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1. Abstract

The influenza virus hemagglutinin (HA) mediatesaVientry into target cells. Newly
synthesized HA is inactive and requires cleavagehtst cell proteases to transit into an
active form. Activation is indispensable for virafectivity and the responsible proteases are
targets for antiviral intervention. However, thesmtity of the HA-activating proteases is
incompletely defined. Highly pathogenic avian igfhza viruses are activated by ubiquitously
expressed subtilisin-like proteases. In contrast, proteases responsible for activation of
human influenza viruses and low pathogenic avifloenza viruses are largely unknown, and
type Il transmembrane serine proteases (TTSPs) fe@ently been suggested as candidates.
Interestingly, the highly pathogenic 1918 influenzaus, the causative agent of the Spanish
influenza, and the closely related virus A/WSN/88ras to have evolved special mechanisms
to ensure HA activation: Both viruses employ thturaminidase (NA) protein to ensure HA
cleavage. The A/WSN/33 NA accomplishes HA cleavagerecruiting the preprotease
plasminogen, while the mechanism underlying 1918-d¥iken cleavage of 1918 HA is
unknown. The goal of the present study was to emanfi 1918 NA, like A/WSN/33 NA
facilitates HA cleavage by recruiting plasminogand to analyze the role of TTSPs in the
activation of human influenza viruses.

Binding studies revealed that A/WSN/33 NA but n8tl& NA recruited plasminogen and
analysis of viral infectivity showed that A/WSN/3BA was unable to functionally replace
1918 NA. Thus, 1918 NA and A/WSN/33 NA evolved diffint mechanisms to facilitate HA
activation. In addition, evidence was obtained #%it8 NA-dependent activation of 1918 HA
is a cell line-dependent phenomenon, casting daubtbe relevance of this process for viral
spread in the host. The analysis of the NA-indepahactivation of 1918 HA showed that
TMPRSS2, a TTSP previously found to activate huimndaenza viruses, also activated the
1918 HA and the related protein TMPRSS4 was newbntified as an HA-activating
protease. The activation of HA by TTSPs was obskinvetransfected cells, raising the
guestion whether endogenously expressed TTSPaetisate HA. Expression of TMPRSS2
and TMPRSS4 was detected in the Caco-2 cell lirk aRNA knock-down revealed that
these proteases facilitated viral spread in CaceH2 in the absence of an exogenously added
HA-activating protease. Finally, TMPRSS2 am@,6-linked sialic acid, the major receptor
determinant for human influenza viruses, were foundbe coexpressed on type Il
pneumocytes, major viral target cells. These resultlicate that TMPRSS2 could support

viral spread in the infected host and constituteat&ractive target for antiviral intervention.
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2. Zusammenfassung

Das Hamagglutinin (HA) von Influenza Viren vermittden viralen Eintritt in Zielzellen. Es
wird als inaktive Form synthetisiert und durch \Waellproteasen in die aktive Form
Uberfuhrt. Die proteolytische Aktivierung von HAt ifir die Infektiositat unverzichtbar,
jedoch sind die HA-aktivierenden Proteasen numwige bekannt. Hoch pathogene aviére
Influenza Viren werden durch Subtilisin-&hnlicheofeasen gespalten. Welche Proteasen
humane und gering pathogene aviare Influenza Vakiivieren ist dagegen weitgehend
unklar. Als mdgliche Kandidaten-Proteasen fur digivierung dieser Viren wurden Typ Il
Transmembran-Serinproteasen (TTSP) vorgeschlagerdienRolle dieser Proteasen in der
Influenza Virus-Aktivierung sollte im Rahmen diedsbeit untersucht werden. Der Erreger
der Spanischen Grippe, das hoch pathogene 191&hz& Virus, und das verwandte Virus
A/WSN/33 scheinen einen speziellen MechanismusSpaitung des HA entwickelt zu haben.
Die Neuraminidase- (NA) Proteine beider Viren vetetin die Spaltung von HA. Die NA des
A/WSN/33 Virus vermittelt die Spaltung des HA durchie Bindung der Praprotease
Plasminogen. Die Rolle von Plasminogen in der NAgagigen Spaltung des 1918 HA ist
dagegen unbekannt und sollte im Rahmen dieser ¥Agbkiart werden.

Bindungsstudien zeigten, dass die A/WSN/33 NA jadoicht die 1918 NA Plasminogen
bindet. Eine Analyse der Infektiositat demonstaertlass die A/WSN/33 NA nicht die
Funktion der 1918 NA ersetzen kann. Es ist dahdmrseheinlich, dass das 1918 Influenza
Virus und A/WSN/33 Virus unterschiedliche Mechangsmzur NA-abhangigen HA-
Aktivierung entwickelt haben. Zusatzlich wurden weise erbracht, dass die 1918 NA-
abhangige Aktivierung des 1918 HA Zelllinien-abhi@ingt. Die Relevanz dieses Prozesses
fur die Virusvermehrung im Wirt ist daher unklarieDAnalyse der NA-unabh&ngigen
Aktivierung des 1918 HA zeigte, dass die Serin@as¢eeTMPRSS2 und TMPRSS4 das 1918
HA in transfizierten Zellen aktivieren. Die Analyser mRNA- und Protein-Expression von
TMPRSS2 und TMPRSS4 zeigte, dass beide ProteasderiZelllinie Caco-2 exprimiert
werden und siRNAknock-down Experimente demonstrierten, dass beide Proteagen d
Virusvermehrung in diesen Zellen in der Abwesenteiter exogen zugegebenen HA-
aktivierenden Protease ermdglichen. Schlie3licmk®die Koexpression von TMPRSS2 und
a-2,6-verknupfter Sialinsduren, einer wichtigen Reaedeterminante humaner Influenza
Viren, in Typ Il Pneumozyten, wichtigen viralen Eellen, nachgewiesen werden. Diese
Ergebnisse zeigen, dass TMPRSS2 die Virusvermehmangfizierten Wirt fordern konnte

und somit ein attraktives Ziel fur die antiviralgdrvention darstellt.
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3. Introduction

Influenza is an infectious disease that affectssbmnd mammals such as humans, swine,
horses and dogs. In humans, the influenza virusciidns usually affect the lungs and
airways whereas viral infections in birds can alsour in the gastrointestinal tract. The most
common symptoms of the disease are chills, fevescie pains, severe headache, coughing,
weakness and general discomfort [Modrewal., 2003; Behrengt al., 2006]. The human
influenza viruses are readily transmitted from perg-person by inhaling droplets from the
nose and throat of an infected person who is cagghnd sneezing. Transmission may also
occur through direct skin-to-skin contact or indtrecontact with respiratory secretions
(touching contaminated surfaces then touching yles,enose or mouth). Infected adults begin
to shed influenza virus from up to two days befitve onset of symptoms, and are infectious
for three to five days after the initial signs oéskase. Young children can spread the virus
for up to six days before, and for ten days atieytbecome ill [Modrovet al., 2003; Behrens

et al., 2006]. Influenza exhibits a low mortality ratedamfections with human influenza
viruses are rarely fatal in healthy individuals {iReand Taubenberger, 2003; Taubenberger
and Morens, 2008]. Infections are more severe éendlderly, young children, people with
respiratory or cardiac disease, and those whomanmeunosuppressed [Behredsal., 2006;
Taubenberger and Morens, 2008]. Death is most cartyrassociated with development of
pneumonia, which can be viral, bacterial or both.viral pneumonia, the influenza virus
spreads into the lower parts of the lung. In baaitgmeumonia, a secondary infection with
bacteria (such aStreptococcus pneumoniae and Staphylococcus aureus) attacks the person’s
weakened defences [Modraaval., 2003; Behrenst al., 2006].

Influenza emerges as epidemic (seasonal) outbriea&snual cycles, usually in the winter
months in temperate climates, and as pandemiceakbrcaused by a new strain of influenza
virus [Taubenberger and Morens, 2008; TaubenbegdrKash, 2010]. Up to 50% of the
population can be infected in a single pandemia yea the number of deaths caused by
influenza can dramatically exceed up to millionsesn for the Spanish influenza [Simonsen,
1999; Taubenberger and Morens, 2008]. In the l&@& years four influenza pandemics
occured: Spanish influenza in 1918, Asian influemzda957, Hong Kong influenza in 1968
and Swine-origin influenza in 2009. Despite intgastesearch, it is difficult to predict the
next outbreak: Where will it takes place? What w#l the source of the virus? How virulent
the virus will be? These are just some of the goestthat arise concerning the future of

influenza.
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3.1 Epidemiology of influenza viruses

Influenza poses a significant public health problearldwide. Seasonal influenza epidemics
occur in temperate regions every autumn and wirlfbese epidemics emerge from an
accumulation of subtle mutations, mainly amino aaldanges, in the viral surface
glycoprotein hemagglutinin (HA), a process termedigenic drift [Websteret al., 1992;
Steinhauer, 1999; Fauci, 2006]. The annual epidemesult in about three to five million
cases of severe illness and about 250.000 to 50@&&ths worldwide [WHO, 2010a].

In addition to seasonal epidemics, influenza pancenmnfold every 10 to 50 years and arise
by the emergence of a new virus in an immunolobicahive human population. The
antigenically new virus can result from the reoigation of genome segments (see also
section 3.3.3 Genome structure) from two differi@flienza A viruses (reassortment) which
co-infected one cell (antigenic shift). The inflaanpandemics are usually associated with
much higher mortality rates than seasonal epidemarme thus, can generate catastrophic
public health crises as exemplified by the pandeafithe year 1918 (see below Spanish
influenza).

The recognition of the first influenza pandemic gback to the year 1510 A.D. and 14 more
pandemics can be documented until now [Morens agb@nberger, 2009; Morerms al.,
2010]. In the last century, three pandemics ofumfiza occurred: The “Spanish influenza”
(1918), the “Asian influenza” (1957) and the “Haikigng influenza” (1968). The 2century

has seen its first influenza pandemic with the ‘{®sorigin influenza” (2009).

Spanish influenza (1918-1919)

The Spanish influenza pandemic represents the fatat event in human history, which
killed an estimated 50 million people or more waride in 1918 and 1919 [Johnson and
Mueller, 2002; Morens and Fauci, 2007; Morens aadbEnberger, 2009]. Usually, influenza
associated morbidity and mortality is highest amomyng children, the elderly, and
immunosuppressed individuals, but the majority @itims of the Spanish influenza were
healthy young adults aged between 20 and 40 yesmgfing in a W-shape of the age-specific
mortality curve (Figure 1) [Glezen, 1996; Reidal., 2001; Palese, 2004; Morens and Fauci,
2007]. The explanation for this unexpected higtugriza mortality in persons 20-40 years of
age in 1918 is still an unsolved fact. Several sstigns were made to explain the high death
rates: People of this age group did not have enamghbody protection against this H1

subtype virus in 1918 because they had only contébt an H3 influenza virus circulating
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around 20 years before the Spanish influenza paied&orens and Fauci, 2007]. A vigorous
immune response directed against the virus in Ineglbung people could have also caused
severe disease in 1918. Additionally, it needsetantentioned that in 1918 many severe cases
of influenza disease featured both severe brondhmmary tissue damage and severe
secondary bacterial infection. On the other hampfe older than 55 years showed lower
mortality rates compared to other influenza pandsnecause they may have had partial
protection through contact to a related virus tvas circulating before 1889 [Rem al.,
2001; Palese, 2004].

= = = 19111917 ’
— 1918 o

Specific death rate

<1 14 5-14 15-24 25-34 35-44 45-54 55-64 65-74 75-84 =85
Age (y)
Figure 1: U- and W-shaped curve of combined influenza andigramia mortality. The graph shows the age at
death with 100000 persons in each age group ibttied States from 1911 to 1918. Influenza- andupmznia-
specific death rates are plotted for the interpamdeears 1911-1917 (dashed line) and for the parcdgear
1918 (solid line) [Figure was taken from Taubenkemnd Morens, 2006].

In contrast to other pandemic influenza viruses, 8panish influenza virus did not result
from a reassortment event. Sequence analysis blgeherger and colleagues revealed that
all genome segments of the 1918 influenza virusnaoee closely related to avian influenza
viruses than to influenza viruses from other spefi@aubenbergeat al., 1997]. The HA gene
segment of the virus in particular may be deriviemnf an avian source which differs from
those currently circulating [Reigt al., 1999]. It was also postulated that the virussame of

its gene segments may have evolved in a so-fareatifted intermediate host before its
introduction into the human population [Reid andii@enberger, 2003; Taubenberger, 2006].
Taken together, the Spanish influenza was causedgayticular virulent virus, the origin of

which has not been fully elucidated.
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Asian influenza (1957-1958)

The virus responsible for the Asian influenza eradrqn Southeast Asia and, subsequently,
spread all over the world. More than two millionaties were attributed to this pandemic
outbreak [WHO, 2005]. As postulated for pandemiwses, the virus responsible for the

Asian influenza resulted from the reassortment dtiman and an avian virus. Specifically,

the gene segments encoding for the two surfacepgigteins, HA and neuraminidase (NA),

of the human virus were replaced by the correspmndiene segments present in avian
influenza virus strains. The gene segment encoidinthe polymerase protein PB1 was also
replaced by an avian-like gene segment [Scholtissak, 1978; Kawaokat al., 1989].

Hong Kong influenza (1968-1969)

The virus responsible for the Hong Kong influendzaoaemerged in South Asia. The
pandemic outbreak of the Hong Kong influenza clainaeound one million lives and was
thus associated with lower mortality rate compdoethe pandemic viruses of the years 1918
and 1957 [WHO, 2005]. Like the Asian influenza eirthe Hong Kong influenza virus also
resulted from a reassortment event between avidnhaman influenza viruses. The gene
segments encoding for the HA and the PB1 polymes&skee human virus were exchanged
with avian-like segments while the remaining sigraents (see also section 3.3.3 Genome
structure) were retained from the 1957 influenzass/{Scholtisselet al., 1978; Kawaokaet

al., 1989]. It has been suggested that the modesaltpmate of the 1968 virus resulted from
conservation of the NA gene and some protectiothefpopulation which had previously
been exposed to the 1957 influenza virus [Kilboufr$®7; Lipatowet al., 2004].

Swine-origin influenza (2009-2010)

The virus responsible for the 2009 pandemic emeirgddiexico and California in early April
2009 and then spread quickly around the world bydn+to-human transmission [Dawoetd
al., 2009; Fraseet al., 2009; Scalera and Mossad, 2009]. As of May 16802@14 countries
had reported 18.097 deaths, out of approximatehdted millions of infections worldwide
[WHO, 2010b]. The Robert-Koch Institute in Germangted more then 220000 cases,
including 250 deaths, of pandemic influenza untilarbh 2010 [RKI, 2010]. A
disproportionately high infection rate of childrand young adults compared to older age
groups was noted for the 2009 influenza virus. Hgs distribution could be explained by the

older population being partially immune, since botiies recognizing both the 1918 influenza
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virus and the 2009 influenza virus were found omlythe elderly [Garteret al., 2009;
Rothberg and Haessler, 2010].

The 2009 pandemic resulted from the reassortmerdgceint North American swine influenza
viruses (triple reassortant of avian/human/swineisas) with European avian-like swine
viruses [Gartert al., 2009; Dunhanet al., 2009]. These viruses possess the polymerase PB2
and the polymerase acidic protein gene segmentsttie North American avian virus origin,

a polymerase PB1 gene segment of human virus okbfn nucleoprotein, and non-structural
protein gene segments of classical swine virusrgramd NA and matrix gene segments from
the Eurasian avian-like swine virus origin [Snttal., 2009; Dawoodtt al., 2009].
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3.2 Treatment and prevention of influenza

For the treatment of influenza virus infectionsptalasses of antiviral drugs are available.
The drugs target the viral entry into cells aneéask of progeny particles from infected cells.
Amantadine and rimantadine block the matrix 2 (M) channel and, thus, inhibit uncoating
of the incoming virion in target cells [Hag al., 1985; Merck, 2009]. These drugs are only
effective against influenza A viruses because erfia B viruses lack the M2 ion channel. A
further drawback of using amantadine and rimantads the rapid emergence of viral
resistance against these agents [Monto and Ar@f2; Merck, 2009].

In addition, a second class of antivirals existnprising oseltamivir and zanamivir, which
inhibit the NA protein of the influenza virus. Tleeagents interfere with the release of the
influenza virus from infected cells and represempartant tools for treating influenza A and
B virus infection [Mendeét al., 1998; Colman, 1999; Merck, 2009].

A study by Tumpey and colleagues showed that btakses of antivirals were effective
against viruses carrying the reconstructed gendkeol918 influenza virus [Tumpey al.,
2002]. In contrast, the Swine-origin influenza giraf 2009 exhibits resistance to the M2
protein inhibitors amantadine and rimantadine aitsusceptible to the NA inhibitors
oseltamivir and zanamivir [CDC, 2009].

Besides these agents, several experimental ahtdnugs that target the NA or polymerase
proteins are now in different stages of developméné NA inhibitor peramivir is active im
vitro tests against viruses of all nine NA subtypes (seetion 3.3.1 Aetiology and
classification of influenza viruses) and residew mo phase Il of clinical investigations [Babu
et al., 2000; Boltzet al., 2008]. A pro-drug of the new NA inhibitor R-12318hamed CS-
8958, is a long-acting neuraminidase inhibitor uilthg oseltamivir-resistant viruses and was
found to be effective in phase Il clinical trialgagnst seasonal influenza [Yamashataal .,
2009; Kisoet al., 2010]. T-705 acts as a nucleoside analogue titetféres with polymerase
activity of influenza A, B and C viruses, but alsther RNA viruses [Furutet al., 2002]. The
phase Il clinical trials against seasonal influehase been completed, and phase Il clinical
trials are scheduled.

Furthermore, monoclonal antibodies binding HA aeinf developed for the treatment of
influenza virus infections. Some antibodies denrastl prophylactic and therapeutic
efficacy against a lethal challenge with the H5NAuy in mice, suggesting monoclonal
antibody treatment as an alternative strategy éattmfluenza virus infections [Set al.,
2009].
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Vaccination can provide protection against seasmilaienza. However, in order to produce
highly effective vaccines they must be adaptedhto \tirus strains currently circulating for
every influenza season. The annual vaccine contauas influenza A viruses and one
influenza B virus of the most prevalent strains {tke 2009].

Two conventional types of vaccines are being usetrivalent inactivated influenza vaccine
(TIV) and the live-attenuated influenza vaccine (\/A The TIV represents the most recently
licensed influenza vaccines with three major formtiohs available. All formulations of TIV
primarily work through the generation of antibodagginst the HA. The first preparations of
TIV contained whole particles while more recentnfatations comprised of split virions
derived from whole viral particles disrupted by etgents. The third preparation contain a
subunit form with enriched HA and NA content on theface of viral particles, which are
disrupted by detergent treatment [Ellebedy and Wel®09; Merck, 2009]. Problems
associated with inactivated vaccines are the labdansive production system, embryonated
chicken eggs, and the long time interval between dblection of vaccine strains and the
availability of the first vaccine doses [Gerdil,3) Fedson, 2005].

In comparison to TIV, LAIV is produced by the inthaction of the HA and the NA of the
target strain into the backbone of an attenuatetl-adapted virus [Maassad al., 1990;
Wareing and Tannock, 2001]. One advantage of litenaated vaccines is the fact that
theoretically both a humoral and a cell-mediatechume response can be generated. However,
the generation time of LAIV does not substantidifyer from inactivated vaccines at present.
These findings suggest that further work needsetiniested to develop new vaccines with
shorter production times and higher efficacy agaiesv emerging viruses. To increase the
speed of vaccine preparation and delivery, theaishgeverse genetics can enable to design
faster seed strains which represent the backgriam@lvV and LAIV vaccines [Neumangt

al., 1999; Hoffmanet al., 2000]. The usage of adjuvants can also increlaseptotective
response to influenza vaccines and, additionaly,saiggested to expand the breadth of an
immune response [Ellebedy and Webby, 2009].
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3.3 Biology of influenza viruses

3.3.1 Aetiology and classification of influenza virses

Influenza viruses belong to the family @rthomyxoviridae and carry a segmented single-
stranded RNA genome with negative polarity, whishembedded into a viral envelope
derived from the host cell membrane [Palese andvSBA07]. The family consists of five

different genera: Influenza A virus, influenza Busg, influenza C virus, thogotovirus and
isavirus [ICTV, 2009; Modrovet al., 2003].

Influenza A virus

Influenza A virus is the most severe representatfvafluenza viruses. It mutates much faster
than influenza B viruses and is responsible forghedemics. This influenza virus subgroup
includes avian, swine, equine, and canine virugesyell as the human influenza A viruses.
Influenza A viruses are classified into subtypeseldlaon their HA and NA proteins. A total
number of 16 HA types (H1-H16) and nine NA typesl{N9) can be distinguished. The
subtypes that are found in humans are HIN1, HINRHBN2. In addition to the division
into subtypes, influenza A viruses are classifigd strains that are named by their type (A, B
or C), host, place of first isolation, number afast (if available), year of subtype isolation,
and antigenic subtype [Hayal., 2001].

Avian influenza viruses

Avian influenza viruses are a genetically and amtigally diverse group of influenza A
viruses and are found in a wide variety of domestid and wild birds [Taubenberger and
Morens, 2008; CDC, 2010]. The natural reservoiravdén influenza viruses are aquatic birds
of the orderdAnseriformes (ducks, geese, swaret¢c.) andCharadriiformes (gulls, terns, etc.).
The virus replicates in the gastrointestinal opmegory tracts of aquatic birds and domestic
poultry, usually causing no or only mild diseasdweTvirus causing this generally mild
infection is termed low pathogenic avian influenvaais (LPAIV). In contrast, a mutation in
the surface protein HA, making the virus more spsbk for activating proteases (see
section Proteolytic activation by cellular protegseenders the virus highly pathogenic (high
pathogenic avian influenza virus (HPAIV)) that cesisevere disease in the infected animal.



3. Introduction 15

Influenza B Virus

Influenza B virus causes less severe diseases itiflmenza A virus. It usually leads to
epidemics but not to pandemics like influenza AisirThis genus almost exclusively infects
humans but seals and ferrets are also susceptibiglienza B virus infection [Hagt al.,
2001; Osterhaust al., 2000; Jakemast al., 1994]. So far, just one subtype of influenza B
virus has been described corresponding to a lowetation rate and less diverse
glycoproteins relative to influenza A virus. Usyalbne influenza B strain is included in the

annual vaccine formulation.

Influenza C virus

Influenza C virus is the rarest and most stablewsst evolving) of the three species of
influenza viruses. It usually causes mild illnesd aas until now never associated with large
scale epidemics. However, a nationwide epideminfiidienza C virus was reported in Japan
in 2004 [Matsuzaket al., 2007]. Influenza C viruses mainly infect humauns tave also been
found in animals, like dogs and pigs [Youzbaghal., 1996; Kimuraet al., 1997]. In contrast

to influenza A and B viruses, this genus carriegesegenomic segments and harbours one

surface glycoprotein, which combines the functiohslA and NA [Palese and Shaw, 2007].

3.3.2 Viral particle

The influenza viruses patrticle is approximately I#@ in diameter and usually roughly
spherically shaped, although filamentous virionsehalso been observed [Modrasw al.,

2003; Palese and Shaw, 2007; Bouvier and Pale88).2Despite differences in morphology,
the viral particles of all influenza viruses arengar in their composition. The virion is

enveloped with a host cell-derived lipid membramapping around a central core (Figure 2).
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Figure 2: Influenza virus particle. The two major surfacgoglproteins, homotrimers of HA and homotetramers

of NA, and small amounts of the matrix 2 protein2jMon channel protein are embedded in the virak&pe.
The matrix 1 protein (M1) protein underlies the €lope and interacts with surface proteins as veelilith the
viral ribonucleoproteins (VRNPs). The RNPs conefseight negative-stranded RNA segments, nucleeprst
(NP) and the polymerase complex heterotrimer, stesi of the polymerase basic protein 1 (PB1), the

polymerase basic protein 2 (PB2), and the polynecaaglic protein (PA).

Three proteins are embedded in the viral envelofpe homotrimers of HA, the
homotetramers of NA, and monomers of the ion chigomoeein M2. Influenza C viruses bear
only one major glycoprotein on their surface, ahlleemagglutinin-esterase-fusion (HEF),
and one minor envelope protein (CM2), a putative eghannel protein [Honget al., 2004;
Palese and Shaw, 2007]. Beneath the membrane,dtrexrh protein (M1) covers the inner
leaflet of the lipid bilayer and interacts with tleytoplasmic domains of the surface
glycoproteins HA and NA, as well as with the virddlonucleoprotein (VRNP) complexes.
Moreover, the nuclear export protein (NEP; alsdechihon-structural protein 2, NS2) is
associated with the matrix formed by M1 [¥eal., 1999; Shimizwet al., 2011]. The virion
core is located in the center of the viral partatel exhibits the RNP complexes. The RNPs
consist of the eight (for influenza C viruses sgveegative-stranded RNA segments, which
are covered by viral nucleoproteins (NP). Additibhaeach genomic segment is associated
with the three polymerase proteins: the polymeizasic protein 1 (PB1), the polymerase
basic protein 2 (PB2), and the polymerase aciditemm (PA).
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3.3.3 Genome structure

The size of the genome of influenza viruses rariiges 12.9 kb (for influenza C viruses) to
14.6 kb (for influenza B viruses) and consists ighe (or seven for influenza C viruses)
negative-sense, single-stranded viral RNA (VRNAJnsents, which encode at least nine (for
influenza C viruses) or eleven (for influenza A d@diruses) open reading frames (ORFS). In
influenza B and C viruses, the first five segmeatgode for one protein where as the
remaining three or two segments code for two pngtein contrast, the second and the two
last segments of influenza A viruses encode for pwateins and the remaining five segments
code for only one protein [Modrow al., 2003; Taubenberger and Kash, 2010].

The 3'- and 5’-ends of each VRNA segment form lalizairpins and possess non-coding
regions, which function as promoter for vVRNA reption and transcription by the viral
polymerase complex. These non-coding regions aistude the mRNA polyadenylation
signal and are part of the packaging signals fousviassembly. Furthermore, the helical
hairpin structure of the 3’-end is bound by theehatrimeric RNA polymerase complex and
the remaining single-stranded VRNA is associateith &rginine-rich NP [Companat al.,
1972; Murtiet al., 1988; Modrowet al., 2003].

3.3.4 Replication cycle

The first step of the influenza virus life cyclenstitutes the HA-mediated (or HEF-mediated
for influenza C viruses) binding of the viral pakd to its receptor, sialic acid (SA) on
glycoproteins or glycolipids, expressed on the huadt surface (Figure 4) [Modrowt al.,
2003; Bouvier and Palese, 2008; Taubenberger ast,K#®10]. After receptor binding, the
viral particle is internalized by endocytosis [Ldkayali et al., 2004]. The acidic
environment of the endosomal compartment triggeror@ormational change in the HA,
during which a fusion peptide is inserted into #gr@losomal membrane and both viral and
endosomal membrane are pulled into close contadtutimately fused. As a result, the
VRNPs are released into the host cell cytoplasmgufei4) [Stegmann, 2000; Sieczkarski and
Whittaker, 2005]. Accordingly, hydrogen ions frohetendosome are pumped into the virus
particle via the M2 ion channel. The internal aloedition of the viral particle then disrupts
the protein-protein interactions between NP- andpvidteins, allowing VRNPs to be released

from the viral matrix into the cellular cytoplasiértin and Helenius, 1991].
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After the VRNPs enter the cytoplasm, they are tliyeransported to the host cell nucleus due
to nuclear localization signal of the M1 proteinge[et al., 1995; Cros and Palese, 2003].
Inside the nucleus, the viral RNA-dependent RNAypwrase (PB1) uses the negative-sense
VRNA as a template to synthesize two positive-s&i$a species: mMRNA templates for viral
protein synthesis and complementary RNA (cRNA) rmidiates from which the RNA
polymerase subsequently transcribes more copiesegétive-sense, genomic VRNA. For
capping of the VRNA, PB1 and PB2 proteins explbé& &'-capped primers from host pre-
MRNA transcripts and connect them to the 3’-enthefviral RNA segment thereby allowing
the initiation of viral mMRNA synthesis to occur gbre 4). This cap-steeling mechanism is
called “cap snatching” [Krug, 1981; Modroet al., 2003]. The mRNAs of viral origin are
exported and translated like host mRNAs, whereaseiport of vVRNAs is mediated by the
viral proteins M1 and NEP/NS2 [Cros and Palese3R00

The translation of the envelope proteins HA (or HBERA and M2 occurs on membrane-
bound ribosomes accompanied by co-translationahslkoaation into the endoplasmic
reticulum, where the proteins are folded, glycosdgonly HA and NA) and trafficked to the
Golgi apparatus for post-translational modificatigiigure 4). Golgi vesicles released from
the Golgi apparatus direct the envelope proteinthéocell membrane for virion assembly
[Modrow et al., 2003].

All remaining viral proteins (PB1, PB2, PA, NP, NIS2/NEP and M1) are transported
back to the host cell nucleus where the NP, PBE, &l PA proteins associate with newly
synthesized VRNAs producing new VRNPs (Figure 4ervards, the nucleocapsids are
covered with the M1 proteins, exported into theoplasm through the function of NS2/NEP
proteins and transported to subdomains of the @asmembrane containing increased
amounts of envelope proteins (HA or HEF, NA and M2)

Virus budding is initiated at the cell membrane dy accumulation of M1 proteins at the
cytoplasmic side of the lipid bilayer. During thistial budding structure, the VRNPs are
associated with the M1 proteins and bind to themgismic domain of the surface proteins.
Subsequently, the cellular membrane protrudes awers the nucleocapsids, which are
released as progeny virions through budding (FigtireThe interaction of HA with its
receptor, sialid acid, is abrogated by the activitghe NA protein and viral particles can be

released from the host cell.
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snhatching). The mRNAs of viral origin are exportad translated like host mMRNAs. The translatiorthef
envelope proteins occur on membrane-bound ribosaht®e endoplasmatic reticulum, where the proteires
folded, glycosylated and trafficked to the Golgipapatus for post-translational modification. Golgisicles
released from the Golgi apparatus direct the epecloroteins to the cell membrane for virion assgmaill
remaining viral proteins are transported back t® lost cell nucleus and associate with newly switkd
VRNAs. Afterwards, the nucleocapsids are covereth wie M1 proteins, exported into the cytoplasmd an
transported to the plasma membrane containing asesk amounts of envelope proteins. During buddimg,
VRNPs are surrounded by the cellular membrane andepy virions are released [Figure was adapteoh fro
Modrowet al., 2003].

3.3.5 Viral entry

The viral HA binds to sialic acids (SA) on glycofems or glycolipids, which triggers
endosomal uptake of the viral particle [Lakadamghhl., 2004]. The acidic environment of
the endosomal compartment prompts a conformatidmahge in the HA which encompasses
the insertion of a fusion peptide into the endodomambrane and ultimately results in the
fusion of the viral envelope with the endosomal rheane. As a result of membrane fusion,
the VRNPs are released into the host cell cytopfadéodrow et al., 2003; Bouvier and Palese,
2008; Taubenberger and Kash, 2010].

Hemagglutinin

The HA is a type | transmembrane fusion proteinjctvhcontains an N-terminal signal
sequence (removed post-translationally), a surfate HAL, which binds the receptor, a
transmembrane unit, HA2, which mediates fusion i target cell membrane, and a short
cytoplasmic tail (Figure 4) [Steinhauer, 1999; Bemand Palese, 2008; Harrison, 2008]. The
HA also belongs to the group of class | fusion @irid, which exhibit an N-terminal or N-
proximal fusion peptide and heptad repeat (HR)amg)i In contrast, class Il fusion proteins
(e.g., the alphavirus E1 and the flavivirus E fasmroteins) lack HR regions and have an
internal fusion peptide [Bosadtt al., 2003; Kielian and Rey, 2006]. Like influenza &@rdA,
several other viral glycoproteins (GP) are memloérhe class | fusion proteins: the HIV-1
gp160 protein, the Ebola virus GP protein, the SAREY spike protein, and the Simian virus
5 F protein [Kielian and Rey, 2006].
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Figure 4: Structural rearrangements of influenza virus HAoaigded with the cleavage by host cell proteases.

The HA of influenza viruses is produced as an msmuprotein, HAQ, in the infected cell and to abtas

complete fusion potential the HAO needs to be @dalyy host cell proteases. Influenza viruses diffetheir

cleavage site sequence: HPAIVs harbour a polyldsavage site of multiple arginines and/or lysing®reas
LPAIVs and human influenza viruses exhibit a morsib@leavage of a single arginine (Arg 344 in perin

case of the 1918 influenza virus). The activatingtgases recognize a cleavage site in the HA1-HAhecting
sequence and expose the fusion peptide (green)twicheubunits HAL (red) and HA2 (blue) are stilvatently

linked by a single disulfide bond (yellow). (A) Smhatic scheme of the HA cleavage. (B) Structurainges
associated with the cleavage of the 1918 influenazs HA (A/South Carolina/1/18 (H1N1); Accessiom:N
ADD17229, HAO (1RD8.pdb), HA1+HA2 (1RUZ.pdb)) [Figuwas taken from Bertrast al., 2010].

The HA is synthesized as an inactive precursoreprdHAO) that associates with chaperones
to homotrimers in the endoplasmic reticulum antrassferred through the Golgi apparatus
[Skehel and Wiley, 2000]. Furthermore, during thensport through the secretory pathway,
the envelope protein is modified by the additiongbfcans and the linkage of fatty acids
(palmitoylation) [Modrowet al., 2003]. After post-translational modification ihet Golgi
apparatus, the HA is transported to the host celinbrane. Membrane regions with high
amounts of envelope proteins (including HA and Ns&yve as budding areas for newly
produced nucleocapsids. Interactions of M1 with M, with vVRNP, and M1 with HA and
NA facilitate concentration of viral components aexiclusion of host proteins from the
budding site. The M1 protein interacts with theopfasmic tail and transmembrane domain
of HA and NA and thereby functions as a bridge leetwthe viral envelope and VRNP. To
complete the budding process, the receptor-desigactivity of NA is needed which allows
the release of virus particles from SA residueghancell surface [Alet al., 2000; Nayalet

al., 2004, 2009].

For maturation of HA, it needs to be post-traneladily cleaved by host cell proteases where

the cleavage site sequence determines the patloggeof avian influenza viruses (see
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section 3.3.6 Proteolytic activation of the hemagglutinin) [Klenand Garten, 1994;
Steinhauer, 1999; Chet al., 2009; Bertranet al., 2010]. Cleavage of HAO generates mature
HA1 and HA2, which are covalently linked by a digg bond (Figure 4). After proteolytic
cleavage, the remaining amino acid residue (argimn lysine) on the C-terminus of the
progeny HA1 is removed. The cleavage of HA is ipdissable for viral infectivity and also
liberates the fusion peptide (FP), which is presgrihe N-terminus of HA2 and is necessary

for membrane fusion.

Receptor

The influenza virus HA binds SA (N-acetylneuramiaicid) on the host cell surface. Sialic
acids are monosaccharides with a nine-carbon baekhasually found on terminal sugar
residues (galactose) of surface glycoproteins dgdoljpids. Expression of SA is found
widely distributed in different animal tissues aada lesser extent in other species ranging
from plants and fungi to yeast and bacteria [Varkd Schauer, 2009].

Sialic acids and galactose can be linkedoky,3- or aa-2,6-glycosydic bond [Skehel and
Wiley, 2000; Harrison, 2008; Nicholkt al., 2008]. Human influenza viruses bindde2,6-

SA while avian influenza viruses recognize #2,3-SA [Rogers and D’Souza, 1989; Connor
et al., 1994; Matrosoviclet al., 1997; Itoet al., 1998; Taubenberger, 2006]. The expression of
a-2,3- anda-2,6-linked SA correlates with the viral cell trepi: In humansg-2,6-linked SA

is highly expressed in the lung epithelium anduefiza is a respiratory infection [Baum and
Paulson, 1990; Skehel and Wiley, 2000], while Higlels ofa-2,3-linked SA are found in
the intestinal epithelium of waterfowl [Itet al., 1998; Causey and Edwards, 2008], the
natural reservoir of influenza viruses [Websteal., 1992], and in these animals influenza is
an enteric infection [Skehel and Wiley, 2000]. lontrast to water birds, poultry exhibit a
higher concentration ai-2,3-linked SA in the lungs and only low concentmas$ of a-2,3-
linked SA in the colon [Kinet al., 2005].

Based on these receptor expressions being redttwta specific host, one could assume that
the viral replication only occurs in the appropeidtost (avian viruses replicate in birds and
human viruses replicate in humans). But the pasived that the correlation between
specificity fora-2,3- ora-2,6-SA and influenza virus species tropism is alggolute: Avian
influenza viruses can infect humans, although wéttiuced efficiency compared to human
viruses [Beare and Webster, 1991]. The ability wém@ viruses to replicate in humans is in
agreement with the finding that SA im2,3-linkage is also expressed in human lung

[Matrosovich et al., 2004], but to a much lesser extent than SAcif,6-linkage and
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predominately in the lower respiratory tract. Sirtbe lower respiratory tract is not as
accessible to airborne viruses as the upper régpiraact, human-to-human transmission of
avian viruses is usually inefficient or absent. lo@r, once avian viruses have reached the
lower respiratory tract, viral spread is efficieahd can result in severe and rapidly
progressive pneumonia [Gambotioal., 2008]. In 2003, a human-to-human transmission of
an H7N7 avian influenza virus was detected duritgrge outbreak in commercially poultry
farms in the Netherlands [Koopmagisal., 2004].

Membrane fusion

Upon transport of influenza virus into host celdesomes, the low endosomal pH triggers the
membrane fusion activity of HA2. Lipid mixing of @éhviral and the endosomal membrane
allows the formation of a fusion pore through whible VRNPs are released into the host cell
cytoplasm. The FP in HA2 plays an essential rolen@mbrane fusion: The FP is located at
the N-terminus of HA2, which is liberated from HAdpon HA cleavage by host cell
proteases. Cleavage of the HA induces minor laeairangements, in the course of which the
newly generated N-terminus of HA2, and thus theig¥rts into a pocket [Skehel and Wiley,
2000; Floydet al., 2008; Harrison, 2008]. Upon exposure of cleavédtbl endosomal pH
(pH 5 to 6), HA undergoes large-scale conformatigrarrangements: The FP is released
from its pocket and inserts into the endosomal nrarmd and an extended intermediate is
formed (Figure 5). At this stage, HA2 is insertatbiboth the endosomal membrane (via the
FP) and the viral membrane (via the transmembraneath) whereas HA1 remains flexibly

tethered to the corresponding HA2 by a disulfidesd{Figure 5).
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Figure 5: Schematic course of membrane fusion mediated lyeinfa virus HA. (A) In the prefusion state, the
HA protein, anchored in the viral membrane by aef@xinal transmembrane domain, folds so that thsrfus
peptide (green) is sequestered. (B) The protonignéhduces a conformational change in which theidiu
peptide projects toward the target membrane forramgxtended intermediate that bridges the two mands.
(C) The intermediate collapses by zipping up of@terminal part of the ectodomain (dark blue) gkide the
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trimer-clustered N-terminal part (red). (D) Thelapke pulls the two membranes together leadingrmdtion
of a hemifusion stalk. (E) A fusion pore opens mp anapping into the place of the membrane-proxinal
transmembrane segments of the HA completes theoruafional transition and stabilizes the fusionepor
[Figure was taken from Floyet al., 2008; Harisson, 2008].

Subsequently, two domains in HA2, the FP and thesimembrane anchor, fold back onto
each other and the extended intermediate collagses consequence of the back-folding
reaction, the viral and the host cell membrane paiked into close contact and the HA2
transits into an intermediate conformation, terrhethifusion stalk, in which lipid mixing but

no content mixing occurs (Figure 5). Finally, theAH acquires a stable post-fusion
conformation, in which the N- and C-terminal segitsef the ectodomain of HA2 are tightly
packed onto each other and which is associatedopiining and/or stabilization of the fusion

pore.

3.3.6 Proteolytic activation of the hemagglutinin

The HA of influenza viruses mediates vial attachin@nd fusion with the host cells. To

acquire its membrane fusion potential, the precupsatein HAO needs to be cleaved by host
cell proteases [Klenk and Garten, 1994; Garten ek, 1999; Steinhauer, 1999]. The
proteolytic cleavage of HAO separates the two sitbuHA1 and HA2, which remains

covalently connected by a disulfide bond and expdke FP in HA2, which is essential for
membrane fusion (Figure 5). The cleavage site sempsedetermine which type of cellular
protease can activate HA and, in turn, the tissatrildution of these proteases determines

influenza virus pathogenicity, as discussed below.

Role of hemagglutinin cleavage in pathogenicity

Influenza virus pathogenicity is multigenic incladi different viral genes and the
determinants of pathogenicity may differ betweerstboSeveral viral proteins were identified
which impact influenza virus pathogenicity, inclagithe polymerase subunits, NA and HA
[AlImond, 1977; Webster and Bean, 1978; Oxfatdal., 1978; Scholtisseket al., 1985;
Snyderet al., 1987; Treanoet al., 1989; Wasilenket al., 2009; Pinget al., 2010; Imaiet al.,
2010]. The major determinant of viral pathogenigityHA is the cleavage site and in the
following we will discuss on how HA activation byst cell proteases determines the ability

of influenza viruses to spread and cause diseazanidto and Kawaoka, 1994].
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For avian influenza viruses, a strict correlati@ivween cleavage site and pathogenicity has
been established: Low pathogenic avian influenzases (LPAIV) contain a monobasic
cleavage site consisting of one single argininelysine. Monobasic cleavage sites are
believed to be recognized by certain trypsin-liketpases exclusively expressed in the
gastrointestinal tract of waterfowl and in the iesjpry and gastrointestinal tract of poultry
[Garten and Klenk, 1999; Klenk and Garten, 1994ergfore, viral replication is restricted to
these compartments and is associated with only mithptoms. In contrast, highly
pathogenic avian influenza viruses (HPAIV) possepslybasic cleavage site which harbours
several arginine or lysine residues with R-X-R/Kafa consensus motif [Bosehal., 1981;
Perdueet al., 1997; Webster and Rott, 1987]. Some HPAIV do ocotain a polybasic
cleavage site, but instead lack a carbohydrate gdéen or several amino acids close to the
cleavage site and these alterations increase distydkawaokaet al., 1984; Deshpandet

al., 1987; Ohuchet al., 1989; 1991; Skehel and Wiley, 2000]. The polybastavage site of
HPAIV is recognized by eukaryotic subtilisin-likegpeases, particularly furin, which are
ubiquitously expressed and thus allow systemid @paead which is associated with severe
disease in the avian host [Stieneke-Grdbat., 1992; Thomas, 2002].

Given the correlation between cleavability and pg#nicity of avian influenza viruses, one
would expect that the same holds true for humaluenkza viruses. However, none of the
pandemic viruses contained a polybasic cleavageirsifiuding the highly pathogenic 1918
influenza virus and it is unclear which proteasetsvate human influenza viruses. Therefore,
the potential implications of the cleavage sitegathogenicitiy of human viruses are unclear
and the identification of the proteases responddactivation of human viruses should shed
light onto this matter.

Different host cell proteases are involved in theleavage of influenza viruses

Different host cell proteases can activate the HAnfluenza viruses in different cellular
compartments and at different stages of the \iilaklycle (Figure 7) [Klenk and Garten, 1994,
Steinhauer, 1999; Bertrar al., 2010]. Cleavage can be mediated by soluble and by
transmembrane proteases. Some of these enzymedsareequired for activation of other

viral and non-viral pathogens, as discussed below.
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Figure 7: Activation of the influenza virus HA by differentqgteasesThe influenza virus HA binds ta-2,3-
linked (avian viruses) oa-2,6-linked (human viruses) sialic acids preserigdlycoproteins or -lipids on the
host cell surface. During endocytosis of the vjparticle, protons are pumped in the virions todeig the
membrane fusion between the viral and the endosamaibrane. After fusion, the viral ribonucleoprogeare
released in the cytoplasm and transported to tbkens where the genomic and viral RNAs are syntkesiThe
viral membrane proteins are synthesized in theesagr pathway of infected cells. The HA of HPAIVeea
cleaved in the Golgi apparatus by subtilisin-liketpases, as furin or PC5/6, and the cleaved HAcwrporated
into the progeny virions. The HA of human influenzeuses or LPAIVs can be incorporated in a uncbehv
form into progeny particles and the cleavage caddur by, at the moment unknown, serine proteasdhe
endosomal compartment of the newly infected celie Tunprocessed HA of human influenza viruses and
LPAIVs could be cleaved by soluble proteases ingkteacellular compartment by tryptase clara, plasamd
mini-plasmin. Alternatively, the HA could be alsmopessed by the TTSPs TMPRSS2, TMPRSS4 and HAT in

the route to the cell membrane (for TMPRSS2) dhatcell surface during insertion into the cellutla@mbrane
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(for HAT). The cellular locations for HA cleavage BMPRSS4 is at present unclear [Figure was takem f
Bertramet al., 2010].

Subtilisin-like proteases

Highly pathogenic avian influenza viruses are atgd by subtilisin-like proteases in the
trans-Golgi network (TGN) of productively infecteglls. These proteases are ubiquitously
expressed and thus allow systemic infection resyliith severe disease. Two members of the
protein family, named furin and PC5/6 (pro-protaanvertase 5/6), were identified to
activate the influenza virus HA by cleavage [Reraathl., 2008].

The endoprotease furin is the product of tiwegene, which is located upstream of the c-
fes/fps proto-oncogene [Roebroek al., 1986]. It is responsible for the processing ofesal
cellular pro-proteins (like proalbumin and insulmo-receptor) in the secretory pathway
[Nakayama, 1997] and plays a key role in embryatgwelopment [Thomas, 2002]. In
addition, furin activates several viral fusion mios, including the spike protein of several
mouse hepatitis coronavirus (MHV) strains and ofmbhao immunodeficiency virus
[Hallenbergeret al., 1992; de Haamt al., 2004]. Furin is mainly expressed in the Golgi
apparatus, but is also found at the cell surfablekdyama, 1997; Thomas, 2002]. The furin
consensus sequence is R-X-K/R-R. The HA cleavageo§iHPAIV comprises this sequence
[Molloy et al., 1992] and Stieneke-Grober and colleagues idedtifirin as the cellular factor
responsible for activation of HPAIV (Figure 7) [&tieke-Groberet al., 1992]. Peptides
spanning the consensus sequence and non-peptrdiciribibitors were shown to suppress
spread of HIV and influenza virus [Stieneke-Grobeal., 1992; Hallenbergeet al., 1992].
Furin also activates several bacterial toxins,udrlg anthrax toxin and diphtheria toxin
[Klimpel et al., 1992; Molloyet al., 1992; Tsuneokat al., 1993]. Another member of the
subtilisin-like protein family, PC5/6, can also iaate the HAs of HPAIV and, as shown for
furin, activation occurs in the TGN [Horimo#b al., 1994]. In summary, furin and to a lesser
degree PC5/6 constitutes a therapeutic target imcally important viral and bacterial

diseases.

Extracellular and endosomal trypsin-like proteases

Low pathogenic avian influenza viruses and humdtuenza viruses bear a monobasic
cleavage site and are believed to be cleaved etuarly by various trypsin-like proteases
(Figure 6). Consequently, uncleaved HA is incorfetainto progeny viral particles

[Lazarowitzet al., 1971; Compans, 1973], at least in some cellylatesns, and addition of

trypsin, plasmin or related proteases to the celltuedium strongly increases the infectivity
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of these viruses [Appleyard and Maber, 1974; Lamdroand Choppin, 1975; Klenét al.,
1975; 1977].

For instance, an HA-activating protease was isdlatem chicken embryos, which are used
as experimentally hosts for influenza virus amgdifion in the laboratory [Gotadt al., 1990].
The protease was found to be similar to the bldottieg factor X, a member of the pro-
thrombin family, and localized to tissues in direonhtact with allantoic and amniotic fluids,
in which virus growth was detected [Ogasawetral., 1992]. Also Sendai virus and non-
pathogenic Newcastle disease viruses as well asnpaoviruses were activated by the
isolated factor X-like protease [Gotah al., 1990; Ogasawaret al., 1992]. However, the
contribution of the factor X-like protease to irdhza virus spread in chicken embryos is
unknown.

Proteases potentially responsible for cleavageattdn of mammalian influenza viruses were
isolated from various animal tissues, including ltatgs. Examples for these enzymes are
tryptase Clara, which is produced by bronchialtegial Clara cells, mini-plasmin, which is
generated in epithelial cells of the upward divisi@f bronchioles and ectopic anionic trypsin
I, which is located in the stromal cells in perebchiolar regions [Kidoet al., 1992;
Murakami et al., 2001; Towatariet al., 2002]. The distinct expression patterns of theses
proteases suggest that different enzymes mightadetinfluenza viruses in different sections
of the respiratory tract [Kidet al., 1992; Ogasawaret al., 1992; Murakamiet al., 2001,
Towatari et al., 2002], although evidence for a role of these gasés in influenza virus
spreadin vivo remains to be established. Finally, the efficienEyHA activation by soluble
proteases might be modulated by naturally occuriimygbitors of these enzymes, like
secretory leukoprotease inhibitor and pulmonaryestant, which were both shown to inhibit
viral replicationin vitro andin vivo [Kido et al., 2007].

Development of severe disease upon influenza virtextion is often due to a bacterial
superinfection [Scheiblauest al., 1992; Kuiken and Taubenberger, 2008]. Interekting
certain bacteria, includin§aphylococcus aureus and Aerococcus viridans, were shown to
secrete influenza virus activating proteases anexacerbate disease in influenza virus
infected mice [Tashiret al., 1987a; 1987b]. Whether a similar mechanism — augation of
viral spread due to expression of HA-activating tpases by bacterial pathogens — is
operational in humans is at present unknown. Inmsang, several soluble trypsin-like
proteases can activate influenza viruses. Howeleermost of these enzymes (with the
exception of bacterial proteases) an important olenfluenza virus spread in the host

remains to be established.
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Proteolytic activation of HA mediated by NA

Two influenza viruses rely on their NA protein tccamplish efficient proteolytic activation
of HA: The laboratory strain A/WSN/33 (H1N1) ancethh918 influenza virus (H1IN1). The
A/WSN/33 was obtained by extensive passaging ofpérental virus, WS/33, in different
animals and exhibits a broadened tropism, in padicneurotropism, relative to the parental
virus. In contrast to other human influenza viryg®8VSN/33 replicates in cultured cells in
the absence of exogenous trypsin [Choppin, 196%tr@eci and Kawaoka, 1993] and
Lazarowitz and colleagues found that serum plasggnowas essential for trypsin-
independent replication [Lazarowi&t al., 1973]. Genetic analyses by Schulman and Palese
indicated that the A/WSN/33 NA was critical for Hfleavage-activation [Schulman and
Palese, 1977] with adequate NA glycosylation bempgortant for neurovirulence [Lét al.,
1993]. Goto and Kawaoka connected the above diedusisservations by demonstrating that
A/WSN/33 NA binds plasminogen, which upon convensio plasmin, activates HA (Figure
6) [Goto and Kawaoka, 1998]. Amino acids N146 (N&mbering), which should miss a
oligosaccharide side chain [Goto and Kawaoka, 1998l residue L453, which is conserved
among the NAs of the N1 subtype [Gotb al., 2001], were found to be essential for

plasminogen recruitment by NA.

Plasminogen

viral envelop

Figure 6: Schematic representation of plasminogen-mediatdlelavage. Plasminogen binds to a lysine at the
C-terminus of A/WSN/33 NA. Bound plasminogen isieatied to plasmin by plasminogen activator (mdstli
of cellular origin). The enzymatically active plasnthen cleaves HAO into HA1 and HA2 subunits [Figu

adapted from Goto and Kawaoka, 1998].

The 1918 influenza virus replicated in the dog kigiicell line (MDCK) with high efficiency
in the absence of trypsin and trypsin-independpréasl was dependent on the presence of the
1918 NA [Tumpeyet al., 2005]. Analysis of 1918 NA revealed the preseaté¢he L453

crucial for plasminogen binding, but also showed fresence of the glycosylation signal



3. Introduction 30

incompatible with plasminogen recruitment by A/WS8I/[Reid et al., 2000]. These
observations indicate that the 1918 NA, like theNV&N/33 NA, might facilitates HA
cleavage by recruiting a protease, which mighth®identical to plasminogen. Alternatively,
the 1918 NA might bind a factor which promotes plasgen conversion into plasmin, like
annexin Il, which was shown to be incorporated inftuenza virus particles and to support
viral replication by activating plasminogen in a\independent manner [LeBouder al.,
2008; 2010].

Type Il transmembrane serine proteases (TTSPSs)

A study conducted with primary human adenoid efigheells (HAECS), which model the
upper respiratory tract of humans, demonstratet abtvation of human influenza viruses
was cell-associated and mediated by a serine p@tdirnovet al., 2002]. These results
suggest that proteolytic activation of human inflz@ viruses and potentially also LPAIV
might be accomplished by unknown serine proteases.

A seminal study by Boéttcher and colleagues revedted type Il transmembrane serine
proteases (TTSPs) might be the elusive proteasgsomsible for activation of human
influenza viruses and LPAIV (Figure 7). They cosldow that TMPRSS2 (transmembrane
serine protease 2) and HAT (human airway tryp$ia-firotease) cleavage-activate the HA of
all influenza subtypes (H1, H2, H3) which were poegly pandemic in humans [Bottchetr
al., 2006]. These findings were confirmed by Wang eolttagues [Wanet al., 2008] and a
recent study identified two further TTSPs, MSPL &a&ic serine protease large form) and its
splice variant TMPRSS13 as activating enzymes AN with a low efficiency recognition
site for furin [Okumureaet al., 2010]. Notably, other enveloped viruses are alsovated by
TTSPs. Thus, the human metapneumovirus (HMPV), m@npgovirus, is activated by
TMPRSS2 to allow multiplicative replication in tatgcells constitutively expressing the
serine protease [Shirogaeeal., 2008] and TMPRSS2 also activates the SARS-CoWespi
protein for virus-cell and cell-cell fusion [Matsayaet al., 2010; Shullaet al., 2011]. Finally,
TMPRSS11a, another TTSP, enhances SARS-CoV entryhuman bronchial epithelial cells
[Kam et al., 2009].

The TTSPs are an emerging family of proteases wtportant functions in embryonic
development and tissue homeostasis. Furthermosegglylated expression of these proteases
is involved in several diseases, including cantbe TTSPs exhibit a characteristic domain
organization: a short intracellular N-terminus, @nsmembrane domain and a large

extracellular C-terminugFigure 8). The C-terminus consists of several pmod®mains and
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their arrangement allows the division of TTSPs irftur subfamilies: the matriptase
subfamily, the corin subfamily, the hepsin/TMPRSf®family comprising e.g. TMPRSS2
and MSPL, and the HAT/DESC subfamily comprising ¢14T and TMPRSS11a [Szalab
al., 2003; Szabo and Bugge, 2008; Cétal., 2009; Bertranet al., 2010].

Cytoplasmic Serine protease
domaln TM Stem domaln
Matriptase subfamlly f AW ¢ Vi )]
Matriptase wN I sEa,fcusticus (TN (H
Matriptase-2, -3 Il  sea; | cuslicusi [‘ﬁ"]'@{'ﬁj
Polyserase-1 no (H[B[s|(H]B[s]| (H/D|A)
Corln subfamity
Corln Il

Hepsin/TMPRSS subfamly
Enteropepidase W.sea, (Jicus] (mamj Lcus| (NS} (HIBS]
TMPRSS2-4, MSPL i Oksal
TMPRSSS/Spinesin, Hepsin I {sal (A0S

HAT/DESC subfamily
HAT, DESC1, TMPRSS11A, sea VH D8
TMPRSS11B, TMPRSS11F n b 4 ﬁ -
Key:
I Transmembrane domaln  « SEA s SEA domaln E"SFI. SR domaln
7z | Frizzled domaln ‘cuel CUB domaln H| D 8| Serine protease domaln
(EBIEY serne:
LDLA domaln AMI  MAM domaln \H ‘D All serine protease domaln
0 s e

Figure 8: Domain organization of human TTSPs. The human TT@B@grouped into four subfamilies based on
the similarity in domain structure and phylogeneti@lysis of the serine protease domains: the ptase, the
corin, the hespin/TMPRSS and the HAT/DESC subfamiliEach diagram was drawn using the web-based
SMART software (http://smart.embl-heidelberd.deith the TTSP amino acid sequences obtained from

GenBank. Letters H, D and S in the serine protelasrain (active) indicate the position of the thoagalytic
residues histidine, aspartate and serine, respdgctivetter A in the serine protease domain (inejtindicates a
serine to alanine exchange. CUB (ClIs/ClIr, urchirbgmnic growth factor and bone morphogenic protein-
domain); DESC-1 (differentially expressed squamoek carcinoma gene 1); FRZ (frizzled domain); HAT
(human airway trypsin-like protease); LDLA (low-dsgty lipoprotein receptor domain class A); MAM (&pmin,

A5 antigen and receptor protein phosphatase m dgmdiSPL (mosaic serine protease long-form); Pobse-

1 (polyserine protease-1); SEA (a single sea urdperm protein, enteropeptidase, agrin domain); SR
(scavenger receptor cysteine-rich domain); TM @ra@mbrane domain) [Figure was taken from Gal.,
2009].
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TMPRS2

The serine protease TMPRSS2 (also known as ep@ie)iis highly expressed in prostate
epithelial cells and lower levels of TMPRSS2 mRN#vé also been detected in epithelia of
the gastrointestinal, urogenital and respiratoacts [Donaldsoret al., 2002; Szabat al.,
2003; Szabo and Bugge, 2008]. The extracellularailioraf TMPRSS2 is composed of low-
density lipoprotein receptor domain class A (LDLAgavenger receptor cysteine-rich domain
(SR) and serine protease domain [Szabal., 2003; Szabo and Bugge, 2008; Chkbal.,
2009; Bertranet al., 2010].

In the lung, TMPRSS2 was shown to affect the ragnaof the epithelial sodium channel,
which controls the airway surface liquid volume athais the efficiency of mucociliary
clearance [Donaldsoet al., 2002]. Furthermore, thienprss2 gene was shown to be involved
in prostate cancer development mainly due to recaatibn with genes encoding for ETS (E-
twenty six) family transcription factors [Szabkbal., 2003; Szabo and Bugge, 2008; CHbi
al., 2009; Bertranet al., 2010].

Like other TTSPs, TMPRSS2 is generated as a zymagenneeds to be proteolytically
activated, which may result in the release of amyematically active protease in the
extracellular space [Afaat al., 2001; Szabo and Bugge, 2008]. Whether the redeaiseyme
can activate influenza virus is controversial [@art al., 2004; Boéttcher-Friebertshausstr
al., 2010]. A study by Garten and colleagues dematesirdgluenza replication in culture
mediated by recombinant soluble TMPRSS2, which mige able to activate influenza
viruses in the extracellular space of the humaug [@artenet al., 2004]. In contrast, a work
by Bottcher-Friebertshauser and colleagues showey marginal enzymatic activity of
soluble forms which was not sufficient to suppolte tcleavage of HA [Bottcher-
Friebertshauseat al., 2010]. These results demonstrate that the meredyannd and not the

soluble form of TMPRSS2 could be responsible faivation of influenza.

TMPRSA

Messanger RNA for TMPRSS4 was detected in the gaststinal tract, kidney, eye, skin,
and lung [Szabat al., 2003; Szabo and Bugge, 2008; Chaigaral., 2009]. Until now,
comprehensive data on TMPRSS4 protein expressiamormal tissues are not available.
Similar to TMPRSS2, TMPRSS4 belongs to the hep8iRSS subfamily and its
extracellular domain consists of LDLA, SR and arseprotease domain [Szabbal., 2003;
Szabo and Bugge, 2008; Chabial., 2009; Bertranet al., 2010]. The physiological functions
of TMPRSS4 are incompletely understood. Like sdv@BSP proteins, TMPRSS4 can
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modulate ion channel activity [Garcia-Caballetal., 2008; Szabo and Bugge, 2008] where
dysregulated expression was found to be assocwtédseveral cancers, including gastric,
liver, lung, ovarian, pancreatic, and thyroid car{Ghoiet al., 2008].

HAT

The HAT mRNA, like TMPRSS2 mRNA, was detected innyaissues including the
respiratory and gastrointestinal tract [Szabo andd®, 2008]. Protein localization studies in
human airway demonstrate HAT expression on brohdiiated epithelial cells and their
cilia [Takahashet al., 2001]. The extracellular domain of HAT, like tieosf all members of
the HAT/DESC subfamily, exhibits the simplest ma@dwtructure of all TTSPs and consists
of a single SEA domain and a serine protease domain

Under inflammatory conditions in chronic airway eses (like asthma), high amounts of
HAT are released in the airway fluids [Yasuakal., 1997; Yamaokat al., 1998; Szabo and
Bugge, 2008] and might activate influenza virusethe extracellular compartment. However,
a study by Bottcher-Friebertshduser and colleagsleswved, like for TMPRSS2, low
proteolytic activity of soluble recombinant HAT wehi was not sufficient to activate influenza
HA [Boéttcher-Friebertshéuset al., 2010]. Human airway trypsin-like protease is ifveal in
mucus production, deposition of fibrin in the aigwlumen, activation of the protease-
activated receptor 2 (PAR-2), and proteolytic inadton of urokinase receptor (UPA)
[Yoshinagasget al., 1998; Mikiat al., 2003; Chokkiet al., 2004; Chokkiet al., 2005; Beaufort

et al., 2007].

Summary

Type Il transmembrane serine proteases were shovactivate human influenza viruses in
transfected cells and it was proposed that thesteips, and potentially related ones, might be
responsible for influenza virus activation in th#ected host. However, it is unclear if
endogenously expressed TTSPs activate influenassest The highly pathogenic 1918
influenza virus and the related virus A/WSN/33 betmploy their NAs to promote HA
activation. The A/WSN/33 facilitates HA activatiby recruiting plasminogen, but the role of
this preprotease in 1918 NA-dependent activatioh9di8 HA is unclear.
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4. Aim of the study

The hemagglutinin (HA) of influenza viruses medsateral entry into target cells. Host cell
proteases activate HA by cleavage and activatioasgential for viral infectivity. Highly
pathogenic avian influenza viruses are cleavedubyilssin-like proteases, but little is known
about the proteases facilitating the activatioosf pathogenic avian influenza viruses and
human influenza viruses. A landmark study by Bda@tcnd colleagues suggested that type I
transmembrane serine proteases (TTSP) can activatan influenza viruses, at least upon
expression in transfected cells. However, it isrenily unclear if these proteases are
expressed in viral target cells and if endogenogmsession supports viral spread. The highly
pathogenic 1918 influenza virus and the laboratmgpted virus A/WSN/33 employ their
neuraminidase (NA) proteins to facilitate HA activa. The NA of A/WSN/33 facilitates
activation of HA by recruiting the preprotease plasgen, but the molecular mechanism
underlying HA activation by the 1918 NA is unknown.

The first aim of this study was to determine if 8lA, like A/WSN/33 NA, binds to
plasminogen and thereby facilitates HA activatigor this, plasminogen binding to 1918 NA
was to be examined in fluorescence-activated aatingy (FACS)-based assays and HA
cleavage was to be assessed by Western blot. itioaddentiviral pseudotyping was to be
employed to analyze if A/IWSN/33 NA can functionaltgplace 1918 NA. Finally, in
collaboration with colleagues at BSL4 facilities,was to be assessed if NA-dependent
activation of the 1918 influenza virus is a unietgshenomenon or if this process is restricted
to certain target cell lines.

The second aim of the study was to determine if ddfivating TTSPs are endogenously
expressed in viral target cells and facilitate vjaread. To this end, TTSP expression in cell
lines was to be analyzed on the mRNA and proteielland was to be correlated with the
ability of influenza virus to spread in the absewfean exogenously added HA-activating
protease. Finally, knock-down of protease expresbpsiRNA was to be used to determine
the relevance of specific proteases for influenzasvactivation, and immunohistochemistry
was to be employed to determine if the respectioéepses are expressed in viral target cells

in the human lung.
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Proteolytic activation of the hemagglutinin (HA) protein is indispensable for inHuenza virus infectivity, and
the tissue expression of the responsible cellular proteases impacts viral tropism and pathogenicity. The HA
protein critically contributes to the exceptionally high pathogenicity of the 1918 influenza virus, but the
mechanisms underlying cleavage activation of the 1918 HA have not been characterized. The neuraminidase
(NA) protein of the 1918 influenza virus allows trypsin-independent growth in canine kidney cells (MDCK).
However, it is at present unknown if the 1918 NA, like the NA of the closely related strain A/WSN/33, facilitates
HA cleavage activation by recruiting the proprotease plasminogen. Moreover, it is not known which pulmonary
proteases activate the 1918 HA. We provide evidence that NA-dependent, trypsin-independent cleavage acti-
vation of the 1918 HA is cell line dependent and most likely plasminogen independent since the 1918 NA failed
to recruit plasminogen and neither exogenous plasminogen nor the presence of the A/WSN/33 NA promoted
efficient cleavage of the 1918 HA. The transmembrane serine protease TMPRSS4 was found to be expressed in
lung tissue and was shown to cleave the 1918 HA. Accordingly, coexpression of the 1918 HA with TMPRSS4 or
the previously identified HA-processing protease TMPRSS2 allowed trypsin-independent infection by
psenodotypes bearing the 1918 HA, indicating that these proteases might support 1918 influenza virus spread
in the lung. In summary. we show that the previously reported 1918 NA-dependent spread of the 1918 influenza
virns is a cell line-dependent phenomenon and is not due to plasminogen recruitment by the 1918 NA.
Moreover, we provide evidence that TMPRSS2 and TMIPPRSS4 activate the 1918 HA by cleavage and therefore
may promote viral spread in lung tissue.

Influenza A viruses exhibit high genetic variability. The ac-
cumulation of relatively subtle changes in the surface proteins
hemagglutinin (HA) and neuraminidase (NA) of currently cir-
culating viruses, termed antigenic drift, is responsible for the
annual influenza virus epidemics. However, the reassortment
of genomic material between human and animal influenza A
viruses can occasionally lead to emerpgence of viral variants
with radically different antipenic properties, a phenomenon
termed antigenic shift (9, 32). Due to the lack of preexisting
immunity in the human population, these viruses can cause
pandemics. Three influenza pandemics were recorded in the
last century. The so-called Asian influenza in 1957 and the
Hong Kong influenza in 1968 caused approximately =2 million
and 1 million deaths (World Health Organization, Geneva, Swit-
zerland; www.who.int/csr/disease/influenza), respectively, and the
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etiologic agents were reassortants between human and avian
influenza A viruses (2). The third influenza pandemic, which
occurred in 1918 and is commonly termed Spanish influenza,
differed in several aspects from the previously mentioned pan-
demics (1, 30). First, the mortality associated with the 1918
pandemic was extraordinarily high, and it is estimated that
about 20 to 50 million people died from the disease. Second,
instead of infants and the elderly, who are usually the main
populations affected in influenza virus epidemics, adults be-
tween the apes of 18 and 30 had to bear the brunt of the 1918
pandemic (1, 30). Third, evidence is accumulating that the
1918 virus has similarities with avian influenza viruses and was
not the product of a reassortment between human and animal
viruses (43, 44).

Reconstitution of the 1918 influenza virus by reverse penet-
ics (45) showed that HA, NA, and PBI1 critically contribute to
high virulence (22, 31, 47). The HA protein mediates binding
to the cellular receptor, alpha 2.6 sialylated glycans and, upon
exposure o endosomal low pH, drives fusion of the virus and
a cellular membrane, a prerequisite to infectious entry (39).
Cleavage of the precursor protein HA, into the covalently
linked subunits HA, and HA, by a cellular protease is required
for viral infectivity (20, 23) and is an important determinant of
viral tropism (40). Usually a single arginine residue is present
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al the border between HA, and HA, and is part of the motif
recognized by cellular proteases such as serine family proteases
{17, 18), like the recently identified HA-processing proteases
TMPRSS2 (transmembrane protease, serine 2) and HAT (hu-
man airway trypsin-like protease) (5). Since expression of these
proteases is limited to the respiratory tract in mammalian
hosts, virus replication is confined to this target site. However,
an optimized, multibasic cleavage site is present in all highly
pathogenic avian influenza viruses. The HA protein of these
viruses is cleaved by ubiquitously expressed subtilisin-like pro-
teases, and consequently the respective viruses can spread sys-
temically in susceptible domestic poultry (17, 18). The re-
quirement for addition of trypsin to support efficient virus
replication in cell culture is determined by the nature of the
cleavage site in the HA protein. Viruses harboring a multibasic
cleavage site can spread in the absence of trypsin, while trypsin
activation is essential for the replication of viruses that do not
encode an HA prolein with a multibasic cleavage site.

The 1918 influenza virus HA does not harbor a multibasic
cleavage site, yet the virus replicates to high titers in MDCK
cells irrespective of trypsin activation (45). Notably, NA is
essential for trypsin-independent spread of the 1918 virus in
MDCK cells (45). The NA of a related virus, A/WSN/33
(H1N1), also facilitates efficient viral replication in the absence
of trypsin and is required for an expanded viral tropism (14,
15). The A/WSN/33 NA abrogates the need for trypsin by
sequestering plasminogen which, upon conversion to plasmin,
facilitates HA cleavage (14, 15). A comparable mechanism can
be envisioned for the 1918 influenza virus NA. However, plas-
minogen binding by the A/WSN/33 NA critically depends on
the absence of a N-linked glycosylation motif in NA that is
otherwise conserved in all N1 subtype NA proteins of naturally
occurring viruses, including the 1918 virus (34). The molecular
mechanism behind NA-dependent, trypsin-independent repli-
cation of the 1918 influenza virus is therefore at present
unclear.

We established a pseudotyping system to analyze the pro-
teolytic activation of the 1918 HA. We report that the previ-
ously noted 1918 NA-dependent, trypsin-independent activa-
tion of the 1918 HA in MDCK cells does not occur in Huh-7
and 293T cells and is not due to plasminogen recruitment by
the 1918 NA. In addition, we show that the transmembrane
proteases TMPRSS52 and TMPRS54 activate the 1918 HA by
cleavage, sugpgesting that these proteases might facilitate rep-
lication of the 1918 influenza virus in lung cells.

MATERIALS AND METHODS

Cell culture and plasmids. 293T, Huh-7, and MDCK cells were mainiained in
Dulbecco’s modified Eagle’s medium (PAA) supplemented with 10% fetal bo-
vine serum (FCS; Cambrex) and the anubiotics penicillin and srrepromycin.
Plasmids encoding the 1918 HA (South Carolina), NA, and M2 (Brevig Mission)
proteins as well as the Zaire Ebola virus glycoproweins (ZEBOV-GP), A/WSN/33
HA, AMWSN/33 NA, vesicular stomatits virus G proein (VSV-G), TMPRSSZ,
TMPRSS4, and mouse mawriprase-3 have been described previously (11, 13, 19,
33,34, 34, 38 41, 46).

Production of viras-like particles (VLPs) and Western blot analysis. 203T
cells were corransfected with the human immunodeficiency virus type 1 (HIV-1)
Gag (p53) encoding plasmid pR6ZM651gag-om (12) and the indicaied combi-
nations of the 1918 influenza virus HA, NA, and M2 expression plasmids or
empry vecior. The culiure medium was changed 12 h after transfection, and
WLFs in the supernatant were harvesied 36 h laer. VLPs were passed through
(0.45-pm pore-size filiers and concentrated by cenmrifugation through a 20%
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sucrose cushion for 2 hat 4°C and 14,000 rpm or by using Vivaspin centrifugal
concentraors. VLPs were resuspended in medium and, if applicable, wreated with
rypsin and subsequently soybean wrypsin inhibizor (Sigma, Germany). Sodium do-
decyl sulfate (SDS) buffer was added, and the samples were incubated ar 95°C for 20
min and loaded onto a 16% SDS-polyscrylamide el elecuophoresis gel HA was
detected using a mouse monoclonal anubody (E3) ar a 1:500 diluion.

Reporter virnses and infection assays. For generating HIV-1 NL4-3-based
luciferase reporter viruses, 2937 cells were transiently cowransfected with pNLA-3
E"R™ Luc (&) and combinations of 1218 influenza virus HA, NA. and M2
expression  plasmids; A/WSNG3 HA and NA  expression plasmids; or
ZEBOV-GP and VSV-G expression plasmids (38) as controls. At 48 h posiirans-
Tection, celf culure supernatanis were harvested, passed through 0.45-pm pore-
size filiers, aliquoted, and stored a1 —80°C. Subsequently. the p24 comient of
virus stiocks was determined by enzyme-linked immunosorbent assay (Murex,
Germany), or infectivity wis assessed by inoculation of arger cells with diferent
dilwtions of virus swcks, followed by quamification of luciferase acrivities in
cellular fysates. For infection experiments, warget cells were seeded in 96-well
plates at a density of 1 % 10° cellswell 24 b prior 1o infection. The cellular
monolfayer was inoculated with 50 pl of virus stocks normalized for p24 content
or infectivity. Medium was replaced 12 h afier virus infection, and luciferase
activides im cell lysaes were determined 72 h postinfection employing a com-
mercially available kit { Promega).

Influence of trypsin and lation on infectivity of HA
pseudotypes. Viruses pseudoryped with 1918 influenza virus proteins or
ASWEN33 HA and NA were pretreated with t-1-tosylamido-2-phenylethyl chio-
romethyl kewone (TPCK)-treated trypsin (100 pwg/'ml final concentration) (Sigma,
Germany) for 10 min a1 room emperature. Subsequently, rypsin was inactivamed
by adding soybean wrypsin inhibiwr (Sigma, Germany) w0 a final concentration of
100 pg'ml. Viruses were either added 1o the cells and the cells were directly
placed in the incubator, or cells were infected by centrifugation {spinoculated) ar
1200 rpm and 25°C for 2 h. Medium was replaced 12 h afier cransduction, and
luciferase acuivities in cell lysaies were determined 72 h postinfection using a
commercially available kit (Promega).

Protease inhibitor experiments, Cells were pretreated with the indicated con-
centrations of E&4d (Sigma, Germany) for 30 min ar 37°C and infected with
infectivity-normalized pseudotypes. In the case of HA NA pseudotypes, vinuses
were pretreated with rypsin as described above or treated with phosphate-
buffered saline (PBS) and spinoculated omio cells. Medium was replaced 12 h
postinfection, and luciferase activities in cell lysates were measured afier 3 days
using a commercially available kit {Promega).

Activation of pseudotype infectivity by cellular lysates. MDCK and 203T cells
were grown in 10-cm dishes, scraped off the culwre dishes, and counted, and 3
million MDCK or 2937 cells were resuspended in 1 ml of PBS containing 10 mM
CaCl, and 2% 1-decxymanncjirimycin hydrochloride (Sigma, Germany), as de-
sc'rlbecl previously (6). Cells were then sonicated on ice for 3 s, Pseudotyped
viruses were pretreated with either the indicated amounts of cellular lysaes for
1 h a1 37°C or 100 pg/ym] TPCE-wreated wypsin for 1} min at room iemperarire,
Virus particles were concemrated by cenmrifugation through a 20% sucrose
cushion ax 14.000 rpm for 2 h ar £°C. Virus pellews were resuspended in medium
and used for infection of Huh-7 and 203T cells. Medium was replaced 12 h
postinfection, and luciferase activities in cell lysates were determined 60 h later
using a commercially available kit (Promega).

Plasminogen binding to HA and NA. 293T cells were seeded in T-25 fasks and
wansienty transfected with plasmids encoding the 1918 NA, 1918 HA,
ASWENAT HA, A/WENA3 NA, and ZEBOV-GP or were control mransfecoed
with empry vector. Culture medium was replaced at 12 h posuransfection, and ag
2 h before analysis of plasminogen binding, the cells were washed with FCS-free
medium and colwred in the absence of FCS. For assessment of plasminogen
binding, cells were incubated with PBS or purified plasminogen (Sigma, Ger-
many) at @ final concentration of 10 pgiml for 30 min ar 4°C. Subsequently,
unbound plasminogen was removed by washing, and bound plasminogen was
dewected employing a plasminogen-specific godl serum (Immuonology Consuli-
anis Laboratory) and an CyS-labeled anii-goar secondary amibody (Jackson
Imr h). Cell g was analyzed by fuorescence-activated cell
sorting (FACS) using a Beckman Coulter Cytomics FC 500,

Replication of the 1918 influenza virus in MDCK and Huh-7 cells with or
without trypsin activation. Based on the published sequences of the 1918 infiu-
enga virus genes, the complere viral and complemengary sequences were synihe-
sized as 40-mer cligenucleotides, with a 20-nuckeotide overlap between each
forward and reverse primer. The ligase chain reaction was used for initial as-
sembly of subgenomic fragments from the pooled primers for esch gene, and the
Tull-length genes were assembled by amplification from the pool of gene frag-
ments by using PCR according w the protocol described by Rouillard and
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colleagues (35). Each gene was further amplified by PCR using the gene-specific
universal primer pairs described by Hoffmann and colleagues ( 16) and subcloned
ino the pPoll vecior for reverse genetics (16, 27). The 1918 influenza virus was
rescued as previously described (22) and titers were determined by standard
plague assay on MDCK cells in the presence of TPCK-treated trypsin. MDCK or
Huh-7 cells were seeded in siv-well dssue culture plates and infecied ar a mal-
tipticity of infection {MOT) of 0001, and then culure medium was added with or
without 1 pg/ml of TPCE-reated wypsin. Supernatams of the virus-infected
MDCK culmres were collected ax 24, 48, and 72 h and ar 48 h postinfection (p.i.)
from infected Hub-T culiures and stored at —80°C. Virus ters were de@rmined
by the 305 rissue culture infective dose on MDCK cells seeded in 96-well plates.
Samples from culwres maimained withowt rypsin were treated with wrypsin (&
i final concentration of 1 wg/ml) prior to twration. Procedures for the production
and propagation of the 1918 virus and all subsequent experiments involving
infectious 1918 influenza virus were performed in a biosafety kevel 4 facility of the
National Microbiology Laboratory of the Public Health Agency of Canada.
Detection of TMPRSS4 mRNA in lung cells. mENA from cells in bronchoeat-
veolar lavage was extracied, DNase treated, and reverse wranscribed employing
commercially availasble kits (Qiagen, Germany, and Invitrogen, Germany).
Subsequently, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and
TMPR554 sequences were amplified by nesied PCR. The following sets of
primers were used for amplification of TMPRS54: the pair 5'-GAGAGCTG
GACTGTCCCTTG-3 (p5 TMPRSS4 ow) and 3-TCGTACTGGATGCTGA
OCTG-3 (p3 TMPRSS4 own} and the pair 3'-GACGAGGAGCACTGTGTCAA-Y
(p3 TMPRSS4 in) and 3'-CTTCCCACAGGCAAGACAGT-Y (pd TMPRSS4 in).

RESULTS

Trypsin treatment of 1918 influenza virus HA- NA-bearing
psendotypes is required for infectivity. It has been shown pre-
viously that the genetically reconstituted 1918 HIN1 influenza
virus replicates in MDCK cells to high titers irrespective of the
presence of trypsin (45). The expression of the 1918 virus NA
was essential for trypsin-independent growth (45), and it is
possible that NA might recruil a cellular protease, which facil-
itates HA cleavage—a prerequisite to HA-dependent infec-
tious cellular entry (39). In order to further characterize the
role of NA in HA activation, we sought to establish a
pseudotyping system, which allows convenient analysis of HA
and NA in the absence of infections 1918 influenza virus. Since
the influenza virus M2 protein is present in the viral envelope
and can prevenl premature triggering of HA (3), we also in-
cluded the 1918 influenza virus M2 protein in our analysis. We
first investigated if Env-defective HIV-1 NL4-3-based reporter
viruses (8) pseudotyped with the 1918 influenza virus HA, NA,
and M2 or combinations thereof are infectious for 293T cells.
To this end, virus preparations were normalized for equal
content of p24 capsid protein, treated with TPCK-trypsin or
PBS, and, after the addition of a trypsin inhibitor, used to
infect 293T cells. No luciferase activities above background
levels were observed in lysates of cells infected with Env-
negative “bald™ pseudotypes, while VSV-G-bearing pseudotypes
allowed efficient virus entry independent of the presence of
trypsin (Fig. 1A). Robust infection of 293T cells with
pseudotypes bearing the membrane proteins of the 1918 influ-
enza virus was observed but only when both HA and NA were
expressed in the cells used for pseudotype production and
when pseudotypes were treated with trypsin before addition to
target cells (Fig. 1A). In contrast, pseudotypes produced in the
absence of NA were not infectious. This defect was most likely
due to a lack of virion incorporation of HA. Thus, lentiviruses
are inefficiently released from influenza virus HA-transfected
cells in the absence of NA (Fig. 1B, lane 3) (4), and the
particles that are released under these conditions do not har-
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bor detectable amounts of HA (4), consistent with the estab-
lished key role of NA in facilitating viros release due to its
receplor-destroying function (40). Finally, we observed that
coexpression of HA and NA together with the M2 protein
reduced HA incorporation into pseudotypes and thus dimin-
ished pseudotype infectivity (Fig. 1B, lane 5).

‘We next sought to confirm whether trypsin treatment indeed
resulted in cleavage of HA. Western blot analysis of V5
epitope-tageed versions of HA, NA, and M2 showed robust
and comparable expression in 293T cell lvsates (Fig. 1B and
data not shown), and efficient incorporation of HA, NA, and
M2 into HIV-1 Gag p535-based VLPs could be detected with
V5-specific (for NA and M2) or HA-specific monoclonal an-
tibodies (Fig. 1B and data not shown). Importantly, trypsin
treatment of VLPs did not impact gel migration of NA or M2
(data not shown), while trypsin treatment reduced the size of
HA from approximately 75 kDa to 50 kDa, consistent with
cleavage at the border between HA, and HA, (Fig. 1B).

Angmentation of cellular attachment allows inefficient in-
fections entry of the 1918 HA NA psendotypes in the absence
of trypsin activation. We next investigated if the infectivity of
the 1918 influenza virus HA and NA psendotypes for different
cell lines is invariably trypsin dependent. Moreover, we asked
if the requirement for trypsin can be overcome when virus
attachment and, thus, infection efficiency are increased. For
this, 293T, Huh-7, and MDCK cells were infected with
pseudotypes harboring the 1918 influenza virus HA. NA, and
M2 proteins or VSV-G in their envelopes. All pseudotypes
were pretreated with trypsin or PBS and used for infection of
two plates in parallel. One plate was instantly incubated at
37°C; the other was used for spinoculation (2 h at 25°C and
1,200 rpm) (28) and then kept at 37°C. All cell lines were
readily susceptible to infection with VSV-G (independent
of trypsin treatment) and trypsin-activated HA NA
pseudotypes, while none of the cell lines was susceptible to HA
NA pseudotypes in the absence of trypsin treatment and spi-
noculation (Fig. 2A). Spinoculation substantially augmented
entry of HA- NA-bearing virus¢s in the absence of trypsin
treatment (Fig. 2A), and analysis of p24-normalized, non-tryp-
sin-treated virus preparations confirmed that the presence of
HA and NA was required for appreciable infectious entry
under these conditions (data not shown). However, even upon
spinoculation, infectious entry of non-trypsin-treated virus was
less efficient than entry of trypsin-activated virus (Fig. 2A).
Finally, in agreement with our previous observations {25), spi-
noculation had little effect on infection by psendotypes exhib-
iting high infectivity in the absence of experimentally optimired
attachment, ie., reporter viruses bearing trypsin-activated HA,
NA, or V5V-G proteins (Fig. 2A). Thus, increased attachment
efficiency allows some infectious entry of HA- NA-bearing viruses
in the absence of trypsin but does not abrogate the requirement
for trypsin activation for high infectivity.

The observation that HA NA pseudotypes can infect cell
lines with low but detectable efficiency without prior trypsin
activation (Fig. 2A) suggests that uncleaved HA might also be
activated by proteases in target cells. The pH-dependent en-
dosomal cysteine proteases cathepsin B and L activate the
severe acute respiratory syndrome (SARS)-coronavirus and
EBOV-GP (7, 37) and are required for infectious entry. In
order to analyze if the activity of cysleine proteases also con-
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FIG. 1. Trypsin activation of 1918 influenza virus HA pseudotypes is required for infectivity independent of the presence of NAL (A) 293T cells
were infected with emv-defective, p24-normalized HIV-1 NL4-3 reporter virus pseudotyped with the indicated glycoproteins. Prior to infection, the
virions were treated with trypsin or PBS, and after 10 min soybean trypsin inhibitor was added. Three days after infection, lociferase activities in
cellular lysates were determined. Infection observed with glveoprotein harboring psendotypes is shown relative to infection detected with control
particles bearing no glycoprotein. The average of four independent experiments with different virus stocks is shown. Error bars indicate standard
errors of the means. (B) HIV-1-based VLPs with the indicated combinations of surface proteins were generated in 293T cells and concentrated
by centrifugation through a 20% sucrose gradient. The VLP preparations were normalized for comparable content of HIV-1 Gag (p55), pretreated
with trypsin or PBS, separated by SDS-polyacrylamide gel electrophoresis, and analyzed by Western blotting, The 1918 influenza virus HA was
detected with a mouse monoclonal antibody. Similar results were obtained in two independent experiments with different VLP preparations.

tributes to 1918 influenza virus HA- NA-mediated entry,
Huh-7 cells were incubated with the cysteine protease inhibitor
E6dd prior to infection with pseudotypes in the absence of
trypsin activation. Pseudotypes bearing ZEBOV-GP or VSV-G,
as well as trypsin-activated HA NA pseudotypes served as con-
trols. Huh-7 cells were chosen as targets because these cells were
more susceptible to spinoculation with non-trypsin-activated HA
NA pseudotypes than MDCK and 293T cells (Fig. 2A). As ex-
pected from previous reports, ZEBOV-GP-mediated entry was

efficiently and dose-dependently reduced by E6dd, while VSV-G-
driven entry was unaffected (Fig. 2B). E6dd had no appreciable
impact on HA- NA-driven infection irrespective of trypsin treat-
ment, indicating that activation by cysteine proteases in target
cells is mot required for trypsin-independent infectious entry of
HA NA pseudotypes.

The A/WSN/33 NA but not 1918 NA sequesters plasminogen
hut fails to facilitate cleavage-activation of the 1918 HA. The
ASWSN/33 virus is related to the 1918 virus, and both viruses
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FIG. 2. Impact of spinoculation and protease inhibitors on 1918 influenza virus HA-driven viral entry, (A) 293T, Hub-7. and MDCK cells were
seeded in 96-well plates and infected with p24-normalized pseudotypes bearing 1918 influenza virus HA. NA, and M2 or VSV-G. The virions were
pretreated with trypsin or PBS and, subsequently. a trypsin inhibitor, before addition to target cells. Two plates were infected in parallel: one plate
was incubated at 37°C immediately after addition of virus: the other plate was centrifuged for 2 h at 25°C and 1,200 rpm after infection and then
incubated at 37°C. Three days after infection, luciferase activities in cellular lysates were determined. A representative experiment performed in
triplicates is shown. Error bars indicate standard deviations. Similar results were obtained in two independent experiments. (B) Huh-7 cells were
incubated with the indicated concentrations of the cysteine protease inhibitor E6dd prior to infection with infectivity-normalized pseudotypes
carrying the 1918 influenza virus HA, NA, M2, ZEBOV-GF, or V5V-G. Pseudotypes bearing influenza virus proteins were pretreated with PBS
or trypsin for 10 min at room temperature, and soybean trypsin inhibitor was added. Three days after infection, luciferase activities in cellular
lysates were determined. Infection of Huh-7 cells in the absence of protease inhibitors was set as 100%. The average of three independent
experiments performed in triplicate is shown. Error bars indicate standard errors of the means, ¢ps, counts per second.

replicate in a trypsin-independent, NA-dependent fashion in
cell culture. The NA of A/WSN/33 mediates trypsin-indepen-
dent replication by capturing plasminogen, which is present in
high concentrations in FCS, and, upon conversion to plasmin,
facilitates HA cleavage activation. In order to assess a poten-
tial role of plasminogen in proteolytic activation of the 1918
HA, we compared trypsin dependence of pseudotypes bearing
the 1918 HA and NA, A/WSN/33 HA and NA, or viruses in
which the NA proteins were exchanged. In accordance with
published data (14, 15) and the results described above (Fig.
1), we found that the A/WSN/33 HA and NA but not the 1918
HA and NA pseudotypes readily infected Huh-7 cells without
prior trypsin activation (Fig. 3A). However, viruses bearing the
1918 HA and A/WSN/33 NA or A/WSN/33 HA and the 1918
NA were completely dependent on trypsin treatment for in-
fectivity. In agreement with these observations, Western blot
analysis of VLPs revealed that trypsin but not purified human
plasminogen promoted 1918 HA cleavage (Fig. 3B). and incu-

bation of 1918 HA-bearing pseudotypes with purified human
plasminogen failed to render these viruses infectious (Fig. 3C),
further indicating that plasminogen is unlikely to be involved in
proteolytic activation of the 1918 HA. Finally, Western blot
analysis of HA-transfected cells showed that plasminogen was
able Lo cleave the A/'WSN/33 HA but not the 1918 HA (data
not shown), confirming that the plasminogen preparation em-
ployed for the studies described above was indeed active.

To further characterize the contribution of plasminogen to
1918 HA cleavage, we performed FACS analysis to assess
binding of purified plasminogen to cells transiently expressing
HA or NA proteins. Plasminogen binding to control-trans-
fected cells was low but detectable by FACS analysis (Fig. 3D),
indicating that unmodified 293T cells express an inefficient
plasminogen capture activity. Expression of the A/WSN/33 NA
profoundly augmented plasminogen binding, as expected, with
signals in the absence of purified protein being most likely due
to incomplete removal of plasminogen contained in FCS. In
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bearing the indicated glycoproteins were PBS or trypsin treated and used for infection of Huh-7 cells. Three days after infection, luciferase activities
in cellular lysates were determined. The results of a representative experiment are shown and were confirmed in two independent experiments.
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HA was visualized by Western blotting, (C) The experiment was carried out as described for panel A. However, pseudotypes were treated with
PBS, trypsin, or plasminogen (100 pg/ml). The results of a representative experiment are presented and were confirmed within a separate
experiment. {D}) The indicated proteins were transiently expressed in 293T cells, the transfected cells were incubated with PBS or purified
plasminogen (10 pg/ml), and plasminogen binding was detected by FACS. A representative experiment is shown. Similar results were obtained in
two independent experiments. PMG. plasminogen; cps, counts per second.

contrast, plasminogen binding to 1918 NA-expressing cells was
in the background range. To our surprise, expression of the
1918 HA also facilitated robust plasminopen sequestration
(Fig. 3D)), suggesting that plasminogen capture is not an ex-
clusive function of NA expression. Finally, control cells ex-
pressing ZEBOV-GP did not exhibit specific binding to plas-
minogen, indicating that expression of an irrelevant viral
glycoprotein does not alter endogenous plasminogen capture
activity of 293T cells.

In summary, our analyses of pseudotype infectivity (Fig. 3A

and C). proteolytic processing of HA (Fig. 3B), and plasmino-
gen binding (Fig. 3D) supggest that under the conditions tested
the A/WSN/33 NA but not the 1918 NA recruited plasminogen
for HA cleavage and that A/WSN/33 NA-dependent plasmino-
gen sequestration was insufficient to confer infectivity to
pseudotypes bearing the 1918 HA and NA.

Lysates of MDCK but not 293T cells activate infectivity of
psendotypes bearing the 1918 HA and NA. MDCEK cells were
found o allow for 1918 influenza virus replication in the ab-
sence of trypsin (45) and should thus express a protease. which
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FIG. 5. The 1918 influenza virus replicates efficiently in MDCK but
not Huh-7 cells in the absence of trypsin. MDCK and Huh-7 cells were
infected at an MOI of 0.001 and then cultivated in the absence or
presence of trypsin. Supernatants were collected at 24, 48. and 72 h pd.
from MDCK cultures and at 48 h p.i. from Huh-7 cultures, and the
viral titers were determined by a 509 tissue culture infective dose
(TCID.;) assay on fresh MDCK cells. A representative experiment
performed in duplicate is shown; error bars indicate standard devia-
tions.

titers of virus were recovered, supporling the observation that
efficient trypsin-independent growth of the 1918 virus is cell
line dependent.

Proteolytic activation of the 1918 HA by TMPRSS2 and
TMPRSS4. Infection of MDCK, Huh-7, and 293T cells with
the 1918 influenza virus or pseudotypes serves as a model for
virus spread outside the lung. In order to investigale proteo-
Iytic activation of the 1918 HA in lung cells, we asked if trans-
membrane serine proleases expressed in lung tissue could ac-
tivate 1918 HA by cleavage upon coexpression in 293T cells.
We selected TMPRSS2 and TMPRSS4 for these studies since
TMPRSS2 has already been shown to cleave and activate the
HA of A/Hong Kong/1/68 (5) by cleavage, and TMPRSS4
shares 319 amino acid sequence identity with TMPRSS2 Mu-
rine matriptase-3, which is not expressed in the lung, was also
tested. Transient transfection of the 1918 HA and NA alone
did not result in HA cleavage, as expected, while cleavage was
readily observed upon treatment of transfected cells with tryp-
sin (Fig. 6A). Similarly, expression of matriptase-3 or the sub-
tilisin-like protease furin did not promote proteolytic process-
ing of the 1918 HA (Fig. 6B). However, coexpression of the
1918 HA with TMPRS52 and TMPRS54 resulted in efficient
processing of HA independent of the presence of NA (Fig. 6A
and B). In this context, it needs to be noted that total HA
signals were generally reduced upon coexpression of
TMPRSS4 and were often reduced upon coexpression of
TMPRSSZ, albeit to a lesser extent. The degree of signal re-
duction was dependent on the ratio of HA and protease plas-
mids used for transfection (3:1 for the experiment shown in
Fig. 6A and 1:1 for the experiment shown in Fig. 6B) and might
reflect “overdigestion” of HA under conditions of protease
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overexpression. In agreement with the specific cleavage of the
1918 HA by TMPRSS2 and TMPRSS4, the 1918 HA NA
pseudotypes produced in the presence of TMPRSS2 or
TMPRS54 but not matriptase-3 were fully infectious for Huh-7
cells without prior trypsin activation (Fig. 6C). Finally, reverse
transcription-PCR analysis of cells contained in bronchoalveo-
lar lavage fluid (Fig. 6D3) and PCR analysis of commercially
available lung ¢cDNA (Clontech) (data not shown) confirmed
that TMPRS54 is expressed in human lung tissue (Fig. 6D),
supgesting that TMPRSS2Z and TMPRSS4 might be able to
support spread of the 1918 influenza virus in the human lung.

DISCUSSION

The wvirus responsible for the devastating 1918 influenza
virus pandemic has been “resurrected” by emploving a reverse
genetics approach (45). Exchange of specific genomic seg-
ments of the 1918 influenza virus against those of well-charac-
terized influenza viruses revealed that HA and NA critically
contribute to virus pathogenicity (22, 31, 47). Interestingly, the
NA protein facilitates virus spread in MDCK cells in the ab-
sence of trypsin activation (45), most likely by recruiling a
cellular protease which cleaves HA. Employing a lentiviral
pseudotyping system, we show that the respective HA-activat-
ing protease is expressed in a cell-type-specific manner and is
unlikely to be plasminogen. Moreover, we demonstrate that
the transmembrane proteases TMPRS52 and TMPRSS4, which
are expressed in lung tissue, activate the 1918 HA by cleavage
in an NA-independent fashion.

Analysis of the 1918 influenza virus will continue Lo provide
important insights into the determinants of influenza viros
transmission and pathogenicity but is hampered by the require-
ment for a high level of biocontainment. Taking advantage of
the well-known ability of retroviruses to incorporate heterolo-
gous proteins in their envelopes during release from infected
cells, we generated HIV-1-derived particles bearing the HA,
NA, and M2 proteins of the 1918 influenza virus. The particles
were infeclious but replication defective and thus constitute a
safe and convenient tool for analyzing cellular entry of the
1918 virus and its inhibition by, e.g., neutralizing antibodies.
Small amounts of the M2 protein are incorporated into influ-
enza virus particles, and the ion channel function of M2 plays
an important role in uncoating and, for some viruses, in mat-
uration (3). Increased infectivity of pseudotypes bearing the
fowl plague virus HA has been described upon coexpression of
M2 in virus-producing cells (26). We observed efficient M2
expression and incorporation into VLPs (data not shown).
Nevertheless, the presence of M2 decreased incorporation but
not cellular expression of HA in our system (Fig. 1B), resulting
in reduced particle infectivity. The reasons for the discrepancy
between the published observations (26) and the data pre-
sented here are at present unclear and might be due to differ-
ences in the influenza virus proteins and pseudotyping systems
used or might be explained by differences in M2 expression
levels.

Infectivity of pseudotypes bearing the surface proteins of the
1918 virus was dependent on the presence of both HA and NA.
However, the requirement for NA was not due to NA facili-
tating HA cleavage, at least under the conditions tested. In-
stead, NA was necessary for efficient particle release (Fig. 1B),
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consistent with the well-established receptor-destroying func-
tion of this protein, and in the absence of NA most likely
particles devoid of HA were released. Particle-associated HA
exhibited a size of approximately 75 kDa, which is expected for
uncleaved HA (10). Trypsin activation reduced the HA size to

approximately 50 kDa and was indispensable for viral infectiv-
ity (Fig. 1), demonstrating that in the 293T cell-based system
examined here particle-associated HA was uncleaved, most
likely due 1o lack of expression of adequate proteases in this
cell type (see below). Nevertheless, when viruses were concen-
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trated onto target cells by centrifogation, a procedure termed
spinoculation (28), some infectivity of HA NA pseudotypes was
observed in the absence of trypsin activation. Thus, proteases
in target cells might be able to process HA, albeit cleavage
efficiency might be low. The endosomal/lysosomal cysteine
proteases cathepsin B and cathepsin L activate the glycopro-
teins of EBOV (7), SARS-coronavirus (37), and the fusion
protein of Hendra virus (29) by cleavage, and cathepsin B/L
activity has been shown to be essential for virus infectivity.
However. inhibitors of cysteine proteases, which were previ-
ously shown to block EBOV and SARS-coronavirus entry (7,
37), had no effect on infectious entry of HA NA pseudotypes,
suggesting that a different class of proteases might be involved
in HA cleavage in target cells (Fig. 2B).

In the absence of artificially enhanced entry, infectivity of
the 1918 HA NA pseudotypes was strictly dependent on trypsin
activation (Fig. 1A and 2). Thus, proteases that efficiently ac-
tivate HA were not present in the FCS and were not secreted
from the cell lines tested, at least not in sufficient concentra-
tions to activate HA. Particularly the former finding is note-
worthy since it has been shown previously that NA of A/WSN/
33, a close relative of the 1918 influenza virus, recruits
plasminogen present in FCS and facilitates peneration of plas-
min, which in turn activates HA (14, 15). This process is re-
quired for trypsin-independent growth and newrotropism of
A/WSN/33 (14, 15). Our analysis confirmed efficient plasmino-
gen binding by cells expressing the A/WSN/33 NA (Fig. 3D). In
contrast, we failed to detect plasminogen capture by 1918 NA-
positive cells, which is in agreement with the notion that the
1918 NA harbors a glycosylation site incompaltible with plas-
minogen recruitment (42). Moreover, the A/WSN/33 NA
failed 1o confer infectivity to 1918 HA-containing pseudotypes
in the absence of trypsin treatment (Fig. 3A). In conjunction
with the inability of purified human plasminogen or plasmino-
gen-containing FCS to appreciably activate 1918 HA by cleav-
age and to render the 1918 HA NA pseudotypes infectious
(Fig. 3B and C), these observations indicate that plasminogen
is likely not involved in 1918 HA cleavage-activation. Never-
theless, 1918 HA-expressing cells displayed robust plasmino-
gen binding activity (Fig. 3D). The significance of this finding
for 1918 influenza virus biology is at present unclear. One can
speculate, however, that influenza viruses might have evolved
several independent strategies to recruil plasminogen either to
ensure cleavage of HA or to facilitate a so far undiscovered
proteolytic cleavage event involved in influenza virus replica-
tion. In fact, a recent study revealed that plasminogen en-
hances the replication of several influenza A viruses and that
incorporation of annexin I1 into influenza virus particles pro-
motes conversion of plasminogen to its proteolytically active
form, plasmin (24). Collectively. our data suggest that the 1918
NA might allow trypsin-independent replication of the 1918
virus by recruiting a cellular protease other than plasminogen
or, maybe less likely, that NA facilitates HA activation by an
entirely different mechanism.

Lysates prepared from MDCK but not 293T cells activated
pseudotype infectivity, albeil with low efficiency, suggesting
that HA-activating proleases are expressed in the former but
not the latter cell line. The observation that pseudotype infec-
tivity for 293T and MDCK cells was not detectable in the
absence of spinoculation and was comparable upon spinocu-
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lation (Fig. 2) indicates that the HA-activating protease de-
tected in MDCK lysates (Fig. 4) might not be present (or
active) in endocytic vesicles (and might thus be unable to
activate HA on incoming viruses) but might be recruited by
NA during transport in the secretory pathway or at the cell
surface. Unfortunately, production of pseudotypes in MDCK
cells was inefficient (data not shown), preventing us from in-
vestigating this hypothesis. The finding that MDCK lysates
were clearly less efficient in activating pseudotype infectivity
than trypsin suggests that insertion into an intact lipid mem-
brane or the integrity of a specific subcellular compartment
might be indispensable for efficient proteolytic processing of
HA. In any case, infectious 1918 influenza virus replicated in
MDCK cells with similar kinetics and, as reported previously
(45), peak titers in the presence and absence of trypsin (Fig. 5),
indicating efficient function of the activating protease in the
context of intact MDCK cells. Furthermore, efficient replica-
tion of the 1918 virus in Huh-7 hepatoma cells in the presence
but not in the absence of trypsin confirmed that the trypsin-
independent growth of the virus in non-lung cells is a cell
line-dependent phenomenon. This observation may have im-
plications for understanding the tissue tropism of the viros
which is primarily restricled to the respiratory tract in experi-
mentally infected animals (21, 45). Further investigation as to
the nature of the protease activity in MDCK cells is required,
as is the proof that this protease actlivity is present and can
facilitate virus spread in human cells.

It is believed that several proteases expressed in lung tissue
can facilitate influenza virus spread. However, the nature of
these HA-activating pulmonary proteases is incompletely un-
derstood. Bottcher and colleagues presented evidence that the
transmembrane serine proteases TMPRSS2 and HAT activate
the influenza viruses A/Memphis/14/96 (HIN1), A/Mallard/
Alberta/205/98 (H2N9), and A/Texas/6/96 (H3N2). Coexpres-
sion of TMPRSS2 also facilitated cleavage of the 1918 HA
independent of the presence of NA (Fig. 6A and B), and
similar results were obtained with TMPRSS4, for which
mBNA expression could be detected in human lung cells (Fig.
6A and B), suggesting that these proteases might support the
spread of influenza viruses in human lung. In contrast, 293T,
Huh-7, and MDCK cells were negative for TMPRSS54 tran-
scripts when analvzed by direct reverse transeription-PCR (sig-
nals were observed for Huh-7 and MDCK cells upon nested
PCR [data not shown]), indicating that these cell lines might
express no TMPRSS4 protein or very small amounts thereof.
These results are in agreement with the findings that infectivity
of viruses produced in 293T and Huh-7 cells is trypsin depen-
dent (Fig. 1 and 5) and that trypsin-independent virus spread
in MDCK cells requires NA-dependent recruitment of a so far
unidentified cellular protease (45) (note that TMPRSSZ/
TMPRSS4 cleavage of the 1918 HA is NA independent) (Fig.
6A). Notably, cleavage of the 1918 HA by TMPRSS2 and
TMPRS54 proteases resulted in HA| products of slightly dif-
ferent sizes (Fig. 6A and B), a finding that needs further
investigation. One possible explanation might be that
TMPRSS2 cleaves the 1918 HA at the border between HA,
and HA, and, in addition, in HA,, thereby producing an HA,
frapment exhibiting slightly faster gel migration than the re-
spective fragments produced by TMPRSS4 or trypsin cleavage.
In any event, this study identifies TMPRSS4 as a novel influ-
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enza virus HA-processing protease expressed in lung tissue
(Fig. 6C), and the impact of TMPRSS4, HAT, and TMPRSS2
on spread of the 1918 influenza virus and other influenza
viruses in vivo deserves assessmenL.
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Stephanie Bertram,'s llona GlO\\rdCl\ﬂ. L+ Paulina BI']ZL_]LW‘;R"I T EllZdbLﬂ] Soilleux,” Paul A]lul %
Simon Damsch Imke Steffen, So- Young Choi.* Youngwoo P"l[‘k Heike Schneider,?
Klaus Schughart, and Stefan Péhimann'*

Institute of Virology, Hannover Medical .S'c‘hoo! 30625 Hannover," Institute for Physiological Chemistry,
Hannover Medical School, 30625 Hannover,” and Department of Infection Genetics, Helmholiz C en!re Jor
Infection Research and University of Veterinary Medicine Hannover, 38124 Braunschweig,”
Germany; Department of Cellular Pathology, John Radcliffe Hospital, Oxford OX3 9DU,
England®; and Therapeutic Antibody Research Center, Korea Research Institute of
Bioscience and Biotechnology, Daejeon, South Korea*

Received 2 February 2010/Accepted 7 July 2010

Proteolysis of influenza virus hemagglutinin by host cell proteases is essential for viral infectivity, but the
proteases responsible are not well defined. Recently, we showed that engineered expression of the type I1
transmembrane serine proteases (TTSPs) TMPRSS2 and TMPRS54 allows hemagglutinin (HA) cleavage.
Here we analyzed whether TMPRSS2 and TMPRSS4 are expressed in influenza virus target cells and support
viral spread in the absence of exogenously added protease (trypsin). We found that transient expression of
TMPRSS2 and TMPRSS4 resulted in HA cleavage and trypsin-independent viral spread. Endogenous expres-
sion of TMPRSS2 and TMPRSS4 in cell lines correlated with the ability to support the spread of influenza
virus in the absence of trypsin, indicating that these proteases might activate influenza virus in naturally
permissive cells. Indeed, RNA interference (RNAi)-mediated knockdown of both TMPRSS2 and TMPRSS4 in
Caco-2 cells, which released fully infectious virus without trypsin treatment, markedly reduced the spread of
influenza virus, demonstrating that these proteases were responsible for efficient proteolytic activation of HA
in this cell line. Finally, TMPRSS2 was found to be coexpressed with the major receptor determinant of human
influenza viruses, 2,6-linked sialic acids, in human alveolar epithelium, indicating that viral target cells in the
human respiratory tract express TMPRSS2. Collectively, our results point toward an important role for
TMPRSS2 and possibly TMPRSS4 in influenza virus replication and highlight the former protease as a

potential therapeutic target.

Infection with influenza viruses—negative-stranded, seg-
mented RNA viruses of the Orthomyxovirus family—is respon-
sible for substantial morbidity and mortality, particularly
among the young and the elderly (10). A hallmark of influenza
A viruses is their ability to adapt to immune pressure, which
allows constant circulation of these viruses in the human pop-
ulation (seasonal influenza) (8, 31). In addition, antigenically
novel viruses, arising from the large pool of animal influenza
viruses, are occasionally transmitted to humans and may
spread in a pandemic manner (pandemic influenza) (8, 31).
The high mutation rate of influenza viruses has major conse-
quences for antiviral prevention and therapy. First, the vaccine
against seasonal influenza needs to be reformulated almost
annually and will not be effective against a new pandemic virus.
Second, antiviral therapy, which targets viral proteins essential
for uncoating and release, is plagued by the rapid development
of viral resistance (32). Consequently, new targets for antiviral
intervention are under investigation. and therapeutic inhibi-
tion of invariant host cell factors essential for influenza virus

* Corresponding author. Mailing address: Institute of Virology, OE
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spread is an attractive strategy, since it may allow the suppres-
sion of resistance development.

The viral envelope protein hemagglutinin (HA) mediates
the first essential steps in the viral life cycle: attachment to
target cells and virus-cell fusion (14, 38). Attachment of virions
to target cells is mediated by the surface unit of HA, HAI,
while the fusion of the viral envelope with a target cell mem-
brane is driven by the transmembrane unit, HA2 (14, 38). In
infected cells, HA is initially synthesized as an inactive precur-
sor protein, HAQ, in which HA1 und HA2 are connected by a
protease-sensitive linker sequence. Cleavage of the linker by
host cell proteases generates mature HA1 and HA2 and is
crucial for viral infectivity (23, 24, 26, 27), making the respon-
sible proteases attractive targets for therapeutic intervention
(2, 11). However, their exact identity has not been determined
previously.

Highly pathogenic avian influenza viruses (HPAIV) harbor a
cleavage site composed of several arginines and lysines (multi-
basic cleavage site), which is recognized by furin or related
subtilisin proteases (40). Since these proteases are ubiquitously
expressed, HPAIV can spread systemically and cause severe
disease (1, 17, 21, 22, 28). In contrast, the cleavage site of
low-pathogenic avian influenza viruses (LPATV) consists of a
single arginine or lysine residue (monobasic cleavage site) and
is believed to be exclusively recognized by as yet uncharacter-
ized proteases expressed in the respiratory and enteric tracts
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(1,17, 21, 22, 28, 39). As with LPAIV, human influenza viruses
contain a monobasic cleavage site, and the identity of the
protease(s) activating these viruses is unclear.

It has been suggested that soluble proteases might activate
human influenza viruses in the infected host (18, 19, 30, 43).
However, analysis of cultured human respiratory epithelial
cells revealed efficient HA cleavage during HA biogenesis and
upon uptake of virions into target cells, suggesting that HA
cleavage in the human host is a cell-associated process (47).
Boticher and colleagues amplified the type II transmembrane
serine proteases (TTSPs) TMPRSS2 (transmembrane pro-
tease, serine 2) and HAT (human airway trypsin-like protease)
from the human lung and showed that these proteases, upon
engineered expression, support the spread of human influenza
viruses (2-4). Employing lentiviral vectors to analyze HA ac-
tivation, we have demonstrated previously that TMPRSS2 and
another TTSP, TMPRSS4, activate the HA of the highly
pathogenic 1918 influenza virus (5). These results suggest that
TTSPs might contribute to the activation of influenza virus in
the human host. However, it remained to be determined
whether HA-activating TTSPs are endogenously expressed in
viral target cells and whether they support viral spread in the
absence of an exogenously added protease (trypsin).

We addressed the relevance of TMPRSS2 and TMPRSS4
for the activation of influenza virus in permissive cells. A com-
bination of expression and knockdown analyses revealed that
endogenous TMPRSS2 and TMPRSS4 activate influenza virus
in cell lines and. in the case of TMPRSS2, most likely also in
human alveolar epithelium, suggesting a major role for
TMPRSS2 in viral replication in human hosts.

MATERIALS AND METHODS

Plasmids. Expression plasmids for the 1918 influenza virus HA, the 1918 influ-
enza virus neuraminidase (NA), TMPRSS2, TMPRSS3, and TMPRSS4 have been
described previously (5, 13, 34, 36). cDNAs encoding full-length human hepsin
(hMU004062), TMPRSS3 (KU0MM606), and TMPRSS6 (hMU04435) were pro-
vided by the Korean UniGene Information Center (hup:/kugi.kribb.re.kr/),
Daejeon, South Korea. The cDNA encoding each gene was amplified by PCR
using primer pairs 5-GAGGCTAGCCACCATGGCGCAGAAGGAGGGTG
G-3' (forward) and 5"-GAGGCGGCCGCTCAGAGCTGGGTCACCATGC-3'
(reverse) for hepsin, 3-GAGGCTAGCCACCATGGGGGAAAATGATCCGC
CTGCT-3 (forward) and 5'-GAGGCGGCCGCTCAGGTTTTTAGGTCTCTC
T-3' (reverse) for TMPRSS3, and 5'-GAGGCTAGCCACCATGTTGTTACTC
TTCCACTCCAA-3 (forward) and 5-GAGGCGGCCGCTCAGGTCACCAC
TTGCTGGA-3' (reverse) for TMPRSS6. The PCR products were then cloned
into plasmid pcDNA3.1 (Invitrogen) by Nhel and NotI digestion, and the integ-
rity of the cloned cDNAs was verified by sequencing.

Cell enlwre. The following media were used for cell culture: Dulbecco’s
modified Eaple’s medium (DMEM; Invitrogen) (for culture of Vero E6, Huh-7,
and 293T cells), Glutamax DMEM (DMEM enriched with glutamate; Invitro-
gen) (for culture of Caco-2 cells), and minimum essential medium (MEM;
Invitrogen) (for culture of MDCK II cells). All media were supplemented with
10 fetal calf serum (FCS), penicillin, and streptomycin, and all cefl cultures
were maintained at 37°C under a 5% CO, atmosphere.

YLPs. For the production of virus-like particles (VLPs), 293T cells were tran-
siently cotransfected with the HIV-1 Gag (p33)-encoding plasmid p96ZM631gag-
opt, 1918 HA and NA expression plasmids, and expression plasmids for TTSPs
or empty vector. At 48 h postiransfection, the supernatants were harvested and
concentrated by ultrafiltration employing Vivaspin columns (Sartorius). As a
control for HA cleavage, VLPs were treated cither with phosphate-buffered
saline (PBS) or with tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-
trypsin (Sigma), followed by incubation with soybean trypsin inhibitor (Sigma).

Generation of replication-competent influenza virus. Ten-day-old pathogen-
free embryonated hens’ eggs were inoculated via the allantoic sac with 0.2 ml of
virus dilutions. Eggs were incubated for 48 h in an incubator at 37°C with passive
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humidity. Thereafter, the allantoic fluids were collected, tested for hemaggluti-
nating activity, pooled, aliquoted, and stored at —70°C. The titer of the virus was
determined by the focus formation assay.

Infection experiments with replication-competent influenza viruses. For in-
fection experiments with replication-competent viruses, 293T cells, transiently
transfected with plasmids encoding proteases or empty vector, were sceded in
6-well plates at a density of 1.2 x10° cells/well, washed, and inoculated with PR8
(HINT) or SC35M (H7NT7) virus (contained in Dulbecco’s PBS [DPBS] supple-
mented with .28 bovine serum albumin [BSA]) at a multiplicity of infection
(MOTI) of 0.01. Alternatively, Caco-2 cells were either mock treated; transfected
with a nonsense small interfering RNA (siRNA), a TMPRSS2 siRNA, or a
TMPRSS4 siRNA (Sama Cruz): or cotransfected with both TMPRSS2? and
TMPRSS4 siRNAs. Then the cells were washed and infected as described above
for 293T cells. Viruses were allowed to adsorb to target cells for 1 h. Subse-
quently, the infection medium was removed; MEM supplemented with 0.2%
BSA and either 1 pg'ml TPCK-trypsin or PBS was added: and the cells were
incubated for 24 h. Thereafier, the cell culture supernatants were collected and
stored at —80°C for subsequent guantification of infectious virus particles.

Generation of HA-bearing psendotypes. Pseudotypes were generated essen-
tially as described previously (5, 37). Briefly, 293T cells were cotransfected, by
use of CaPOy, with the HIV-1-derived vector pNL4-3 E-R-Luc (7) and expres-
sion plasmids for 1918 HA, 1918 NA, or vesicular stomatitis virus glycoprotein
(VSV-G). For analysis of HA activation by TTSPs, TMPRSS2, TMPRSS3,
TMPRSS4, TMPRSS6, or hepsin was coexpressed with viral components during the
production of pseudoparticles. At 16 h posteransfection, the colture medium was
replaced by fresh medium, and the cultures were maintained at 37°C under 5%
CO,. At 48 h posttransfection, the supernatants were harvested, passed through
0.45-pm-pore-size filiers, and stored at —80°C. The concentration of HIV-1
capsid protein (p24) in virus stocks was determined by a p24 enzyme-linked
immunosorbent assay (ELISA) (AIDS Research and Reference Reagent Pro-
gram). For the production of pseudotypes in Caco-2 cells, cells were cotrans-
fected with pNL4-3 E-R-Luc and an expression plasmid for 1918 HA, 1918 NA,
or VEV-G by use of Lipofectamine 2000 (Invitrogen) and were processed as
described above for 203T cells.

Infection experiments with HA-bearing pseudotypes. For infection experi-
ments with pseudotyped viruses, Huh-7, Caco-2, and 293T cells were sceded in
96-well plates at a density of 0.8 x 10° cellsfwell, washed, and incubated over-
night with p24- or luciferase-normalized virus stocks pretreated with either PBS
or TPCK-trypsin. After 72 h, the cells were lysed, and the luciferase activities in
cell lysates were determined by employing a commercially available kit (Pro-
mega). Allernatively, 293T target cells were first transfected with protease-
encoding plasmids and then infected as described above.

Detection of HA in cell lysates and virions by Western blonting. For the
detection of HA in cell lysates, 293T cells were cotransfected with 1918 HA and
TTSP expression plasmids or empty vector. The medium was replaced with fresh
culture medium at 16 h posttransfection. At 48 h posttransfection, the cells were
harvested, treated with PBS or TPCK-trypsin. and Iysed in 2 sodium dodecyl
sulfate (SDS) loading buffer. For analysis of HA cleavage by endogenous pro-
teases, Caco-2 cells were Lipofectamine transfected with 1918 HA and lysed at
48 h posttransfection in SDS loading buffer. For analysis of the incorporation of
HA imto VLPs and pseudotypes, the particle preparations were pelleted by
centrifugation through a 20% sucrose cushion at 42,000 = g for 2 h at 4°C, and
the pellets were lysed in SDS loading buffer. For immunoblotting, the lysates
were separated by SDS-gel electrophoresis, and HA was detected by staining
with a mouse anti-HA antibody (12} at a dilution of 1:500, followed by incubation
with a horseradish peroxidase (HRP)-coupled anti-mouse secondary antibody.
As a loading control, an anti-B-actin antibody (Sigma) or an anti-p24 hybridoma
supernatant (183-H12-5C) was used.

Analysis of HA glycosylation. For enzymatic deglycosylation of 1918 HA/NA-
bearing VLPs produced in the presence of TMPRSS2 and hepsin, a commer-
cially available kit (New England Biolabs) was used. For this purpose, the VLPs
were concentrated via Vivaspin columns and were additionally ultracentrifuged
through a 20% sucrose cushion at 42,000 x g for 2 h at 4°C. The resulting pellets
were harvested with TNE buffer (Tris-HCI [pH 7.4], (,13 M NaCl, and 10 mM
EDTA) and digested by peptide:N-glycosidase F (PNGase F). The samples
were analyzed by immunoblotting as described above.

Focus formation assay. MDCK 11 cells (6 > 10%/well) were seeded in 96-well
culture plates and were incubated at 37°C under 5% CO, for 24 h. On the next
day, serial 10-fold dilutions of supernatants (collected from the infected cells) in
DMEM containing (.19 BSA and 2.5 pg/ml N-acetylated trypsin (NAT; Sigma)
were prepared in a separate 96-well plate, and then 50 pl of each dilution was
transferred to the confluent monolayers of MDCK II cells in 96-well culture
plates. The plates were incubated at 37°C under 5% CO, for 1 h with shaking at



5. Manuscripts

51

10018 BERTRAM ET AL.

20-min intervals. The inoculates were aspirated and replaced with 100 wlof a 19
Avicel overlay containing 0.14 BSA and 2.5 pg/ml NAT (Sigma). The infected
cells were incubated at 37°C under 5% CO, for 24 h. Subsequently, cells were
washed twice with PBS and were then fixed with 4% formalin in PBS (100
pliwell) for 10 min at room temperature. The formalin was removed: the cells
were first washed as described above and then incubated for 10 min with 100
pliwell Quencher (0.5% Triton X-100, 20 mM glycine in PBS). After 10 min, the
cells were washed with wash buffer (WB) (0.5% Tween 20 in PBS) and were then
blocked with 50 pl of blocking buffer (BB) (0.5% Tween, 20% BSA in PBS) at
37°C under 5% CO, for 30 min. The primary antibody (a polyclonal goat
antibody apainst the influenza virus nucleocapsid [NP]: Virostat) and the sec-
ondary antibody {an HRP-conjugated anti-goat antibody; Kirkegaard & Perry
Laboratories, Gaithersburg, MD) were diluted 1:1,000 in BB. A 50-pl volume of
the primary antibody was added to each well and was incubated at room tem-
perature for 1 h. After 1 h of incubation, the cells were washed three times with
WB, incubated with 50 pl of the secondary antibody for 45 min, washed again,
and incubated with 50 pl of the substrate (True Blue; Kirkegaard & Perry
Laboratories, Gaithersburg, MD) until blue spots appeared. Foci were counted,
and viral titers were calculated as focus-forming units (FFU) per milliliter.

I hemistry. Tissue obtained with full ethical approval
from the National Research and Ethics Service (Oxfordshire Research and
Ethics Committee A; reference 04/Q1604/21), were stained with hematoxylin and
eosin using standard techniques and were either immunostained for TMPRSS2
(mouse monoclonal antibody PSHY [29]) or stained with Sembucus nigra lectin
(Vector Laboratories. Peterborough, United Kingdom). Immunostaining was
performed using a Bond Max immunostaining machine (Leica Microsystems
Newcastle Ltd., Newcastle, United Kingdom) with the manufacturer’s standard
protocols and reagents for mouse primary antibodies. The biotinvlated Sambucus
nigre lectin was detected directly by means of the Bond Intense R kit (Leica
Microsystems Newcastle Ltd,, Newcastle, United Kingdom). Negative controls
were as follows: standard immunestaining with a mouse monoclonal antibody
against Melan-A (clone A103; Leica Microsystems Newcastle Lid., Newcastle,
United Kingdom) for the anti-TMPRSS2 antibody and the Bond Intense R kit
alone for the biotinylated Sambucus nigra lectin. Stained sections were photo-
graphed with a Nikon DS-FI1 camera with a Nikon DS-L2 control unit (Nikon
UK Limited, Kingston-upon-Thames, United Kingdom) and an Olympus BX40)
microscope (Olympus UK Limited, Watford, United Kingdom).

Reverse transcription-PCR (RT-PCR) analysis of TTSP mRNA expression in
cell lines. mRNAs were extracted from different cell lines (2937, Caco-2, Huh-7,
Vero E6), treated with DNase, and reverse transcribed employing commercially
available kits (Qiagen and Invitrogen, Germany). Subsequently, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), TMPRSS2, TMPRSS4, and hepsin se-
quences were amplified by nested PCR. The following set of primers was used for
amplification of TTSPs: TMPRSS2 outer primers 5'-TACCTGCATCAACCCC
TCTAACTG-3' (p5 TMPRSS2 out) and 5-CTTCTGAGGTCTTCCCTTTCTC
CT-3' (p3 TMPRSS2 out), TMPRSS2 inner primers 5'-GCCTTTACGGACCA
AACTTCATCC-3" (p5 TMPRSS2 in) and 5'-CGCAAATGCCGTCCAATGCC
ATGG-3" (p3 TMPRSS2 in), TMPRSS4 outer primers 5"-GAGAGCTGGACT
GTCCCTTG-3" (p> TMPRSS4 out) and 5"-TCGTACTGGATGCTGACCT
G-3' (p3 TMPRSS4 out), TMPRSS4 inner primers 5'-GACGAGGAGCACTG
TGTCAA-3' (p5 TMPRSS4 in) and 3'-CTTCCCACAGGCAAGACAGT-3' (p3
TMPRSS4 in), hepsin outer primers 5'-CCCTGCTACTTCTGACAGCCAT
C-3' (p5 hepsin out) and 5'-TCGTTGCTGTTCTCCTCGCTGTT-3' (p3 hepsin
out), and hepsin inner primers 5-GCACGTCGGGCTTICTTCTGTGTGG-3'
(p3 hepsin in) and 53"-CCACGGCACCGGCAAACACTCGC-3' (p3 hepsin in).

Quantitative RT-PCR analysis of TMPRSSI and TMPRSS4 mRNA expres-
sion in cell lines, Total RNA (500 ng) was reverse transcribed using 50 U of
BioScript RNase H Low reverse transcriptase (BIO-27036; Bioline) in 20-pul
reaction mixtures. The enzyme was then inactivated for 10 min at 70°C. Aliquots
(1 pl) of the cDNA samples generated (25 ng total RNA equivalents) were used
for real-time PCR in 10-pl reaction mixtures with the ABI 7500 Fast real-time
PCR system (Applied Biosystems). Specific amplification was ensured with
TagMan gene expression assays (catalog no. 4331182; Applied Biosystems) accord-
ing 1o the manufacturer’s recommendations. The following specific assays
were used: Hs00237175_m1 (TMPRSS2), Hs00212669_m1 (TMPRSS4), and
Hs99999908_m1 (B-glucuronidase [GUSB]). The average cycle threshold (C)
for each individual assay was calculated from triplicate measurements by means
of the instrument’s software in “auto Ct” mode (ABI 7500 Fast system software,
version 1.3.0). Average ' values calculated for TMPRSS2 and TMPRSSS were
normalized by subtraction from the C,-values obtained for GUSB (housekeeping
reference). Template-free cDNA reaction mixtures were analyzed in parallel,
using both TagMan assays; no specific signal was detected in any of these
experiments.

J. ViroL.

RESULTS

TMPRSS2, TMPRSS4, and hepsin cleave influenza virus
hemagglutinin. We have previously demonstrated that influ-
enza virus HA is proteolytically processed by TMPRSS2 and
TMPRSS4 (5). We now asked whether other TTSPs known to
be expressed in lung tissue (41) also cleave HA. For this pur-
pose, we coexpressed HA (from the 1918 influenza virus) with
TMPRSS3, TMPRSS6, or hepsin in 293T cells and analyzed
HA cleavage by Western blotting (Fig. 1A). Trypsin treatment
and coexpression of TMPRSS2 and TMPRSS4 served as pos-
itive controls for HA cleavage: cells transfected with empry
vector (pcDNA) or nontransfected cells (Mock) were em-
ploved as negative controls. As expected, trypsin treatment or
coexpression of TMPRSS2 or TMPRSS4 facilitated HA cleav-
age, while HA was not cleaved when empty vector was cotrans-
fected (Fig. 1A). No evidence for cleavage was observed upon
coexpression of TMPRSS3 and TMPRSS6. In contrast, a band
corresponding to HA1 appeared upon expression of hepsin,
indicating that hepsin cleaves HA between HA1 and HA2.

We then asked whether cleaved HA was incorporated into
viral particles. For this purpose, we produced virus-like parti-
cles by using an HIV-1 Gag expression plasmid, and we ana-
lyzed the incorporation of HA and Gag into particles by West-
ern blotting (Fig. 1B). Cleaved HA was present in particles
produced in the presence of TMPRSS2 or TMPRSS4, in
agreement with our previous results (5). Similarly, cleaved HA
was found in particles produced in hepsin-expressing cells (Fig.
1B), indicating that cleavage by hepsin is compatible with the
incorporation of HA into virions.

Closer inspection of the HA1 bands obtained upon HA
processing by TMPRSS2, TMPRSS4, hepsin. or trypsin repro-
ducibly revealed size differences: HA digestion by trypsin or
TMPRSS4 yielded HA1 bands of identical sizes, as did HA
digestion by TMPRSS2 or hepsin, and the latter bands mi-
grated slightly faster than the former (Fig. 1A and B). We
hypothesized that the size differences might be due to altered
glycosylation of HA in hepsin- or TMPRSS2-transfected cells.
To address this hypothesis, we digested virus-like particles
(VLPs) from TMPRSS2-, TMPRSS4-, or hepsin-transfected
cells, as well as PBS- or trypsin-treated control VLPs, with
PNGase F, which removes all N-linked glycans. Indeed, the
differences in HA1 size observed in mock-treated cells were
not detected after treatment with PNGase F (Fig. 1C), indi-
cating that engineered expression of TMPRSS2 and hepsin
modulates HA glycosylation. In summary, our results add hep-
sin to the list of TTSPs that cleave influenza virus HA and
indicate that the expression of particular TTSPs modulates HA
glycosylation by a currently unknown mechanism.

Cleavage by TMPRSS2 and TMPRSS4, but not cleavage by
hepsin, activates hemagglutinin. Since hepsin, like TMPRSS2
and TMPRSS4, was able 1o cleave HA, we next asked whether
cleavage by hepsin allows HA to transit into an activated state.
A previous study by others (45) and our own published results
(5) demonstrate that frans-complementation (pseudotyping) of
env-defective retroviral vectors with influenza virus HA is an
adequate system for the analysis of HA activation. We em-
ployed this approach to analyze HA activation by hepsin. For
this purpose, we produced HA-bearing lentiviral pseudotypes
in cells cotransfected with TTSP expression plasmids or empty
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FIG. 1. Cleavage of influenza virus hemagglutinin by TMPRSS2,
TMPRSS4, or hepsin. (A) Cleavage of hemagglutinin (HA) in 293T
cells expressing TMPRSS2, TMPRSS4, or hepsin. The HA of the 1918
influenza virus and the protease indicated were transiently coexpressed
in 293T cells. The cells were then treated with trypsin or PBS, and HA
cleavage was detected by Western blot analysis of cell lysates. Detec-
tion of B-actin served as a loading control. Mock, cells transfected with
empty vector alone; pcDNA, cells cotransfected with an HA expression
plasmid and empty vector. (B) Incorporation of cleaved HA into viri-
ons. HA was expressed as described for panel A: however. cells were
additionally cotransfected with plasmids encoding the HIV-1 Gag pro-
tein and the 1918 influenza virus NA. VLPs were concentrated from
culture supernatants by centrifugation, and HA cleavage and Gag
contents were analyzed by Western blotting. Mock, VLPs produced in
cells transfected with a Gag expression plasmid and empty vector;
pcDNA, VLPs produced in cells cotransfected with plasmids encoding
Gag, HA, and NA and empty vector. (C) Expression of TMPRSS2 or
hepsin, but not TMPRSS4, alters the glycosylation of HAT1. 293T cells,
transfected either with expression vectors for the indicated proteases
or with empty vector, were used for the production of HA-bearing
VLPs as described for panel B, and concentrated particles were sub-
sequently treated with trypsin or PBS. Thereafter. the VLPs were
either digested with PNGase F or mock treated, and HA cleavage was
analyzed by Western blotting.

vector, and we then analyzed whether the pseudotypes were
infectious or whether they required trypsin treatment in order
to acquire infectivity. In agreement with our previous results
(5). viruses produced in the presence of TMPRSS2 or

TMPRSS2 AND TMPRSS4 FACILITATE INFLUENZA VIRUS SPREAD 10019

TMPRSS4 were fully infectious in the absence of trypsin treat-
ment, while viruses generated in cells transfected with empty
vector (pcDNA) required trypsin treatment in order to transit
into an infectious form (Fig. 2A, left). Unexpectedly, coexpres-
sion of hepsin did not render viruses infectious (Fig. 2A, left),
despite the incorporation of cleaved HA into virions (Fig.
2A, right), and infectivity was not acquired upon exposure to
trypsin.

We then determined whether the activation of HA
pseudotypes reflects the activation of replication-competent
influenza viruses. To this end, we analyzed whether transient
expression of TMPRSS2, TMPRSS4, or hepsin facilitated the
spread of PR8 (HINT1), a virus that has a monobasic cleavage
site and requires exogenous trypsin for its activation (in most
cell lines). 293T cells were chosen for these experiments, be-
cause this cell line is readily transfectable, and it is well docu-
mented that 293T cells do not express an endogenous HA-
activating protease (5. 9). As a control, infection of 293T cells
with SC35M (H7N7) (33) was analyzed. This influenza virus
harbors a multibasic cleavage site and does not depend
on trypsin treatment to acquire infectivity. TMPRSS2 or
TMPRSS4 expression or trypsin treatment increased the spread
(measured as the release of infectious virus particles into the
supernatant) of PR8 (HIN1) about 10-fold compared to cells
transfected with empty vector (Fig. 2B, left), indicating that
these proteases were able to support the spread of influenza
virus in the absence of an exogenous protease. In contrast,
expression of hepsin did not augment viral spread, in agree-
ment with the results obtained with pseudotypes (Fig. 2A, left).
It should be noted in this context that PR8 (HIN1) was pre-
pared in hens’ eggs and thus contained activated HA. There-
fore, the virus was able to undergo a single round of replication
without proteolytic activation, resulting in the release of a
readily quantifiable number (upon viral activation by trypsin)
of infectious units in the supernatant of control-transfected
293T cells. Finally, as expected, the spread of SC35M (H7N7)
was not modulated by the expression of TTSPs (Fig. 2B, right),
with the exception of hepsin expression, which reduced viral
spread about 10-fold. Collectively, these results demonstrate
that engineered expression of TMPRSS2 or TMPRSS4 facili-
tates HA activation and allows the trypsin-independent spread
of influenza virus.

Expression of TMPRSS2 and TMPRSS4 correlates with the
trypsin-independent spread of influenza virus in cell lines.
The activation of influenza virus HA by transfected TMPRSS2
and TMPRSS4 raised the question of whether these proteases
are endogenously expressed by cell lines that allow trypsin-
independent viral spread. To address this question, we inves-
tigated TMPRSS2 and TMPRSS4 expression in 293T, Huh-7,
and Vero cells, which allow influenza virus to spread only in
the presence of exogenous trypsin (5, 9, 16), and in Caco-2
cells, which support trypsin-independent viral spread (48). Di-
rect RT-PCR analyses of TTSP mRNA expression revealed
the presence of TMPRSS2 transcripts in Caco-2 cells, and a
nested approach detected TMPRSS2 message in Huh-7 cells
also, but not in the other cell lines analyzed (Fig. 3A). No
TMPRSS4 mRNA could be detected by direct RT-PCR in any
of the cell lines examined (Fig. 3A), and similar results were
obtained for hepsin (data not shown). Nevertheless, nested
PCR demonstrated the presence of TMPRSS4 message in



5. Manuscripts

VoL. 84, 2010 TMPRSS2 AND TMPRSS4 FACILITATE INFLUENZA VIRUS SPREAD 10021
A) B) ;
i
293T Caco-2 _Huh? _Vero & -1 =

bp @24

= C 3 @

5 3z o g

TS £

T E e * |

TMPRSS2: direct PCR ¥ E 7 s

5 L] =

G » 81 ]

2 £ 4 i

TMPRSSZ: nested PCR 20 § 10 4 g

£ 7
Z 12
TMPRSS4: direet PCR £ -13

T a8 g
15 L]
TMPRSS4: nested PCR 16
~ s = -

TMPRSS2

Fo—
FIG. 3. TMPRSS2 and TMPRSS4 mRNAs and TMPRSS2 protein ar

o TMPRSS2 o TMPRSS4

TMPRSS4

e expressed in Caco-2 cells. (A) Analysis of TMPRSS2 and

TMPRSS4 mRNA expression by RT-PCR. Total RNA was prepared from the indicated cell lines, treated with DNase, reverse transcribed,
and used for the amplification of TMPRSS2, TMPRSS54, and GAPDH mRNAs by nested PCR. The results of single gels from which
irrelevant lanes were removed are shown. (B) Analysis of TMPRSS2 and TMPRSS4 mRNA expression by quantitative RT-PCR. RNA was
prepared as described for panel A, and TMPRSS2, TMPRSS4, and GUSB (housekeeping control) were amplified by TagMan gene
expression assays. Similar results were obtained in two independent experiments. No TMPRSS4 signal was detected in Vero E6 cells. (C and
D) Expression of TMPRSS2 (C) or TMPRSS4 (D) in cell lines as determined by Western blotting. The indicated cell lines were lysed, and
the expression of TMPRSS2 or TMPRSS4 was analyzed by Western blotting. Detection of B-actin served as a loading control. The results
of a single gel from which irrelevant lanes were removed are shown in panel C. 293T + TMPRSS2, 293T cells transiently expressing TMPRSS2; 293T +

TMPRSS4, 293T cells transiently expressing TMPRSS4.

target cells. Efficient infection of Caco-2 cells by HA-bearing
pseudotypes was dependent on previous activation of these
viruses by trypsin (Fig. 4D), indicating that the HA-activating
enzyme either is not present or does not recognize HA in
virion-containing endocytic vesicles in Caco-2 cells. Similar
results were obtained upon overexpression of TMPRSS2 and
TMPRSS4 in 293T cells (Fig. 4E), suggesting that HA activa-
tion in Caco-2 cells and in TMPRSS2-expressing 293T cells
most likely occurs in the secretory pathway of productively
infected cells.

TMPRSS2 and TMPRSS4 are required for the efficient tryp-
sin-independent spread of influenza virus in Caco-2 cells. Our
results obtained so far suggested that endogenous expression
of TMPRSS2 and/or TMPRSS4 might contribute to the tryp-
sin-independent spread of influenza virus in Caco-2 cells. To
directly test this hypothesis, we examined the consequences of
TMPRSS2 and TMPRSS4 knockdown for the spread of influ-
enza virus in Caco-2 cells. For this purpose, Caco-2 cells either
were transiently transfected with a TMPRSS2 or a TMPRSS4
sIRNA or were cotransfected with both siRNAs, and expres-
sion of TMPRSS2 protein was analyzed by Western blotting
(Fig. 5A). Transfection of a nonsense siRNA served as a neg-
ative control. Transfection of cells with a TMPRSS2-specific
SIRNA or with a 1:1 mixture of TMPRSS2- and TMPRSS4-
specific siRNAs resulted in a decrease in TMPRSS2 expres-
sion, which was not observed with the nonsense siRNA or the

TMPRSS4-specific siRNA alone (Fig. 5A), indicating that our
protocol allowed efficient and specific reduction of TMPRSS2
expression. The lack of detectable TMPRSS4 expression in
Caco-2 cells (Fig. 3) precluded evaluation of the efficiency of
siRNA-mediated TMPRSS4 knockdown. However, analysis of
293T cells transiently cotransfected with a TMPRSS4 expres-
sion plasmid and siRNAs demonstrated that the TMPRSS4-
specific siRNA was active (data not shown). When PRS8
(H1N1) infection of siRNA-treated Caco-2 cells was analyzed,
a substantial reduction in the level of viral spread was observed
upon transfection of either TMPRSS2- or TMPRSS4-specific
siRNAs, and this effect was enhanced upon cotransfection of
both TMPRSS2- and TMPRSS4-specific siRNAs. Notably, the
blockade of viral spread by siRNAs could be fully rescued by
trypsin treatment (Fig. 5B, left), demonstrating that a lack of
proteolytic activation of influenza virus was the underlying
inhibitory mechanism. In stark contrast, TMPRSS2- and
TMPRSS4-specific siRNAs had no significant effect on SC35M
(H7N7) spread (Fig. 5B, right). These observations suggest
that TMPRSS2 and TMPRSS4 expression in Caco-2 cells is
responsible, at least in part, for the ability of these cells to
support the trypsin-independent spread of influenza viruses.
TMPRSS2 is coexpressed with 2.6-linked sialic acids on type
II pneumocytes and alveolar macrophages. The important
contribution of TMPRSS2 expression to the trypsin-indepen-
dent spread of influenza virus in Caco-2 cells raised the ques-
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FIG. 4. Influenza virus HA is activated in Caco-2 cells in the absence of trypsin. (A) Activation of HA pseudotypes in Caco-2 eells, Caco-2 and
293T cells were transiently cotransfected with plasmids encoding a lentiviral vector and 1918 HA and NA. The supernatants were treated with
trypsin or PBS and were then used to infect Huh7 target cells. Luciferase activity in cell lysates was determined at 72 h postinfection. The
results + standard deviations of a representative experiment performed in triplicate are shown and were confirmed in three separate
experiments. (B) Analysis of HA cleavage in Caco-2 and 293T cells. 293T and Caco-2 cells were transfected with 1918 HA. or 293T cells were
cotransfected with 1918 HA and TMPRSS2 expression plasmids, and HA cleavage in cell lysates was detected by Western blotting. The results of
a single gel from which irrelevant lanes were removed are shown. (C) Activation of influenza viruses in Caco-2 cells. Caco-2 and 293T cells were
first infected with PR8 (HIN1) or SC35M (H7N7) at an MOI of 0.01 and then treated with PBS or trypsin. The release of infectious particles in
the supernatant was determined by a focus formation assay. Results of a representative experiment performed in triplicate are shown, and
activation of PR8 (HINT1) in Caco-2 but not 293T cells was confirmed in two separate experiments. (D) Infection of Caco-2 and 293T cells with
pseudotypes bearing nonactivated or trypsin-activated HA. Pseudotypes bearing the 1918 HA, the 1918 NA, or the G protein of VSV were first
treated either with PBS or with trypsin and then used to infect 293T and Caco-2 cells. Luciferase activities in cell lysates were determined at 72 h
postinfection, Similar results were obtained in two independent experiments. (E) Infection of TTSP-expressing 293T cells with pseudotypes bearing
nonactivated or trypsin-activated HA. The indicated TTSPs were transiently expressed in 293T cells, and the cells were infected with HA-bearing
pseudotypes as described for panel D.

tion of whether this protease is expressed in influenza virus DISCUSSION

target cells in the human lung. To address this question, we

immunostained human lung tissue with labeled Sambucus nigra
lectin, which recognizes 2,6-linked sialic acids, and a monoclo-
nal antibody specific for TMPRSS2 (29). Microscopic exami-
nation of stained tissues revealed coexpression of TMPRSS2
and 2.6-linked sialic acids in type II pneumocytes and alveolar
macrophages (Fig. 6). The former have been shown to bind to
human influenza viruses, albeit less frequently than type I
pneumocytes (44), and to constitute viral target cells (35),
indicating that TMPRSS2 might also support influenza virus
spread in this cell type.

We investigated the contributions of TMPRSS2 and
TMPRSS4 1o the proteolytic activation of influenza viruses in cell
lines and in primary target cells. Transient expression of these
proteases facilitated HA cleavage and allowed influenza virus
to spread in 293T cells in the absence of exogenously added
trypsin. The related protein hepsin was also able to cleave HA
but failed to render HA-bearing viruses infectious, for reasons
that remain unclear. Caco-2 cells, which allowed trypsin-inde-
pendent viral spread, were found to express endogenous
TMPRSS2 (mRNA and protein) and TMPRSS4 (mRNA), and
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FIG. 5. Knockdown of TMPRSS2 and TMPRSS4 inhibits the trypsin-independent spread of influenza virus in Caco-2 cells. (A) Analysis
of TMPRSS2 knockdown. Caco-2 cells either were transfected. by use of Lipofectamine, with a nonsense control siRNA or a TMPRSS2- or
TMPRSS4-specific siRNA in the presence or absence of the control siRNA or were cotransfected with a 1:1 mixture of TMPRSS2- and
TMPRSS4-specific siRNAs. TMPRSS2 expression in transfected cells was analyzed by Western blotting. Detection of B-actin served as a loading
control. All siRNA transfection mixtures contained 200 pmol siRNA. Thus, if the transfection mixture contained a single siRNA species, 200 pmol
of the siRNA was added. If two different siIRNA species were cotransfected, 100 pmol of each was added. (B) Caco-2 cells were first transfected
with siRNAs as described for panel A and then infected with PR8 (HIN1) or SC33M (H7N7) at an MOI of 0.01 in the presence or absence of
trypsin. The release of infectious particles into the supernatant was determined by a focus formation assay. The results of a representative
experiment * standard deviations are shown and were confirmed by three separate experiments for PR8 (HIN1) and by one separate experiment
for SC35M (H7NT). The statistical significance (asterisks) of the inhibitory effects of TMPRSS2- and TMPRSS4-specific siIRNAs relative to that
of the nonsense control siRNA was calculated by using the two-tailed Student ¢ test for correlated samples.

expression of these proteases was shown to be required for
efficient influenza virus activation. Finally, analysis of human
lung tissue revealed that type 11 pneumocytes and alveolar
macrophages coexpressed TMPRSS2 and 2,6-linked sialic ac-
ids, indicating that TMPRSS2 could support viral spread in the
infected host.

Proteolytic activation of influenza virus HA primes the pro-
tein for low-pH-induced membrane fusion and is indispensable
for viral infectivity (23, 24, 26, 27). Qur previous study showed
that TMPRSS2 and TMPRSS4 can activate influenza virus HA
(5, 6), in agreement with other published work (2, 3, 45), and
raised the possibility that other members of the TTSP family
might also cleave and activate HA. Indeed, the TTSP hepsin
mediated HA cleavage (Fig. 1A and B), and this cleavage
resulted in the production of HA1 and HA2 fragments of the

FIG. 6. Expression of TMPRSS2 in human alveolar epithelium.

(A) Hematoxylin-and-cosin-stained section of a normal lung showing
several alveolar spaces, in which alveolar macrophages (M), type 1
pneumocytes (P1), and type IT pneumocytes (P2) are labeled. Bar, 20
pm. (B) A setial section of panel A immunostained for TMPRSS2
using the peroxidase technique (brown) shows strong positive staining
in type Il pneumocytes and alveolar macrophages. (C) A serial section
of panel B stained with Sambucus nigra lectin shows strong positive
membrane staining of all cell types, including type 11 pneumocytes and
alveolar macrophages. (D) A serial section of panel C immunostained
with an irrelevant mouse primary antibody (Melan-A), as a negative
control for panel B, shows no immunostaining. Alveolar macrophages
show a faint brown tint, due to the presence of carbon, but not the
strong brown staining of macrophages seen in panel B. A serial section
of panel D immunostained using a goat polyclonal serum as a primary
antibody. as a negative control for panel C. appeared very similar to
panel D (data not shown).

expected sizes (Fig. 1 and data not shown), indicating that it
occurred at the junction between HA1 and HA2. However,
hepsin-dependent HA cleavage did not confer appreciable in-
fectivity on influenza virus PR8 (HIN1) or on lentiviral
pseudotypes bearing HA, despite detectable incorporation of
cleaved HA into virions (Fig. 2). The reasons for this apparent
contradiction are at present unclear and might involve quan-
titative differences between HA cleavage by hepsin and that by
TMPRSS2 and TMPRSS4. In this context, it is noteworthy that
hepsin and TMPRSS2 interfered with HA1 glycosylation; the
underlying mechanism and its potential relevance for HA func-
tion remain to be clarified.

Transient expression of TMPRSS2 and TMPRSS4 increased
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influenza virus spread at least 10-fold above background in
293T cells (the readily measurable background was due to the
infection of cells with activated viruses generated in hens’ eggs)
(Fig. 2B). This observation prompted us to investigate whether
endogenous expression of these proteases also facilitates the
spread of influenza virus in cell lines in the absence of exog-
enously added proteases. Many cell lines, including 293T, Huh-7,
and Vero E6, support the spread of human influenza virus in the
presence of exogenous trypsin (5, 9, 13, 26). However, only the
Caco-2 cell line, which was derived from intestinal epithelium, has
been shown to allow the spread of different influenza viruses in
the absence of trypsin (48). Our findings that Caco-2 cells re-
leased fully infectious HA-bearing pseudotypes and allowed the
replication of PR8 (HIN1) virus in the absence of trypsin
confirmed these results (Fig. 4A to C), although we did not
obtain evidence that HA was activated upon viral uptake, as
previously suggested (48). This discrepancy might be due to
differences in the experimental systems used; we examined HA
pseudotypes, while Zhirnov and colleagues employed replica-
tion-competent influenza viruses (48). Alternatively, different
cell culture conditions might account for the conflicting results,
since Zhirnov and coworkers observed HA activation upon
viral uptake only in proliferating Caco-2 cells (48). Neverthe-
less, both studies demonstrated efficient HA activation in
Caco-2 cells in the absence of trypsin and raised questions
concerning the nature of the protease(s) responsible.

We detected robust expression of TMPRSS2 (mRNA and
protein) and TMPRSS4 (mRNA) in Caco-2 cells (trypsin in-
dependent) but not in Huh-7, Vero E6, or 293T cells (trypsin
dependent) (Fig. 3), suggesting a correlation between
TMPRSS2 and TMPRSS4 expression and trypsin-indepen-
dent replication of influenza virus. Furthermore, siRNA
knockdown demonstrated that expression of both TMPRSS2
and TMPRSS4 was essential for the efficient trypsin-indepen-
dent spread of influenza virus in Caco-2 cells (Fig. 5). Why
TMPRSS2 knockdown was not fully rescued by the presence of
TMPRSS4 and vice versa is at present unclear, and a definite
answer might have to await the availability of efficient
TMPRSS4 detection reagents. However, the enhanced inhibitory
effect of a cocktail of TMPRSS2- and TMPRSS4-specific
siRNAs relative to each siRNA alone clearly indicates that
both proteins facilitate HA activation and can, at least in part,
functionally complement each other. Collectively, these results
provide a molecular mechanism to explain the ability of Caco-2
cells to support the spread of influenza virus in the absence of
exogenous HA-activating protease, and they demonstrate for
the first time that endogenous TTSPs can cleave and activate
influenza viruses.

A contribution of TMPRSS2 and TMPRSS4 to the spread of
influenza virus in the host requires that these proteases be
expressed on permissive cells. A major determinant for per-
missiveness to infection by human influenza viruses is the ex-
pression of surface structures modified with 2,6-linked sialic
acids, which are bound by HA (38). Seasonal and, in particular,
pandemic influenza viruses, including the 2009 HINI virus
(46), can spread to the alveolar epithelium, and infection of
these target cells parallels the development of primary viral
pneumonia (25, 42). Immunohistochemistry of human alveoli
revealed that type II pneumocytes and alveolar macrophages
coexpress TMPRSS2 and 2,6-linked sialic acids (Fig. 6), sug-
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gesting that TMPRSS2 might promote the spread of influenza
virus in these cells. Indeed, attachment of human influenza
viruses to type Il pneumocytes and, rarely, to alveolar macro-
phages has been demonstrated previously (44), and recent
evidence indicates that type I1 pneumocytes and. occasionally,
macrophages are viral targets (35). Notably, type I pneumo-
cytes have been reported to bind influenza virus more effi-
ciently than type 11 pneumocytes (44), and the protease
responsible for viral activation in these target cells remains
to be defined—with TMPRSS4 being an attractive candi-
date. In contrast, it remains unknown whether TMPRSS2
(and TMPRSS4) is expressed and promotes viral spread in
target cells in the upper airways. In addition, it is noteworthy
that TMPRSS2 expression in the colon, stomach, and kidney
has been demonstrated previously (29), and it is possible that
this protease might contribute to the rare extrapulmonary
spread (25) of influenza viruses in humans.

In summary, we provide evidence that TMPRSS2 and
TMPRSS4 activate human influenza viruses in cell culture
and potentially promote the spread of influenza viruses in and
between humans. The finding that knockdown of a single pro-
tease, either TMPRSS2 or TMPRSS4, was sufficient to reduce
viral spread markedly in Caco-2 cells lends further weight to
the concept of targeting host cell proteases for influenza ther-
apy—an approach that has already been shown to be feasible
and effective in animals (50) and humans (49). Partial inhibi-
tion of viral spread by the blockade of a single protease might
well be sufficient to produce a clinical benefit. However, our
findings that two proteases can activate influenza virus in
Caco-2 cells also indicate that high antiviral activity might be
achieved only by targeting several proteases simultaneously. In
any case, the characterization of the exact roles of TMPRSS2
and TMPRSS4 in influenza virus spread and pathogenesis is an
important task, and Tmprss2 knockout mice, which do not
show an obvious phenotype in the absence of infection (20),
might be valuable tools for these endeavors.
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6. Discussion

6.1 First manuscript: Proteolytic activation of the 1918 influenza virus hemagglutinin

The 1918 influenza virus is responsible for the htevastating pandemic in human history.
Since the sequence of the complete viral genona@adable, reconstruction of the virus by
reverse genetics allows the analysis of the factorgtributing to the extraordinary high
virulence [Tumpeyet al., 2005]. Studies using reassortant viruses thatagoigene segments
of the 1918 influenza virus and well characterigedsonal influenza viruses showed that HA
and NA represent determinants of virulence [Kobeisal., 2004; Pappagt al., 2008;
Tumpeyet al., 2004]. Consequently, the analysis of the intésacdf the 1918 influenza virus
HA and NA with host cell factors is of particulamtérest. Notably, the virus spreads in
cultured MDCK cells in the absence of exogenougdiry in an NA-dependent manner
[Tumpeyet al., 2005], suggesting a role of NA in HA activatigh.similar observation has
been previously reported for AAIWSN/33, a closetnetaof the 1918 influenza virus, and has
been linked to the ability of A/AWSN/33 NA to redrglasminogen, which, upon conversion
to plasmin, can activate HA [Goto and Kawaoka, 1998to et al., 2001]. The goal of the
present study was to elucidate if the trypsin-ireseent spread of the 1918 influenza virus is
also due to plasminogen recruitment by NA and,asecof a negative answer, to investigate
which proteases can activate the 1918 HA.

The investigation of the biological properties ¢fet1918 influenza virus needs to be
conducted in a laboratory providing a high levelbadcontainment. In order to be able to
analyse 1918 HA activation without the risk of aertal infection with the 1918 influenza
virus, a lentiviral vector system was used. Fors,thian env-defective human
immunodeficiency virus-derived vector was trandienb-expressed with 1918 HA, NA and
M2, resulting in the release of HIV particles pssiyged with HA, NA and M2
(pseudotypes), as expected from the well documgmtagerty of retroviruses to incorporate
heterologous proteins in their envelope [Sandtial., 2003]. The generation of infectious
pseudotypes, bearing influenza virus surface pistaequires the presence of both HA and
NA. Although NA is usually not required to facili|sHA cleavage, the receptor-destroying
activity of the protein is necessary for releasentéctious particles from the virus-producing
cell [Modrow et al., 2003; Bouvier and Palese, 2008; TaubenbergeiKasti, 2010] and in
the absence of NA mainly HA-free particles areasésl [Bosclet al., 2001]. Hemagglutinin

is essential for binding of the viral particle teettarget cell and for fusion of the viral and the
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endosomal membranes [Modratval., 2003; Bouvier and Palese, 2008; Taubenberger and
Kash, 2010]. In agreement with these findings tles@nce of 1918 NA or 1918 HA alone in
virus producing cells was not sufficient to confefectivity to the particles released.
Pseudotypes bearing both 1918 HA and 1918 NA waetious, but only upon treatment
with trypsin, indicating that in 293T cells the pemce of 1918 NA was not sufficient to
mediate 1918 HA activation. Indeed, Western blatlysis of 1918 HA- and 1918 NA-
bearing virions revealed an HA size of approximatéb kDa, which is expected for
uncleaved HA [Elliotet al., 2006], while trypsin treatment reduced the HAesiD
approximately 50 kDa, the size expected for the I8Akunit [Elliotet al., 2006]. Finally, the
additional incorporation of 1918 M2 in pseudotypesiring 1918 HA and 1918 NA reduced
viral infectivity due to decreased particle incarggmon of HA in the presence of M2. In
natural infection, small amounts of the M2 proteire incorporated into influenza viral
particles and the ion channel function of M2 playsimportant role in uncoating and, for
some viruses, in maturation [Betakova, 2007]. FemtiViruses pseudotyped with the fowl
plaque virus HA, M2 expression was found to inceedsal infectivity [McKayet al., 2006].
The contradictory observations reported in thisigtand our analysis could be explained by
the usage of a different influenza virus M2 prageiand pseudotyping systems, or by
differences in M2 expression levels. In sum, thebservations indicate that 1918 NA-
dependent activation of 1918 HA is not a generahpimenon, but might depend on the viral
producer cell type (293T cells in our system and@kDcells in the published study [Tumpey
et al., 2005]).

Next, it was addressed if 1918 HA, NA bearing pstyiges might exhibit residual but
potentially biologically relevant infectivity (inhe absence of trypsin treatment) upon
optimization of infection conditions. The concetitvta of virions onto target cells by
centrifugation, a procedure termed spinoculatiofDfierty et al., 2000], can substantially
increase viral infectivity. Spinoculation allowedfectious entry 1918 HA, NA bearing
pseudotypes into 293T and MDCK cells in the abseofcdrypsin treatment, although
infection efficiency was clearly reduced compareml ttypsin-treated viruses. These
observations suggested that 293T and MDCK cellsesspproteases, which can activate 1918
HA on incoming virions, but activation is inefficie The role of the endosomal/lysosomal
cysteine proteases cathepsin B and L in the amivaif the 1918 HA was assessed, since
these proteins activate the glycoproteins of Ebolas, SARS-CoV, and the fusion protein of
Hendra virus [Chandragt al., 2005; Pager and Dulch, 2005; Simmehal., 2005]. However,

a cysteine protease inhibitor, which was shownlézkb Ebola virus and SARS-CoV entry
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[Chandranet al., 2005; Simmonst al., 2005], could not inhibit the infectivity of 1918
influenza virus HA, NA bearing pseudotypes. Thea&aduggest the involvement of another
class of proteases in the low level cleavage-attiveof pseudotypes bearing the 1918 HA
and NA.

The NA protein of A/IWSN/33, which is closely reldtéo the 1918 influenza virus, recruits
plasminogen from serum and thereby facilitates vaga-activation of NA [Goto and
Kawaoka, 1998; Gotet al., 2001]. In agreement with these findings, bindiglasminogen

to A/WSN/33 NA was detected and it could be demmanst that pseudotypes bearing
A/WSN/33 HA and NA are infectious in the absencetrgpsin treatment [Taubenberger,
1998]. In contrast, the 1918 NA was unable to bpidsminogen and incorporation of
A/WSN/33 NA into pseudotypes bearing 1918 HA did mender the respective viruses
infectious. These observations indicate that plaegen capture by 1918 NA is not the
mechanism allowing the previously reported trypsamhependent spread of the 1918 virus in
MDCK cells [Tumpeyet al., 2005]. Interestingly, binding of plasminogen t818 HA
expressing cells was detected, but the significaridlis finding for influenza virus biology
is at present unclear. However, it is tempting gecsilate that plasminogen recruitment by
1918 HA contributes to viral spread either by pramgpHA activation or by facilitating an as
yet unappreciated cleavage event involved in vaplication. Of note, plasminogen is bound
by the cellular protein annexin II, which facilést the conversion of plasminogen into
plasmin [LeBoudetet al., 2008]. Annexin Il has been detected in influenras particles
[LeBouderet al., 2008] and it has been suggested that virion &gsacannexin Il promotes
viral spread by mediating HA cleavage [LeBoudtal., 2010]. It is therefore conceivable
that 1918 NA recruits annexin Il or another plasogen-activating factor and thereby
promotes activation of 1918 HA. Alternatively, 19& might promote 1918 HA cleavage
by a completely different, so far unappreciated ma@tsm.

Based on our findings with 1918 HA, NA bearing pdailypes generated in 293T cells (see
above), the possibility was explored that the tiyqsdependent spread of the 1918 influenza
virus, which was observed in the MDCK cell line fipeyet al., 2005], might be a cell type
specific phenomenon. To further test this hypothasivas assessed whether lysates prepared
from different cell lines were able to activate 8HA, NA bearing viruses. The lysates of
MDCK cells, but not those from 293T cells increasiael infectivity of 1918 HA, NA bearing
pseudoparticles. However, the infectivity rate 618 HA, NA bearing pseudoparticles upon
spinoculation of MDCK and 293T cells resided in s#a@ne range, suggesting that differential

recruitment of endosomal proteases might not adctmnthe differential activation of NA
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protein by cell lysates. Instead, NA might recraifprotease during transport through the
secretory pathway or at the cell surface of thassproducing MDCK but not 293T cells. In
any case, it needs to be noted that the cleavaget@mn of 1918 HA, NA bearing
pseudotypes by MDCK, but not 293T cell lysates, wedficient. This may be due to the
HA-activating protease unfolding its full activignly upon incorporation into an intact lipid
membrane or a specific subcellular compartmentfufiner explore the potential cell type-
dependence of activation of 1918 HA by 1918 NA|iogpion of the authentic 1918 influenza
virus in MDCK cells and the human hepatoma cek liuh-7 in the presence and absence of
trypsin was compared. In agreement with publishesiilts [Tumpeet al., 2005], it was
found that the 1918 influenza virus replicated ID®K cells in the presence or absence of
trypsin with the same kinetics and viral peak &itdn contrast, replication in Huh-7 cells was
only robust in the presence of trypsin, indicatihgt these cells do not express a 1918 HA
activating protease. Collectively, activation ofABO9HA by 1918 NA is cell type dependent
and the responsible cellular protease and the lynaigmolecular mechanism remain to be
elucidated.

Influenza virus infection in humans is largely reeged to the respiratory tract [Skehel and
Wiley, 2000], which expresses the receptors foalvemtry and is also believed to express
HA-activating proteases. A study by Bottcher andleagues identified the enzymes
TMPRSS2 and HAT, two members of the class of typgahsmembrane serine proteases
(TTSPs), as candidate proteases for activationfieirent influenza A virus subtypes (H1, H2,
H3) in the human respiratory tract [Bottcheiral., 2006; 2009]. Therefore, these serine
proteases as well as other members of the TTSRd atao be involved in the activation of
the 1918 influenza virus. The co-expression of TMBR or TMPRSS4 with 1918 HA
resulted in 1918 HA cleavage in a 1918 NA-indepahdeanner and allowed generation of
1918 HA, NA bearing pseudotypes, which were infaddiin the absence of trypsin treatment.
The detection of TMPRSS4 mRNA in human lung tissuRich was previously found to
express TMPRSS2 mRNA as well [Donaldsaral., 2002], indicates that these proteases
might facilitate spread of the 1918 influenza vimshuman lung [Szabet al., 2003; Szabo
and Bugge, 2008]. In contrast, TMPRSS4 mRNA was detected in 293T, Huh7 and
MDCK cells, in agreement with the finding that fleemer two cell lines do not allow trypsin-
independent 1918 HA activation and that trypsirepehdent viral spread in MDCK cells
requires the recruitment of a still unknown hosli peotease by 1918 NA. Finally, it is
noteworthy that cleavage of 1918 HA by TMPRSS2 BNMIPRSS4 |leads to the production of

HAL1 subunits of slightly different sizes and thesee differences might be due to cleavage of
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HA at different sites or, more likely, differentiglycosylation. Taken together, TMPRSS2
and TMPRSS4 can activate 1918 HA in cell culturel amght promote viral spread in
infected individuals. While TMPRSS2 had previousigen implicated in influenza virus
activation [Bottcheet al., 2006; 2010], the protease TMPRSS4 was identdsed new TTSP,

capable of activating the 1918 influenza virus HA.

6.2 Second manuscript: TMPRSS2 and TMPRSS4 facilita trypsin-independent spread

of influenza virus in Caco-2 cells

The cleavage activation of influenza virus HA iseadial for viral infectivity. Polybasic
cleavage sites of highly pathogenic avian influenzases (HPAIVS) are recognized by
ubiquitously expressed subtilisin-like proteasedpwang systemic viral spread and
development of severe disease. In contrast, theobamic cleavage sites of low pathogenic
avian influenza viruses (LPAIVs) and human influenvazruses are recognized by trypsin-like
proteases, the expression of which is believed géadstricted to the respiratory tract or
gastrointestinal tract in waterfowl/and gastroitited tract in poultry [Steinhauer, 1999].
Consequently, viral spread is limited to the afoeatroned organs and usually results in only
mild symptoms [Steinhauer, 1999]. The identity abtpases activating viruses with a
monobasic cleavage site is at present not welhddfi Recently, a new class of trysin-like
serine proteases, named TTSPs, were proposedvatactiruses with a monobasic cleavage
site [Bottcheret al., 2006; 2009; Bottcher-Friebertshaustral., 2010]. However, these
studies had exclusively been conducted with cediditransfected to express the proteases in
guestion. It was therefore assessed if endogenmisase expression in cell lines could
activate influenza HA and correlate with the abitib support trypsin-independent influenza
virus spread.

We and others had previously shown that the TTSRBRSS2 and TMPRSS4 can activate
influenza HA [Bottcheret al., 2006; 2009; Chaipaet al., 2009; Bottcher-Friebertshausstr
al., 2010]. Based on these findings, it was firstadsivhether other members of the TTSP
family can activate influenza viruses. The seringtgase hepsin, which is expressed in high
levels in the liver, but is also detected in thgntlis, lung, pancreas, prostate and kidney
[Tsuji et al., 1991; Szabo and Bugge, 2008] was able to cldavefluenza virus HA into its
subunits HA1 and HA2. The HAL subunits generatedTMPRSS2 on the one side and
hepsinfTMPRSS4 on the other side were of slighiffent sizes and differential HA
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glycosylation was shown to be responsible for treze differences. How TTSP expression
impacts HA glycosylation and if this effect occumsinfected cells remains to be determined.
Interestingly, hepsin expression was unable toeromffectivity to HA bearing pseudotypes
or to PR8 (H1N1) influenza virus, despite the ipmyation of cleaved HA into virions. Why
hepsin failed to activate influenza virus HA ispaésent unclear, but might be explained by
differences in quantitative cleavage compared t&PR8S2 and TMPRSS4.

Next, it was determined if TMPRSS2 and TMPRSS4 west only able to activate HA
incorporated into lentiviral pseudotypes, but cocdafer infectivity to replication competent
influenza viruses. Spread of the PR8 (H1N1) infhkeervirus, which bears a monobasic
cleavage site, in 293T cells was about 10-fold aemed by expression of TMPRSS2 and
TMPRSS4 relative to control cells and a similareeffwas seen upon trypsin treatment. In
contrast, expression of TMPRSS2 and TMPRSS4 hadffect on spread of an influenza
virus with a polybasic cleavage site, as expecled.relatively high background measured in
these experiments resulted from the usage of alremdivated viruses, generated in
embryonated hen eggs, which express HA-activatingtepses. Thus, TMPRSS2 and
TMPRSS4 can activate replication-competent infl@aemzuses when exogenously expressed
in cell lines.

Based on these observations, it was then investggtcell lines susceptible to influenza
virus infection express TMPRSS2 and TMPRSS4 amrdpfession allows viral spread in the
absence of trypsin treatment. Viral spread in 2930h7 and Vero E6 cells was examined,
which are known to support influenza virus repligat only upon the addition of an
exogenous protease [Lazarowitz and Choppin, 19tvotkovaet al., 1995; de Witet al.,
2004; Chaiparet al., 2009]. In contrast, the Caco-2 cell line, whiclaswvderived from
intestinal epithelium [Pintat al., 1983; Jumarie and Malo, 1991], was reported lowal
influenza virus replication in the absence of awmg®nous protease [Zhirnov and Klenk,
2003], suggesting that these cells might expressHAractivating protease, potentially
TMPRSS2 and/or TMPRSS4. Indeed, TMPRSS2 and TMPRSBRBMA was detected by
guantitative reverse transcription PCR in this e and TMPRSS2 protein was detected by
Western blot. Evidence for expression of TMPRS®tgin was not obtained, due to the lack
of an appropriate antibody. Next, it was examinedHA was cleaved in Caco-2 cells.
Transient expression of HA in Caco-2 but not 298llscresulted in the generation of an HA
fragment corresponding to HA1l. The cleavage of HWAQaco-2 cells resulted in HA-
activation, since pseudotypes generated in Cacot2dt 293T cells were infectious in the

absence of trypsin treatment and PR8 (H1N1) reglican Caco-2 cells with similar
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efficiency in the presence and absence of trypBive ability of Caco-2 cells to generate
infectious HA-bearing pseudotypes indicates thatHA is activated during the passage of
the constitutive secretory pathway. In contradiyvation did not occur during viral entry into
Caco-2 cells, since pseudotypes bearing non-aetivdA were unable to infect Caco-2 cells.
This observation is compatible with a recent pwtian, which demonstrates that TMPRSS2
cleaves newly synthesized HA within the cell ancha@t able to activate HA on incoming
viruses [Bottcher-Friebertshaustial., 2010]. However, the results contrast those repldoly
Zhirnov and Klenk [Zhirnov and Klenk, 2003], whoggested that proteolytic activation of
HA can occur during viral uptake in Caco-2 cellkisIdiscrepancy might be explained by the
different experimental procedures used in both istadZhirnov and colleagues used
replication-competent influenza viruses insteaghsfudoparticles and might have employed
different cell culture conditions [Zhirnov and Klker2003]. Regardless, Zhirnov and Klenk as
well as the present study both observed efficietivation of influenza virus in Caco-2 cells
in the absence of trypsin, raising the question tiidre TMPRSS2 and TMPRSS4 are
responsible for HA-activation in Caco-2 cells.

In order to assess the role of TMPRSS2 and TMPRB8S4A-activation in Caco-2 cells,
siRNA-mediated knockdown was employed. Knockdowreittier TMPRSS2 or TMPRSS4
markedly reduced PR8 (H1N1) spread in the abseuntadt in the presence of trypsin while
the spread of a virus with a polybasic cleavage wiis not affected. Thus, both TMPRSS2
and TMPRSS4 can support viral spread in Caco-3.célhy the knockdown of TMPRSS2
could not be rescued by TMPRSS4 are versa is at present unclear. It can be speculated,
however, that expression of both proteases is dindked that knockdown of one protease
affected expression of the other — an effect thatilds have remained unnoticed due to the
absence of reagents for detection of TMPRSS4 protei

To allow influenza virus replication in humans, TRIES2 and TMPRSS4 need to be
expressed in viral target cells. Human influenzauses infect cells which express
glycoproteins or glycolipids modified with-2,6-linked sialic acid (SA) [Skehel and Wiley,
2000; Modrowet al., 2003; Bouvier and Palese, 2008; Taubenberger kagh, 2010].
Pandemic influenza viruses, including the Swingjariinfluenza virus 2009, are able to
spread in the alveolar epithelium and infection thfs tissue is associated with the
development of viral pneumonia [Kuiken and Taubegbe 2008; Taubenberger and Morens,
2008; Yehet al., 2010]. The analysis of human lung tissues by imomistochemistry
revealed co-expression of TMPRSS2 am@,6-linked SA in type Il pneumocytes and

alveolar macrophages, suggesting that TMPRSS2 raigigort viral replication in these cells.
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A study by van Riel and colleagues demonstratedhtiman influenza viruses preferentially
bind to type | pneumocytes and to a lesser degrégpe Il pneumocytes and occasionally to
macrophages [van Riet al., 2007]. In contrast, a recent study showed that2(b09 H1N1
virus mainly infects type Il pneumocytes [Shiehal., 2010] and it is conceivable that
TMPRSS2 supports viral spread in these cells. Esgima of TMPRSS2 was also detected in
the colon, stomach, and kidney [Paoloni-Giacolsnal., 1997; Jacquinedt al., 2001; Szabo
and Bugge, 2008], and might be responsible forrtdre extrapulmonary viral spread in
humans [Kuiken and Taubenberger, 2008; Lusta., 2008]. The expression of TMPRSS4
protein in human lung remains to be determined.

In summary, the present study showed for the firste that endogenously expressed
TMPRSS2 and TMPRSS4 can facilitate the spreadhfraan influenza virus in cell culture
and potentially constitute targets for therapeuttervention. Previous work unambiguously
established that inhibition of proteolytic activatiis a suitable strategy to suppress influenza
virus spread in cell culture, animals, and in itddchumans [Zhirnowt al., 1982; 1984;
Garten et al.,, 1989; Stieneke-Grobeet al., 1992; Bottcheret al., 2009; Bottcher-
Friebertshausest al., 2010]. Our results suggest that at least twogass#s, TMPRSS2 and
TMPRSS4, must be targeted to efficiently suppresd spread. However, inhibition of only
one of these proteases reduced viral replicatio@ano-2 cells and might be sufficient to
obtain a therapeutic benefit. One way to addressre¢hative importance of TMPRSS2 and
TMPRSS4 for influenza virus spread are knockoutemibmprss2 knockout mice are
available and do not display an obvious phenotyphé absence of expression [Kaenal.,

2006] and are thus ideally suited for this endeavou
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A Alanine

A.D. Lateinischa dato (since this day)

CDC Centers of Disease Control and Prevention

CM2 Influenza C virus minor envelope protein

cRNA Complementary ribonucleic acid

CuUB Cls/Clr, urchin embryonic growth factor ancheamorphogenic
protein-1 domain

D Aspartate

DESC-1 Differentially expressed squamous celtiocmma gene 1

ETS E-twenty six

FP Fusion peptide

FRZ Frizzled domain HAT (human airway trypsikeliprotease

GP Glycoprotein

H Histidine

HA Hemagglutinin

HAEC Human adenoid epithelial cell

HAT Human airway trypsin-like protease

HEF Hemagglutinin-esterase-fusion protein

HMPV Human metapneumovirus

HPAIV High pathogenic avian influenza virus

ICTV International Committee on Taxonomy of Viess

kb Kilo bases

kDA Kilo Dalton

LAIV Live-attenuated influenza vaccine

LDLA Low-density lipoprotein receptor domain staA

LPAIV Low pathogenic avian influenza virus

M1 Matrix 1 protein

M2 Matrix 2 protein

MAM Meprin, A5 antigen and receptor protein pploatase m domain

MDCK Mardin-Darby Canine Kidney cell line

MHV Mouse hepatitis coronavirus
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MRNA Messanger ribonucleic acid

MSPL Mosaic serine protease large form

NA Neuraminidase

NEP Nuclear export protein

NP Nucleoproteins

NS1 Non-structural protein 1

NS2 Non-structural protein 2

ORF Open reading frame

PA Polymerase acidic protein

PAR-2 Protease-activated receptor 2

PB1 Polymerase basic protein 1

PB2 Polymerase basic protein 2

PC5/6 Pro-protein convertase 5/6
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RNA Ribonucleic acid

RKI Robert Koch-Institute

S Serine
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SARS-CoV Severe Acute Respiratory Syndrome-Coriongv
SEA Single sea urchin sperm protein, enterogdapé, agrin domain
SR Scavenger receptor cysteine-rich domain
SsRNA Single-stranded ribonucleic acid

TGN Trans-Golgi network
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TTSP Type Il transmembrane serine protease
uPA Urokinase receptor

VRNA Viral ribonucleic acid

VRNP Viral ribonucleoprotein

WHO World Health Organization



8. Appendix 88

Acknowledgements

First of all, | want to express my great thanksmpsupervisor, Prof. Dr. Stefan Péhlmann for
giving me this excellent opportunity to pursue mycubr thesis in his laboratory. | am

thankful to him for his patient guidance, enthustasncouragement and useful critiques of
this research work. | appreciated his support foexpeditious doctor thesis visiting different

laboratories and national as well as internatiaonalgresses.

| want to thank Prof. Dr. Thomas Schulz and all rhers of the Institute of Virology at the
Medical School of Hannover for their kind suppontdauntiring helpfulness throughout my
thesis.

| would like to thank Prof. Dr. Thomas Pietschmamd Prof. Dr. Edgar Maiss for their

willingness to serve as referees.

Very special thanks go to all members of StefanliRéhn’s laboratory, for their help and
advices. | really appreciate the friendly, enjogahhd communicative lab atmosphere which
was remarkable through out the last years. My gratbanks are also extended to llona
Glowacka and Imke Steffen who helped me a lot dunny thesis with inspiring discussions,

supporting suggestions, reading my manuscript ayodrd.

Ariel Markwardt and Kerry Markwardt, thank you foarefully reading my thesis.

| also want to thank Sven Stanelle for reading nanuscript and his lovely encouragement

during the final stage of my doctor thesis.

Last but not least, my special thanks go to my moo#dnd my brother for their fundamental

support and perpetual advices throughout my acadand personal journey.



8. Appendix

89

Curriculum Vitae

Personal data

Name:

Birth date:
Place of birth:
Nationality:

Academical education

Stephanie Bertram
June 10 1983
Wolfenbuttel, Germany

German

Since 08/2007

07/2006 - 04/2007

01/2006 - 02/2006

09/2005 - 10/2005

2003 - 2007

2002 - 2003

PhD thesis, Hannover Medical Schoslitute of Virology, Prof.
Dr. Stefan P6himann (in BMBF-NetworK)iral pathogenesis

of coronaviruses and influenza A viruses*

Diploma thesis, University of Hamg, Institute of
Biochemistry and Molecular biology, Prof. Dr. Uhi¢dahn:

“Selection of RNAs as transcription activators ink. coli*

Internship, UKE Hamburg, Insétaf Immunology, Prof. Dr.
Friedrich Nolte:“Identification of ADP-ribosylated proteins

in murine T-lymphocytes*”

Internship, University of Hamhurgtitute of Biochemistry and
Molecular biology, Prof. Dr. Ulrich HahfiCharacterisation of

aptamers, specific for infectious bursal diseasemis (IBDV)*

University of Hamburg, degree: bioloigioma
Major subject: biochemistry, minor subjects: mimatogy and
zoology

Graduationdiploma (final grade: excellent)

Technical University of Braunschweiggree: biology diploma



8. Appendix 90

Congresses

09/26-29/2009 5th European Congress of Viral Zomn@&. Raphael, France)

Oral presentatiorfRole of type Il transmembrane serine

proteases in activiation of influenza A virus”

03/18-21/2009 19th Annual Meeting of the SocietyMaology (Leipzig,
Germany)
Poster:Proteolytic activation of the 1918 influenza virus

hemagglutinin”

06/22-27/2008 The Xlth International Nidovirus Symsum (Oxford, GB)
Poster*SARS- and NL63-coronavirus interactions with
angiotensin-converting enzyme 2: Determinants of

pathogenicity?”

09/01-05/2007 Third European Congress of Viroldgyirgberg, Germany)

Hannover, den

Stephanie Bertram



8. Appendix 91

List of Publications

First author

Simmons G* Bertram S.,* Glowacka |* Steffen I., Chaipan C., Agudelo J., Lu K.,
Rennekamp A.J., Hofmann H., Bates P. and P6himarif&erent host cell proteases
activate the SARS-coronavirus spike-protein for cell-cell and virus-cell fusion. Virology. 2011,
413(2):265-274*contributed equally

Glowacka 1.* Bertram S. * Allen P., Soilleux E., Pfefferle S., Steffen Iségaye T.S. He Y.,
Drosten C. and Péhlmann &vidence that TMPRSS2 activates the severe acute respiratory
syndrome coronavirus spike protein for membrane fusion and reduces viral control by the
humoral immune response. J Virol. 2011 85(9):4122-4134*contributed equally

Bertram S.,* Glowacka |* Blazejewska P%,Soilleux E., Allen P., Danisch S., Steffen 1.,
Choi S.Y., Park Y., Schneider H., Schughart K. Botiimann STMPRSX and TMPRS
facilitate trypsin-independent spread of influenza virusin Caco-2 cells. J Virol. 201Q 84(19):
10016-10025* contributed equally

Glowacka 1.* Bertram S.,* Herzog P., Pfefferle S., Steffen I., Muench M8mmons G.,
Hofmann H., Kuri T., Weber F., Eichler J., Drosténand P6himann Differential
downregulation of ACE2 by the spike proteins of severe acute respiratory syndrome
coronavirus and human coronavirus NL63. J Virol. 201Q 84(2): 1198-1205¢contributed
equally

Chaipan C¥ Kobasa D¥ Bertram S.,;* Glowacka I., Steffen |., Tsegaye T.S., Takeda M.,

Bugge T.H., Kim S., Park Y., Marzi A. and P6him&nProteolytic activation of the 1918
influenza virus hemagglutinin. J Virol. 2009 83(7): 3200-3211%contributed equally

Co-author

Kahl A., Banning C., Marzi A., Steffen Bertram S., Glowacka 1., Sturzl M., Guo J-T.,
Feldmann H., Behrens G., schindler M. and PéhIng&nnhe Ebola virus glycoprotein and
HIV-1 Vpu employ different strategiesto counteract the antiviral factor tetherin. J Virol.
(accepted)

Zhou Y., Lu K., Pfefferle SBertram S., Glowacka I., Drosten C., PGhlmann S., Simmons G.,
A single asparagine-linked glycosylation site of the severe acute respiratory syndrome

coronavirus spike glycoprotein facilitates inhibition by mannose-binding lectin through

multiple mechanisms. J Virol. 201Q 84(17): 8753-8764.

Chaipan S.Y., Steffen I., Tsegaye TBertram S., Glowacka I., Kato Y., Schmokel J.,
Minch J., Gerardy-Schahn R. and P6himanim&r poration of podoplanin into human
immunodeficiency virus particles released from HEK-293T cell, but not PBMC, isrequired
for efficient binding to the attachment factor CLEC-2 and transmission to target cells.
Retrovirology.201Q 7(47).



8. Appendix 92

Kdhl A., Minch J., Sauter DBertram S., Glowacka I., Steffen I., Specht A., Hofmann H.,
Schneider H., Behrens G. and P6éhimaniC8lcium-modul ating cyclophilin ligand does not
restrict retrovirusrelease. Nat Med.201Q 16(2): 155-156.

Review/book chapter

Bertram S., Glowacka I., Steffen 1., Kihl A. and P6himanni¥oyel insights into proteolytic
cleavage of influenza virus hemagglutinin. Rev Med Virol.201Q 20(5): 298-310.

Glowacka I.Bertram S. and P6éhimann Sellular Entry of SARS Coronavirus: Implications
for Transmission, Pathogenicity and Antiviral Strategies. Sunil K. Lal (Editor), Molecular
Biology of SARS-Coronavirus. Springer Verlé@f1Q ISBN: 978-3-642-03682-8.

Choi S.Y.,Bertram S., Glowacka I., Park Y.W. and Péhlmann Bype Il transmembrane
serine proteasesin cancer and viral infections. Trends Mol Med2009 15(7): 303-312.



8. Appendix 93

Declaration (Erklarung)

gemaln 86(1) der Promotionsordnung der Naturwissaftichen Fakultat der Gottfried

Wilhelm Leibnitz Universitat Hannover

Hierdurch erklare ich, dass ich meine Dissertatimindem Titel

Proteolytic Activation of human Influenza Viruses

selbststandig verfasst und die benutzten Hilfsinitbel Quellen sowie gegebenenfalls die zu

Hilfeleistungen herangezogenen Institutionen vaiidig angegeben habe.
Die Dissertation wurde nicht schon als Masterari®flomarbeit oder andere Prifungsarbeit

verwendet.

Hannover, den

Stephanie Bertram



