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A series of proteases of diverse substrate specificity were tested for their effect
on respiratory syncytial virus-induced cytopathology. Three of the enzymes,
thrombin, plasmin, and trypsin, were able to augment significantly the fusion of
virus-infected A549 cells. On a concentration basis, thrombin was the most active
promoter, followed by plasmin and then trypsin. Hirudin, a specific thrombin
inhibitor, blocked the fusion-enhancing property of thrombin, yet had no influ-
ence on the basal rate of fusion in the absence of the enzyme. By contrast, the
amidine-type inhibitors of trypsin-like proteases, bis(5-amidino-2-benzimidazolyl)-
methane (BABIM), blocked not only the thrombin effect, but also the fusion in the
thrombin-free controls. The suppressive activity of BABIM was observed at
concentrations so low as to exclude any direct inhibitory effect on thrombin itself.
These results make it seem very likely that thrombin advances cell fusion by
activating a BABIM-sensitive protease. Plasmin and trypsin can be expected to

act in a similar manner.

The involvement of proteolytic enzymes in
the replication cycle of many different viruses is
now well documented (15, 16). With certain
virus groups, the proteolytic enzymes are coded
by the viral genome and function to cleave
precursor proteins made from polycistronic
mRNA (17, 23, 26). With other viruses, the
source of the protease(s) appears to be of host
cell or culture fluid origin (18, 24, 25, 32), and
these enzymes process proteins on the surface
of the viral particle which are involved in the
initial host cell-virus interactions. Although
most cell-derived enzymes have trypsin-like
specificity (9, 18, 32), the isolation and charac-
terization of these enzymes have not been
achieved.

Recently we identified several low-molecular-
weight aromatic amidino compounds as having a
striking effect on respiratory syncytial (RS) vi-
rus-host cell interactions (6, 7, 36). At noncyto-
toxic levels, they block RS virus-induced cell
fusion and delay the entry of virus into the cells
(6, 7). The fact that all of these agents are potent
inhibitors of one or more trypsin-like enzymes
strongly suggests that the antiviral effect is
based on interference with a protease which
presumably plays a key role in RS virus-induced
cell fusion. The apparent importance of the
proteolytic event raised the question whether
known proteases, trypsin-like or not, could aug-
ment RS virus-induced cell fusion and might,
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therefore, also participate in the pathogenesis of
RS virus-induced disease. The present study
supplies evidence that at least three different
enzymes, thrombin, plasmin, and trypsin, signif-
icantly enhance the rate and extent of RS virus-
induced cytopathology. Also, the use of specific
inhibitors provides evidence that for thrombin,
the enhancing activity is channeled through its
activation of a proenzyme.

MATERIALS AND METHODS

Virus and cell cultures. HEp-2, CV-1, MA-104,
LLC-MK,, and AS49 cells were propagated in Eagle
minimal essential medium (MEM) supplemented with
10% fetal bovine serum. The A549 cell line is derived
from a human lung carcinoma and was obtained from
J. B. Baseman (University of Texas Health Science
Center at San Antonio). These cells were cloned, and
one clone (D) was used at passage levels 10 to 25 from
the cloning procedure. The A, strain of RS virus was
propagated and quantitated in HEp-2 cells as previous-
ly described (6).

Cell fusion assays. Cells used for fusion assays were
grown as monolayers on 15-mm glass cover slips in 24-
well trays (Falcon Plastics, Oxnard, Calif.). RS virus
(10°3 50% tissue culture infective doses in 0.25 ml)
was adsorbed to cell monolayers for 2 h at 37°C.
Monolayers were then rinsed twice with MEM and
overlaid with MEM containing various proteolytic
enzymes. At 32 to 36 h after infection, the monolayers
were fixed with methanol and stained with May-
Grunwald-Giemsa stains.
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FIG. 1. Proteolytic enhancement of RS virus-induced cell fusion. A549 cells in multiwell trays were infected
with RS virus at a multiplicity of infection of 0.1. After virus adsorption, cells were overlaid with MEM
containing various proteolytic enzymes. At 36 h postinfection, cells were fixed and stained with May-Grunwald-
Giemsa stains. (A) MEM control; (B) trypsin, 0.1 ug; (C) plasmin, 0.2 U; (D) thrombin, 32 U. (174x).
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Although qualitative changes in virus-induced cell
fusion were obvious with certain proteases, the follow-
ing procedure was established to quantify those ef-
fects. Syncytia with 10 or more nuclei were counted
within 40 microscopic fields (x450) for each coverslip.
Syncytia with less than 10 nuclei were not scored
because the density and size of the A549 cells did not
always permit their unambiguous determination. For
the counts, only nuclei actually within a given field
were counted even though giant cells at the periphery
commonly extended beyond a given field. For all
assays, at least triplicate sets of slides were counted.
The Student’s 7 test was applied for the statistical
evaluation of the results.

Enzymes and reagents. Bovine thrombin, bovine
trypsin (acetylated), thermolysin, protease V, and
hirudin were obtained from Sigma Chemical Co., St.
Louis, Mo. Human plasmin and human plasma kalli-
krein were purchased from Kabi Group, Inc., Green-
wich, Conn. Additional enzymes were as follows:
porcine pancreatic elastase (Miles Laboratories, Inc.,
Elkhart, Ind.), bovine chymotrypsin (Worthington Di-
agnostics, Freehold, N.J.), bromelain and clostridial
collagenase (Calbiochem-Behring, La Jolla, Calif.),
and human urokinase (Winthrop Laboratories, New
York). Human thrombin (4,135 NIH units/mg) was
generously supplied by J. W. Fenton II, New York
State Department of Health, Albany. The synthesis of
bis(5-amidino-2-benzimidazolyl)methane (BABIM)
has been described earlier (35).

RESULTS

Selection of cell line suitable for studying tryp-
sin enhancement of RS virus-induced cell fusion.
In our earlier studies of the effect of trypsin
inhibitors on RS virus cytopathology, we made
use nearly exclusively of HEp-2 cells. As these
cells undergo rather massive fusion in the pres-
ence of the virus, however, they do not lend
themselves well for recognition of any superim-
posed fusion activity of exogenous proteases.
For this reason we selected cell lines which
exhibit lesser degrees of fusion induced by RS
virus and surveyed their response to exposure to
the prototype trypsin-like enzyme, i.e., trypsin
itself. Three monkey kidney lines (CV-1, MA-
104, and LLC-MK,) and the human lung carci-
noma line A549 were included in this screening
process. After infection with RS virus, the cells
were maintained in either enzyme-free medium
or in medium with various concentrations of
trypsin. At 36 h after infection, it was clearly
evident that the protease had augmented the
extent of cell fusion initiated by RS virus in A549
cells (Fig. 1). The number and size of the syncy-
tia were greatly increased in the trypsin-treated
cultures. At later times after infection, the tryp-
sin enhancement was evident by the greater
amount of cell debris in the culture fluid and by
the decrease in the number of cells remaining on
the culture dish. A slight increase of RS virus-
induced cell fusion was seen in MA-104 cells,
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while no effect was noted with trypsin-treated
LLC-MK; or CV-1 cells.

Effect of a variety of proteases on RS virus-
induced cytopathology in A549 cells. Having
demonstrated the fusion-enhancing activity of
trypsin on RS virus-infected A549 cells, we then
examined the effect of a series of additional
proteases on RS virus-induced cell fusion. The
spectrum of enzymes included five with trypsin-
like activities (bovine and human thrombin and
human plasmin, plasma kallikrein, and uroki-
nase) and six with quite different specificities. At
the upper end of the range of concentrations
tested, most of the enzymes had a destructive
effect on the cell monolayers. Of all of the
proteases screened, only the two thrombin prep-
arations and plasmin acted in the same way as
trypsin and caused an enhancement of RS virus
cytopathology at concentrations which did not
remove the cell monolayers (Table 1 and Fig. 1).
No cell fusion was seen in uninfected cells
treated with any of the enzymes.

Inspection of RS virus-infected monolayers
indicated that in the presence of fusion-enhanc-
ing proteases, the rate and extent of cell fusion
were increased over the enzyme-free controls.
To quantitate this effect in a reliable manner, the
number of syncytia containing 10 or more nuclei
was counted for each slide within 40 microscop-
ic fields (x450). The total number of nuclei in
each of those syncytia was also registered. The
results of the analysis show that human throm-
bin, human plasmin, and bovine trypsin signifi-
cantly increased the number of syncytia as well
as the individual size as expressed by the num-
ber of nuclei per syncytium (Table 2). From
these data it is evident that under the test
conditions and within the range of enzyme con-
centrations used, increasing amounts of prote-
ases produced increasing degrees of fusion. At
even higher concentrations or at later times after
infection, however, the syncytial count appears
to plateau and then to decline because of ap-
proaching confluence of all infected cells.

Inhibition of thrombin-enhanced cell fusion by
hirudin. Though the human thrombin used in our
experiments was a highly purified preparation,
we felt it advisable to exclude the possibility that
a contaminant, rather than thrombin itself, might
have produced the fusion enhancement. For this
purpose, the specific antithrombin agent hirudin
(20) was used. It was added over a range of
concentrations to monolayers supplied with a
fixed amount of thrombin. The results indicated
that the inhibitor blocked the fusion-enhancing
activity of thrombin in a dose-dependent man-
ner, confirming the role of thrombin in the
enhancement process (Table 3). From the data it
is also evident that hirudin could not reduce the
level of endogenous fusion activity occurring in
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TABLE 1. Effect of various proteases on RS virus-
induced cytopathology

Enzyme Range of Fusion
concns per ml enhancement
Bromelain 0.1-1.0 pg -
Chymotrypsin 0.1-1.0 pg -
Collagenase 1.0-100 pg -
Elastase 0.1-1.0 pg -
Kallikrein 0.15-1.5 U“ -
Plasmin 0.005-0.08 U® +
Protease V¢ 0.5-50 pg -
Thermolysin 0.05-0.5 pg -
Thrombin (bovine) 4-16 U4 +
Thrombin (human) 0.25-32 U¢ +
Trypsin 0.1-2.0 pg +
Urokinase 2.0-200 U* -

“ Plasma equivalent units (5).

b Sgouris units.

¢ Equivalent to current listing Protease XIV.
4 NIH units.

¢ International units.

RS virus-infected A549 cells in the absence of
added protease. Similarly, hirudin did not affect
the endogenous fusion in virus-infected HEp-2
cells (data not shown).

Effect of BABIM on thrombin-enhanced cell
fusion. Previously, we reported on the ability of
BABIM to block very effectively the RS virus-
induced fusion of HEp-2 and CV-1 cells (6, 7).
We have now extended the inhibitor study to the
AS549 cell line to determine how the presence of
a protease would influence the performance of
the compound. Serial dilutions of BABIM were
added to the cells after infection with RS virus.
One set of cell monolayers received thrombin in
a fixed concentration together with the inhibitor,
while another set received inhibitor only. At 36 h
after infection, the cells were fixed and exam-
ined for fusion events. The quantitative data
demonstrated clearly that BABIM proved a
powerful antifusion agent also for A549 cells and
that the potency of the inhibitor was expressed
equally well in the presence or absence of
thrombin (Table 4). Even a concentration of 0.1
nM BABIM significantly reduced cell fusion in
the thrombin-free cultures (assay 2), while at the
same concentration, BABIM reduced cell fusion
in the thrombin-treated cultures (assay 7) as
compared with the thrombin control (assay 6).

DISCUSSION

The results reported here provide the first
evidence that extracellular proteases can play an
important role in RS virus-induced cell fusion.
The investigation was made possible by the
initial fortuitous discovery that cytopathology of
RS virus-infected A549 cells is greatly enhanced
by trypsin. This was in contrast to the absence
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TABLE 2. Enhancing effect of human thrombin,
human plasmin, and bovine trypsin on RS virus-
induced cell fusion

No. of No. of nuclei
Expt Protease added syncytia per per
40 fields”® syncytium®
1 None 42+ 7.2 149 = 0.65
Thrombin (U/ml)
0.25 76 £15.2% 18.5 +1.73°
0.5 90 = 4.0° 20.2 +1.34%
1 86 + 11.4> 20.2 = 0.78%
2 118 £ 149> 223 +1.9°
4 111+ 632 23.2+1.6°
8 120+ 6.5° 23.0 +1.0°
16 146 = 7.12 22.2 +1.35*
2 None 29+ 9.6 13.0 = 0.69
Plasmin (U/ml)
0.005 25 £ 6.2 13.5 = 0.59¢
0.0075 31 £11.9° 13.5 = 0.31¢
0.01 44+ 519 143 +0.2¢
0.015 59 +11.5¢ 14.2 + 0.79¢
0.02 85+ 6.5 16.6 = 1.16"
0.03 97 + 6.9° 15.4 +0.54*
Trypsin (png/ml)
0.5 29 + 5.9 13.1 £0.6
0.75 50 +12.39 14.6 = 0.76¢
1.0 92 +16.1> 18.7 + 2.6*

< All values are the means * the standard deviation
where n = 3, except for the control in experiment 2
where n = 4.

b Significantly different from the control at P <
0.005.

< Not significantly different from the control at P <
0.05.

9 Significantly different from the control at P < 0.05.

¢ Significantly different from the control at P <
0.025.

of any recognizable stimulatory influence on
several other cell lines, among them HEp-2
cells, which are commonly used for RS virus
cultures. It may well be that the responsiveness
of AS549 cells, a line of human lung origin,
reflects a property of epithelial cells in the
respiratory tract, the normal habitat of RS virus.
Studies on normal human embryonic lung cells
indicate that these cells are capable of producing
serine protease(s) comparable to amounts found
in transformed cells (28, 30). Should these prote-
ases be expressed at the time of an RS virus
infection, then the viral lesions in the respiratory
epithelium might be dramatically increased
through fusion enhancement. This type of prote-
ase-virus interaction might explain the greater
morbidity and mortality in children infected with
RS virus before 1 year of age.
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Cell fusion may convey a survival advantage
to a virus which can spread through the syncy-
tial cytoplasmic masses without leaving the cells
and thus be protected from neutralizing antibod-
ies. There are several reports of in vitro studies
demonstrating virus spread through syncytium
formation in the presence of neutralizing anti-
body (8, 11, 22, 34). The pathophysiological
significance of protease-assisted cell fusion is
made especially likely by our observation that
not only is trypsin able to produce the response,
but also thrombin and plasmin. While trypsin is
a pancreatic protease normally relegated to the
intestinal tract, thrombin and plasmin are pre-
sent in zymogen form in blood and lymph and
therefore ubiquitously in the tissues. Under con-
ditions of congestion and inflammation, the zy-
mogens may be activated through the clotting
and fibrinolytic cascades, respectively, and
enough active enzyme may become available in
the lung parenchyma or the mucosa of the
respiratory tract to accelerate fusion of RS vi-
rus-bearing cells. The low levels of thrombin and
plasmin necessary for the promoting effect in
vitro are well within the range that can be
expected under in vivo conditions. For human
thrombin, 0.25 NIH units/ml represents a con-
centration of approximately 1.5 nM, while for
plasmin, 0.01 units/ml represents a concentra-
tion of 5.6 nM. Such a level for thrombin
amounts to only 0.1% of the activatable pro-
thrombin per ml of plasma, and for plasmin, the
corresponding value amounts to approximately
0.2% of the available plasminogen (29). Perhaps
the increased mortality seen in children with RS
virus infections and congenital heart defects (19)

TABLE 3. Effect of the specific thrombin inhibitor
hirudin on spontaneous and thrombin-enhanced
fusion of RS virus-infected cells

Culture conditions

No. of No. of nuclei
Thrombin  Hirudin  Syncytia per per
(U/ml) (U/ml) 40 fields® syncytium®

0 0 42+ 72 14.9 = 0.65
16 0 146 = 7.1° 22.2 = 1.35%
16 4 148 + 16.7° 24.4 + 3.31¢
16 8 59 + 22.4¢ 15.5 = 1.44¢
16 16 53+ 7.4¢ 15.9 = 0.21¢
16 32 4 + 4.5 16.7 = 1.21¢
16 65 42 + 5.7° 15.8 = 1.42¢
0 32 39 +13.5¢ 14.5 *+ 2.24¢
0 65 43 = 8.6 15.0 = 0.56¢

“ All values are the means * the standard deviation
where n = 3, except for the thrombin- and inhibitor-
free control where n = 6.

% Significantly different from the thrombin- and in-
hibitor-free control (P < 0.005).

¢ Not significantly different from the thrombin- and
inhibitor-free control (P > 0.05).
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TABLE 4. Effect of BABIM on spontaneous and
thrombin-enhanced fusion of RS virus-infected cells

Culture conditions No. of No. of nuclei
Assay ——MM syncytia '
no.  Thrombin BABIM per 40 per
(U/ml) (wM) fields® syncytium
1 0 0 42 +7.2 149 * 0.65
2 0 0.1 12 +2.9% 13.6 = 1.0
3 0 1.0 6 =39 10.9 +1.18%
4 0 10.0 3£22% 13.6 £2.1¢
5 0 100.0 5+£1.9° 13.5+2.1°
6 16 0 146 + 7.1% 22.2 = 1.35%
7 16 0.1 83 +5.0¢ 16.4 = 0.87¢
8 16 1.0 35=*8.4¢ 14.3 x 0.47¢
9 16 10.0 o4 04
10 16 100.0 4+1.04 11.8 +0.37¢

4 All values are the means * the standard deviation
where n = 3, except for the thrombin- and BABIM-
free control on line 1 where n = 6.

b Significantly different from the control on line 1 (P
< 0.005).

¢ Not significantly different from the control on line
1 (P > 0.05).

9 Significantly different from the thrombin-contain-
ing, BABIM-free control on line 6 (P < 0.005).

or exposure to the inactivated RS virus vaccine
(13, 14) is due to the interaction of thrombin or
plasmin with the virus-infected cells in congest-
ed and inflamed lung tissue.

The biological effect of the addition of exoge-
nously added proteases to RS virus does not
appear to be identical to the response of para-
myxoviruses. If paramyxoviruses, such as Sen-
dai and Newcastle disease virus, are grown in
cells deficient in trypsin-like activity, the virions
formed will be of low infectivity. However, the
number of infectious units can be markedly
increased by exposure of the virions to trypsin.
The enzyme brings about cleavage of a viral
surface glycoprotein which is changed from an
inactive precursor into an active fusion (F) gly-
coprotein. Glycoprotein F, in turn, plays a cen-
tral role in the penetration of the virus, in the
characteristic cell fusion, and in the virus-depen-
dent lysis of erythrocytes (25, 31). This se-
quence of events is significantly different from
the biological effects of exogenous proteases on
RS virus where yields from thrombin-containing
cultures were similar to those from enzyme-free
cultures despite the marked difference in cytopa-
thology (data not shown). An analogous situa-
tion was observed for mouse hepatitis virus.
Here, trypsin treatment of infected cells also
resulted in a considerable increase in syncytium
formation without any effect on virus yield (37).
It was speculated that the protease was probably
directed against a cellular target and not against
any component of the virions themselves.

In clarifying the mechanism of thrombin-de-
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pendent fusion enhancement, we were aided
greatly by the use of two inhibitors, i.e., hirudin
and BABIM. The former, a polypeptide which
blocks thrombin activity in a highly effective and
selective manner (20), unequivocally established
thrombin as the fusion-enhancing factor in the
thrombin preparation. The latter, a synthetic
aromatic diamidine which suppresses fusion of
RS virus-infected cells in medium without added
protease (6, 7), is also a powerful inhibitor of
several trypsin-like enzymes, such as trypsin
itself, human plasmin, and urokinase (10, 35).
Combination of those two important properties
in one and the same compound suggests that
they probably are interrelated. At this point we
feel that the antifusion effect is another expres-
sion of the antiproteolytic potency of BABIM
and is caused by a suppression of a cell-bound
protease which is involved in the fusion process.
Preliminary characterization of this protease
with a large series of inhibitors has shown that it
is not identical with thrombin, plasmin, uroki-
nase, or trypsin (36). With respect to the current
investigation, it is also germane to note that
BABIM, despite its powerful inhibition of some
proteases, is only a weak inhibitor of human
thrombin, with a K; value of 1.12 x 1074 + 0.44
x 10™* at 37°C (unpublished observation). Since
BABIM at concentrations of 10 uM and less is
unable to block thrombin to any significant
degree but at these same low concentrations can
still inhibit fusion in the presence or absence of
thrombin, it appears likely that thrombin exerts
its fusion-promoting activity through a BABIM-
sensitive event, i.e., the previously postulated
cell-bound protease. As to the mode of action of
thrombin (and of plasmin and trypsin) in the
fusion event, we expect it to effect a proteolytic
cleavage in an inactive protease and thus bring
about its activation. At present, we do not have
any information on the exact mechanism of RS
virus-induced cell fusion. Conceivably, proteol-
ysis by thrombin may be only the first step in a
cascade whose latter steps require the presence
of a viral protein for fusion induction.
Enhancement of RS virus-induced cell fusion
is another biological activity which can be attrib-
uted to thrombin. Besides being intimately in-
volved in various steps of the coagulation proc-
ess, thrombin can cause release of prostaglandin
from endothelial cells (5), initiate platelet aggre-
gation (33) and the release reaction (12), and
either alone or in combination with other fac-
tors, stimulate cell division in a variety of cells
(1, 3, 4, 38). For many of these cell types, high-
affinity binding sites for the enzyme have been
identified on the cell membranes and have been
related to the initiation of the cellular response
(2, 21, 27). It would be of interest to determine
the presence or absence of thrombin receptors
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on A549 cells, to ascertain if binding is revers-
ible or irreversible, and also to map the binding
sites in relationship to the probably membrane-
associated protease involved in the virus-in-
duced fusion process. In light of thrombin’s
recognized mitogenic activity, one might ques-
tion whether that property could have been
responsible for increased syncytium formation
of RS virus-infected cells by stimulating nuclear
division in the absence of subsequent cytoplas-
mic partition. This seems highly unlikely be-
cause the morphological arrangement of the
syncytia suggested fusion of neighboring cells
rather than an expansile growth with compres-
sion of adjacent cells and because the occur-
rence of mitoses within syncytia was a rare
event.
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