglutinated particles were separated. At the end, as in the
previous designs, there was a passive paper pump fan-shaped.

PBS inlet
a) b) c) T —

L7 Sample inlet .
,\ -
~

Incubation
1 valve

Passive
T~ A o - pump

‘_\_,,,

Figure 8.6 | a) Exploded view of the device, which was produced by laminating 4 polyester film layers
(grey) and 3 double-sided adhesive layers (blue) previously cut, creating the 3D microfluidic network
represented in (b). A paper filter in the exiting channel (L2) acted as the filtration unit and detection
zone (dark grey square) and a paper passive pump connected at its end maintained the flow during the
whole assay. (Insert) Cross-section of the detection zone. ¢) Front image of the fully assembled
capillary-driven device.

During the development of this design, we optimized the distance between the valve chamber
and the detection zone (20 mm) in the exiting channel and the length of the PBS channels to
keep the assay time under 10 min. Moreover, two small holes (0.05 mm @) were added at the
top layer (L7) of the valve chamber. These holes allowed the air to exit the device (when it
was pushed by the solution front), which created a more homogeneous flow and produced a
uniform synthrocyte front across the whole detection zone, improving the colored line
visualization.
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8.2.4 Differentiation of lectin-agglutinated synthrocytes in the device

In the final device architecture, the assay was initiated when a lectin and synthrocytes mixture
was pipetted into the device (10 pL) through the sample inlet. The mixed solution flowed along
the middle channel and stopped at the incubation valve entrance due to the difference in the
channel height. Thus, the lectin-synthrocytes mixture was incubated for 5 min in the middle
channel, which acted as an incubation chamber just upstream from the valve entrance, to
promote particle agglutination in case of the presence of MAA lectin. Then, PBS was added
(60 pL) to the PBS inlet and the flow was resumed across the valve chamber and along the
exiting channel. Here, the paper filter at the detection zone separated agglutinated from non-
agglutinated particles. Free particles flowed through the paper pores, while agglutinated
synthrocytes were retained, forming a colored band that was detectable with the naked eye
(Figure 8.7a). The full workflow of the device took 10 min until the buffer flowed completely to
the paper pump and the synthrocytes band appeared. Finally, a picture of the detection zone
was taken and analyzed through image analysis using an open source software (ImageJ).

One of the parameters that had to be optimized to guarantee optimal performance was the
number of particles required to obtain a clear line for the agglutinated beads. We tested a
range comprising from 100 g to 375 pg of synthrocytes per sample. Using 175 ug produced
well defined bands in agglutinated synthrocytes without impacting the negative control. Under
these experimental conditions, although part of the single/non-agglutinated beads remained
in the incubation channel, those reaching the detection zone flowed efficiently through it and
reached the passive pump. Compared to the amount of particles required to perform SynA in
a microtiter plate, this entailed a 53% reduction. We also optimized the amount of PBS
required to fill the channels and the valve chamber, testing a range between 50 and 100 pL.
We established that 60 puL was the ideal volume to fill both cavities simultaneously.

Once the device and experimental conditions had been optimized, we studied if the system
could provide quantitative results. In order to do this, we employed serial dilutions of lectin
(ranging from 1 to 100 pg/mL) and mixed them with 175 pg of fetuin-synthrocytes (3.5 pL from
the stock solution), to obtain a final volume of 30 pL. 10 pL of each mixture were then
transferred to the device and the workflow was started as described above. Figure 8.7b shows
how agglutinated synthrocytes formed clumps that could be visually observed in the incubation
channel. As expected, the size of these clumps was proportional to the lectin concentration
used for the agglutination. The flow produced by the subsequent addition of PBS was enough
to push those agglutinates to the detection zone.
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Figure 8.7 | a) Comparison between the patterns formed by fetuin-synthrocytes in the presence of
different concentrations of an agglutinating lectin either in the device (top) or in a 96-well plate (bottom).
The device displayed a sensitivity similar to the original technique, but provided a semi-quantitative
readout. b). Incubation channel just after addition of PBS in the PBS outlet, when the front resumes the
flow. Clumps formed by agglutination of particles during the incubation in the presence of lectin can be
observed. c) Quantitative interpretation of the agglutination bands obtained for increasing
concentrations of lectin after their image analysis (n=2). Calibration curve plotting band color density
versus lectin concentration (integrated density = grey mean value x area). Data fitted with a 4PL
regression.

After using the device, images of each detection zone were obtained and analyzed using
ImageJ software. The intensity of each image was analyzed following the protocol described
in Section 3.11.4 As can be seen in Figure 8.7a, the intensity and width of the band was
proportional to the lectin concentration in the initial mixture, and it could be observed even in
concentrations of 1 pg/mL. This sensitivity was similar to that obtained performing the classical
SynA assay in a 96-well plate. Figure 8.7c represents the data obtained after quantification of
band color intensity. The device presented signal saturation at the highest concentration of
lectin tested. This was attributed to the limited amount of particles in the device. This is, if a
certain concentration of lectin produced agglutination of most of the particles, higher lectin
concentrations did not increase bead accumulation in the paper filter. Furthermore, since the
filter pores had a diameter of approximately 20-25 ym, once the clumps had a size of 3-4
particles/clump they were already unable to pass through them and larger clumps produced
similar patterns.
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8.2.5. Quantification of virus-agglutinated synthrocytes

After confirming the performance of the capillary device to detect lectin-driven synthrocyte
agglutination, quantification of virus A(H1N1) was attempted. Fetuin-synthrocytes were mixed
with increasing concentrations of virus A/New Caledonia/20/99 and were directly transferred
to the device, where the process continued as described in the previous section. Here,
particles agglutinated in the presence of high concentrations of virus did not form clumps as
large as the lectin-induced ones. This was consistent with the observations by microscopy,
which evidenced that virus-agglutinated synthrocytes clustered in small groups (2-3 particles
each) but were not clumped.
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Figure 8.8 | a) Comparison of the patterns formed by synthrocytes in the presence of different
concentrations of virus either in the device (top) or in a 96-well plate (bottom). The color and thickness
of the colored bands formed by agglutinated synthrocytes in the device (top) are proportional to the
concentration of influenza A(H1N1) present in the sample. The device displays currently a sensitivity
similar to that of the original plate-based technique (bottom) but requires less reagent and entalils little
manipulation by the user. b) Quantification of the agglutination bands obtained in (a) after image
analysis. The calibration curve plots band color density versus A(H1N1) concentration (integrated
density = grey mean value x area) fitted with a 4PL regression.

Influenza-induced bands could be detected by the naked eye at virus concentrations down to
1.25 pg/mL, which was similar to the lowest concentration that could be observed in the plate-
based assay (Figure 8.8a). However, the volume of sample required to obtain the results in
the chip was approximately 6 times lower. Therefore, the virus could be detected down to 10
ng/device by visual inspection, while in the plate this limit was of 31.25 ng/well.

When color density of the bands was analyzed using the ImageJ software, the LOQ improved
to 5.68 ng/device (0.71 ug/mL). Moreover, quantification of the bands was proportional to the
concentration of influenza virus A(H1N1) present in the sample, which allowed producing a
calibration curve (Figure 8.8b).

8.2.6 Virus quantification in spiked culture samples

Finally, device performance was evaluated in culture medium spiked with known
concentrations of A(HLN1). This medium was RPMI supplemented with 0.5% of fetal bovine
serum (FBS), which was traditionally used in our center to culture influenza viruses in MDCK-
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SIAT1 cells. The aim of this experiment was to assess if the device could be used to quantify
influenza virus in cultures directly, without using a serial dilution.

For these experiments, synthrocytes were custom-dyed as described in Section 3.5 to
increase the color and improve the visualization of the particles in the device. We continued
using 10 ym beads coated with fetuin for this proof-of-concept.

We first obtained a calibration curve in culture medium, which was a significantly more
complex matrix than the PBS employed in previous experiments, to evaluate the matrix effect.
Figure 8.9a shows the calibration curve obtained in medium compared to the previous one in
PBS. As can be seen, the integrated density registered increased in average 19% for all the
points evaluated except the negative control, which increased 40% (0.03x10° integrated
density for PBS vs 0.048x10° for the medium). This was attributed to the use of the custom-
dyed particles, which had more color intensity and made the colored bands more visible. This
suggested that the channels of the device and the time required to carry the assay could be
shortened when using custom-dyed particles (because less PBS was enough to push
sufficient synthrocytes to be visualized in the detection zone), or that the number of particles
could be decreased, potentially reducing the cost of the assay. Nevertheless, more
optimization was required before changing the defined parameters or the geometry of the
device, which could not be afforded at this time of the development.
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Figure 8.9 | a) Comparison of the calibration curves obtained in virus-spiked medium using custom-
dyed particles (in orange) and in PBS using commercially-dyed beads (in blue). b) Images of the bands
generated in the detection zone for 5 spiked blind samples. c¢) Correlation between the concentration
of virus spiked and that measured with the device. d) Summary of the quantification obtained for all the
spiked samples compared to the expected values, with the concentration and the total amount of ng
guantified in each device.
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Besides this, using the culture medium did not affect significantly the device LOQ. Visual
interpretation remained similar to that obtained with PBS (LOQ 1.25 ug/mL), as was the LOQ
when analyzed using the ImageJ software (0.75 ug/mL, equal to 5.96 ng/device).

Next, we processed 5 different spiked blind samples displaying concentrations of viruses
ranging between 0.8 and 8 pg/mL. The bands obtained for each sample can be seen in Figure
8.9b. These bands were analyzed with ImageJ as before and the values obtained were
interpolated in the calibration curve previously obtained in culture medium. The concentration
of virus spiked and measured in each sample was then compared, as shown in Figure 8.9¢c
and d. Results showed correlation between the expected and the obtained values, except for
the sample of 1 pg/mL for which virus recovery reached 180%. This difference could be
explained because in this specific device the synthrocytes did not flow homogeneously
through the whole channel width, producing a wider band in the center of the channel, which
resulted in signals unusually high. Nevertheless, the correlation in the remaining samples was
acceptable, showing that this device could be used to directly quantify influenza A(HLN1) virus
through SynA assays.

8.3. Conclusions

Chapter 8 has shown two strategies to facilitate SynA performance and interpretation.

On the one hand, results obtained when reading 3 um synthrocyte patterns using a microtiter
plate reader suggest that these patterns are stable enough to be read by the automatic readers
currently used in WHO CCS. Furthermore, we demonstrated that synthrocyte patterns
produced absorbance proportional to the concentration of the agglutinating agent, and
therefore they could be analyzed in a quantitative way after studying just one or few sample
dilutions followed by calibrate interpolation.

On the other hand, we achieved SynA automation using a low-cost laminated device. One of
the advantages of using this device was that the amount of sample and synthrocytes needed
was considerably decreased compared to carrying SynA in a microtiter plate. With this low-
cost device, SynA could be performed in <10 min, with little user handling. Moreover, it
reached an LOD of 5.68 ng/device and enabled straightforward virus quantification based on
interpolation in a pre-existing calibration curve.

One of the possible applications for this device could be to monitor the growth of influenza
viruses in in vitro cultures, for example during production and characterization of vaccine
candidate viruses or manufacturing of virus-based vaccines. Nevertheless, further research
will be required to develop completely functional devices. For example, future development
should include incorporating pre-loaded reagents to the device to facilitate handling further.
This includes the particles, which could be stored inside the device lyophilized, and PBS, so
that the user would only require to add the sample, easing the handling of the device.
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Chapter 9. Alternative applications

Although synthrocytes were initially developed with the sole purpose of substituting RBCs for
influenza virus surveillance, the results obtained during their development opened the door to
other potential applications, especially taking into account their possible quantitative read out
using spectrophotometers (Chapter 8).

One of the main advantages of synthrocytes is their tuneability. In other words, synthrocytes’
coating can be modified to display selected receptors on the surface. Albeit these receptors
need to meet certain characteristics concerning their molecular weight, charge, and chemical
structure, which have to be similar to the ones described in the previous chapters, this means
that we could potentially link on the surface receptors for any other target.

Agglutination techniques are well-known assays used in many settings. In all cases, they
involve the agglutination of particles, such as bacteria, RBCs or latex particles. Some of these
assays are designed to detect antigens from diverse pathogens and contribute to disease
diagnosis. For example, Ab-coated particles agglutinate in the presence of their target antigen,
which can be visualized employing glass slides to detect leishmania or malaria.?°°26°

Other agglutination assays are designed to determine the presence of specific Ab in patients'
sera (for example after infection). These serological assays are faster and cheaper than ELISA
or CLIA, and are suitable for point-of-care testing due to their portability and reagent stability.
Most of them use latex particles coated with selected antigens to elicit the specific binding of
targeted Ab. However, some efforts have been made to substitute them by cheaper particles
or yeast-displayed ligands.?%!

In this chapter we will discuss two alternative applications that we explored to demonstrate
the versatility of SynA assays. In the first one, we will prove that synthrocytes can be coated
with Ab to recognize biomarkers distinctive of infectious diseases, such as malaria, and will
compare them to other particle-based methods developed in the laboratory.

In the next section, we will show a proof-of-concept of a fast and semi-quantitative SynA assay
to detect anti-SARS-CoV-2 Ab using spike-coated synthrocytes. As it will be shown, the assay
allowed the classification of clinical samples depending on their Ab titer using a small volume
of patient diluted serum. This system was developed in collaboration with Biosystems and was
optimized and evaluated using real COVID-19 samples kindly provided by them.

9.1 Malaria Ag detection using Ab-coated synthrocytes

There are many bead-based agglutination assays currently used for diagnosis.?®? Most of
them make use of latex particles which are coated with Ab against an Ag of the target
microorganism. In the presence of the antigen, and generally with some agitation required,
particles agglutinate. The agglutination of colored particles is often determined in tubes, on
glass slides or on white cards, either by the naked eye or under an optical microscope. When
the particles are white or of a clear color, the assay may have to be performed in a colored
card to facilitate its reading. In all cases, particle agglutination impels changes in the optical
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properties of the solution, which can be also evaluated spectrophotometrically (for instance by
measuring the change in turbidity). The main limitation of agglutination tests is their
susceptibility to produce false-negative results in the presence of high concentration of target
Ag in the samples, in which is known as the prozone phenomenon.

Malaria is a disease caused by parasites of the genus Plasmodium, which are transmitted by
the bite of infected female Anopheles mosquitoes. The gold standard for confirming malaria
infections is microscopic examination of blood smears, although it requires an experienced
microscopist and is a time-consuming process.?®® Rapid diagnostic tests (RDTs) were
developed to solve these issues and ease the diagnosis in the field. For example,
immunochromatographic-based RDTs detect Plasmodium antigens in whole blood with very
little handling for the user, generating results in <30 min. Nevertheless, RDTs display
limitations as well, such as high variability between production batches and producers,
insufficient detection limits, qualitative yes/no response, and subjective result interpretation.

In an attempt to give response to these drawbacks, Polpanich and colleagues developed an
agglutination assay for malaria detection using polystyrene particles coated with Plasmodium
Ag and monoclonal or polyclonal Ab to Plasmodium falciparum heat shock protein 70%°,
Patient plasma was mixed with the modified particles on a glass slide, agitated for 2 min and
agglutination was microscopically analyzed. The authors claimed a sensitivity of 90% and a
specificity of 80%, although the number of samples analyzed was limited. Moreover, the
degree of agglutination observed did not correlate with sample parasitemia.

Here, we decided to test a likewise alternative application for synthrocytes, in which they were
used similarly to the traditional agglutination assays available for diagnosis. In order to do so,
we targeted the Plasmodium lactate dehydrogenase (pLDH), an enzyme secreted by all the
human-infecting Plasmodium species. pLDH is being increasingly employed as a malaria
diagnostic biomarker in commercially available tests, which used to target only Plasmodium
falciparum histidine rich protein (HRP2). pLDH has also been proposed as a potential
biomarker to monitor patient response to treatment, in order to prevent the selection of
treatment-resistant parasites. Although developing an agglutination assay was not innovative,
this new synthrocyte application was interesting because the agglutination was produced
through the interaction of the Ab-coated particles with multimeric protein antigens (instead of
a full viral particle with multiple receptors on the surface).

For this assay, we coated the particles with an Ab to pLDH, which had been selected for a
previous work in our group to detect malaria in blood samples.?®* Specifically, the team had
developed an immunoassay for pLDH detection using MP coated with these Ab,2652¢ which
could be used as the reference method to evaluate the sensitivity of the Ab coated-
synthrocytes.

We decided to use commercial 10 ym Sicastar blue particles, which were the ones employed
for influenza detection at that time (the custom-dying protocol had not been developed yet).
The protocol employed for the conjugation was equal to the one used for influenza
bioreceptors, through glutaraldehyde amino homo-cross linking reaction, but using 25 ug of
Ab per conjugation, the same amount used in MP protocols (Figure 9.1a). It is important to
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mention that the batch of commercial particles used in these experiments (shared with Section
4.7) was particularly faint and the halos were more difficult to observe.

Then, SynA was performed with the Ab-conjugated particles (Ab-synthrocytes) in the
presence of increasing concentrations of recombinant Plasmodium falciparum LDH (PfLDH).
Even if pLDH is a tetramer in the nature, the recombinant PfLDH used in these experiments
was a dimer according to the provider’s technical information. Again, the protocol employed
was the same as for influenza agglutination assays. To sum up, pLDH serial dilutions were
prepared in PBS, starting at 500 ng/mL, and were incubated in the U-shaped wells of a plate
(50 pL/well) for 10 min with Ab-synthrocytes (375 ug particles/well).
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Figure 9.1 | a) Scheme of direct incorporation of anti-pLDH Ab (25 pg) on the surface of the commercial
10 ym amino-beads through amino-homocrosslinking. b) Sedimentation of Ab-synthrocytes in U-
shaped wells in the presence of increasing concentrations of PfLDH.

As can be seen in Figure 9.1b, in this first attempt, Ab-synthrocytes detected PfLDH at
concentrations down to 125 ng/mL. It is important to note that at high Ag concentrations (such
as 500 ng/mL), sedimentation reappeared forming a halo susceptible to be interpreted as a
false negative result. This could be explained by the prozone effect mentioned earlier. Here,
the excess of Ag in the sample presumably capped all the receptors exposed on the surface
of the particles, preventing the formation of the Ag-Ab lattice necessary to produce visible
agglutination.

The narrow range of PfLDH concentrations that could be detected suggested that the amount
of Ab on surface was insufficient. To confirm that the change in sedimentation was induced
by Ag-Ab interaction and to increase the assay sensitivity, we modified the quantity of Ab
present in the surface of the particles. For this, synthrocytes were conjugated with different
amounts of Ab and then evaluated by SynA (Figure 9.2a). When the Ab concentration was
doubled, agglutination occurred even at concentrations of 15 ng/mL of PfLDH, showing almost
a 10-fold increase in sensitivity. This confirmed that the initial 25 ug of Ab employed were not
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enough to completely coat the large surface area of synthrocytes. On the other side, when the
guantity of Ab was diminished, PfLDH was not detected below 250 ng/mL, confirming that the
agglutination was specifically induced by the Ag-Ab interaction.
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Figure 9.2 | a) SynA performed in U-shaped wells with serial dilutions of PfLDH and synthrocytes
conjugated with different amounts of Ab. Ab-synthrocytes improved their performance when the
concentration of Ab was increased. b) Sedimentation of Ab-synthrocytes directly incubated in the wells
with different concentrations of PfLDH (top) or after a 15-min pre-incubation step carried in agitation in
tubes (bottom).

Because the interaction Ag-Ab is more stable than that produced between influenza and SA,
and in case it required also more time to take place, we studied if pre-incubation of Ab-
synthrocytes with PfLDH-containing samples could amplify agglutination and enhance
detection. Performing a pre-incubation step, in which synthrocytes were kept in agitation for
15 min in tubes with PfLDH prior to their transfer to the plates, did not improve synthrocyte
performance (Figure 9.2b). This suggested that PfLDH recognition occurred fast, which is
consistent with our previous observations.?%

Compared to the performance of the same Ab in the MP-based sandwich immunoassay
reported previously by our group, which reached LODs of 0.12 ng/mL for colorimetric detection
or even 0.02 ng/mL for chemiluminescence detection using an enzymatic signal amplifier,2%®
the obtained results fell short. Despite their different size (i.e., 1 pm and 10 um diameter for
Ab-MP and Ab-synthrocytes, respectively), the total surface exposed for each type of particle
was larger in synthrocytes, considering the number of beads used per sample (75.4 mm? of
surface/sample for MP vs 124.9 mm? of surface/sample for synthrocytes). The amount of Ab
needed to produce the conjugate was also higher (and costlier) in the case of synthrocytes.
Therefore, we concluded that the limited performance of synthrocytes was not related to the
theoretical maximum number of Ab potentially exposed at the surface. Nonetheless, particle
surface properties and Ab chemical incorporation path differed in the two cases, which was
not studied additionally. Taking into consideration the differences between the two methods,
we expected a decrease in the sensitivity when using synthrocytes due to a considerable
reduction in the assay time, from 40 min (plus washes) with MP to just 10 min with Ab-
synthrocytes. Moreover, SynA results were obtained directly by the naked eye in a single 10-
min step, instead of using a spectrophotometer to measure absorbance readouts produced in
the multi-step MP-assay employing enzymatic signal amplification.
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On the other hand, these experiments were carried in PBS, instead of in diluted blood or serum
that could interfere to a larger extend in result interpretation, and assay sensitivity was
insufficient to diagnose malaria in patients with low parasite titers. Nevertheless, the results
obtained showed that production of Ab-coated synthrocytes was feasible and that Ab-
synthrocytes agglutinated and changed their sedimentation in the presence of multimeric
protein targets. This effect was possible even when the Ag was just a dimeric protein and not
a complex structure such as a complete pathogen. Consequently, and even if this application
was not developed additionally at that time, the results confirmed that synthrocytes could be
helpful as a fast diagnostic tool.

9.2 Detection of anti-SARS-CoV-2 Ab through spike-coated synthrocytes

Serology testing is often employed for infectious disease diagnosis and surveillance. Detecting
Ab against specific pathogens can be used to assess disease prevalence in epidemiological
surveys, for screening donors suitable for plasma donation, and to study the changes in

individual immunological response over time,?®” among others.

Serology tests are carried regularly to evaluate the efficacy of the annual flu vaccine to elicit
the appropriate immunological response and have been used extensively for SARS-CoV-2
surveillance. Since the emergence of the SARS-CoV-2 virus in 2019, serological tests have
played a key role in assessing both vaccination effectiveness and the immune status of the
population, and also to investigate disease prevalence in different geographical areas.?®®

Multiple serological test formats have been developed to meet this global demand. The most
common ones comprise ELISA and fast lateral-flow immunoassays. ELISA-based assays are
highly sensitive, but take from hours to days to deliver results and require centralized
laboratory facilities and equipment not widely available.?®® Lateral-flow immunoassays, on the
contrary, provide results in minutes and are simple to use, but their clinical performance is low
compared to ELISA-based assays?%°272 and their costs still represent a concern for low-
income countries.

To solve this issue, diverse groups developed assays to detect Ab against SARS-CoV-2 based
on agglutination methods. Generally, these tests are performed in just minutes without
complex equipment and offer an acceptable sensitivity for POC testing.162188.273 Fyrthermore,
agglutination serological assays are isoform independent, meaning that they can produce
agglutination in the presence of 1gG, IgM, IgA or a combination of all of them, which could
increase sensitivity compared to specific IgG or IgM ELISA-based assays. Moreover, although
agglutination assays are usually read by the naked eye, the versatility of this technique makes
it possible to use automated platforms for high-throughput screening in clinical laboratories as
well.

Most of these tests detect IgG and/or IgM against the spike or the nucleocapsid proteins of
SARS-CoV-2 virus. For example, Townsend and colleagues developed an HA test for rapid
detection of Ab against spike protein of SARS-CoV-2.2"* They used a fusion protein formed
by the Receptor Binding Domain (RBD) of the SARS-CoV-2 spike protein and a nanobody
that recognized GYPA, which provided straightforward attachment of this construct on RBCs.
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Thus, RBD was exposed in the RBCs surface and could be recognized by anti-spike Ab. If Ab
were present in the sample, they bound the RBD-exhibiting RBC and formed a lattice that
produced visible agglutination. This method achieved 90% sensitivity and 99% specificity at a
reduced cost and in 1 h of assay time, although it did not comply the requirements of the
Infectious Disease Society of America?’® for this type of tests. A similar strategy was attempted
by Kruse,?’® who used two different fusion proteins containing RBD sequences in one end and
a single-chain variable Ab fragment that bound RBCs in the other. While some agglutination
was detected within 5 min of incubation with the RBCs, the final assay still required 1 h to
provide reliable results.

Other approaches involved using latex particles directly coated with recombinant spike RBD
or the nucleocapsid protein.'®? For example, Esmail and colleagues produced an assay with
a sensitivity of 98% and a specificity of 100% in just 2 minutes of incubation with the plasma
samples, but they required prior sample heat-inactivation for 30 min.

In this section, we will present a proof-of-concept of the potential use of synthrocytes for
specific Ab recognition using SARS-CoV-2 as a model. All this experimental section has been
performed thanks to the contribution of Biosystems, which kindly provided the proteins and
samples used here.

9.2.1. Optimization of SARS-CoV-2 spike conjugation on the particles: production of

spike-synthrocytes

In order to use synthrocytes as substitutes of erythrocytes or latex particles in agglutination
assays, they were adapted specifically to expose trimeric SARS-CoV-2 spike protein in the
surface. Spike protein is a homotrimeric glycoprotein responsible for virus binding to the host
cell receptors and fusion of both membranes to promote virus entry. It comprises two subunits;
S1, which contains the RBD, and S2. In order to drive fusion, this protein presents different
conformational changes that could affect the recognition and affinity of the Ab. Most of the
commercial serological tests detect anti-spike or anti-nucleocapsid Ab, but they use to be in
fact Ab against only the specific subunits or parts of these proteins employed to produce the
assay. Using the full trimeric protein should increase the recognition of a broader repertoire of
Ab and improve the sensitivity and specificity of the assay.?’’

In brief, here trimeric spike protein was chemically conjugated to 10 ym amine Sicastar
particles previously activated with glutaraldehyde, following the protocol described in Section
3.6.1. Then, coupled beads were washed and blocked to prevent nonspecific binding and
inactivate the remaining reactive groups (Figure 9.3a). These SARS-CoV-2 adapted
synthrocytes (spike-synthrocytes) we finally incubated for 5 min in the presence of a positive
or negative serum sample (50 pL/well, diluted 1:100) and their sedimentation pattern was
evaluated (Figure 9.3Db).
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Figure 9.3 | a) Scheme of the incorporation of the trimeric spike protein in the surface of commercial
10 um red Sicastar beads using glutaraldehyde. b) Diagram of SynA assay adapted to detect anti-spike
Ab in serum samples. Ab binding to the spike-synthrocytes produced agglutination visible with naked
eyes.

For this series of experiments, we employed commercially-dyed red Sicastar particles, instead
of the blue ones used in the previous chapters, because we wanted to explore different dyes
for different applications. Since our custom-dying protocol was still not developed, we were
limited to the commercially available colors. We selected the red ones because of their
availability and the high color intensity of that batch.

The first parameter optimized was the amount of protein required for particle conjugation.
Concentrations were selected considering the size and charge of the trimeric spike protein
and based on the previous results obtained with influenza-synthrocytes. As can be seen in
Figure 9.4a, increasing by 25% the protein used to coat the particles did not improve their
ability to agglutinate in the presence of anti-spike Ab. Therefore, 20 pg of trimeric spike was
selected for the conjugation.

Next, we optimized the blocking step. Tris buffer was supplemented with different
concentrations of casein or BSA, and beads were incubated with it in rotation to achieve a
physical and chemical surface blocking. Figure 9.4b shows how casein produced a tighter
bottom pellet in the negative controls in comparison with BSA blocking, which was easier to
observe with naked eyes. Unfortunately, the agglutination pattern was also affected, producing
a faint halo in the presence of Ab instead of the complete agglutination arrangement. Despite
this, we selected casein as the blocking agent because tighter pellets allowed decreasing the
number of particles/well necessary to perform the assay, enhancing assay sensitivity as
previously seen with influenza-synthrocytes. Increasing the blocking concentration did not
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impact the performance of these synthrocytes, and therefore 1.5% was selected as the
blocking concentration.
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Figure 9.4 | Optimization of spike-synthrocytes production. SynA performed with a positive and a
negative serum sample. Samples (diluted 1:100 with PBS) were incubated for 5 min with 150 pg of
spike-synthrocytes produced with a) different amounts of trimeric spike protein or b) blocked with Tris
supplemented with 1.5 or 2% of either BSA or casein.

9.2.2. Adaptation of SynA assay for anti-SARS-CoV-2 Ab detection

Once the conjugation protocol for production of spike-synthrocytes was defined, SynA was
also adjusted for anti-SARS-CoV-2 Ab detection. We started with the processing of the serum
sample, which needed to be diluted before being analyzed. Serial dilutions (ranging from 1:50
to 1:400) of one positive and one negative serum were incubated in U-shaped wells with spike-
synthrocytes for 5 min. As can be seen in Figure 9.5a, the pellet formed with the negative
sample was only affected at lower serum dilutions (i.e., 1:50), where a certain level of non-
specific agglutination occurred, making the pellet faint. The positive sample, on the other side,
produced a transient agglutination pattern that evolved over time to finally sediment when the
serum was diluted over 1:200. This meant that, for this sample and dilutions, Ab were too
diluted to form the agglutination lattice satisfactorily. Consequently, 1:100 was selected as the
optimal dilution. This choice was confirmed by carrying further replicates with different Ab-
containing serum samples, diluted 1:100, which produced slight agglutination pattern
variations depending on the serum employed, ranging from complete agglutination to faint
halos.
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Figure 9.5 | Optimization of sample pretreatment and sample diluent. a) Effect of serum dilution in the
agglutination and sedimentation patterns. b) SynA patterns after diluting the samples (1:100) with PBS
supplemented with different concentrations of casein.

We next optimized the buffer used to dilute the samples. Usually, sample diluent buffers
contain reagents that help to prevent non-specific interferences or preserve the target analyte.
For this, we diluted the serum samples with either PBS or PBS supplemented with different
concentrations of casein (ranging from 0.001% to 1%). Then, SynA was performed as usual.
Figure 9.5b shows how high concentrations of casein in the diluting buffer increased the
sedimentation of the particles, affecting both negative and positive patterns. For
concentrations of casein 0.1% or higher, the agglutination was inhibited and spike-
synthrocytes sedimented regardless of the presence/absence of anti-spike Ab. Using
concentrations of casein of 0.01% improved the definition of the pellet in absence of anti-spike
IgG without severely affecting the pattern of the agglutinated wells. Concentrations of 0.001%
of casein produced no changes in the sedimentation patterns, both in positive and negative
controls, when compared to non-supplemented medium. Therefore, we decided to use PBS
with 0.01% of casein to ameliorate pellet definition in the negative controls.

Finally, we optimized the amount of synthrocytes per well to improve assay sensitivity. Based
on influenza-synthrocytes, we expected that reducing the number of particles per well
produced higher SynA titers. However, feasibility of decreasing the amount of synthrocytes
was directly related to bead color intensity (in this case, the commercial red particles). We
thus needed to assess the minimum amount of spike-synthrocytes that could be visually
detected.
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Figure 9.6 | Optimization of the amount of spike-synthrocytes used per well. a) SynA performed with
different amounts of spike-synthrocytes with samples diluted 1:100 with or without the 0.01% casein
supplemented diluent buffer. Results registered after a 5-min incubation. b) Same SynA showed in a)
but after resting for 2 h.

As can be seen in Figure 9.6a, the amount of spike-synthrocytes could be reduced to 100
pg/well. The sedimentation pattern formed with negative samples was still noticeable with this
amount of synthrocytes. Under these conditions, the agglutination pattern also improved,
because the faint halo observable with 150-200 pg/well disappeared, producing a more
uniform supernatant. Furthermore, we confirmed that using the sample diluent with casein
contributed to reduce the amount of particles required per well by 30%. Discerning the different
patterns using just 100 ug of synthrocytes/well without the supplemented diluent was possible,
albeit considerably more difficult (Figure 9.6a, right images). Therefore, we selected 100
pg/well and 0.01% casein diluent buffer as the final settings for the assay.

Interestingly, when the time of the assay was extended to 2 h, the amount of synthrocytes
used could be reduced even more (to 50 ug/well), decreasing the final cost of the assay by
50% (Figure 9.6b). However, the assay was not a fast method anymore.

To sum up, we developed and optimized spike-synthrocytes that produced visible
agglutination in the presence of anti-SARS-CoV-2 Ab. To perform the SynA, we set the
conditions of the assay to incubate serum diluted 1:100 (using a 0.01% casein supplemented
sample dilution buffer) with 100 pg of synthrocytes/well, and to let them sediment for 5 min
before assessing the sedimentation patterns.
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9.2.3. Detection of anti-SARS-CoV-2 Ab in clinical serum samples

Finally, once we defined the optimal conditions for particle conjugation and SynA, assay
performance was assessed in 31 patient and donor serum samples kindly provided by
Biosystems. Negative serums had been obtained before the pandemic outbreak for other
purposes. In parallel, we analyzed all the samples using a commercial ELISA able to quantify
specifically anti-spike 1gG. Samples were grouped according to the signals they produced by
ELISA in three groups: negative, low and high titer, as shown in Figure 9.7a. Some
representative examples of the sedimentation patterns obtained by SynA for each group are
shown in Figure 9.7b, sorted from lower to higher anti-spike Ab concertation according to the
ELISA absorbance signhals. As can be seen in the top row, negative patterns were very
consistent, forming a colored pellet similar in shape to the sediments formed by influenza-
synthrocytes in previous chapters, albeit tighter due to the presence of the enriched sample
dilution buffer. Of the 15 negative samples tested, just one of them produced a false positive
result due nonspecific agglutination, resulting in 93% of specificity.
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Figure 9.7 | a) Signals obtained for 31 samples using a commercially available ELISA for detection of
anti-spike Ab. Samples were sorted in 3 groups depending on the obtained signals. Horizontal bars
mark the limits for each group (samples generating signals below 0.45 AU were considered negative,
“Neg” in the figure; signals between 0.45 and 2.5 AU signals corresponded to samples with low anti-
spike Ab titers, “Low”; and the specimens generating signals above 2.5 were considered samples with
high anti-spike Ab titers, “High”). b) Examples of the patterns obtained performing SynA with the same
samples, also stratified by their assigned group.

Positive samples showed a clearly distinguishable pattern, although it not always
corresponded to fully agglutinated spike-synthrocytes. This is, faint halos could be observed
in some cases, especially in low Ab titer samples, and their intensity partially correlated with
the absorbance signal obtained by ELISA. High Ab titer samples, on the other hand, showed
a fully agglutinated well in most of the samples evaluated. The highest Ab titer sample
produced a faint halo, similar to low titer serums, that could be explained by an excess of the
target Ab that caused the prozone effect. Nonetheless, the 16 positive samples could be
clearly differentiated from the negative ones. Discarding the lowest sample, which presented
a more intense halo that could be mistaken, the assay sensitivity reached almost 94%.
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9.3. Conclusions

These results suggested that synthrocytes could be adapted for alternative applications, and
specially as a fast testing tool. In the first application shown, Ab-coated synthrocytes were
used to detect PfLDH. In the second, synthrocytes were modified with trimeric SARS-CoV-2
spike protein for the detection of anti-SARS-CoV-2 Ab. The presence of these Ab triggered
the formation of an agglutination pattern easily distinguishable with naked eyes, in just 5 min.
Moreover, the assay also showed some correlation between the degree of agglutination in the
wells and the concentration of anti-SARS-CoV-2 Ab in the patient sample. More samples are
required to obtain consistent sensitivity and specificity numbers or asserting that SynA can
provide semi quantitative results based on the halo intensity and diameter. Nevertheless,
these results represent a successful proof-of-concept of synthrocyte versatility and possibility
to be employed as a diagnostic tool, and not just for surveillance.
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Chapter 10. Conclusions and future work

10.1. General conclusions

The overall aim of this PhD Thesis was the development of a synthetic reagent that could
substitute animal erythrocytes in the HA/HAI assays used currently for global influenza
surveillance.

Based on the work carried out to achieve the specific objectives defined in Chapter 2 and the
results obtained along this PhD thesis, we can extract the conclusions summarized next:

1.

Synthrocytes are a synthetic reagent able to mimic RBCs behavior in classical
HA/HAI assays and display differential sedimentation in the presence or
absence of targeted agglutinating agents. Synthrocytes are composed by dyed
microparticles coated with receptors (natural or synthetic) by direct conjugation. The
combination of size, density and material of the particles determines their ability to
sediment differently when agglutinated. The type of receptor defines the reagent
specificity, and thus detectable analyte. Particle staining allows visual result
interpretation similar to that carried usually for RBCs, without requiring additional
equipment or training compared to classical HA/HAI assays.

When coated with appropriate sialylated receptors, synthrocytes can replace
RBCs in HA-like SynA assays and bind targeted influenza viruses. Synthrocyte-
virus interaction triggers agglutination, producing changes in sedimentation in <25 min
that resemble those generated by erythrocytes in 30-60 min.

A combination of 6’-SL-BSA, 3’-SL-BSA and 3’-SLN-BSA synthetic receptors on
the surface of 3 um silica particles produced the best results, achieving binding
of the 4 influenza seasonal subtypes (A(HLN1)pdmO09, A(H3N2), B/Yamagata and
B/Victoria) and some avian influenza viruses (H5N1, H7N9).

The changes in influenza-driven synthrocyte sedimentation are inhibited by anti-
influenza antibodies in HAI-like SynAl assays. This allows the use of synthrocytes
to antigenically characterize influenza viruses using WHO reference reagents, and will
allow carrying serological analysis when the problems of non-specific interactions
observed in part of the serum samples are solved.

Long-term storage of synthrocytes is possible through lyophilization. This is a
considerable improvement over RBCs, increasing the shelf-life from <2 weeks to

several months when lyophilized, and to 1 month once resuspended.

The first proof-of-concept of synthrocyte production scalability has been
achieved. Although more work will be required to reach an industrial level, the custom
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dyeing protocol was escalated 20x and that for particle conjugation with receptors was
escalated 40X.

7. Synthrocytes and the protocols developed in this work have been tested in a
real surveillance laboratory, showing that synthrocytes can improve user experience
and reproducibility of the assay. Albeit there was room for improvement, promising
results were obtained together with positive feedback on their usability.

8. A novel type of microfluidic device has been developed to improve SynA assays
by providing handling automatization and more objective result readouts. This
low-cost device was made by assembling layers of hydrophilic polyester film
intercalated with layers of double-sided adhesive to create microfluidic chambers and
channels. Virus-agglutinated particles could be separated using the device and
guantified employing an image software. Such quantitative readouts correlated with
virus concentration and with the SynA titer obtained by microplate agglutination assay.

9. Synthrocytes can be exploited in other applications, such as the ones that relay
on Ab-Ag interactions. We have proven that its feasible to use Ab-coated
synthrocytes for visual detection of PfLDH of the malaria parasite and we obtained
promising results using trimeric spike protein-coated synthrocytes for detection of anti-
SARS-CoV-2 Ab. These results demonstrate the versatility of the synthrocyte
technology and suggest that synthrocytes could be used as a fast diagnostic tool, and
not just for surveillance.

10.2. Work in progress and future perspectives

Although we showed that synthrocytes can mimic RBCs in SynA and SynAl assays, some
challenges should be overcome before having a real marketable product. Synthrocytes were
envisioned to contribute to worldwide standardization of HAI tests, and thus should be a more
stable, reproducible and mass-producible reagent than RBCs. Results obtained in this PhD
thesis get us closer to this objective, but in order to achieve it, several issues should be
addressed. It is worth noting that the group has continued working in the development of
synthrocytes over 2022 and 2023, while this Thesis was being written and after | left the group
to join Biosystems R&D Department. Hence, some of the issues will be discussed based on
the results already obtained by my colleagues, which | could witness and to which | contributed
in one or another way.

1. Synthrocyte sensitivity should be improved. Synthrocytes developed in this work
recognized different influenza virus subtypes (including all the seasonal ones), but in
some of the cases they showed a slightly decreased sensitivity compared to RBCs.
For this reason, different strategies needed to be explored to improve their
performance. The first one was testing alternative synthetic receptors for influenza
binding. Promising results have been obtained by substituting 6’-SL-BSA by 6’-SLN-
BSA, a conjugate that was custom-produced by Dextra after a year of development.
Incorporating a new receptor required that the whole battery of receptors was
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readjusted as well, but allowed detecting the 4 seasonal influenza viruses, and
specially HIN1 ones, with enhanced sensitivity. These results demonstrated that
synthrocytes could be potentially upgraded to detect fast evolving influenza viruses,
but also evidenced the limitation imposed by having to use expensive receptor
constructs of commercial origin. Accordingly, the second priority has been to explore
other strategies for SA incorporation in an attempt to increase the number of SA
available or to improve their orientation on the microparticle surface. Numerous
chemical paths have been explored, both to incorporate SA directly to the particles or
to produced cheaper customized SA-BSA conjugates. The second strategy has
produced better results. By now, synthrocytes coated with these customized
conjugates are up to 50-times cheaper, but less sensitive, showing that work has not
finished yet. Finally, the results obtained in this work show that using lower amounts
of microparticles/well lead to an increase in sensitivity. Therefore, reducing the number
of microparticles/well in each assay, for example studying their performance in V-
bottomed plates, could improve assay sensitivity. These microplates are already well-
established for avian RBCs and, although they were discarded at the start of this work,
this is an aspect worth considering due to all the optimization and improvements
achieved with the synthrocytes (including custom-dyeing).

The cost of synthrocyte production and SynA/SynAl assays should be decreased. The
cost of SynA/SynAl assays could be decreased by reducing the amount of
microparticles and/or receptor required to perform the assays, or by changing their
components for cheaper ones. The cost of producing synthrocytes has been heavily
reduced between the first prototype using GYPA-coated microparticles and the current
ones using synthetic SA-BSA (from >450 €/plate to 10-45 €/plate). But the SA-BSA
receptors still constitute the most expensive element by far. SA-BSA receptors are
currently purchased directly to the manufacturer, Dextra in UK, but their elevated cost,
together with the importation taxes after the Brexit, made it necessary to explore the
possibility to manufacture them ourselves. By producing customized receptors, we
could also work to increase the number of SA-residues per molecule of BSA,
potentially increasing the recognition efficiency and sensitivity of synthrocytes.

As shown in multiple sections of this work, SynAl with human serum samples still
remains unsatisfactory, mostly because of non-specific agglutinating agents presentin
some samples. To solve this, implementation of serum pre-adsorption using
synthrocytes should be achieved. This approach was tentatively explored during this
work, but it required further optimization. Work has continued to produce a depletion
reagent using unstained particles of smaller size (thus larger active surface) modified
with SA-BSA. The team is currently testing different additives to minimize non-specific
agglutination, optimize lyophilization and test performance in WHO reference reagents
and serum samples.

Long-term stability of lyophilized synthrocytes and synthrocyte suspensions should be
evaluated. It will be needed to carry out more long-term stability tests to evaluate the
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real time stability of lyophilized and resuspended synthrocytes under different storing
conditions, and specially at room temperature. This will allow defining the best strategy
to guarantee the shelf-life of synthrocytes, including optimal packing and transport
requirements. This includes increasing the size of the lyophilized vials to include the
reagent needed to perform more than one plate with each of them, reducing the waste
and potentially increasing even more the reproducibility.

Synthrocyte production should be scaled up further for industrial production. It will be
necessary to continue optimizing the scale-up of synthrocytes, increasing the amount
obtained in each production. Moreover, at the moment only fetuin-conjugation has
been tested under scaled-up conditions due to its lower cost, but SA-BSA conjugation
would also be tested and re-optimized as needed. Appropriate funding will be needed
to support this type of experiments, which will be only feasible with the involvement of
the industry.

Validation of the final prototype will be needed. Once all these modifications have been
implemented, the final version of synthrocytes should be tested again to confirm their
improved performance in a real environment and to obtain further feedback. This
should be carried with the help of different centers of the international influenza control
network, which could include the Valladolid NIC again, plus the WHO CCs center
located at Atlanta, USA, which has been also contacted. In both cases, this validation
should be performed through the shipment of lyophilized synthrocytes with just the
instructions of how to use them. This will mimic the conditions of how the rest of the
GISRS centers would receive this new reagent in the future, to ensure that the product
is easy to use with minimum changes compared to classical HA/HAL.

Analyze if synthrocytes could be used with HA/HAI automatized machines. Because
of the lack of automated machines in small and medium NICs, this will have to be
performed in collaboration with the WHO CCs directly. Both the procedure of the assay
and the automatic reading of the plates should be evaluated. In the lack of access to
such equipment or in parallel to this testing, it could be interesting to confirm the
usefulness of spectrophotometric reading to interpret the sedimentation patterns
obtained, especially when a quantitative outcome is necessary. More samples should
be studied to define the most appropriate protocol to interpret the size and color
intensity of the halos formed in SynA wells and determine if they can provide a
guantitative measure.

Regarding the low-cost microfluidic device developed in this thesis, next steps should
include the incorporation of pre-loaded reagents. Examples of this are the synthrocytes
themselves, that could be lyophilized and stored inside the device, or the PBS. This
would reduce the handling of the device and contribute to obtain more homogenous
data.
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9. Study alternative applications. More samples are required specifically for the SARS-
CoV-2 application, which seemed the most promising of the two evaluated.
Nevertheless, this proof-of-concept opens the possibility of detection of other Ab or
antigens of interest.
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ABSTRACT: The hemagglutination inhibition assay (HAI) is a classical method used worldwide in many analytical applications,
including pathogen identification, vaccine production monitoring, and detection and characterization of pathogen-neutralizing anti-
bodies (n-Ab). This is also a World Health Organization (WHO) reference method for the global surveillance of influenza viruses,
which provides the information needed for the annual reformulation of the flu vaccine. HAI is a simple and inexpensive method that
is performed without sophisticated equipment. However, it has to be carried out with fresh red blood cells (RBCs), a highly variable,
unstable and hard to mass-produce reagent, which impairs assay reproducibility. Here, we used the tests employed for influenza
surveillance as a model to develop synthrocytes, a synthetic reagent that could substitute animal erythrocytes in HAI. Contrary to
previous examples exploiting sophisticated production paths to generate therapeutic synthetic RBCs, we founded production on the
identification of microparticles able to generate different sedimentation patters when agglutinated or no, which is the main require-
ment for HAI testing. Upon incorporation of influenza-binding receptors and optimization of production and assay conditions,
synthrocytes succeeded binding influenza A(H1N1) and B viruses as erythrocytes do, but were faster and more stable. Synthrocytes
were finally employed in a HAI-like assay to detect the WHO reference reagents for influenza surveillance. Our results show that it
is possible to substitute erythrocytes in classical HAI by a highly tuneable and potentially mass-produced synthetic reagent, which
should  facilitate  worldwide = HAI  standardization  with ~ minimal  equipment or training requirements.

KEYWORDS: synthetic erythrocyte; influenza surveillance; flu viruses; hemagglutination inhibition assay (HAI); characterization

of virus-neutralizing antibodies; fast detection tests; method standardization.

Hemagglutination (HA) and hemagglutination inhibition assays
(HAI) have been reference serological techniques for decades
and are still used extensively to probe glycan-lectin interac-
tions.»2 Among others, HA and HAI are employed for blood
typing, virus antigenic characterization, determination of im-
munity to recent infection or vaccination, monitoring vaccine
production and, eventually, with diagnostic purposes.® These
are also World Health Organization (WHO) reference tech-
niques for the permanent and global virological surveillance of
influenza viruses, which is crucial to establish the annual refor-
mulation of the flu vaccine.*®

HA and HAI were originally described by Hirst in 1942 based
on the ability of influenza viruses to bind red blood cells
(RBCs), causing hemagglutination and altering RBC sedimen-
tation.” Hirst observed as well that hemagglutination was inhib-
ited in the presence of antibodies with virus-neutralizing capac-
ity (n-Ab), an effect that was strain-specific and allowed virus
classification and n-Ab titration. It is now known that this be-
haviour is caused by hemagglutinin, one of the main glycopro-
teins and leading antigenic determinants of the influenza viral
envelope, which binds to terminal sialic acids of glycoprotein
and glycolipid cell membrane receptors.®2 This interaction,
which is driven by a combination of hydrophobic, electrostatic
and hydrogen bonds, counteracts the repulsion imposed nor-
mally between individual RBCs by the negative charges of the
sialylated proteins, producing RBCs agglutination.® The list of
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pathogens possessing hemagglutinin-like proteins that could be
studied by HA and HAI was soon extended to embrace corona-
viruses, paramyxoviruses, adenoviruses, enteroviruses, reovi-
ruses, myxoviruses, poxviruses and flaviviruses (causing cold,
rubella, measles, smallpox, Newcastle disease and Dengue),
and some strains of Escherichia coli, Salmonella, Vibrio, Pseu-
domonas, Haemophilus, Bacillus, Brucella, Corynebacterium
diphtheria, Clostridium botulinum and Clostridium septicum
bacteria (producing food-poisoning, diphtheria, botulism and
gas gangrene, among others).2*! Besides, carbohydrate-bind-
ing lectins exist in plants and animals and have been involved
in physiological processes such as cell adhesion, migration, pro-
liferation, apoptosis and differentiation, playing key roles in tu-
mour cell metastasis, autoimmune diseases, inflammation, and
atherosclerosis.*?

HA assays are performed in microtiter plates by mixing dilu-
tions of virus-containing samples with a fixed amount of
RBCs.!® For HAL, a fixed amount of virus is preincubated with
a dilution series of the n-Ab-containing sample, which is fol-
lowed by the addition of the RBCs. In both cases, the mixtures
and then incubated for 30-60 min, depending on the RBC type,
and cell sedimentation is interpreted by visual examination.
RBCs alone settle to the bottom of the wells forming defined
red buttons (for nucleated avian RBCs) or halos (for anucleated
mammalian RBCs) (Scheme 1).
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Scheme 1. Classical HA and HAI tests. a) RBCs sediment
over time due to gravity, producing characteristic sedimentation
patterns in the wells of a microtiter plate. b) In HA, hemagglu-
tinating agents, such as influenza viruses, bind to the RBCs,
producing agglutination and altering RBCs sedimentation. c) In
HAI, the presence of virus n-Ab produces inhibition of RBC
agglutination.
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In contrast, agglutinated RBCs form a 3D network or lattice
structure that gives the solution a cloudy or turbulent appear-
ance. The experimentalist identifies the wells showing the tran-
sition from agglutinated to non-agglutinated RBCs, and the ac-
tivity of the analyte is expressed as the lowest dilution that
causes complete agglutination or agglutination inhibition.

HA and HAI are relatively simple and inexpensive, do not re-
quire sophisticated facilities or equipment, generate results in
hours and have been improved at many levels, including han-
dling automation and result objectivization through image data
analysis.**® However, these methods have to be carried out on
fresh erythrocytes, a biological reagent that is variable, displays
short half-life (<2 weeks), and is hard to mass-produce for its
global distribution. This places RBCs as the main source of var-
iability of HA and HALY Some authors have suggested alter-
natives to this classical method. For example, Zheng and co-
workers used glycan-functionalized gold nanoparticles to pro-
duce an agglutination method for influenza identification.’® In a
different approach, Horiguchi et al. detected influenza virus us-
ing gold electrodes modified with sialic acid receptors and ei-
ther a quartz crystal microbalance or an electrochemical sen-
sor.’® Nevertheless, implementing a completely different
method to substitute HA and HAI worldwide faces the resili-
ency of the National Health Systems. In the case of influenza
surveillance, this would require providing appropriate training
and measuring equipment to all the laboratories of the global
network as well, which would be expensive.

In this work, we developed synthrocytes, a synthetic reagent
that could mimic erythrocytes in HA and HAI. We took as a
model the methods employed for worldwide influenza surveil-
lance, in which the lack of a standard reagent has global conse-
guences. To carry out this task, the WHO distributes to the re-
questing centres (through the International Reagent Resource,
IRR, established by the CDC, Atlanta, USA), a kit that includes
most of the reagents needed for influenza HAI typing, subtyp-
ing and antigenic characterization. However, this kit does not
contain the RBCs, which are acquired by each of the centres of
Sanchez-Cano et al., ACS Sens. 2021, 6, 83-90

the global surveillance network by its own means. This intro-
duces high intra- and inter-laboratory variability when generat-
ing results that must be analysed globally.*’

The idea of producing synthetic RBCs is not new and has been
pursued as the holy grail of materials science.?’ However, pre-
vious attempts envisioned the fabrication of an artificial mate-
rial that could fully mimic the broad properties of native human
RBCs: size, biconcave shape, deformability, oxygen-carrying
capacity, and long circulation time. Designed mostly as drug
delivery carriers, these examples entailed micro- and nano-scale
processing steps that are too complex and expensive to fabricate
a high-throughput laboratory reagent for HAI.2%-2% Here, we ex-
plore a simpler and cheaper alternative to develop synthrocytes
able to fit the main HAI requirement. This is, generation of dif-
ferential sedimentation patterns in the presence and absence of
agglutinating agents, which could be visually interpreted in <1
h. Taking into account that avian RBCs are also used in HAI
and are spherical nucleated cells, we evaluated as the starting
material spherical microparticles of different materials, size and
surface properties. Those exhibiting different sedimentation
when agglutinated or not were then chemically modified with
influenza-binding sialylated receptors. Upon optimization of
the production and assay conditions, the resulting synthetic re-
agent was used in a HAI-like assay to detect the reference
strains provided by the WHO for influenza surveillance. As it
will be shown, synthrocytes recognize influenza A(HLN1) and
B viruses faster than native RBCs and are more stable. These
results show that RBCs could be substituted in HAI by a syn-
thetic reagent, which would be potentially tuneable, mass-pro-
duced for global distribution, and used without altering the es-
tablished methodology.

EXPERIMENTAL SECTION

Reagents. Glutaraldehyde, 4-Morpholineethanesulfonic acid
(MES), N-hydroxysuccinimide (NHS) and bovine serum albu-
min (BSA) were obtained from Merck (Missouri, USA). 1-
ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) and phosphate-buffered saline (PBS; 11.9 mM sodium
phosphate, 137 mM NaCl, 2.7 mM KCI, pH 7.4) were from
Fisher Scientific (New Hampshire, USA). TRIS Buffered Sa-
line (TBS; 25 mM Tris, 140 mM NaCl, 3.0 mM KCI) was from
VWR Life Science.

Twelve types of particles were tested that are summarized in
Table S1.

Four highly sialylated proteins (glycophorin A (GYPA), bovine
mucin (BM), avidin (Av) and porcine mucin (PM)) were tested
as potential bioreceptors for influenza binding (Table S2). Neu-
travidin (NeuAv), a deglycosylated protein, was used as a neg-
ative control.

Inactivated influenza viruses were provided by Hytest (Turku,
Finland), including influenza A(H1N1), strains A/New Caledo-
nia/20/99, AJ/Solomon Islands/03/06, A/Taiwan/1/86, and
A/Beijing/262/95; influenza A(H3N2), strains A/Bris-
bane/10/07 and A/Panama/2007/99; and influenza B, strain
B/Victoria/504/00.

Reference viral antigens and antisera were obtained from the
2018-2019 WHO influenza reagents’ kit for identification of in-
fluenza isolates through the Influenza Reagent Resource (Influ-
enza Division; WHO collaborating center for the surveillance,
epidemiology and control of Influenza; Centers for Disease
Control and Prevention, Atlanta, USA). Chicken and guinea pig
RBCs were obtained from Innovative Grade US Origin (Ml,
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USA). Human RBCs were obtained locally from residual sam-
ples from anonymized O- individuals and approval from the
Ethical Committee was not required.

Characterization of bioreceptor candidates by ELISA. The
ability of bioreceptor candidates to recognize different influ-
enza types was assessed by enzyme-linked immunosorbent as-
say (ELISA; Fig. S1). Unless otherwise stated, incubations
were performed in 100-uL volumes, for 1 h at 34°C, and were
followed by three consecutive washes with PBS, 0.05%
Tween20 (200 pL/well). Briefly, 50 pL/well of bioreceptor was
immobilized overnight at 4°C in a 96-well high-binding plate
(Corning, Glendale, USA). The wells were then blocked for 1 h
at room temperature (RT) with 200 pL of BSA 1%. Three con-
secutive incubations, with the corresponding washing steps, fol-
lowed, the first with a serial dilution of influenza virus for 90
min, the second with primary Ab (Ref. 3AH1, Hytest; diluted
1:10000), and the third with secondary peroxidase-labelled Ab
(Ab-HRP, Ref. A9044, Merck; diluted 1:30000). The plate was
washed 4 times and was incubated for 20 min with 100 pL/well
of substrate solution (3,3',5,5'-tetramethylbenzidine Liquid
Substrate, Supersensitive, TMB; Merck). Stop solution was
added (50 pL of 1 M H,S0O,) and the plate was read at 450 nm.

Determination of beads displaying agglutination-dependent
sedimentation. Particle sedimentation was studied using alter-
natively flat-, U- and V-bottomed 96-well microtiter plates
(NUNC). For this, microparticles were washed once with PBS
and were serially diluted on plate in PBS with or without a
chemical crosslinker. Agglutination of amine bearing particles
was induced with bis[sulfosuccinimidyl] suberate (BS3;
Thermo Fisher). For the agglutination of carboxyl particles, a
mixture of EDC and Poly(ethylene glycol) diamine (Merck)
was added. The plate was mixed by pipetting and was incubated
for 30 min at RT, while registering the sedimentation pattern
every 5 min with a digital camera (Sony G Exmor R 20.4).

Bead chemical modification. The modification of Sicastar-
blue particles with sialylated proteins was performed using glu-
taraldehyde for amine-bearing beads and EDC for carboxylated
particles. Unless otherwise stated, all incubations were carried
out in Eppendorf tubes, at RT, protected from light, and under
end-to-end mixing using a Mini LabRoller rotator (Labnet In-
ternational, NJ; USA).

For glutaraldehyde cross-linking, 12.5 mg of beads were centri-
fuged for 3 min at 100 XG, were washed 3 times with PBS, and
were incubated in 0.5 mL of 8% glutaraldehyde for 30 min. Glu-
taraldehyde-activated beads were washed twice with PBS and
were incubated for 2 h in 0.5 mL of PBS with 150 ug of si-
alylated protein at 950 rpm in a thermoshaker (Thermal Shake
Lite, VWR). Protein-modified beads were then centrifuged, the
supernatant was removed, and the beads were incubated for 30
min with blocking buffer (TBS, 0.5% BSA). The resulting mi-
croparticles were washed once more with PBS and were finally
stored in PBS, 0.1% BSA, 0.1% of sodium azide at 4°C.

For EDC conjugation, 25 mg of COOH-beads were washed
twice with 1 mL of MES 0.5 M and were incubated in 500 pL
of MES, 20 mM EDC, 69 mM NHS for 45 min. EDC-activated
particles were washed once with PBS and were incubated for 3
h with 200 pg of sialylated protein in PBS. After washing once
with PBS, the beads were incubated in 1 mL of blocking buffer
for 30 min. Finally, the conjugated beads were washed 3 times
with PBS and were stored as above. Modified beads were
counted with a Neubauer chamber and adjusted to a final con-
centration of ~1.1x108 or ~9.5x108 beads/mL for 10-ym and 5-
pm particles, respectively.
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Bead agglutination assays. Three lectins displaying different
affinity for sialic acids were used as models to simulate virus-
induced agglutination. Wheat germ agglutinin from Triticum
vulgaris (WGA) has affinity mainly for N-acetyl-B-D-glucosa-
mine oligomers, although it also recognizes NeuSAc. Lectin
from Sambuccus nigra (SNA) interacts mostly with Neu5Aco2-
6Gal(NAc), the same receptor as human influenza viruses. Lec-
tin from Maackia amurensis (MAA) interacts mostly with
Neu5Aca2-3Gal(Nac), a similar receptor than avian influenza
viruses.?* For the assay, lectin 10-fold dilutions were pipetted in
a 96-well plate (50 pL/well in PBS) and modified beads were
added (50 pL/well, containing 7.5 pL of bead stock solution and
42.5 pL of PBS). The plate was mixed by pipetting and was
incubated for 15 min for sedimentation evaluation.

For influenza-mediated agglutination, virus dilutions were in-
cubated on plate (50 pL/well in PBS) for 15 min with 10-pm
conjugated microparticles (7.5 pL of stock solution diluted with
42.5 L of PBS).

Bead agglutination characterization by optical microscopy.
In order to confirm lectin- and virus-induced agglutination, 3.5
pL of modified beads were mixed with 25 pL of lectin or virus
and were incubated for 5 min on a glass slide. The slide was
covered and observed by microscopy (20x) using a Nikon
TE2000 microscope.

Agglutination inhibition by n-Ab. Synthrocytes (GYPA-
conjugated 10-um beads) were used to carry out a serological
agglutination inhibition assay. Two monoclonal Ab specific for
influenza A hemagglutinin were tested, Abl and Ab2 (Refs.
ABIN1605067 and ABIN284533, respectively; Antibodies
online, Aachen, Germany). While Abl had been produced
against influenza A/NewCaledonia/20/99, Ab2 had been raised
against A/Taiwan/1/86.

A/NewcCaledonia virus (50 pL/well, 2.5 pg/mL) was added to
the wells of a U-bottomed microtiter plate and was incubated
for 30 min with 10-fold dilutions of either Ab1 or Ab2. Synthro-
cytes were then added (30 pL/well of a 1:4 stock dilution pre-
pared in PBS) and sedimentation proceeded for 10 min.

(Hem)agglutination inhibition assay with WHO reference
reagents. HAI and HAI-like assays were carried with a fixed
amount of virus, usually 4 or 8 hemagglutination units (HAU)
per well for RBCs and synthrocytes, respectively, which were
determined by titrating each viral isolate for each
RBC/synthrocyte preparation according to the WHO stand-
ards.* For this, 2-fold serial dilutions of each virus (50 pL/well)
were mixed in the wells of a microtiter plate with 50 pL of
RBCs (washed 4 times with PBS and resuspended in PBS to a
final concentration of 0.75% prior to use) or synthrocytes
(8.25x10° beads) in PBS. These mixtures were then incubated
for 60 (human or guinea pig RBCs), 30 (chicken RBCs) or 10
min (synthrocytes). The highest dilution of virus showing com-
plete (hema)agglutination was considered 1 HAU.

Antisera provided by WHO were pre-treated with receptor de-
stroying enzyme (RDE, Ref. C8772, Merck) as described in 4.
Two-fold serial dilutions of each serum (25 pL/well) were
mixed with 4 or 8 HAU of the corresponding virus (in 25 pL of
PBS) and the plates were incubated for 30 min at RT. Then, 50
UL of RBCs (0.75%) or synthrocytes (6.05x10° beads) were
added and incubated for 60 or 10 min, respectively. The HAI
titter was the reciprocal of the highest serum dilution at which
the agglutination was inhibited.

RESULTS AND DISCUSSION



The objective of this work was the production of synthrocytes,
a synthetic reagent that could substitute animal RBCs in the
HAI assays currently used for, among others, influenza moni-
toring. Synthrocyte development included 4 main work pack-
ages that were completed over time. First, the identification of
commercial beads displaying different sedimentation patterns
when agglutinated or not. Second, the selection of potential bi-
oreceptors for influenza binding. Third, the production of bio-
receptor-modified beads exhibiting sedimentation changes
upon influenza binding. And fourth, the evaluation of these
modified beads in HAI-like assays.

Identification of beads displaying agglutination-dependent
sedimentation. Particle sedimentation in a given liquid is
mainly affected by three factors, particle size, shape and den-
sity.?® In the case of RBCs, surface charge has been also shown
to be crucial for HA and HAI to occur.® Here, work started with
the study of a battery of commercial microparticles displaying
a range of sizes and densities (Table S1). The objective was to
identify beads able to produce different sedimentation patterns
when free or agglutinated. For this, beads displaying on surface
amino or carboxyl groups were serially diluted in PBS
with/without a chemical cross-linker and were allowed to settle
down in the wells of a microtiter plate (Figures 1a and S2).
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Figure 1. a) Sedimentation of 3 types of beads displaying amino
groups on surface. Beads were serially diluted with PBS in the ab-
sence (-) or presence (+) of a chemical agglutinating agent (BS3 2.5
mM) and were allowed to settle down in U-shaped wells. Red
squares highlight the changes in sedimentation observed. b) SEM
images of Sycastar-blue (10 pm) particles.
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Only two of the beads studied changed their sedimentation pat-
tern upon agglutination, Sicastar-blue 5- and 10-pum in diameter
(Figure 1b). These were spherical particles made of silica that
exhibited a density of 1.8 g/ccm, which placed them close to the
characteristics of human RBCs (6—8 um in diameter and a den-
sity of 1.1 g/ccm). In the absence of any agglutinating agent, a
dilution 1:8 of the 5-um Sicastar-blue stock (equivalent to 625
pg/well) sedimented forming a halo at the bottom of the well.
The presence of the chemical crosslinker prevented bead sedi-
mentation and the solution remained turbulent. The 10-pm
Sicastar-blue beads showed also a tight sediment when non-ag-
glutinated, but only for dilutions 1:2 and 1:4 (equivalent to 1.25
and 2.5 mg/well).

Sicastar-blue 5- and 10-pum beads were additionally tested in 3
types of microtiter plates, which had flat-, U- or V-bottomed
wells (Fig. S3). The difference in sedimentation between agglu-
tinated and non-agglutinated 5-um beads was only evident at
U-shaped wells, in which they formed a ring. In the case of the
10-um beads, their sedimentation changed upon agglutination
both in U- and V-shaped wells, but the assay was more sensitive
in U-wells. No distinction could be made in flat-bottomed
plates. This result was unexpected, because spherical avian
RBCs use to produce more sensitive HAI assays in V-shaped
plates, while discoidal human RBCs work better in U-shaped
plates, suggesting that shape is not the origin of this difference.

Selection of influenza-binding bioreceptors. Influenza inter-
acts with RBCs through the hemagglutinin of the viral envelop,
which binds the sialic acids exposed on RBC surface. Avian and
mammalian viruses recognize preferentially sialic acids inter-
acting with galactose residues through a(2—3) and a(2—6)
bounds, respectively.® Here, we studied the ability of 4 proteins
that are known to be highly sialylated to bind influenza viruses
(Table S2). A deglycosylated protein, NeuAv, was used in par-
allel as the negative control. A sandwich ELISA was optimized
for this purpose, in which each bioreceptor candidate was im-
mobilised on surface, followed by blocking to prevent non-spe-
cific adsorption, incubation with the virus, and indirect immu-
nodetection (Fig. S1 and S4).

351 * GYPA(10 pg/mL)
® BM (20 pg/mL)

300 7 Av (20 pg/mL) )
55| « PM@0pgml) - '
’ NeuAv (20 pg/mL) o -8

2.0 ®

AU (450 nm)
&

i,

0 2 4 6 8 10 12
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Figure 2. Binding of influenza A(H1IN1) A/NewcCaledo-

nia/20/99 by 5 different bioreceptor candidates. ELISA in

which each candidate was immobilized on surface (optimal

concentration in brackets; optimization in Figure S4), followed

by incubation with increasing concentrations of influenza

A(H1IN1) and indirect immunodetection.



As it can be observed, in the presence of influenza A(H1IN1),
the signals registered for GYPA, BM and Av were proportional
to the concentration of virus, showing that the 3 proteins bound
it (Fig. 2 and S5a). In contrast, PM (that displayed a lower si-
alic acid content) and NeuAv (which is deglycosylated) pro-
vided no binding at all. The best response was observed for
GYPA, which provided the highest signals registered at a lower
concentration (10 pg/mL of GYPA on plate). This is consistent
with reports that indicate that GYPA has a carbohydrate content
ranging 40-80%% and accounts for 75% of the total sialic acid
exhibited on the RBCs membrane.?”-? Similar trends were ob-
served for the 4 strains of influenza A(H1N1) tested (A/New
Caledonia/20/99; A/Solomon Islands/03/06; A/Taiwan/1/86;
and A/Beijing/262/95), a certain degree of binding was ob-
served for influenza B, but none of the proteins evaluated rec-
ognized influenza A(H3N2). Virus binding was efficient at RT
and only improved slightly at 34°C for high virus concentra-
tions (Fig. S5b). On the other hand, binding was fast and oc-
curred in about 30 min, but ameliorated if the incubation was
extended to 90 min, especially for high virus loads (Fig. S5c).

Production of sialylated beads and behaviour after lectin-
mediated agglutination. Sicastar-blue beads, 5- and 10-pum in
diameter, were next employed to produce sialylated beads. For
this, each bioreceptor candidate (PM, BM, GYPA and Av) was
chemically conjugated to beads displaying on surface amino or
carboxyl groups, using glutaraldehyde or EDC, respectively.
The modification protocol finished with extensive washing and
a blocking step in order to remove poorly bound molecules, in-
activate any remaining crosslinker reactive groups, cover the
beads’ surface, and prevent subsequent non-specific binding.

fov)
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10 um particles
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PM-, BM- and GYPA-particles sedimented in PBS pH 7.4
forming evident pellets (Fig. 3 and S6). In contrast, Av-parti-
cles did not settle down under similar conditions. This was at-
tributed to the isoelectric point (Ip) of the conjugated protein (Ip
of 10-10.5 for Av; 3-4 for mucins; and approximately 6 for
GYPA). Accordingly, the beads sedimented only in buffers of
pH higher than the Ip of the surface-displayed sialylated pro-
tein, when they were negatively charged (Fig. S7). This behav-
iour reminded RBCs, in which membrane sialylated glycopro-
teins are negatively charged at neutral pH, producing repulsion
between individual RBCs and preventing their agglutination.®
In this context, Av-conjugated particles would not be useful for
virus detection, which is performed at neutral pH.

The difference in sedimentation between free and agglutinated
beads was next studied. A fixed concentration of modified
beads was allowed to settle down for 10 min in the presence or
in the absence of an agglutinating protein. Three plant lectins
were used for this purpose, SNA, WGA and MAA, which had
different carbohydrate-binding tropism. In all cases, the pres-
ence of increasing concentrations of lectin prevented bead sed-
imentation (Fig. 3a, Fig. S6, Video 1). This change was lectin-
dependent, demonstrating that it was induced by lectin binding
and not randomly. For instance, while GYPA-beads detected
lower concentrations of SNA, the beads modified with BM and
PM were more sensitive for WGA (Fig. 3b). A similar pattern
was observed for 5- and 10-pum particles, but bigger particles
seemed more sensitive and detected lectin concentrations 10
times lower (Fig S6). On the other hand, bead size had a pro-
found effect in sedimentation speed, with bigger beads sedi-
menting faster (Fig. S8).

b)
_ WGA SNA MAA
Bioreceptor (GlcNAc) (0-2,6) (0-2,3)
GYPA + et +/-
BM ++ + +

PM ++ + -

Figure 3. a) Sedimentation of 10-um GYPA-beads in the presence of three different lectins, WGA, SNA and MAA (8.25x10° beads per U-
shaped well). b) Response of 10-um particles displaying on surface PM, BM or GYPA for the different lectins. c-€) Microscopic images of
BM-conjugated 10-um particles incubated in PBS (c), I pg/mL (d) and 10 pg/mL of WGA (e).
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The microscopic characterization revealed that, while the beads
alone remained individualized in PBS, the presence of lectin re-
sulted in the formation of aggregates (Fig. 3c-e). The size of
these aggregates increased proportionally to the concentration
of lectin, confirming that the changes in sedimentation corre-
lated to lectin-mediated agglutination. While carboxylated
beads conjugated using EDC were lighter in colour and pro-
duced wide ring-like sediments, amine-beads conjugated
through glutaraldehyde chemistry had a darker colour and gen-
erated tighter pellets that were easier to interpret (Fig. S9).
Other parameters that affected the performance of sialylated
beads were the amount of protein used for bead modification
(Fig. S9), the type of agitation imposed during conjugation
(Fig. S10a), the volume of the conjugation reaction (Fig. S10b),
and the number of beads per well (Fig. S10c).

Behaviour of sialylated beads in the presence of influenza
virus. The results obtained indicated that GYPA- and BM-
conjugated 10-um particles were the best candidates for influ-
enza virus detection. First, GYPA and BM recognized influenza
A(H1N1) efficiently by ELISA. Second, GPY A- and BM-beads
formed evident sediments at pH 7.4 and changed their sedimen-
tation after lectin-agglutination. Finally, 10-um particles were
in general more sensitive than 5-um beads.

As shown in Figure 4a and Video 2 (Supplementary material),
GYPA-particles changed their sedimentation pattern in the
presence of A(H1N1) virus. This behaviour reversed in the
presence of high concentrations of free GYPA, which competed
for the interaction with influenza and inhibited viral-induced
bead agglutination (Fig. 4b). In contrast, BM-particles did not
change their behaviour in the presence of influenza (Fig. 4a).
This was attributed to the lower content of sialic acids of BM,
which was consistent with reports claiming that a high virus-
receptor load is required for RBCs to agglutinate.?® The micros-
copy study confirmed that GYPA-beads agglutinated in the
presence of influenza (Fig. 4c-d), while BM-particles displayed
only mild virus-induced agglutination.

In view of these results, 10-um GYPA-particles were selected
to produce synthrocytes. As summarized in Figure 5a, synthro-
cytes recognized different influenza A(H1N1) and B strains, ex-
hibiting a sedimentation pattern similar to animal RBCs, but did
not detect influenza A(H3N2). Compared to RBCs, synthro-
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32 No Virus 2 4 8
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H3N2
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Figure 4. a) Sedimentation of GYPA- and BM-particles in U-
shaped wells in the presence of increasing concentrations of influ-
enza A(H1IN1). b) Competition assay performed by incubating
GYPA-particles with 2.5 pg/mL of A(H1N1) and increasing con-
centrations of free GYPA. c-d) Microscopic images of GYPA-
particles incubated in PBS (c) or 5 pg/mL of A(H1IN1) virus (d).

cytes were slightly less sensitive, requiring a higher concentra-
tion of virus to produce changes in sedimentation. In contrast,
synthrocytes were significantly faster. Whereas RBCs had to be
incubated for 30-60 min to display their characteristic sedimen-
tation pattern, synthrocytes provided results in <5 min, which
was attributed to their spherical shape and bigger size and den-
sity (1.8 g/ccm for 10-um synthrocytes, compared to 1.1 g/ccm
for 6-8 pm human RBC, which are discoidal).* Synthrocytes
were also more stable and could be used after 3 weeks of storage
at 4°C, while erythrocytes had lost performance after 2 weeks
at 4°C and did not recognize the virus one week later (Fig. 5b).

These results indicated that synthrocytes could mimic animal

RBCs in classical HA assays, providing a faster readout and ex-
panded lifespan.

32 64 No Virus

b) Influenza HINI1 (diluted 1 in)
8 16 Novirus
2 =1

Storage time

Figure 5. a) Sedimentation of synthrocytes and RBCs from (clockwise for each virus strain) chicken, guinea pig and human in the presence
of increasing dilutions of A(HLN1). Changes were visually observable after 60 (human and guinea pig), 30 (chicken) or 5 min (synthrocytes)
of incubation. nd stands for not determined. b) Performance of RBCs (left) and synthrocytes (right) after storage at 4°C.
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Agglutination inhibition assays using synthrocytes. We fi-
nally investigated if synthrocytes would be useful for the opti-
mization of HAI-like assays. Two commercial n-Ab were em-
ployed for this purpose. Both n-Ab were specific for influenza
A(H1IN1) viruses and one of them had been raised against
A/New Caledonia/20/99. In these experiments, a fixed amount
of A(H1N1) A/New Caledonia/20/99 virus was incubated for
30 min in the wells of a plate with increasing concentrations of
n-Ab. Synthrocytes were then added and their sedimentation
pattern was studied over time. Figure 6a shows that virus-in-
duced agglutination was abolished by concentrations of n-Ab
higher than 1 pg/mL, producing synthrocyte sedimentation. As
expected, this effect was more pronounced for Ab1, which had
been raised specifically for the virus strain that was used in
these experiments and displayed higher affinity for it.

Synthrocytes were next tested with the reference reagents in-
cluded in the kit provided by the WHO for influenza surveil-
lance (season 2018-2019). This kit contained 4 inactivated viral
strains (A(H1N1)pdm09 A/Michigan/45/2015 NYMC X-275;
A(H3N2) A/Singapore/INFIMH-16-0019/2016; Influenza
B/Yamagata lineage B/Phuket/3073/2013; and B/Victoria line-
age B/Colorado/06/2017), 4 antisera raised against these 4
strains, and a negative control serum.

The 4 influenza strains were first titrated to determine the virus
dilution needed to perform agglutination inhibition assays
(equivalent to 4 and 8 HAU for RBCs and synthrocytes).
Synthrocytes were able to recognize all the reference isolates
except A(H3N2) A/Singapore, which was also poorly recog-
nized by human RBCs (Fig. S11). HAI and HAI-like assays
were finally carried out using a fixed amount of virus and a di-
lution series of the corresponding positive and negative control
kit antisera. As shown in Figure 6b, the presence of n-Ab spe-
cific against a viral strain prevented its binding to both RBCs

a)

and synthrocytes, inhibiting their agglutination. On the con-
trary, the incubation with the negative control antisera, which
did not contain specific n-Ab, did not prevent agglutination. As
before, synthrocytes were less sensitive than RBCs, but still dis-
played differential sedimentation in the presence of positive and
negative antisera. These results confirmed that synthrocytes
could be used to mimic RBCs in HAI-like assays.

CONCLUSIONS

As noted before, HA and HAI are classical methods that have
been used for decades and are still in use. Their relative sim-
plicity and the fact that they are operated with minimal equip-
ment and technical requirements has perpetuated their use
worldwide. Nevertheless, having to employ fresh erythrocytes
imposes to these methods a high level of variability and faces
also the increasing ethical and safety concerns raised by the use
of animal-derived products. This is remarkable if we take into
account that these are the WHO reference methods for the anti-
genic characterization of circulating influenza viruses and for
the titration of specific n-Ab against them, two tasks crucial to
determine the annual reformulation of the flu vaccine.

In this work we developed synthrocytes, a synthetic reagent that
is able to bind to influenza A(H1N1) and B viruses, mimicking
RBCs in classical HA assays. This interaction triggers synthro-
cytes’ agglutination, producing changes in the sedimentation
pattern that can be observed by the naked eye in less than 5 min,
and that resemble those generated by animal RBCs in 30-60
min. Furthermore, the interaction between synthrocytes and in-
fluenza can be inhibited by specific n-Ab, which allows per-
forming HAI-like assays for antigenic characterization and se-
rological studies. This has been demonstrated here by carrying
HAI-like assays using synthrocytes and the reference reagents
provided by the WHO for influenza surveillance.
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Figure 6. a) Agglutination inhibition assay in the presence of increasing concentrations of two neutralizing Ab (Abl and Ab2). Each
well contained 2.5 ug/mL of A(H1IN1) A/New Caledonia/20/99 virus and 8.25x10° synthrocytes. b) Agglutination inhibition assay
performed with synthrocytes (left, 5 min) or human RBCs (right, 60 min), using WHO reference viruses and antisera.
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Although sensitivity, selectivity and stability should be im-
proved, these results demonstrate that it is possible to substitute
RBCs in the HA and HAI assays currently used for, among oth-
ers, global influenza surveillance. Compared to RBCs, a syn-
thetic reagent would display a number of advantages. Synthro-
cytes produce results significantly faster. Production of a syn-
thetic reagent is compatible with the customized incorporation
of selected bioreceptors and surface fine-tuning, which would
impart specificity and prevent the unwanted non-specific inter-
actions displayed by native RBCs. Finally, a synthetic reagent
could be also mass-produced and stabilized for global distribu-
tion, which would facilitate the standardization of HAI-like
methods worldwide, providing enhanced tools for pathogen sur-
veillance and vaccine evaluation.
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