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Prolonged evolution of virus-specific memory T cell
immunity post severe avian influenza A (H7N9) virus
infection

Since 2013, influenza A/H7N9 has emerged as the commonest avian influenza subtype causing
human infection, and is associated with a high fatality risk. However, the characteristics of im-
mune memory in patients who have recovered from H7N9 infection are not well understood. We
assembled a cohort of forty-five H7N9 survivors and followed for up to 15 months after infec-
tion. Humoral and cellular immune responses were analyzed in sequential samples obtained at
1.5-4 months, 6-8 months and 12-15 months post-infection. H7N9-specific antibody concentra-
tions declined over time while frequencies of virus-specific IFN-vy, IL-2 or TNF-a secreting T cells
were higher at 12-15 months post infection than at earlier time points. Elevated levels of antigen-
specific CD8+ T cells expressing lung-homing marker CD49a were observed at 6-8 months after
H7N9 infection compared to samples obtained at 1.5-4 months. Our findings indicate the pro-
longed reconstruction and evolution of virus-specific T cell immunity, and provide implications
for T-cell directed immunization strategies.
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Filamentous morphology of recombinant A/WSN/33
(H1NT1) virions detected with novel electron
microscopy protocols

Pleiomorphic morphology (spherical, ellipsoidal, filamentous or irregular) of virions is one of the
characteristics of Influenza virus. Filamentous phenotype is thought to be favorable for virus trans-
mission in nature. As was shown for several virus strains, it is supported by specific amino acid
changes in the matrix M1 protein and might be influenced by some host cellular components. The
method of the sample preparation for the electron microscopy analysis might also change the viri-
ons shape. Finally, it is not known whether the recombinant virus produced from eight plasmids
via the wide-spread reverse genetics technique demonstrate quite the same morphology as the na-
tive virus or the laboratory strain. Now we compare the morphology of recombinant A/WSN/33
(H1N1) virus grown in various hosts with that of the laboratory strain. We analyzed both wild
type recombinant virus and two M1 mutants. To avoid the virus morphology distortion, we used
a number of sample preparation protocols including (1) gentle concentration of virions by low
speed filtration of the virus-containing allantoic fluid/ cell culture medium through Amicon 100K
filters or (2) fixation of virus particles within the allantoic fluid/ cell culture medium with glutaric
aldehyde before ultracentrifugation. We found that (1) the M1 of control recombinant virus con-
tains two amino acid substitutions, Ser126Cys and Ile219Val, compared to the Flu database and
laboratory strain. This control recombinant virus gathered in the mixed HEK 293T/ MDCK cell
culture and further passaged twice in embryonated chicken eggs demonstrated 11% filamentous
phenotype (the remainder particles are spherical/ellipsoidal); (2) the control recombinant virus
collected from MDCK cells instead of chicken embryos is 98% spherical; (3) the reverse substitu-
tions Cys126Ser/Val219]le in M1 got via site-directed mutagenesis raised the portion of filamentous
particles till 22% if the virus was collected from chicken embryos; (4) an amino acid substitution
Ala209Thr in M1 decreased the portion of filamentous particles accumulated in chicken embryos
till 3%. In conclusion, (1) the pleiomorphic morphology of recombinant influenza virus is affected
by both the M1 protein sequence and combination of some host components; (2) the recombi-
nant A/WSN/33 (HIN1) virus may demonstrate (partially) filamentous phenotype in contrast to
the well-known “spherical” (over 98%) phenotype of A/WSN/33 (H1N1) laboratory strain; (3) the
amino acid substitutions Ser126Cys/ Ile219Val observed in the M segment of recombinant virus are
not the reason of the recombinant virus abnormal phenotype compared to the laboratory strain.
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Staphylococcus aureus and influenza virus:
interaction of pathogens requires interplay of cells
via alveolus-on-a-chip model

Background and objectives

Postinfluenza models of Staphylococcus aureus pneumonia demonstrate the severe outcome of
a coinfection associated with substantial morbidity and mortality for patients. To date, inves-
tigations concerning microbial infections of the lung are usually carried out in animal models.
However, lung anatomy and physiology as well as composition of the immune system differ sig-
nificantly between rodents and men.

To investigate cell processes between epithelial, endothelial and immune cells after influenza virus/
S. aureus coinfection, we aimed to establish a human alveolus-model recreating a reactive tissue-
tissue interface between the vascular endothelium and the airway-facing epithelium.

Methods/Results

For this reason, MOTIF biochips were seeded with human endothelial cells on the vascular site and
with epithelial cells and macrophages on the airway site (Figure 1). This organoid was cultured
for up to 14 days with a robust and stable air-liquid interphase under dynamic flow conditions.
Barrier integrity was proven by transepithelial electrical resistance (TEER) measurements and per-
meability assays. Expression and localization of cell-type specific markers and functional proteins
was proven by immunofluorescence. Viral and bacterial infection occurs trough airway site with
further designation of acute phase of invasion and early immune response thereafter up to 8 hours,
depending of multiplicity of infection (MOI).

Dynamic conditions for maintaining ALI allow a stable barrier with high transepithelial resistance
and an intact vascularity. We will provide evidence for an increase of barrier integrity after intro-
duction of macrophages proven by TEER measurement and permeability tests. Our data indicate
an stable surfactant production of alveolar epithelial cells type II. Subsequent infection has been
successfully established and pathogenicity factors can be investigated.

Conclusions

We established a functional, biochip-based human in vitro alveolus model that is suitable for inves-
tigation of complex co-infections. Separated airway and vascular chambers allow an infection with
a pathogen from the airway site. Thereby inducing an immune response, it is possible to observe
migration of immune cells from the vascular site into the infected sites to study species-specific
mechanism of pathogens.

Figure 1: Schematic composition of the alveolus model. The cavity in the chip is divided by a
porous membrane into an upper and a lower chamber. The membrane serves as a scaffold for cells.
Vascular endothelial cells are cultured beneath the membrane in the lower chamber. Alveolar
epithelial cells and macrophages are co-cultured on top of the membrane. Nutrient and oxygen
supply is achieved by perfusion of the vascular chamber. After reaching confluency cells are co-
cultured at an air-liquid-interphase for up to 14 days.
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Host responses to influenza virus infection in the
peripheral blood are similar in mice and men

Influenza virus (IV) infections represent a very serious public health problem. At present, no es-
tablished biomarkers exist to support diagnosis for respiratory viral infections. Mouse human
cross-species comparisons are often compromised by the fact that animal studies concentrate on
the infected lungs whereas in humans almost all studies use peripheral blood from patients. In
addition, human studies do not consider genetic background as variable although human popula-
tions are genetically very diverse. Therefore, we performed a cross-species gene expression study
of the peripheral blood from human patients and from the Collaborative Cross (CC) mouse pop-
ulation after IV infection. The recently established CC is a mouse genetic reference population
derived from eight genetically different founder strains including classical lab strains as well as
mouse models for human diseases like diabetes and obesity. In addition, three wild-derived strains
strongly enhance the genetic diversity. Inbreeding for more than 20 generations has led to the CC
strains whereby their genetic diversity is similar to that of the human population. We demonstrate
that changes of gene expression after influenza infection in individual genes are highly similar in
mice and humans. The top-regulated genes in humans are also differentially regulated in mice.
We conclude that the mouse is a highly valuable in vivo model system to validate and to discover
candidate genes, which can be used as biomarkers in humans. Furthermore, mouse studies allow
confirmation of findings in humans in a well-controlled experimental system to understand the
function of human candidate genes.
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Detection and characterisation of influenza virus
RNA polymerase dimers using Bimolecular

Fluorescence Complementation (BiFC)

Influenza virus encodes a heterotrimeric RNA-dependent RNA polymerase (RARP), composed of
subunits PB1, PB2 and PA. The RdRP carries out both transcription and replication of the viral RNA
genome segments in the context of ribonucleoproteins (RNPs). Replication of negative-sense viral
RNA is a two-step process, progressing via a positive-sense complementary RNA intermediate.
The mechanism of viral genome replication is mostly unknown, though there are multiple reports
indicating RARP-RdRP interactions may be central for the process. Purified RARPs from human and
avian influenza A viruses both form dimers of heterotrimers in solution. Using a combination of
X-ray crystallography and SAXS analysis our group has identified the interface involved in RdRP
dimerization, which is primarily located on the PA C-terminal domain. We establish a bimolecular
fluorescence complementation (BiFC) assay to monitor intermolecular interactions between RdRPs
in cells expressing viral RNPs. Using this system we confirm the existence of RdRP dimers in
the context of actively replicating RNPs. Mutating amino acid residues at the identified dimer
interface causes loss dimerization and inhibition of RNA replication in minigenome assays. These
data suggest that dimerisation of RARP via the PA C-terminal domain is important for replication
of the viral RNA genome.
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IFN-A enhances influenza immunity by stimulating
TSLP release during intranasal immunization

Interferon-A (IFN-A) acts on epithelial cells and mediates innate antiviral protection of mucosal
surfaces. Here we report that IFN-A can also enhance adaptive immunity following infection of
the respiratory tract. Mice deficient in IFN-A signaling showed an impaired antibody response af-
ter influenza virus infection. We further found that subunit vaccines enriched with IFN-A induced
strongly enhanced IgG1 and IgA antibody responses in wild-type mice compared with IFN-A-free
vaccines if administrated by the intranasal route. No such adjuvant effect of IFN-A was observed if
the vaccines were administrated by the subcutaneous or intraperitoneal routes. IFN-A triggered the
synthesis of thymic stromal lymphopoietin (TSLP) in epithelial cells of the upper airways which
targeted migratory dendritic cells and boosted antigen-dependent germinal center reactions in
draining lymph nodes and spleen. The IFN-A/TSLP axis not only induced strongly increased re-
sponses to influenza subunit vaccines but also enhanced survival after lethal virus challenge. Thus,
IFN-A plays an important role in potentiating adaptive immune responses which initiate in the up-
per airways and it has great potential to increase the effectiveness of mucosal vaccines.
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The stalk domain of influenza pH1 HA tolerates
substitutions that may confer decreased
susceptibility to broadly neutralizing antibodies.

The highly-conserved influenza hemagglutinin stalk domain is a favoured target for broadly neu-
tralising antibodies (bnAbs), which are heralded as a new class of therapeutic biologics that would
inhibit many different strains and subtypes of influenza A viruses. Based on structural and bioin-
formatics analyses of multiple bnAb-HA co-crystal structures, we rationally designed influenza
virus libraries altered in pdm09 H1 HA stalk epitope residues. Our work revealed that this region
can accommodate a greater sequence diversity than previously thought, challenging prevailing
dogma that the stalk domain is intransient.

We recovered 27 virus mutants, some of which are observed in natural isolates at low frequency.
Both in MDCK cells and also in a stringent primary human airway epithelial (HAE) cell culture
system, the amino acid mutations in stalk residues often did not incur any fitness cost. Our in-
silico residue mutational scanning predicted at least ten mutants from our rescued mutant pool
that may reduce or abolish bnAb binding. To investigate this further, we tested binding and neu-
tralization of the mutants by a panel of bnAbs. Although there were no large-effect (»10-fold)
escape mutations, we found small-effect mutations that modestly decreased the neutralization of
mutant virus by specific bnAbs. In summary, mutations which may confer escape from bnAbs are
tolerated in the highly-conserved HA stalk, highlighting vulnerabilities in universal flu vaccines
and viral therapeutics which need to be addressed.
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Antigenic properties of the recent human influenza
A (H3N2)viruses isolated in MDCK and MDCK-Siat1
cells

Keywords: influenza, A(H3N2), etiology, virus isolation, antigenic analysis

METHODS: Virus isolation in MDCK and MDCK-Siat1 cells, identification, antigenic analysis in
HI(hemagglutination inhibition) and MN (microneutralization) assays with the panel of rat and
ferret polyclonal- post-infection antisera,

RESULTS: During the epidemic season 2016-2017 influenza A(H3N2) viruses were dominant among
the influenza A and B viruses that were derected in Saint-Petersburg. rt-PCR diagnostics of in-
fluenza indicate that A(H3N2) viruses comprised 55%, A(H1IN1)pdmO09 - 0,8%, influenza B Victoria
viruses — 36%, B Yamagata lineage— 0,2%, A unsubtyped - 8%. 150 samples were chosen for virus
isolation in two cell cultures in parallel. Overall, 107 strains were isolated in MDCK cells and 116
strains in MDCK-Siat1 cells.

In recent years influenza A(H3N2) viruses isolated either in MDCK or MDCK-Siat cells are diffi-
cult to characterize in HI assay due to their week or absent ability to agglutinate human RBCs. All
isolated strains were titrated with human RBCs in the presence of 20nM Oseltamivir carboxylate.
11,1% of the viruses isolated in MDCK-Siat1 cells and 30.6% MDCK- variant viruses did not show
the drop in titre in the presence of oseltamivir added to circumvent NA-mediated binding to the
RBCs. However, 29,6% MDCK-Siat1 viruses and 18,1% MDCK viruses had 2-fold drop titre; 4-fold
drop titre was registered for 18,5% MDCK-Siat1 viruses and 14,3% MDCK strains.

Strains isolated in parallel were subjected to the comparative antigenic analysis in HI-assay with
20nM oseltamivir carboxylate or MN-assay. Hl-assay was carried out for the strains, which had
sufficient titre in the presence of 20 nM Oseltamivir carboxylate. Viruses isolated from the same
samples in MDCK-Siatl or MDCK cells have shown similar results in HI assay. All analyzed
strains were recognized by the antisera raised against A/Hong Kong/4801/14 (MDCK isolate) and
A/St. Petersburg/80/2014 at the titres within 1 to 4-fold of homologous titre and were not recog-
nized by the antisera raised against strains of 3C.3a group - A/ Switzerland/9715293/13 (CE) and
A/Stockholm/06/14 (CE).

Conclusion: Antigenic properties of recent human influenza A(H3N2) viruses do not differ be-
tween the strains isolated in MCK-Siat1 or MDCK cells.
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LC3 punctae in IAV-infected cells do not represent
double membrane autophagosomes but endosomes

Influenza A virus (IAV) infection causes accumulation of the autophagy protein LC3 at intracellular
membranes and the plasma membrane. M2 directly interacts with LC3 and enhances its accumu-
lation. However, the proton channel activity of the viral M2 protein is critical for LC3 lipidation.
Thus it resembles LC3 lipidation in response to compounds that raise the pH of vesicles. Many
pathogens encode ion channels, and some of these have been shown to affect LC3 lipidation. We
propose that this phenomenon represents a novel cellular pathway detecting a ‘danger’ signal of
abnormal pH - i.e. ‘erroneous neutrality’ - of intracellular vesicles.

It has been proposed that M2 prevents fusion of autophagosomes to lysosomes during IAV in-
fection. We provide evidence that IAV-induced LC3-positive intracellular vesicles are not double-
membrane autophagosomes, but endosomal single-membrane vesicles. The formation of these
endosomes appears to be induced by the virus and — due to the deacidifying action of the viral M2
protein — these vesicles are targeted by a novel LC3-lipidation pathway.

We have recently shown that recruitment of the lipidation complex ATG5-ATG12/ATG16L1 in
IAV-induced LC3-lipidation critically depends on the C-terminal WD40 domain of ATG16L1. This
domain is dispensable for macroautophagy, but also required for lipidation complex recruitment
in LC3-assisted phagocytosis and iononophore-induced LC3 lipidation. Additionally, essential
macroautophagy factors such as the ULK-1 complex and phosphoinositol-3-phosphate, are dis-
pensable for LC3-lipidation during IAV infection.

In summary, IAV-induced LC3-lipidation is clearly different to canonical autophagy in that it tar-
gets single membrane vesicles and relies on a distinct ATG16L1 recruitment pathway. To identify
genes involved in this novel cellular pathway, we performed a whole genome CRISPR knock out
screen. This screen confirmed that this pathway uses the canonical lipidation machinery but none
of the upstream factors of canonical autophagy. Work on novel genes involved in this pathway
will be presented.
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Influenza winter 2017/2018 winter season in Umbria
(Italy): influenza virus circulation and vaccine

immunogenicity

The 2017/2018 winter season was characterized by a high and persistent influenza virus activity.
A co-circulation of A/H3N2, A/HIN1 and B Influenza viruses was observed and their genetic and
antigenic characterization induced WHO to recommend the inclusion of new strains of influenza
A/HINT1 and B viruses in the 2018/2019 influenza vaccine.

We studied the 2017/2018 influenza virus circulation in Umbria, a little Italian region, examining
131 throat swabs. Eighty-five (65%) were positive: 38 A/HIN1, 4 A/H3N2 and 42 B influenza viruses.
Lineage determination (genetic and antigenic tests) of some of the circulating B influenza virus ev-
idenced that they were mainly B/Yamagata not included in 2017/2018 trivalent vaccine (TIV). Vac-
cine immunogenicity was examined in 38 elderly people (mean age 85 years, range 65-98) living in
a nursing home after 2017/2018 TIV administration. Although high pre-vaccination haemaggluti-
nation inhibiting (HI) titers were found before vaccination against all the 3 vaccine antigens, the
vaccine was able to induce in most instances significant antibody titer increases evaluated as pro-
tective titers (HI =40) and geometric mean titers (GMT) satisfying at least 2 of the 3 the European
Medicine Agency criteria. Moreover we examined the possibility of TIV induced B cross-lineage
protection, comparing HI titers against the vaccine B antigen (B/Victoria/lineage) and against dif-
ferent B/Yamagata/lineage strains (the new B antigen for 2018/2019 vaccine (B/Phuket/3073/2013)
and 4 Yamagata-like strains isolated in Umbria). A moderate ability of influenza vaccine with a
B/Victoria component to enhance antibodies against B/Yamagata-like viruses was observed, how-
ever the responses were lower and less satisfactory. Similar results were found examining neutral-
ization antibody titers.

Our results evidenced the ability of 2017/2018 TIV of inducing satisfactory response in elderly insti-
tutionalized people. Moreover we found a moderate ability of 207/2018 influenza vaccine contain-
ing B/Victoria component to enhance antibodies against circulating B/Yamagata-lineage viruses.
These data support the 2017/2018 interim vaccine efficacy against influenza B/Yamagata observed
in a Spanish and in a European multi-country study (Euro Surveill.2018;23(9):pii=18-00086), un-
derlying the opportunity of increasing the very limited use of influenza quadrivalent vaccines,
containing both B/Victoria and B/Yamagata-lineage strains.
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Reassortment of internal protein-encoding gene
segments of Eurasian HIN2-type avian influenza A
virus (IAV) with co-circulating highly pathogenic
H5N1- and H5N8-type IAV strains: Impact on viral
replication and pathogenicity in mammalian systems
in vitro and in vivo

Humans are susceptible to infection with influenza A, B and C viruses. Influenza A viruses (IAV)
represent worldwide circulating pathogens that cause annual epidemics and occasionally world-
wide pandemics, infecting millions of people. In parallel, several high pathogenic avian influenza
viruses (HPAIV) and low pathogenic avian influenza viruses (LPAIV) have (occasionally) crossed
the species barrier from birds to mammals/humans upon genetic reassortment (frequently with
LPAIV/HINZ2 strains) and/or adaptive mutations. This was observed for HPAIV/H5N1, HPAIV/H5N6,
LPAIV/H6N1, LPAIV- and HPAIV/H7N9, LPAIV/HON2, and LPAIV/H10NS8, which have success-
fully infected humans since 1997 causing sporadic infections and/or fatalities. Increasing evidences
show establishment of stable lineages of HPAIV/H5N1, HPAIV/H5N8 and LPATV/H9N2 viruses in
chickens worldwide - especially Egypt (EGY) and Germany (GER). This raises concerns that reas-
sortment among these three highlighted strains could generate novel viruses with the ability to
cross the species barrier to mammals. For early risk estimation we investigated the impact of ge-
netic exchange between intensively circulating LPAIV/HIN2(EGY/GER) and HPAIV/H5N1(EGY)
or HPAIV/H5N8(GER). Based on our results we discuss the influence of specific reassortments on
the zoonotic potential of Egyptian HPAIV/H5N1 and German HPAIV/H5N8 in mammals in vitro
and in vivo.

Keywords: avian influenza viruses, reassortment, pathogenicity
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The HA cleavage is necessary for the M2 channel
activation in influenza A virus

Non-infectious influenza A virus possessing uncleaved HAO is activated by trypsin via the HA0—HA1/2
cleavage. The cleaved HA1/2 provides virus entry into target cell where the intravirion acidifica-
tion through the M2 channel plays important role. We have suggested that HAO plugs the M2
channel and its cleavage into HA1+HA2 by trypsin is responsible for a functional priming of M2
channel [Zhirnov et al. Virology, 492:187-196; (2016)]. After this publication, Dr. Petr Chlanda has
proposed an alternative and interesting idea that trypsin can cleave and activate both the HA0 and
the M2 in parallel [P.Chlanda, Virology, 509: 131-132 (2017)]. Moreover, the M2 molecule is known
to have two Arg residues in the N-terminal exomembrane domain, as potential trypsin targets. To
test this idea experimentally, we treated noninfectious HAO virus with increasing concentrations of
trypsin and monitored changes in virus infectivity and in electrophoretic patterns of M2, HA0, and
HA1/2 by western-blot analysis. Virus activation was revealed to arise to maximum levels already
at low and mild trypsin concentrations (0,5-10 pg/ml) in parallel with the HA0—HA1/2 cleavage.
In contrast to the HAOQ cleavability, the M2 was found to be noncleavable and resistant to trypsin
even at concentrations as high as 25 pg/ml and more. This clear link between the HA0—HA1/2
cleavage and virus activation at the intact uncleaved M2 protein compromises the Chlanda’s idea
of the M2 independent proteolytic activation. By the other side, these data support our concept
that (i) uncleaved HAO plays down-regulatory role for the M2 ion channel in virus particle and (ii)
the HAO proteolytic transition to HA1/2 is a prerequisite for the M2 channel functional priming
prior to its activation by low pH that is critically important for virus uncoating process.
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A novel negative-strand polarity protein NSP of
influenza A virus in infected mice

Influenza A virus belongs to enveloped viruses with a negative polarity RNA genome consisting
of 8 RNA segments, which transcribe a template synthesis of positive-sense mRNAs translating 14
unique viral proteins with splicing and translational shift mechanisms in some mRNAs. Through
this classical negative polarity pathway, the 8’th NS segment encodes the anti-interferon NS1 pro-
tein (mw 27 kDa) and the nuclear export NEP protein (14 kDa). Surprisingly, an alternative open
reading frame (ORF) for the synthesis of the third viral protein (NSP — “negative-strand polarity
protein”; m.w. 17-25 kDa in different virus strains), was identified in the NS segment/ This ORF sug-
gests an additional positive polarity genome strategy for influenza A virus. Earlier it was shown
that full-length virion polarity RNA segment NS of influenza A virus initiated synthesis of the NSP
protein in vitro translation system derived from rabbit reticulocyte, indicating a messenger func-
tion of the virion RNA [Zhirnov et al. 2017; Dokl Biochem Biophys.,473(1):122-127]. Whether the
NSP protein can be synthesized in the whole body under infection with influenza A virus is not
yet known. Here, in order to test this idea, the formation of lymphocytes specific to this protein
was studied in mice after sequential infections with influenza A viruses HIN1 and H3N2. The for-
mation of T-lymphocyte specific clones recognizing a peptide domain in the central region of the
NSP protein (amino acid positions 81-119) was found to develop in mice infected with influenza
A viruses. These observations additionally confirm that expression of the NSP gene and synthesis
of the corresponding protein occur in the animal organism under infection with influenza A virus.
The obtained data further support the concept that RNA genome of influenza A virus has a bipolar
(ambisense) strategy.
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TRIM 25 nuclear translocation is hampered by

localisation to influenza A virus non-structural
protein 1 cytosolic aggregates

Recently, research efforts focus on the role of viral RNA species in the context of host antivi-
ral signalling inhibition. Imaging studies give invaluable insights into complex RNA-protein and
protein-protein interactions visualized directly at their side of action.

Among the IAV proteins the non-structural protein 1 (NS1) of influenza A virus (IAV) is described
to be involved in manifold processes aiming the blockage of host defence. The interaction with
double-stranded RNA and /or RNA helicase, retinoic acid inducible gene I (RIG-I), impedes the
activation of transcription factors initializing antiviral signalling cascades. This block is enhanced
by interacting with tripartite motif containing protein 25 (TRIM25), an ubiquitin ligase which is
a mediator of innate virus recognition through the interferon regulatory factor 3 (IRF3) pathway.
We found TRIM25 accumulation on NS1 cytosolic aggregates which results in diminished levels of
nuclear TRIM25, which is required for the block of viral RNA elongation.

Applying confocal and super-resolution fluorescence microscopy and immunoprecipitation our
findings revealed strain specific characteristics of NS1 cytosolic aggregation and confirmed local-
isation of TRIM25 to these structures at late stages of viral replication when comparing WT IAV
and recombinant IAV lacking NS1 expression.

With the help of a sophisticated imaging approach we were able to detect IAV vRNA and TRIM25
at nanoscopic resolution combined with the diffraction limited detection of NS1 for the first time.
Contrary to the postulated interaction between TRIM25 and IAV vRNA, our results evince IAV
vRNA not being involved into the TRIM25-NS1 cytosolic complex in Panama/2007/1999 infected
A549 cells at 16 hours post infection.
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Molecular Anatomy of an Influenza Virion

Influenza virions are complex and vary in their shape and composition. As a result, no single
method can describe them in detail. We therefore applied a multidisciplinary approach, generating
a highly detailed model of an average influenza virion that provided a basis for assessing natural
variation.

By combining cryo-electron tomography, proteomics, lipidomics and molecular modelling, we rec-
onciled measurements of virion morphology with the identity, quantity and structures of virion
components. Our pseudoatomic model revealed a crowded membrane with a distinctive lipid com-
position and an interior densely packed with both viral and host proteins.

We next used our model to assess the effects of natural virion variation. First, we considered the
range of influenza virion morphologies. We found that elongated ‘bacilliform’ virions have an
equivalent surface area to spherical virions, but that transition from one to the other would con-
strain the viral genome complex and force it to become disordered. Consistent with this, we could
not observe a ‘7+1’ arrangement of genome segments in spherical virions. Second, we examined
how influenza virions vary between hosts. We showed that the incorporation of some proteins,
notably tetraspanins, varies drastically between hosts but that this variation does not compromise
infectivity. Third, we examined changes over time. We found that as an infection progresses
influenza virions package exponentially more of the immunosuppressive protein NS1.

Thus, by comparison to a detailed model of an average virion we showed that the same influenza
virus produces different virions from different hosts, and at different times during an infection.
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Bispecific Fc gamma receptor engaging molecules
directed against the conserved viral M2 ectodomain
protect against influenza A virus infections

Influenza virus infections cause 3 to 5 million cases of severe illness and 250 000 to 500 000 deaths
each year. The best way to prevent disease is vaccination. However due to the short immune
memory and antigenic drift in the viral hemagglutinin and neuraminidase protein, vaccines need
to be administered yearly. Therefore, and as a measure against pandemic influenza outbreaks, an-
tivirals are indispensable in the battle against influenza virus infections. Here, we describe the
development of a new antiviral strategy based on the use of bispecific single domain antibodies
(VHHs) termed BiFEs (Bispecific Fcg Receptor Engaging molecules), that can simultaneously bind
an influenza A virus infected cell and an immune effector cell. The BiFEs were constructed by
linking a VHH directed against the conserved ectodomain of the influenza M2 protein (Mz2e) to
a second VHH directed against the mouse Fc gamma receptor I (FcgRI), mouse FcgRIV or human
FcgRIIla protein. BiFEs were recombinantly produced in Pichia pastoris. Using a newly developed
cell-based activation assay, we demonstrated the specific and highly selective activation of individ-
ual FcgRs in the presence of the BiFEs and influenza A virus-infected cells. In addition, the BiFEs
promoted phagocytosis of influenza-infected cells by macrophages. Importantly, BiFEs directed
against M2e and mouse FcgRI or —RIV protected BALB/c mice against challenge with influenza
X47 (H3N2) virus. These results, together with the ease of production in yeast and the high stabil-
ity, demonstrate the potential of the BiFEs as a new antiviral treatment option for influenza virus
infections.
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Inhibition of RIPK3-dependent cell death as immune
antagonism

The risk of emerging pandemic influenza A viruses (IAV) that approach the devastating 1918 strain
motivates finding strain-specific host-pathogen mechanisms. During infection, dendritic cells (DC)
mature into antigen-presenting cells that activate T cells, linking innate to adaptive immunity. DC
infection with seasonal IAVs, but not with the 1918 and 2009 pandemic strains, induces global
RNA degradation. Here we show that DC infection with seasonal IAV causes immunogenic RIPK3-
mediated cell death. Pandemic IAV suppressed this immunogenic DC cell death. Only DC infected
with seasonal TAV, but not with pandemic IAV, enhanced maturation of uninfected DC and T cell
proliferation. In vivo, circulating T cell levels were reduced after a pandemic, but not seasonal,
IAV infection. Using recombinant viruses, we identified the HA genomic segment as the mediator
of cell death inhibition. These results identify a novel process of pandemic virus subversion of the
immune response.
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Manipulation of cellular lipid balance as a potent
antiviral target for enveloped viruses

The release of viral genome into the host cytoplasm and its translocation to the nucleus is strongly
dependent on the fusion of Influenza A virus (IAV) envelope with host endosomal membranes.
Recent publications have already delineated the importance of cellular cholesterol levels on the
infectivity of IAV, as interferons (IFN) are also impairing cholesterol levels and its cellular distri-
bution in endosomal/lysosomal (LE/L) compartments. Here, we analyzed the antiviral virility of
itraconazole (Itra) and posaconazole (Posa) in the context of IAV and vesicular stomatitis virus
(VSV) infection. Both compounds are well-known antifungal agents affecting cholesterol levels
in host membranes. By increasing the cholesterol levels in LE/L Itra and Posa impair virus en-
try. Treatment either with Itra or Posa inhibits a very early step in IAV life cycle, namely prior
to the transport of vRNPs to the nucleus. Because the IFN system is a crucial factor in limiting
virus infection and also affecting LE/L cholesterol distribution, we further checked the antiviral
potency of both compounds in three different mammalian cell lines including Vero cells, lacking
an IFN-system. Strikingly, viral replication was also reduced in Vero cells treated with Itra or Posa
suggesting that the antiviral effect is not only caused by modulating the IFN system, but could be
improved in the presence of an IFN system as gene expression analysis of A549 cells revealed. We
further elucidated the antiviral potency of Itra against IAV infection in mice. Intra-gastral applica-
tion of Itra significantly reduces mortality and viral burden in the respiratory tract of IAV-infected
mice. Our results established a protective function of Itra and Posa against IAV by impairing the
LE/L cholesterol balance and by modulating the IFN system.
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Mutations in conserved NA residues of H5N1
naturally isolated from humans modulated sialidase

activity and virulence in mice but not in chickens

HPAIV H5NT1 of clade 2.2.1 is endemic in Egypt since 2006 and 2 distinct clades have evolved: clade
2.2.1.1 in commercial poultry and clades 2.2.1.2 and 2.2.1.2a in humans and poultry. Compared to
the neuraminidase (NA) of the parental 2.2.1 viruses, avian viruses in clade 2.2.1.1 possessed one
mutation (I168T) and human-like viruses in clades 2.2.1.2 and 2.2.1.2a had 4 mutations (A46D,
L204M, S319F and S430G) and 16 mutations, respectively. Here, recombinant 2.2.1.2a viruses car-
rying different NA resembling those in clade 2.2.1, 2.2.1.1 or 2.2.1.2 or single mutations were gen-
erated. In vitro, no or minimal impact on replication in cell cultures, plaque size, cleavability, re-
ceptor binding activity (RBA) and oseltamivir resistance was observed. Viruses with human-like
NA had significantly lower NA activity than viruses with avian-like NA. Reduced NA activity of
2.2.1.2a was due to L204M. Insertion of L204M in HIN1, H5N1 and H7N1 viruses also reduced the
NA activity. Over 97% (n=8053) of NA sequences in the GenBank possessed L204. All inoculated
chickens died within 3 dpi. In mice, virus with L204M exhibited lower virulence and did not kill all
animals, whereas S319F and S430G increased the virulence without remarkable difference in the
cellular immune response. Together, H5N1 viruses in humans acquire NA mutations to maximize
fitness in mammals without impact on replication in poultry.
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High virulence of a natural H4N2 avian influenza
virus with a polybasic cleavage motif after mutation
in the hemagglutinin or reassortment with highly
pathogenic H5N1 virus

According to the definition of the OIE, highly pathogenic (HP) avian influenza viruses (AIVs) are
any AIV with an intravenous pathogenicity index (IVPI) =1.2, or H5 and H7 viruses with a poly-
basic cleavage site (CS) in the hemagglutinin (HA). However, according to this definition non-
H5/H7 viruses with a polybasic CS, which were rarely reported from nature, are classified as low
pathogenic (LP). In 2012, an H4N2 virus with a polybasic CS (322PEKRRTR/G329) and IVPI of
0 was isolated from quails in California. Here, we investigated the virulence of this virus af-
ter (1) insertion of point mutations in the CS, (2) reassortment with HPAIVs and (3) passaging
in embryonated chicken eggs. All gene segments of H4N2 virus were cloned and threonine at
position 327 in the CS was changed either to arginine (R327) or lysine (K327). Beside the wild-
type (wt) virus, a mutant possessing the CS of a HP H5N2-strain and viruses carrying R327 or
K327 in the CS with or without gene segments from HPAIVs A/swan/Germany/R65/2006(H5N1)
or A/chicken/Germany/AR1385/2015(H7N7) were generated. Chickens were inoculated via intra-
venous (IV) or oculonasal (ON) routes. HPAIV H5N1 carrying either the wildtype H4 HA or vari-
ants at position 327, and the wt virus after 20 egg passages exhibited IVPI > 2.0. The IVPI values
of the other viruses ranged from 0 to 0.6 indicating low virulence. Together, the H4N2 virus with
a polybasic CS may shift to high virulence, resembling H5/H7 viruses after few genetic changes in
the HA or serial passages.
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Species comparisons identify avian ANP32A splice
variants that differentially impact influenza A virus
polymerase host restriction

The viral RNA polymerase complex (vPol), comprising PB1, PB2 and PA, is essential for influenza
A virus (IAV) replication. Cellular co-factors are necessary for vPol function, and host differences
in these proteins act as barriers that limit IAV emergence into new species. ANP32A is a key
host determinant of vPol efficiency that likely drives selection of mammalian-adaptive virulence
motifs, such as PB2-627K: mammalian ANP32As lack a 33 amino-acid insert typically found in
avian ANP32As, meaning they cannot support avian-motif (PB2-627E) IAV replication without
viral adaptation. Here, we provide new insights into these selection mechanisms by function-
ally characterizing unique species’ features of ANP32As from across the amniote clade of verte-
brates. Surprisingly, our analyses suggest that inserts are a common component of both avian and
crocodilian ANP32As, but that species-specific insert sequences restrict avian-signature vPol to
using only the avian co-factor efficiently. We also uncovered that avian species express multiple
ANP32A splice variants that differ only in insert sequence composition. Using deep sequencing,
we found that chicken ANP32A harboring a 33 amino-acid insert is the predominant isoform nor-
mally expressed, but that minor insert variants with 29 or 0 amino-acids (mammalian-like, unable
to enhance avian vPol activity) also exist. Strikingly, the 29 amino-acid insert lacks a hydropho-
bic SUMO-interaction motif (SIM)-like sequence that promotes vPol binding and is required for
chicken ANP32A to fully support avian-signature IAV replication. We hypothesize that altered
regulation of ANP32A splicing across species, tissues, or stress conditions could impact within-
host TAV restriction and potentiation of pre-adaptation to non-avian co-factors.
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TMPRSS?2 is the major HA-activating protease for
IAV, but not for IBV in the human respiratory tract

Cleavage of influenza A virus (IAV) and influenza B virus (IBV) hemagglutinin (HA) activation by
host proteases is essential for virus infectivity.

The HA of most influenza viruses including seasonal HIN1, H3N2 and IBV as well as the zoonotic-
H7N9 virus is cleaved at a single arginine residue by trypsin-like proteases. We identified TMPRSS2
as a protease present in the human airways that activates HA with a monobasic cleavage site in
vitro. Further studies by us and others have demonstrated that TMPRSS2 is essential for infectivity
and pathogenesis of H7N9 and HIN1 in mice. In contrast, H3N2 and IBV activation and spread is
independent of TMPRSS2 expression and due to so far unknown protease(s). These studies demon-
strated that AV and IBV with monobasic HA cleavage sites differ in their protease specificity in
mice.

Here, we investigated the role of TMPRSS2 in activation and replication of different IAV subtypes
H1-H16 and IBV in primary human bronchial (HBE) cells and alveolar type II cells (ATII) cells
by knockdown of TMPRSS2 expression using the peptide-conjugated phosphorodiamidate mor-
pholino oligomer (PPMO) T-ex5. T-ex5 treatment causes mis-splicing of TMPRSS2 mRNA and
expression of a truncated inactive protease.

We found that knockdown of TMPRSS2 expression strongly suppressed proteolytic activation and
spread of all tested IAV subtypes in HBE cells and ATII cells. In contrast, activation and replication
of IBV was not affected by T-ex5 in the cells.

Our data suggest that TMPRSS2 is the major HA-activating protease for IAV, but not for IBV in
the human respiratory tract.
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A dose-response approach using mixed dose-groups
shows immune-potentiating capacity and improved
efficacy in ferrets of the cationic liposomal CAF09
adjuvant in an H7N9 influenza whole inactivated
virus vaccine challenge study.

Background

Often contribution of an adjuvant to vaccine efficacy is shown in studies using one or up to three
different doses. The suboptimal vaccine dose is determined in a prior dose finding study or based
on literature. In either case, reproducibility is a problem, which affects the window to show im-
provement by the adjuvant. Another limitation is that these studies provide information within a
limited dose range. Statistical analysis is restricted to comparing the groups, while interpolation
would predict for a wider dose range. However, more doses are required for such an approach.
Using multiple doses and fewer (1-2) animals per dose requires a different housing strategy. His-
torically, groups in challenge studies are housed separately, since non-protected placebo-animals
may re-infect protected vaccinated animals. Here we tested the cationic adjuvant CAF09 in com-
bination with a whole inactivated virus (WIV) vaccine against influenza H7N9 in a dose-response
study.

Methods

20 ferrets were allocated to 4 cages of 5 ferrets. Vaccines were administered twice, three weeks
apart with 5 different doses ranging from 0.94 — 15 pg HA with 2Log steps. Two cages received
the H7N9 WIV only and the other two cages the CAF09 adjuvanted variant. Two weeks after
last vaccination ferrets were intra-tracheally challenged with H7N9 influenza and ferrets were
sacrificed after 5 days.

Results

Ferrets vaccinated with the vaccine alone show a clear dose-response on functional antibody titers
clinical parameters, virus replication and pathology of the lung. The adjuvanted vaccine showed a
dose-response on antibody titers after first vaccination, but all doses reached a plateau after booster
vaccination. The adjuvanted-vaccine also provided near to complete protection at the lowest doses
and full protection at the highest doses.

Conclusions

Thus, the dose-response approach using mixed dose-groups shows a clear dose-dependent effect
of the vaccine alone and an immune potentiating effect and a strong contribution to the efficacy of
the CAF09 adjuvant. However, the study design can be further improved by including a few lower
doses and a placebo, such that also for the adjuvanted vaccine suboptimal effects are obtained.
Moreover, re-infection of ferrets by using mixed dose-groups does not seem to play a role, since
clear dose-response effects are visible for virus replication.

This study is a proof of concept of the dose-response approach, a strategy that provides results
over a wider range of doses using a similar or lesser number of animals as single or multiple dose
comparison studies, respectively. This allows for better investigation of adjuvant contribution and
further on better clinical study design.
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