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FIG. 3. HA cleavability of Ty/Ont HA cleavage mutants in CEF
culture. CEF culture, inoculated with each virus, was incubated in the
presence of Tran[**S] label (ICN) for 24 h. Radiolabeled purified
viruses were lysed, immunoprecipitated without (A) or with (B) trypsin
treatment using anti-H5 monoclonal antibodies and protein A beads,
and analyzed on an SDS-10% polyacrylamide gel.

HA1 are sufficient for optimal cleavage by endogenous pro-
teases, so long as a total of six amino acids are present in this
region. The deletion of P-5 and P-6 residues [R(MO-2)]
abolished cleavability, suggesting that the R-K-K-R sequence
was no longer recognized by proteases. Hence, the presence of
P-5 and P-6 residues is an important feature of sequence
recognition by proteases in the presence of a nearby carbohy-
drate side chain. The reduced HA cleavability of R(MO-1)
corresponded to previous observations with Ty/Ire HA mutant
(17), confirming that a Lys-to-Thr substitution at P-2 reduces
recognition by proteases. Taken together, these results estab-
lish that alteration of the cleavage site sequence is sufficient to
alter HA cleavability and that the number and position of basic
residues and the length of the sequence in this region are
important features of cleavability, in good agreement with
previous studies in in vitro expression systems (17, 18, 40, 51,
52).

Because the plaque-forming ability of influenza viruses in
the absence of trypsin correlates with HA cleavability (5), we
investigated the substrate specificity of endogenous proteases
for HA cleavage in cells of diverse origins by examining plaque
formation of HA cleavage mutants. In CEF, the plaque-
forming ability of each virus clearly correlated with the HA
cleavability determined by RIP assay (Table 1); viruses with
HAs that were not cleaved by the endogenous proteases
[R(MO-4) and R(MO-2)] did not produce plaques, whereas
those with highly cleavable HAs [R(36-2), R(MO-C), R(MO-
12), and R(MO-41)] produced large plaques, and the
R(MO-1) with reduced HA cleavability produced small
plaques. In MDBK and MDCK cells, the plaque-forming
ability of viruses with either high or reduced HA cleavability
was similar to that in CEF. By contrast, slight differences in the
substrate specificity of proteases were observed among cell
cultures with the HAs of R(MO-2) and R(MO-4), as indicated

J. VIROL.

TABLE 2. Virulence of Ty/Ont HA cleavage mutants in chickens

% Sick/% dead/total no. LDs, by inoculation

Virus route”

im. i.n./o. i.m. i.n./o.
R(36-2) 100/90/10 70/50/10 10%7 10%8
R(MO-C) 100/100/10 55/36/11 10*5 ND
R(MO-1) 100/80/10 30/20/10 10> 107!
R(MO-2) 0/0/8 0/0/7 >10%3 >1083
R(MO-4) 0/0/8 0/0/8 >10%%  >10%°
R(MO-12) 100/80/10 90/40/10 1048 10%4
R(MO-41) 100/100/11 100/73/11 10%° 10

“ Four-day-old specific-pathogen-free chicks were inoculated i.m. or i.n./o.
with each virus (10° PFU) and observed for 10 days. P = 0.849, 0.349, 0.081,
0.058, 1.000, or 0.535 for the differences in the lethality by i.n./o. inoculation
between R(36-2) and R(MO-C), R(MO-1), R(MO-2), R(MO-4), R(MO-12), or
R(MO-41), respectively, with the two-tailed Fisher exact test; P = 0.170, 0.588,
2.000, 0.137, or 0.004 between R(MO-4) and R(MO-C), R(MO-1), R(MO-2),
R(MO-12), or R(MO-41), respectively.

b Expressed as median egg infectious dose of each virus. ND, not determined.

by the production of very small, turbid plaques by R(MO-2) in
MDCK and MDBK cells and by R(MO-4) in MDCK cells.

Virulence of mutant viruses. The virulence of R(36-2) and
R(MO-4) was compared in chickens to assess the effect of
altering the cleavage site from wild-type (R-R-R-K-K-R) to
avirulent (R-E-T-R) forms. Viruses were inoculated im.,
because intravenous inoculation, the routine method for viru-
lence tests, would have been impractical in the 4-day-old chicks
used in these experiments. R(36-2) was highly virulent,
whereas R(MO-4) was avirulent (Table 2), indicating that only
a change at the cleavage site was sufficient to alter virulence.
Both R(MO-12) and R(MO-41), which showed high HA
cleavability in CEF, and R(MO-1), which showed reduced HA
cleavability in the same system, were highly virulent. R(MO-2)
with uncleavable HA was avirulent. These results suggest that
with i.m. inoculation, the viruses with CEF-cleavable HAs
produce high morbidity and mortality regardless of the degree
of HA cleavability.

When inoculated i.n./o., which likely simulates the natural
infection route, R(MO-4) and R(MO-2) did not produce any
signs of disease in chickens (Table 2) and therefore were
avirulent, regardless of the inoculation route. By contrast, the
mutants that were highly virulent after i.m. inoculation pro-
duced less morbidity and mortality when injected i.n./o. The
reduction in pathology associated with R(MO-1) was remark-
able. The chicken LDy, after i.m. or i.n./o. inoculation (Table
2) confirmed these observations. Although the LDs, of R(36-
2), R(MO-12), and R(MO-41) was lower (up to 40-fold) after
i.m. than after i.n./o. inoculation, the difference was 1,585-fold
for R(MO-1). Hence, this mutant was less virulent than other
viruses with highly cleavable HAs.

Considering that the nonlethal phenotypes of R(MO-2) and
R(MO-4) might reflect limited replication at a chicken’s body
temperature, we compared the replication of all of the viruses
with rescued HAs at 37 and 42°C in CEF culture. All of the
viruses, including R(MO-2) and R(MO-4), replicated well at
both temperatures (data not shown), indicating that tempera-
ture sensitivity does not account for the avirulence of R(MO-2)
and R(MO-4).
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TABLE 3. Tissue tropism of Ty/Ont HA cleavage mutants in chickens

Virus Inoculation Virus titer (log,o EIDsy/g) by organ®
route Brain Trachea Lung Heart Liver Kidney Pancreas Jejunum Ileum Cecum Colon Spleen Thymus Bursa Blood
R(36-2) i.m. 35 4.0 80 30 S50 5.0 45 25 35 35 4.0 55 6.0 45 3.0
i.n./o. 3.0 45 60 3.0 35 3.0 45 2.0 35 2.5 — 35 45 5.0 25
R(MO-C) im. 6.0 6.5 75 6.0 75 75 6.5 6.0 5.0 5.0 4.0 75 7.0 7.0 6.0
i.n./o. 5.0 6.0 60 45 35 50 5.0 45 4.0 5.0 4.0 40 6.0 5.0 4.0
R(MO-1) im. 3.0 35 6.5 35 40 50 45 5.0 55 5.0 55 35 6.5 55 4.0
i.n./o. — 2.0 3.0 — — — 25 — 2.5 2.0 — 25 45 35 —
R(MO-2)  im. - - 20 20 — — - - _
injo. — — 25 — — —  _ - - - - - - - _
R(MO-4)  im. - - 30 - - - 20 —  — 25 — 35 —
i.n.jo. — — - - = — — — — — — — — - -
R(MO-12) im. 3.0 6.0 715 30 60 6.5 6.0 5.0 4.0 45 4.0 5.0 55 45 2.0
i.n./o. 2.5 4.0 55 35 4.0 45 4.0 2.0 45 4.5 2.5 25 35 45 2.0
R(MO-41) im. 3.5 5.0 80 40 70 6.0 5.0 50 4.5 40 35 55 5.0 55 4.0
i.n./o. 4.0 6.5 6.5 30 5.0 75 715 2.0 45 45 5.0 4.5 6.5 6.5 5.0

“ For each mutant, organs were collected from three infected chickens at 3 days postinoculation, pooled, and homogenated for virus titration. —, <10%° median egg

infectious doses (EIDs)/g.

Tissue tropism of mutant viruses in chickens. Whether the
tissue tropism of influenza virus is altered by sequence changes
at the HA cleavage site is unclear. Thus, we collected organs
from infected chickens at 3 days postinfection and determined
the virus titer in each organ (Table 3). R(36-2), containing
wild-type HA, was recovered from all organs tested regardless
of the inoculation route, in agreement with a previous report
on wild-type Ty/Ont (6). By contrast, the R(MO-4) mutant,
defined by an avirulent-type sequence, was recovered only
from lung, intestine, and thymus from chickens inoculated by
the i.m. route. It was not found in any organ from birds
inoculated i.n./o., although specific antibodies to Ty/Ont HA
were detected 1 month after inoculation (data not shown).
These findings indicate that sequence changes at the HA
cleavage site sequence influence the tissue tropism of influenza
viruses and that all of the organs tested contain proteases for
cleavage of the wild-type HA, but only some contain proteases
for the HAs with avirulent-type sequences.

Similarly, the mutant viruses R(MO-12), R(MO-41), and
R(MO-1), characterized by either high or reduced HA cleav-
ability in CEF, were also recovered from all organs collected
from chickens inoculated i.m. This finding suggests that each
organ contained proteases for HA cleavage and that sequence
differences among the mutants did not affect their tissue
tropism. The result with R(MO-1) also suggests that reduced
HA cleavability of the virus in CEF did not affect its spread in
chickens inoculated i.m. However, with i.n./o. inoculation,
R(MO-1) was recovered from only a limited number of organs,
indicating that its spread from initial replication sites to
internal organs was impeded, probably because of its reduced
HA cleavability. Thus, the ability of the virus to convert the
initial local infection into systemic infection is one of the
determinants of virulence. On the other hand, R(MO-2) with
four basic residues (R-K-K-R) at the HA cleavage site was
isolated only from lung and intestine, suggesting that the same
types of proteases in vivo were responsible for HA cleavability
of R(MO-2) and R(MO-4).

DISCUSSION

We have directly determined the relationship of HA cleav-
ability to the virulence of avian influenza A viruses. By using
the reverse genetics method, it was possible to generate mutant
viruses that were genetically identical except for sequence
alterations at the HA cleavage site. The results obtained with
this system support the hypothesis that HA cleavability deter-
mines the virulence of influenza viruses. All mutant viruses
with HAs highly cleavable by endogenous proteases were
virulent, whereas those with uncleavable HAs were avirulent.
Even viruses whose HA cleavage site sequences differed from
those of naturally virulent isolates were virulent, so long as
their HAs were highly cleavable [e.g., R(MO-12) with a
sequence of T-T-R-K-K-R]. Laboratory isolation of the A/tur-
key/Oregon/71 (H7N3) mutant, which became highly virulent
after insertion derived from 28S rRNA at the HA cleavage site
with only a single arginine (19), provides additional support for
this concept.

Do viruses with reduced HA cleavability retain virulence?
R(MO-1), characterized by a Lys-to-Thr mutation at P-2,
resulting in reduced cleavability, was as virulent as the mutants
with highly cleavable HAs in testing by i.m. inoculation but was
less virulent than the others when inoculated i.n./o. This
property may have a pathophysiological explanation. After
i.n./o. inoculation, both virulent and avirulent viruses replicate
in the epithelium of respiratory and intestinal organs. Subse-
quently, the virulent viruses replicate in the inner layers of
these organs, such as lamina propria mucosa, which leads to
penetration into blood vessels and systemic infection. Thus, the
reduced virulence of R(MO-1) after i.n./o. inoculation may
relate to its limited replication in the inner layers of respiratory
and intestinal organs because of reduced HA cleavability,
resulting in a delay of penetration into blood vessels. This idea
is supported by the finding that upon chorionic inoculation of
the embryonated eggs, virulent viruses spread from chorionic
to allantoic epithelium through the mesenchyme, whereas
avirulent viruses did not (47). Thus, when R(MO-1) is passed
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by an artificial (i.m.) penetration step, it spreads in organs as
fast as viruses with highly cleavable HAs inoculated by the i.m.
route, even though it shows reduced cleavability in CEF.
Alternatively, R(MO-1) undergoes mutations in vivo to a more
virulent form, and thus the originally avirulent virus produces
an intermediate virulent phenotype. Naturally occurring vi-
ruses with reduced HA cleavability have not been reported;
however, other viruses with reduced HA cleavability can be
generated by mutations at the cleavage site. Whether or not
viruses containing such HAs would be virulent probably de-
pends on the degree of HA cleavability in vivo.

Is there a sequence requirement for high virulence? Find-
ings in this present study, combined with earlier observations
(15-18, 27, 39, 51, 52, 59), indicated that an X-X-R/K-X-R/
K-R motif (X = nonbasic residues) at the HA cleavage site is
required for high cleavability when a carbohydrate side chain is
nearby. Whether P-3, P-5, and P-6 nonbasic residues are
equally acceptable at the X site remains uncertain. In a
previous in vitro expression study, the Ty/Ire HA mutant
MT-41 with T-E-R-K-K-R showed reduced cleavability in
CV-1 cells (52), in contrast to the high cleavability of R(MO-
12)-HA with T-T-R-K-K-R, suggesting that the acidic property
of glutamic acid (P-5) may render the electrostatic environ-
ment of this region suboptimal for recognition by proteases.
Alternatively, there may be selective incorporation of the
cleaved form of the HA into virions. It should be possible to
distinguish between these possibilities by examining the degree
of HA cleavability on MT-41 virions, using the Ty/Ire HA
reverse genetics system.

Determination of the amino acid sequence at the HA
cleavage site is essential for assessing the potential virulence of
avian influenza virus isolates (56). A recently isolated H5
virulent virus A/turkey/England/90-62/91 (H5N1) possesses an
R-K-R-K-T-R sequence at the HA cleavage site (59), similar to
that of R(MO-1) in our study. Surprisingly, the HA of the
former virus was highly cleavable in CEF, and the virus showed
high virulence, killing some chickens within 24 h after inocu-
lation (12a, 59). This finding suggests structural differences
between the HAs of A/turkey/England/91 and R(MO-1) in the
vicinity of the cleavage site. Although R(MO-1) produced less
morbidity and mortality in in./o.-inoculated than in i.m.-
inoculated chickens, its virulence could increase substantially
after a limited number of amino acid changes. Thus, we
propose that viruses with the R-R/K-R-K-T-R motif should be
considered in the same category as virulent viruses with the
X-X-R/K-X-R/K-R motif.

HA cleavability is defined by the sensitivity of the HA to
proteases, suggesting that the tissue distribution of specific
proteases could be a codeterminant of virulence. Differences in
the plaque-forming ability of R(MO-2) and R(MO-4) in CEF,
MDBK, and MDCK cell cultures may reflect variations in the
intracellular proteases. A previous study of the host range
variants of an H7 virus suggested that mammalian cells, such as
MDCK cells, may contain proteases with a broader substrate
specificity than those found in avian cells, such as CEF (27).
Similarly, cell cultures may contain multiple proteases that
recognize a series of basic amino acid motifs (14, 20). Differ-
ences in plaque-forming ability might also be explained by
differences in the specificity of a protease from cell type to cell
type. Bovine furin, a subtilisin-like eukaryotic protease (1), was
isolated from MDBK cells as an intracellular protease that
cleaves the HA of an H7 virulent virus (49). It is likely that
specificity of furin (or furin-related proteases) is slightly dif-
ferent among CEF, MDBK, and MDCK cells, resulting in the
different plaque-forming ability of the viruses in these cells.

Two groups of proteases appear responsible for the HA
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cleavage in vivo. One includes enzymes able to cleave aviru-
lent-type as well as virulent-type HAs, such as plasmin (26),
blood-clotting factor X-like protease (12, 38), tryptase Clara
(21), and bacterial proteases (50). The tissue tropism of
R(MO-2) and R(MO-4) in the present study suggests that
proteases of this group reside in lung, intestinal organs, and
thymus. The second group comprises proteases that cleave
only virulent-type HAs with multiple basic residues at the
cleavage site. The ability of R(36-2), R(MO-C), R(MO-12),
R(MO-41), and R(MO-1) to replicate in all chicken organs
tested indicates a wide distribution for such proteases, which
remain unidentified. Furin is a prime candidate for a ubiqui-
tous protease (49, 53), although many similar enzymes could
be involved in HA cleavage in vivo (20, 22, 34, 37). Better
replication of R(MO-1) in lymphoid organs, such as thymus
and bursa, in chickens inoculated by the i.n./o. route supports
the existence of organ-specific proteases with different speci-
ficities. Wider identification of the proteases responsible for
HA cleavage would lend impetus to attempts to understand the
pathogenesis of influenza and other viral diseases that may
share similar sequence motifs at the cleavage sites of viral
glycoproteins (reviewed in reference 44).

Mutational studies with reverse genetics can provide fresh
insight into the biologic functions of influenza virus proteins.
Here we establish the antibody-mediated virus-trapping system
as a reliable procedure for selecting mutants of Ty/Ont HA.
Despite being trapped by antibodies, the virus can penetrate
into cells and replicate further only if the binding between virus
and antibody or between antibody and plate is dissociated after
binding to the cell receptor. However, the precise mechanism
of this process is unclear. The blocking of plate wells with BSA
to prevent nonspecific attachment of helper viruses is an
effective measure with WSN-Ty/Ont but not all viruses (data
not shown). The reason for this difference in the nonspecific
binding of viruses to tissue culture plates among virus strains is
unknown. Nonetheless, this selection system can be used
effectively to rescue the HA, neuraminidase, and possibly
matrix (through the binding of M2 protein) genes, all of whose
products are located in viral envelope.
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