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CHAPTER I: INTRODUCTION

Influenza A viruses (IAV) are able to threaten the health of mammals, avian species and
humans. Originating from waterfowl, which represent the natural reservoir of most of the
different IAV subtypes, the caused disease can range from mild to very severe. Circulating IAV
in poultry as well as in swine and equines can lead to huge economic losses and pose a
potential zoonotic threat. Additionally to the zoonotic potential of IAV, annually recurring

strains of IAV circulate in the human population and cause seasonal epidemics.

Until 2012, 16 different hemagglutinin (HA) and 9 neuraminidase (NA) subtypes were known,
and all of them were found in different kinds of aquatic birds. But the world of IAV was
properly shaken up as two novel influenza A-like viruses (IALV) were identified with the help
of next-generation sequencing in the feces of the little yellow-shouldered bat (Sturnira lilium)
in Peru and the flat-faced fruit-eating bat (Artibeus planirostris) in Guatemala. Provisionally
designated as H17N10 and H18N11, these viruses not only expanded the range of natural
reservoirs for 1AV, but also showed new extraordinary characteristics in comparison to
conventional IAV. Neither the HA nor the NA are able to bind to sialic acid residues, the well-
known receptor molecule of “classical” IAV. In fact, MHC-II class proteins function as cell-entry
mediators for the novel IALVs. In addition, they lack the ability to reassort with conventional
IAV and the function of the NA protein is still unknown. These traits raised questions and
challenges concerning the zoonotic potential, but also the route of infection and the

pathogenesis within the original bat host species.

Additional evidence was found, that supports the hypothesis of bats playing a major role as
either being a natural host species of 1AV or potential vessel for reassortmant processes. In
2015, serological evidence of IAV in frugivorous bats from Africa, especially concerning H9
specific antibodies, supported this theory. Four years later, a distinct HIN2 line of IAV was

characterized and isolated from Egyptian fruit bats (Rousettus Aegyptiacus).

On the one hand, the aim of this work was to investigate the zoonotic potential of the new
bat influenza A viruses (batlAV), and on the other hand, to highlight the way of infection and

pathogenesis in the natural host species.



CHAPTER Il: REVIEW OF LITERATURE

11.1 Influenza A viruses

11.1.1 Definitions and taxonomy

Influenza is a viral infection that occurs worldwide and can lead to epidemics, especially during
autumn and winter, or even pandemics.[1, 2] Causative agents are influenza viruses (IV), which
are part of the family Orthomyxoviridae and are divided into four different genera:
Alphainfluenzavirus, Betainfluenzavirus, Gammainfluenzavirus and Deltainfluenzavirus.[3-5]
All four genera are represented by only one species each, namely Influenza A virus (IAV),
Influenza B virus (IBV), Influenza C Virus (ICV) and Influenza D virus (IDV), respectively.[5] The
cause of seasonal influenza epidemics of humans are IAV and IBV.[1] The division of the
different genera is predicated on antigenic variation of the matrix proteins (M1) and
nucleoproteins (NP).[6] Thogotovirus (TVs), Quaranjavirus (QVs) and Isavirus do belong

likewise to the virus family and represent further genera.[7-9]

IAV comprise a large diversity in their HA and NA genes. At the moment, 18 different subtypes
of HA and 11 subtypes of NA are known.[4] Although IAV play a huge role in seasonal influenza
epidemics and are the main cause of severe human pandemics, it comes as a surprise that
almost all subtypes originate from waterfowl.[10, 11] Merely H17N10 and H18N11 descend
from South American bat species.[12, 13] Beside mammals also birds can develop severe
illness in consequence of an infection with IAV, especially from subtype H5 or H7. However,

the infection appears to be without clinical signs in aquatic birds most of the time.[10]
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Figure 1. Influenza A subtypes and their hosts

Figure as presented in “Of ducks and Men: Ecology of a Zoonotic Pathogen in a Wild Reservoir Host” by
Michelle Wille, Neus Latorre-Margalef, Jonas Waldenstrom 2017; ISSN: 2366-3324; doi: 10.1007/978-3-319-
60616-3_9 [14] *

Waterfowl represent the natural host species of Influenza A viruses. Spillover events to other wild and
domestic bird species are demonstrated. Swine take on the role of representing a mixing vessel by being
susceptible to avian and human IAV. The role of bats in the ecology of IAV has yet to be determined.[14]

*permission for reproduction in Chapter IX: Supplements

Contrary, there is no classification for IBV based on different types of HA. Two antigenically
and genetically distinct lineages are the reason for human influenza B epidemics. The two
strains are referred to as yam88-like or vic87-like and are related to either B/Yamagata/16/88
or B/Victoria/2/87, respectively.[15] Both lineages are co-circulating in the human population

since 1983, but are fluctuating dependent on the region or time period.[15, 16]



Based on the clinical appearance, a discrimination between IAV and IBV in humans is not
possible; however, IBV are allocated with an overall lower clinical attack rate.[17]

The species of ICVs differs from above in public health importance, especially clinical
appearance and frequency of occurrence. ICV cause a mild respiratory or even asymptomatic
disease in humans. While mainly being encountered and isolated from children below the age
of six, the seroprevalance among adults is much higher.[18, 19] Since ICV were isolated from
pigs in China in 1981 and in the United States of America in 2011, the topic of a potential
species transmission from pigs to humans arouse interest. [20, 21]

The latest introduction to the family of Orthomyxoviridae is the genus of Deltainfluenzavirus
with their species of IDV. They are distinctly related to ICV and are isolated from pigs, which
can even develop clinical signs of a respiratory illness, in addition to cattle.[22, 23] There is
also evidence of IDV being able to infect ferrets, the surrogate model for human influenza A

disease.[3]

11.1.2 Particle structure

IAV are enveloped and polymorphic RNA viruses. Spheroidal forms with an average diameter
of 80nm to 120nm prepossess most particles, but filamentous shapes are possible as well.[24-
26] The negative-sensed, single-stranded RNA genome comprises eight different segments,
that code for at least 11 proteins.[27] RNA segments possess conserved and partially
complementary 5’ -and 3’ -end sequences with promoter activity. As depicted in figure 2
the helical, viral RNA is covered by multiple nucleoproteins to form ribonucleocomplexes
(RNPs). Associated to each single genome segment are three polypeptides that form the viral
RNA dependent RNA polymerase (RdRp). The two glycoproteins, HA and NA as well as the M2-
protein, which forms a proton-selective ion-channel within the viral membrane, are part of
the lipid bilayer. The HA binds to sialic acid receptors (SRA) and is therefore initiating
endocytosis. While human influenza viruses prefer a2,6-linked SRA, the receptor binding cite
of the HA of avian species are the a2,3-linked ones.[28] Towards the center of the virion, a
protein layer of matrix proteins (M1) succeeds the latter.[29] Other internal proteins are the
polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2), the polymeric acidic

protein (PA), the nucleoprotein (NP) and the non-structural protein 2 (NS2).[27]
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Figure 2. Influenza A virion structure

Figure as presented in “Influenza: lessons from the past pandemics, warnings from current incidents.” By
Horimoto T. and Kawaoka Y. 2005; PMID: 16064053; doi: 10.1038/nrmicro1208 [30] *

*permission for reproduction in Chapter IX: Supplements

11.1.3 Influenza A — a zoonosis

11.1.3.1 Mechanisms of variation of IAV

As already mentioned beforehand, the natural reservoir host species of IAV are aquatic
birds.[10] At the moment, more than 10.000 bird species are known in general and
estimations even suggest more than double that number, based on phylogenetic research.[31]
Hence, 1AV are globally spread and circulate in avian species as well as mammals, like swine
and equines. In cases of spill over infections from their animal hosts to humans, IAV can lead
to epidemics and even pandemics. IAV-infected humans can develop a respiratory, potentially
fatal disease.[1, 2] The direct crossover of an avian influenza virus from e.g. birds to humans,
however, is an exceedingly rare event, that requires the virus to adapt and is essentially

induced by two mechanisms, called antigenic drift and antigenic shift.



Antigenic drift occurs through a long-term congregation of point mutations in the RNA, which
finally can lead to changes in the amino acid (aa) composition.[4, 10, 32] It is the result of the
proofreading deficiency of the RdRp.[4] Since the HA and the NA are the main immunogenic
compartments of IAV, changes in the aa compound of these proteins can lead to the ability of
evading the responses of the immune system.[33] These rapid occurring changes regularly
confront vaccination programs with the challenge to adapt continuously to new IAV variants,
which can cause seasonal influenza epidemics. Even though evading virus strains only arise
every two to five years, it is important to constantly surveil new occurring IAV strains and

adjust vaccine composition accordingly.[34]

Since IAV contain eight different gene segments, reassortment events can take place in case
of a coinfection in one host cell with two different IAV strains.[4, 35] As long as this process
involves the HA and/or the NA gene segment, it is named antigenic shift.[36, 37] The progeny
viruses might be able to evade the human immune system, due to their newly obtained
features concerning their antigenic makeup.[33] In the event of a coinfection with two
different 1AV, there are mathematically 256 (28) different gene segment combinations and
therefore progeny IAV possible.[37] Antigenic shifts represent an important part of IAV

evolution and are the main reason for the repeated occurrence of influenza pandemics.[36]

[1.1.3.2 Avian influenza viruses

Avian influenza viruses (AIVs) are important pathogens in the poultry industry, circulating for
decades and causing devastating outbreaks.[4, 38, 39] AlV can be divided into two phenotypes
based on their pathogenicity in chickens: low pathogenic (LP) and highly pathogenic (HP). One
of the main virulence determinants of HPAIV is the multi basic cleavage site (MBCS) in the HA
of the influenza A subtypes of H5 and H7.[40] In order to be infectious, the original HAO from
virus particles has to be cleaved into two parts, called HA1 and HA2.[40] The monobasic
cleavage site of LPAIV can only be split by trypsin-like proteases, which are present in the
upper respiratory tract and/or intestinal tract of birds, strictly limiting the infection
likewise.[40-42] The MBCS of HPAIV however, can be cleaved by furin-like proteases, which

appear to be pervasive, and therefore enable a systemic infection.[41, 42]



Besides the presence of a MBCS in the HA of H5 or H7 viruses, the World Organization for
Animal Health (OIE) also determines the pathogenicity of AlV by in vivo testing in chickens.
AlV, which surpass an intravenous pathogenicity index (IVPI) of 1.2 or higher, in either 6-weeks
old chickens, or cause at least a fatality in 75% of four-to-eight-week-old chickens are
identified as being highly pathogenic.[43] Besides the HA subtypes of H5 and H7, H9 viruses
are also able to threat human public health, even though transmissions from birds to humans
are exceedingly rare.[4, 38, 44] The following part highlights exemplarily four of the most
important AIV concerning human health: H5N1, H7N7, H7N9 and H9N2.

H5N1

In 1997, the first cases of fatal human H5N1 infections were reported from Hong Kong. Overall,
18 patients were infected, with six of them being lethal.[44-48] The origin of all genes of the
causative virus appeared to be from AIV sources.[4, 44] After the recurrence of the virus in
2003, a further spread from Asia to Europe, the Middle East and Africa started.[38, 44] For the
first time, the crossing of the animal-to-human barrier was accomplished for H5N1 [4] and,
despite of it being a very rare event, the number of fatal cases of AIV H5N1 in humans in
percentage is quite high. Up to date (March 2020), the World Health Organization (WHO)
reports a total of 861 cases and 455 deaths.[44, 49] The high percentage of fatal cases is the
result of HSN1 being able to overcome the restriction to the respiratory tract and occasionally
lead to systemic infections.[44, 50-54] Experiments in ferrets, which are the gold standard of
human IAV research about virulence and transmission, showed, that human-to-human
transmission of viruses with H5 HA is in the realms of possibility. In addition, H5N1
distinguishes from other AIV by being able to kill high numbers of wild aquatic birds, which

was first observed at the Lake Qinghai, in western China in 2005.[38, 55]

H7N7

It was 1996, when a 43-year-old woman in England, who was the owner of pet ducks, was first
infected by an AIV of subtype H7, developing a right eye conjunctivitis. Subsequently, the virus
was isolated and identified as A/England/268/96.[56, 57] Seven years later, a large outbreak
of AIV of subtype H7N7 occurred in poultry in the Netherlands.[58]



Overall, during the outbreak also 86 poultry farm workers and three of their family members
were infected, with 78 of them developing a conjunctivitis and even one fatal case.[58, 59] All
internal genes of the H7N7 HPAIV in the Netherlands were descendants from a close-by
circulating H7N7 LPAIV.[4, 59] Another case of transmission of H7N7 HPAIV from birds to
humans happened in August 2013 in Italy, when three breeding and cleaning workers of a

poultry farm developed conjunctivitis after an animal culling procedure.[60]

H7N9

In spring 2013, three Chinese citizens, who had contact to birds in variable ways, showed an
infection of the lower respiratory tract, which was caused by the novel IAV H7N9.[61] While
the low pathogenic H7N9 virus of avian origin did only cause mild or even no illness in poultry,
it appears to symbolize a major threat to humans, which was certified by the death of all three
above mentioned patients.[61, 62] The low pathogenicity in poultry leads to a major problem
in detection and is only to be overcome by active virological surveillance programs.[62] In
humans however, the virus can lead to a severe and fatal illness, comprising cough, high fever
and pneumonia.[61, 62] Studies with ferrets further revealed transmission via direct
contact.[62-64] Since February of 2013, the virus spread in China with overall 1568 confirmed
cases, 616 of them being fatal.[65] Luckily, the H7N9-epidemic in China was successfully

stopped after the introduction of a H5/H7 bivalent vaccine for chickens.[66]

HI9N2

Unlike the above-mentioned HPAIV, LPAIV of subtype HIN2 are not able to attract much
awareness concerning public health control and disease management.[67, 68] Not only are
they present since the 1980s and have been isolated from terrestrial poultry worldwide, but
also AlV of subtype H9N2 are endemic in several Eurasian and African countries.[4, 67-77]
While threatening global poultry health, HON2 and especially its reassortants are able to
menace human health likewise.[78-80] The first ever isolation of HON2 from two children in
Hong Kong was published in 1999 and raised a special level of interest, regarding the fact of

HIN2 being a LPAIV.[81]



The certainty that some LPAIV of subtype HIN2 prefer the human-type sialic acid receptor
and are able to be transferred between ferrets via respiratory droplets emphasizes their
zoonotic and pandemic potential.[67, 68] HON2 viruses have changed significantly during the
last decade, leading to an increase of laboratory confirmed cases in China between 2010 and
2013.[68] Since 2015, 26 cases of confirmed human infections have been reported.[82] Based
on phylogenetical analysis of the HA gene, LPAIV of subtype HON2 are divided into two
different lineages: the Eurasian and the American. The Eurasian lineage is furthermore split
into three sublineages: while A/duck/Hong Kong/Y280/97 (Y280-like), A/Chicken/Beijing/1/94
(BJ94-like) and A/Chicken/Hong Kong /G9/97 (G9-like) represent the Y280-like lineage,
A/quail/Hong Kong/G1/97-like (G1-like) represents the G1-lineage and A/Duck/Kong
Kong/Y439 (Y439-like) and A/chicken/Korea/38349-p98323/96 (Korean-like) are the
representatives of the Korean lineage.[4, 68, 83] Right now, HON2 viruses are in the center of
attention, especially highlighting their contribution of gene segments to different zoonotic AIV

in the past due to their reassortment potential.[4, 80, 84-86]

11.1.3.3 Swine influenza and the mixing vessel theory

As already described in chapter 11.1.3.2, most of the potential pandemic IAV arise from
reassortment between avian and human IAV strains. In terms of representing the mixing
vessel for reassortment events, swine stepped into the center of attention.[87, 88] The base
of this theory is formed by two major factors, the antigenetic and genetic similarities between
some avian, human and swine IAV strains and the susceptibility of pigs to avian and human
IAV strains likewise.[87] While the majority of AlVs favors a2,3-linked (avian-receptor) sialic
acid residues, most of the human IAV prefer a2,6-linked (mammalian-receptor) ones.[89, 90]
Swine are featured with both receptor types in their respiratory tract, leading to their
susceptibility for avian and human IAV strains and building up the molecular foundation of the
mixing vessel theory.[91] There is plenty of evidence, ranging from in vitro and in vivo
experiments to natural occurring IAV reassortants, supporting and proving the role of swine
in the creation of new potential pandemic virus strains.[92] The generation of “new” viruses

was accomplished by infecting pigs with IAV of humans and swine simultaneously.[93-95]



Kida et al. furthermore proved, that pigs are susceptible to some AlV strains, too, and so
potential triple-reassortants between human, swine and avian AV are feasible.[92] The most
noteworthy triple-reassortant was HIN1pdmOQ9, representing the causative agent of the first
and only influenza pandemic in the 21%" century. In this case, avian-like swine viruses provided
the NA and M gene segments, classical swine viruses the NP, NS, HA genes while the PB2, PB1,
and PA originated from North American AIV.[4, 44, 96-98] In addition, natural genetic

reassortants could be found in swine as well as in humans, respectively.[99, 100]

Despite swine influenza viruses being important pathogens in the pig industry, human cases
of infections with swine origin viruses are rare, with only 27 confirmed cases between 1990
and 2010 in the USA.[101] Since 2010, a total of 430 cases of human infection with swine-
origin influenza A(H3N2) variant viruses (H3N2v) have been detected in the United
States.[102] One of the main factors for transmission of IAV from pigs to humans and vice
versa are farm workers that are frequently exposed to swine. They may serve as a bridging

population for interspecies transmission.[103, 104]

11.1.3.4 Risk factors of human infections with zoonotic influenza

viruses

In the last part of chapter II.1.3, Influenza A — a zoonosis, the sources and routes of human
infections with zoonotic IV are highlighted. Although zoonotic infections are rare in
comparison to seasonal AV, the viruses might be able to mutate or reassort in animals or
humans and develop the ability for an animal-to-human or even human-to-human
transmission.[4] In general, IAV can be transmitted to humans via inhaling of dust or
respiratory droplets, but also the conjunctiva appear to be an open door for some AlV, in
particular ones of the subtype H7.[105, 106] It seems to be obvious, that the work, contact
and handling of swine and essentially poultry, like purchasing on live bird markets (LBM),
slaughtering, defeathering, cleaning, cooking and boiling of meat, demonstrate one of the
main risk factors for humans to be committed to animal origin 1AV.[105, 107] In Asia, the
epicenter and source of three of the five pandemics in the last 100 years, and Egypt, live bird

markets turn up to be one of the main risk factors for zoonotic transmissions of AlV.[4, 107]
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The congregation of different bird species like chickens, ducks or geese from different sources,
lead to the continuously circulating and disposition of AlV.[4, 107] Another example from Van
Kerkhove et al. shows multiple variating risk factors for an AlV infection, depending on the
region and the general customariness regarding poultry treatment. Even though most of the
population in rural Cambodia had frequent contact to poultry, performing potential
transmission risk activities, the overall number of H5N1 infections in this case was lower, than
in comparable studies from Thailand and Vietnam.[108-110] Difference in poultry density per
km?, a lower probability of handling ill chicken and barriers in successful AlV transmission can
lead to variations.[108] For the latter one, food preparation and hygiene practices determine
a major influence on AlV transmission to humans, e.g. boiling or heating up poultry before
defeathering, like it is the habit in Cambodia.[108] Food hygiene procedures furthermore

could lead into the risk of transmission being negligible.[111]

11.2 The relevance of bats in virology

Around 20% of all mammal species, overall more than 1300, are bats.[112, 113] A closer look
on bats, or to be more precise, on the order Chiroptera, that is furthermore divided into
Megachiroptera (megabats) and Microchiroptera (microbats), reveals, that at the moment
(March 2020) 30 bat species worldwide are even entitled critically endangered.[114, 115] Bats
are the only mammals that own the power to fly and often use echolocation in order to
orientate themselves.[116] The main problems bats have to face are from anthropogenic
activities, like deforestation, habitat loss, destruction of roosts or even simple hunting and
killing. It does not come as a surprise, that all of the 52 European bat species and their roosts
are legally protected.[117] In 2008, Jones at al. published, that the majority of Emerging
infectious diseases (EIDs, 71,8%) is derived from wildlife.[118] Not only are EIDs threatening
global economy and human health, they are also on a significant rise.[118, 119] The intensive
contact and harassment of wildlife, and in this case especially bats, menaces the life and health
of bats and humans likewise. Bats are described as one of the main sources and risks for

zoonotic diseases, even harboring more zoonoses per species than rodents altogether.[120]
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In addition, they merge several characteristics, which turn bats into perfect reservoirs for
pathogens. Besides the already mentioned increasing contact through anthropogenic
activities, bats live in very large colonies, they are able to travel and disseminate viruses over
a quite large distance in a comparable short amount of time and are pleased with a long life
for their relatively small body size.[115, 121] The differences between the immune systems of
bats and humans are also worth to mention. A bunch of highly pathogenic viruses, comprising
filoviruses, coronaviruses, lyssa- and henipaviruses, are proved being transmissible from bats
to humans.[115, 116] It is demonstrated, that several bat species contain a constrictive
viraemia towards some of these viruses, which is probably the result of an overall different
immune response.[122-128] The diverse antiviral response probably raised from a long
coevolution of bats with their viruses, but was also influenced by factors like the evolution of
flight.[123] Since bats are difficult to obtain, house and taken care of, not much about the

differences in comparison to humans or rodents is known.

11.3 Discovery and characteristics of bat influenza A-like viruses

As already mentioned beforehand, bats are able to harbor a huge variety of potential zoonotic
viruses. Recently, bats were identified to be also hosts to different subtypes of influenza A
viruses, respectively.[12, 13, 129, 130] Here, the two influenza A-like viruses H17N10 and
H18N11, which played the leading role in this work, are further described.

H17N10

In 2013, Tong et al. described the discovery and identification of an influenza A-like virus from
bats. Of the overall 316 tested bats, the rectal swabs of three individuals from the little yellow-
shouldered bat (Sturnira lilium, family Phyllostomidae) were tested positive via pan-influenza
guantitative reverse transcription PCR (RT-qPCR). Since additional specimens of one bat (liver,
intestine, lung and kidney tissue) were also tested positive, an infectious process was
estimated rather than the digestion of infected food.[12] Genome analysis with the use of
next-generation sequencing (lllumina GAllx and 454 pyrosequencing) and the Sanger-method
revealed that the bat virus is more related to influenza A than influenza B or C viruses and was

from now on called A/little-shouldered bat/Guatemala/164/2009 (A/bat/Guat/09).
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The phylogenetic analysis led to the estimation, that the HA of A/bat/Guat/09 is closer related
to the group 1 HAs (subtypes H1, 2, 5, 6, 8, 9, 11, 12, 13, and 16) than to the group 2 HAs (H3,
4,7,10, 14, and 15).[12] Therefore, the HA diverged after the split of influenza A HA subtypes
into group 1 and 2. On the other side, the NA of A/bat/Guat/09 is neither in a close relationship
to influenza A nor to influenza B viruses. This indicates, that the NA of the bat virus probably

shares an older ancestral with known influenza viruses.[12]

H18N11

In a second study, 116 bats were captured in the Peruvian Amazonian rainforest. Overall, 18
different bat species were sampled and screened with a pan influenza RT-PCR. The rectal swab
and the intestine of one flat-faced fruit-eating bat (Artibeus planirostris, family
Phyllostomidae) was tested positive. Deep sequencing and Sanger analysis led to the whole-
genome information and designation of this virus as A/flat-faced bat/Peru/033/2010
(A/bat/Peru/10).[13] The phylogenetic analysis revealed, that A/bat/Peru/10 is most closely
related to A/bat/Guat/09, the virus found in bats from Guatemala a year before.[12, 13] Even
though the relation between the two batlAV is the closest, in comparison to other influenza A
viruses, there is still a huge evolutionary difference, that it is adequate to designate
A/bat/Peru 10 as H18N11.[13]

In order to investigate the spread and circulation of batlAV among bats, a panel of sera was
analyzed with an indirect enzyme-linked immunosorbent assay (ELISA) to identify IgG
antibodies. Specific IgG antibodies against either the HA or the NA of H18N11 were found in
55 of the 110 Peruvian bats. Furthermore, the positive sera were also tested for antibodies
against H17, H1 and H5, but none of the sera showed any kind of cross reactivity, indicating
the designation of A/bat/Peru/10 as H18N11 once again. Five additional species were found
to be seropositive as well.[13] The serological analysis of the Peruvian bats initiated a similar
study, with the goal to examine the seroprevalence of antibodies against H17 or N10 among
bats in Guatemala. Here, the ELISA detected specific antibodies against H17, indicating a
widespread circulation of bat-influenza A-like viruses in New World bats.[13]

Besides the influenza A viruses H17N10 and H18N11, that were found in the Little yellow-
shouldered fruit bat (Sturnira lilium) in Peru and the Flat-faced fruit-eating bat (Artibeus
planirostris) in Guatemala, respectively, bats are hosts to other influenza A viruses as well.[12,

13]
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In 2015, Freidl et al. described the serological evidence regarding antibodies against H9 in the
straw-colored fruit bat (Eidolon helvum) in Ghana.[130] Furthermore, a new Influenza A virus
of subtype HIN2 was detected and isolated from Egyptian fruit bats (Rousettus Aegyptiacus)
from the Nile delta.[129]

Characteristics of bat influenza A viruses

Two studies investigated the function of the glycoproteins by using the expression with
vesicular stomatitis virus (VSV) based vector systems. In the first study, Hoffmann et al. found
no susceptibility of frequently used human, monkey or canine cell lines in IAV research.
However, three different kinds of bat-derived cell lines appeared to be susceptible to bat HA
and NA carrying vector particles.[131] However, for a successful infection, pre-treatment of
the pseudotypes with trypsin for the activation of the HA was necessary. The type Il
transmembrane serine protease TMPRSS2 was able to trigger the entry into cells, not only
leading to the conclusion of bat HAs accommodating a monobasic cleavage site but also
emphasizing the need of studies concerning the zoonotic potential of batlAV, since TMPRSS2
is also available in humans.[131] Further experiments revealed the independency of bat HAs
from sialic acid receptors, because no increase in cell entry was found upon treatment of the
cells with a sialidase.[131] The study of Maruyama et al. also confirmed these findings with
the help of VSVs pseudotyped with the HAs and NAs from batlAV.[132]

One of the main attributes of IAV is the ability to reassort their gene segments and expand
their genome variation in the case of a coinfection with another IAV. (Chapter 11.1.3.1)
Nevertheless, the generation of reassortants, consisting of genes from bat flu H17N10 and IAV
SC35M, with the help of reverse genetics, failed, even using only a single bat segment.[133]
Therefore, a general incompatibility of batlAV to reassort with conventional IAV could be

demonstrated.[133]
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Figure 3. Rescue trials using different combinations of batlAV H17N10 and SC35M segments

Partial figure as presented in: “An infectious bat-derived chimeric influenza virus harbouring the entry machinery
of an influenza A virus.” By Mindaugas Juozapaitis and Etori Aguiar Moreira 2014; PMID: 25055345; doi:
10.1038/ncomms5448 [133] *

Juozapaitis et al. 2014: “All genomic segments of the H17N10 (Bat), the authentic SC35M HA and NA segments
combined with the internal segments of H17N10 (Bat-HA/NASC35M), ORF of HA/NASC35M with the non-coding
regions of H17N10 (Bat-50 HA/NASC35M)or ORF of HA/NASC35M with noncoding region and about 100 nt of
the 50 and 30 coding sequences of H17N10 (Bat-250 HA/NASC35M).”[133]

*permission for reproduction in Chapter IX: Supplements

The analysis of the crystal structure from the N10 revealed that it shares the same structural
properties with the NA proteins of conventional IAV. Nevertheless, it misses conserved amino
acids being responsible for sialic acid binding and cleaving. Therefore, N10 is not able to bind
to sialic acids and does not have any kind of sialidase activity, which leads to the question,
whether bat influenza NAs show any kind of enzymatic activity. Also, the mechanisms of
interaction between bat influenza HA and NA has yet not been discovered.[134-136] Despite
bat influenza HAs possess a similar overall structure with a conserved putative receptor-
binding site, compared to the HAs of conventional 1AV, they are neither able to bind to the
canonical human a2,6 sialic acid linked, nor to the avian a2,3 linked receptor. Hence, another
unique mechanism has to form the basis of cell entry.[13, 137, 138] In fact, Karakus and
Thamamongood et al. provided the evidence of major histocompatibility complex class I
(MHC-11) human leukocyte antigen DR isotypes (HLA-DR) playing an important role in the cell
entry process of batlAV.[139]



Thus, they linked the results of a transcriptomic analysis of susceptible and non-susceptible
cell lines with a CRISPR-Cas9 screening. The expression of MHC-II of different species,
comprising mice, chicken, bats or pigs, lead to the susceptibility of cells towards batlAV and
the idea of a potentially broad host spectrum.[139] Since MHC-Il represents ubiquitous
proteins of the immune system in many species, including humans, the question if batlAV

representing a potential zoonotic risk rose and put itself into an important subject of this

work.[140]
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CHAPTER Ill: OBJECTIVES

The recent discovery of two influenza A-like virus sequences in South American bat species
raised awareness, especially concerning the replication of these viruses within species, which
are known to harbor zoonotic and health threatening viral agents. Up to this date, there were
no studies available describing and characterizing the bat influenza A-like viruses in different
kinds of animal models, in order to investigate their way of infection, pathogenesis, genetic
stability and zoonotic potential, respectively. Both publications further highlight the potential

importance of bats regarding virus reservoirs and virus distribution.

1. Transmission experiments — Characterizing H18N11 and its variant rP11
(Chapter 1V.1)
Little is known about the characteristics of both newly discovered batlAV up to this
date. In order to understand the features regarding genetic plasticity, intraspecies
transmission or zoonotic potential, in vitro analyses and in vivo transmission
experiments in mice, ferrets and Jamaican fruit bats shall help to elucidate the yet

unknown world of bat flu viruses of subtype H18N11.

2. Inoculation of Carollia perspicillata with HI8N11
(Chapter 1V.2)
Seba’s short-tailed bats (Carollia perspicillata) combine the two features of
representing an H18N11 antibody positive South American bat species with excellent
characteristics regarding animal experiments. Therefore, the route of infection, the
pathogenesis and the not yet determined role as a major virus distributor should be

investigated in this bat animal experiment.
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Bat influenza viruses transmit among bats but are
poorly adapted to non-bat species

Kevin Ciminski©"?, Wei Ran"?", Marco Gorka®", Jinhwa Lee*, Ashley Malmlov®, Jan Schinkothes,
Miles Eckley®, Reyes A. Murrieta®, Tawfik A. Aboellail®, Corey L. Campbell®, Gregory D. Ebel®,
Jingjiao Ma*, Anne Pohlmann?, Kati Franzke’, Reiner Ulrich®, Donata Hoffmann3,

Adolfo Garcia-Sastre ©8°°, Wenjun Ma**, Tony Schountz®5*, Martin Beer®3* and

Martin Schwemmle ®"2*

Major histocompatibility complex class Il (MHC-II) molecules of multiple species function as cell-entry receptors for the hae-
magglutinin-like H18 protein of the bat H18N11 influenza A virus, enabling tropism of the viruses in a potentially broad range of
vertebrates. However, the function of the neuraminidase-like N11 protein is unknown because it is dispensable for viral infection
or the release of H18-pseudotyped viruses. Here, we show that infection of mammalian cells with wild-type H18N11 leads to
the emergence of mutant viruses that lack the N11 ectodomain and acquired mutations in H18. An infectious clone of one such
mutant virus, designated rP11, appeared to be genetically stable in mice and replicated to higher titres in mice and cell culture
compared with wild-type H18N11. In ferrets, rP11 antigen and RNA were detected at low levels in various tissues, including
the tonsils, whereas the wild-type virus was not. In Neotropical Jamaican fruit bats, wild-type H18N11 was found in intestinal
Peyer's patches and was shed to high concentrations in rectal samples, resulting in viral transmission to naive contact bats.
Notably, rP11 also replicated efficiently in bats; however, only restored full-length N11 viruses were transmissible. Our findings
suggest that wild-type H18N11 replicates poorly in mice and ferrets and that N11 is a determinant for viral transmission in bats.

(IAVs) are zoonotic pathogens that are able to cross species  proteins N10 and N11 seem to be dispensable for viral entry and

barriers and establish distinct lineages within a broad range  budding in the context of both H17 and H18-pseudotyped vesicular
of different avian and mammalian hosts'. Although cross-species  stomatitis virus (VSV)'*"%, suggesting that authentic HI8N11 may
transmissions from animal reservoirs to the human population are  replicate independently of N11. Here we studied the genetic stability
usually dead-end infections, in rare cases the acquisition of new and replication potential of H18N11 in cells, mice, ferrets and bats.
genome segment variants through genomic reassortment and adap-
tive mutations can lead to the emergence of pandemic viruses’”.  Results
During 2012 and 2013 and recently in 2018, the complete genome  H18N11 acquires mutations in H18 and N11 after cell culture
sequences of two previously undescribed IAV subtypes, classified as ~ passaging to increase viral replication. Evidence is lacking about
H17N10 and H18N11, were identified in rectal swab samples from  the replication properties and the genetic stability of HI8N11 in cell
New World fruit bats, which are previously unknown influenza virus ~ culture. We therefore performed serial in vitro passaging of wild-
reservoirs”®. Although most of the bat-derived genome segments  type (WT) H18N11 in RIE1495 cells in the presence or absence of
were found to resemble those of conventional IAVs®, structural sialidase pretreatment, which was shown to increase viral yield".
and biochemical data demonstrated that the surface glycoproteins  After passaging, we observed a successive increase in viral titres for
of H17N10 and H18N11, despite structural similarities, lack the viruses derived from both cells that were pretreated or untreated
canonical ®2,3 or a2,6 sialic acid binding and destroying activi-  with sialidase and that were accompanied by amino acid substi-
ties of their conventional haemagglutinin (HA) and neuraminidase tutions in the H18 head domain at S235Y or V254F (Fig. la,b,
(NA) counterparts, respectively’”'*. Instead, H17 HA and H18 HA  Supplementary Fig. 1a,b) and various concurrent deletions in the
alone were shown to be sufficient for mediating host cell entry'*"* by ~ N11 viral RNA segment (N11,,; Fig. 1a,b). All of the identified
utilizing MHC-II molecules as cell-entry receptors’. Interestingly, = N11,, viral RNAs had a single large internal deletion in the coding
MHC-II molecules from various vertebrate species, including bats,  region with asymmetrical nucleotide contributions at the 3’- and
swine, chicken, mice and humans, support H18-mediated cell entry, ~ 5’-terminal ends (Supplementary Table 1). Although the 3’ genome

O riginating from aquatic waterfowl, influenza A viruses permitting potentially broad host tropism'’. Moreover, the NA-like

"Institute of Virology, Medical Center University of Freiburg, Freiburg, Germany. ?Faculty of Medicine, University of Freiburg, Freiburg, Germany. *Institute
of Diagnostic Virology, Friedrich-Loeffler-Institut, Greifswald, Germany. *Department of Diagnostic Medicine/Pathobiology, College of Veterinary
Medicine, Kansas State University, Manhattan, KS, USA. *Arthropod Borne and Infectious Diseases Laboratory, Department of Microbiology, Immunology
and Pathology, College of Veterinary Medicine and Biomedical Sciences, Colorado State University, Fort Collins, CO, USA. °Department of Experimental
Animal Facilities and Biorisk Management, Friedrich-Loeffler-Institut, Greifswald, Germany. “Institute of Infectology, Friedrich-Loeffler-Institut, Greifswald,
Germany. ®Global Health and Emerging Pathogens Institute, lcahn School of Medicine at Mount Sinai, New York, NY, USA. °Department of Microbiology,
Icahn School of Medicine at Mount Sinai, New York, NY, USA. °Department of Medicine, Division of Infectious Diseases, Icahn School of Medicine at
Mount Sinai, New York, NY, USA. "These authors contributed equally: Wei Ran, Marco Gorka. *e-mail: wma@vet k-state.edu; Tony.Schountz@colostate.edu;
Martin.Beer@fli.de; martin.schwemmle@uniklinik-freiburg.de
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Fig. 1| Mutations in H18 and N11 enhance replication of H18N11 invitro. a-d, After recovering the WT H18N11 virus by reverse genetics using HEK293T
cells, viruses were serially passaged in canine RIE1495 cells. Before infection, cells were either treated with sialidase or left untreated. Sialidase pretreated
(a,c) or untreated (b,d) cells were infected with H18N11 at the indicated multiplicity of infection (MOI) for 48 h. After each passage, the virus-containing
cell supernatant was collected and used for the determination of viral titres by endpoint titration in MDCKII cells. The products of RT-PCR amplification of
genomic H18 or N11 sequences were analysed by Sanger sequencing. Corresponding H18,,; and N11,,; sequences or identified mutations at each passage
are highlighted with coloured squares. The dashed lines indicate the detection limit. Each passaging experiment was performed once.

ends were rather short, comprising 101-163 nucleotides, the
retained 5’ genome ends were longer and varied between 204-474
nucleotides (Supplementary Table 1). Overall, around 60-80% of
the genomic sequence was deleted among the different N11,, viral
RNA variants. All of the identified viral RNA deletions were out-of-
frame deletions, which result in mRNAs that encode C-terminal-
truncated N11 proteins. Depending on the specific N11,, viral
RNA variant, the encoded N11 proteins were 30-70 amino acids
in length and comprised only the short cytoplasmic tail, the
transmembrane domain and parts of the stalk region (Fig. 2a,
Supplementary Table 1).

Repetition of the passaging experiment with a second indepen-
dent WT H18N11 preparation resulted in similar increasing viral
titres together with mutations in both H18 and N11 (Fig. 1c,d). We
observed an immediate selection of the K170R substitution in H18
and a nonsense mutation (X) in N11 at G107 (N11,4) caused by
the single-nucleotide point mutation at G342U (Fig. lc,d). The
premature stop codon at G107X resulted in a protein truncation,
whereby the N11 head domain was lost and only the cytoplasmic
tail, the transmembrane domain and a part of the stalk region were

NATURE MICROBIOLOGY | VOL 4 | DECEMBER 2019 | 2298-2309 | www.nature.com/naturemicrobiology

retained (Fig. 2a). In subsequent passages, additional mutations
in the H18 head domain at either A196V or N250S were acquired
(Fig. 1¢,d, Supplementary Fig. 1a,b). Sequencing of the viral-parti-
cle genome obtained after eleven passages in untreated cells (P11)
confirmed the acquisition and fixation of the two mutations in
the H18 head domain at K170R and N250S (H18,;0x x250s) and the
premature stop codon in N11, whereas all of the other genomic
segments remained unchanged (Supplementary Table 2).

Next, we generated recombinant viruses on the basis of the
in vitro selected H18N11 variant P11 (Fig. 1d), designated rP11,
that encode H18y, oz nasos and N11g,47x. We further generated rP11
variants that either harboured a double stop codon at the posi-
tions G107 and T108 (N11g,exri0sx)> designated rP11y;; giorxriosx
or a variant encoding the V5 epitope ahead of the two stop codons
(N11ys giorxriosx)> designated rP11y, vs gioxriosx (Fig. 2b). All of the
recombinant viruses were viable and maintained the introduced
mutations, indicating that the head domain of N11 is not required
for efficient replication in RIE1495 cells. After infection of RIE1495
cells, we detected a specific V5 signal of 25kDa only in the lysate
of cells infected with rP11y,, s ciommosx corresponding to the
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Fig. 2 | H18N11 replicates in the absence of the N11 head domain invitro. a, Images of the different N11 homotetrameric complex variants found in this
study. N11,,; monomers comprise a transmembrane domain (TMD)), a stalk and head domain. By contrast, N11,,, and N11¢,,,5 lack the functional head
domain either because of deletions of the viral RNA genome sequence or the insertion of a point mutation (G342U; highlighted in red), which results in
a premature stop codon. Owing to different frame-shift mutations, the C terminus of N11,, varies (indicated by dotted lines; Supplementary Table 1) and
contains a short unrelated C-terminal peptide (blue). The head domain was created using PyMOL on the basis of the available crystal structure (Protein
Data Bank (PDB): 4K3Y). b, Alignment of the H18N11 N11,,; and N11 mutant nucleotide sequences. Inserted point mutations in the sequences of N11,q7x,
NVg107x7108x @Nd N11ys 6107x7108x that result in a premature stop codon at position G107 and/or T108 are highlighted in red. The introduced V5 amino acid
coding sequence in N115 g07x7108x IS indicated in green. ¢, RIE1495 cells were infected with the indicated viruses at an MOI of 10 for 24 h. Subsequently,
cell lysate or virus-containing cell supernatant was analysed using western blot to determine the protein levels of NP, V5 and actin (n=1). d,e, RIE1495
cells infected at an MOI of 1 of either WT H18N11 (d) or rP11 (e) were fixed at 48 h.p.i. and analysed using electron microscopy. Representative micrographs
of viral particles released from infected cells of n=3 experiments. Scale bars, 500 nm. f, MDCK cells expressing human MHC-Il (MDCK-MHC-II) or
control cells (MDCK-control) were infected with the indicated viruses at an MOI of 5. Successful infection was monitored by immunofluorescence (IF)
using H18-specific antibodies. Representative images of n=3 independent experiments. Scale bar, 25 pm.
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Fig. 3 | H18,y0r 2505 Father than N11 truncation, enhances infectivity invitro. a-g, Synchronized infection of RIE1495 cells with WT H18N11 and rP11 at an
input multiplicity of 5. a, Subcellular localization of H18N11 antigens was monitored over time by IF using NP- and H18-specific antibodies. Representative
images of n=3 independent experiments. Scale bar, 100 um. b, Viral titres in the supernatant of infected cells were determined by endpoint titration in
MDCKII cells at the indicated time points. The dashed line indicates the detection limit. Data are mean + s.d. of n=3 independent experiments; statistical
analysis was performed using two-tailed t-tests; **P=0.01; ****P=0.0001. ¢, Schematic highlighting the experimental setup that is described below.
HEK293T cells were transfected for rescuing different H1I8N11 virus variants coding for H18,,; or H18,,70z nas0s together with N11,., N11,.6, N116,075 OF N11,,.
The N11,,, variant encodes a mutated ATG start codon to prevent translation initiation and protein synthesis. Recovered viruses were propagated in
MDCK-MHC-Il or MDCK-control cells for 48 h. Newly released viruses from MDCK-MHC-II cells were used to infect other MDCK-MHC-II cells at an MOI
of 0.001for 60 h. d,e, After infection, cells were fixed and H18 antigen was visualized using IF. Representative images of n=3 independent experiments. Scale
bars, 50 um. f, Viral titres of infected cells from e at different time points after infection. Data are mean +s.d. of n=3 independent experiments. g, MDCK-
MHC-II cells were infected with the indicated virus at an MOI of 0.5. At 48 h.p.i., samples were fixed, permeabilized and probed with H18- and MHC-IlI-specific
antibodies. White arrows indicate MHC-II-negative infected cells. Representative images of n=3 independent experiments. Scale bar, 20 um.

predicted size of the truncated N11-V5 fusion protein (Fig. 2¢).  truncated N11 protein is incorporated into the viral particle (Fig. 2¢).
This N11-V5 fusion protein was also observed in viral par- Importantly, loss of the N11 head domain had no influence on
ticle preparations of rP11y, vs cixriose demonstrating that the the particle structure; released WT HI18N11 and rP11 particles
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****p=0.0001.

showed a similar spherical morphology (Fig. 2d,e). Furthermore,
H 18 70rn250s interacted in a similar manner to H18,,; with human
MHC-II in a cell-based fusion assay (Supplementary Fig. 1c), and
host cell entry of rP11 was still MHC-II dependent as MDCK cells
stably overexpressing human MHC-II (MDCK-MHC-II), but not
control cells (MDCK-control), were susceptible to infection (Fig. 2f).
Together, these findings demonstrate that H18N11 can markedly
increase its viral growth properties in vitro by acquiring amino acid
mutations in H18 and a truncation of the N11 head domain.

H18,70r,x250s €nables viral replication independent of N11. To
gain further insights into the selection advantage of the mutant virus
rP11 compared with WT H18N11, we performed a synchronized
infection of RIE1495 cells. Immunostaining of H18 and viral
nucleoprotein (NP) revealed differences in the number of infected
cells at early time points (Fig. 3a). Although rP11-infected cells
demonstrated pronounced immunostaining signals for NP and H18
as early as 6h post infection (h.p.i.), low numbers of NP- and H18-
positive cells were observed in WT H18N11-infected cells at 6 h.p.i.
and 10h.p.i. Consistently, at 6h.p.i., we detected newly released
infectious particles in the supernatant of rP11-infected cells, whereas
infectious WT H18N11 particles were not observed until 10 h.p.i.
(Fig. 3b). Together, this suggests that the selection advantage of
rP11 over WT H18N11 in vitro is caused by enhanced infectivity. To
evaluate the contribution of H18y,x xas0s and truncated N11 to viral
replication, we next generated recombinant viruses that encoded dif-
ferent combinations of H18 (H18,y; or H18,;0r n2s0s) together with
N1l a start-codon-mutated form of N11 (N11,;,5) or a truncated
version of N11 (N11;,,,x or N11,,), and propagated them in either
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MDCK-control or MDCK-MHC-II cells for 48 h (Fig. 3¢). The pres-
ence of H18 antigen in infected cells indicated that all of the virus
variants released from HEK293T cells were infectious (Fig. 3d)
and relied on MHC-II expression (Supplementary Fig. 1d). Viruses
coding for H18,,; together with N11,;,5, N11,0,x or N11y, could
not be further propagated after subsequent infection of MDCK-
MHC-II cells (Fig. 3¢), suggesting that full-length N11 is required
in combination with H18,,. By contrast, all of the viruses carry-
ing H18y,,0r xos0s Were infectious and replicated to comparable titres
regardless of the respective N11 variant (Fig. 3e,f), demonstrat-
ing that H18y,,pz nos0s €nables N11-independent viral replication.
Finally, immunostaining of MDCK-MHC-II cells showed a reduc-
tion in MHC-II signals following infection with WT H18N11 com-
pared with cells infected with rP11 (Fig. 3g), suggesting a role of
functional full-length N11 in the regulation of MHC-II expression.

rP11, but not WT, H18N11 is genetically stable in mice. To
investigate the viral-replication properties of rP11 compared with
WT HI18N11 in vivo, C57BL/6 mice were intranasally inoculated
with a 10° 50% tissue culture infective dose (TCIDy,) of either rP11
or WT HI18N1I, and viral loads of different organs were deter-
mined at 4d post infection (d.p.i.) at the time of peaking titres
(Supplementary Fig. 2a). As expected from previous results', viral
titres in WT H18N11-infected mice were only detected in the
upper respiratory tract (URT) and varied between approximately
4.7 and 6.4log,,[TCID;,ml™'] (Fig. 4a). Similarly, replication of
rP11 was confined to the URT, but viral titres consistently reached
around 6log,,[TCID,,ml~!] (Fig. 4a). Sanger sequencing of the H18
and N11 genomic sequences confirmed that virus isolates from
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C57BL/6 mice infected with WT H18N11 harboured H18,;; and
N11yy sequences with the exception of two different isolates (3 and
5) that carried deletions in the N11 viral RNA to different degrees
(Fig. 4a,b, Supplementary Table 1). By contrast, rP11 appeared
to be genetically stable as none of the five rP11 virus isolates
showed any nucleotide exchanges other than the introduced sub-
stitutions K170R and N250S in H18 as well as the premature stop
codon in N11,4x.

Next, to determine whether H18N11 is horizontally transmitted,
we intranasally inoculated innate immune-deficient C57BL/6 mice
lacking functional type I and III IEN receptor (Ifnarl~"~Ifnlrl='-)
with either WT HI18NI11 or rP11 and then co-housed these
mice with naive contact Ifnarl™~Ifnlrl”’~ C57BL/6 mice for 4d.
Intranasal inoculation with WT HI18NI11 and rP11 resulted in
robust viral replication in the URT of inoculated index mice (Fig. 4¢)
but not in any other organ examined, including trachea, lung or
brain (Supplementary Fig. 2b), and did not cause weight loss or
mortality (Supplementary Fig. 2c). Importantly, none of the contact
mice acquired a viral infection from the inoculated donors.

rP11, but not WT H18N11, replicates to detectable levels in vari-
ous ferret organs but fails to transmit to contact animals. Ferrets
mirror the transmissibility and pathogenicity of conventional IAV
infections in humans most closely'*'*. Therefore, to determine
H18N11 growth and horizontal transmission in ferrets, we inocu-
lated 12 index ferrets with 10" TCIDj, of the cell-culture-adapted
rP11 virus and co-housed four naive contact animals after 1d for
further 20d (Fig. 5a). All of the nasal washes taken from both
index and contact animals were found to be negative throughout
the course of experiment with the exception of a weakly positive
sample obtained from index ferret 10 at 3d.p.i. (Fig. 5a). At 4d.p.i.,
four index ferrets were necropsied and multifocal atelectasis was
detected within the right lung of ferret 10 (Supplementary Fig. 3a).
Histopathological analysis of ferrets at 4d.p.i. revealed moderate
pneumonia and rhinitis with multifocal H18 RNA and weak
immunoreactivity of viral matrix protein (Fig. 5b, Supplementary
Fig. 3¢,d, Supplementary Table 3). The pharyngeal and palatine ton-
sils showed variable follicular hyperplasia and immunoreactivity of
H18 RNA and matrix protein in the follicle-associated epithelium
(FAE; Supplementary Fig. 3e—g). Furthermore, moderate RNA levels
were measured by quantitative PCR with reverse transcription
(RT-qPCR) in the trachea, lungs and brain of some of the animals
(Fig. 5¢, Supplementary Table 4). All of the ferrets appeared to be
clinically healthy throughout the course of the study and showed no
differences in body weight and body temperature compared with
the uninfected animals (Fig. 5d,¢). All of the index ferrets examined
after 7d.p.i. seroconverted with detectable NP-specific antibody
titres and neutralizing antibodies against the H18 protein (Fig. 5f,g).
Sequencing of the reverse-transcribed viral RNA extracted from
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infected lungs (9 and 10) or nasal conchae (11 and 12) revealed that
the K170R and N2508S substitutions in H18 were retained, whereas a
single nucleotide mutation at U342G in N11 emerged, restoring the
N11,, open-reading frame (ORF; Fig. 5h,i). We therefore specu-
lated that full-length N11 might be of functional relevance in ferrets
and, accordingly, inoculated 12 index ferrets with the highest pos-
sible dose of 10°TCID;, of WT H18N11 (Supplementary Fig. 4a).
However, no viral transcripts were detected in nasal lavage samples
nor in any organ, and all of the animals appeared to be clinically
healthy (Supplementary Fig. 4b,c); nevertheless, two of the four
index ferrets tested after 7 d.p.i. and all of the index ferrets tested at
21 d.p.i. seroconverted with NP-specific antibodies (Supplementary
Fig. 4d). Moreover, all of the index ferrets examined after 7d.p.i.
possessed neutralizing antibodies against H18 (Supplementary
Fig. 4e). Overall these results suggest that both WT H18N11 and
rP11 are only poorly adapted to ferrets.

Full-length N11 is required for efficient transmission of HI8N11
in Neotropical Jamaican fruit bats. To determine the replication
properties and transmissibility of HI8N11 in a putative natural-host
reservoir, we infected the Neotropical Jamaican fruit bat (Artibeus
jamaicensis), which is a close relative of the flat-faced fruit-eating
bat (Artibeus planirostris) from which the H18N11 sequence was
initially isolated’. A group of 10 bats was intranasally inoculated
with 5X 10°TCID;, of WT H18N11. At 2d.p.i., two naive contact
bats were co-housed with the infected index bats to monitor poten-
tial viral transmission (Fig. 6a). As high levels of viral genome were
observed in the faeces of naturally infected bats®’, rectal swabs
taken at the indicated time points were used to surveil and calculate
viral shedding by an NP-based RT-qPCR analysis as log,,[TCID;,
equivalentsml™'] (Fig. 6b). At 3d.p.i,, viral RNA was detected in
rectal swabs in eight out of ten index bats with an average titre of
around 3.6log,[TCID;, equivalentsml™], whereas both contact
bats were found to be virus negative at 1d post exposure (d.p.e.).
Interestingly, from 4 to 8d.p.e., viral RNA was detectable in rectal
swabs of both naive contact bats reaching viral titres of approxi-
mately 7 and 5log,,[TCID, equivalents ml™'], respectively (Fig. 6b).
From 4 d.p.e., both contact bats also developed mild signs of disease,
characterized by nasal and ocular discharge (Supplementary Fig. 5a)
that lasted until 8d.p.e. By contrast, although all eight remaining
index bats were found to be virus positive with peaking titres of
around 6.4log,,[TCID;, equivalentsml~'] (Fig. 6b), at 6d.p.i., they
appeared to be clinically healthy without any signs of disease dur-
ing the entire experiment. Importantly, although oral swab samples
collected from index and contact bats were found to be negative
throughout the course of the experiment, we were able to isolate
infectious virus from faecal specimens of bats that were found to
be H18N11 positive by RT-qPCR analysis (Supplementary Fig. 5b).
Subsequent sequencing of viral RNA isolated from rectal swab

>

Fig. 5 | rP11 exhibits only limited replication ability in ferrets. a, Index ferrets (1-12) were inoculated with 10’ TCID., of rP11 oronasally. At 1d.p.i., naive
contact ferrets (1-4) were co-housed. Nasal washes were taken at the indicated time points. White and black squares indicate absence and presence

of viral RNA in nasal washes, respectively. Grey and red squares indicate the absence and presence of HI8N11 RNA in at least one organ, respectively.
Asterisks indicate seroconversion. b, Histologic findings with detection of viral antigen and RNA in paraffin-embedded tissue of rP11-infected index
animals (n=4) at 4d.p.i. Moderate, subacute, suppurative rhinitis with oedema and infiltrating neutrophils (arrows) (i). Multifocal H18 RNA in the
respiratory epithelium (arrow) and in submucosal round cells (arrowhead) (ii). Faintly intracytoplasmic and intranuclear matrix-protein antigen in the
respiratory epithelium (arrow) (iii). Moderate, subacute, suppurative and necrotizing bronchiolointerstitial pneumonia with luminal debris (asterisk) (iv).
Multifocal H18 RNA in intrabronchial debris and within alveolar macrophages (arrow) (v). Scale bars, i, 50 um; i and v, 20 pm; iii, 10 um; iv, 100 um.

¢, Organs collected from n=4 euthanized ferrets at 4 d.p.i. (9-12) were tested by RT-qPCR using pan-IAV PB1 primers to determine viral titres as
RT-qPCR-derived log;,[copies ml-']. d,e, Changes in body weight (d) and body temperature (e) of rP11-infected (n=12), contact (n=4) and control ferrets
(n=2) were monitored throughout the course of the experiment. Data are mean + s.d. f.g, NP-specific antibody titres (f) and serum neutralizing antibodies
to H18 (g) of index (n=12) and contact ferrets (n=4) were determined. The dashed lines indicate cut-off points. ODss,, optical density at 550 nm. Data
are mean +s.d. h, Isolated viral RNA from lungs (9 and 10) or nasal conchae (11 and 12) was studied using Sanger sequencing to analyse H18 and N11
genomic sequences. The presence or absence of mutations is indicated by black squares. i, N11 sequence extract isolated from ferret 11 (top panel) and 12

(bottom panel). Sequencing was performed once (n=1).
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samples that were obtained from index and contact bats at 6d.p.i. ~ 28d.p.i. as well as in both contact animals at 26 d.p.e. (Fig. 6d).
or 4d.p.e. revealed H18,,; and N11,,; genomic sequences (Fig. 6¢).  Immunoreactivity of H18 RNA and matrix protein was detected in
Furthermore, a serological response with H18N11 NP-specific the FAE of jejunal Peyer’s patches, in enterocytes and lamina pro-
antibodies was detected in index bats examined at 17d.p.i. and  pria-associated round cells interpreted as macrophages and also in
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Fig. 6 | Bat |AVs that encode full-length N11 are spread among bats. a, Index bats (1-10) were infected with 5x10° TCID,, of WT H18N11 intranasally.

At 2d.p.i., naive contact bats (1-2) were co-housed. b, Viral titres of rectal swabs from index (n=10) and contact bats (n=2) were determined by
RT-gPCR. Data are mean+ s.d. ¢, Isolated viral RNA from faecal samples of index (red squares) and contact bats (blue squares) was subjected to Sanger
sequencing at 6d.p.i. d, NP-specific antibody titres of index and contact bats. The dashed lines indicate the cut-off point. e, Viral antigen and RNA in the
tissue of WT H18N11-infected index bats (n = 4). Multifocal H18 RNA in FAE (arrow) and submucosal round cells (arrowhead) of a jejunal Peyer's patch (i).
Strong matrix-protein immunoreactivity in FAE (arrow) (ii). Jejunal villi with multifocal H18 RNA in enterocytes (arrow) and in lamina propria-associated
round cells (arrowhead) (iii). Matrix-protein immunoreactivity in enterocytes (arrow) and in round cells (arrowhead) interpreted as macrophages or
dendritic cells (iv). Multifocal H18 RNA in squamous epithelium (arrow) and scattered in submucosa (arrowhead) of a palatine tonsil (v). Moderately
strong matrix-protein immunoreactivity in squamous epithelium (arrow) (vi). Scale bars, i, 50 um; ii, iv and vi, 10 pm; iii, 100 pm; v, 20 pm. f, Index bats
(1-3) were infected with 5x10° TCID,, of rP11 intranasally. Naive contact bats (1-3), designated contact 1a, were co-housed at 2 d.p.i. At 8d.p.i,, index and
contact 1a bats were separated. Other naive contact bats (1-2), designated contact 2, were co-housed with the index animals starting at 8d.p.i. Two other
naive contact bats (1-2), designated contact 1b, were co-housed with the contact 1a group from 8 to 31d.p.i. g, Viral titres of rectal swabs as in b. h, Next-
generation sequencing (NGS) of viral RNA isolated from index (red squares) and contact bats (blue squares) at 3d.p.i. (that is, contact 1a) or 4d.p.i. (that
is, contact 2 and contact 1b). The cut-off was set at 50% frequency. The white and black squares indicate the absence and presence of HI8N11 RNA in
rectal swab samples, respectively. Orange squares indicate signs of disease. Asterisks indicate seroconversion. Data are mean +s.d.
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the squamous epithelium covering the palatine tonsils of index bats
7-9 (Fig. 6e, Supplementary Table 5). Importantly, no necrotizing
or inflammatory lesions were seen in any of the investigated organs.

To evaluate whether rP11 can also replicate and transmit in
bats, three Neotropical Jamaican fruit bats were inoculated with
5% 10°TCID;, through the intranasal route. At 2d.p.i., three naive
contact bats, designated contact group la, were co-housed with
the infected index animals (Fig. 6f). RT-qPCR analysis of rectal
swabs taken from index bats revealed that all three index bats were
virus positive between 3 and 10d.p.i. and two bats shed viral RNA
until 13d.p.i., with peak titres of around 7.3log,[TCID;, equiva-
lentsml™'] at 6d.p.i. (Fig. 6g). Sequencing of viral RNA isolated
from rectal swab samples of index bats at 3d.p.i. revealed that
the amino acid substitutions in H18 were maintained in all three
isolates, whereas the full N11 coding sequence was restored by a
nucleotide point mutation at U342G accompanied by an additional
mutation at E68K in index bat 2 and also to a lesser extent in the
other index animals (Fig. 6h, Supplementary Table 6). From 4 to
8d.p.e., all three contact la bats were found to be H18N11 RNA
positive with average viral titres of around 7.3 and 3.7 log,,[ TCID,,
equivalents ml~']. At 6d.p.e., bats in the index and contact 1a group
were split into separate cages and again co-housed with two naive
contact bats each, designated contact group 2 and contact group 1b,
respectively. We were thus able to monitor the duration of the rP11
infection in index bats and the transmissibility of the acquired virus
in the contact 1a bats (Fig. 6f). HI8N11 RNA was identified in rec-
tal samples obtained from bats in contact group 2 from 3 to 6d.p.e.
and one bat shed viral RNA until 9d.p.e., corresponding with
peak titres of around 7.3log,[TCID;, equivalentsml™'] at 6d.p.e.
Notably, both of the contact bats of the contact group 1b started to
shed virus at 3d.p.e. with an average titre of around 7log,,[TCID;,
equivalentsml~'] (Fig. 6g). After sequencing viral RNA obtained
from contact bats at 3d.p.e. (contact 1a group) or 4d.p.e. (contact
2 and contact 1b group), we still detected the introduced mutations
at K170R and N250S in H18, but all of the isolates harboured a full-
length N11 ORF with an amino acid substitution at E68K (Fig. 6h).
Taken together, our data strongly suggest that N11 is not required
for replication and shedding of H18N11 in its bat host, but rather it
is a prerequisite for efficient transmission.

Discussion

Here we demonstrate that bat IAV H18N11 transmits efficiently
among Neotropical Jamaican fruit bats, a putative natural-host res-
ervoir’. On the basis of high loads of viral transcripts in rectal swabs
and the detection of infectious virus in rectal excretions, we assume
that H18N11 is spread through virus-containing faeces. Consistent
with this, histopathological analysis indicates that viral replication
proceeds in the FAE of gut-associated lymphoid tissue, suggesting
virus uptake from the gastrointestinal lumen'. In a similar manner,
low pathogenic avian IAVSs replicate in the intestine of ducks and are
excreted at high concentrations in faeces”. Thus, although the route
of IAV transmission might be similar in bat and avian species, it is
clearly different to the spread of IAV in humans. Importantly, the
function of N11 seems to be particularly related to viral transmis-
sion, as viruses encoding full-length N11 showed a growth advan-
tage over those that encode a truncated N11 together with H18;.
Although the precise role of N11 remains unclear, it is tempting
to speculate that N11 might be involved in the downregulation of
MHC-II expression, thereby facilitating virion release. Whether the
N11 mutation E68K plays an additional role in this context remains
to be determined.

The recent discovery of MHC-II molecules in bats and vari-
ous other species as cell-entry mediators for the bat AV subtypes
H17N10 and H18N11" raised concerns of their epizootic and
zoonotic potential’’. Indeed, our data highlight that—owing to its
genetic plasticity—H18N11 becomes rapidly adapted in vitro by
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acquiring mutations in H18 and by the removal of the N11 head
domain. As shown for rP11, such mutant viruses efficiently repli-
cate in mice, suggesting that its rapid adaptability might increase the
spill-over potential to other non-bat species. However, the adapta-
tion to new hosts seems to be species-dependent, as infections of
bats and ferrets with rP11 resulted in the immediate selection of
novel virus mutants coding for a restored N11 ORF while simulta-
neously maintaining the two amino acid mutations in H18. On the
basis of the relatively low replication capacity of H18N11 in ferrets,
we speculate that the zoonotic potential is rather low, provided that
ferrets are an appropriate animal model to study bat IAV infections
of humans. However, viral replication in ferrets was similar to bats
primarily detected in the FAE. In ferrets, it was found that the FAE
of the pharyngeal and palatine tonsils were strongly positive for H18
RNA and viral antigen, whereas viral replication in bats occurred in
the FAE of the gut-associated lymphoid tissue and also partially in
palatine tonsils. This preference for the FAE in both animals might
be related to the high number of MHC-II-expressing cells that are
in close proximity to this type of epithelium.

Infection experiments with rP11 in vitro, in mice and in bats
revealed that efficient replication without the help of the NA-like
protein N11 is most likely due to two amino acid substitutions in
the H18 head domain. Interestingly, HA-autonomous replication
has also been shown for classical IAVs in previous studies”~".
Those sialidase-independent mutants were generated artificially
by consecutive cell culture or in ovo passaging in the presence of
neutralizing antibodies or neuraminidase inhibitors. As a result,
some NA-negative mutants almost completely lost their affinity to
host-cell sialic acids and all of the described NA deletion mutants
were attenuated in vitro and in vivo. This emphasizes the need of
conventional IAVs for a balanced interplay of the HA-mediated
receptor binding and NA-facilitated receptor-destroying function,
a cooperation that might be comparably relevant in the context
of bat IAVs encoding H18,,. Although H18N11 variants that
encode H18,,; together with a truncated form of N11 failed to
spread in vitro, H18y ;0 vasos alone facilitated viral replication in
cell culture.

Collectively, our study reveals that H18NI11 replicates and
spreads among bats but is poorly adapted to non-bat host species
such as ferrets and mice. The genetic plasticity of H18N11, which
allows it to adapt quickly to non-bat species, highlights that closer
monitoring of the epizootic and zoonotic potential of these bat-
derived viruses is required.

Methods

Cell lines. HEK293T cells were obtained from the American Type Culture
Collection (ATCC; CRL-3216). RIE1495 and MDCKII cells were obtained from

G. Herrler (University of Veterinary Medicine Hannover) and were described
previously"'. MDCK cells stably overexpressing human MHC-II (MDCK-MHC-II)
and control cells (MDCK-control) were generated previously'". All cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Thermo Fisher
Scientific) containing 10% fetal calf serum (FCS), 100 Uml~' penicillin and
100mgml-' streptomycin at 37 °C with 5% CO,. MDCK-MHC-II and MDCK-
control were selected using 2.5pgml~' puromycin and 300 pg ml~" hygromycin.

Generation of recombinant bat influenza H18N11 viruses. The pHW2000-
based rescue system was used to generate recombinant WT H18N11 and
H18N11 mutant virus variants as described previously''. pHW2000 plasmids
encoding H18y 7 x50 N11ags N11giom N11giorxmioss OF N1lys giomxriosx Were
generated using site-specific mutagenesis primers. To prevent the initiation of
translation and protein synthesis of N11, we also generated a pHW2000 rescue
plasmid encoding an N11,,s variant, in which the first ATG codon in the

5" coding sequence of the N11 ORF was mutated to TCC. Furthermore, we
generated a pHW2000 plasmid encoding N11,,, on the basis of the 546-nucleotide
viral-RNA deletion variant found in vitro and in vivo. The presence of the
introduced mutations was confirmed by sequencing with H18-specific primers
(forward, 5'-GCAGGGTGATTATTATTCAGAATGATTACAATAC-3'; reverse,
5'-GCAATAATAGATTGACATTAGCTAACACCAC-3") and N11-specific
primers (forward, 5'- AATAATCGCGGCCGCACCATGTCGTTTCAAACATC
GACATGTCTGTTG-3'; reverse, 5'-AATAATCCTCGAGTTACCCCCAGTTGA
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CATCTGGCAT-3'). All of the recombinant viruses were passaged twice in
RIE1495 cells for stock generation unless otherwise stated.

NGS. Infectious cell culture supernatant was subjected to NGS as described
previously”.

Viral RNA was obtained from bat tissue using TRIzol LS Reagent (Thermo
Fisher Scientific) and chloroform (Thermo Fisher Scientific) to achieve phase
separation followed by RNA extraction using the NucleoMag VET Kit
(Macherey-Nagel) according to the manufacturer’s instructions. Viral RNA was
subsequently subjected to DNase treatment using ezDNase enzyme (Thermo
Fisher Scientific) followed by cDNA synthesis using the SuperScript IV reverse
transcriptase enzyme (Thermo Fisher Scientific) with the 3’ loci-specific
primer H18_823 (5'-ATCCGTATTCTGGCCAGATGA-3) and N11_484
(5'-TGTTCTGACACAATTAGGTCTGCAT-3"). cDNA products were amplified
incorporating Nextera transposase adapters (italics) using Q5 High-Fidelity DNA
Polymerase (New England BioLabs) according to the manufacturer’s instructions
with approximately 20 cycles of amplification with H18 loci-specific primers
(bold) (forward, 5'- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAATG-
TAGACAGTGCATGCCCA-3'; reverse, 5'-GTCTCGTGGGCTCGGAGATGT-
GTATAAGAGACAGATCCGTATTCTGGCCAGATGA-3’) and N11 loci-specific
(bold) (forward, 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAA-
TTATTCCTGTGAGTGTCCAGCT-3'; reverse, 5'-GTCTCGTGGGCTCGGA
GATGTGTATAAGAGACAGTGTTCTGACACAATTAGGTCTGCA-3'). The
PCR-amplification products were bead purified using AMPure XP (Beckman
Coulter), quantified with Qubit 3.0 (Thermo Fisher Scientific) and dual-indexed
using in-house-generated Illumina Nextera Index primers with the Q5 High-
Fidelity DNA Polymerase and approximately 10 cycles of amplification. Complete
amplicon libraries were bead purified using AMPure XP (Beckman Coulter),
quantified with HS D1000 Screen Tape (Agilent Technologies) and a NEBNext
Library Quant Kit for Illumina (New England BioLabs) and sequenced with a
2% 250bp paired-end V2 kit using an Illumina MiSeq. For sequencing analyses,
the amplicon data were processed using an in-house processing workflow. In brief,
R1 and R2 fastq files from paired-end reads generated using an Illumina MiSeq
were trimmed for Illumina adapter sequences and reads with phred quality scores
of less than 30 using Cutadapt”’. The trimmed reads were then mapped to the
available H18 gene sequence (GenBank: KR077932.1) and N11 gene sequence
(GenBank: CY125947.1)" using Bowtie2™. SAMtools” was used for variant calling
preprocessing, and single-nucleotide variants, inserts and deletions were called by
using LoFreq ™ with the ‘-call-indels command’ and ‘—no-default-filter command;,
all other settings were default.

Polykaryon formation assay. HEK293T cells were seeded and grown in 6-well
plate format and co-transfected with 2 ug of pCAGGS-GFP and either pPCAGGS-
EV or pPCAGGS-H18,,; or pPCAGGS-H18, ;1 xo505- At 24 h after transfection, cells
were detached by treating with trypsin, and 100,000 transfected HEK293T cells
were then co-seeded together with either 100,000 MDCK-control or MDCK-
MHC-II cells in growth medium on glass plates in 24-well format. The next day,
cells were treated with trypsin (1 pgml™ in Opti-MEM) for 30 min at 37°C to
activate H18. Cells were subsequently washed once with PBS, exposed to PBS
(pH 5) for 20 min at 37°C and then incubated in growth medium for 2h at 37°C.
Finally, the cells were washed twice with PBS, fixed using 4% paraformaldehyde
in PBS for 20 min and nuclei were stained for 1h using 4’,6-diamidino-2-
phenylindole (DAPI) at a dilution of 1:10,000 in PBS. Glass slides were mounted
and fluorescence images were acquired using a Zeiss Observer.Z1 inverted
epifluorescence microscope (Carl Zeiss) equipped with an AxioCamMR3 camera
using a X20 objective.

Cell-culture infections. For consecutive passaging, sub-confluent RIE1495 cells
were washed with PBS and treated with 200 mU ml~' of bacterial sialidase (Sigma-
Aldrich) diluted in PBS (0.2% BSA) for 1 h at 37°C or left untreated. Cells were
then washed with PBS (0.2% BSA) and infected with passaging supernatant at

the indicated MOI in infection medium (DMEM containing 0.2% BSA, 100 U1-!
penicillin and 100 mgml-' streptomycin, and 1 pgml" trypsin) for 48 h at 37°C
with 5% CO,.

For synchronized infection, RIE1495 cells seeded onto glass plates in 24-well
plate format were washed once with PBS (0.2% BSA) and subsequently infected
with the indicated virus with an input multiplicity of 5 in infection medium on
ice. After 1h, cells were incubated for 15 min at 37°C, and then washed twice with
PBS, incubated in PBS (pH 2) for 305, washed with infection medium and further
incubated at 37°C in infection medium. At the indicated time points, cells were
fixed, washed three times with PBS and permeabilized using 0.5% Triton X-100
in PBS for 5min. Viral proteins were stained with monoclonal bat anti-IAV NP

antibodies and polyclonal anti-H18 antibodies (1:750) for 1 h at room temperature.

Cells were then washed three times with PBS and incubated with corresponding
secondary anti-mouse IgG antibodies coupled to AlexaFluor 488 (Jackson
ImmunoResearch, 1:500) or anti-rabbit IgG antibodies coupled to Cyanine Cy3
(Jackson ImmunoResearch, 1:500) for 45 min at room temperature. Finally, cells
were washed and nuclei were stained for 5min using DAPI. Glass slides were
mounted and fluorescence images were acquired as described above.
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To determine whether host cell entry is MHC-II dependent, MDCK-MHC-II
and MDCK-control cells were seeded and grown on glass plates in 24-well plate
format, washed once with PBS (0.2% BSA) and subsequently infected with the
indicated virus at an MOI of 5 in infection medium at room temperature for 1h.
Inoculum was removed and cells were washed twice with PBS and then further
incubated in infection medium for 48 h. Viral proteins were visualized as described
above.

To analyse the contribution of different H18 and N11 variants to viral
replication, viruses encoding H18,,; or H18 0. x»s0s together with N11,,,, N1,
N1lggx or N11g, were recovered from transfected HEK293T cells, and 500 pl of
the respective rescue supernatant in infection medium was used to infect MDCK-
MHC-II or MDCK-control cells seeded in 6-well plates. After infection for 48 h
at 37°C, viruses present in the cell supernatant were titrated and infected cells
were fixed and H18 antigen was visualized as described above. Next, new MDCK-
MHC-II cells seeded in 6-well plate format were washed once with PBS (0.2% BSA)
before infection and subsequently infected with the indicated virus at an MOI
0f 0.001 in infection medium for 60 h. Viral titres were determined over time by
titration and cells were finally fixed and viral antigens were visualized.

To determine the expression levels of MHC-II in infected cells, MDCK-MHC-
II-expressing cells were seeded onto glass plates in 24-well plate format, washed
once with PBS (0.2% BSA) and were then infected with the indicated virus at an
MOI of 0.5 in infection medium. At 48h.p.i., cells were fixed, permeabilized and
probed using antibodies against H18 and the human MHC-II molecule HLA-DR«
(Santa Cruz, 1:100) for 1h at room temperature.

Titration. Viral titres were determined using IF on sub-confluent MDCKII cells as
described previously ™. Rabbit polyclonal anti-H18 and secondary anti-rabbit IgG
coupled to Cyanine Cy3 (Jackson ImmunoResearch, 1:500) antibodies were used to
detect and quantify H18-positive cells.

Bat rectal swab samples were collected in 500 pl brain-heart infusion (BHI)
medium and subsequently filtered by adding an additional 500 ul PBS through a
0.45 pm filter. The filtered flow-through was used for virus titration by performing
a tenfold dilution series in PBS. Viral titres were determined by IF on sub-
confluent MDCKII cells pretreated with 100mU ml~' sialidase (Sigma-Aldrich) for
1h and diethylethanolamine for 30 min at 37 °C using rabbit polyclonal anti-NP
antibodies (Thermo Fisher Scientific, 1:400) and secondary goat anti-rabbit IgG
antibodies coupled to FITC (Thermo Fisher Scientific, 1:400) antibodies.

Western blot analysis. Protein samples from cell lysates were incubated at 95°C

in Laemmli buffer and subsequently separated by SDS-PAGE. Separated protein
samples were blotted on a nitrocellulose membrane. Levels of NP, actin or V5

were determined using specific antibodies against NP (Gene Tex, 1:1,000), actin
(Sigma-Aldrich, 1:1,000) and V5 (abcam, 1:2,500), respectively. Primary antibodies
were detected using peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch, 1:5,000).

Electron microscopy. RIE1495 cells were seeded and grown at 37 °C with 5% CO,
Cells were washed with PBS (0.2% BSA) and subsequently infected at an MOI of 1
with either WT HI8N11 or rP11. At 24 h.p.i., cells were fixed and analysed using
electron microscopy as described previously’ using a Tecnai-G2-Spirit microscope
(FEI Company).

Infection of mice. All of the mouse experiments were performed in accordance
with the guidelines of the German animal protection law and were approved by the
state of Baden-Wiirttemberg (Regierungsprasidium Freiburg; reference number:
35-9185.81/G-17/14). Mouse infection experiments were performed under BSL-3
conditions in line with the local animal care committees. C57BL/6 mice were
obtained from Janvier and Ifnar1~"~ Ifnlr1-'~ C57BL/6 mice were bred locally in
the facility at the Institute of Virology Freiburg and handled in accordance with
guidelines of the Federation for Laboratory Animal Science Associations and the
national animal welfare body. Virus stocks were diluted in Opti-MEM containing
0.3% BSA. For infection, 6-8-week-old C57BL/6 mice and Ifnarl~"~ Ifnlrl~"~
C57BL/6 mice were anaesthetized with a mixture of ketamine (100 mgg~' body
weight) and xylazine (5mgg™' body weight) administered intraperitoneally and
were subsequently inoculated intranasally with 40l of the indicated virus dose.
Throughout the course of the experiment, mice were monitored daily for changes
in body weight or severe signs of disease. To determine organ titres, mice were
euthanized at the indicated time points after infection and the indicated organs
were collected. Organs were homogenized in 1 ml PBS by three subsequent rounds
of mechanical treatment for 25 each at 6.5ms™". Tissue debris was removed by
centrifuging homogenates for 5min at 5,000 r.p.m. and 4°C.

Infection of ferrets. All of the ferret experiments were evaluated by the responsible
ethics committee of the State Office of Agriculture, Food Safety, and Fishery

in Mecklenburg- Western Pomerania, Germany (LALLF M-V), and gained
governmental approval under registration number LVL MV TSD/7221.3-1.1-
037/17. The ferrets (Mustela putorius furo) were reared at the Friedrich-Loeffler-
Institute and housed in groups of two animals per cage. The infection experiments
were performed under BSL-3 conditions using a total of 36 animals that were
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found to be healthy and negative for influenza virus antibodies. For infection,
3-9-month-old ferrets were anaesthetized by inhalation of 5% isoflurane in O,
and 12 animals per group were subsequently infected oronasally with either

rP11 (107 TCID;, in 100 pl) or WT H18N11 (10°TCIDs, in 100 ul). Two ferrets
received no inoculum and served as control animals. A group of four naive
contact ferrets were each paired with infected index ferrets at 1 d.p.i. in a one-to-
one setting to monitor viral transmission of rP11 or WT H18N11. Clinical signs
of disease (nasal discharge, reduced activity, fever, neurological symptoms and
dyspnoea), body temperature and body weight were monitored daily. Nasal-wash
samples were collected at 1, 3, 5,7, 9, 11 and 13 d.p.i. from all of the ferrets under
anaesthesia by applying 700l PBS to each nostril. To determine viral organ titres
and histopathological changes, four animals were euthanized at 4, 7 and 21 d.p.i.
and the intestine, trachea, lungs (divided into left and right parts), conchae,
heart, kidneys (only WT H18N11 infection), liver (only WT H18N11 infection),
olfactory bulb, thigh muscles, cerebellum and cerebrum were collected. Collected
organs were homogenized in a 1 ml mixture of equal volumes composed of Hank’s
balanced salts minimum essential medium (MEM) and Earle’s balanced salts MEM
containing 2mM L-glutamine, 850 mg1~' NaHCO,, 120 mgl~' sodium pyruvate
and 10% FCS (supplemented with 10% FCS and 1% penicillin-streptomycin)

by mechanical treatment for 2min at 6.5ms™". Tissue debris was removed by
centrifuging homogenates for 2 min at 13,000 r.p.m.

Infection of bats. All of the work with bats was approved by the Colorado State
University (CSU) Institutional Animal Care and Use Committee, protocol 16-
6502a. Jamaican fruit bats (A. jamaicensis) were sourced from the breeding colony
housed at CSU. This colony has been closed for 12 yr and has been determined to
be free of influenza virus infection by serology (enzyme-linked immunosorbent
assay (ELISA)) and lack of detection of viral RNA (rectal swabs). Bats were housed
in bird cages for the duration of the experiments. For inoculation, bats were
anaesthetized with 5% isoflurane in O, and then oronasally inoculated with 12.5pl
per nostril of either WT H18N11 or rP11 (5% 10° TCIDs; in 25ul). Non-inoculated
control bats were included in each experiment. Naive contact bats were co-housed
with inoculated index bats 2d.p.i. or 8 d.p.i to assess transmission. Rectal swabs
were collected at 3, 6, 10, 17 and 28d.p.i. (WT H18N11 infection) or 3, 6, 10, 11,
13,14, 17 and 20d.p.i. (rP11 infection) in BHI medium for virus isolation and
detection of viral RNA. To perform histopathological analysis, all of the WT
H18N11-infected index and contact bats were euthanized at 28 d.p.i. and all of

the rP11-infected index and contact bats were euthanized at 27, 31 or 38d.p.i. by
inhalation of isoflurane followed by thoracotomy. Tissues and blood were collected
at necropsy and prepared for histopathology, immunohistochemistry and serology.

RT-qPCR analysis. To quantify the levels of viral RNA in the homogenized ferret
organs or nasal-wash samples, the samples were first mixed with TRIzol LS Reagent
(Thermo Fisher Scientific) and then with chloroform (Thermo Fisher Scientific) to
achieve phase separation. The contained RNA was extracted with the NucleoMag
VET Kit (Macherey-Nagel) according to the manufacturer’s instructions using the
BioSprint 96 DNA Plant Kit (Qiagen). RT-qPCR analysis of isolated viral RNA was
performed using pan-IAV PB1 primers as described previously™.

To quantify levels of HI8N11 viral RNA in bat rectal swab samples, the
respective sample was first mixed with TRIzol reagent for 5min and chloroform
(Thermo Fisher Scientific) was added subsequently, samples were mixed,
incubated for a further 3 min at room temperature and then centrifuged at
12,000g for 15 min at 4°C. The aqueous phase was removed and 4 ug of glycogen
(Thermo Fisher Scientific) and isopropanol (Thermo Fisher Scientific) was
added. Samples were incubated at room temperature for 10 min and then
centrifuged at 12,000¢ for 10 min at 4°C. Supernatant was removed and each
RNA pellet was washed once with ethanol (Thermo Fisher Scientific). Samples
were then vortexed and centrifuged at 7,500¢ for 5min at 4 °C. Finally, the
supernatant was removed and air-dried before RNA was resuspended in
RNase-free water and stored at —80°C for future use. The isolated viral RNA
was then analysed by one-step qQPCR using RealTime Ready RNA Virus Master
(Roche) to determine log,,[ TCID;, equivalents ml~'] with the NP-specific
primers (forward, 5'-AAGAATCACTGACATGAGAACTG-3'; reverse,
5'-CCCTCGTCATTCCCATCCAAAGAA-3’) and probe (FAM/CAACTAACC/
ZEN/CGATAGTGCCT/3IABKFQ).

Serology. Ferret serum samples were heat-inactivated at 56 °C for 30 min and
analysed using a broad-reactive commercial ELISA for the presence of antibodies
to NP using ID Screen Influenza A Nucleoprotein Indirect (IDVet) according to
the manufacturer’s instructions.

HI18N11 neutralizing antibodies against H18 were determined by performing
a virus neutralization assay. In brief, 50 ul of medium containing VSV*AG-H18 at
a concentration of 10** TCID,, was mixed with the same volume of diluted serum.
Each serum sample was prepared in triplicate in a 96-well plate and subsequently
incubated for 2 h at 37°C. Each sample was then transferred individually onto
RIE1495 cells that were seeded and grown in 96-well format and maintained for 5d
at 37 °C with 5% CO,. Virus growth was observed by IF.

Bat serum samples were collected from a wing vein. ELISA plates were coated
overnight at 4°C with 1 pgml™' recombinant HI8N11 NP in PBS, blocked with
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SuperBlock T20 (Thermo Fisher Scientific). Serum was diluted 1:100 in PBS then
diluted further (log,) for endpoint titration. Detection of antibodies was completed
with protein-A/G-HRP (Thermo Fisher Scientific) and ABTS substrate

(Thermo Fisher Scientific), and absorbance was read at 405 nm. The endpoint

was determined as an optical density of 0.200 above the mean of the negative
control serum samples.

Histopathology. Specimens of the following organs were sampled from four
rP11-infected ferrets euthanized at 4d.p.i. and fixed in 4% neutral buffered
formaldehyde: oral cavity, palatine tonsils, pharyngeal tonsils, lateral
retropharyngeal lymph node, trachea, left caudal lung lobe, right cranial and
caudal lung lobe, medial bronchial lymph node, heart, spleen, liver, small and large
intestines, kidneys, olfactory bulb, cerebrum, cerebellum and bone marrow. The
skull was decalcified for 7d and five standardized coronal sections of one-half of
the nasal cavity were prepared (Supplementary Fig. 3b).

Specimens of the following organs were sampled from two WT H18N11-
infected bats euthanized at 3d.p.i. and 6d.p.i.: oral cavity, palatine tonsils,
pharyngeal tonsils, parotid gland, lungs, heart, stomach, small intestine, jejunal
Peyer’s patches, mesenteric lymph nodes, pancreas, spleen, liver, kidneys, adrenals,
testis or uterus, olfactory bulb, cerebrum and bone marrow. At least one coronal
section of the complete nasal cavity was prepared after decalcification of the
skull for 2d. Tissues were processed, embedded in paraffin wax and 2-4 pm
sections were stained with haematoxylin and eosin. Specimens were evaluated
for histopathological lesions using an Axio Imager M2 microscope (Carl Zeiss
Microscopy). A semiquantitative severity score was applied for the assessment of
inflammatory lesions in the respective organs, ranging from 0 to 3 where 0, no
inflammatory lesions; 1, mild inflammatory lesions; 2, moderate inflammatory
lesions; and 3, severe inflammatory lesions.

Immunohistochemistry. To visualize IAV matrix protein, immunohistochemistry
was performed using the avidin-biotin-peroxidase-complex (ABC) method
utilizing the Vectastain Elite ABC Kit Standard (Vector Laboratories) with citric
buffer (10mM, pH 6.0) pretreatment, a monoclonal mouse anti-matrix-protein
immunoglobulin G1 containing hybridoma supernatant (ATCC; HB-64", 1:200)
and 3-amino-9-ethyl-carbazol as a chromogen and haematoxylin counterstain.
Archival formalin-fixed and paraffin-embedded tissues of four H7N9-infected
ferrets and two uninfected ferrets served as positive and negative controls,
respectively. Furthermore, the hybridoma supernatant was replaced by Tris-
buffered saline on serial sections as another negative control.

In situ hybridization. In situ hybridization was performed to detect IAV (A/
flat-faced bat/Peru/033/2010 (H18N11)) H18-specific RNA using the RNAscope
2.5 HD Reagent Kit-RED (ACDBio) together with the HybEZ II Hybridization
System (ACDBio) with a 20ZZ probe (V-Bat-Influenza-H18) that targets base
pairs 26-1132 of GenBank accession number CY125945.1; Fast Red was used as

a chromogen and haematoxylin counterstain. The distribution of matrix protein
and H18N11 H18-specific RNA was semiquantitatively assessed for each organ by
scoring on a scale of 0 to 3 where 0, negative; 1, focal or oligofocal; 2, multifocal;
and 3, coalescing to diffuse immunoreactive cells.

Representation of three-dimensional protein structures. The three-dimensional
structure of the H18 homotrimer (PDB: 4MC5)” was obtained from the PDB
(https://www.rcsb.org/) and was displayed using the PyMOL software (https://
pymol.org/2/).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the paper and
its Supplementary Information. Any further relevant data are available from the
corresponding authors on reasonable request.
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- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding author upon reasonable request.
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measurable differences between groups.

Data exclusions  No data were excluded from the analysis.

Replication For all major experiments at least three independent experiments were done and in all cases results could be reproduced. The number of
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Randomization  Allocation of samples and/or mice/ferrets and bats to groups was random.

=
c
3
D
()
(&)
D
=
T
(%)
=i
>

Blinding Investigators were not blinded to group allocation in this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used -rabbit polyclonal anti-H18 serum (1:750) and mouse monoclonal anti-NP antibody (supernatant) were described previously (ref.
14)
-mouse monoclonal anti IAV-matrix protein IgG1 (ATCC, clone M2-1C6-4R332, 1:200)
-rabbit polyclonal anti-IAV-NP (ThermoFisher Scientific, catalog# PA5-32242, 1:400)
-rabbit polyclonal anti-IAV-NP (GeneTex, catalog# GTX125989, 1:1000)
-mouse monoclonal anti-actin (Sigma-Aldrich, catalog# A3853, 1:1000)
-rabbit polyclonal anti-V5 (abcam, catalog# ab9116, 1:2500)
-mouse monoclonal anti-HLA-DRa (Santa Cruz, catalog# sc-53499, 1:100)
-AlexaFluor 488-labelled anti-mouse IgG (Jackson ImmunoResearch, catalog# 115-546-062, 1:500)
-Cy3-labelled anti-rabbit IgG (Jackson ImmunoResearch, catalog# 111-165-003, 1:500)
-FITC-labelled anti-rabbit IgG (ThermoFisher Scientific, catalog# 65-6111, 1:400)
-Peroxidase-conjugated anti-mouse IgG (Jackson ImmunoResearch, catalog# 315-035-045, 1:5000)
-Peroxidase-conjugated anti-rabbit IgG (Jackson ImmunoResearch, catalog# 111-035-045, 1:5000)

Validation -rabbit polyclonal anti-H18 serum and mouse monoclonal anti-NP antibody were validated on H18N11-infected and mock-

infected cells

-mouse monoclonal anti IAV-matrix protein antibody was validated on tissue samples from H7N9-infected and mock-infected
ferrets

-rabbit polyclonal anti-IAV-NP purchased from ThermoFisher Scientific was validated on H18N11-infected and mock-infected
cells; see also validation statement on the manufacturer's website (www.thermofisher.com)

-rabbit polyclonal anti-IAV-NP purchased from GeneTex was validated on H18N11-infected and mock-infected cell lysates; see
also validation statement on the manufacturer's website (www.genetex.com)

-mouse monoclonal anti-actin was validated on whole-cell lysates

-rabbit polyclonal anti-V5 was validated on cells infected with H18N11 viruses encoding the V5 epitope and mock-infected cells;
see also validation statement on the manufacturer's website (www.abcam.com)

-mouse monoclonal anti-HLA-DRa was validated on HLA-DR negative cells; see also validation statement in the manufacturer's
website and provided datasheet (www.scbt.com)

-AlexaFluor 488-labelled anti-mouse IgG was validated by omission of the primary antibody

-Cy3-labelled anti-rabbit IgG was validated by omission of the primary antibody

-FITC-labelled anti-rabbit IgG was validated by omission of the primary antibody
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-Peroxidase-conjugated anti-mouse IgG was validated by omission of the primary antibody
-Peroxidase-conjugated anti-rabbit IgG was validated by omission of the primary antibody

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T cells were purchased from the American Type Culture Collection (ATCC). RIE1495 and MDCKII cells were obtained
from Georg Herrler, University of Veterinary Medicine Hannover, Hannover, Germany and previously described (ref. 12).
MDCK cells stably overexpressing human MHC-I| (MDCK-MHC-I1) and control cells (MDCK-ctrl) were generated and described =
previously (ref. 14). 75}
C\
Authentication None of the cell lines used were authenticated. ?
Mycoplasma contamination Cell lines used are routinely tested for mycoplasma contamination by sending representative samples for mycoplasma ’é

testing. None of the used cell lines ever tested positive for mycoplasma.

Commonly misidentified lines
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals -6-8 weeks old B6 (29 females), B6-Ifnarl-/-Ifnlrl-/- mice (28 female) were infected intranasally with the indicated viruses.
-3-9 months old ferrets (Mustela putorius furo, 22 female and 14 male) were infected intranasally with the indicated viruses.
1-6 years old old Jamaican fruit bats (Artibeus jamaicensis, 9 female and 17 male) were infected intranasally with the indicated

viruses.
Wild animals This study did not involve wild animals.
Field-collected samples This study did not involve samples collected in the field.
Ethics oversight -All mouse experiments were performed in accordance with the guidelines of the German animal protection law and were

approved by the state of Baden-Wirttemberg (Regierungsprasidium Freiburg; reference number: 35-9185.81/G-17/14).

-All ferret experiments were evaluated by the responsible ethics committee of the State Office of Agriculture, Food Safety, and
Fishery in Mecklenburg-Western Pomerania, Germany (LALLF M-V), and gained governmental approval under registration
number LVL MV TSD/7221.3-1.1-037/17.

-All work with bats was approved by the Colorado State University (CSU) Institutional Animal Care and Use Committee, protocol
16-6502a.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Bat influenza viruses transmit among bats but
are poorly adapted to non-bat species
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Supplementary Table 1. Sanger sequencing of deleted N11 vRNAs. N11 variants
that emerged upon in vitro passaging and in vivo infection. nt, nucleotides; AA, amino
acids.

varn SR g sy hasewence | Prean - Prenaur
1 (in vitro) 422 161 261 70.4 48 +
2 (in vitro) 305 101 204 78.6 30 +
3 (in vitro) 392 133 259 72.5 38 +
4 (in vitro) 546 163 383 61.7 52 +
5 (in vitro) 600 126 474 57.9 70 +
6 (in vitro) 497 128 369 64.2 37 +
7 (in vivo) 780 262 518 453 130 +
8 (in vivo) 546 163 383 61.7 52 +

36



Supplementary Table 2. Consensus H18N11 genome sequences. Results were obtained by
NGS of recombinant and passaged H18N11 variants.

Virus PB2 PB1 PA HA NP NA M NS
wt H18N11 wt wt wt wt wt wt wt wt
P11 wt wit wt E;Egg wt G107X wt wt
rP11 wt wt wt Eggz wt G107X wt wt
"P11n11 G107, T108x wt wt wt E;Egg wt ?11 8 ;))(( wt wt
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Supplementary Table 3. Results of IHC and ISH in ferret organs. Distribution of the
matrix protein antigen and H18-specific RNA signals in the upper and lower respiratory tract
of rP11 infected ferrets at 4 dpi as assessed by semiquantitative scoring (1 =
focal/oligofocal; 2 = multifocal; 3 = coalescing/diffuse). *, respiratory epithelium; §,
transitional epithelium; $, follicle-associated epithelium; #, submucosal; [HC,
immunohistochemistry; ISH, in-situ hybridization; nd, not done.

#9 #10 #11 #12
S IHC ISH IHC ISH IHC ISH IHC  ISH
Nasal cavity-I 0 0 1" 178 1 1" 0 0
Nasal cavity-ll 0 1% 0 2' e 1 0 1
Nasal cavity-lll 0 0 0 1 0 1 0 1
Nasal cavity-IV 0 nd 0 0 0 0 0 0
Nasal cavity-V 0 0 0 0 0 0 0 0
Pharyngeal tonsils 18 2%# 0 18 18 2%# 18 2%
Palatine tonsils 0 0 0 18 0 2%# 0 19#
Latera:;:::r:;zrgngeal 0 0 0 0 0 0 0 0
Trachea 0 0 0 0 0 0 0 0
Lung, left caudal 0 0 0 0 0 0 0 0
Lung, right cranial 0 1 0 2 0 0 0 0
Lung, right caudal 0 2 0 2 0 0 0 0
Medial brrc‘):g:iial lymph 0 1 0 1 0 1 0 0
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Supplementary Table 4. Viral RT-qPCR titers in various ferret organs. Cq values
obtained via RT-qPCR on organ samples harvested from rP11 infected index (#1-#12) and
contact ferrets (#1-#4). Positive organs and the respective Cq values are indicated and
highlighted in green. N/A, not applicable; nd, not done.

Organ\Index ferret #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
Colon N/A N/A NA NA NA NA NA NA NA NA NA NA
Lung, left N/A N/A NA NA NA NA NA NA 3252 30,19 N/A N/A
Lung, right N/A N/A NA NA NA NA NA NA NA NA NA NA
Trachea N/A- N/A NA NA NA NA NA NA NA 2987 NA NA
Nasal conchae N/A N/A NA NA NA NA NA NA 29,07 29,22 33,22 28,17
Cerebrum N/A- N/A N/A NA NA NA NA NA 3438 3557 N/A 36,87
Cerebellum N/A° N/A N/A NA NA NA NA NA NA 3308 NA 347
Olfactory bulb N/A N/A NA NA NA NA NA NA NA NA NA 3544

Heart N/A N/A NA NA NA NA NA NA NA NA NA NA
Thigh muscle N/A N/A NA NA NA NA NA NA NA NA NA NA

Blood nd nd nd nd nd nd nd nd NA NA NA NA
Organ \ Contact ferret #1 #2 #3 #4
Colon N/A - N/A NA NA
Lung, left N/A N/A NA NA
Lung, right N/A N/A NA NA
Trachea N/A N/A NA NA
Nasal conchae N/A N/A NA NA
Cerebrum N/A - N/A NA NA
Cerebellum N/A N/A NA NA
Olfactory bulb N/A  N/A NA NA

Heart N/A - N/A NA NA
Thigh muscle N/A  N/A NA NA

Blood nd nd nd nd
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Supplementary Table 5. Results of IHC and ISH in bat organs. Distribution of the matrix protein
antigen and H18-specific RNA signals in wt H18N11-infected index bats at 3 and 6 dpi as
assessed by semiquantitative scoring (1 = focal/oligofocal; 2 = multifocal; 3 = coalescing/diffuse).
*, squamos epithelium; §, columnar epithelium (enterocytes); T, lamina propria; 8, follicle-associated
epithelium; #, submucosal; IHC, immunohistochemistry; ISH, in-situ hybridization; nd, not done.

3 dpi 6 dpi
o — #9 #10 #7 #8
IHC ISH IHC ISH IHC ISH IHC ISH
Oral cavity 0 0 0 0 0 0 0 0
Pharyngeal tonsils nd nd 0 0 0 0 0 0
Palatine tonsils nd nd 0 0 1 2% 0 1
Parotid gland 0 0 0 0 0 0 0 0
Stomach nd nd 0 0 0 0 0 0
Small intestine 0 18 0 18 18t 25t 15t 15t
Jejunal Peyer’s patch 28# 28# 0 18 2% 28# 2%# 2%
Mesenteric lymph nodes 0 0 0 0 0 0 0 0
Pancreas 0 0 0 0 0 0 0 0
Liver 0 0 0 0 0 0 0 0
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Supplementary Table 6. N11 sequence
variants that emerged upon bat infection.
Deep sequencing results for the genomic
N11 vRNA sequence isolated from rectal
swabs of the rP11 bat infection experiment

shown in Fig. 6f-h.
N/A, not applicable.
Group Bat N11gesk  N11g407x
#1 12,9% 86,9%
Index #2 92,1% 7.8%
#3 46,1% 53,8%
#1 99,2% N/A
Contact 1a #2 99,9% N/A
#3 98,4% 1,5%
#1 99,8% N/A
Contact 2
#2 99,9% N/A
#1 99,9% N/A
Contact 1b
#2 99,9% N/A
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Supplementary Figure 1. Mutations found upon in vitro passaging are located in the H18 head
domain. a, Cartoon representing the overall structure of the H18 homotrimeric complex. One
monomer was colored in cyan for better visibility. Amino acid positions that were found to be
substituted upon serial in vitro passaging are indicated as sticks colored in yellow. The base of the
putative receptor-binding site (RBS) is shown in red. b, Magnified depiction of the head domain.
Amino acid side chains that were found to mutate are highlighted in yellow. The trimeric H18 complex
was created with PyMol based on the available crystal structure (PDB code: 4MC5). ¢, HEK293T cells
were co-transfected with pCAGGS expression plasmids coding for GFP and either H18, or
H18y170r n250s- TTansfected HEK293T cells were co-seeded with MDCK-MHC-II or MDCK-ctrl and
polykaryon formation was examined after trypsin treatment and subsequent exposure of cells to low
pH. Representative images of n=3 experiments are shown. Cell nuclei were stained by DAPI (blue).
Scale bar=20 um. d, MDCK-ctrl cells were infected with rescue supernatant from different H18N11
variants coding for H18,; or H18,,,0r nosos together with N11,,, N11y,,, N115,07¢ or N11,, for 48 h.
After infection cells were fixed and H18 antigen was visualized by IF. Representative images of n=3
experiments are shown. Scale bar=50 pym.
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Supplementary Figure 2. H18N11 replicates exclusively in the URT of infected mice without
causing weight loss. a, To determine the peaking day of viral replication in the URT of infected mice,
four groups of B6 mice, each n=5, were intranasally inoculated with rP11 (1x10% TCIDs, in 40 pL). At
the indicated time points, organs of the URT were harvested and viral titers were determined by
endpoint titration on MDCKII cells. Dashed line indicates the detection limit. Data are mean * 95%
confidence interval, statistical significance is indicated; two-tailed t-test. *P=0.04; ***P=0.001. b,
Groups of B6-Ifnar1~Ifnir1~~ mice (n=5) were infected with either wt H18N11 or rP11 intranasally
(1x105 TCIDg, in 40 pL). At 1 dpi each infected index mouse was separated and co-housed with a
naive contact B6-Ifnar1~"~Ifnlr1~~ mouse to determine contact-dependent horizontal transmission. At 4
dpi viral organ titers of the indicated organs were measured by endpoint titration on MDCKII cells.
Dashed line indicates the detection limit. Data are mean + 95% confidence interval, statistical
significance is indicated; two-tailed t-test. ****P=0.0001. ¢, Groups of B6-Ifnar1~-Ifnlr1~- mice each
n=4 were infected with either wt H18N11 or rP11 (1x10° TCIDg, in 40 pL) to monitor changes in body
weight for 14 days.
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Supplementary Figure 3. Following infection of ferrets with rP11 viral RNA and antigen is
detected in the nasal cavity and pharyngeal tonsils. a, Ferret, lung. Moderate, multifocal to
coalescing atelectasis (arrows) of the right medial and caudal lobe in ferret #10 at 4 dpi with rP11
(n=1). b, Ferret, nasal cavity. Depicted is a longitudinal sectioned ferret head with the macroscopically
normal appearing palatine tonsils (arrow) and the section planes (white dotted lines |-V) of the nasal
coronal sections (n=1). ¢, d, e, f, g, Histological findings with detection of viral antigen and RNA in
tissues of wt H18N11 infected index ferrets (n=4). ¢, Ferret, maxilloturbinalia at nasal coronal section
Il. Moderate, subacute, focally extensive, suppurative rhinitis with edema, neutrophils (arrowheads)
and epithelial flattening (arrow) with loss of cilia and epithelial sloughing. d, Ferret, maxilloturbinalia at
nasal coronal section Il. Multifocal H18-specific RNA positive signals in the respiratory and transitional
epithelium (arrow). e, Ferret, pharyngeal tonsils. Activated mucosa-associated lymphoid tissue with a
prominent follicular dome region (D) adjacent to a germinal center (GC). f, Ferret, pharyngeal tonsils.
Multifocal H18-specific RNA positive signals predominantly in the follicle-associated epithelium of the
respiratory type (arrow) and scattered round cells (arrowhead) in the submucosa near a follicular
dome region (D). g, Ferret, pharyngeal tonsils. Faintly intracytoplasmic and intranuclear matrix protein
immunoreactive cells within the follicle-associated epithelium (arrows). Scale bars, c, d, e, f=50 ym;
g=10 pm.
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Supplementary Figure 4. wt H18N11 infections in ferrets proceed asymptomatically but induce
seroconversion. a, A group of twelve ferrets (#1-#12) was initially infected intranasally with wt
H18N11 (108 TCIDs, in 100 pL). At 1 dpi four naive contact animals (#1-#4) were co-housed to
determine viral transmission for further 20 days. White squares indicate absence, black squares
presence of viral RNA in nasal washes. Grey squares show absence, red squares presence of
H18N11 RNA in at least one organ. Asterisks indicate seroconversion. Two control ferrets were kept
separately. Throughout the course of the experiment changes in b, body weight and ¢, body
temperature of wt H18N11-infected (n=12), contact (n=4) and control ferrets (n=2) were monitored.
Data are mean + SD. d, NP-specific antibody titers and e, serum neutralizing antibodies to H18 of
index (n=12) and contact ferrets (n=4) were determined. Dashed lines indicate cut-off points. Data are
mean + SD.
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Supplementary Figure 5. Following infection of Neotropical Jamaican fruit bats with wt H18N11
animals develop mild signs of disease and shed infectious virus. a, Signs of disease are
characterized by nasal (yellow arrow) and ocular (red arrow) discharge in contact bats (n=2) after
infection with wt H18N11. These observed clinical signs started in both contact bats at 4 dpe and
lasted until 8 dpe. b, Rectal swabs containing shed infectious H18N11 virus taken from n=10 index
(left side) and n=2 contact bats (right side) at the indicated time points were titrated by endpoint
titration on MDCKII cells. Dashed line indicates the detection limit. Data are mean = SD.
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Supplementary Figure 6. Uncropped scans. a, Uncropped scans of Figure 2c upper panel. The
membrane was cut and incubated with antibodies against NP, actin and V5 (n=1). b, Uncropped
scans of Figure 2c lower panel. The membrane was cut and incubated with antibodies against NP
and V5 (n=1). Scan with increased exposure time is shown in the lower panel.
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Abstract: In 2012 and 2013, the genomic sequences of two novel influenza A virus (IAV) subtypes,
designated H17N10 and H18N11, were identified via next-generation sequencing in the feces of
the little yellow-shouldered fruit bat (Sturnira lilium) and the flat-faced fruit-eating bat (Artibeus
planirostris), respectively. The pathogenesis caused by these viruses in their respective host species
is currently insufficiently understood, which is primarily due to the inability to obtain and keep
these bat species under appropriate environmental and biosafety conditions. Seba’s short-tailed
bats (Carollia perspicillata), in contrast, are close relatives and a natural H18N11 reservoir species,
with the advantage of established animal husbandry conditions in academic research. To study viral
pathogenesis in more detail, we here oro-nasally inoculated Seba’s short-tailed bats with the bat
TAV H18N11 subtype. Following inoculation, bats appeared clinically healthy, but the histologic
examination of tissues revealed a mild necrotizing rhinitis. Consistently, IAV-matrix protein and
H18-RNA positive cells were seen in lesioned respiratory and olfactory nasal epithelia, as well as in
intestinal tissues. A RT-qPCR analysis confirmed viral replication in the conchae and intestines as well
as the presence of viral RNA in the excreted feces, without horizontal transmission to naive contact
animals. Moreover, all inoculated animals seroconverted with low titers of neutralizing antibodies.

Keywords: bats; virus; bat Influenza A viruses; host species; experimental infection; pathogenesis;
transmission

1. Introduction

Influenza A viruses (IAVs) originate from aquatic waterfowl and are important animal pathogens
and zoonotic agents, circulating in a broad range of avian and mammalian species [1]. Although
spill-over infections from animals to humans are possible, these events are exceedingly rare [2-5].
Bats (order Chiroptera) are well known as an important reservoir for various zoonotic pathogens like
lyssa-, henipa- or filoviruses; however, until recently they were not considered to harbor IAVs [6,7].
This view changed in 2012 and 2013, when two novel IAVs genomes were identified by next-generation

Viruses 2020, 12, 232; doi:10.3390/v12020232 www.mdpi.com/journal/viruses
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sequencing in the feces of the little yellow-shouldered fruit bat (Sturnira lilium) from Guatemala and
the flat-faced fruit-eating bat (Artibeus planirostris) from Peru, subsequently designated as H17N10
and H18N11 [8,9]. These bat-derived IAVs exhibited unprecedented characteristics, since both
subtypes express hemagglutinin (HA) and neuraminidase (NA) proteins unable to bind sialic acids
residues [10-15]. Instead, recent research by Karakus et al. showed that the bat influenza HA
proteins H17 and H18 mediate cell entry by utilizing major-histocompatibility-complex class II
(MHC-II) molecules [16]. In contrast, the function of the bat IAV NA proteins N10 and N11 remain
elusive [11,13,17]. Furthermore, the tropism of H18N11 and the pathogenesis in its natural reservoir is
insufficiently understood, as there is currently only one study available focusing on the Neotropical
Jamaican fruit bat (Artibeus jamaicensis). In this study, viral replication was found to occur in the
gastrointestinal tract of infected Jamaican fruit bats, followed by the shedding of wildtype H18N11 via
their feces [18]. Intriguingly, seroepidemiological screenings revealed a prevalence of H18-specific
antibodies in various Central and South American bat species, including Seba’s short-tailed bats
(Carollia perspicillata) [9]. However, as viral RNA could not be isolated from any Seba’s short-tailed
bat sample, the relevance of this bat species within the H18N11 ecology remains unknown. We here
studied the H18N11-induced pathogenesis in Seba’s short-tailed bats, a well established bat infection
model [19-21].

2. Materials and Methods

2.1. Ethics Statement

The animal experiments described here were approved by the State Office for Agriculture,
Food Safety, and Fishery of Mecklenburg-Western Pomerania under registration number LVL MV TSD/
7221.3-1-021/18.

2.2. Virus

Animals were inoculated using recombinant H18N11 virus generated as described [18]. In brief,
the eight plasmid pHW2000-based rescue system was used to generate infectious A/flat-faced
bat/Peru/033/2010 (H18N11) which could be further passaged on cell culture. In detail, the recombinant
bat influenza A virus HI8N11 was generated by transfecting HEK293T cells (American Type Culture
Collection ATCC, Manassas, VA, USA) seeded in 6-well plates with the eight pHW2000-based rescue
plasmids (300 ng of each plasmid per 6-well). Forty-eight hours post transfection, the cell supernatant
was collected and concentrated by ultracentrifugation through a sucrose gradient (25000 rpm, 2 h,
8 °C). Stocks were generated by infecting canine RIE1495 cells (canine epithelial cell line, stored in
the “Collection of Cell Lines in Veterinary Medicine” (CCLV) at the Friedrich-Loeffler Institute in
Greifswald-Insel Riems, Germany with the code CCLV-RIE 1495) at an MOI of 0.1 with concentrated
HEK?293T rescue supernatant for 48 h. The viral titers were determined by immunofluorescence assay,
using H18-specific antibodies.

2.3. Bat Experiment and Sampling

All experiments were conducted following internal standard guidelines under biosafety level
3 conditions at the Friedrich-Loeffler-Institut. Fourteen healthy and influenza-antibody-negative
(see serology section below) Seba’s short-tailed bats (Carollia perspicillata) were enrolled in this study
(Figure 1A). These individuals were divided into group A (1 =4), B (n = 8) and C (1 = 2). Inoculation
of inhalatively anesthetized (5% isoflurane) bats was performed by the oro-nasal route with 10> tissue
culture infectious dose (TCIDsp) of HI8N11 in 50 ul in two individuals of group A, and three individuals
in group B. The sentinel bats of both groups were housed together with the inoculated ones 24 h after
infection, in order to assess virus spread. Clinical signs (nasal discharge, reduced activity, neurological
symptoms, dyspnoe), room temperature and relative humidity were monitored daily, as well as
collection of pooled fecal samples. All animals in group A were sacrificed at 4 dpi and animals in group
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B were sacrificed at 21 dpi, followed by necropsy. Samples from the conchae, trachea, lung (left caudal
lung lobe, right cranial lung lobe), heart, kidney, liver, intestine, olfactory bulb, cerebrum, cerebellum
and thigh muscles were collected and stored at —80 °C until further processing for virological assays.
Blood samples for serology were collected during the terminal bleeding procedure.

A
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Figure 1. Experimental design. (A) Group A consisted of two inoculated bats in direct contact to naive
bats co-housed in one cage. At4 dpi, the animals were euthanized and the organ material analyzed.
Group B involved three inoculated bats co-housed with five naive animals until 21 dpi. Group C
(not presented) included two Seba’s short-tailed bats for negative tissue control. (B) Index bats were
inoculated with 10>° TCIDsj of H18N11 oronasally. Pooled feces samples were taken at the indicated
time points. White squares indicate absence, black squares the presence of viral RNA in feces samples.
Grey squares show absence, the red squares presence of HI8N11 RNA in at least one organ. Asterisks

indicate seroconversion.

2.4. Organ Homogenization

To start with, 2 mL collection tubes were filled with a stainless steel bead (diameter 5 mm,
TIS Wélzkorpertechnologie GmbH, Gauting, Germany) and 1 mL of DMEM supplemented with 10%
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fetal bovine serum (FBS) and antibiotics (1% penicillin-streptomycin [PenStrep], Biochrom GmbH,
Berlin Germany). Homogenization was performed via TissueLyser II (Qiagen, Hilden, Germany) for
2 min. The supernatants, for RNA extractions, were acquired by centrifuging at 13,000 rpm for 2 min.

2.5. RNA Isolation

Organ Samples: Viral RNA extraction was achieved through solubilization of 250 uL of the
supernatant of organ homogenates with 750 ul TRIzol LS Reagent (Life Technologies, Carlsbad, CA,
USA). After the addition of 200 uL ROTIPURAN (Carl Roth, Karlsruhe, Germany), phase separation
was attained. The following steps were completed with the NucleoMag Vet kit (Macherey-Nagel,
Diiren, Germany) according to the manufacturer’s instructions on a Biosprint 96 platform (Qiagen).

Fecal samples: Viral RNA extraction of pooled fecal samples (group A pool and goup B pool) was
achieved with the MasterPure™ Complete DNA and RNA Purification Kit (Lucigen, Middleton, W1,
USA) according to the manufacturer’s instructions, after a dilution of the samples by the factor 1:1000
in PBS.

2.6. RT-qPCR

The real-time RT-PCRs (RT-qPCR) of all organ and fecal samples were performed as described
before [22]. In brief, a generic PB1 assay was used to determine the quantification cycle (Cq) using the
one-step RT-qPCR Kit qScript™ XLT One-Step RT-qPCR ToughMix® (Quantabio, Beverly, MA USA).
The RT-qPCR assay was optimized for using a total volume of 12.5 pl. The reaction was run on a bio-rad
cycler Cfx96 machine (Bio-Rad Laboratories, Inc. Hercules, CA, USA). Individual amplification controls
on the basis of artificial spiked RNA (fecal samples, [23]) or beta actin (organ samples modified [24])
were used to evaluate inhibitory effects.

2.7. Virus Isolation

Virus isolation attempts were performed using RIE1495 cells and homogenized organ samples,
which scored positive for viral RNA. Briefly, 50uL supernatant from the homogenized organ was
applied onto 12.5 cm? cell culture flask (Corning, Corning, NY, USA). Afterwards four blind passages
of potential infected cells were done, followed by a RT-qPCR based analysis.

2.8. Serology

Serum samples from all animals were heat inactivated at 56°C for 30 min and analyzed using
an indirect immunofluorescence test and a virus neutralization assay. After fixation of RIE1495
cells and RIE1495 cells infected with A/flat-faced bat/Peru/033/2010 (H18N11) using aceton methanol
(1:1 vol%), the cells were incubated for one hour with the bat sera. After three washing steps using
PBS, goat anti-bat IgG (H+L) secondary antibody (Novus Biologicals, Littleton, CO, USA) was applied
for one hour at room temperature. After an additional three washing steps with PBS, chicken anti-goat
Alexa 488 (ThermoFisher scientific, Waltham, MA, USA) was added and incubated for one hour at
room temperature.

Briefly, the neutralization assay was performed with 50 ul of medium containing VSV*AG-H18 [25]
at a concentration of 10>3 TCIDs that was mixed with the same volume of diluted serum. Each serum
was prepared in triplicate in a 96-well plate. After incubation of 2 h at 37 °C the dilution was transferred
on 100 uL medium and 24 h grown in RIE 1495 cells. The viral replication was assessed after an
incubation of 5 days (37 °C, 5% CO,) via visualization of GFP expression. Validation was achieved by
titration of the virus dilutions.

2.9. Necropsy and Histologic Examination

A complete necropsy with macroscopic evaluation of tissues was done for all animals of this
study. Histopathologic, immunohistologic and in situ hybridization workup was performed for
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all animals necropsied at 4 dpi (group A) and two non-inocluated bats (group C). A specimen of
parenchymal organs and the skull were fixed in 4% neutral buffered formaldehyde. The skulls were
decalcified (Formical 2000, Quartett Inmundiagnostika und Biotechnologie Vertriebs GmbH, Berlin,
Germany) and the following organs were processed to formalin fixed, paraffin embedded (FFPE) tissue
blocks: four standardized coronal nasal sections with minimal adjustment to size ratios of Carollia
perspicillata skulls as described elsewhere [16,18], the middle and inner ear, parotis, eye, oral cavity,
esophagus, trachea, thyroidea, left caudal lung lobe, right cranial lung lobe, heart, liver, pancreas,
stomach, small intestine with jejunal Peyer’s patches, mesenteric lymph nodes, kidney, adrenal glands,
bulbus olfactorius, cerebrum, cerebellum and bone marrow. Two to four micron-thick sections were
cut and stained with hematoxylin and eosin. All specimens were evaluated for histopathologic lesions
using an Axio Imager M2 microscope equipped with 10x, 20x, and 40x Plan Neofluar objectives and
an AxioCam ICc3 3.3-megapixel digital camera (Carl Zeiss Microscopy GmbH, Jena, Germany).

2.10. Immunohistochemistry

To visualize IAV-matrix protein, immunohistochemistry (IHC) was performed using the avidin-
biotin-peroxidase-complex (ABC) method (Vectastain® Elite ABC Kit Standard, Vector Laboratories,
Burlingame, CA, USA) with citric buffer (10 mM, pH 6,0) pre-treatment, a monoclonal mouse
anti-IAV-matrix protein immunoglobulin G1 containing hybridoma supernatant (dilution 1:10, clone
M2-1C6-4R3 [26]), with 3-amino-9-ethyl-carbazol as chromogen and hematoxylin counterstain. Archival
formalin-fixed and paraffin embedded (FFPE) tissues of one H18N11-infected Jamaican fruit bat [18],
as well as H18N11-infected and mock-inoculated RIE1495 cell pellets served as positive and negative
controls, respectively. Furthermore, the primary antibody was replaced by Tris-buffered saline on a
following section as a second negative control for each evaluated tissue section.

2.11. In Situ Hybridization

In situ hybridization (ISH) was performed for the detection of IAV (A/flat-faced bat/Peru/033/2010
(H18N11)) H18-specific RNA using a RNAscope® 2.5 assay (ACDbio, Newark, CA, USA) with target
retrieval and protease pretreatment, RNAscope® 2.5 HD Reagent Kit—RED, the HybEZ™ hybridization
system with a 20ZZ probe named V-Bat-Influenza-HA targeting base pairs 26-1132 of gene bank
accession number CY125945.1 and Fast Red as chromogen and hematoxylin counterstain, as described
previously [16,18].

3. Results

A recent study reported that H18N11 replicates especially in the lamina propria of the small
intestine and the follicle-associated epithelium of the jejunal Peyer’s patches of infected Jamaican
fruit bats [18]. Although these acutely infected animals shed high viral loads via the rectal route,
no inflammatory lesions were observed. To determine tissue tropism and pathogenesis in the related
Seba'’s short-tailed bats (Carollia perspicillata) at different time points after infection, animals were split
into three groups: Group A consisted of four bats sacrificed at 4 dpi, from which two were initially
inoculated and two others that remained naive in order to monitor viral transmission (Figure 1A).
Group B comprised three inoculated bats and five co-housed naive contact animals that were sacrificed
at 21 dpi. Two naive bats were kept as controls in group C.

Following oro-nasal inoculation of the group A bats, none of the inoculated index or naive contact
animals exhibited clinical signs of disease and viral RNA was not present in the feces (Figure 1B).
One of two H18N11-inoculated group A individuals was found viral RNA-positive in the nasal conchae
(quantification cycle value (Cq) 33.62) and in the colon (Cq 34.72) (Table 1), whereas all other tested
organ samples were PCR-negative. However, despite detection of viral RNA in some tissue samples,
all attempts to isolate the infectious virus from these organs failed.
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Table 1. Distribution of viral RNA and matrix protein antigen signals in H1I8N11-infected bats at 4 dpi.

Animal No. 1 2
Method PCR ISH IHC PCR ISH IHC

Conchae 33.6 1 ¥ 1 - 0 0
Trachea - 0 0 - 0 0
Lung - 2 2 - 0 0
Heart - 0 0 - 0 0
Kidney - 0 0 - 0 0
Liver - 0 0 - 0 0
Intestine 34.7% 2" 2" - 2" 1°
Olfactor;
CEE < 0 0 = 0 0
Cerebrum - 0 0 - 0 0
Cerebellum - 0 0 - 0 0
Muscle - nd nd - nd nd

PCR, quantitative real-time polymerase chain reaction; ISH, in situ hybridization; IHC, immunohistochemistry;
-, no Cq; nd, not done; # semiquantitative scoring (1 = focal/oligofocal; 2 = multifocal; 3 = coalescing/diffuse);
" in jejunal Peyer’s patches, score 1 in jejunum, * in colon.

No gross lesions were observed in infected and naive contact bats at 4 dpi, however, histopathologic
examination revealed a mild, oligofocal, acute, necrotizing rhinitis in the rostral and caudal coronal
sections of the nasal cavity, characterized by erosive alterations of the respiratory epithelium with
pyknotic and karyorrhectic cells in the PCR-positive index bat (Figure 2A). Correspondingly, oligofocal
H18-specific RNA in luminal debris (Figure 2B) and oligofocal strong IAV-matrix protein positive
cells were seen (Figure 2C, Table 1). Erosive alterations were also present in the olfactory epithelium
with mild infiltration of neutrophils in the lamina propria (Figure 2D). Oligofocal H18-specific RNA
(Figure 2E) and oligofocal strong IAV-matrix protein positive reactions (Figure 2F) were mainly seen
in cells interpreted as sustentacular cells. In the lower respiratory tract, multifocal H18-specific
RNA signals and IAV-matrix protein immunoreactive cells were seen in clusters and in single cells
mostly confined to alveoli closely associated with respiratory bronchioles interpreted as alveolar
macrophages and/or pneumocytes type 2 (Figure 2I), despite a lack of unequivocal histopathologic
lesions (Figure 2G). Small intestinal villi and jejunal Peyer’s patches (JPP, Figure 2J) showed no
alterations. However, multifocal H18-specific RNA signals predominantly in follicle-associated
epithelium (FAE) and subepithelial dome regions (Figure 2K), and oligofocal in enteroyctes of small
intestinal villi were seen in both infected bats (Table 1). A similar distribution of strong IAV-matrix
protein immunoreactive cells was seen in the FAE (Figure 2L) of JPPs and oligofocal within enterocytes
and round cells in the lamina propria, interpreted as macrophages or dendritic cells (Figure 2M).
No comparable lesions, no H18-specific RNA and no IAV matrix proteins were detectable in the organs
of either naive contact animals.
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Figure 2. Histologic lesions exhibit H18-specific RNA signals and IAV-matrix protein immunoreactivity
in the upper and lower respiratory tract of HI8N11-infected Seba’s short-tailed bat (Carollia perspicillata)
at 4 dpi. (A) Bat, rostral nose. Mild, focal, acute, necrotizing rhinitis with erosion of the respiratory
epithelium and sloughing of cells. (B) Bat, rostral nose. Oligofocal single H18-specific RNA signals
in luminal debris (arrow). (C) Bat, rostral nose. Oligofocal strong intracytoplasmic and intranuclear
TAV-matrix protein immunoreactive respiratory epithelial cells (arrow). (D) Bat, caudal nose. Mild, focal,
acute, necrotizing rhinitis with pyknotic cells (arrow) and mild multifocal infiltration of neutrophils
(arrowhead) in the Bowman’s glands rich lamina propria. (E,F) Bat, caudal nose. Oligofocal H18-specific
RNA signals and strong intracytoplasmic and intranuclear [AV-matrix protein immunoreactive cells
interpreted as sustentecular cells (black arrow), olfactory receptor neurons (black arrowhead) and
basal cells (white arrowhead). (G) Bat, right cranial lung lobe. Normal appearing lung tissue with
alveolar spaces. (H) Bat, right cranial lung lobe. Multifocal H18-specific RNA signals in intra-alveolar
cellular clusters (arrow) and in single cells (arrowhead). (I) Multifocal strong IAV-matrix protein
reactive cells (arrow) in areas associated with respiratory bronchioles (asterisk). (J) Bat, jejunal Peyer’s
patch (JPP). Follicle-associated epithelium (FAE) and a lymphocyte-rich subepithelial dome region
of a normal appearing JPP is depicted. (K) Bat, JPP. Multifocal H18-specific RNA signals are seen
in FAE (arrow) and in the subepithelial dome regions (arrowhead). (L) Bat, JPP. Oligofocal strong
intracytoplasmic IAV-matrix protein immunoreactive cells are seen in the FAE (arrow) and faintly
intracytoplasmic reactive cells next to a germinal center (arrowhead). (M) Bat, jujunal villus. Oligofocal
strong intracytoplasmic and intranuclear IAV-matrix protein immunoreactive enterocytes (arrow) and
lamina propria associated round cells interpreted as macrophages or dendritic cells (arrowhead) were
evident. A, D, G, J, Hematoxylin eosin stain; B, E, H, K, in situ hybridization, target retrival and
protease pretreatment, RN Ascope® 2.5 assay H18-specific RNA, Fast Red chromogen (red), hematoxylin
counterstain (blue), C, F, I, L, M IAV-matrix protein immunohistochemistry, avidin-biotin-peroxidase
complex method with 3-amino-9-ethyl-carbazol as chromogen and hematoxylin counterstain; bars,
A-M =20 pum.
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While the bats of group A appeared clinically healthy and shed no infectious virus until 4 dpi,
two bats of group B developed a green-colored diarrhea between 9 and 21 dpi. Although we could
not obtain individual rectal swabs of healthy and diseased bats without compromising their health
status due to the stressful catching procedure, a RT-qPCR analysis of pooled fecal samples revealed the
presence of viral RNA at 5, between 8 and 12 and 15 dpi (Figures 1B and 3).
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Figure 3. Quantification of AV RNA loads by RT-qPCR in pooled fecal samples. The amounts of viral
genome load were measured by RT-qPCR at the indicated time points. Prior to extraction the guano
samples were diluted 1:1000. Calculated values are presented.

At necropsy, an untypical green to grey-colored and softened ingesta was seen in the colon and
rectum in two of the eight bats from group B. Consistent with the observation that viral RNA was shed
in the feces only until 15 dpi, the examined tissues of inoculated index and contact bats were found
RT-qPCR-negative at 21 dpi. Furthermore, a histopathological analysis and immunohistochemistry of
all tissues collected from animals with diarrhea (1 = 2) found lesion-free, IAV-matrix protein antigen
negative reactions. Importantly, aside from the green-colored softened feces, no further symptoms of
disease were monitored throughout the course of the experiment.

Serum samples were taken from all group B bats after euthanasia and tested for the presence of
neutralizing antibodies. The sera obtained from all three inoculated index bats revealed a low-titer
seroconversion with a 50% neutralization dose (ND50) of 1:20, 1:253 and 1:16, whereas all naive contact
bats were tested seronegative (Figure 1B).

4. Discussion

Here, we show that the Seba’s short-tailed bat—a species showing positive seroreactivities against
H18N11 in nature [9]—is susceptible to experimental oro-nasal infection with HI8N11. The detection
of viral RNA in tissues of the upper respiratory tract and the intestines in one of the inoculated bats
at 4 dpi might indicate a productive oro-nasal and intestinal infection, although we cannot entirely
exclude the possibility of detecting residual inoculum in these animals. Upon histopathological
analysis, the PCR-positive bats exhibited mild necrotizing alterations confined to respiratory and
olfactory epithelium. Moreover, H18-specific RNA signals and IAV-matrix protein immunoreactive
cells were present in the nose and gut-associated-lymphoid-tissue (GALT) at early time points (4 dpi),
and viral RNA was detected in fecal samples at later time points, which altogether corresponds to the
previously suggested gastro-intestinal tissue tropism of HI8N11 in Jamaican fruit bats and its spread
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by the rectal route [18]. Our findings further support the idea of viral replication in MHC-II-positive
antigen-presenting cells, such as macrophages and dendritic cells [16,18], which are present in high
frequencies at the FAE of Peyer’s patches and other inductive sites of the mucosal immunity [27].

During experimentation, some bats—presumably the index animals—developed a mild exsiccosis
and catarrhal enteritis, characterized by green-colored diarrhea, and two bats additionally exhibited
abnormal softened ingesta at the time of necropsy at 21 dpi. It is open to discussion whether the mild
enteritis is a sequela of the IAV infection or a result of animal handling or simply an independent
background lesion.

In contrast to the previous H18N11 infection study performed in Jamaican fruit bats [18],
no horizontal transmission occurred among Seba’s short-tailed bats. A generally unlikely, yet possible
explanation for this finding could be that the contact bats were exposed to bat IAV before, but their
antibody titers dropped below the detection threshold. Continuous re-exposure could have triggered
a rapidly spiking and thereafter declining antibody response sufficient to prevent an infection.
Such rapidly waning antibody responses after an infection—resulting in seronegativity—have been
described before for Marburg virus infections in Egyptian fruit bats [28]. Another possibility could be
the advanced age of the bats used in this study. Older bats mount a more efficient antiviral immune
response which makes the transmission of viruses between individuals a more challenging task [29].
In this context, the previously described constitutively “always on” type I IEN activity in bat cells [30]
might also interfere with viral replication and could hence restrict virus transmission among a group
of bats, compared to other mammalian species. Alternatively, the lack of transmission could also be
attributed to an Artibeus species specificity of HISN11. Although various South American fruit bat
species have been found seropositive for H17 and H18 [9], until now full HI8N11 genomic sequences
or infectious viruses have been only isolated from Artibeus planirostris and Artibeus lituratus or Artibeus
jamaicensis, respectively [9,18,31]. Considering this, it is tempting to speculate that species-specific
differences in the immunity or the adaptation of H18 to MHC-II molecules of Artibeus spp. have
influenced the infection outcome.

In summary, Seba’s short-tailed bats are susceptible to, and develop, mild upper respiratory tract
lesions after experimental infection with the bat-derived HI8N11 subtype, but transmission to contact
bats was not evident. Therefore, Seba’s short-tailed bats most likely do not contribute to transmission
cycles of H18N11 in nature.
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CHAPTER V: DISCUSSION

Ebola virus, the cause of a devastating outbreak in 2014, which lead to 11310 deaths in Guinea,
Sierra Leone and Liberia, Severe acute respiratory syndrome coronavirus (SARS-CoV) in China
2003, pandemic IAV HIN1 2009, but also Rabies, are examples of zoonotic viruses, which were
able to cross the species barrier between bats, other mammals and humans.[141-144] The
most recent example is the ongoing SARS-CoV-2 pandemia, with more than 500 000 infected
people worldwide and more than 20 000 deaths (26™ of March 2020). The combination of
significant rises in EIDs, bats being able to harbor a wide range of zoonotic viruses and the
intensive contact and harassment of wildlife, especially concerning the numerous bat species
worldwide, led to multiple questions regarding the newly discovered batlAV. Therefore, the
main goal of the present study was to fathom the ability of the H1I8N11 batlAV to transmit
among bats and to non-bat animals, and evaluate their potential zoonotic risk and further put

the main focus on the characterization of HI8N11 in the bat model.

V.1 Transmission experiments — Characterizing H18N11 and its variant rP11

(Chapter IV.1; publication I)

In the majority of cases, IAV are connected to outbreaks among poultry and swine, potentially
leading to the death of thousands of individual animals, either through the consequence of
the disease itself or the necessity of major culling events in order to prevent further virus
spreading.[145] Apart from the fact, that these outbreaks are able to cause major economic
consequences, a significant amount of work force might be required for the sake of curbing.
By all means, the ability of IAV to cross the barrier from their animal host species to humans
takes the center of attention. Just the imagination of a connection between IAV and the order
of Chiroptera, which are described to represent one of the main sources and risks of zoonotic
diseases, automatically raises several important and mandatory to answer issues. Therefore,
the discovery and publication of H17N10 and H18N11 from bats in Guatemala and Peru [12,
13], respectively, immediately mounted concerns about their pathogenesis, capability to
spread among bats and especially the possibility of spillover infections to humans, among

other things.
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In this present study, we investigated important properties of H18N11 corresponding to the
pathogenesis, transmission and cell-tropism in vitro and in mice, ferrets and Neotropical
Jamaican fruit bats. In 2016, Moreira et al. investigated the susceptibility of different cell-lines
towards the newly discovered batlAV by using a recombinant vesicular stomatitis virus (VSV)
model. Among more than 30 screened cell-lines, “Rie1495” cells of canine origin appeared to
be one of the most potent candidates for future in vitro passaging experiments.[146] With the
objective of unraveling the enigma of replication features and put the genetic stability to the
touch, a series of in vitro passaging with wild type (wt) virus H18N11wr was conducted. Besides
consecutively increasing viral titers, our studies showed two dominant mutations within the
H18 and the inclusion of a premature stop codon in the N11 at G107X (publication 1). Based
on the number of passages, the final H18N11 virus variant was designated as “rP11”, encoding
the mutations H18k170n250s and N11g107x.

In order to get insights about the also observed rising titers and the potential properties of
variant rP11 in comparison to H18N11wr upon passaging, recombinant viruses encoding
different combinations of H18wr, H18k170n250s, N11wt and N11g107x among others. All viruses
encoding the single amino acid mutation H18k170n250s Were infectious and could be further
propagated in vitro, regardless of which kind of neuramindase they were paired with.
However, virus variants encoding H18wr were only infectious, if mated with a full-length
N1lwr. The in vitro infection experiments further demonstrated, that the higher viral titers
achieved during the passaging on the Rie1495 cell-line are coherent with a higher infectivity,
which is most likely connected with the two amino acid substitutions in the H18. This also
indicates that NA independent virus variants (stop codon variants) are functional as long as
the virus is also encoding the hemagglutinin variant H18ki7on250s. Similar NA-negative, but
attenuated, virus mutants were already described before e.g. for HPAIV H5N1 or IAV H1N1,
using either cell or in ovo passaging methods.[147-150]

The fact that N11-impaired virus variants containing the H18wr could not generate infectious
and replicating virus particles demonstrates the necessity of a collaborating pair of H18,: and
NA11ly, in a similar style compared to conventional IAV. Vice versa, NA-deletion requires the
observed HA-mutations. The NAs of batlAV lack conserved amino acids responsible for binding
to and cleaving from sialic acid residues, resulting in a non-existing sialidase activity.[134-136]

(Chapter 11.3)
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However, there is evidence suggesting a similar function of batlAV NAs compared with their
conventional IAV NA companions. Since batlAV use MHC-Il molecules for cell-entry purposes,
the function of the NAs is different, but in some general principles comparable. The study of
Weininger et al. revealed structural conformity between the NA of H17N10 and the
staphylococcal enterotoxin | (SEl), which is able to bind to the B-chain of human MHC-II
molecules.[151] Together with the information of full-length NA11 being able to
downregulate the expression of MHC-II molecules (publication I), these evidences indicate an
important interaction between the cell-entry mediator MHC-II and the NAs of batlAV. The
detailed function of batlAV NAs however remains unclear and should be one of the main

focuses of upcoming studies.

In a next step, the analyses switched from a pure in vitro system of serial passaging on Rie1495
cells to in vivo experiments in mice, ferrets and Neotropical Jamaican fruit bats (Artibeus
jamaicensis, family Phyllostomidae). Based on the previous discovery of MHC- Il molecules
representing the major cell-entry mediator of H17N10 and H18N11[139], additional concerns
rose about the epizootic and zoonotic potential of these batlAV. The previously mentioned
genetic variability of H18wr and NA11wr, which both quickly adapted upon passaging in the in
vitro cell system, equally lit the same discussion of H17N10 or H18N11 being able to

potentially infect and pose a serious and yet unknown threat to humans.

In order to examine replication properties and genetic stability in an in vivo model, we first
inoculated C57BL/6 mice intranasally with a 10°50% tissue culture infective dose (TCIDso) with
either WT-H18N11 or variant virus rP11, respectively. Interestingly, the results of the mice
experiments matched the in vitro passaging in equal measure. While viral replication in both
of the test series only appeared in the upper respiratory tract, viral titers showed up to be
significant higher in the rP11 experiments compared to the WT-infected mice. Furthermore,
rP11 was genetically stable in contrast to WT-H18N11. Therefore, these results could be
interpreted in a similar vein to the in vitro experiments, namely that an efficient replication
requires two mutations in the head domain of H18wr. In the ensuing experiments, an
intranasal inoculation of immunodeficient C57BL/6 mice, which lack the functional type | and
lll interferon receptors, with either WT-H18N11 or rP11, should reveal the possibility of

transmission to naive contact mice or at least highlight the necessities to do so successfully.
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However, viral replication was again strictly limited to the upper respiratory tract again for
both viruses and we could not detect any transmission to contact animals, both
foregrounding, that the mouse model might not be suitable for transmission experiments of

bat-borne influenza A-like viruses without any further adaption.

Two major factors influenced the decision to take the in vivo experiments a step further and
inoculate ferrets as well as Jamaican neotropical fruit bats with both WT-H18N11 and rP11,
respectively. The first reason was that MHC-Il molecules appeared to be one of the major
parameters in the cell entry process of HI8N11 bat influenza a-like viruses. In fact, these
molecules are omnipresent in the world of mammals, including mice, bats, ferrets and, of
course, humans.

The second factor summarizes the in vitro passaging on Rie1495 and the series of experiments
regarding the C57BL/6 mice. Both trials indicated rP11 being able to also replicate in a non-
bat mammal.

Ferrets are the main animal model for research purposes of non-adapted human IAV. They
mirror humans in characteristics regarding susceptibility, clinical signs and transmission
features and are therefore well suited in order to investigate the zoonotic potential of rP11
and WT-H18N11.[152-154] Since the mutant variant already demonstrated its potential in the
mouse model, ferrets were inoculated using rP11 with a TCIDso of 10’. Four naive contact
ferrets were put into contact with the original 12 index ferrets after one day with the ultimate
goal to observe successful transmission between the animals. Though only moderate levels of
RNA could be measured with the help of RT-gPCR in the lungs, trachea and even brain of some
of the index animals, it still demonstrated a general susceptibility of ferrets towards batlAV.
However, there was no detectable amount of RNA in any organ of the contact individuals and
no seroconversion, a fact that led to the conclusion of a general low potential zoonotic risk.
Additionally, we could not observe any clinical signs among the ferrets emphasizing this
interpretation likewise. Surprisingly, sequencing data revealed a mutation in the
neuraminidase back to the original open reading frame of N1lwr, suggesting a species
dependent necessity of adaption regarding H18N11. Yet, another animal experiment with the
same basic setup, but inoculation with the original WT-H18N11 demonstrated even lower
replication levels, insinuating that batlAV are poorly adapted to ferrets or even non-bat

mammals in general.
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With both mice and ferrets showing very clear restrictions concerning replication and spread
of H18N11, still data about replication in the natural bat host was missing. Therefore, with the
goal to further examine transmission properties, we inoculated Jamaican neotropical bats
with either WT-H18N11 or rP11 in a similar setup compared to the ferret experiments. Here,
a different behavior could be observed. High loads of viral RNA in rectal swabs and actually
infectious virus in feces samples indicated a distribution among bats through contaminated
feces. It is definitely not the first time, an IAV tends to prefer the gastrointestinal route, as a
similar way of infection was already described by Webster at al. in ducks in the year of 1978.
[155]

This theory was further supported as not only viral loads could be detected in the feces of
naive contact bats, but they also developed mild clinical signs in the shape of nasal and ocular
discharge. And the genetic plasticity of HI8N11 surprised once again, as in the bat model, the
variant rP11 reverted into its original genetic shape, comparable to changes seen in the ferret
trials. It can be therefore finally concluded that rP11 appears to be a species-specific adaption
rather than representing a mutant with basic advantages over the wild-type virus, and wild

type H18N11 is best adapted for replication and spread in its natural bat host.

Histopathological analyses regarding the ferrets and the bat experiments support the previous
discovery of MHC-II molecules representing the major cell-entry mediator likewise. Viral
antigen could be found in the follicle-associated epithelium (FAE) of the palatine and
pharyngeal tonsils for ferrets and in the FAE of Peyer’s patches of Jamaican neotropical bats,

all areas densely equipped with MHC-1l molecules.

In summary, the studies described in publication | demonstrate that H18N11 is only poorly
adapted to non-bat species, especially ferrets, and therefore does most likely only pose a
minor risk of a zoonotic spill-over to humans. However, the ability of WT-H18N11 to quickly
adapt to new circumstances by generating an N11-negative variant advice to keep these newly
discovered IAV under observation. In contrast, we could show a gastrointestinal pathway of
the virus and further spread among Jamaican neotropical bats, a relative species of the flat-
faced fruit-eating bat (Artibeus planirostris) of which H18N11 originated from, a case that has

to be further examined and confirmed in future studies.
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Especially other bat infection experiments were necessary to allow a better understanding of
host range and natural infection cycles. Therefore, Seba’s short-tailed bats (Carollia

perspicillata) were inoculated with H18N11 in a first follow up study.

V.2 Inoculation of Carollia perspicillata with H18N11
(Chapter 1V.2, publication Il)

Seba’s short-tailed bat (Carollia perspicillata) represents a common, relatively small and
frugivorous bat species from Central- and South America.[156] Similar to the Flat-faced fruit-
eating bat (Artibeus planirostris) and the Jamaican fruit bat (Artibeus jamaicensis) they
appertain to the family of the Leaf-nosed bats (Phyllostomidae) and further share their
habitats.[156] Even though H18N11 was only detected and successfully sequenced from
Artibeus planirostris, Artibeus jamaicensis and the Great fruit-eating bat (Artibeus lituratus),
there is serological evidence for viral contact to batlAV of various species, including Seba’s
short-tailed bats (Carollia perspicillata). Despite their biological and geographic connection to
the original host species of HI8N11, Seba’s short-tailed bats provide researchers all around
the world with different advantages regarding potential animal experiments. They comprise
the simplicity of obtainment, housing conditions like feeding, temperature and air moisture
requirements in relation to other bat candidates. In addition, several publications about
approaching these obstacles are accessible, mainly due to their history in reproductive
research.[157-162] Interestingly, numerous publications covering up laboratory methods

concerning Carollia perspicillata are available as well.[163-166]

In my study, | could demonstrate that Seba’s short-tailed bats are in principal susceptible to
an oronasal inoculation with WT-H18N11. Viral RNA could be detected in the upper
respiratory tract and the intestine of the inoculated index animals (publication II). Further
histopathological analysis revealed mild necrotizing alterations at the olfactory and
respiratory epithelium, overall corresponding results compared to the already discussed

inoculation of the Jamaican neotropical fruit bats.
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Parallel findings of H18-specific RNA and IAV-matrixprotein immunoreactive cells in the nose
and gut-associated-lymphoid-tissue (GALT) support the theory of an oronasal and
gastrointestinal infection route. And it again backs up the findings of MHC-Il molecules

representing the major cell-entry mediator of batlAV.

Since viral RNA was also detectable in pooled feces samples, we assumed that a transmission
via rectal spreading might be possible, but no viral RNA could be detected in any of the tissues
of the naive contact bats, and there was no seroconversion. The first and most likely
explanation for a failed transmission among the bats appears to be a potential species-
dependency or even dependency towards the genus of Neotropical fruit bats (Artibeus) in

general.

As mentioned in chapter 11.2, 20% of mammals are bats of the order Chiroptera, which are
also one of the main contributing factor of EIDs.[118, 119] There are more than 1300 different
species known, making it one of the most diverse orders just behind rodents.[112, 113]
Therefore, it does not come as a surprise that differences among bat species regarding virus
transmission, susceptibility or pathogenicity occur on a regular basis. Concerning North
American bat species, these evolutionary distinctions arose about a time frame of 3 to 60
million years.[167, 168] The huge divergences between different bat species can also be
observed regarding the surveillance, incidence and cross species transmission (CST) of
lyssaviruses in North America.[167, 169] Though the most common colonial bat species of
North America are the Big big brown bat (Epetesicus fuscus), Little brown bat (Myotis
lucifugus) and the Mexican free-tailed bat (Tadarida brasiliensis), human cases of rabies are
often associated with the more rare Silver-haired bat (Lasionycteris noctivagans).[169] This
could provide another example of huge divergences in CST, especially between bats and
humans or virus shedding. Further phylogenetic analysis of rabies viruses in North America
revealed a strong species association and probably rare CSTs, even among bats, which also
supports the theory of a species dependency of batlAV.[167, 168, 170, 171]

We are also not able to exclude the improbable scenario of an already established, not

detectable adaptive immunity against other, yet undetected, novel IAV.
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During the animal trial, some of the bats developed a mild exsiccosis and catarrhal enteritis.
Latter occurred between 9 and 20 dpi and peaked in the showcasing of green colored diarrhea.
The late point in time excludes dietary reasoning but no other potential non infection-based
causes. A further explanation for a failed transmission might be the superior antiviral response

of bats of a higher age, as were used in this study.

In conclusion, Seba’s short-tailed bats seem to be in general susceptible to WT-H18N11, but
transmission to other individual bats failed, despite lesions in the upper respiratory tract and
gastrointestinal clinical signs. We therefore assume, that these bats might not play a major
role in the distribution and spreading of H18N11, despite positive antibody reactions.[13]
Finally, Seba’s short tailed bats represent a rather poor overall model for investigation of not
only H18N11 but also other viruses in the future. In comparison to the Neotropical Jamaican
Fruit bats (publication 1), they not only lack in terms viral transmission or showing of clinical
signs, but are also much more difficult to handle, mainly because of their smaller size and the

sensitivity towards anesthesia.

Final conclusion

The main goal was to investigate characteristics of batlAV, especially of H18N11 with the help
of in vitro as well as different in vivo experiments. In doing so, we mainly focused on features
regarding the genetic plasticity, intraspecies transmission, finding a suitable animal model and
evaluation of the zoonotic potential. In the latter case, our findings suggest an overall low
zoonotic risk. Ferrets, which also mirror the human a2,6-linked SAR, usually represent an
established animal model for zoonotic IAV research. However, batlAV appear to be poorly
adapted to non-bat mammals, especially ferrets, as both tested viruses, WT-H18N11 and rP11
featured a weak replication and no transmission to contact animals at all. A potential zoonotic
hazard can’t be excluded completely, mainly due to the fact of batlAV utilizing MHC-II
molecules for a successful cell entry. Therefore, ferrets might not represent the best animal
model for a proper risk assessment in all cases. H18N11 tends to adapt rapidly upon in vitro
propagating, leading to a virus variant harboring mutations in the HA and NA. Though the
variant rP11 was able to infect and replicate well in the mouse model, it failed using ferrets or

bats, leading to the conclusion of a more species dependent adaptability.
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The in vivo experiments in both publications revealed, that Neotropical Jamaican fruit bats, a
close relative to the original host species, the Flat-faced Fruit-eating bat, is by far the best
model for further batlAV investigations. While batlAV appear to be poorly adapted to non-bat
mammals like mice or ferrets in general, there was also a reduced replication and shedding
efficiency of batlAV H18N11 in Seba’s short-tailed bats.

Overall, the ongoing SARS-CoV 2 pandemia, with 500000 infected people and 20000 deaths
(26" March 2020), once more proves, how important an early investigation of potential

zoonotic EIDs is. The necessity of further studies concerning batlAV is therefore inevitable.
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CHAPTER VI: SUMMARY

In times of the ongoing SARS-CoV2 pandemic, which currently controls the whole world, they
are suddenly back on everyone's lips again: bats. The main focus is on the diseases that these
animals can carry and which so often cause serious and even deadly infections in humans. For
scientists, on the other hand, research into zoonotic diseases that originate in bats is an
omnipresent topic. Nevertheless, the world of virology was taken by surprise when the
sequences of two novel influenza A viruses, known as H17N10 and H18N11, were discovered
in two South American bat species in 2013. The combination of potentially zoonotic influenza
viruses with the order of bats is both fascinating and frightening, as it is well known that lyssa-
, corona- and ebolaviruses share this common reservoir hosts. The two publications listed in
this dissertation aim to analyse and discuss the properties of bat influenza viruses H17N10
and H18N11. The main points are the analysis of the zoonotic potential, the genetic stability
and also the finding of a suitable animal model for future animal experiments. In trials with
ferrets, which are an excellent model animal for research on the human risk of influenza
viruses, only a very low zoonotic risk was found. However, the fact that bat influenza viruses
use MHC-II molecules as cell-entry mediators does not allow the complete exclusion of a
zoonosis. Passages on the cell line Rie1495 led to rapidly occurring mutations in HA and NA,
and a virus variant that is well adapted to the mouse model but could not replicate these
results in ferrets and the Neotropical Jamaican fruit bat. From this we conclude that there is a
strong but species-specific genetic plasticity. With the help of Seba’s short-tailed bats, which
on paper have particularly advantageous properties for future animal experiments, we
wanted to create an animal model for the future as well as testing the infection route,
pathogenesis and viral shedding in a related bat species. While our results indicate oral uptake
and gastrointestinal passage and excretion, Seba’s short-tailed bats, due to their difficult
handling and lack of transmission of HLI8N11 to naive animals, were classified as less suitable
for future animal experiments in comparison to the Neotropical Jamaica fruit bat. The results
of the here described studies should also lead to further research on these highly interesting
viruses, e.g. to further investigate and understand the role of bats in the spread and

transmission of potentially zoonotic viruses by using the here established bat flu model.
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CHAPTER VII: ZUSAMMENFASSUNG

In Zeiten der SARS-CoV2 Pandemie, welche im Moment die ganze Welt in Atem halt, sind sie
plotzlich wieder in aller Munde: Fledermause. Dabei liegt das Hauptaugenmerk vor allem auf
den Krankheitserregern, die diese Tiere in sich tragen kdnnen und welche so haufig ernste und
sogar todliche Infektionen beim Menschen hervorrufen kénnen. Fiir Wissenschaftler dagegen,
ist die Erforschung zoonotischer Krankheiten, bei denen der Ursprung oft in Fledermausen zu
finden ist, ein allgegenwartiges Thema. Dennoch wurde die Welt der Virologie ordentlich
durcheinandergewirbelt, als im Jahr 2013 die Sequenzen zweier neuartiger Influenza A Viren,
welche als H17N10 und H18N11 bezeichnet werden, in zwei sidamerikanischen
Fledermausarten entdeckt worden sind. Die Kombination von potenziell zoonotischen
Influenzaviren mit der Ordnung von Fledertieren, ist dabei zugleich faszinierend aber ebenso
bedngstigend, ist es doch weitreichend bekannt, dass auch Tollwut-, Corona- oder Ebolaviren
diesen gemeinsamen Ursprung teilen.

Die beiden in dieser Dissertation aufgefiihrten Publikationen zielen darauf ab, die
Eigenschaften dieser Fledermausinfluenzaviren zu erortern. Der Fokus liegt dabei auf der
Analyse des zoonotischen Potentials, der genetischen Stabilitdt aber auch dem Finden eines
passenden Tiermodells fir zuklinftige Tierversuche.

In Versuchen mit Frettchen, welche normalerweise ein hervorragendes Modelltier fir die
Erforschung von humanpathogenen Influenzaviren darstellen, zeigte sich glicklicherweise nur
ein sehr geringes zoonotisches Risiko. Die Tatsache, dass Fledermausinfluenzaviren jedoch
MHC-II Molekiile als Rezeptoren fiir das Eindringen in Zellen verwenden, lasst jedoch keinen
vollstandigen Ausschluss einer Zoonose zu. So fihrten Passagen auf der Zelllinie Rie1495 zu
schnell auftretenden Mutationen im HA und NA und einer Virusvariante, welche gut an das
Mausmodell angepasst war. Jedoch konnten diese Ergebnisse in Frettchen und der Jamaika-
Fruchtfledermaus nicht wiederholt werden. Daraus schlieRen wir auf eine starke, aber
dennoch speziesspezifische genetische Plastizitat.

Mit Hilfe der Brillenblattnase, welche auf dem Papier besonders vorteilhafte Eigenschaften
flr zuklnftige Tierversuche mitbringt, wollten wir zum einen ein Tiermodell fir die Zukunft
schaffen, als auch Infektionsroute, Pathogenese und Ausscheidung des Virus in einer

verwandten Fledermausart testen.
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Wahrend unsere Ergebnisse auf eine orale Aufnahme und gastrointestinale Passage und
Ausscheidung hindeuteten, erwiesen sich die Brillenblattnasen insgesamt aufgrund ihres
schwierigen Handlings und einer nicht vorhandenen Transmission zu naiven Tieren im
Vergleich mit der Jamaica-Fruchtfledermaus als weniger geeignet fir zukinftige in vivo
Studien.

Die Ergebnisse dieser hier vorgestellten Arbeiten sollen auch dazu fiihren, diese interessanten
Viren weiter zu erforschen, um z.B. die Rolle von Fledertieren bei der Verbreitung und

Ubertragung von Zoonosen an diesem Modell weiter zu ergriinden.
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Aa
AlV
CST
EID
ELISA
FAE
FAO
GALT
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HLA-DR
HP
IALV
IAV
IBV
ICV
IDV

IVPI
LBM
LP
MBCS
MHC-II
NA

NP
NS2
NT

OIE

Amino acid

Avian influenza viruses

Cross species transmission

Emerging Infectious Diseases
Enzyme-linked immunosorbent assay
Follicle-associated epithelium

Food and Agriculture Organization of the United Nations
Gut-associated-lymphoid-tissue
Hemagglutinin

Human leukocyte antigen DR isotypes
High pathogenic

Influenza A-like virus

Influenza A virus

Influenza B virus

Influenza C virus

Influenza D virus

Influenza virus

Intravenous pathogenicity index

Live bird markets

Low pathogenic

Multibasic cleavage site

Major histocompatibility complex class Il
Neuraminidase

Nucleoprotein

Non-structural protein 2

Nucleotide

World Organisation for Animal Health
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PB2

PCR

RdRp
RNA

RNP
RT-gPCR
SARS-CoV
SEI

SRA

TCID
TMPRSS2
A\
WHO
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Polymerase acidic protein
Polymerase basic protein 1
Polymerase basic protein 2
Polymerase chain reaction

RNA dependent RNA polymerase
Ribonucleic acid
Ribonucleocomplexes

Quantitative reverse transcription PCR
Severe acute respiratory syndrome coronavirus
Staphylococcal enterotoxin |

Sialic acid receptor

Tissue culture infectious dose
Transmembrane protease serine 2
Vesicular stomatitis virus

World Health Organization

Wild type
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