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The application of pseudotypes to
influenza pandemic preparedness

Francesca Ferrara', Eleonora Molesti' & Nigel Temperton*'

ABSTRACT Human and animal populations are constantly exposed to multiple influenza
strains due to zoonotic spillover and rapid viral evolution driven by intrinsic error-prone
replication and immunological pressure. In this context, antibody responses directed against
the hemagglutinin protein on the surface of the virus are of importance since they have
been shown to correlate with protective immunity. Serological techniques, detecting these
responses, play a critical role in influenza pandemic preparedness in particular with regard
to the measurement of vaccine immunogenicity. As the recent human pandemics (H1N1)
and avian influenza outbreaks (H5 and H7) have demonstrated, there is an urgent need to
be better prepared to assess the contribution of the antibody response to protection against
newly emerged viruses and to evaluate the extent of pre-existing heterosubtypic immunity
in populations. This review compares pseudotype-based assays with wild-type and virus-
like particle virus assays and discusses their place in the pandemic preparedness against the
influenza virus. It additionally addresses the state-of-the-art developments of pseudotype-
based assays (chimeric hemagglutinins, multiplex and post-attachment) including the
development and future deployment of assay kits and approaches toward standardization
to both preclinical and clinical endpoints. Progress toward the development of an influenza
pseudotype library for the purposes of pandemic preparedness is also outlined and
discussed.

Influenza: virus

Influenza viruses belong to the Orthomyxoviridae family and are negative sense segmented RNA
viruses that can infect different avian and mammalian species, including humans. They are envel-
oped pleomorphic particles with a 120 nm average diameter, and length that can reach and exceed
300 nm (filamentous particles) [1]. On the basis of internal protein antigenic and phylogenetic
characteristics, three influenza types, A, B and C, can be distinguished [2]. However, viruses with
homology to influenza C have been described and provisionally classified as influenza D [3]. In their
viral envelope (a lipid bilayer of cellular origin) influenza viruses harbor three different proteins:
two glycoproteins — hemagglutinin (HA) (4] and neuraminidase (NA) [5] — and the transmembrane
ion-channel M2 [¢]. Influenza A viruses are then further classified into subtypes using antigenic
characteristics (historical classification [2]) and phylogenetic characteristics (modern classification [7])
of the envelope glycoproteins HA and NA. Currently, 18 different HA subtypes are recognized
and are divided into two lineages (Figure 1): group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13,
H16, H17, H18) and group 2 (H3, H4, H7, H10, H14, H15) (7-10]. The NAs are classified into
11 subtypes divided into two groups (group I: N1, N4, N5, N8; group II: N2, N3, N6, N7, N9;

N10 and N11 are not included in the classification) [11]. However, there is debate about considering
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Figure 1. A phylogenetic tree of the influenza hemagglutinins H1 to H18. The HAs are divided into
two groups (group 1 HA in pink and group 2 HA in blue). Highlighted with a circle are those subtypes
that currently pose a pandemic risk. Highlighted with a box are those subtypes that have been
pseudotyped. The tree was constructed using BEAST and FigTree.

HA: Hemagglutinin.

For color images please see www.futuremedicine.com/doi/full/10.2217/fvl.15.36

N10 and N11 subtypes in the classical NA clas-
sification, as these proteins do not show sialidase
activity [10,12-14].

The HA is a rod-shaped homotrimer with a
stalk region and a globular head [15] that is neces-
sary for viral attachment to the cellular receptor,
sialic acid [16]. Usually the HA of avian origin
viruses has higher affinity for a-2,3 sialic acid,
while human viruses preferentially bind o.-2,6
sialicacid 17]. Furthermore, the HA also mediates
envelope—endosome fusion, since a pH-mediated
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structural change [18] exposes a fusion peptide
present in the stalk region (reviewed in [19]).
The NA [5] is a sialidase that removes sialic acid
from influenza-infected cells to facilitate viral
progeny release [20.21]; in vivo its activity is also
necessary to facilitate virus penetration of the
mucus surface thus allowing access to the lung
epithelium level [22,23]. In influenza C virus, the
two glycoprotein functions are substituted by
one, the hemagglutinin—esterase-fusion (HEF),
that possesses both HA and NA activity [2425].
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For influenza A, the ion channel M2 has numer-
ous functions during the influenza replication
cycle: viral uncoating, stabilization of HA, viral
particle assembly and membrane scission. For
influenza B and C, the ion channel is named
B/M2 and C/M2, respectively.

Present in the internal core of the influenza
virus is the matrix protein M1 [2¢], the viral ribo-
nucleoprotein complex within which the nega-
tive sense RNA genome is associated with the
nucleoprotein and the polymerase complex (PA,
PB1 and PB2) [27.28]. The viral core addition-
ally contains the nonstructural protein 2 (NS2;
nuclear export protein) but not the nonstruc-
tural protein 1, which is expressed during the cell
cycle and has IFN-inhibiting activity.

Influenza: epidemiology & pandemic
preparedness

Influenza viruses cause respiratory disease with
variable severity of clinical symptoms. The infec-
tion can be asymptomatic, self-limiting to the res-
piratory tract or can be associated with extremely
severe complications (e.g., pneumonia, myocardi-
tis, influenza-associated myositis, rhabdomyoly-
sis, encephalitis, Reye syndrome and Guillain—
Barré syndrome). Classic influenza symptoms
include fever, cough, sore throat, runny or
stuffy nose, muscle or body aches, headache and
fatigue 29]. The sudden onset and presence of
fever, myalgia, headache and fatigue allows dif-
ferential clinical diagnosis and permits the dis-
tinguishing of influenza from the common cold
(thinoviruses) and respiratory disease caused by
other pathogens [30]. The clinical course depends
on the viral virulence and the infected individual:
age (child or elderly), pre-existing immunity, the
presence of prior morbidity affecting heart (car-
diopathic disease and/or hypertension) or lungs
(e.g., asthma), diabetes, pregnancy, the presence
of immunosuppression are all risk factors for
influenza complication [3132]. Some genetic deter-
minants can also play a role in the development
of severe disease [33,34].

The three influenza virus types infect dif-
ferent mammalian species. Influenza C infects
exclusively humans and, even though its spread
is limited in the human population, it can cause
severe disease (e.g., pneumonia [35]). Influenza B
infects humans causing seasonal epidemics [36]
and is included in human seasonal influenza
vaccines [37]. Influenza B has also been reported
to infect other mammalian species, such as
seals [38]. Influenza A viruses are disease-causing
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agents in mammals (humans, pigs and horses
primarily) and birds, and the viruses harboring
H1-H16 have a reservoir in wild birds, espe-
cially Charadriiformes (gulls) and Anseriformes
(ducks) [39.40]. To date, viruses harboring H17
and H18 have only been isolated in bats [9.10].
In humans only influenza A viruses that har-
bor H1 or H3 HA in their envelope circulate
currently during winter seasons, causing annual
epidemics [31,41], and for this reason are included
in the human seasonal vaccine [42]. H2 strains
circulated in humans between 1957 and 1968
and were associated with significant morbidity
and mortality.

Human H1 and H3 influenza A viruses and
influenza B viruses undergo antigenic changes
of the surface glycoproteins (antigenic drift)
leading to the appearance of new virus variants.
Every year the WHO changes the seasonal vac-
cine composition on the basis of surveillance
data in order to match the predicted circulating
strains [42]. This choice is made twice each year,
once for the northern hemisphere (in February
for the next winter), the other for the southern
hemisphere in October. The choice is made in
advance since for vaccine production, clinical
trials and stockpiling, at least 6 months are
necessary [42,43].

In addition to viruses with H1, H2 and H3
HA, viruses of avian origin from other HA sub-
types (e.g., H5, H7, H9 and more recently H6
and H10) have been shown to directly infect
humans [44-50] and if these viruses were to
acquire efficient human-to-human transmission
they could potentially cause pandemics.

Furthermore, influenza viruses possess a
segmented genome and reassortment between
human, avian and/or swine viruses can occur
(antigenic shift) if they infect the same host. It
is thought that pigs can act as a mixing vessel for
this reassortment. This was observed with the
emergence of past influenza pandemics. In 1918,
an avian-like human adapted HIN1 virus started
to circulate in the human population causing
the first pandemic of the 20th century [s1.52].
Subsequently the 1918 virus underwent anti-
genic drift mutations and it has circulated as a
seasonal strain until 1957 at which time a reas-
sortment with an avian virus occurred [53]. This
new virus had acquired the avian origin enve-
lope proteins of the H2 and N2 subtypes. H2N2
viruses circulated for 10 years until, in 1968,
they waned from the human population after
a further reassortment event occurred, and the
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H3N2 pandemic strain emerged [s3]. After the
pandemic, H3N2 strains have continued circu-
lating even after the reappearance of an HINI
virus in 1976 [s4]. This virus has subsequently
become a seasonal strain [55].

At the start of the 21st century it was believed
that the next pandemic could emerge either via a
reassortment between human viruses and viruses
belonging to the highly pathogenic avian influ-
enza (HPAI) H5 or H7 subtypes (predominantly
circulating in poultry), or from an adaptation of
these HPAI H5 or H7 viruses to the human host.
For this reason active surveillance, collaborative
networks, vaccines and pandemic plans were
developed to monitor and block the circulation
of these subtypes in poultry populations around
the world. This in part may have led to the sur-
veillance of other virus subtypes being neglected:
for example, the emergence of new avian or
swine-origin H1 or H3 viruses was believed not
to be of concern, because previously, pandemics
have always originated from viruses with HA
subtypes different from the subtype already
circulating in the human population [56.57].
Ultimately a quadruple HINI reassortant virus
emerged causing the first pandemic of the 21st
century after reassortment between two swine
viruses: one was a Eurasian avian-like swine
virus, the other originated previously through
reassortment of North American avian, classical
swine and human (H3N2) viruses [58,59].

In China, in 2013, a recombinant low path-
ogenic avian influenza (LPAI) H7N9 virus
emerged [47]. This virus can easily infect humans
causing severe respiratory syndrome but does not
have the capacity for efficient human-to-human
transmission [60]. Studies have shown that this
virus and similar viruses have been circulating
undetected in the avian reservoir and probably
in poultry, and that this was ongoing for at
least a year before the emergence of the human
strains [61,62].

All these instances have shown that, to carry
out effective pandemic preparedness of zoonotic
viruses such as influenza, it is necessary to imple-
ment continuous animal surveillance. For exam-
ple, HPAT H7 and HS5 viruses are symptomatic
and require notification to the authorities, and
when outbreaks are confirmed, culling of farm
animals is rapidly implemented to block the
spread of the disease. This has permitted the
monitoring of the spread of these viruses [57].
However LPAI influenza and swine influenza
are often asymptomatic and they require the
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monitoring of both sick and healthy animals
(especially livestock) since these viruses can
infect and lie undetected for extended periods
of time. For this reason it is necessary to monitor
the viruses circulating in all animal reservoirs
through virus isolation and identification (with
classical and molecular biology methods) [63,64]
and via seroepidemiology studies in animals
and humans to predict possible emerging
viruses [65]. Another important monitoring tool
is the collection of viral gene sequences [66-68],
as using bioinformatic analysis it is now possible
to identify the presence of molecular markers
that can help to recognize viruses that pose a
pandemic risk [69]. This ‘One Health” approach
(“To improve health and well-being through the
prevention of risks and the mitigation of effects
of crises that originate at the interface between
humans, animals and their various environ-
ments’ [One Health Global Network]) is now
widely accepted by the international scientific
community and applied with common effort by
the Food and Agricultural Organization of the
United Nations (FAO), World Organization for
Animal Health (OIE), WHO, and US Centers
for Disease Control and Prevention (CDC).

Influenza: antibody response - from
anti-HA head to anti-HA stalk antibodies
The quantification of antibody responses
induced by natural infection and vaccination,
directed against influenza HAs, is an important
facet of pandemic preparedness, since it permits
evaluation of whether a population is subclini-
cally infected and additionally prediction of the
actual geographical spread of circulating viruses
(assuming no assay cross-reactivity between sub-
types). Furthermore, understanding how the
immune response against influenza functions
is of paramount importance for the design of
vaccines with higher efficacy [70-73].

The mechanisms by which antibodies can
neutralize influenza virus are now well charac-
terized and have been explained in detail in a
review by Han and Marasco [74]. From the initial
studies on the influenza antibody response, it
was clear that antibodies directed against HA
were able to prevent viruses binding to the cel-
lular receptor, blocking viral infectivity [75.76].
Initially, considering the characteristic antigenic
drift of influenza virus and hemagglutination
inhibition (HI) assay results, it was thought that
minimal mutation in the HA could block the
immunoglobulin (Ig) binding and that antibody
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cross-reactivity between closely related strains
was absent [77]. However, in the 1990s it became
clear that antibodies able to neutralize different
HA strains and subtypes could be generated 77
vivo and in vitro (Hoag presents an interesting
historical perspective of this discovery [78]).

Recently, using different approaches, mono-
clonal antibodies showing pan- and heterosub-
typic neutralization activity conferred by their
ability to bind conserved regions on the HA stalk
have been isolated in humans (F10, CR6261,
CR8020, FI6v3, CR9114, CR8043) [79-84]. This
has opened up the possibility not only for the
use of these as therapeutic agents in antiviral
therapy (85-87] but also has increased interest in
stimulating such neutralizing antibodies using
novel ‘universal’ vaccine approaches (reviewed
in Krammer and Palese) [ss].

Influenza: serology & HA antibody testing

The development of new ‘universal’ vaccines
is however problematic: first, it is necessary to
evaluate whether antibodies that can bind to the
HA-conserved region are already present in the
human population and, if present, at what level;
subsequently, it is necessary to assess whether
these new vaccines will be able to induce or
boost a heterosubtypic stalk-directed neutral-
izing antibody-mediated response. Classical
serological assays, such as single radial hemoly-
sis (SRH), HI and microneutralization (MN)
assays, have demonstrated low sensitivity for
the detection of cross-neutralizing antibodies,
especially those directed against epitopes in the
HA stalk region [79-82,89]. Using ELISA or other
binding assays (immunofluorescence and west-
ern blotting), it is possible to detect HA specific
antibodies present in sera and other relevant
samples (e.g., nasal wash, throat wash) [90] but
it cannot differentiate whether these antibodies
can neutralize influenza virus infection, since
this assay evaluates the binding ability, and not
the antibody function [91]. For this reason, over
the past decade many laboratories have tried to
develop new and more sensitive assays that pos-
sess all the advantages and characteristics of clas-
sical neutralization assays but without the risk
associated with using wild-type viruses (essential
for HPAI strains). For this purpose, surrogate
recombinant viruses (pseudotypes) can be used.

Pseudotype particles
Pseudotype particles or pseudotypes are rep-
lication defective viruses that harbor on their
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envelope a protein of one virus, but their core is
constituted of the internal proteins of another
virus, and in their genome a reporter gene is
encoded [92]. Different viral cores are commonly
used: vesicular stomatitis virus [93], gammaretro-
viruses (e.g., murine leukemia virus [MLV]) [94]
and lentivirus (HIV) [95,96]. Lentiviral cores and
lentiviral vectors are particularly useful since len-
tiviruses can integrate into the cellular genome
of dividing and nondividing cells and this has
led to their use in gene therapy and the devel-
opment of many lentiviral vectors (reviewed in
Sakuma et al.) [97].

Lentiviral pseudotypes are produced utilizing
highly transfectable cell lines (usually human
embryonic kidney HEK293 cells or derivative
cell lines) and introducing plasmid constructs to
produce the core proteins, the lentiviral genome
encoding a reporter gene, and one encoding
the envelope protein of the virus of interest.
The pseudotyped viruses generated acquire the
cellular tropism of the virus that donated the
envelope protein, and the lentiviral capacity to
integrate their genome into the target cell line
(Figure 2) [98].

The reporter gene permits measurement of
virus transduction of target cells and quantifi-
cation of the viral contents (titer). Since they
harbor in their envelope foreign proteins, pseu-
dotypes are a useful tool to study both viral entry
and antibody response. Another major advan-
tage associated with the use of pseudotypes is
that since they are replication defective viruses
they can be used in low biosafety level laborato-
ries [96]. The use of pseudotypes in serology for
emerging and re-emerging viruses was recently
reviewed by Mather ez al. [99). For influenza spe-
cifically, Garcia and Lai and Carnell ez a/. have
reviewed their use in detail [100,101]. Here we will
focus on the use of influenza lentiviral pseudo-
types in neutralization assays, especially to detect
stalk-directed neutralizing antibody responses
as this has a greater relevance to pandemic pre-
paredness against multiple HA subtype viruses
originating from different species.

New & established serological assays for
influenza

¢ Established assays

HI assay

The HI assay [102] is based on the principle that
antibody binding to the HA globular head can
inhibit the HA ability to agglutinate red blood
cells (RBCs). Since the agglutination process
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Figure 2. A schematic representation of an influenza hemagglutinin-pseudotyped lentiviral
particle that carries a luciferase reporter. Hemagglutinin structure in light and dark blue

representing HA2 and HA1 regions, respectively.

LTR: Long terminal repeat; RT: Reverse transcriptase.

is mediated through the attachment of the
HA receptor binding sites to the erythrocytes’
sialic acid residues creating a virus-RBC lattice,
the ability of antibodies to block this binding
is an indirect measure of the ability to block
viral attachment to target cells and in this way
block viral infectivity. In the HI assay, two-
fold serial dilutions of sera are prepared and a
fixed amount of recombinant or viral origin HA
antigen (previously calculated via HA assay) is
added. After a 15 min to 1 h incubation, RBCs
(0.5% chicken and turkey, 0.75% guinea pig
and human type O or 1.0% horse RBCs) are
added. Erythrocyte agglutination indicates the
absence of virus specific antibodies (negative)
and RBC precipitation shows the presence of
antibodies (positive). Assay consistency and

Future Virol. (2015) 10(6)

correct interpretation of results is ensured by the
addition of antibody positive/negative reference
antisera controls, and RBC in absence/presence
of HA antigens/viruses [103,104].

The major advantage of the HI assay is that
correlation with protection against influenza
has been described. Different studies have
shown that HI titers >40 are associated with
at least 50% protection from infection in adult
humans [105-108]. Studies performed on children
have shown that higher HI titers are necessary
to attain 50% protection [109,110]. Even if the
complexity of influenza antibody response in
humans is difficult to summarize using cutoff
values, the correlates are widely accepted and
recognized, and this permits the use of HI as the
preferred assay in vaccine evaluation studies [111].
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However, as shown in different monoclonal anti-
body studies, a major disadvantage is that the
HI assay cannot detect immunoglobulins that
do not bind near the sialic-acid receptor site,
such as the antibodies binding to the HA stalk
region [79-82,89] and, for this reason, it cannot
be effectively used in the evaluation of vaccines
that aim to elicit such antibodies, the so termed
‘next-generation’ or ‘universal’ vaccines. Another
disadvantage is the fact that sera can contain
nonspecific inhibitors of hemagglutination that
need to be inactivated prior to the testing pro-
cedure [112]. Furthermore, the standard HI assay
is less sensitive than MN in detecting antibod-
ies against avian influenza viruses [113]. This
becomes a problem when the assay is applied
to the evaluation of H5 prepandemic vaccines.
For this reason, a modified HI assay that uses
horse instead of turkey erythrocytes was devel-
oped [114]. Horse RBCs are richer in a-2,3 sialic
acid and thus are bound with greater efficiency
by avian influenza viruses. This modified version
has shown good correlation with the MN assay
for a wide range of avian influenza viruses [115].
Despite HI being widely used and easy to per-
form, problems with standardization and inter-
laboratory reproducibility/agreement still exist.
In different collaborative studies [116-118], it was
observed that intra-laboratory assay variability is
relatively low, but inter-laboratory variability is
significant. Nevertheless, the same studies show
that the use of an internal reference standard
can improve the inter-laboratory results [116-118].
An interesting new adaptation of the HI assay is
the use of an influenza pseudotype as the virus
antigen in lieu of wild-type virus, which war-
rants further study [119]. This would additionally
permit easy manipulation of key amino acids
in the synthetic pseudotype HA to study their
effect on HI titer.

SRH assay

The SRH assay [120,121] was developed as an
antigen sparing modification of the single radial
immunodiffusion test to offer an alternative to
the more commonly used HI. In this assay,
inactivated virus-coated RBCs are mixed with
agarose and guinea-pig complement to form
gel immunoplates in which, after cutting out
circular wells, it is possible to add the decom-
plemented sera to be tested, usually undiluted.
During the overnight incubation step if anti-HA
antibodies are present, they can bind to the virus
and, in the presence of complement, erythrocyte
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lysis occurs. In this way the presence of anti-
bodies appears as a zone of hemolysis around
the well, the diameter of which is positively
correlated to the quantity of antibody present.

The SRH assay is robust and shows little intra-
laboratory variation [121]; also in inter-laboratory
studies it exhibits less variation when results
are expressed in the same format (e.g., surface
area) [117]. Furthermore, it was observed that a
>25 mm? SRH area usually correlates with pro-
tection [107]. Together with the fact that it does
not require wild-type viruses, this makes the
SRH one of the assays of choice for vaccine eval-
uation studies, especially for influenza B where
the HI assay is relatively insensitive compered
with MN [111].

Disadvantages of SRH application in detect-
ing antibodies exist: the assay detects only
immunoglobulin subclasses (IgGl, IgG3 and
IgM) that bind the complement complex (pre-
cisely the Clq complement protein, the first
protein in the complement cascade) and, for
example, since immunoglobulins of class A do
not bind Clgq, application of this assay to the
study of the mucosal IgA-mediated response is
not possible [121]. In addition, when performed
against H5 viruses to test human sera, the
samples require preadsorption against H1 and
H3 viruses to remove possible cross-reactivity
against viral internal proteins [111,122].

Hemagglutinin ELISA

ELISAs are regularly used to detect antibodies
against proteins of interest. In influenza serology,
they are applied to detect antibody responses in
sera against HA and other influenza proteins.
The focus here is on ELISA for HA antibody
detection.

In the most widely used approach (indirect
ELISA), the HA is coated onto the wells of a
96-well plate. After a blocking step, dilutions
of the sera to be tested are added and the plate
is incubated. Then a labeled secondary anti-
body that can recognize the test antibodies is
added. After a further incubation, the assay is
developed using an appropriate substrate and
measured using a plate reader. An advantage
of this assay is that by using specific secondary
antibodies it is possible to differentiate antibody
subclasses and test other sample types, such as
nasal washes [123]. This is particularly useful
for the detection of mucosal antibodies. The
assay has high sensitivity but specificity needs
to be improved. For example, to distinguish
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between anti-head or anti-stalk responses, other
approaches such as competitive ELISA [82,124-125]
need to be used. Furthermore, ELISA detects
only antibody binding (seroreactivity), it cannot
give information about the neutralizing activity
of the antibodies [91].

Plague-reduction neutralization & MN assays

Plaque-reduction neutralization and MN assays
are the only assays that directly evaluate the
neutralizing antibody activity against wild-type
virus [103]. In the plaque-reduction neutralization
assay, sera are diluted and incubated with virus.
After incubation to permit antibody attachment,
the antibody—virus mixture is added to a tar-
get cell monolayer. After an hour incubation in
which the unbound virus can enter the target
cells, cells are covered with agarose to block the
spreading of the viral progeny that will be pro-
duced after infection. In this way, instead of a
generalized cytopathic effect, clear lysis plaques
will appear after removing the agarose and
staining with crystal violet. The neutralization
is then evaluated as the reduction of the number
of plaques in comparison to the virus infection
control (in the absence of antibodies). The MN
assay is performed in 96-well plates [126]. Since
the plate format does not permit the counting of
viral plaques, agarose is not used and the general
viral cytopathic effect is evaluated. The neutrali-
zation activity is measured as the ability of sera
to reduce the cytopathic effect due to inhibi-
tion of viral entry and subsequent replication.
A more sensitive and quantitative approach is
represented by the ELISA-MN. In this assay the
readout is quantitative: an ELISA to measure
influenza nucleoprotein is performed, and this
correlates directly with viral infection. Another
approach is the use of recombinant viruses in the
neutralization assay (127]. This recombinant virus
presents in its genome a green fluorescent protein
(GFP) gene instead of the HA gene and is pro-
duced by exploiting the reverse genetic system
(in this case an HA protein expressing plasmid
is also necessary). Using this method it is not
necessary to use an extra detection step since
the readout is the GFP signal that is produced
after viral infection. Furthermore, the system is
also safe since lacking a proper HA genome seg-
ment, the recombinant virus cannot replicate in
cells that do not express HA [127). Neutralization
assays can detect antibodies that are able to neu-
tralize viral attachment and viral entry and for
this reason they are able to detect also antibodies
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binding to the HA stalk region [89]. For this,
MN should be the assay of choice to evaluate
influenza antibody response. However, it is not
widely used since it requires wild-type virus and
correlation of disease protection is not estab-
lished despite the WHO routinely indicating a
1:80 titer as a cutoff and correlating this with
protection [128].

Other binding assays

Western blotting and immunofluorescence rep-
resent two classical methods to detect antibody
response [129]. As with ELISA, these assays can
only detect the presence of binding antibodies
and they do not give information about neutrali-
zation activity [91]. Western blotting can also be
used in the characterization of epitopes recog-
nized by the antibodies: during electrophoresis
in the presence of reducing agents, the two HA
subunits (HA1 and HA2) can be separated and
antibodies against HA2 and HA1 can be distin-
guished, while antibodies that recognize stalk
conformational epitopes can detect only the full
HA protein [82,89,125].

Cell-cell fusion inhibition assay

Infection with viruses harboring proteins with
fusion activity (such as Paramyxoviridae viruses)
is usually evaluated by observing syncytia for-
mation [130]. In its native state, influenza virus
HA does not possess fusion activity but, when
exposed to acid pH, it undergoes conformational
changes and acquires fusion activity [19]. Since
this function is mediated by the rearrange-
ment of the stalk region, it is possible to evalu-
ate antibodies that can bind to the HA stalk.
Furthermore, all the broadly neutralizing mono-
clonal antibodies have been shown to inhibit this
step, thus this assay (or a modification thereof)
represents a direct approach to assess stalk
antibody function activity [79-83.85,89].

The assay [89.131] is not easy to perform. Cells
need to be transfected with an HA-expressing
plasmid and after incubation to permit HA
expression, cells are treated with TPCK-trypsin
to enable the HA cleavage necessary to trigger
the conformational change and exposure of the
fusion peptide. Cells are then incubated in the
presence of monoclonal antibodies or sera. After
incubation, media is removed and low pH media
added. Subsequently, formation of polykaryons
(cells that possess more nuclei) is observed by
microscopy; sometimes usage of tissue/cell stain-
ing can facilitate their visualization [79.132]. The
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presence of polykaryons indicates the absence
of antibodies that block the cell-cell fusion.
Furthermore, another assay complication is the
fact that some HA mutations have been shown to
change the HA fusion pH [133,134], and between
avian and human viruses fusion pH variations
also exist [13s]. Different groups [136] have tried to
simplify the fusion assay using dyes or reporter
gene systems, however, the use of this complex
assay is still not widespread.

¢ New assays

Pseudotype virus neutralization assay

The adaprability of pseudotypes has been
exploited not only for influenza basic research
but also as an alternative/adjunct tool for sero-
logical surveillance and (pre) clinical applica-
tions, in particular for highly pathogenic strains
such as H5N1 and H7NI. It has been demon-
strated that influenza pseudotypes are highly
sensitive when used in 7z vitro assays, and they
can be used to rapidly, safely and accurately
evaluate the neutralizing antibody responses
elicited by vaccine candidates and/or by natural
infections. The use of pseudotypes as alternatives
to wild-type influenza viruses, including HPAI
strains and pandemic strains, has been imple-
mented in neutralization assays, also referred
to as pseudotype-based neutralization (pp-NT)
assays. Previous studies have reported that results
from HI, MN and SRH assays correlate well
with those obtained by pp-NT assay [128,137-139].
For the pp-NT assay, twofold serial dilutions of
sera are incubated with a predetermined amount
(quantification is done via the measurement of
reporter gene expression) of pseudotypes and
incubated for 1 h at 37°C in a 96-well plate.
Subsequently, a fixed amount of target cells is
added to the wells of the 96-well plate and trans-
duction by the reporter is measured routinely
after 48 h. As is the case for traditional virus
neutralization assays, the titer of antibody can
be expressed as the highest dilution of serum
sample that inhibits transduction by usually 50
or 90% [140].

Different laboratories have shown good cor-
relation between the pseudotype neutraliza-
tion assays and other serological assays using
sera of different origin [95-96,119,128,141-142].
Furthermore, Alberini et 2/. have used the corre-
lation between an H5 pseudotype neutralization
assay and MN to infer a possible cutoff titer asso-
ciated with protection in the pseudotype assay,
which is 1:357 [128]. Similar studies are yet to be
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performed using other influenza subtype pseu-
dotype strains. As observed in different stud-
ies the pseudotype neutralization assay shows
higher sensitivity in detecting HA stalk-directed
antibodies probably due to the lower HA density
on the pseudotype surface in comparison with
wild-type influenza virus (82,143].

Other functional antibody assays

To study HA-directed antibody responses, the
application of the enzymatic virus-like particle
(VLP) assay is a valid approach [144]. This assay
is used to evaluate viral entry and is performed
using VLP (particles harboring the original
envelope viral proteins and original viral core
proteins but without genomic material) in which
the M1 protein is modified to a fusion protein
with the B-lactamase enzyme. In this way when
these particles enter into cells, a signal can be
detected after adding the appropriate substrate.
Since the incubation time is only required to
permit viral entry, and it is not necessary to wait
for the expression of reporter genes, this assay is
very rapid. Furthermore, Tscherne ez a/. show
that VLPs can be used as surrogate antigen in
HI assays also [144].

Post-attachment pseudotype neutralization
assay

Using pseudotypes as surrogate viruses,
Oh et al. have modified the post-attachment
neutralization assay for influenza developed by
Edwards et al. [145,146]. In this assay, pseudotypes
are incubated at 4°C with cells to permit the
synchronization of the virus binding to the cell
surface and to block viral endocytosis. Diluted
sera are then added, and following another 4°C
incubation, plates are transferred to 37°C to per-
mit transduction [145]. In the post-attachment
pseudotype neutralization assay, neutralization
is observed only when the antibody is blocking
the endocytosis step and subsequently HA con-
formational changes necessary for virus-endo-
some fusion. Antibodies that have neutralizing
activity through impeding viral attachment
will produce negative results in this assay. For
this reason the assay is useful for evaluation of
stalk-directed antibodies that do not inhibit
viral attachment [145]. Post-attachment neu-
tralization assays have the ability to differenti-
ate stalk-directed antibodies from head-directed
antibodies and can be used to verify the presence
of stalk antibodies. Another possible approach
could be to use pseudotypes harboring mutated
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HAs mimicking the HAs of broadly neutralizing
mAb escape-mutant viruses. This last approach
may also give precise information about the rec-
ognized epitopes: if the antibodies present in the
sera recognize the same epitopes of broadly neu-
tralizing mAbs, sera will not be able to neutralize
the mAb escape-mutant HA pseudotypes.

Chimeric HA pseudotype particle
neutralization assay

To study the antibody response directed against
the HA stalk, the Palese group has developed
pseudotype particles and influenza viruses
exhibiting on their envelope a chimeric HA.
This chimeric HA has a stalk region and a
globular head originating from two different HA
subtypes or strains [147]. To create this chimeric
construct, they have exploited the presence in
the HA of two cysteines, Cys52 and Cys277,
that are engaged in a disulphide bond and that
separate the head and stalk regions. In fact,
the HA gene portion between the Cys52 and
Cys277 codons encodes for the amino acids that
constitute the HA globular head and thus it was
possible using DNA recombinant technology to
exchange the HA head of one virus with the HA
head of another influenza strain. Additionally,
the same cysteines have been used to construct
a headless HA to be used as a vaccine to induce
stalk-directed antibodies [148]. The concept
behind the idea of using these modified HAs
to detect exclusively HA stalk-directed antibod-
ies is that since the antibody response is prin-
cipally directed against the HA head, testing
sera against an HA that has a different head
will permit easy detection of antibodies against
the more conserved stalk region instead of the
antibodies generated against the original HA
globular head since they will not recognize an
antigenically unrelated head. Furthermore, these
chimeric HAs can also be used as a vaccine to
elicit stalk-directed antibodies [149,150]. In dif-
ferent studies [147.151], the chimeric HA, even if
not utilized in the pseudotype platform, but in
ELISA, has been demonstrated to be a useful
approach to study and detect exclusively cross-
reactive antibody responses directed against the

stalk.

Influenza: pseudotype resource/library

One facet of pandemic preparedness that pseu-
dotypes particularly lend themselves to is the
establishment (prepandemic) of a pseudotype
resource library consisting of influenza HA and

Future Virol. (2015) 10(6)

NA envelope glycoprotein expression vectors and
their cognate retroviral pseudotypes. In order to
prioritize the strains that will constitute a high-
utility library, the following procedures (among
others) can be performed: use of WHO/OIE/
ProMed news feeds, conference abstracts, que-
ries instigated by potential library end users via
email, website, social networks, published lit-
erature (human/animal outbreaks/surveillance
data/vaccine studies), phylogenetic analysis and
antigenic cartography [152]. This information can
then inform custom gene synthesis of surface
influenza glycoproteins (HA and NA) from can-
didate viruses and subcloning into expression
vectors using an array of different promoters
(CMYV, B-actin) to effect high-level expression in
producer cells. Once nucleic acid sequence and
expression has been confirmed, HIV or MLV
vector systems can be used for pseudotyping as
detailed previously, using a GFP reporter as it
allows visualization of individually transduced
cells. In parallel with the collection of library
strains, the use and further development of ret-
roviral vectors carrying different reporter genes
(GFP/RFP/YFPD, luciferase, B-gal, secreted
alkaline phosphatase) for use by end users in
a range of sectors (pharma/high-throughput,
low resource/field, multiplex, etc.) should be
prioritized. The resource would additionally
lend itself to optimization of assay protocols
and standardization of virus stocks depending
on end-user assay requirements and laboratory
facilities and to the training of external users.
In a manner analogous to the establishment of
vaccine seed stocks in readiness for a pandemic
caused by a new influenza strain [153], a pseudo-
type library would enable neutralization assays
to be rolled out very soon after strain identifica-
tion. While there may be some mismatch at the
amino acid level, a comprehensive HA library
would permit a surrogate cross-reactive strain to
be employed as a preliminary measure until the
outbreak strain had been sequenced and depos-
ited in the NCBI [68] or other database [¢¢] to
allow for synthetic gene synthesis. Starting from
a synthetic gene, production can be achieved in
2-3 weeks as methodologies have been largely
optimized and streamlined. In fact, influenza
HA pseudotypes have now been constructed by
many groups based on multiple HA subtypes
originating from different species, human,
avian, swine and equine. In one such study,
the full complement of Group 2 HA pseudo-
types was constructed via the cotransfection of
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the TMPRSS2 protease in order to enable the
cleavage of HA necessary for infectivity [154].

Influenza: multiplexing pseudotype
neutralization assays

A further refinement of the pseudotype neutrali-
zation assay is the ability to multiplex, which is
infrequently described in the context of func-
tional serological assays. This is particularly rel-
evant for avian influenza. Outbreaks of H5 and
H7 lineage LPAI and HPAI viruses in poultry
have been increasing over many years with con-
comitant implications for both public and animal
health [65]. Evolution of these subtypes (some-
times under vaccine pressure) and the emergence
of new antigenic variants can make it difficult
to undertake effective surveillance and to imple-
ment pandemic preparedness strategies aimed at
stemming avian influenza outbreaks. The devel-
opment of a multiplex assay for the study of neu-
tralizing antibodies that are directed against both
influenza H5 and H7 HA has been described
recently [155]. In this study, multiplexing was
achieved using lentiviral pseudotype viruses car-
rying two different luciferase reporters, firefly and
renilla (Figure 3), although in theory two differ-
ent fluorescent reporters could also be used (GFP
and RFP for example). Given appropriate test
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sera, this novel assay permits the quantification
of neutralizing antibody responses against two
genetically and antigenically distinct HAs (H5
belongs to group 1, H7 to group 2; see Figure 1) in
the same serum/plasma sample, thus increasing
the amount and quality of serological data that
can be acquired from an often-limited volume
of sera. This assay can therefore be described as
serum sparing compared with traditional sero-
logical assays. Sera obtained from chickens vacci-
nated with a monovalent HSN2 vaccine, chickens
vaccinated with a bivalent H7N1/H5N9 vaccine
or turkeys naturally infected with an H7N3 virus
were evaluated by multiplex assay and the results
were found to correlate significantly with data
obtained by HI assay, the predominant assay used
for avian influenza surveillance [155]. Additionally,
with relevance to both the standardization of
pseudotype-based assays and also the develop-
ment of kits for easy worldwide deployment, the
study additionally showed that influenza pseu-
dotypes are highly stable under basic cold-chain
storage conditions and following multiple rounds
of freeze thaw.

Influenza: pseudotype neutralization kits
Molesti ez al. showed that influenza pseudotypes
are highly stable under basic cold-chain storage

® [H5N1]HA @ [H7N1]HA
@® [H5N1]NA [H7N1] NA
\ Firefly Luc \ Renilla Luc

e

+..k +_k

No inhibition Inhibition No inhibition

Calculate IC
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Figure 3. A schematic showing the multiplex neutralization assay for highly pathogenic avian
influenza H5N1 and H7N1 by using retroviral vectors carrying firefly (for HSN1) and renilla (for

H7N1) luciferase.
NAb: Neutralizing antibody.
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conditions and following multiple rounds of
freeze-thaw. This may thus have practical util-
ity for in-field serosurveillance and vaccine stud-
ies in resource-limited regions worldwide [155].
However, one logistical issue with developing
comprehensive collections of influenza HA
pseudotype stocks for pandemic preparedness
is that they necessitate -80°C long-term stor-
age and cold-chain maintenance during trans-
port. This limits the scope of dissemination
and application throughout resource-limited
laboratories. A recent study has investigated the
effects of lyophilization on influenza pseudotype
stability, with a view to developing a pseudotype
virus neutralization assay based kit suitable for
affordable global distribution [156]. Infectivity
of the influenza pseudotype was calculated after
lyophilization and immediate reconstitution, as
well as subsequent to incubation of freeze-dried
pellets at varying temperatures, humidities and
time-points. The integrity of HA glycoprotein
structure following lyophilization treatment was
additionally assessed by employing lyophilized
pseudotype in downstream neutralization assays.
In the presence of 0.5 M sucrose-PBS cryopro-
tectant, the freeze-dried influenza pseudotype
was stably stored for 4 weeks at up to 37°C
and could be neutralized to the same potency
as unlyophilized pseudotype when employed
in a neutralization assay. These results confirm
the viability of a freeze-dried pseudotype-based
kit, which could significantly facilitate low-
cost serology for a wide portfolio of influenza
subtypes.

Influenza: pseudotype standardization

The R&D and ultimate licensing of a broadly
neutralizing universal influenza vaccine will
likely require the use of more sensitive assays than
those currently used for seasonal vaccines [111].
Further development and validation of influenza
pseudotype-based assays as described above is
highly complementary to studies on understand-
ing the breadth of universal vaccine-induced
immune responses in preclinical animal models
and ultimately in humans. To be able to dem-
onstrate the reliability of a new serological assay,
such as the pseudotype-based neutralization
assay, a validation process is required. A valida-
tion process for the pseudotype assay is required
to be carried out according to International
Guidelines (specifically the ICH Harmonized
Tripartite Guideline Q2). As part of the valida-

tion protocol the criteria of specificity, accuracy,
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linearity, precision and robustness of the method
need to be studied and evaluated. The specific
reagents and protocols for influenza pseudotype
production and for the pseudotype neutraliza-
tion assay will need to be studied and stand-
ardized as factors during the validation process.
With respect to robustness criteria, the impact of
changes linked to these (operative steps of pseu-
dotype assay, and reagent set changes) require
evaluation. Examples of changes linked to the
protocol are influenza pseudotype concentra-
tion, incubation time (with sera) and incuba-
tion temperature. Example of changes linked
to the use of a different reagent is the use of
an alternative production lot or different cell
culture medium.

Input of pseudotype virus is of paramount
importance in standardization of this assay. To
this end, the standardization of the pp-NT assay
could be performed by normalizing on the basis
of the transduction activity (relative lumines-
cence units, RLUs) of each separate pseudotype.
This approach is optimal since it permits direct
comparison with MN assays (in a neutraliza-
tion assay 50% Tissue Culture Infectious Dose,
TCID,, is used as indicator of viral infectivity).
However, some laboratories have argued for the
need to normalize on the basis of other variables,
such as the HA content, or by other methods to
permit comparison between results [100].

Different laboratories exploiting pseudotypes
determine the viral input (pseudotype titer) to
be used in neutralization assays by evaluating
the number of viral particles [119.157-158]. These
quantification methods usually consist either
in quantification of the HIV viral core protein
p24 content (directly correlating with num-
ber of particles) of pseudotype preparation,
or by quantification of pseudotype genomes
through real-time reverse transcriptase (RT)-
PCR or, in theory, evaluating pseudotype RT
activity. Evaluation of p24 protein content
and of pseudotype RT activity can be readily
achieved using commercial kits that are com-
monly employed in HIV testing. Evaluating
pseudotype titer using particle number does
not necessarily correlate with viral entry since
particles without envelope glycoprotein cannot
enter target cells (an issue for p24 measurement
or quantitative RT-PCR, since these methods
quantify the particle number and not the abil-
ity of the particle to enter into cells, the fac-
tor that is evaluated in a neutralization assay).
Technical problems can be encountered also
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when normalizing viral input on the basis of
HA content. In fact, the HA content could be
interpreted as the total HA protein amount, the
amount of only the active (cleaved) HA or the
HA units. Evaluation of total HA quantity can
be easily achieved using ELISAs that are already
commercially available or that can be developed
in-house; however the price of these commercial
assays is still high and it is necessary to use a
specific kit for each and every HA subtype or
strain. Quantification of HA units can be eas-
ily performed with a hemagglutination assay;
however, it has been shown that normalizing the
virus input using HA units instead of reporter
gene expression can result in lower reporter
signal levels for some pseudotypes since a low
number of particles are used [147]. This is prob-
ably due either to differential HA expression on
the viral surface or to a decrease of HA affinity
for sialic acid and consequentially a reduction
in viral entry.

To quantify cleaved and uncleaved HA,
quantitative western blotting using densitom-
etry needs to be performed. This assay requires
a complex development and standardization:
internal loading controls need to be used, mem-
brane transfer needs to be consistent between
different experiments, quantity standards need
to be prepared and validated. Furthermore
this assay requires the use of specific antibod-
ies against the protein of interest, and for this
reason it will be necessary to isolate at least two
antibodies (or polyclonal preparation) for each
HA subtype that needs to be tested: one that
recognizes HA1 and one that recognizes HA2;
a third antibody that recognizes HAO could also
be useful.

For standardization and validation of the
pseudotype neutralization assay, a fine char-
acterization of pseudotype input using HA
quantity measures, preferentially the amount
of cleaved and uncleaved HA simultaneously,
will be necessary to support statistical analysis
and will require further study (e.g., quantifica-
tion method development and standardization).
Correlation between HA content (however this
is measured) and transduction units (RLU or
GFP) or particle numbers (p24 or electron
microscopy) needs to be established during any
validation process. The difficulty to quantify
cleaved and uncleaved HA content in pseudo-
type preparations could make direct compari-
son between IC, obtained using different HA
subtypes problematic, since IC,  is related to
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antibody affinity that is dependent additionally
on the antigen content (e.g., some pseudotypes
could be intrinsically easier to neutralize than
others because they harbor a smaller number
of HA molecules in their surface). However, it
should be noted that in classic neutralization
and MN assays the HA content of the viral
input is not usually evaluated and the same
problems also apply. As the state of the art, it
is the authors” opinion that the use of RLU for
normalization is the most effective method.

The added value of pseudotype neutraliza-
tion assay development consists of the ability
to perform a reliable neutralization assay in a
laboratory with a low biosafety level, and addi-
tionally the take up of this assay as an analytical
service to Big Pharma, WHO, CDC and OiE.
The pseudotype neutralization assay will allow
analysis of large numbers of samples in a limited
time and consequently with a low cost/benefit
ratio.

Conclusion

In conclusion, it can be seen that lentiviral
and retroviral vectors, originally developed for
gene therapy purposes, have rapidly gained an
impressive foothold in the pandemic prepared-
ness canon via the pseudotyping of influenza
HA onto their surface in order to produce sur-
rogate influenza viruses. These influenza pseu-
dotypes have been developed into serological
assays that are being increasingly used by many
sectors for serosurveillance, vaccine immuno-
genicity and monoclonal antibody testing. They
are inherently safe to use with the full array of
unmodified HAs and have shown increased sen-
sitivity for the screening of stalk-based antibod-
ies, thus placing them as the assay of choice for
universal vaccine research, a major cornerstone
of pandemic preparedness.

Future perspective (5-10 years)

It is envisaged that protocols will be available
for the efficient production of influenza pseudo-
types based on all 16 HA subtypes circulating
in wild birds. These protocols will incorpo-
rate optimized HA cleavage conditions (using
cotransfected proteases) and where applicable
the cotransfection of other influenza proteins
(NA or M2). The standardization of the pseu-
dotype neutralization assay to clinical endpoint
will have ideally been performed and recom-
mended protocols will be made available by the
WHO and OiE to all interested end users. Also,
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antibody standards will have been prepared by
public health and regulatory bodies and dis-
tributed to key reference laboratories to enable
extensive inter- and intra-laboratory variabil-
ity assays. There will be widespread usage of
influenza HA pseudotypes on high-throughput
liquid-handling assay systems for use in serosur-
veillance, vaccine immunogenicity testing and
for the screening of antivirals and therapeutic
monoclonals.
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EXECUTIVE SUMMARY

Influenza: serological assays for pandemic preparedness

e Antibody responses directed against hemagglutinin (HA) on the surface of the influenza virus are important as they
have been shown to correlate with protective immunity.

e Serological assays play a critical role in pandemic preparedness as they permit evaluation of pre-existing immunity
within populations and also the evaluation of vaccine immunogenicity.

e The most widely used serological assays for the detection of antibodies against HA are hemagglutination inhibition
(HI), single radial hemolysis (SRH), ELISA, and microneutralization (MN).

Influenza: new serological assay developments

e (lassical serological assays, such as single radial hemolysis, hemagglutination inhibition and microneutralization
assays, have demonstrated low sensitivity for the detection of cross-neutralizing antibodies, especially those directed
against epitopes in the HA stalk region.

e Influenza pseudotypes having a lower density of HA on their surface than their wild-type counterparts are highly
sensitive for the measurement of antibody responses against both the HA globular head and the stalk.

e Post-attachment pseudotype neutralization assays have the ability to differentiate stalk-directed antibodies from
head-directed antibodies and can be used to verify the presence of stalk antibodies.

e Chimeric HA pseudotypes have been produced that have a stalk region and a globular head from two different HA
subtypes. These can be exploited in neutralization assays to delineate antibody responses against either the head or

the stalk.

Influenza: pseudotype resource/library

e A pseudotype resource library consisting of influenza HA and neuraminidase envelope glycoprotein expression
vectors and their cognate retroviral pseudotypes can contribute significantly to pandemic preparedness.

e Aninfluenza HA pseudotype library would enable neutralization assays to be rolled out very soon after strain
identification as was done for the recent H7N9 strain.

e The use and further development of retroviral vectors carrying different reporter genes (GFP/RFP/YFP, luciferase, B-gal,
secreted alkaline phosphatase) for use by end users in a range of sectors (pharma/high-throughput, low resource/field,
multiplex etc.) is being carried out.

Influenza: multiplexing pseudotype neutralization assays

e A multiplex assay for the study of neutralizing antibodies that are directed against both influenza H5 and H7 HA
using pseudotype viruses carrying two different luciferase reporters, firefly and Renilla, has been developed. This
assay should be readily adaptable to other pairs of subtypes, for example, H1 and B or H3 and B (for seasonal vaccine

testing).

e The multiplex neutralization assay permits the measurement of responses against two antigenically distinct HAs in
the same serum/plasma sample thus increasing the amount and quality of serological data that can be acquired from

valuable sera.
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EXECUTIVE SUMMARY (CONT.)

A robust multiplex assay may have practical utility for in-field serosurveillance and vaccine studies in resource-limited
regions worldwide.

Influenza: pseudotype neutralization kits

Lentiviral pseudotypes displaying influenza virus HA can be lyophilized and retain high levels of infectivity after
reconstitution.

Freeze-dried pseudotype pellets can withstand storage for 4 weeks at temperatures up to 37°C and remain
employable in downstream neutralization assays.

Lyophilized influenza pseudotypes can be neutralized by antibody-positive sera with the same potency as their
unlyophilized counterparts.

HA glycoprotein integrity remains intact following lyophilization — pseudotype infectivity and neutralization are not
significantly hindered.

Reconstitution of lyophilized pseudotypes in either supplemented DMEM or nuclease free H,0 has a negligible effect
on titer retention.

A lyophilized, pseudotype-based neutralizing antibody kit, suitable for global distribution and application is a viable
proposition.

Influenza pseudotype standardization

e For them to take a prominent role in pandemic preparedness, pseudotypes and pseudotype-based neutralization
assays require standardization and validation to international standards.

e The main methods of pseudotype input standardization include relative luminescence units, HA content and particle
number (p24).

e Normalizing on the basis of the transduction activity (relative luminescence units) of influenza pseudotypes is optimal
since it permits direct comparison with microneutralization assays (in a neutralization assay 50% tissue culture
infectious dose is used as indicator of viral infectivity).
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