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ABSTRACT Cleavage of the influenza A virus (IAV) hemagglutinin (HA) by host
proteases is indispensable for virus replication. Most IAVs possess a monobasic HA
cleavage site cleaved by trypsin-like proteases. Previously, the transmembrane pro-
tease TMPRSS2 was shown to be essential for proteolytic activation of IAV HA sub-
types H1, H2, H7, and H10 in mice. In contrast, additional proteases are involved in
activation of certain H3 IAVs, indicating that HAs with monobasic cleavage sites
can differ in their sensitivity to host proteases. Here, we investigated the role of
TMPRSS2 in proteolytic activation of avian HA subtypes H1 to H11 and H14 to H16
in human and mouse airway cell cultures. Using reassortant viruses carrying repre-
sentative HAs, we analyzed HA cleavage and multicycle replication in (i) lung cells
of TMPRSS2-deficient mice and (ii) Calu-3 cells and primary human bronchial cells
subjected to morpholino oligomer-mediated knockdown of TMPRSS2 activity.
TMPRSS2 was found to be crucial for activation of H1 to H11, H14, and H15 in air-
way cells of human and mouse. Only H9 with an R-S-S-R cleavage site and H16
were proteolytically activated in the absence of TMPRSS2 activity, albeit with
reduced efficiency. Moreover, a TMPRSS2-orthologous protease from duck sup-
ported activation of H1 to H11, H15, and H16 in MDCK cells. Together, our data
demonstrate that in human and murine respiratory cells, TMPRSS2 is the major
activating protease of almost all IAV HA subtypes with monobasic cleavage sites.
Furthermore, our results suggest that TMPRSS2 supports activation of IAV with a
monobasic cleavage site in ducks.

IMPORTANCE Human infections with avian influenza A viruses upon exposure to
infected birds are frequently reported and have received attention as a potential
pandemic threat. Cleavage of the envelope glycoprotein hemagglutinin (HA) by host
proteases is a prerequisite for membrane fusion and essential for virus infectivity. In
this study, we identify the transmembrane protease TMPRSS2 as the major activating
protease of avian influenza virus HAs of subtypes H1 to H11, H14 and H15 in human
and murine airway cells. Our data demonstrate that inhibition of TMPRSS2 activity
may provide a useful approach for the treatment of human infections with avian
influenza viruses that should be considered for pandemic preparedness as well.
Additionally, we show that a TMPRSS2-orthologous protease from duck can activate
avian influenza virus HAs with a monobasic cleavage site and, thus, represents a
potential virus-activating protease in waterfowl, the primary reservoir for influenza A
viruses.
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Influenza A virus (IAV) causes highly contagious infection in various avian and mam-
malian species, including humans, pigs, and poultry, and is recognized as an impor-

tant zoonotic infectious agent with pandemic potential. IAV belongs to the family
Orthomyxoviridae and is an enveloped virus with a negative-sense, single-stranded
RNA genome that consists of 8 segments encoding up to 17 proteins. Based on anti-
genic characteristics of the two envelope glycoproteins, hemagglutinin (HA) and neur-
aminidase (NA), avian IAVs are divided into 16 distinct HA and 9NA subtypes. Two
additional HA and NA subtypes, H17N10 and H18N11, have been described in bats
(reviewed in reference 1). Wild birds, primarily ducks, gulls, and shorebirds, are the nat-
ural host and primary reservoir for IAVs and may transmit IAV to other host species (2).

In humans, IAVs cocirculate with influenza B viruses (IBVs) with varying predomi-
nance and are responsible for seasonal outbreaks of acute respiratory disease (flu),
with 3 to 5 million cases of severe respiratory illness and 290,000 to 650,000 deaths
worldwide (WHO, November 2018). In wild birds, IAV infections are usually asymptom-
atic, with virus replication taking place primarily in epithelial cells of the intestinal tract
and high virus load in feces (reviewed in references 3 and 4). Transmission of avian IAV
to domestic poultry may lead to transformation into highly pathogenic IAV (HPAIV),
resulting in large outbreaks of disease in poultry in many countries worldwide, accom-
panied by significant economic losses to the poultry industry and posing a potential
threat to both animal and human public health. Infections of low pathogenic avian IAV
(LPAIV) in domestic poultry cause primarily mild respiratory disease and lowered egg
production, whereas HPAIVs cause severe systemic infection with up to 100% mortality
(fowl plague or bird flu). Occasionally avian IAVs that circulate in poultry cross the spe-
cies barrier and infect humans, with variable consequences (5–8). Importantly, emer-
gence of novel IAV with different HA in a naive human population poses the risk of ini-
tiating a pandemic, as exemplified by the four influenza pandemics in recent history.
The most devastating influenza pandemic, the 1918 Spanish flu, resulted in an esti-
mated 20 to 50 million deaths worldwide. Furthermore, within the last 2 decades,
human infections with avian IAV caused by exposure to infected poultry have attracted
more attention and are frequently reported. In 1997, an HPAIV of subtype H5N1
emerged in Hong Kong and caused an outbreak with 18 human cases of severe respi-
ratory disease, 6 of whom died (reviewed in reference 9). The H5N1 virus reemerged in
2003 in humans, and a total number of 862 human infections and 455 deaths have
been reported to date (WHO, December 2020). In 2013, an H7N9 virus emerged in
China and has caused a total of 1,568 human cases, including 616 deaths (WHO, May
2021). Serological and virological surveillance studies reveal that infections with H6,
H7, H9, and H10 LPAIVs as well as H5N6, H5N8, and H7 HPAIVs also are occurring with
increased frequency and are associated with severe or even fatal disease (5, 7, 10).

IAV replication is initiated by the major surface glycoprotein HA through its binding
to sialic acid-containing receptors and mediating fusion of the viral lipid envelope with
the endosomal membrane. HA is synthesized as a fusion-incompetent precursor, HA0,
that must be cleaved by a host cell protease into the subunits HA1 and HA2 to prime
HA for membrane fusion (reviewed in reference 11). Cleavage of HA has long been
known to be a major determinant of avian IAV pathogenicity in poultry. HPAIVs of sub-
types H5 and H7 possess a multibasic cleavage site of the consensus sequence R-X-R/
K-R; (arrow indicates cleavage) that is processed by ubiquitous furin and proprotein
convertase 5/6 (PC5/6), supporting systemic spread of infection (reviewed in reference
12). In contrast, the HAs of LPAIVs of the 16 HA subtypes known to date in waterfowl
possess a single arginine residue, designated monobasic cleavage site, which is not
cleaved by furin but must be activated by trypsin-like serine proteases instead. To
date, the proteases that carry out HA cleavage at a monobasic cleavage site in birds
have not been clearly identified but are believed to be restricted to the respiratory and
intestinal tract, confining viral tropism to those tissues (reviewed in reference 12).
HPAIV may emerge from LPAIV by acquisition of a multibasic cleavage site (reviewed
in reference 13).
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Mammalian IAVs, including human viruses of subtypes H1, H2, and H3, and IBVs
possess an HA with a monobasic cleavage site. In 2006, we identified the type II trans-
membrane serine protease TMPRSS2 as a human airway protease that is able to cleave
a monobasic HA cleavage site in vitro (14). More recent studies by us and others dem-
onstrated that TMPRSS2 is essential for proteolytic activation and spread of human
IAVs of subtype H1 and H2, zoonotic H7N9 virus, and avian H10 virus in mice (15–19).
Importantly, mice deficient in TMPRSS2 expression were resistant to pathogenesis
resulting from virus infection. In contrast, activation of some human H3N2 viruses and
IBV was found to be independent of TMPRSS2 in mice and supported by alternative
proteases (15–17, 20, 21). Together, these previous studies have made clear that activa-
tion of HA is essential for virus spread and pathogenesis in mammalian hosts.
Furthermore, these studies have established that various HAs having a monobasic
cleavage site can differ in their sensitivity to host cell proteases in mice in vivo. More
recently, we elucidated the role of TMPRSS2 in IAV activation in human airway cells
(22). We demonstrated that TMPRSS2 is the major HA-activating protease of both
human H1 and H3 and zoonotic H7N9 IAVs in the human airway cell line Calu-3, in pri-
mary human bronchial epithelial cells (HBEC), and primary human type II alveolar epi-
thelial cells (AECII).

In the present study, we investigated whether TMPRSS2 does support proteolytic
activation of avian IAV HAs of different subtypes in airway cells of mammalian origin.
To this end, we generated a panel of IAV reassortants containing representative avian
HAs of subtype H1 to H11 and H14 to H16 in the background of the avian- and mam-
malian-adapted strain SC35M (23). We then studied HA activation and multicycle repli-
cation of those reassortant viruses in lung explants from TMPRSS2-deficient mice as
well as in Calu-3 cells and primary HBEC cultures with peptide-conjugated phosphoro-
diamidate morpholino oligomer (PPMO)-induced knockdown of TMPRSS2 activity.
Beyond that, we cloned an avian TMPRSS2-orthologous protease from duck lung tis-
sue, transiently expressed it in MDCK cells, and examined its proteolytic activation of
HAs of almost all HA subtypes.

RESULTS
Reassortant SC35M IAVs bearing HAs of different subtypes. To study the

TMPRSS2-mediated proteolytic activation of IAVs with different HA subtypes in murine
and human airway cells, we generated a panel of 1:7 reassortant viruses that carry repre-
sentative avian HAs of different subtypes described previously (24) and shared the other
seven gene segments from the avian- and mouse-adapted strain SC35M (23). SC35M was
obtained by serial passages of A/seal/Massachusetts/1/1980 (H7N7) in chicken embryo
fibroblasts and subsequently in mice (23). Since no H5 of an LPAIV was available for this
study, we used the reassortant H5N1-PR8 that contains the HA and NA of an avian H5N1
virus isolated from a human (A/Vietnam/1203/2004) in the genetic background of PR8
(25). Its original multibasic HA cleavage site (PQRERRRKKR;) was converted by mutagene-
sis to a monobasic one. For H7, we used the H7-PR8 reassortant possessing the HA of A/
Anhui/1/13 (H7N9) with a monobasic cleavage site in the PR8 background, described pre-
viously (22). The donors of the HAs and abbreviations of the reassortant viruses are sum-
marized in Table 1. An amino acid sequence alignment of all HAs is provided as Fig. S1 in
the supplemental material.

Proteolytic activation of avian HAs in lung cells of TMPRSS2-deficient mice. To
investigate the role of TMPRSS2 in activation and multicycle replication of different
avian HA subtypes in murine airway cells, we studied growth kinetics of the HA-SC35M
reassortants containing avian HAs of subtypes H1, H2, H3, H4, H6, H8, H9, H10, H11,
H14, and H15 and H5N1-PR8 in lung explants of TMPRSS2-deficient mice (Tmprss22/2)
and wild-type animals (Tmprss21/1). IAV HAs of subtype H12 and H13 were not avail-
able for this study. Explants were inoculated with virus at a low multiplicity of infection
(MOI) and incubated for 72 h. Virus titers in the supernatants were determined by pla-
que assay at different time points postinfection (p.i.). As shown in Fig. 1A, multicycle
replication of reassortants of HA subtypes H1, H2, H5, H6, H8, H10, H11, H14, and H15
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was strongly suppressed in lung explants of Tmprss22/2 mice compared to their effi-
cient growth in lung tissue of wild-type animals. Interestingly, multicycle replication of
H3-SC35M possessing HA of A/duck/Ukraine/1/1963 (H3N8) was strictly TMPRSS2 de-
pendent in murine lung explants. In contrast, the human virus H3N2/Victoria replicated
to similar titers in explants of both wild-type and TMPRSS2-deficient mice, similar to
what has been observed for other human H3N2 viruses previously (15–17).

H9-SC35M, possessing the dibasic cleavage site motif R-S-S-R;, was able to replicate
in lung explants of Tmprss22/2 mice, although to much lower titers than virus replica-
tion in explants of Tmprss21/1 mice (Fig. 1A). These data suggest that another protease
can promote H9 HA activation in murine lung cells but cannot fully compensate for
the lack of TMPRSS2 activity in H9 HA cleavage. A slight increase in virus titer com-
pared to the inoculum was also observed for H4-SC35M in lung explants of Tmprss22/2

mice at 48 and 72 h p.i., although the effect was less pronounced than that in the case
of H9-SC35M. We also examined proteolytic activation of H16 HA in lung cells of
Tmprss22/2 and Tmprss21/1 mice. H16 HA has been shown to contain an unusual A-he-
lix in the cleavage site that hides the arginine residue and is resistant to cleavage by
trypsin in vitro (26). Murine lung explants were not available for this experiment. We
therefore used primary type II alveolar epithelial cells (AECII) instead, as they have
been demonstrated to provide a suitable model to study HA cleavage by different host
proteases in murine lung (22, 27). Multicycle replication of H16-SC35M was reduced in
AECII of TMPRSS2-deficient mice; however, virus growth was not fully blocked, indicat-
ing that H16 HA is cleaved to some extent by proteases other than TMPRSS2 in murine
lung cells. IBV that was used as a control replicated efficiently in AECII of both
TMPRSS2-deficient and wild-type mice, as described previously (22).

To confirm that inhibition of virus multiplication in lung cells of Tmprss22/2 mice is
specifically caused by inhibition of activation of HA, we analyzed HA cleavage in lung
cells of Tmprss22/2 and Tmprss21/1 mice. Since only small amounts of HA were detect-
able in lung explants infected with the different viruses (data not shown), we used
AECII for HA cleavage analysis. AECII of Tmprss22/2 and Tmprss21/1 mice were inocu-
lated either with H4-SC35M or IBV at a low MOI for analysis of virus spread or at a high
MOI for HA cleavage analysis. At 24 h p.i., cells were fixed and immunostained using

TABLE 1 List of wild-type viruses and recombinant viruses including HA cleavage site
sequences used in this study

Virus Abbreviation Cleavage site motifa

HA donor for recombinant virus
A/duck/Bavaria/1/1977 (H1N1) H1-SC35M PSIQSR;G
A/sentinel mallard/Germany/S/Ra517K/2007 (H2N5) H2-SC35M PQIESR;G
A/duck/Ukraine/1/1963 (H3N8) H3-SC35M PEKQTR;G
A/mallard/Germany/1240/1/2007 (H4N6) H4-SC35M PEKASR;G
A/Vietnam/1203/2004 (H5N1) H5N1-PR8 PQIETR;G
A/turkey/Germany/R617/2007 (H6N2) H6-SC35M PQIENR;G
A/Anhui/1/2013 (H7N9) H7-PR8 PEIPKGR;G
A/turkey/Ontario/6118/1968 (H8N4) H8-SC35M PSVEPR;G
A/chicken/Emirates/R66/2002 (H9N2) H9-SC35M PARSSR;G
A/mallard/Germany/R2075/2007 (H10N7) H10-SC35M PEIMQGR;G
A/domestic duck/Germany/R784/2006 (H11N1) H11-SC35M PAIASR;G
A/mallard/Gurijev/263/1982 (H14N3) H14-SC35M PGKQAK;G
A/shearwater/West Australia/2576/1979 (H15N9) H15-SC35M PEKIRTR;G
A/black-headed gull/Sweden/5/1999 (H16N3) H16-SC35M PSVGER;G

Wild-type viruses
A/Victoria/3/1975 (H3N2) H3N2/Victoria PEKQTR;G
A/HongKong/1/1968 (H3N2) H3N2/HongKong PEKQTR;G
A/quail/Shantou/782/2000 (H9N2) H9N2/Shantou PARSSR;G
A/turkey/Wisconsin/1/1966 (H9N2) H9N2/Wisconsin PAVSSR;G
B/Malaysia/2506/2004 IBV PAKLLKER;G

aThe arrow indicates the place of proteolytic cleavage. Basic amino acids crucial for HA cleavage by relevant
proteases are shown in boldface.
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antibodies against the viral nucleoprotein (NP), and lysates were subjected to SDS-
PAGE under reducing conditions and Western blot analysis with H4- or IBV-HA-specific
antibodies. As shown in Fig. 1B, efficient spread of H4-SC35M was visible in AECII of
Tmprss21/1 mice, whereas spread in AECII of Tmprss22/2 mice was strongly reduced,
similar to what has been observed in lung explants. Consistent with this, efficient
cleavage of H4 HA0 into HA1 and HA2 (HA2 not detected by the antibody) was
observed in primary AECII of Tmprss21/1 mice, while cleavage of H4 HA0 was strongly
inhibited in AECII of Tmprss22/2 mice (Fig. 1C). The data demonstrate that TMPRSS2 is

FIG 1 Multicycle replication analysis of IAVs of different HA subtypes in lung cells of TMPRSS2-deficient mice. (A) Lung explants of TMPRSS2-deficient
mice (Tmprss22/2) or wild-type mice (Tmprss21/1) were inoculated with 4� 103 PFU of the indicated virus and incubated for 72 h. Virus titers were
determined at 16, 24, 48, and 72 h postinfection (p.i.) by plaque assay. Replication of H5N1-PR8 and H11-SC35M was completely blocked in lung
explants of TMPRSS22/2 mice (indicated by a red arrow). Panels showing growth kinetics of H16-SC35M and IBV in primary type II alveolar epithelial cells
(AECII) of Tmprss21/1 and Tmprss22/2 mice are indicated by asterisks. Murine AECII were inoculated with H16-SC35M or IBV at an MOI of 0.01 and
incubated for 72 h. At the indicated time points, virus titers were determined by focus formation assay. Data are mean values 6 standard deviations
(SD) from two or three independent experiments. Schematic mice illustrate virus activation (red symbols) and spread along the airways in the absence
of TMPRSS2. (B) Multicycle replication of H4-SC35M and IBV in AECII isolated from Tmprss21/1 and Tmprss22/2 mice. Cells were cultivated and inoculated
with H4-SC35M or IBV at an MOI of 0.01 and incubated for 24 h. Subsequently AECII were fixed, permeabilized, and immunostained for NP (green). The
nuclei were stained using DAPI (blue). Representative images from one (H4-SC35M) or three (IBV) independent experiments are shown. Scale bars
indicate 100mm. (C) Analysis of HA cleavage in AECII of Tmprss21/1 and Tmprss22/2 mice. Cells were inoculated with H4-SC35M or IBV at an MOI of 0.8
and 0.04, respectively, and incubated for 24 h. Cell lysates were subjected to SDS-PAGE and Western blotting with HA-specific antibodies. Beta-actin
served as a loading control. HA2 was not detected by the HA-specific antibodies.
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crucial for efficient H4 cleavage in murine lung cells. Detection of small amounts of
cleaved HA1, however, indicated that H4 is cleaved with low efficiency by an unknown
protease(s). IBV was able to undergo multicycle replication in AECII of both Tmprss22/2

and Tmprss21/1 mice, and HA0 was efficiently cleaved, as described previously (22).
Together, the data demonstrate that TMPRSS2 is essential for activation of avian H1,

H2, H3, H5, H6, H8, H10, H11, H14, and H15 HA, having a monobasic cleavage site in
murine lung cells. Further, the data show that H9 HA with R-S-S-R; cleavage site, H16
HA, and, to a lesser extent, H4 HA can be activated by an unknown protease(s) in addi-
tion to TMPRSS2 in murine lung, although with reduced efficiency. Thus, our findings
suggest that TMPRSS2-independent activation is unique to certain human H3 viruses
and IBV in mice.

Role of TMPRSS2 in proteolytic activation of HAs in Calu-3 cells. To investigate
the role of TMPRSS2 in proteolytic activation of different avian HA subtypes in human
airway epithelial cells, we used two infection models: the human airway cell line Calu-3
and well-differentiated cultures of primary human bronchial epithelial cells (HBEC) grown
under air-liquid interface conditions. Knockdown of TMPRSS2 activity in human airway
cells was performed using a previously developed TMPRSS2-specific PPMO (T-ex5). T-ex5
interferes with correct splicing of TMPRSS2 pre-mRNA, resulting in the production of
TMPRSS2-mRNA, lacking exon 5, and consequently expression of a truncated TMPRSS2
variant that is enzymatically inactive (28). Recently, we demonstrated that T-ex5 PPMO
supports efficient knockdown of TMPRSS2 activity in Calu-3 cells and HBEC cultures with-
out affecting cell viability and thereby prevents proteolytic activation of human
H1N1pdm and H3N2 viruses and of zoonotic H7N9 virus in these cells (22).

Calu-3 cell monolayers were treated with T-ex5 PPMO for 24 h prior to virus infection
to deplete enzymatically active TMPRSS2 present in the cells. Treatment of Calu-3 cells
with a PPMO of nonsense sequence (scramble) or untreated Calu-3 cells were used as
controls. The cells were then infected with recombinant viruses at a low MOI and incu-
bated without further PPMO treatment for 24 h, at which time they were fixed and im-
munostained against viral NP. As shown in Fig. 2A, multicycle replication and foci of
infection were observed for all viruses in untreated or scramble PPMO-treated Calu-3
cells. In contrast, spread of H2, H4, H5, H6, H8, H10, H11, H14, and H15 reassortants was
prevented in T-ex5 PPMO-treated cells, and only single, most likely inoculum-infected
cells were visible. Inhibition of viral spread was also observed for H3-SC35M bearing an
avian H3. In contrast, spread of IBV that was used as a control for TMPRSS2-independent
multiplication in Calu-3 cells was similar in untreated and T-ex5-treated cells (Fig. 2A).
H16-SC35M was able to replicate in both T-ex5-treated and control cells, indicating that
activation of H16 is independent of TMPRSS2 in Calu-3 cells. Together, the data suggest
that TMPRSS2 is crucial for proteolytic activation of all tested HA subtypes, having a
monobasic cleavage site, except H16, in Calu-3 cells.

Knockdown of enzymatically active TMPRSS2 expression was confirmed by analysis
of TMPRSS2-mRNA in T-ex5-treated and untreated Calu-3 cells as described previously
(22, 28). Only truncated TMPRSS2-mRNA lacking exon 5 was present in T-ex5-treated
Calu-3 cells, indicating efficient knockdown of TMPRSS2 activity, whereas full-length
TMPRSS2-mRNA was present in untreated control cells (Fig. 2B).

To examine HA cleavage in PPMO-treated Calu-3 cells, cells were incubated with T-
ex5 or scramble PPMO for 24 h or remained untreated and were then inoculated with
either H4-SC35M or H5N1-PR8 at an MOI of 1. At 24 h p.i., cell lysates were subjected to
SDS-PAGE under reducing conditions and Western blot analysis using HA-specific anti-
bodies. Cleavage of HA0 was observed for H4 and H5 in untreated and scramble
PPMO-treated cells. In contrast, only noncleaved H4 and H5 HA0 was detected in Calu-
3 cells treated with T-ex5 PPMO (Fig. 2C). The data confirm that inhibition of virus mul-
ticycle replication in T-ex5-treated cells is caused by inhibition of HA cleavage and,
thus, generation of noninfectious progeny virus in the cells.

Finally, to analyze virus multicycle replication in the absence and presence of
active TMPRSS2 in Calu-3 cells more quantitatively, virus growth kinetics of H4-SC35M,
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FIG 2 Proteolytic activation of IAVs of different HA subtypes in human Calu-3 airway cells. (A) Multicycle replication of IAV and IBV in PPMO-treated
Calu-3 cells. Cells were treated with 25mM T-ex5 or scramble PPMO for 24 h or remained untreated (w/o). Cells were then inoculated with viruses at an
MOI of 0.01 to 0.001 and incubated in the absence of PPMO for 24 h. Cells were fixed and immunostained for NP (green). The nuclei were stained

(Continued on next page)
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H5N1-PR8, and H16-SC35M as representative viruses for TMPRSS2-dependent versus
TMPRSS2-independent HA activation were determined in PPMO-treated cells. To this
end, Calu-3 monolayers were treated with 25 mM T-ex5 or scramble PPMO or remained
untreated for 24 h as described above. The cells were then inoculated with virus at an
MOI of 0.01 to 0.001 and incubated without further PPMO treatment for 72 h. Virus
multiplication was determined by plaque assay (H4-SC35M and H5N1-PR8) or by focus
formation assay (H16-SC35M) of supernatants collected at different times p.i.
Multicycle replication of H4-SC35M was strongly inhibited in T-ex5-treated cells, and
replication of H5N1-PR8 was almost completely blocked, whereas efficient replication
of both viruses was observed in untreated and scramble PPMO-treated control cells
(Fig. 2D). The data indicate that TMPRSS2 is crucial for activation of H4 and H5 HA with
a monobasic cleavage site in Calu-3 cells. Multiplication of H16-SC35M was delayed
and strongly reduced at 16 and 24 h p.i. in T-ex5-treated Calu-3 cells, but the virus was
still able to undergo multicycle replication, resulting in an 8-fold final reduction in virus
titer at 72 h compared to control cells. The data suggest that TMPRSS2 supports cleav-
age of H16 HA in Calu-3 cells but that at least one other protease is involved in H16 HA
cleavage in these cells.

Together, the results demonstrate that TMPRSS2 is crucial for proteolytic activation
of avian IAV HA of subtypes H2, H3, H4, H5, H6, H8, H10, H11, H14, and H15 in Calu-3
human airway epithelial cells, similar to what was previously reported for human H1,
H3, and zoonotic H7 with monobasic cleavage sites (22). Conversely, activation of H16
HA was found to be largely independent of TMPRSS2 activity in Calu-3 cells.

H9N2 IAVs vary in their TMPRSS2 dependency in Calu-3 cells. Among LPAIV sub-
types, H9N2 viruses vary remarkably in amino acid sequence at the cleavage site. While
H9N2 IAVs endemic to America, Europe, and Africa contain diverse monobasic cleav-
age site motifs, many H9N2 viruses from Asia and the Middle East possess the di- or tri-
basic cleavage site motif R-S-S-R; or R-S-R-R;. In a previous study, we demonstrated
that H9 IAVs possessing an R-S-S/R-R; cleavage site motif were activated by the
TMPRSS2-related protease matriptase (also designated ST14) in MDCK cells and in pri-
mary chicken kidney epithelial cells in vitro, whereas H9 IAV with monobasic cleavage
site motif V-S-S-R; was not (29).

We therefore examined the role of TMPRSS2 in proteolytic activation of two H9N2
viruses that differ in their cleavage site motif in Calu-3 cells. H9N2/Shantou possesses
the cleavage site sequence R-S-S-R;, whereas H9N2/Wisconsin contains the monobasic
motif V-S-S-R;. Calu-3 monolayers were treated with 25mM T-ex5 PPMO or remained
untreated for 24 h. Cells were then infected with H9N2/Shantou or H9N2/Wisconsin at
a low MOI and incubated for 72 h. At the indicated time points, virus titers were deter-
mined by plaque assay. Multicycle replication of H9N2/Wisconsin was completely
blocked in T-ex5-treated cells, while efficient virus replication was observed in control
cells (Fig. 3A). In contrast, virus growth of H9N2/Shantou was markedly reduced in T-
ex5-treated cells but still substantial, with a 10- to 100-fold reduction in virus titers
compared to untreated cells. To examine HA cleavage of both viruses in the absence
and presence of TMPRSS2 activity in Calu-3 cells, cells were treated with T-ex5 or
scramble PPMO for 24 h or left untreated. Cells were then inoculated with virus at an
MOI of 1, and cell lysates were subjected to SDS-PAGE and Western blotting at 24 h
(H9N2/Wisconsin) or 48 h (H9N2/Shantou) p.i. Cleavage of HA0 into HA1 and HA2 was

FIG 2 Legend (Continued)
using DAPI (blue). Representative images from two or three independent experiments are shown. Scale bars indicate 100mm. (B) RT-PCR analysis of
TMPRSS2 mRNA in PPMO-treated Calu-3 cells. Cells were treated with T-ex5 PPMO (25mM) or remained untreated (w/o) for 24 h, the medium was
replaced, and the cells were incubated in the absence of T-ex5 for 24 h. Total RNA was isolated and amplified with TMPRSS2-specific primers to amplify
a full-length (filled arrowhead) and truncated Dex5 (open arrowhead) mRNA fragment. (C) Analysis of HA cleavage in PPMO-treated Calu-3 cells. Cells
were treated with PPMO for 24 h as described above, inoculated with virus at an MOI of 1, and incubated for 24 h. Cell lysates were subjected to SDS-
PAGE and Western blotting with HA-specific antibodies. Beta-actin served as a loading control. HA2 was not detected by H4- and H5-specific antibodies.
(D) Virus growth kinetics of H4, H5, and H16 IAV in PPMO-treated Calu-3 cells. Calu-3 monolayers were treated with PPMO or remained untreated for 24
h as described above and then inoculated with H4, H5, or H16 IAV at an MOI of 0.01 to 0.001 and incubated without PPMO for 72 h. At the indicated
time points, virus titers were determined by plaque assay or focus-forming assay (H16-SC35M). Data are mean values 6 SD from two or three
independent experiments.
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detected for both viruses in untreated and scramble PPMO-treated cells (Fig. 3B). In T-
ex5-treated cells, cleavage of HA0 of H9N2/Shantou was strongly suppressed, and only
small amounts of HA1 and HA2 were detected. HA cleavage of H9N2/Wisconsin was
completely inhibited in T-ex5-treated cells, consistent with the observed inhibition of
virus replication in these cells. The data show that H9 HA with an R-S-S-R; but not a V-
S-S-R; cleavage site can be activated by protease(s) in addition to TMPRSS2 in Calu-3
cells, although less efficiently than by TMPRSS2.

Role of TMPRSS2 in proteolytic activation of HAs in HBEC. Recent studies by us
and others have shown that primary HBEC express a wider array of proteases than
Calu-3 cells, including HAT/TMPRSS11D and TMPRSS13/MSPL, capable of cleaving HA
with monobasic cleavage sites (22, 30). Therefore, we analyzed whether TMPRSS2 is
also crucial for activation of different HA subtypes in primary HBEC or whether addi-
tional proteases are sufficient to support HA cleavage in these cells. HBEC were grown
under air-liquid interface conditions for 3 to 4weeks to form a pseudostratified epithe-
lium containing ciliated as well as mucous-producing cells that closely resembles
human respiratory epithelium. Due to the limited availability of HBEC, only a subset of
HA reassortants was analyzed for multicycle replication with or without PPMO-induced
knockdown of TMPRSS2 activity. An overview of the HA subtypes analyzed for proteo-
lytic activation in the different cell cultures in the absence or presence of TMPRSS2 is
shown in Table 2. HBEC cultures were treated with PPMO for 24 h, inoculated at a low
MOI, incubated for 24 h, and then fixed and immunostained for viral NP. Multicycle
replication and spread were observed for all viruses in untreated control cells (Fig. 4A).
In contrast, foci of infection of H2, H4, H5, and H10 reassortants and H9N2/Wisconsin
were strongly inhibited in T-ex5 PPMO-treated HBEC, suggesting that TMPRSS2 is cru-
cial for activation of H2, H4, H5, H9, and H10 with a monobasic cleavage site in primary

FIG 3 Proteolytic activation of H9N2 IAV in Calu-3 cells. (A) Calu-3 cells were treated with T-ex5
PPMO (25mM) or remained untreated (w/o) for 24 h and then were inoculated with H9N2/Shantou or
H9N2/Wisconsin at a low MOI and incubated without further PPMO treatment for 72 h. Supernatants
were collected at 16, 24, 48, and 72 h p.i., and viral titers were determined by plaque assay.
Replication of H9N2/Wisconsin was completely blocked in T-ex5-treated cells (indicated by an arrow).
Data are mean values 6 SD from three independent experiments. (B) HA cleavage analysis. Calu-3
cells were treated with PPMO for 24 h as described above and then inoculated with H9N2/Shantou
or H9N2/Wisconsin at an MOI of 1. At 24 h (H9N2/Wisconsin) or 48 h (H9N2/Shantou) p.i., cell lysates
were subjected to SDS-PAGE and Western blotting using an H9N2-specific antiserum. Unspecific
protein bands are indicated by asterisks. Beta-actin served as a loading control.
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HBEC. In contrast, multicycle replication and spread of H9N2/Shantou and H16-SC35M
were visible in both T-ex5-treated cells and control cells, demonstrating that cleavage
of H9 with the R-S-S-R; motif and H16 is independent of TMPRSS2 in HBEC, similar to
that observed in Calu-3 cells. Virus spread in T-ex5-treated HBEC and control cells were
quantified by image-based quantification using Fiji (Fig. 4B). This analysis confirmed
the significant reduction of virus focus areas in T-ex5-treated versus untreated HBEC
cultures infected with reassortant viruses bearing H2, H4, H5, H10, and H9N2/
Wisconsin. In contrast, no significant decrease in virus spread was observed in T-ex5
PPMO-treated HBEC infected with H9N2/Shantou, H16-SC35M, or IBV. We note, how-
ever, that the focus area of H9N2/Shantou in T-ex5-treated cells was reduced com-
pared to that in control cells. Reverse transcription-PCR (RT-PCR) analysis of PPMO-
treated and untreated HBEC revealed that the majority of TMPRSS2-mRNA present in
T-ex5-treated cells was truncated due to the T-ex5-induced deletion of exon 5, indicat-
ing efficient knockdown of TMPRSS2 activity in the cells (Fig. 4C). To analyze HA cleav-
age in HBEC with and without T-ex5 treatment, HBEC cultures were treated with PPMO
for 24 h as described above and then inoculated with H5N1-PR8 at an MOI of 0.5 and
incubated without PPMO for a further 72 h. Cell lysates were analyzed by SDS-PAGE
and Western blotting using H5-specific antibodies. HA0 of H5N1-PR8 was efficiently
cleaved in untreated cells, whereas no HA0 cleavage was detected in T-ex5 PPMO-
treated cells (Fig. 4D).

In summary, our data demonstrate that TMPRSS2 is crucial for proteolytic activation
of avian IAVs of HA subtypes H1, H2, H3, H4, H5, H6, H8, H9, H10, H11, H14, and H15,
having a monobasic cleavage site in respiratory cells of human and mouse. Only activa-
tion of H9 HA with R-S-S-R; cleavage site motif and H16 HA was supported by pro-
teases in addition to TMPRSS2, although proteolytic activation was more efficient in
TMPRSS2-expressing cells. The data are summarized in Fig. 5.

Activation of IAV HAs by a TMPRSS2-orthologous protease from duck. A gene
encoding a TMPRSS2-orthologous protease is found in the genome of diverse avian
species. Duck and chicken TMPRSS2 orthologs share 76.99% and 80.5% amino acid
identity with human TMPRSS2, respectively. To examine whether TMPRSS2 from duck
(dTMPRSS2) is able to activate influenza virus HA with a monobasic cleavage site, we

TABLE 2 Overview of experimental analyses performed with viruses carrying different HA subtypes in this studya

Virus

Mouse lung cells Calu-3 cells HBEC Duck TMPRSS2

Virus growth WB Virus growth WB Virus growth WB Virus growth WB
H1-SC35M � ND ND ND ND ND � ND
H2-SC35M � ND � ND � ND � ND
H3-SC35M � ND � ND ND ND ND ND
H4-SC35M � � � � � ND � �

H5N1-PR8 � ND � � � � � ND
H6-SC35M � ND � ND ND ND � ND
H7-PR8 NDb NDb NDb NDb NDb NDb � �

H8-SC35M � ND � ND ND ND � ND
H9-SC35M � ND ND ND ND ND � ND
H10-SC35M � ND � ND � ND � ND
H11-SC35M � ND � ND ND ND � ND
H14-SC35M � ND � ND ND ND � ND
H15-SC35M � ND � ND ND ND � ND
H16-SC35M � ND � ND � ND � ND
H3N2/Victoria � ND ND ND ND ND ND ND
H3N2/HongKong ND ND ND ND ND ND � �

H9N2/Shantou ND ND � � � ND ND ND
H9N2/Wisconsin ND ND � � � ND ND ND
IBV � � � NDb � NDb ND ND
aHA reassortants or wild-type viruses were analyzed for multicycle replication (virus growth) and HA cleavage by Western blotting (WB) in the indicated cell cultures and in
MDCK cells transiently expressing duck TMPRSS2. WB analysis of HA cleavage was limited to HA subtypes H3, H4, H5, H7, H9, and IBV HA due to the availability of HA-
specific antibodies.�, analysis performed; ND, not determined.

bDetermined in Limburg et al. (22).
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cloned the dTMPRSS2 cDNA from lung tissue of mallard duck into the mammalian
expression vector pCAGGS. To analyze HA cleavage by dTMPRSS2, HEK293 cells were
cotransfected with plasmids encoding dTMPRSS2 and HA of pandemic virus A/
HongKong/1/68 (H3N2), H4, and H7 HAs (Table 1). Coexpression of HA and human
TMPRSS2 (hTMPRSS2) was used as a control. At 48 h posttransfection, cell lysates were
analyzed by SDS-PAGE and Western blotting using HA-specific antibodies. Cleavage of
H3, H4, and H7 HA0 was observed upon coexpression of dTMPRSS2 and hTMPRSS2,

FIG 4 Proteolytic activation of IAVs of different HA subtypes in HBEC. (A) Multicycle replication of IAV and IBV in
T-ex5 PPMO-treated HBEC. Well-differentiated HBEC were treated with 25mM T-ex5 for 24 h or remained
untreated (w/o). Cells were then inoculated with the indicated viruses at an MOI of 0.1 to 0.5 and incubated in
the absence of PPMO for 24 h. Cells were fixed, permeabilized, and immunostained for viral NP (green). The
nuclei were counterstained using DAPI (blue). Representative images from two or three independent experiments
are shown. Scale bars indicate 100mm. (B) Quantitative analysis of virus infection in PPMO-treated HBEC.
Immunofluorescence data of three to four representative images of multicycle replication in T-ex5-treated and
untreated HBEC were segmented, and the ratio of NP-stained area to total area was measured. Data are mean
values 6 SD. Statistical analysis was performed using two-sample t test. P# 0.05 (*), P# 0.01 (**), and P# 0.001
(***) were considered significant, whereas P values of .0.05 (ns) were not. (C) RT-PCR analysis of TMPRSS2-mRNA
in HBEC with or without T-ex5 treatment for 24 h. Total RNA was isolated and amplified with TMPRSS2-specific
primers to amplify a full-length mature mRNA fragment (filled arrowhead) and truncated Dex5 fragment (open
arrowhead), respectively. (D) Analysis of H5 HA cleavage in T-ex5 PPMO-treated HBEC. HBEC cultures were treated
with T-ex5 PPMO as described above for 24 h or remained untreated and then inoculated with H5N1-PR8 at an
MOI of 0.5. At 72 h p.i., cell lysates were subjected to SDS-PAGE and Western blotting using H5-specific
antibodies. HA2 was not detected by the antibody. Beta-actin served as a loading control.
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whereas no cleavage of HA0 was detected in cells transfected with empty vector
(Fig. 6A). To examine dTMPRSS2-supported proteolytic activation of HA, MDCK cells
were transiently transfected with pCAGGS encoding either dTMPRSS2, hTMPRSS2, or
empty pCAGGS vector. The cells were then inoculated with the H1 to H11 and H14 to
H16 reassortants and incubated for 24 h to allow multiple cycles of viral replication.
Cells were fixed and immunostained for IAV NP. As shown in Fig. 6B, dTMPRSS2 facili-
tated multicycle replication of H3N2/HongKong, H4-SC35M, and H7-PR8 as well as
reassortant viruses bearing H1, H2, H5, H6, H8, H9 (R-S-S-R;), H10, H11, H15, and H16
HA in MDCK cells. The data demonstrate that cleavage of the HAs by dTMPRSS2 sup-
ports their proteolytic activation. We note that H16-SC35M was able to undergo multi-
cycle replication in MDCK(H) cells transfected with empty vector, indicating that H16
HA is cleaved by an endogenous protease in the cells. However, virus foci were larger
in diameter in dTMPRSS2- and hTMPRSS2-expressing cells, indicating enhanced activa-
tion of H16 HA in these cells due to transient expression of the proteases. Interestingly,
H14 IAV was activated in MDCK cells by hTMPRSS2 but not by dTMPRSS2. Thus, our
data show that dTMPRSS2 is capable of activating HAs of different subtypes except
H14 HA at a monobasic cleavage site.

In conclusion, our data suggest that, in human and murine airway cells, TMPRSS2 is
the major activating protease of IAV of almost all HA subtypes having a monobasic
cleavage site. TMPRSS2-independent activation seems to be specific only to certain
human H3N2 viruses in mice and to H9 HA with the R-S-S-R; cleavage site, H16, and
IBV HA in both human and murine respiratory cells. Moreover, our data demonstrate
that duck TMPRSS2 can activate HA with a monobasic cleavage site and, thus, repre-
sents a potential IAV-activating protease in waterfowl.

DISCUSSION

For a long time, the identity of which trypsin-like protease(s) cleaves IAV HA with a
monobasic cleavage site in the mammalian respiratory tract has remained unclear.
Previous studies by us and others identified TMPRSS2 as a host cell factor essential for
activation and spread of H1, H2, H7, and H10 IAVs with a monobasic cleavage site in
murine airways and demonstrated that lack of TMPRSS2 expression prevents virus rep-
lication and pathogenesis from these influenza viruses in mice. Recently, we identified
TMPRSS2 as the major activating protease of human H1 and H3 and zoonotic H7N9
viruses with a monobasic cleavage site in human airway cells (22). In this study, we
broaden those previous findings and demonstrate that TMPRSS2 is the major

FIG 5 Role of TMPRSS2 in activation of IAV with H1 to H16 HAs and IBV in primary murine lung cells
and Calu-3 human airway cells. Results were validated in HBEC cultures in the present study (*) and
in reference 22 (#).
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activating protease of IAVs, with HA subtypes H1 to H11, H14, and H15, with a mono-
basic cleavage site in human and mouse airway cells. TMPRSS2-independent activation
seems to be a unique property of certain human H3N2 viruses, H9 HA with the R-S-S-
R; cleavage site motif, H16 HA, and IBV HA, and, therefore, is an exception rather than
the rule.

IAV HAs of subtypes H12 and H13 were not available for our study; thus, the role of
TMPRSS2 in activation of those two HA subtypes remains to be determined. Galloway
and coworkers analyzed activation of H1 to H14 and H16 HA by TMPRSS2 and the
related protease human airway tryptase (HAT)/TMPRSS11D upon coexpression in vitro
(31). They showed that TMPRSS2 activates H13 but not H12, while the opposite was
observed for HAT and pancreatic trypsin. Thus, it remains of interest to determine the
role of TMPRSS2 in activation of H12.

FIG 6 Proteolytic activation of different IAV HA subtypes by duck TMPRSS2 (dTMPRSS2). (A) Analysis
of HA cleavage by dTMPRSS2. HEK293 cells were cotransfected with pCAGGS plasmids encoding H3/
HongKong, H4, or H7 HA and either dTMPRSS2 or human TMPRSS2 (hTMPRSS2). Transfection with
empty vector (ev) was used as a control. After 48 h of incubation, cell lysates were subjected to SDS-
PAGE and Western blotting using an HA-specific antibody. (B) Proteolytic activation and multicycle
replication analysis. MDCK(H) cells were transfected with protease-encoding plasmids or empty vector
(ev) as a negative control for 24 h and then inoculated with either reassortant bearing the indicated
HA or human virus H3N2/HongKong at an MOI of 0.0005 to 0.01. At 24 h p.i., cells were fixed and
immunostained using antibodies against NP, peroxidase-conjugated secondary antibodies, and a
peroxidase substrate.
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The amino acid sequence at the HA cleavage site is highly conserved within each
IAV subtype but differs between HA subtypes (Table 1). In 1998, Chen et al. solved the
H3 HA0 crystal structure and demonstrated that the cleavage site is located in a promi-
nent surface loop (32). To date, the HA0 structure has been solved for two more sub-
types by X-ray crystallography, namely, for the H1 HA of the 1918 pandemic IAV and
for the H16 HA (26, 33). The H1 HA0 cleavage site loop is less exposed than H3 HA0.
H16 HA0 contains an unusual a-helix structure in the cleavage site loop, with the argi-
nine residue being obscured by the helix. H16 has been shown to be resistant to cleav-
age by trypsin yet to be cleavable by TMPRSS2 in vitro (26, 31) and by an undefined
protease(s) in differentiated human airway cell cultures (34). Interestingly, here, H16
was one of the two IAV HA subtypes that can be activated by other proteases in addi-
tion to TMPRSS2 in murine and human airway cells. Further, H16-SC35M was proteo-
lytically activated by an endogenous protease in MDCK(H) cells. Thus, although the
H16 HA cleavage site appears to be less exposed, it seems to be accessible to a greater
number of proteases than most other HA subtypes. Notably, carbohydrate side chains
or amino acid sequences in close proximity to the cleavage site also can affect its
accessibility and thereby may contribute to the sensitivity of different HAs to host pro-
teases (20, 35, 36). Which protease(s) facilitates activation of H16 in human and murine
airway cells and whether this protease(s) is also involved in activation of IBV HA and/or
H9 with the R-S-S-R; cleavage site in airway cells remains to be determined.
Furthermore, it is still uncertain whether the same protease(s) supports H16 HA activa-
tion in MDCK(H) cells. H16 IAV has been characterized as gull specific and is rarely iso-
lated from ducks (37, 38). It remains to be analyzed whether activation of H16 HA by a
broader range of proteases plays a role in proteolytic activation and tissue tropism of
H16 IAV in gulls.

Furthermore, we demonstrated that H9 HA with the R-S-S-R; cleavage site motif
can be activated by proteases in addition to TMPRSS2 in human and murine airway
cells. Previous work by us strongly suggests that this is due to the type II transmem-
brane protease matriptase (29). Orthologs of matriptase are encoded in the genomes
of mouse and chicken (39). Recombinant matriptase cleaved H9 of H9N2/Shantou (R-S-
S-R;) but not HA of H9N2/Wisconsin (V-S-S-R;) (29). Moreover, H9N2/Shantou was able
to replicate in primary chicken embryo kidney (CEK) cells in the absence of exogenous
trypsin, whereas H9N2/Wisconsin was not. H9N2/Shantou multicycle replication in CEK
was inhibited by a peptide mimetic inhibitor of matriptase. Because matriptase is
expressed in a broad range of tissues, it may affect tissue tropism of H9N2 IAV (39, 40).
For example, the nephrotropism observed with H9N2 viruses in poultry might be due
to virus activation by matriptase in kidney cells. H9N2 viruses in domestic poultry have
become endemic in several geographical areas since the mid-1990s and are occasion-
ally transmitted to humans, raising concern about their pandemic potential (6, 8).
Importantly, H9N2 viruses have contributed internal genes to H5N1, H5N6, H7N9, and
H10N8 viruses that can infect humans (reviewed in reference 41). Here, however, acti-
vation of H9 HA with the R-S-S-R; cleavage site by putative matriptase was less effi-
cient than H9 HA activation by TMPRSS2 in both human and murine cells. Interestingly,
TMPRSS2 has been shown to activate matriptase in prostate cells (42). Thus, knock-
down/knockout of TMPRSS2 activity also might reduce matriptase activity in airway
cells. It remains to be examined whether the lower level of H9 activation in cells with
knockdown/knockout of TMPRSS2 activity is a matter of reduced efficiency of matrip-
tase in H9 HA cleavage compared to TMPRSS2 or instead due to decreased levels of
matriptase activity.

Here, we found that H4 HA is proteolytically activated in lung explants and AECII of
Tmprss22/2 mice, although the levels of HA cleavage and virus multiplication were
very low, and it remains to be investigated whether H4-SC35M is able to replicate effi-
ciently in Tmprss22/2 mice in vivo. Interestingly, H4 HA contains the cleavage site motif
K-A-S-R;, possessing a lysine in the P4 position. Matriptase shows a preference for ba-
sic residues in both P4 and P1 positions and, thus, might contribute to H4 HA cleavage
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in mice. However, H3 HA also possesses K in P4 position (K-Q-T-R;), and previous stud-
ies by us and others showed that H3 HA is not cleaved by matriptase (29, 43, 44). Thus,
it remains to be investigated whether matriptase contributes to H4 HA cleavage in
mice. Importantly, H4-SC35M was not able to undergo multicycle replication in Calu-3
cells or HBEC with T-ex5 PPMO-induced knockdown of TMPRSS2 activity. Thus, activa-
tion of H4 HA in human airway cells is TMPRSS2 dependent, in contrast to the activa-
tion scenario in mice.

Previous studies have revealed that human and mouse can differ in their HA-cleav-
ing protease repertoire (19, 20, 27). Certain human H3N2 viruses replicate independ-
ently of TMPRSS2 in mice yet are dependent on TMPRSS2 for HA activation in human
cells. Activation of IBV HA was shown to be TMPRSS2 independent in murine AECII,
whereas TMPRSS2 was necessary for IBV activation in human AECII (21, 22). Thus, previ-
ous studies suggest that activation of H3 in mice is facilitated by a mouse-specific pro-
tease or a protease not present as an active enzyme in human airways (22, 27).
Notably, the human genome encodes 588 proteases, whereas 672 protease genes
have been annotated in the murine genome (45). Moreover, differences in the sub-
strate specificity of murine proteases and their human orthologues might contribute
to the protease repertoire available for HA cleavage. Correspondingly, the murine pro-
teases prostasin and hepsin have been shown to cleave H3 HA in vitro, whereas their
human orthologues did not (27). On the contrary, human but not murine kallikrein
(KLK5) was demonstrated to be able to cleave H3 HA in vitro (46). Finally, different pro-
tease inhibitor repertoires available might lead to differences in HA activation between
human and mouse. A number of physiological protease inhibitors, including plasmino-
gen-activator inhibitor 1 (SERPIN1), hepatocyte growth factor activator inhibitor 2 (HAI-
2), or serine peptidase inhibitor, Kunitz type 1 (SPINT1, also designated HAI-1), have
been demonstrated to inhibit IAV activation in cell culture and in mouse models
(47–49). Therefore, it may be interesting to compare the distribution of these inhibitors
in airway tissues of human versus mouse as well as their expression along the human
respiratory tract. Activation of IBV was shown to be independent of TMPRSS2 in Calu-3
cells and primary HBEC but was strictly TMPRSS2 dependent in primary human AECII,
suggesting that AECII either lack expression of an appropriate protease or that the pro-
tease is inhibited by a cognate inhibitor.

The proteases that support activation of IAV in waterfowl and poultry remain poorly
defined. Comparative analysis of zebra finch, chicken, human, and mouse genomes
indicates that avian genomes encode a considerably smaller number of proteases than
mammalian genomes (50). Here, we demonstrate that TMPRSS2 from duck is able to
activate almost all HA subtypes in vitro, suggesting that TMPRSS2 supports HA activa-
tion in ducks. Furthermore, TMPRSS2 from chicken was shown to cleave the HA of the
1918 (H1N1) pandemic virus in vitro, indicating that TMPRSS2 supports IAV activation
in chicken as well (51). Interestingly, H14 HA was cleaved by human TMPRSS2 but not
by duck TMPRSS2. H14 HA contains a lysine instead of an arginine in position P1 at the
cleavage site (Table 1). Thus, the data indicate that TMPRSS2 orthologs from human
and duck differ in their ability to cleave at a lysine residue. It has yet to be demon-
strated whether TMPRSS2 plays a critical role in HA activation in ducks and chicken
and whether the avian intestinal and respiratory tracts differ in their HA-cleaving prote-
ase repertoire.

It has been established that humans can be infected with avian IAV of subtypes H5,
H6, H7, H9, and H10 by exposure to infected wild birds and poultry. Infections are asso-
ciated with diverse symptoms such as conjunctivitis, influenza-like illness, pneumonia,
respiratory distress syndrome, and encephalitis (reviewed in reference 5). Fortunately,
in most cases the virus cannot transmit from human to human due to several species
barriers. However, on rare occasions IAV can establish a new virus lineage in a mamma-
lian host. Adaptation of avian IAV to humans typically requires several genetic altera-
tions and is a complex process, but some factors were recognized as key to the pro-
cess, including the receptor-binding specificity of HA and its pH stability as well as
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adaptation of the viral polymerase complex to facilitate nuclear import and replication
of the viral genome in mammalian cells (reviewed in reference 52). Here, we demon-
strate that human TMPRSS2 is crucial for activation of avian IAV HAs of various sub-
types in human airway cells. Further, we show that duck TMPRSS2 activates avian HAs
with a monobasic cleavage site. Thus, our data suggest that HA cleavage is a conserved
mechanism that requires no adaptation for IAV in order to cross from avian to human
hosts. Orthologues of TMPRSS2 from swine and nonhuman primates have been shown
to be capable of cleaving HA with a monobasic cleavage site in vitro, indicating that
TMPRSS2 supports HA activation in various species (53, 54). It remains to be deter-
mined, however, whether efficiency of TMPRSS2-mediated HA cleavage differs
between host species and, thus, can contribute to the viral host range and interspecies
transmission.

The present study provides further evidence that TMPRSS2 is an essential host cell
factor for IAV replication in human airways and therefore provides a potential drug tar-
get. The concept of targeting HA activation for influenza treatment was first addressed
in the 1980s by Zhirnov and coworkers using the broad-range serine protease inhibitor
aprotinin from bovine lung (55, 56). Aprotinin efficiently inhibited influenza virus acti-
vation and multiplication in human airway cells in vitro and in experimentally infected
mice. Furthermore, aerosolized aprotinin inhalations in patients with influenza and par-
ainfluenza markedly reduced the duration of symptoms without causing side effects in
a clinical trial (56). Nevertheless, the development of protease inhibitors for influenza
treatment has been minimal to date, most likely due to limited knowledge about pro-
teases involved and their specific physiological functions. TMPRSS2-deficient mice
show no adverse phenotype compared to wild-type littermates, indicating functional
redundancy or compensation of physiological functions by another protease(s).
TMPRSS2 has been shown to be sensitive to a number of broad-spectrum serine prote-
ase inhibitors, including aprotinin, camostat, and nafamostat (57–60). Additionally, a
number of potent peptide or peptide-mimetic inhibitors of TMPRSS2 have been
described and were shown to prevent IAV and IBV activation and multiplication in cell
cultures (reviewed in reference 61). However, all these compounds inhibit numerous
trypsin-like proteases and therefore may cause various side effects. In contrast, specific
inhibition of TMPRSS2 during an acute influenza infection is expected to be well toler-
ated. Unfortunately, to date no structural information on the catalytic domain of
TMPRSS2 is available; thus, the development of highly selective peptide or peptide-mi-
metic inhibitors of TMPRSS2 is hampered. Alternatively, PPMO are highly selective
inhibitors of target gene expression (62). They bind to a complementary sequence in
target mRNA and can affect gene expression by steric blockage of translation initiation
or pre-mRNA splicing. T-ex5 PPMO is the first highly selective inhibitor of TMPRSS2 ac-
tivity that has been developed (28). Recently, we demonstrated that T-ex5 strongly
inhibits replication of SARS-CoV-2 in Calu-3 cells due to inhibition of proteolytic activa-
tion of the spike protein S and thereby identified TMPRSS2 as an essential host cell fac-
tor for SARS-CoV-2 (59). TMPRSS2 has been demonstrated to activate several respira-
tory viruses with monobasic cleavage sites in their fusion proteins, including human
and zoonotic coronaviruses (CoV), such as HCoV-229E, severe acute respiratory syn-
drome CoV, and Middle East respiratory syndrome CoV, human metapneumovirus, and
parainfluenza viruses in vitro (reviewed in reference 63). Thus, the development of
TMPRSS2-specific inhibitors may provide a treatment approach for a broad range of re-
spiratory virus infections. Furthermore, the present study suggests that TMPRSS2 inhib-
itors provide useful drugs for the treatment of human infections with avian IAV and
should be considered an approach for pandemic preparedness as well. Based on our
findings here, further toxicity and antiviral evaluations of TMPRSS2-specific PPMO in
animal models are warranted.

In conclusion, our study extends previous findings on proteolytic activation of IAV
HA with monobasic cleavage sites and provides evidence that TMPRSS2 is the major
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activating protease of avian HAs of subtypes H1 to H11, H14, and H15 in human airway
cells. Furthermore, our data indicate that TMPRSS2 supports activation of IAV in ducks.

MATERIALS ANDMETHODS
Cells. Propagation of all cells was carried out at 37°C and 5% CO2. Calu-3 human airway epithelial

cells (ATCC number HTB55) were cultured in Dulbecco’s modified Eagle medium (DMEM)–F-12 Ham
(1:1) (Gibco) supplemented with 10% fetal calf serum (FCS), penicillin, streptomycin, and glutamine, with
fresh culture medium replenished every 2 to 3 days. HEK293 human embryonic kidney cells, Madin-
Darby canine kidney II (MDCKII) cells, and MDCK(H) cells were maintained in DMEM supplemented with
10% FCS, antibiotics, and glutamine.

Primary human bronchial epithelial cells (HBEC; purchased from Lonza) were cultivated under air-liq-
uid interface conditions to form well-differentiated, pseudostratified cultures as described previously
(22). Briefly, HBEC were maintained in hormone- and growth factor-supplemented airway epithelial cell
growth medium (AEGM, ready-to-use; PromoCell). At 80% confluence, cells were detached with 0.05%
trypsin-EDTA (Gibco) and seeded on membrane supports (12-mm Transwell culture inserts, 0.4-mm pore
size; Costar) coated with 0.05mg collagen from calf skin (Sigma-Aldrich) in ready-to-use AEGM supple-
mented with 1% penicillin-streptomycin. HBEC were cultured for 2 days until they reached complete
confluence. The apical medium then was removed and the basal medium was replaced by a 1:1 mixture
of DMEM (Sigma) and ready-to-use AEGM supplemented with 60 ng/ml retinoic acid (Sigma). Cultures
were maintained under air-liquid interface conditions for 4weeks with medium in the basal chamber
replenished every 2 to 3 days. Fully differentiated 4-week-old cultures were used for the experiments.

Plasmids. pHW2000 plasmids encoding the gene segments of SC35M were kindly provided by
Thorsten Wolff (Robert Koch Institute, Berlin, Germany). pHW2000 plasmids carrying the gene segments
of A/PR8/34 (H1N1) (PR8) and pHW2000 plasmids carrying HA and NA genes of A/Vietnam/1203/2004
(H5N1) were kindly provided by Richard Webby and Robert Webster (St. Jude Children's Research
Hospital, Memphis, TN). pHW2000 plasmids carrying HA of A/sentinel mallard/Germany/S/Ra517K/2007
(H2N5), A/mallard/Germany/1240/1/2007 (H4N6), A/turkey/Germany/R617/2007 (H6N2), A/turkey/
Ontario/6118/1968 (H8N4), A/chicken/Emirates/R66/2002 (H9N2), A/mallard/Germany/R2075/2007
(H10N7), A/domestic duck/Germany/R784/2006 (H11N1), A/mallard/Gurijev/263/1982 (H14N3), and A/
shearwater/West Australia/2576/1979 (H15N9) have been described previously (24). The cDNA encoding
HA of A/black-headed gull/Sweden/5/99 (H16N3; accession number AY684891.1) was purchased from
ThermoFisher and was cloned into the pHW2000 vector using BsmBI restriction sites.

Virus isolates and recombinant viruses. The wild-type IAVs used in this study were A/Victoria/5/1975
(H3N2), kindly provided by Stephan Pleschka (Institute of Virology, Gießen, Germany), A/turkey/Wisconsin/1/
1966 (H9N2), A/quail/Shantou/782 (H9N2), and B/Malaysia/2506/2004. Recombinant human virus H5N1-PR8
(containing HA and NA of A/Vietnam/1203/2004 with the other 6 gene segments of A/PR8/34 [H1N1]) has
been described elsewhere (25). Recombinant A/Hong Kong/1/68 (H3N2) virus was described in reference 64.

Recombinant HA-SC35M (1:7) viruses were generated by reverse genetics using the pHW2000-based
eight-plasmid system described in reference 65. Briefly, HEK293 cells were cotransfected with pHW2000
plasmid carrying a representative avian HA and seven plasmids encoding the remaining gene segments
of SC35M by using Lipofectamine 2000 (Invitrogen). At 48 h after transfection, the cell supernatant was
treated with 1mg/ml tosyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma) for 1 h at
37°C and inoculated in MDCK(II) cells, followed by 1 h of incubation. The cells were washed and main-
tained in infection medium containing 1mg/ml TPCK-trypsin for 2 to 3 days. Virus-containing superna-
tants were analyzed by plaque assay and sequencing, and stock viruses were propagated in MDCK(II)
cells as described below.

All IAVs except for H9N2/Shantou, H9N2/Wisconsin, and H16-SC35M were propagated in MDCK(II)
cells in infection medium containing 1mg/ml TPCK-treated trypsin. H9N2 viruses were grown in the
allantoic cavity of 11-day-old embryonated chicken eggs. Cell supernatants and allantoic fluid were
cleared by low-speed centrifugation and stored at –80°C. H16 HA is not cleaved by trypsin (26).
Therefore, the generation of recombinant H16-SC35M virus was modified as follows: plasmid-transfected
HEK293 cells were incubated for 72 h, the cell pellets were harvested, diluted in phosphate-buffered sa-
line (PBS), and injected into the allantoic cavity of 11-day-old embryonated chicken eggs. After 72 h,
allantoic fluid was cleared by low-speed centrifugation and stored at –80°C.

Antibodies. Antibodies used in this study were polyclonal rabbit serum anti-H5N1 (AP301060PU-N;
OriGene Technologies GmbH), anti-H4 HA (11714-RP01; SinoBiologicals), anti-H8 HA (11722-RP01;
SinoBiologicals), anti-H9N2 (PA5-81658; Invitrogen), and anti-H3 HA (GTX127363; GeneTex). A monoclo-
nal mouse anti-beta actin antibody was purchased from Abcam (ab6276). Horseradish peroxidase (HRP)-
conjugated secondary antibodies were purchased from Dako. Immunofluorescence analyses were per-
formed using the following antibodies: monoclonal mouse anti-IAV nucleoprotein (NP) (Abcam) and
mouse anti-IBV NP (Thermo Fisher Scientific). Species-specific fluorescein isothiocyanate-conjugated and
Alexa Fluor dye-conjugated secondary antibodies were purchased from Dako and Life Technologies,
respectively.

PPMO. Phosphorodiamidate morpholino oligomers (PMO) were synthesized at Gene Tools, LLC
(Corvallis, OR, USA), and have been described previously (28). PMO sequences (59 to 39) were the follow-
ing: T-ex5, CAGAGTTGGAGCACTTGCTGCCCA; scramble, CCTCTTACCTCAGTTACAATTTATA. The cell-pene-
trating peptide (RXR)4 (R is arginine and X is 6-aminohexanoic acid) was covalently conjugated to the 39
end of each PMO through a noncleavable linker to produce peptide-PMO (PPMO) by methods previously
described (66).
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RNA isolation and RT-PCR analysis of exon skipping. For analysis of exon skipping in TMPRSS2-
mRNA in PPMO-treated Calu-3 and HBEC, the cells were incubated with indicated concentrations of
PPMO or without PPMO in infection medium for the indicated time points. Total RNA was isolated using
the Monarch total RNA miniprep kit (NEB) according to the manufacturer’s protocol. RT-PCR was carried
out with total RNA using the one-step RT-PCR kit (Qiagen) according to the supplier’s protocol. For
detection of TMPRSS2 mRNAs and to analyze exon skipping, primers TMPRSS2-108fwd (59 CTA CGA GGT
GCA TCC 39) and TMPRSS2-1336rev (59 CCA GAG GCC CTC CAG CGT CAC CCT GGC AA 39), designed to
amplify a full-length PCR product of 1,228 bp from control cells and a shorter PCR fragment of 1,100 bp
(Dex5) from T-ex5-treated cells, were used (28). RT-PCR products were resolved on a 0.8% agarose gel
stained with ethidium bromide.

Preparation of murine lung explants and AECII. TMPRSS2-deficient mice (strain Tmprss2tm1Psn;
mixed C57BL/6J-129 background) were kindly provided by Peter Nelson (Fred Hutchinson Cancer
Research Center, Seattle, WA) and have been described previously (16, 67). Homozygous TMPRSS2-
knockout mice (Tmprss22/2) and wild-type littermates (Tmprss21/1) were bred and housed in the animal
facility of the Philipps-University Marburg. All protocols involving mice have been approved by the
Commission on Animal Protection and Experimentation at the Philipps-University Marburg. Briefly, for
lung explant preparation, Tmprss22/2 mice and wild-type littermates were sacrificed using cervical dislo-
cation. The thorax was opened to excise the larynges, trachea, bronchi, and lungs. Lungs were separated
from the remaining respiratory tract, and surrounding tissue was removed. The lobes of the lung were
transferred to a 35-mm dish with 3ml explant medium (infection medium supplemented with 1% non-
essential amino acids [NEAA; Gibco]), stored on ice. Tissue samples were then taken with a 4-mm biopsy
punch and maintained in a 12-well plate containing 2ml explant medium at 37°C and 5% CO2.

The isolation of alveolar epithelial cells type II (AECII) was conducted similar to previously described
procedures (22, 27). The cells then were seeded on membrane supports (12-mm Transwell Clear culture
inserts, 0.4-mm pore size; Costar), coated with 0.05mg collagen type I from calf skin (Sigma-Aldrich) per
well and cultivated with DMEM–FCS for 24 h at 37°C and 5% CO2. Cells were washed and incubated
under air-liquid interface conditions for 24 h prior to infection.

Multicycle replication in primary murine lung explants. The lung punch explants from Tmprss22/2

and Tmprss21/1 mice were inoculated with 4� 103 PFU of the used IAV for 1 h. The inoculum was
removed by careful washing, and infected explants were incubated in explant medium for 72 h. At 16, 24,
48, and 72 h p.i., virus titers were determined in number of PFU/ml by plaque assay in MDCKII cells as
described previously (22).

Infection of cells and multicycle viral replication. Infection experiments and PPMO treatment of
Calu-3 cells were performed using infection medium (DMEM supplemented with 0.1% bovine serum al-
bumin [BSA], glutamine, and antibiotics). Infection and PPMO treatment of HBEC were performed under
serum-free conditions using the airway medium defined above.

For analysis of multicycle replication kinetics or virus spread in Calu-3 cells with or without T-ex5
treatment, cells were seeded in 24-well plates and grown to near confluence. Cells were incubated with
25 mM T-ex5 PPMO or scramble PPMO in infection medium for 24 h or remained untreated. After re-
moval of preinfection medium, the cells were inoculated with virus at an MOI of 0.01 to 0.001 in infec-
tion medium for 1 h, and then washed with PBS and incubated in infection medium without PPMO for
72 h. At 16, 24, 48, and 72 h p.i., supernatants were collected and viral titers determined by plaque assay
in MDCK(II) cells with Avicel overlay as described previously (22). For analysis of virus spread at 24 h p.i.,
Calu-3 cells were fixed with 4% paraformaldehyde (PFA) and immunostained for NP as described below.
Growth kinetics of H16-SC35M were determined by focus formation assay as described elsewhere (64).
Briefly, for titration, confluent MDCK(H) cells grown in 96-well plates were infected with 50ml of serial
10-fold virus dilution in infection medium as described above. The titration was performed in duplicate.
The cells were then incubated for 8 h at 37°C, fixed with 4% PFA, and immunostained for NP as
described below.

To analyze HA cleavage in Calu-3 cells in the presence and absence of TMPRSS2, cells were treated
with T-ex5 or scramble PPMO for 24 h as described above. Cells were then inoculated with virus at an
MOI of 1 for 1 h, washed with PBS, and incubated for 24 to 48 h in fresh infection medium without
PPMO. Cell lysates were subjected to SDS-PAGE and Western blotting using HA-specific antibodies.

For analysis of IAV spread in HBEC, the cells were treated from the basal site with 25mM PPMO in air-
way cell medium for 24 h. Cells were washed with PBS and inoculated apically with the virus at an MOI
of 0.01 to 0.001 for 1 h, washed with PBS, and incubated in fresh infection medium (basal chamber)
without PPMO for 24 h. At 24 h p.i., cells were fixed with methanol-acetone (1:1) on ice and immuno-
stained for viral NP as described below. Quantitative analysis of virus foci in PPMO-treated HBEC was
performed using immunofluorescence data of three to four representative images of virus spread in
T-ex5-treated and untreated HBEC. Images were segmented and NP-stained area over total area was
measured using Fiji. For statistical analysis, two-sample t test was used under the assumption of normal
distribution.

Immunofluorescence staining and microscopy. To analyze virus spread in HBEC, the cells were
fixed and permeabilized using methanol-acetone (1:1), blocked with 2% BSA, 5% glycerol, and 0.2%
Tween 20, and incubated with primary antibodies against NP of IAV. Subsequently the cells were
washed and incubated with species-specific Alexa Fluor dye-conjugated secondary antibodies. 49,6-
Diamidino-2-phenylindole (DAPI) was used as a counterstain. Cells were mounted in Fluoroshield, and
images were captured using a fluorescence microscope (Zeiss Axiophot or Zeiss Axiovert 200M) and
camera.
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SDS-PAGE and Western blot analysis. Cells were washed with PBS, lysed using CellLytic M cell lysis
reagent (Sigma-Aldrich) for 30min on ice, and cleared from cell debris by centrifugation. Lysates were
supplemented with reducing SDS-PAGE sample buffer and heated at 95°C for 10min. Proteins were sub-
jected to SDS-PAGE (12% gel), transferred to a polyvinylidene difluoride (PVDF) membrane, and detected
by incubation with primary antibodies and species-specific peroxidase-conjugated secondary antibod-
ies. Proteins were visualized using the ChemiDoc XRS1 system and Image Lab software (Bio-Rad).

Cloning of pCAGGS-duckTMPRSS2. Full-length cDNA of duck TMPRSS2 (dTMPRSS2; accession
number XM_038172890) was amplified from total RNA of lung tissue of a mallard duck by RT-PCR as
described above with protease-specific primers. Primer sequences are available upon request. The
dTMPRSS2 cDNA was subcloned into the mammalian expression plasmid pCAGGS using EcoRI and XhoI
restriction sites by the “aqua cloning” method described in reference 68. Amino acid sequence align-
ment of dTMPRSS2, human TMPRSS2, and chicken TMPRSS2 was performed using Serial Cloner.

Multicycle virus replication in cells transiently expressing protease. The MDCK(H) cells were
seeded in 24-well plates and transfected with protease-encoding plasmids as described above. At 24 h
posttransfection, cells were infected with virus at an MOI of 0.0005 to 0.01 for 1 h. Inoculum was
removed, and cells were washed and incubated for 24 h in DMEM-BSA. At 24 h postinfection, cells were
immunostained for viral NP as described previously (14). Briefly, cells were fixed with 4% paraformalde-
hyde in PBS and permeabilized with 0.3% Triton X-100 in PBS. Cells were incubated with IAV NP-specific
antibodies and horseradish peroxidase-conjugated secondary antibodies and stained using the peroxi-
dase substrate TrueBlue (KPL). Images were taken with the ChemiDoc XRS1 system and Image Lab soft-
ware (Bio-Rad).
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