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ARTICLE INFO ABSTRACT
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S$263S/F (HA1) and H456H/Y (PB1) mutations

Respiratory viral infections may have different impacts ranging from infection without symptoms to severe
disease or even death though the reasons are not well characterized.

A patient (age group 5-15 years) displaying symptoms of hemolytic uremic syndrome died one day after
hospitalization. qQPCR, next generation sequencing, virus isolation, antigenic characterization, resistance analysis
was performed and virus replication kinetics in well-differentiated airway cells were determined.

Autopsy revealed hemorrhagic pneumonia as major pathological manifestation. Lung samples harbored a large
population of A(H1IN1)pdmO9 viruses with the polymorphism H456H/Y in PB1 polymerase. The H456H/Y vi-
ruses replicated much faster to high viral titers than upper respiratory tract viruses in vitro. H456H/Y-infected
air-liquid interface cultures of differentiated airway epithelial cells did reflect a more pronounced loss of ciliated
cells. A different pattern of virus quasispecies was found in the upper airway samples where substitution S263S/F
(HA1) was observed.

The data support the notion that viral quasispecies had evolved locally in the lung to support high replicative
fitness. This change may have initiated further pathogenic processes leading to rapid dissemination of inflam-
matory mediators followed by development of hemorrhagic lung lesions and fatal outcome.

1. Introduction

In 2009, a new influenza A virus emerged in Mexico and spread
quickly through the global human population, thereby causing the first
influenza pandemic of the 21st century (Mena et al., 2016). The A
(HIN1)pdmO09 virus caused severe influenza and increased hospitali-
zations in children, pregnant women and young adults with underlying
risks like cardiac disease, obesity or chronic diseases (Girard et al.,
2010). The severity of pandemic influenza was particularly high in

children less than 14 years of age (Dawood et al., 2012) and remained
unchanged through the first post pandemic season (Altmann et al.,
2012). In the following seasons up until the present time, severe and
sometimes fatal influenza courses have been observed occasionally in
individual children (Skowronski et al., 2019; Streng et al., 2015).

The sudden onset of illness and a predominance of nonrespiratory
symptoms can complicate the diagnosis of A(HIN1)pdm09 virus-
infected children and may hinder rapid treatment. The application of
novel techniques such as next generation sequencing (NGS) enables the
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investigation of respiratory viral subpopulations in extraordinary depth
in order to elucidate clinical differences in pathogenesis. However, data
on viral populations from the entire respiratory tract are still scarce for
severe A(HIN1)pdmO9 influenza cases. Here we investigated respira-
tory tract samples from a fatal case of A(HIN1)pdmO9 influenza asso-
ciated with an unusual clinical course, including a presentation with
predominantly renal manifestations prior to the development of acute
respiratory distress syndrome in the final stage.

2. Material and methods
2.1. Samples

Oropharyngeal swab, blood and stool samples had been taken shortly
after admission of a patient displaying gastrointestinal symptoms
including emesis and later acute respiratory distress syndrome (in the
season 2017/18). The patient died 13 h after admission. At autopsy,
specimens from lower (lung, trachea, larynx) and upper respiratory tract
(pharyngeal swabs) were obtained.

2.2. Ethics statement

The publication of the fatal case was approved by the Ethical Board
of Arztekammer des Saarlandes (reference 283/21). All data analyses
were done anonymously.

Further samples were investigated for purposes of influenza sur-
veillance in Germany. These investigations were approved by Charité
Universitatsmedizin Berlin Ethical Board (reference EA2/126/11 and
EA2/218/19). This surveillance is covered by German legislation (§13,
§14, Protection against Infection Act).

2.3. Cells and viruses

Influenza viruses were isolated by inoculation of MDCK-SIAT cells
(Matrosovich et al., 2003) as described recently (Rath et al., 2017). For
comparative analyses, we used viruses of the last seasons, which were
selected from the German National Influenza Centre’s specimen
repository.

2.4. qPCR

RNA was extracted using the NucliSens® easyMAG™ (bioMérieux,
Niirtingen, Germany) from 400 pul sample material (throat swab) or ~25
mg biopsy material, homogenised in 500 ul NacCl (0,9 %) by a Tissue-
Lyser II™ (Qiagen, Hilden, Germany) according to the manufacturer's
instructions. 10 pl eluate was used to perform multiplex (RT-) PCRs
using the FTD Respiratory pathogens 21 Assay (Fast Track Diagnostics,
Luxembourg) according to the manufacturer's instructions on LC480IL
real-time PCR thermal cyclers (Roche). Independent RNA extraction was
performed from 200 pl sample material (homogenized, if applicable)
using the MagNaPure96 DNA and Viral NA Small Volume Kit (Roche)
and eluted in 50 pl elution buffer. 12.5 ul of extracted RNA were sub-
jected to cDNA synthesis in a total reaction volume of 20 pl, applying
random hexamer primers and 200 U M-MLV Reverse Transcriptase
(Invitrogen). Synthesised cDNA was diluted 1:1 with H,0 to a total
volume of 40 pl to allow robotic pipetting of 384-well PCR plates.

gqPCR was carried out on LC480II real-time PCR thermal cyclers
(Roche) in a total reaction volume of 15 ul. The reaction contained 1x
PCR buffer, 4 mmol/L MgCly, 1 mmol/L dNTP (ThermoFisher) with
dUTP (GE Healthcare), 600 ng BSA (ThermoFisher), 1 U Platinum Taq
Polymerase (ThermoFisher), variable concentrations of primers and
probes (available on request), and 5 pl of the prediluted cDNA. After 5
min at 95 °C for Taq DNA polymerase activation, a total of 45 cycles
consisting of denaturation at 95 °C for 15 s and annealing at 60 °C for 30
s were performed. After the run, data were analysed using the Light-
Cycler software version 1.5.1.62.
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2.5. Sequencing

Upper respiratory tract specimens collected in the seasons 2017/18
(n=>57),2018/19 (n = 65), 2019/20 (n = 141) and 2022/23 (n = 55) as
well as viruses recovered from clinical samples in MDCK-SIAT cells were
analyzed by cycle sequencing and next generation sequencing (NGS).

2.5.1. Sequence analysis pre-treatment - RNA extraction and one step PCR

Viral RNA was extracted (patient material or 1:1000 diluted cell
culture supernatant from infected MDCK-SIAT cells) using ReliaPrep™
Cell Mini Kit (Promega). Using viral RNA (14 pl) and SuperScript™ III
One-Step RT-PCR System with Platinum™ Taq High Fidelity DNA Po-
lymerase (Invitrogen) multisegment reverse transcription-PCR were
done according to Zhou et al. (2009).

2.5.2. Nested PCR for HA and NA gene amplification

Prior cycle-sequencing the hemagglutinin (HA) and neuraminidase
(NA) genes of A(HIN1)pdmO9 viruses were amplified performing nested
PCRs (primer sequences on request) using an Eppendorf thermal cycler
(Eppendorf). Each PCR was performed using 1 pl One-Step RT-PCR
product (2.5 pl for CT values >30, previously determined by real-time
PCR, see above) per 50 pl reaction volume containing MgCly (2 mM,
Invitrogen), dNTPs (each of 200 pM, Invitrogen), primer forward/
reverse (750 nM, TIB Molbiol) and 1 U PlatinumTaq DNA polymerase in
PCR bulffer (Invitrogen) under the following conditions: 94 °C (5 min),
45 cycles 94 °C (30 s), 60 °C (30 s), 72 °C (2 min) and finally 72 °C (5
min).

2.5.3. Cycle-sequencing according to Sanger

Nested PCR products were first purified using an MSB®Spin PCRa-
pace Kit (Invitek) and then sequenced using the BigDye®Terminator
v3.1Cycle Sequencing Kit (Applied Biosystems) and a capillary
sequencer 3130xl (Applied Biosystems). Trimming and reference map-
ping were done with Geneious software (11.1.5) and influenza A(HIN1)
pdm09 HA and NA gene nucleotide sequences were deposited in GISAID.

2.5.4. Whole genome sequencing (WGS)

Prior WGS the One-Step RT-PCR products were purified using
SPRIselect beads (Beckman Coulter) with a ratio of 0.6 according to the
manufacturer (40 ul OneStepPCR product x 0.6 = 24 ul SPRIselect re-
agent). Then DNA quantification with Qubit dsDNA kit and a Qubit
Fluorometer (ThermoFisher) was done. WGS was performed using 1 ng
purified One-Step RT-PCR product, Nextera XT DNA Library Preparation
Kit and subsequently the MiSeq platform (Illumina). Trimming, refer-
ence mapping and generate consensus sequences (threshold 95 %) were
done with Geneious software (11.1.5) and influenza A(HIN1)pdmO09
whole genome sequences (minority variants >10 %) were deposited in
GISAID.

2.6. Phylogenetic analysis

Phylogenetic evaluation was done using Mega 7, neighbour-joining
method, phylogeny test by bootstrap method and 1000 replications,
Kimura 2 substitution model and partial deletion (site coverage cutoff 5
%). The viral sequences obtained from different anatomical sites of this
single patient were compared with selected sequences of A(HIN1)
pdmO09 viruses collected during the National Influenza Centre’s viro-
logical surveillance of seasons 2017/18 (n = 9, including described fatal
case) and 2018/19 (n = 11).

2.7. Virus titration

Samples were titrated at Ig dilutions in MDCK SIAT cells in microtiter
plates (EMEM + 0.2 % Trypsin + 1 %l L-Glutamine + 0,5 % Gentamycin
+ 1 % NEAA) and incubated at 33 °C over 36 h. Then cells were fixed
with 3.5 % Formalin at room temperature over 15 min. Afterwards
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Triton X-100(Surfact-Amps X-100)/Thermo Scientific) was added and
incubated at room temperature over 10 min. Afterwards cells were 3x
washed using washing buffer (PBS + 0.05 % Tween 20). Then anti-
Influenza A-NP-antibody HB65 (Clonegene) diluted 1:500 in blocking
buffer (PBS + 30 % BSA+ 0.1 % Tween-20) was added. The reaction was
incubated at 33 °C over 1 h and then plates were 3x washed using
washing buffer. Afterwards goat anti-mouse IgG, HRP (Invitrogen)
diluted 1:500 in blocking buffer was added and incubated at 33 °C over
1 h. After 3x washing with washing buffer, AEC (AEC 101 staining kit,
Sigma Aldrich) was added according to the instructions of the manu-
facturer and incubated at room temperature over 1 h. Thereafter the
microtiter plates were washed with aqua dest. Finally, the staining re-
action was evaluated under light microscope. TCIDsy was calculated
according to the method of Spearman & Karber (Karber, 1931;
Spearman, 1908).

2.8. Antigenic analysis

The viruses were investigated for their antigenic properties by
hemagglutination inhibition (HI) assay using antisera generated in fer-
rets against the vaccine strains of the influenza season 2017/18. HI as-
says were based on turkey and guinea pig red blood cells (the latter for
H3N2). The viruses were adjusted to 8 hemagglutinating units for
analysis. For ferret antisera generation, ferrets were infected intrana-
sally with 10° TCIDs of each vaccine strain and blood was sampled 14
days later.

2.9. Resistance analysis

Inhibition of viruses cultured from post-mortem nasal swab and one
lung-biopsy sample by the neuraminidase inhibitors (NAI) oseltamivir
and zanamivir was analyzed using a fluorometric neuraminidase inhi-
bition assay with 2-(4-Methylumbelliferyl)-a-D-N-acetylneuraminic
acid (Munana) as substrate as described elsewhere (Duwe and
Schweiger, 2008). Antiviral susceptibility of these viruses was assessed
based on the fold-change of the ICso value compared to reference ICsg
values according WHO guidelines (WHO. Meetings of the WHO working
group on surveillance of influenza antiviral susceptibility-Geneva,
November 2011 and June 2012. Available from: http://www.who.
int/wer/2012/wer8739.pdf.) Neuraminidase amino acid sequences
were aligned with sequences of the respective reference vaccine strains
and analyzed for molecular resistance markers associated with reduced
NALI susceptibility.

2.10. Studies in porcine airway epithelial cells

2.10.1. Preparation of air-liquid interface cultures of porcine airway
epithelial cells

Porcine lungs used in this study were obtained from a local slaugh-
terhouse. Air-liquid interface (ALI) cultures of porcine airway epithelial
cells were generated as previously described (Fulcher et al., 2005; Meng
et al., 2016).

2.10.2. Virus infection

Well-differentiated porcine bronchial epithelial cells (PBEC) were 3x
washed with phosphate-buffered saline (PBS) and then infected by
either of the viruses from lower and upper respiratory tract of the fatal
case at an infectious dose of 10* TCIDs per filter in 100 ul ALI medium.
After incubation at 37 °C for 1 h, the infectious medium was removed
and cells were 3x washed with PBS to remove unbound virions. Finally,
600 ul ALI medium was added to the basal compartment to maintain the
cells. To determine the virus release, 100 ul ALI medium was added at
the respective time points to the apical compartment and incubated at
37 °C. After 30 min, the apical medium was collected and used to
determine the viral infectivity by endpoint dilution titration on MDCK
cells as described previously (Yang et al., 2017).
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2.10.3. Detection of trans-epithelial electrical resistance (TEER)

The TEER developed by well-differentiated PBEC was measured
before infection and for a period of eight days after infection by using the
Millicell ERS-2 (Millipore) equipment. The apical and basal compart-
ments of transwell filters were washed three times with PBS, then 200 pl
PBS were added to the apical compartment and 500 pl PBS to the basal
compartment. TEER was determined according to the manufacturer’s
instructions.

2.10.4. Immunofluorescence microscopy

All infected and mock-infected samples were 3x washed with PBS
and fixed with 3 % paraformaldehyde (PFA) for 20 min. PFA was
removed and 0.1 M glycine was added for 5 min. Samples were per-
meabilized with 0.2 % Triton X-100, 3x washed with PBS and treated
with 1 % bovine serum albumin (BSA) for 30 min to block nonspecific
binding sites. Primary and secondary antibodies were diluted with 1 %
BSA in PBS and incubated with the samples for 1 h each. After washing
with PBS, samples were incubated with DAPI (4',6-diamidino-2-phe-
nylindole) for 20 min. Finally, transwell filters were taken out by using a
scalpel and embedded in Prolong Gold Antifade Reagent (Life Tech-
nologies), and stored at 4 °C for further analysis.

Antibodies against influenza A virus nucleoprotein (NP, 1:750,
AbDSeroTec), against mucin-5 AC (1:250, Santa Cruz Biotechnology),
against ZO-1(1:250, Life Technologies) and Cy3-labeled antibody
against p-tubulin (1:500, Sigma) were used as primary antibodies. Green
fluorescence and red fluorescence (Alexa Fluor® 488 and 568) conju-
gated antibodies (1:1000, Life Technologies) were used as secondary
antibodies. Samples were analyzed by using an inverse immunofluor-
escence microscope Nikon Eclipse Ti-S (Nikon) and TCS SP5 confocal
laser scanning microscope (Leica). Images were analyzed by using NIS-
Elements Viewer 4.20 software (Nikon), LAS AF Lite sofware (Leica) and
ImageJ/Fuji software.

All in vitro-experiments were performed at least three times and data
were analyzed with Tukey multiple comparison test by using the
GraphPad Prism 5 software. Results were shown as means with standard
deviations. A p value of < 0.05 was considered significant.

3. Results
3.1. Clinical and pathology report

A patient (age group 5-15 years) with clinical and laboratory find-
ings suggestive of hemolytic uremic syndrome (HUS), including emesis
and progressive renal failure was admitted to the hospital and died 13 h
later. In the late clinical course, the patient displayed acute respiratory
distress syndrome. Oropharyngeal swab, blood and stool samples had
been taken shortly after admission. Investigations for Campylobacter
spp., Salmonella spp., Shigella spp., EIEC, EHEC and EPEC had been
negative. Blood smears showed fragmentocytes indicative for damaged
red blood cells. Autopsy revealed severe bilateral hemorrhagic pneu-
monia. Lung weight was 2.5x higher than normal. At autopsy, lung
specimens and pharyngeal, laryngeal and tracheal swabs were obtained.
gPCR of the lung samples yielded strong signals for influenza A and
subtype A(HIN1)pdmO09.

3.2. qPCR, virus isolation, antigenic characterization and resistance
analysis

qPCR analysis revealed the presence of A/H1N1)pdmO09 virus in the
entire respiratory tract (Table 1, Table S1). The respiratory panel
multiplex (RT-)PCRs were negative for influenza B virus, respiratory
syncytial virus, human metapneumovirus, human rhinovirus, human
coronaviruses 229E, NL63, HKU1, OC43, parainfluenzavirus 1-4,
bocavirus, parechovirus, enterovirus, adenovirus and Mycoplasma
pneumoniae. Viruses were isolated from different anatomical sites in
MDCK SIAT cells. On antigenic characterization, the isolates displayed
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Table 1

Virological characterization of respiratory tract specimens from a fatal case of A(H1N1)pdmO09 influenza.

Sample Original material post- ~ CT!  HI? Amino acid substitutions>*
mortal
HA® M1 NA® NP NEP NSI° PA® PAX®  PBI PB2°
HA1: S74R, P137S, S164T, S183P, R223Q, G77R, V80M, V81A, M65V R199K R299K, T398I,
1295VHA2: N124T 1188T, N449D P453T
SAL25 lung biopsy left 33 2560 5263 H456X-H/Y 98 %
(1316)
SAL30 lung swab left 31 nd K208X-K/N 15 % S89X-S/T 11 %, S367X-S/L nd nd H456X-H/Y 91 %
(1314) 11 %
SAL28 trachea 31 nd S263X-S/F 22 % nd nd H456X-H/Y 34 %,
(1311) V514X-V/A 16 %
SAL29 larynx 33 nd S$263X-S/F 31 % nd nd H456X-H/Y 14 % E305X-E/D 18 %
(1312)
SAL24 nasal swab 27 2560  S263X-S/F22 % nd nd H456X-H/Y 9 %
(1310)
SAL25 lung biopsy left 33 nd 5263 H456Y
MDCK
SAL24 nasal swab 27 nd S263X-S/F 3 % H456X-H/Y 38 %
MDCK decreased increased

1 CT, cycle threshold A(HIN1)pdm09-qPCR Berlin (for further details see supplemental data table S1).

2 HI, reciprocal titer against A/Michigan/45/2015 A(H1N1)pdmO09.
3 Amino acid substitutions in the indicated genome region (column header), relative to A/Michigan/45/2015 A(H1N1)pdmO09.
4 Italics indicate minority variants as determined by NGS investigation. Shown are > 10% minority variants in the deduced amino acid mixtures. For HA1-263 and PB1-456, also minority variants <10% are indicated. The
proportion of substitutions relative to the reference sequence is shown in (%).
5 This row lists substitutions common to all specimens.

I N X

86SISI ($20Z) +1€ A30]01qOLYA [DIPIIA fO [DUMOL [DUOHDUIIIL]
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Substitutions (%)

nasal larynx  trachea lung lung
swab swab biopsy
Sample
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<1.5 Ig TCID4,/0,1 ml tracheal swab

Oother
E HA-S263F
W PB1-H456Y

4

8.17 Ig TCIDsy/g lung tissue

— — 1

nasal lung
swab biopsy
MDCK ~ MDCK

Fig. 1. Percentage of striking aa substitutions and viral load in upper and lower respiratory tract samples.
MDCK: analyses of isolates obtained from the corresponding tissue in MDCK-SIAT cells; other: indicates the proportion of the amino acid serine (S, HA1-263) or
histidine (H, PB1-456) in each of the detected amino acid mixtures (HA1-S263S/F, PB1-H456H/Y).

strong reactivity with anti-A/Michigan/45/2015 A(H1N1)pdmO9 ferret
serum but not with sera against A(H3N2) and B viruses (Table 1,
Table S1). The viruses were inhibited by oseltamivir and zanamivir with
ICsp values similar to reference viruses; molecular resistance markers
were not detected. Titration of virus of the respiratory tract samples in
MDCK-SIAT cells demonstrated very high titers of infectious virus in the
lung sample (8.17 lg TCIDsp/g), but low titers of infectious virus in
upper respiratory tract (Fig. 1, Table S1).

3.3. Sequence analysis of viral samples of the fatal case

In this fatal case of pediatric influenza in a hospitalized child with
hemorrhagic pneumonia, viral HA sequence analyses in tissue samples
from different sites in the upper and lower airways demonstrated that
the A(HIN1)pdmO9 virus belonged to the clade 6B.1 A. Whole genome
analysis of the samples revealed the presence of a mixed genotype, both
in the HA (S263S/F [HA1]) and the PB1 genes (H456H/Y [PB1]) at
different proportions (relative to A/Michigan/45/2015): In the post-
mortem nasal swab as well as larynx and trachea, a proportion of vi-
ruses (22-31 %) displayed the HA1 substitution S263F, which was not
found in the lung, whereas in the lung, a major proportion (91-98 %) of
viruses featured the PB1 substitution H456Y, which was only seen at low
proportions in the upper respiratory tract with decreasing percentages
from regions closer to the lung (trachea 34 %) to more distant regions
(larynx 14 %, nasal swab 9 %) (Table 1).

3.4. Screening for substitutions HA1-S263F and PB1-H456Y in 2017/
18, 2018/19, 2019/20 and 2022/23 influenza viruses

Among the 318 influenza A(HIN1)pdmO9 viruses screened during
the 2017/18, 2018/19, 2019/20 and 2022/23 seasons at the National
Influenza Centre, the substitution S263F in HA1 was only found in this

Table 2
Screening for HA-S263F, PB1-H456Y, PB1-H456H/Y substitutions in
2017-2023 A(HIN1)pdmO9 influenza viruses.

Season Number HA-S263F PB1-H456Y PB1-H456H/Y
2017/18 57 1x (fatal-1) 1x (fatal-1) 1x (fatal-1)
2018/19 65 0 0 0

2019/20 141 0 2x (1-year-old) 0

2022/23 55 0 0 0

fatal case (fatal-1, Table 2). The H456Y polymorphism in PB1 was
identified in two one-year-old children in January 2020 who were
infected with clade 6B.1A5A viruses, one of them with fever (39 °C).

3.5. Comparative sequence analysis of HA

The genomes of A(H1IN1)pdmO9 viruses collected both in the 2017/
18 (n =9) and 2018/19 (n = 11) seasons were analyzed by whole
genome sequencing via NGS and Sanger. In order to genetically compare
viruses from patients with a severe course with viruses from outpatients,
virus isolates from ten infants (1 - 4 y), four children (5 - 8 y) and six
adults (26 - 64 y) were available from the sentinel surveillance. These
viruses originated from three fatal cases (4 y, 5 y, 64 y), two severe cases
(2y, 37 y) and fifteen outpatients (14 sentinel and one non-sentinel).
The HA gene analysis demonstrated that all viruses belonged to the
clade 6B.1 A with the clade specific substitutions S74R, S164T and
1295V in HA1 (relative to A/California/07/2009). Additionally, most of
the analyzed viruses exhibited the substitution S183P in HA1, including
the described fatal case (Fig. 2). The HA1 substitution S263F was not
found in nasal swab samples except the case presented. Amino acid 263
is located between the globular head and the stem region of the hem-
agglutinin (Fig. 3). The analysis showed consistence between sequences
characterized by NGS vs. those characterized by classical Sanger
sequencing, with the only differences noted being due to the method-
ologies applied to determine minority variants: The detection limit for
minority variants was about 20 % of the target reads using Sanger
sequencing.

3.6. Comparative sequence analysis of PB1

The PB1 gene analysis demonstrated the presence of the substitutions
G154D, 1397M, I435T (relative to A/California/07/2009) in all
analyzed viruses (Fig. 2). These substitutions were located in three of ten
PB1 domains (fingers, B-hairpin, palm). In 2018/19, a subgroup of vi-
ruses featured the additional substitutions V200I (B-ribbon domain) and
K386R (B-hairpin domain) and two viruses displayed the D619G sub-
stitution (thumb domain). Furthermore, the H456Y and K430R sub-
stitutions, located in the palm domain of PB1 that contains the highly
conserved catalytic site (D445, D446) of polymerase activity, were
identified in viruses from both this fatal case (H456Y) and an outpatient
(K430R), respectively (Fig. 3). Further virus-specific substitutions were
identified in the fingers domain (T123A, D154G, N158S), B-hairpin
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HA

PB1

S183P

L233l,
V193A

P137S,
S183P,
N124T

N129D,

T185l
N

S183P,
N260D

T120A N

S74R,
S164T,
1295V
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K302T, 177M,

N169S, E179D AIMVP/4/2018 V176K severe-2, 2y

AIMVP/4/2018* V176K severe-2, 2y
A/BAY/50/2018* 1y
A/BAY/50/2018 1y
A/BWB/163/2018 39y
A/BWB/163/2018* 39y
N | AINRW/80/2018* 55y
99! AINRW/80/2018 55y

AISAL/25/2017 fatal-1, 5y, lung biopsy left
AISAL/25/2017* fatal-1, 5y, lung biopsy left

AISAL/30/2017* fatal-1, 5y, lung swab left
A/SAL/29/2017 S263S/F fatal-1, 5y, larynx
AISAL/30/2017 fatal-1, 5y, lung swab left
A/SAL/28/2017 S263S/F fatal-1, 5y, trachea
A/SAL/24/2017 S263S/F fatal-1, 5y
AISAL/29/2017* S263S/F fatal-1, 5y, larynx

A/RPF/19/2018* A139T fatal-2, 4y
M 83l AIRPF/19/2018 A139T fatal-2, 4y
A/SAL/28/2017* S263S/F fatal-1, 5y, trachea
A/SAL/24/2017* S263S/F fatal-1, 5y
N A/BWB/4/2018* E172E/K 5y
5 _|AIBLN12312018* N38D 2y
86! A/BLN/23/2018 N38D 2y

A/BWB/4/2018 E172E/K 5y
K161R A/BLN/58/2018 N117K 3y
A/BLN/58/2018* N117K 3y
A/ITHR/61/2018 52y
83l AITHR/61/2018* 52y
A/BWB/162/2018 2y
94l AIBWB/162/2018* 2y

L

©°

P83S, S84N, D97N, S162N,
K163Q, S185T, S203T, I216T,
A256T, K283E, 1321V, E47K,
$124N, E172K

9

84y AIHAM/6/2018 T164I 6y
A/HAM/6/2018* T164l, T256T/l 6y
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Fig. 2. Phylogenetic analysis of the HA and PB1.
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The HA (n = 20) of and PB1 (n = 18) genes of A(HIN1)pdmO09 viruses circulating in the 2017/18 (weeks 50/2017 — 13/2018) and in the beginning of the 2018/19
(weeks 44 — 52/2018) season were employed for phylogenetic analysis. Whole virus genomes were analyzed by NGS and HA genes were analyzed by Sanger
sequencing (asterisk). Reference sequences of WHO are marked in grey/italics. Shown are phylogenetic analysis results of viruses from the described fatal case (fatal-
1, blue) and two other patients with fatal outcome (fatal-2/3), two patients with severe course (severe-1/2), 14 sentinel outpatients and one non-sentinel outpatient.
Unless otherwise indicated, the viruses were recovered from nasal swabs. Amino acid substitutions in HA1 (black)/HA2 (light blue) and aa mixes are indicated. The
S$263S/F (HA1) and H456H/Y (PB1) identified in fatal-1 specimens are labeled in red. Phylogenetic analysis was done with Mega7 (Neighbor-Joining method,
Eootstrap test with1000 replicates, Kimura 2-parameter method, partial deletion — site coverage cutoff 5 %).

domain (S384L) and the C-terminal domain (E739D) of PB1.
3.7. Virus replication kinetics in well-differentiated PBEC

To find out whether the viruses obtained from the upper and lower
respiratory tract differed in their virulence properties, their replication
in well-differentiated bronchial epithelial cells (PBEC) was analyzed. For
this purpose, primary respiratory epithelial cells were cultured on filter
supports under air-liquid interface (ALI) conditions until they were well-
differentiated. Immunostaining indicated that the two viruses did not
differ in the cell tropism. Ciliated cells identified by anti-tubulin anti-
bodies were the major cell type infected as indicated by co-staining with
anti-nucleoprotein antibodies (data not shown). Differences between the
two viruses were revealed when the virus replication kinetics were

determined: Well-differentiated PBEC were infected with either of the
viruses and supernatants were collected at 16 h, 24 h, 48 h, 72 h, 96 h
and 120 h post infection (p.i.) and the amount of infectious virus
released at the respective time point was determined. The kinetics of
virus release is shown in Fig. 4. Viruses from the lower respiratory tract
grew faster and to higher titers than viruses from upper respiratory tract.
At 24 h p.i. the differences were more than tenfold and highly significant
(Fig. 4).

In mock-infected samples, the majority of cells were ciliated cells
(Fig. 5a). This high proportion was slightly decreased in ALI cultures
infected by viruses from the upper respiratory tract. A larger decrease
was observed when well-differentiated PBEC were infected by viruses
from the lower respiratory tract (Fig. 5a). Quantification of the area
covered by cilia staining revealed a reduction of about 20 % between the

HA

Catalytic site
(D446, D445)

FluSurver-JSmol

PB1

Fig. 3. 3D-model of sequence detected in fatal-1 specimens.

3D-models of HA and PB1 proteins of A(H1N1)pdmO9 viruses detected in fatal-1 specimens were deduced by using https://flusurver.bii.a-star.edu.sg/ in order to
assess the positions of the identified substitutions in the viral proteins relative to the reference strain A/Michigan/45/2015.
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Fig. 4. Replication kinetics of viruses from lower (1316) and upper (1310)
respiratory tract in PBEC.

PBEC cultures were apically infected with the viruses at infection dose of 10*
TCIDso/filter, at 37 °C. After 1 h, samples were washed three times with PBS to
remove free virions. Supernatants were collected at 16 h, 24 h, 48 h, 72 h, 96 h
and 120 h post infection and analyzed for infectivity with TCIDs, assay. The
results are shown as means + SD of samples of three independent experiments,
each with three replicates. Significance (*P < 0.05, ***P < 0.001) was
analyzed with Tukey multiple comparison test by using the GraphPad Prism 5
software. Sequence data of supernatants were not established.

two viruses and the difference was significant (Fig. 5b).

Virulence-related differences in the loss of ciliated cells after infec-
tion by human or animal influenza A viruses have been reported before.
The TEER values determined for PBEC infected by either of the two vi-
ruses from the upper and lower respiratory tract was also not reduced
compared to mock-infected sample (not shown).

Taken together, infection of porcine ALI cultures by viruses from
lower and upper respiratory tract of the fatal case resulted in (i) virus
release over a long period of time and (ii) loss of ciliated cells. These
effects were more pronounced in infections by lower respiratory tract
virus than they were in cultures infected by upper respiratory tract virus.

4. Discussion

We investigated the unusual course of an influenza A virus infection
caused by A(HIN1)pdmO09 virus in a child. Respiratory symptoms were
not obvious in the initial clinical presentation of this case, which was
predominated by features of hemolytic uremic syndrome associated
with gastrointestinal symptoms. Due to this atypical presentation, the
association with influenza was not obvious. Acute respiratory distress
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Fig. 5. Cilia coverage of PBEC on 8 d post infection.
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syndrome evolved only in the final stage. At autopsy, the hemorrhagic
changes in the entire lung suggested a potential infectious etiology and
multiplex (RT-)PCR analysis of a pre-mortem oropharyngeal swab, as
well as extensive post-mortem biopsy analyses, revealed an A(HIN1)
pdmO09 virus infection.

Whereas the lung specimen displayed a high load of infectious virus,
infectivity of all other respiratory tract samples remained below the
assay limit of detection. In line with these results, qRT-PCR testing of a
pharyngeal swab sample obtained on admission revealed comparatively
high Ct values (33 in influenza A-qPCR and >35 in A(H1IN1)pdmO09-
gPCR), indicating low viral loads in the patients’ upper respiratory tract.

The genomes of viruses from upper airway samples and lung dis-
played mixtures of S263S/F (HA1) and H456H/Y (PB1) variants. The
amino acid substitution S263F in HA1 was only found in the post-
mortem nasal swab, larynx and trachea, whereas in the lung samples,
the PB1 substitution H456Y was predominant. Viruses from the lung
tract had a replication advantage in vitro and grew faster to higher titers
than the viruses of the upper respiratory tract. The patient’s lung sample
contained a high viral load of 8.17 1g TCIDs( per gram lung tissue. These
very high amounts of viruses in the lung may explain the rapid pro-
gression of the disease. The lower respiratory tract of children provides a
microenvironment supporting the replication of A(HIN1)pdm09 and
some avian influenza viruses. Human lung type II pneumocytes possess
SA(sialic acid)-a-2,3 receptors in addition to SA-a-2,6 receptors (Shinya
et al., 2006), which allow for the specific binding of the hemagglutinin
of influenza viruses (Kumlin et al., 2008) and support virus entry into
lower respiratory tract cells in addition to other receptors (Ge and Wang,
2011). There are differences in the isoforms of lectin-binding to SA-a-2,3
receptors, which support stronger binding of influenza viruses to the
epithelium of children than to adults (Nicholls et al., 2007), as well as of
avian influenza (Matrosovich et al., 1999) and A(H1N1)pdmO09 viruses
(Childs et al., 2009). Severe and fatal influenza (as caused for example
by A(H5N1) viruses) is frequently associated with a widespread distri-
bution of influenza viral genetic information and/or its antigenic
expression in different tissues of the body and the induction of a cyto-
kine storm (Gu et al., 2007). There is a strong correlation between viral
load and the induction of proinflammatory cytokines in patients with
fatal outcome of influenza (De Jong et al., 2006). Severe A(H1N1)
pdmO09 influenza is commonly associated with increased levels of cy-
tokines such as IL-6, IL-10, IL-15, IP-10, IL-2R, HGF, ST2, MIG and others
(Bradley-Stewart et al., 2013; Martinez-Ocana et al., 2013). Thus, it is
possible that the lack of basal immunity against influenza viruses in
children (because there was no contact to influenza viruses before),
combined with the special features found in the developing lung, pro-
vide an environment conducive to the selection of quasispecies with
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PBEC cultures were apically infected with viruses from lower (1316) and upper (1310) respiratory tract at infection dose of 10* TCIDsg/filter. (a) After 8 d post
infection, PBEC cultures were stained with Cy3 labelled p-tubulin to detect cilia (red). Scale bar, 100 um. (b) Quantitative analysis of area covered by cilia at 8 d post
infection. The ALI culture relative cilia coverage (%) was shown as means + SD compared to mock-infected cultures (Ctr). Nine samples from three independent
experiments were determined, three fields from one sample were evaluated. Significance (*P < 0.05) was analyzed with Tukey multiple comparison test by using the

GraphPad Prism 5 software.
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enhanced replication properties that are particularly effective. More-
over, for A(HIN1)pdmO9 viruses, several mutations have been previ-
ously identified that may be linked to increased virulence (Goka et al.,
2014).

As virus isolated from the lung showed signs of increased virulence,
we looked for hints supporting special properties of the respective mu-
tations in the scientific literature. Specific A(HIN1)pdmO09 virus vari-
ants replicating preferentially in the lower respiratory tract were also
reported in Italy in the season 2010/11 (Piralla et al., 2011). One of the
viruses had a D222G and S263F amino acid substitution in the hemag-
glutinin (HA1) and the infection led to a fatal outcome (Piralla et al.,
2011). A mouse-adapted swine influenza A(H6N6) virus had an alter-
ation at position 263 of the hemagglutinin (HA1) and showed enhanced
virulence in mice (Tan et al., 2014). A mutation at position 263 of the
HA1 in A(H5N1) viruses influenced the conformational stability of HA,
increased the resistance to stem mAbs, facilitated the formation of
escape mutants and conferred a modest but significant increase in both
the thermal stability and pH stability of the hemagglutinin (Wang et al.,
2018). The acid stability of the hemagglutinin varies among influenza
viruses and is a factor affecting infectivity and adaptation to host cells.
The pH value gradually increases from the human upper to the lower
respiratory tract. The hemagglutinins of A(HIN1)pdm09 viruses have
been reported to be less pH-stable than other seasonal influenza A vi-
ruses (Long et al., 2019; Wang et al., 2015). Located between the
globular head and the stem region of the hemagglutinin, the amino acid
263 is in a region that undergoes changes in secondary and tertiary
structure during protein folding (Russell, 2021). The change at position
263 may very well represent a local adaptation of the virus to an altered
microenvironment resulting in altered replication efficiency.

Important processes for regulating the pH value of body fluids are
buffering, regulation through breathing (removal of CO3) and regulation
through the kidneys or metabolism. A significant interaction between
kidneys and lungs has been shown in physiological and pathological
conditions in which the two organs can both be targets of the same
systemic disease (e.g., some vasculitides). Moreover, loss of normal
function of either of them can induce direct and indirect dysregulation of
the other one (Sorino et al., 2019). In the case of acute lung diseases (e.g.
hemorrhagic pneumonia) and / or kidney failure (e.g. HUS), the regu-
lation of the pH value can be disturbed in the different organs (Fajar-
do-Dolci et al., 2010).

Another mutation HA1-S183P was found in the majority of A(HIN1)
pdmO09 viruses, which circulated during the seasons under investigation.
The virus of the investigated case shares this mutation. HA1-S183P A
(H1IN1)pdmO9 variants of human lung cell cultures showed significantly
increased binding to several 2,6 SA-linked glycans (Lee et al., 2018),
which might result in a tropism alteration.

The PB1-H456Y substitution, which was found in the fatal case
investigated here, is located near the PB1 catalytic site (D445, D446)
(Fan et al., 2019). This PB1-H456Y polymorphism was previously linked
with increased virulence in a mouse infection model (Hiromoto et al.,
2000) and - in a similar way - may have enhanced local virus replication
in the lung thereby contributing to the severe disease of the child.

When comparing A(HIN1)pdmO09 viruses isolated from nasal swabs
of outpatients and hospitalized patients in Germany, we found that the
HA1-S263F mutation was unique and has not been detected in other
specimens of the corresponding season (2017/18) and the following
seasons (2018/19, 2019/20, 2022/23); the PB1-H456Y substitution was
only found in two sentinel specimens of another season (2019/20), both
viruses being derived from one-year old children.

Also in another study investigating nine ICU patients with A(HIN1)
pdmO09 infection neither HAI-S263F nor PB1-H456Y mutations were
found (Takayama et al., 2021). Given that the difference between
samples of the lung and upper respiratory tract was most likely patho-
genetically relevant it is worth to consider a specific focus on lower
respiratory tract samples (BAL, lung tissue) in routine influenza
surveillance.
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We have recently shown that human A(H1N1)pdmO9 viruses in the
years following the 2009 pandemic have evolved toward lower viru-
lence (Fu et al., 2019). Viruses isolated from human patients in 2009
caused lethal illness in pigs and induced a remarkable loss of ciliated
cells in the in vitro system, whereas less virulent viruses isolated after
2009/2010 did not. The investigation of viruses from the fatal human
case described here did not induce such a pronounced loss of ciliated
cells as induced by the above mentioned highly virulent virus of 2009
but the PB1-H456Y virus obtained from the lung of the fatal case
replicated faster and caused a larger reduction in the number of ciliated
cells in vitro compared to virus isolated from the upper respiratory
airways of the same case. A likely explanation is that the virus has
evolved locally to achieve high replication fitness in the lower respira-
tory tract. Individual host factors may have been a major contributor to
the fatal outcome: i) by providing a microenvironment facilitating the
evolution of a virus with extremely high replication competence and ii)
via the individual proinflammatory immune response (Weinheimer
et al., 2012). It should be noted that the loss of ciliated cells does not
affect the barrier function of the epithelium as basal cells fill the gap and
start to differentiate. This is evident from the fact the transepithelial
resistance (TEER) is not reduced, even after infection by a virulent virus
such as the A(HIN1)pdm09 virus.

The adverse outcome of influenza in immunologically naive infants
may be caused by an enhanced replication of viruses in their lower
airways. After local evolution of highly virulent virus variants, the host
may be overwhelmed by a fulminant hyperinflammatory reaction in the
lung, which is associated with a general dissemination of viral genes and
proteins and unusual disease patterns involving inflammation in organs
other than the respiratory tract. Although the PB1-H456Y viruses were
sensitive to neuraminidase inhibitors, it was not possible to provide
antiviral treatment to this patient due to the unusual and rapid course of
the disease. Given that the viruses were covered by the seasonal influ-
enza vaccine, vaccination could have been advantageous. Vaccination
against influenza is important for individual protection. Although
vaccination cannot permanently prevent infection, it provides a rapid
immune response to infection that prevents viral replication to high ti-
ters, thereby reducing symptoms and preventing fatal disease. In addi-
tion, vaccination can help achieve herd immunity when administered
simultaneously to large groups. In this case, vaccination contributes
significantly to preventing high viral loads in the environment, reducing
the risk of infection and, if infected, the risk of severe outcomes. This is
particularly important for children, as most of them have not been
exposed to viral antigens and the congregation in kindergartens and
schools supports the transmission and accumulation of viruses in
aerosols.

5. Conclusions

In conclusion, the wild-type and two variants of influenza A(HIN1)
pdmO09 viruses circulating in the 2017/18 season were detected in the
post-mortem respiratory specimens from upper respiratory tract and
lung in a fatal case. The HA1-263F variant was only detected in the
nasal sample, larynx and trachea, which may be associated with
increased pH stability and reduced conformational flexibility of the
hemagglutinin in comparison to the HA1-263S wild type. On the other
hand, the PB1-456Y variant was identified primarily in the lung sam-
ples, which was associated with faster in vitro replication of the virus
compared to the PB1-456H wild type.

Influenza virus quasispecies may differ gradually between upper and
lower respiratory tract, which may be due to different conditions in
anatomic areas. This is of importance when sequences of influenza vi-
ruses obtained from the upper respiratory tract are used to analyze
markers of virulence. In such cases the additional investigation of
bronchoalveolar lavages or lung tissue specimens is recommended.
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