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Cleavage of influenza A virus hemagglutinin (HA) is required for expression of fusion activity and virus entry
into cells. Extracellular proteases are responsible for the proteolytic cleavage activation of avirulent avian and
mammalian influenza viruses and contribute to pathogenicity and tissue tropism. The relative contributions of
host and microbial proteases to cleavage activation in natural infection remain to be established. We examined
23 respiratory bacterial pathogens and 150 aerobic bacterial isolates cultured from the nasal cavities of pigs
for proteolytic activity. No evidence of secreted proteases was found for the bacterial pathogens, including
Haemophilus parasuis, Pasteurella multocida, Actinobacillus pleuropneumoniae, Bordetella bronchiseptica, and
Streptococcus suis. Proteolytic bacteria were isolated from 7 of 11 swine nasal samples and included Staphylo-
coccus chromogenes, Staphylococcus hyicus, Aeromonas caviae, Pseudomonas aeruginosa, Stenotrophomonas malto-
philia, and Enterococcus sp. Only P. aeruginosa secreted a protease, elastase, that cleaved influenza virus HA.
However, compared to trypsin, the site of cleavage by elastase was shifted one amino acid in the carboxy-
terminal direction and resulted in inactivation of the virus. Under the conditions of this study, we identified
several bacterial isolates from the respiratory tracts of pigs that secrete proteases in vitro. However, none of

these proteolytic isolates demonstrated direct cleavage activation of influenza virus HA.

Cleavage of the influenza A virus hemagglutinin (HA) is
required for cell entry by receptor-mediated endocytosis (19,
20, 22, 27). During viral entry, the HA undergoes a conforma-
tional change within the acidic environment of the endosome
(4, 6, 32, 41). Cleavage of the intact HAQ into HA1 and HA2
allows exposure of the amino-terminal fusion peptide of the
HA2 within the endosome, resulting in fusion of the viral
envelope with the endosomal membrane. The importance of
HA cleavage in viral pathogenicity and tissue tropism has re-
cently been reviewed (25, 27).

Susceptibility of HA to cleavage by host intracellular pro-
teases is the major factor distinguishing highly virulent avian
influenza viruses from avirulent avian and mammalian viruses
(3, 12, 18, 26). The HAs of virulent avian viruses contain the
multiple basic amino acid sequence R-X-K/R-R, making them
susceptible to host intracellular proteases, such as furin and
PC6 (13, 14, 37, 39, 40). The presence of these proteases in
virtually all tissues contributes to the systemic spread and high
virulence of these viruses in birds. In contrast, the HAs of
avirulent avian and mammalian viruses are not susceptible to
cleavage by these intracellular proteases and are predomi-
nantly cleaved by extracellular serine proteases. Early studies
clearly demonstrated the requirement for trypsin in cleavage
activation of influenza A viruses in vitro (19, 20, 22). Subse-
quently, a protease in the allantoic fluid, similar to the mam-
malian clotting factor Xa, was shown to activate influenza virus
in embryonated chicken eggs (9). This protease enables repli-
cation in allantoic membranes and confers specific tissue tro-
pism in eggs (9, 28).

In contrast, the source of specific proteases that confer
cleavage activation during natural infection of mammalian
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hosts has not been fully determined. Respiratory tract pro-
teases capable of cleavage activation of influenza virus have
been recovered from nasal wash specimens of children with
upper respiratory disease (2). Several endogenous host inflam-
matory and hemostasis proteases, such as kallikrein, urokinase,
thrombin, and plasmin, cleave the HAs of some, but not all,
influenza viruses (30). Other host proteases, such as granulo-
cyte proteases and cathepsin D, cleave the HA but do not
confer infectivity to the virus, suggesting that cleavage occurs
at an inappropriate site (2). Tryptase Clara, a trypsin-like pro-
tease produced by rat bronchiolar Clara cells, is secreted into
the rat respiratory tract and is capable of cleavage activation of
influenza viruses (17). Similar proteases have not been dem-
onstrated in other mammalian species. Thus, the specific role
that these or other host proteases play in influenza virus cleav-
age activation within the respiratory tract has not been con-
clusively determined.

Bacteria present in the respiratory tract are potential
sources of proteases that could contribute to cleavage activa-
tion of influenza virus in vivo (1, 30, 34, 35). Proteases from
some strains of Streptomyces griseus, Staphylococcus aureus, and
Aerococcus viridans secrete proteases that directly cleave the
HAs of several, but not all, influenza A viruses (19, 30, 34, 35).
HA cleavage by S. aureus and A. viridans proteases confers
virus infectivity and replication in vitro and augments virus
replication and pathogenesis in mice (30, 34, 35). Alternatively,
staphylokinase, streptokinase, and a protease from Serratia
marcescens can facilitate cleavage activation by generation of
plasmin from plasminogen (1, 30).

The contributions of endogenous and microbial proteases in
natural influenza virus infection remain to be established. In-
fluenza remains a particularly important respiratory disease in
humans, as well as pigs. Clinically, the diseases are remarkably
similar in both species and are typically restricted to upper
respiratory tract infections. Thus, pigs provide an excellent
model with which to study influenza. In this project, clinical
isolates of pathogenic respiratory bacteria from pigs with re-
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spiratory disease (respiratory bacterial pathogens) and com-
mensal nasal bacteria (nasal flora) from pigs were examined
for their ability to secrete proteases that cleave the HA of a
swine influenza virus. While none of the pathogens secreted
proteases, we identified several proteolytic isolates from the
nasal cavity. Of these, only Pseudomonas aeruginosa produced
a protease that cleaves the HA. The Pseudomonas protease
that cleaves the HA was determined to be elastase (pseudoly-
sin [EC 3.4.24.26]). However, Pseudomonas elastase cleaved
the HA at a site resulting in decreased, rather than increased,
virus infectivity.

MATERIALS AND METHODS

Virus. A laboratory-derived high-growth reassortant virus created by combi-
nation between A/Swine/W1/1915/88 (HIN1) and A/PR8/34 (HIN1) was used for
the HA cleavage and the influenza virus activation experiments (SW/WI HG).
This virus contains the HA and neuraminidase (NA) of A/Swine/W1/1915/88 and
was used for these experiments because it grows to high titers in both eggs and
tissue culture.

Preparation of uncleaved SW/WI HG virus stock. MDCK cells were infected
with egg-grown SW/WI HG at a multiplicity of infection of 1 to 5 in minimal
essential medium (MEM). After an initial incubation of 1 h, the medium was
replaced with fresh MEM, and incubation continued for an additional hour. Cells
were then washed with 0.9% NaCl at pH 3 to neutralize the remaining extracel-
lular input virus, followed by two washes with Dulbecco’s phosphate-buffered
saline (PBS) (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPO,, 1.5 mM KH,PO,,
0.7 mM CaCl,, 0.5 mM MgCl, [pH 7]). Fresh MEM was exchanged two addi-
tional times at hourly intervals, and the infected cells were incubated overnight
in MEM. Cell supernatants containing virus with uncleaved HA were harvested
and stored at —70°C.

P. aerugi prot and prot pecific antisera. Purified P. aeruginosa
elastase (pseudolysin [EC 3.4.24.26]) and alkaline protease (serralysin [EC
3.4.24.40]) were obtained from Nagase & Co., Ltd, Tokyo, Japan. Protease-
specific rabbit antisera were prepared by the Polyclonal Antibody Service, Ani-
mal Care Unit of the University of Wisconsin Medical School. Pseudomonas
elastase and alkaline protease were inactivated according to the method of
Homma et al. (11) prior to injection into rabbits for antibody production.

Bacterial isolates. Swine respiratory bacterial pathogens were obtained from
the Iowa State University Veterinary Diagnostic Laboratory and the University
of Wisconsin Veterinary Diagnostic Laboratory. All respiratory bacterial patho-
gens were isolated from postmortem respiratory tract cultures from pigs with
respiratory disease. Isolates were stored at —70°C. The pathogenic bacteria
included eight Haemophilus parasuis, five Pasteurella multocida, four Actinoba-
cillus pleuropneumoniae, three Bordetella bronchiseptica, and three Streptococcus
suis isolates. One P. multocida isolate and five H. parasuis isolates were obtained
from pigs that died of combined influenza virus and bacterial pneumonia at the
University of Wisconsin Arlington Animal Research Facility.

Bacteria present in the nasal cavities of 3- to 10-week-old healthy pigs were
cultured aerobically from nasal swab or nasal wash specimens. The pigs were
obtained from commercial production facilities and were housed indoors on
concrete for at least 3 days prior to sample collection. Nasal swabs were obtained
by insertion of a Dacron swab approximately 4 to 6 cm into the nasal cavities of
awake or anesthetized pigs (n = 8). Nasal washes were obtained by lavage of the
nasal cavities of anesthetized pigs (n = 3) with 10 ml of sterile PBS. Samples were
transported promptly to the laboratory and inoculated onto a tryptic soy agar
plate supplemented with 5% sheep blood (Remel, Lenexa, Kans.) and a choco-
late agar plate. Both plates were streaked for isolation and incubated in 5% CO,
at 37°C. One or more isolates were selected from each distinct colony morphol-
ogy type observed. Five to 25 isolates were obtained from each sample and stored
in tryptic soy broth (TSB) with 10% glycerol at —70°C. No isolate was passaged
more than three times prior to storage. A total of 150 bacterial isolates were
screened for proteolytic activity. All isolates demonstrating protease activity by
casein agar assay were further identified to the genus and species level at the
University of Wisconsin Veterinary Diagnostic Laboratory.

Two additional laboratory isolates were used as reference controls in the study:
P. aeruginosa PAO1 and a Bacillus sp. strain (not B. subtilis or B. cereus) isolated
from Sigma technical-grade casein. P. aeruginosa PAOL1 is a wound isolate that
has been well characterized and is considered to be the prototypical strain (10).
It produces elastase and alkaline protease in addition to several other secreted
virulence factors. Preliminary tests of the Bacillus sp. isolate showed it produces
a protease that cleaves the HA and activates influenza virus in vitro. These
organisms were used for comparison throughout the experiments. All bacterial
isolates are available upon request from the corresponding author (R.J.C.).

Preparation of bacterial supernatants. Stored bacterial isolates were cultured
on blood or chocolate agar plates overnight. All pathogenic bacteria and the first
50 nasal cavity isolates were transferred to 10 ml of three different broth media:
brain heart infusion broth (BHIB; Difco Laboratories, Detroit, Mich.), dialyzed
BHIB, and tryptic soy broth (Sigma). The dialyzed BHIB was prepared by
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dialyzing 2X concentrated BHIB through dialysis tubing with a molecular weight
cutoff of 6,000 to 8,000 (Spectra/Por 1; Fisher Scientific, Itasca, Ill.) against H,O.
After dialysis, electrolytes and H,O were added to the concentrations reported
by the manufacturer; this was done to remove soluble amino acids and carbo-
hydrate that might inhibit protease production for some organisms. Some of the
pathogenic isolates required the addition of IsoVitaleX enrichment (Becton
Dickinson Microbiology Systems, Cockeysville, Md.) for growth. The broth cul-
tures were incubated for 48 to 60 h at 37°C on a rotator wheel. The cultures were
clarified by centrifugation (12,000 X g for 10 min at 4°C) and filtered through a
wStar 0.22-um-pore-diameter syringe filter (Costar; Corning, Boston, Mass.).
The samples were then concentrated to approximately 1 ml by ultrafiltration with
a Centriprep-10 concentrator (Amicon, Danvers, Mass.).

The remaining 100 normal flora isolates were first screened by streaking on
caseinate agar plates consisting of 3 g of Hammerstein casein (ICN Biochemi-
cals, Inc., Aurora, Ohio) per liter, 7 g of peptonized milk (Unipath Ltd, Basing-
stoke, Hampshire, United Kingdom) per liter, and 12 g of special agar (Unipath
Ltd) per liter. Cultures were examined at 24 and 48 h for proteolytic activity,
observed as a zone of clearing around individual colonies. Positive isolates were
cultured in TSB, and culture supernatant concentrates were prepared as de-
scribed above.

Detection of proteolytic activity in bacterial supernatants. The concentrated
culture supernatants were tested for proteolytic activity on casein agar plates.
The casein agar consisted of 25 mM Tris (pH 7.2), 150 mM NaCl, 0.6% casein
(Sigma technical grade), and 1% Bacto agar (Difco). Aliquots (10 wl) of con-
centrated culture supernatants were placed in 3-mm-diameter wells cut in the
casein agar and incubated at 37°C for 18 h. The plates were overlaid with 3%
acetic acid, and proteolytic activity was noted as a zone of clearing around the
sample well. Tolylsulfonyl phenylalanyl chloromethyl ketone trypsin (Worthing-
ton Biochemical Corp., Freehold, N.J.) was used as a positive control standard at
a concentration of 10 wg/ml. Caseinolytic activity, relative to trypsin, was deter-
mined by measuring the diameter of the proteolytic zones around each well.
Samples with caseinolytic activity were also tested with the PepTag protease
detection assay (Promega, Madison, Wis.) according to the manufacturer’s in-
structions.

Assay of HA cleavage activity. Bacterial supernatants with proteolytic activity
were tested for their ability to cleave influenza virus HA by digestion of radio-
immunoprecipitated HA. Radioimmunoprecipitation was performed according
to the method of Kida et al. (16). MDCK cells were infected with SW/WI HG at
a multiplicity of infection of 1. After 1 h, inoculating virus was removed, and the
cultures were then incubated in the presence of [**S]methionine at 37°C with 5%
CO, overnight. Cells were harvested and pelleted by centrifugation at 2,000 X g
for 5 min. The cell pellet was resuspended in cell lysis buffer (0.05 M Tris-HCI
[pH 7.5], 0.6 M KCl, 0.5% Triton X-100), incubated at room temperature for 5
min, and centrifuged at 15,000 X g for 5 min. Radiolabeled HA was immuno-
precipitated with anti-H1 monoclonal antibodies linked to protein A-Sepharose
CL-4B beads (Pharmacia, Uppsala, Sweden). Immunoprecipitated HA was then
washed twice with buffer which did not contain protease inhibitors. Immunopre-
cipitates were treated with 10 to 30 pl of concentrated bacterial supernatant,
based on the relative caseinolytic activity of the bacterial supernatant, and incu-
bated for 60 min at 37°C. For purified P. aeruginosa elastase and alkaline pro-
tease, immunoprecipitated HA was treated with 10 pl of 20-wg/ml protease. The
supernatant was then removed, and the samples were mixed with Laemmli
sample buffer containing 5% B-mercaptoethanol, boiled, and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Assay of influenza virus activation by bacterial supernatants. SW/WI HG
virus was treated with the bacterial supernatants to determine the effect on
influenza virus infectivity. Uncleaved SW/WI HG virus was diluted in Tris-saline
(0.05 M Tris-HCI [pH 8], 0.9% NaCl) to a titer of 5 X 107 50% egg infective
doses (EIDs,s)/ml. Twenty microliters of diluted virus (10° EIDs,s) was incu-
bated with 10 to 30 wl of concentrated bacterial supernatant at 37°C for 60 min.
The volume of concentrated bacterial supernatant used was the same as that for
the HA cleavage studies. Virus titers were determined by standard EIDs, assay
(15). This method of determining the effect of proteolysis on viral infectivity was
used because it can detect both cleavage activation and inactivation of the
treated virus.

Western immunoblot analysis for the detection of Pseudomonas elastase and
alkaline protease. Preparations of purified elastase, alkaline protease, and con-
centrated Pseudomonas culture supernatants were subjected to electrophoresis
on SDS-10% polyacrylamide gels (21). Proteins from the SDS-PAGE gels were
electroblotted to nitrocellulose (Trans-Blot; Bio-Rad) with a Multiphor II elec-
trophoresis system (LKB, Broma, Sweden). The membranes were blocked with
2% skim milk in Tris Tween-buffered saline (TTBS; 50 mM Tris [pH 7.4], 0.9%
NaCl, 0.1% Tween 20). The membranes were then incubated for 1 h with rabbit
antielastase or anti-alkaline protease antisera diluted 1:1,000 in TTBS, followed
by a 1-h incubation with alkaline phosphatase-conjugated goat anti-rabbit im-
munoglobulin G (Zymed Laboratories, Inc., San Francisco, Calif.) diluted 1:
10,000 in TTBS. The proteins were detected by incubation with 66 pl of nitroblue
tetrazolium chloride (Boehringer Mannheim, Indianapolis, Ind.) and 33 pl of
5-bromo-4-chloro-3-indolyl phosphate (BCIP; Boehringer Mannheim) in 10 ml
of substrate buffer (0.1 M Tris, 0.1 M NaCl, 0.005 M MgCl,).

Amino-terminal sequencing of HA2 cleavage fragments. To determine the site
of HA cleavage by purified proteases and bacterial supernatants, we isolated and
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TABLE 1. Protease-producing bacteria isolated from nasal swabs or nasal washes of healthy pigs
Diam (mm) of clearing zone for isolate from pig®
Swine nasal flora isolate

1 2 3 4 5 6 7 8 9 10 11
Staphylococcus chromogenes — 22 — 18 — — 19 19 — 18 —
Aeromonas caviae — — — — — — 9 11 6 — —
Staphylococcus hyicus — — — — — — — — 11 10 —
Pseudomonas aeruginosa — 22 — — — — — — — — —
Enterococcus sp. 12 — — — — — — — — — —
Stenotrophomonas maltophilia — — — — — — — 7 — — —

“ Values represent the diameter of the clearing zone on the casein agar assay produced by 10 pl of concentrated bacterial supernatant. Trypsin (10 pg/ml) gives a

clearing zone of 15 mm.
b

sequenced the amino terminus of the HA2 digestion fragments. H1-specific
monoclonal antibodies were covalently linked to Affigel-10 beads (Bio-Rad,
Hercules, Calif.) according to the manufacturer’s instructions. Nonradiolabeled
infected cell lysates were immunoprecipitated and treated with 10 wl of purified
protease or bacterial culture supernatants showing HA cleavage activity. After
incubation at 37°C for 60 min, the samples were washed three times with PBS—
0.1% Triton X-100. The HA was eluted in two 15-ul washes with 1 M propionic
acid (pH 4.0) and neutralized with 3 wl of 1 M sodium phosphate buffer (pH 8).
The eluted samples were subjected to tricine SDS-PAGE and electroblotted to
a polyvinylidene difluoride membrane (ProBlott; Applied Biosystems, Foster
City, Calif.) by the method of Matsudaira (23). The Western blots were stained
with Coomassie blue, and the band coinciding with the HA2 fragment was
excised for amino-terminal peptide sequencing. Amino-terminal sequencing was
performed by the Macromolecular Structure Facility at Michigan State Univer-
sity.

RESULTS

Protease production by swine respiratory bacteria. Secreted
proteases were not detected for any of the swine respiratory
pathogen isolates. However, several proteolytic bacteria were
isolated from the nasal cavities of normal pigs. All of the
proteolytic bacteria secreted proteases in TSB, while only some
of the proteolytic isolates secreted proteases in BHIB and/or
dialyzed BHIB. Protease-secreting bacteria were isolated from
7 of 11 (64%) pig nasal samples (Table 1). Multiple proteolytic
bacteria were isolated from five of the pigs. Staphylococcus
chromogenes was the most frequent protease-secreting bacteria
isolated. Supernatants from S. chromogenes and P. aeruginosa
PaSw demonstrated the greatest caseinolytic activity.

All of the caseinolytic supernatants were also protease pos-

S¢ Ac

+-

—, no proteolytic isolates of the specified bacteria were obtained from the pig sample.

itive by the PepTag assay (Fig. 1). In addition, all of the su-
pernatants showed digestion fragments similar to those ob-
served after trypsin digestion. This suggested that some of
these bacterial supernatants contained proteases that have
cleavage site specificity similar to that of trypsin.

Digestion of HA by bacterial supernatants. Radiolabeled
HA from infected cell lysates was immunoprecipitated and
treated with the bacterial supernatants. Digestion fragments
were analyzed by SDS-PAGE to determine the HA cleavage
activity. Bacterial supernatants from strains PaSw and PAO1
showed significant HA cleavage activity (Fig. 2). Supernatants
from the Bacillus sp. also had strong HA cleavage activity (data
not shown). Treatment with all three supernatants resulted in
two cleavage fragments with migrations similar to those of the
HA1 and HA?2 digestion fragments observed with trypsin di-
gestion (Fig. 2). The proteolytic supernatants from the remain-
ing nasal flora isolates showed minimal cleavage activity on the
HA.

Effect of bacterial supernatants on activation of uncleaved
influenza virus. We tested the effect of the concentrated bac-
terial supernatants on cleavage activation of influenza virus
with intact HA. Uncleaved SW/WI HG stock virus was treated
in vitro with selected bacterial supernatants and titrated in
10-day-old embryonated chicken eggs. This method allowed us
to detect cleavage activation of the virus, as well as inactivation
that was possibly due to inappropriate cleavage of the HA. The
results were recorded as either an increase or decrease in
EID;, per milliliter compared to that of virus treated with PBS

Peptide A

+ + -
Dye-L-R-R-A-S-L-G-CO

Peptide C

+ e Wy
Dye-P-L-S-R-T-L-S-V-A-A-K-CO

FIG. 1. PepTag protease digestion assay for bacterial supernatants. Dye-linked peptides were treated with the bacterial supernatants according to the manufac-
turer’s (Promega) directions. The samples were loaded in the center wells of a 1% agarose gel and subjected to electrophoresis. Dye-linked digestion fragments migrate
toward the anode or cathode based on their net charge and size. This is a sensitive proteolytic assay and also gives some indication of protease site specificity. Sc,
S. chromogenes (lanes 1 to 5, isolates 22, 35, 3-22A, 4-4, and 4-10A, respectively); Ac, A. caviae (lanes 6 to 8, isolates 4-15, 4-18, and 5-12B, respectively); —, negative
control (lane 9); T, trypsin at 10 pg/ml (lane 10); Pa, P. aeruginosa PAO1 (lane 11) and isolate PaSw (lane 12); E, Enterococcus sp. (lane 13, isolate 10); Sh, S. hyicus
(lane 14, isolate 5-7); Sm, S. maltophilia (lane 15, isolate 4-24).
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FIG. 2. SDS-PAGE of digestion fragments from immunoprecipitated HA that was treated with bacterial supernatants. MDCK cells were infected with SW/WI HG
(HIN1) in the presence of [**S]methionine. HA was immunoprecipitated from cell lysates with H1-specific monoclonal antibodies linked to protein A-Sepharose beads.
Immunoprecipitated HA was treated with concentrated TSB culture supernatants or trypsin at 37°C for 60 min. Treated samples were analyzed by SDS-PAGE and
autoradiography. —, TSB negative control (lane 1); T, trypsin at 10 pg/ml (lane 2); Sc, S. chromogenes (lanes 3 to 7, isolates 22, 35, 3-22A, 4-4, and 4-10A, respectively);
Ac, A. caviae (lanes 8 to 10, isolates 4-15, 4-18A, and 5-12B, respectively); Pa, P. aeruginosa PAO1 (lane 11) and isolate PaSw (lane 12); E, Enterococcus sp. (lane 13,
isolate 10); Sh, S. hyicus (lane 14, isolate 5-7); Sm, S. maltophilia (lane 15, isolate 4-24).

(Fig. 3). Both trypsin (10 wg/ml) and Bacillus sp. culture su-
pernatant resulted in nearly a 100-fold increase in virus infec-
tivity titer. However, all of the swine respiratory bacterial su-
pernatants resulted in some decrease in virus infectivity titer.
Culture supernatants from PaSw, S. hyicus, and the laboratory
PAOL1 strain decreased the virus titer by nearly 100-fold. Since
the P. aeruginosa isolates also showed strong HA cleavage
activity, we investigated which Pseudomonas proteases were
responsible for the HA cleavage and whether they also ac-
counted for the decrease in virus titer.

Investigation of P. aeruginosa proteases and cleavage of in-
fluenza virus HA. Supernatants from the PAO1 and swine
nasal isolate of P. aeruginosa (PaSw) were compared with pu-
rified Pseudomonas elastase and alkaline protease. First, we
compared the HA digestion activities of these proteases (Fig.
4A). Pseudomonas elastase showed strong HA cleavage activ-
ity, resulting in digestion fragments indistinguishable from

31 B
5 T
2 2 4
_—=
z E 14
o=
=2 0
=z
= -2 o
o

PAOI

Protease Sample

FIG. 3. Effect of bacterial supernatants with protease activity on influenza
virus infectivity. Virus with uncleaved HA (SW/WI HG) was treated with bac-
terial culture supernatants or trypsin. The titer of infectious virus was determined
by inoculation of 10-day-old embryonated chicken eggs with 100 pl of treated
virus, in triplicate, at log,, dilutions. Infected eggs were identified by HA activity
of the allantoic fluid 60 h postinfection, and the EID5, was determined. Each bar
represents the change in virus titer compared to the titer of virus treated with
PBS alone. T, trypsin at 10 wg/ml; Sc, S. chromogenes 4-4; Ac, A. caviae 4-18; Sm,
S. maltophilia 4-24; Sh, S. hyicus 5-7; B, Bacillus sp. isolate 37.

those observed with the culture supernatants and trypsin. In
contrast, Pseudomonas alkaline protease did not show signifi-
cant digestion of the HA. This suggested that elastase was the
protease responsible for the effect we were seeing with the
culture supernatants.

To provide further evidence for this, we performed Western
blotting analysis of the samples and immunostained them with
antielastase and anti-alkaline protease antibodies (Fig. 4B and
C). We were unable to detect alkaline protease in the culture
supernatants for both the PAO1 and PaSw isolates. However,
TSB supernatants of both isolates showed protein bands that
reacted with the antielastase antibody. The PAO1 strain pro-
duced the expected 33-kDa protein that corresponds to puri-
fied elastase. In contrast, antielastase antibody reacted with a
55-kDa protein from PaSw. This may be an alternative form of
elastase or a different protein that cross-reacts with the anti-
elastase antibody.

Finally, we also tested the effect of purified elastase on
uncleaved virus and found that it also decreased the virus titer
by nearly 100-fold. These data demonstrate that Pseudomonas
elastase cleaves the HA and decreases viral infectivity, possibly
by digesting the HA at a point just upstream or downstream
from the normal cleavage activation site.

HA cleavage site specificity of elastase and the bacterial
culture supernatants. To determine the specific HA cleavage
site for the proteases, amino-terminal sequencing of purified
HAZ2 digestion fragments was performed. Digestion of the HA
with purified elastase or the TSB culture supernatants from the
PAO1 and PaSw isolates resulted in an amino-terminal se-
quence of (V)-L-F-G-A-I. This sequence corresponds to cleav-
age of the HA just one amino acid downstream from the
normal trypsin cleavage site. In contrast, digestion with the
Bacillus sp. supernatant resulted in an amino-terminal se-
quence of (N)-G-L-F-G-A, which coincides exactly with the
HAZ2 amino-terminal sequence predicted for trypsin digestion
of the HA.

DISCUSSION

Swine influenza viruses isolated from field outbreaks fre-
quently induce only mild disease in experimentally infected
pigs. Differences in severity of infection have been attributed
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FIG. 4. Comparison of P. aeruginosa bacterial supernatants with purified Pseudomonas elastase (EL) and alkaline protease (AP). (A) Digestion of immunopre-
cipitated HA by proteases. —, PBS; T, trypsin. (B) Western blot analysis of purified proteases and culture supernatants immunostained with antielastase antibody. (C)
Western blot analysis of purified proteases and culture supernatants immunostained with anti-alkaline protease antibody. MW, molecular mass (kilodaltons).

to both environmental conditions and microbial coinfection.
Recent interest has focused on the role of microbial proteases
in potentiating cleavage activation of influenza viruses in the
respiratory tract. At least four possible mechanisms have been
proposed, including (i) direct cleavage of the HA; (ii) activa-
tion of host proteases capable of cleaving the HA, such as
plasmin, thrombin, or kallikrein; (iii) destruction of host pro-
tease inhibitors; and (iv) induction of host inflammatory re-
sponse causing increased leakage of host proteases (1, 30).
Potentiation of HA cleavage by microbial proteases could con-
tribute to disease severity by increasing virus titers, spread, and
anatomic distribution in the respiratory tract.

There is limited information concerning the occurrence of
protease-secreting bacteria in the respiratory tract of humans
and domestic animals. In the present study, we examined clin-
ical isolates of pathogenic respiratory bacteria and nasal flora
of pigs for protease activity. In many instances, swine influenza
is complicated by additional bacterial pathogens. This is par-
ticularly true with H. parasuis, which can produce a severe
respiratory disease syndrome during influenza virus coinfec-
tion (31, 36). Thus, we speculated that these organisms might
produce proteases that potentiate cleavage activation of influ-
enza virus. Using a variety of different culture conditions, we
did not detect secreted proteases from any of the bacterial
pathogens. Our findings suggest that direct cleavage of influ-
enza virus HA is not a mechanism by which these pathogenic
bacteria contribute to influenza virus pathogenesis.

Since influenza is typically an upper respiratory infection in
pigs, we also examined normal nasal flora for protease produc-
tion. Under a variety of culture conditions, we isolated several
proteolytic bacteria. There was considerable variation in the
number of protease-producing isolates and the degree of pro-
teolytic activity between pigs (Table 1). S. chromogenes was the
proteolytic bacterium most frequently isolated, and these cul-
ture supernatants showed the highest degree of caseinolytic
activity. S. chromogenes, previously classified as S. hyicus subsp.
chromogenes, is a common resident on the skin of pigs and is
not considered a pathogen of the swine upper respiratory tract
(36).

The remaining proteolytic bacteria were isolated less fre-
quently. A. caviae is isolated from environmental sources such
as soil, water, and marine-based by-products. It is not consid-
ered a pathogen of swine, although it may infect wounds and
cause gastrointestinal disease in humans. However, it is an

opportunistic commensal bacterium, and isolation is probably
a reflection of environmental exposure. S. hyicus is a swine
pathogen causing exudative epidermitis (36). The organism is
carried on the skin of asymptomatic animals. Proteolytic iso-
lates have previously been recovered from the upper respira-
tory tracts of poultry (5). The P. aeruginosa, Enterococcus sp.,
and Stenotrophomonas maltophilia isolates are most likely op-
portunistic invaders from environmental sources.

It is interesting that no proteolytic bacteria were isolated
from 4 of the 11 pigs. This suggests that the proteolytic envi-
ronment of the nasal mucosa may differ between animals. If
microbial proteases play a role in potentiation of influenza
virus infection, this variability could account for some of the
differences in disease severity. Variation in the number of
proteolytic isolates and in the degree of proteolytic activity has
also been observed in the upper respiratory tracts of poultry
5).

S. aureus produces several proteases and can be isolated
from the upper respiratory tracts of poultry, horses, and hu-
mans (5, 7, 29). We did not detect proteolytic S. aureus from
any of the pigs sampled in this study. This is of interest, since
some S. aureus isolates secrete proteases that directly cleave
and activate influenza virus HA (35). Our findings suggest that
S. aureus is unlikely to play a significant role in direct cleavage
activation of influenza virus in healthy pigs under natural con-
ditions. One alternative possibility is that initial infection with
influenza virus alters the mucosal environment and allows in-
creased colonization of additional proteolytic bacteria. In-
creased colonization of S. aureus after influenza virus infection
is reported in horses and humans (29, 38). Examination of the
proteolytic nasal flora following influenza virus infection would
be interesting in this regard.

All of the bacterial supernatants that showed caseinolytic
activity were also positive on the PepTag assay and produced
digestion fragments similar to those observed with trypsin (Fig.
2). Trypsin is the prototypical serine protease used for cleavage
activation of influenza virus in vitro, cleaving HAO on the
carboxyl side of a specific arginine residue (20, 22, 27). This
observation led us to believe that some of the bacterial pro-
teases might contribute to cleavage activation by direct cleav-
age of the influenza virus HA. However, only supernatants
from P. aeruginosa (Fig. 2) and the Bacillus sp. isolate (data not
shown) demonstrated significant digestion of HA. In both
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cases, the size of the digestion fragments indicated cleavage at
a site either identical to or very near the trypsin cleavage site.

We utilized an egg infection assay to determine the effect of
the bacterial supernatants on viral infectivity for a variety of
reasons. The allantoic fluid of eggs contains a protease that
activates influenza virus and allows replication in embryonated
chicken eggs (9). When eggs are inoculated with uncleaved
virus, the allantoic fluid proteases cleave some of these viruses
sufficiently to allow infection of the allantoic cells. Pretreat-
ment with trypsin increases the virus titer above this basal level.
Alternatively, inappropriate cleavage of the HA by other pro-
teases may result in decreased virus titers. This assay system
allowed us to concurrently test for both viral activation and
inactivation by proteases. In preparing the uncleaved virus
stock, it is critical that the initial inoculum is completely re-
moved. Otherwise, residual cleaved virus will contaminate the
newly produced uncleaved virus and viral inactivation may not
be observed. We found that repeated washes did not suffi-
ciently remove residual virus. Instead, neutralization of the
inoculum by acid treatment was required (35).

We also attempted similar assays with various tissue culture
systems in order to eliminate the potential confounding effects
of proteases in the allantoic fluid of eggs. However, the bac-
terial supernatants were invariably toxic to the cells used
(MDCK cells and chicken embryo fibroblasts). Thus, the cell
culture system could not be utilized without purification of the
proteases from each bacterial isolate. In addition, even the
purified Pseudomonas elastase was toxic to the cells at the
concentrations required to provide HA cleavage. Because of
these difficulties, we found the egg assay method to be more
sensitive and reproducible than tissue culture assays, such as
the modified plaque assay described previously (35, 42).

Both trypsin and the laboratory Bacillus sp. isolate increased
viral infectivity. The results with the Bacillus sp. isolate dem-
onstrate that our methods are capable of identifying bacteria
that produce proteases capable of direct cleavage activation of
influenza virus. However, none of the swine bacterial superna-
tants tested were able to increase viral infectivity. Rather, we
saw a 100-fold decrease in virus infectivity after treatment with
the swine P. aeruginosa and S. hyicus isolates. We are unsure of
the reason for the decreased infectivity after treatment with
the S. hyicus supernatant, since this isolate did not show sig-
nificant HA proteolytic activity. It is possible that other se-
creted bacterial proteins inhibited the virus.

Both the swine and laboratory P. aeruginosa isolates cleaved
the HA and decreased viral infectivity. P. aeruginosa produces
several different proteases, the most common being elastase
and alkaline protease (24). A previous study determined that a
protease from P. aeruginosa was unable to cleave the influenza
virus HA (30). Unfortunately, it is unclear which P. aeruginosa
protease was studied. However, the Pseudomonas protease did
enhance virus titers and pathogenicity in mice, probably by one
of the alternative mechanisms described above.

In the present study, we demonstrate that Pseudomonas elas-
tase cleaves the HA one amino acid downstream from the
normal trypsin cleavage site. This results in the loss of the
amino-terminal glycine from the fusion domain on HA2. The
cleavage site specificity of Pseudomonas elastase is on the im-
ino side of bulky hydrophobic amino acids, such as leucine and
phenylalanine (24). The cleavage site sequence of the HA for
Sw/W1/1915/83 is S;,y-I-Q-S-R*G-L-F-G-A-L55, (* marks the
site of trypsin cleavage). Thus, the cleavage point observed for
Pseudomonas elastase is in agreement with the site specificity
on the basis of the N-terminal sequence of the HA2 digestion
fragment, (N)-L-F-G-A-L

Analysis of fusion peptide mutants of influenza virus has
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demonstrated the importance of the amino-terminal residue in
fusion activity (8, 33). Pseudomonas elastase is a metallopro-
tease similar to the Bacillus thermoproteolyticus protease, ther-
molysin (EC 3.4.24.27). Cleavage of HAOQ by thermolysin also
results in an HA2 fragment that lacks the amino-terminal gly-
cine, resulting in the loss of fusion activity (33). Loss of fusion
activity due to inappropriate cleavage of HAQ is the most likely
explanation for the decreased infectivity observed after treat-
ment with P. aeruginosa supernatants or purified Pseudomonas
elastase.

Previous studies have demonstrated that proteases from S.
aureus and A. viridans are capable of direct cleavage activation
of some influenza viruses (30, 34, 35). In both cases, disease
severity was increased after coinfection with bacteria and virus
in pneumonia models. Virus titers in lung tissue of coinfected
mice were increased 100- to 1,000-fold over virus infection
alone (30, 34, 35). These studies led to speculation that bac-
terial proteases play a direct role in cleavage activation of
influenza virus in natural infection. While we were able to
demonstrate the presence of proteolytic bacteria in the nasal
flora of pigs, none of the bacteria secreted proteases capable of
activating a common swine influenza virus in vitro.

In this study, we used a variety of culture media to increase
our likelihood of detecting proteolytic aerobic bacteria. While
differences between culture media were observed, all of the
proteolytic bacteria identified secreted proteases in TSB, indi-
cating this is a good medium for screening and detecting pro-
teolytic bacteria. However, bacterial growth and protease se-
cretion in the respiratory tract may not be comparable to those
observed under the in vitro conditions used in this study. It is
possible that the environmental conditions of the respiratory
mucosa affect both the amount and type of bacterial protease
secreted. Attempts at direct recovery of bacterial proteases
from the respiratory tract would need to be performed to
evaluate this possibility. In addition, obligate anaerobic flora
were not examined in this study and could be another source of
proteases capable of influenza virus cleavage activation.

Microbial proteases can potentiate cleavage activation of
influenza virus by mechanisms other than direct cleavage of the
HA. Studies with staphylokinase, streptokinase, and S. marc-
escens protease indicate that they potentiate cleavage activa-
tion by activating host proteases such as kallikrein, plasmin, or
thrombin (1, 30). We did not test the proteolytic bacteria
isolated in this study for their ability to activate host proteases.
In addition, it is possible that microbial proteases could con-
tribute to host protease activity by increasing inflammation or
destroying endogenous protease inhibitors.

It is still unknown if microbial proteases provide a necessary
contribution to influenza virus infection in the respiratory
tracts of natural hosts such as pigs, horses, or humans. In the
present study, we isolated several aerobic bacteria from the
respiratory tracts of pigs that secrete proteases in vitro. How-
ever, none of these isolates resulted in direct cleavage activa-
tion of influenza virus, and one isolate, P. aeruginosa, actually
decreased influenza virus infectivity due to cleavage at an ab-
errant site. These results suggest that direct cleavage activation
of influenza virus HA by aerobic proteolytic bacteria is not a
common event in the normal swine respiratory tract. Further
research needs to be performed to determine the relative im-
portance of host and microbial proteases in cleavage activation
of influenza virus.

ACKNOWLEDGMENTS

We thank Loraine Hoffman for providing pathogenic bacterial iso-
lates and Tricia Maleniak for preparing antibodies used in these stud-
ies. We also thank Dave Wentworth, Stacey Schultz-Cherry, Diane



VoL. 71, 1997

Larsen, Chris Olsen, Martha McGregor, and Naomi Dybdahl-Sissoko
for their many contributions to this research and critical reading of the
manuscript.

This research was supported by National Research Service award

AI08961 (to R.J.C.), Public Health Service Research grant AI33893
(to V.S.H.), and Public Health Service Research grant AI31477 (to
S.E.H.W.) from the National Institute of Allergy and Infectious Dis-
eases.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. Akaike, T., A. Molla, M. Ando, S. Araki, and H. Maeda. 1989. Molecular

mechanism of complex infection by bacteria and virus analyzed by a model
using serratial protease and influenza virus in mice. J. Virol. 63:2252-2259.

. Barbey-Morel, C., T. Oeltmann, K. Edwards, and P. Wright. 1987. Role of

respiratory tract proteases in infectivity of influenza A virus. J. Infect. Dis.
155:667-672.

. Bosch, F. X., W. Garten, H.-D. Klenk, and R. Rott. 1981. Proteolytic cleavage

of influenza virus hemagglutinins: primary structure of the connecting pep-
tide between HA1 and HA2 determines proteolytic cleavability and patho-
genicity of avian influenza viruses. Virology 113:725-735.

. Bullough, P. A,, F. M. Hughson, J. J. Skehel, and D. C. Wiley. 1994. Structure

of influenza haemagglutinin at the pH of membrane fusion. Nature 371:37-
43.

. Byrum, B. R., and R. D. Slemons. 1995. Detection of proteolytic bacteria in

the upper respiratory tract flora of poultry. Avian Dis. 39:622-626.

. Carr, C. M,, and P. S. Kim. 1993. A spring-loaded mechanism for the

conformational change of influenza hemagglutinin. Cell 73:823-832.

. Ciborowski, P., and J. Jeliaszewicz. 1985. Staphylococcal enzymes and vir-

ulence, p. 145-183. In 1. A. Holder (ed.), Bacterial enzymes and virulence.
CRC Press, Inc., Boca Raton, Fla.

. Garten, W., F. X. Bosch, D. Linder, R. Rott, and H.-D. Klenk. 1981. Pro-

teolytic activation of the influenza virus hemagglutinin: the structure of the
cleavage site and the enzymes involved in cleavage. Virology 115:361-374.

. Gotoh, B., T. Ogasawara, T. Toyoda, N. M. Inocencio, M. Hamaguchi, and

Y. Nagai. 1990. An endoprotease homologous to the blood clotting factor
X as a determinant of viral tropism in chick embryo. EMBO J. 9:4189-
4195.

Holloway, B. W., V. Krishnapillai, and A. F. Morgan. 1979. Chromosomal
genetics of Pseudomonas. Microbiol. Rev. 43:73-102.

Homma, J. Y., C. Abe, K. Tanamoto, Y. Hirao, K. Morihara, H. Tsuzuki, R.
Yamagawa, E. Honda, Y. Aoi, Y. Fujimoto, M. Goryo, N. Imazeki, H. Noda,
A. Goda, S. Takeuchi, and T. Ishihara. 1978. Effectiveness of immunization
with single and multicomponent vaccines prepared from a common antigen
(OEP), protease and elastase toxoids of Pseudomonas aeruginosa on protec-
tion against hemorrhagic pneumonia in mink due to P. aeruginosa. Jpn. J.
Exp. Med. 48:111-133.

Horimoto, T., and Y. Kawaoka. 1994. Reverse genetics provides direct evi-
dence for a correlation of hemagglutinin cleavability and virulence of an
avian influenza A virus. J. Virol. 68:3120-3128.

Horimoto, T., K. Nakayama, S. P. Smeekens, and Y. Kawaoka. 1994. Pro-
protein-processing endoproteases PC6 and furin both activate hemagglutinin
of virulent avian influenza viruses. J. Virol. 68:6074-6078.

Kawaoka, Y., and R. G. Webster. 1988. Sequence requirements for cleavage
activation of influenza virus hemagglutinin expressed in mammalian cells.
Proc. Natl. Acad. Sci. USA 85:324-328.

Kendal, A. P., and M. S. Pereira. 1982. Concepts and procedures for labo-
ratory-based influenza surveillance. U.S. Department of Health and Human
Services, Washington, D.C.

Kida, H., L. E. Brown, and R. G. Webster. 1982. Biological activity of
monoclonal antibodies to operationally defined antigenic regions on the
hemagglutinin molecule of A/Seal/Massachusetts/1/80 (H7N7) influenza vi-
rus. Virology 122:38-47.

Kido, H., Y. Yokogoshi, K. Sakai, M. Tashiro, Y. Kishino, A. Fukutomi, and
N. Katunuma. 1992. Isolation and characterization of a novel trypsin-like
protease found in rat bronchiolar epithelial Clara cells. J. Biol. Chem. 267:
13573-13579.

Klenk, H.-D., and R. Rott. 1988. The molecular biology of influenza virus
pathogenicity. Adv. Virus Res. 34:247-281.

CLEAVAGE OF INFLUENZA VIRUS HA BY BACTERIAL PROTEASES

19.

20.
21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

=3

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

7585

Klenk, H.-D., R. Rott, and M. Orlich. 1977. Further studies on the activation
of influenza virus by proteolytic cleavage of the haemagglutinin. J. Gen.
Virol. 36:151-161.

Klenk, H. D., R. Rott, M. Orlich, and J. Blodorn. 1975. Activation of
influenza A viruses by trypsin treatment. Virology 68:426-429.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680-685.

Lazarowitz, S. G., and P. W. Choppin. 1975. Enhancement of the infectivity
of influenza A and B viruses by proteolytic cleavage of the hemagglutinin
polypeptide. Virology 68:440-454.

Matsudaira, P. 1987. Sequence from picomole quantities of proteins elec-
troblotted onto polyvinylidene difluoride membranes. J. Biol. Chem. 262:
10035-10038.

Morihara, K., and J. Y. Homma. 1985. Pseudomonas proteases, p. 41-79. In
I. A. Holder (ed.), Bacterial enzymes and virulence. CRC Press, Inc., Boca
Raton, Fla.

Nagai, Y. 1993. Protease-dependent virus tropism and pathogenicity. Trends
Microbiol. 1:81-87.

Rott, R. 1992. The pathogenic determinant of influenza virus. Vet. Micro-
biol. 33:303-310.

Rott, R., H. D. Klenk, Y. Nagai, and M. Tashiro. 1995. Influenza viruses, cell
enzymes, and pathogenicity. Am. J. Respir. Crit. Care Med. 152(Suppl.):
S16-S19.

Rott, R., M. Reinacher, M. Orlich, and H.-D. Klenk. 1980. Cleavability of
hemagglutinin determines spread of avian influenza viruses in the cho-
rioallantioic membrane of chicken embryo. Arch. Virol. 65:123-133.
Sarasola, P., D. J. Taylor, S. Love, and Q. A. McKellar. 1992. Secondary
bacterial infections following an outbreak of equine influenza. Vet. Rec.
131:441-442.

Scheiblauer, H., M. Reinacher, M. Tashiro, and R. Rott. 1992. Interactions
between bacteria and influenza A virus in the development of influenza
pneumonia. J. Infect. Dis. 166:783-791.

Shope, R. E. 1931. Swine influenza. Filtration experiments and etiology. J.
Exp. Med. 54:373-385.

Stegman, T., and A. Helenius. 1993. Influenza virus fusion: from models
toward a mechanism, p. 89-111. In J. Bentz (ed.), Viral fusion mechanisms.
CRC Press, Boca Raton, Fla.

Steinhauer, D. A., S. A. Wharton, J. J. Skehel, and D. C. Wiley. 1995. Studies
of the membrane fusion activities of fusion peptide mutants of influenza
virus hemagglutinin. J. Virol. 69:6643-6651.

Tashiro, M., P. Ciborowski, H. Klenk, G. Pulverer, and R. Rott. 1987. Role
of staphylococcus protease in the development of influenza pneumonia.
Nature 325:536-537.

Tashiro, M., P. Ciborowski, M. Reinacher, G. Pulverer, H.-D. Klenk, and R.
Rott. 1987. Synergistic role of staphylococcal proteases in the induction of
influenza virus pathogenicity. Virology 157:421-430.

Timoney, J. F., J. H. Gillespie, F. W. Scott, and J. E. Barlough. 1988. Hagan
& Bruner’s microbiology and infectious diseases of domestic animals. Cor-
nell University Press, Ithaca, N.Y.

Vey, M., M. Orlich, S. Adler, H.-D. Klenk, R. Rott, and W. Garten. 1992.
Hemagglutinin activation of pathogenic avian influenza viruses of serotype
H7 requires the protease recognition motif R-X-K/R-R. Virology 188:408—
413.

Wadowsky, R. M., S. M. Mietzner, D. P. Skoner, W. J. Doyle, and P. Fire-
man. 1995. Effect of experimental influenza A virus infection on isolation of
Streptococcus pneumoniae and other aerobic bacteria from the oropharynges
of allergic and nonallergic adult subjects. Infect. Immun. 63:1153-1157.
Walker, J. A., S. S. Molloy, G. Thomas, T. Sakaguchi, T. Yoshida, T. M.
Chambers, and Y. Kawaoka. 1994. Sequence specificity of furin, a propro-
tein-processing endoprotease, for the hemagglutinin of a virulent avian in-
fluenza virus. J. Virol. 68:1213-1218.

Walker, J. A., T. Sakaguchi, Y. Matsuda, T. Yashida, and Y. Kawaoka. 1992.
Location and character of the cellular enzyme that cleaves the hemagglutinin
of a virulent avian influenza virus. Virology 190:278-287.

Wiley, D. C. 1987. The structure and function of the hemagglutinin mem-
brane glycoprotein of influenza virus. Annu. Rev. Biochem. 56:365-394.
Zhirnov, O. P., A. V. Ovcharenko, and A. G. Bukrinskaya. 1982. A modified
plaque assay method for accurate analysis of infectivity of influenza viruses
with uncleaved hemagglutinin. Arch. Virol. 71:177-183.



