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The role of plasminogen activator (PA) in the
pathogenesis of acantholysis in canine pemphigus
vulgaris (PV) was evaluated using differentiated
cultures of canine oral keratinocytes. Both the se-
creted and cell-associated PA activity in cultured
canine keratinocytes were completely inbibited by
specific anti-urokinase antibodies. Anti-tissue type
PA antibodies did not inbibit either secreted or cell-
associated PA activity. Immunoblots and fibrin zy-
mography revealed a single 57,000 molecular
weight urokinase-type PA in the conditioned media
of the canine oral keratinocytes. Incubation of the
differentiated cultures with PV Ig resulted in a sig-
nificant increase in the levels of PA activity and
both canine and bhuman PV Ig were effective at in-
ducing acantholysis typical of that seen in the clini-
cal disease. The addition of urokinase inbibitor to
the cultures treated with PV Ig prevented the devel-
opment of acantholysis. These data strongly sup-
port the conclusion that PA is involved in acanthol-
ysis which is the cardinal feature of PV. (Am J Pa-
thol 1989, 134:561-569)

Pemphigus vulgaris (PV) is a severe, immune-mediated,
bullous dermatosis that affects the skin and other strati-
fied squamous epithelia."? The clinical, histologic, and im-
munopathologic characteristics of PV have been well
documented in humans and domestic animals and are
similar between species.'~® The characteristic lesion in all
variants of PV is the formation of intraepithelial bullae as
a result of a unique process of cell detachment termed
acantholysis.5” This auto-antibody mediated loss of cell
cohesion has been linked to the synthesis, activation,

and/or release of certain cellular enzymes, particularly
serine proteases '3

A prominent role has been suggested for plasminogen
activator (PA) in the induction of acantholysis.'*'® PAs
are ubiquitous serine proteases that are thought to medi-
ate a variety of physiologic and pathologic processes that
require extracellular proteolysis.'’-?° Both PA and PA in-
hibitors are present in the stratified squamous epithe-
lium.2'-28 The activity of both cell-associated and secreted
PA is reported to be increased after in vitro binding of PV
antibodies to keratinocytes and this increase in PA activity
is associated with acantholysis.® 'S Although such stud-
ies have suggested a prominent role for PA in the induc-
tion of acantholysis, considerable doubt persists based
on studies using various protease inhibitors,'? ste-
roids,'®2°-3' and an in vivo model of PV in neonatal mice.%?
Some evidence suggests that the increase in PA activity
associated with PV antibody induced acantholysis may
be secondary to the loss of cell cohesion. 3

Using recently developed methods for producing cul-
tures of differentiated canine oral keratinocytes, the role
of PA in canine PV was investigated. Urokinase type PA
(uPA) was determined to be the only type PA produced
by cultured canine keratinocytes under normal culture
conditions and inhibition of PA markedly reduced the
number and severity of lesions in this model.

Materials and Methods
Keratinocyte Cultures

Canine oral keratinocyte cultures were established and
subcultured as described previously.®* Canine oral kerati-
nocytes grown on plastic have previously been shown
to express the PV antigen.® Levels of secreted and cell
associated PA were determined in cultures grown in 48-
well plates or on glass microdot slides. Conditioned me-
dium for PA isolation was obtained from cultures grown
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in 25 sq cm tissue culture flasks. Differentiated cultures
of canine oral keratinocytes were produced by growing
keratinocytes at passage 3-6 on either cellulose acetate
membranes (Millicell-HA, Millipore Corp.) or nylon mem-
branes (Puropor-200R, Gelman Scientific, Bedford, MA)
at the air-liquid interface as described previously.*® Ca-
nine keratinocytes grown in this manner were evaluated
for expression of PV antigen and reactivity with mono-
clonal antibody 1.11D9, which binds to the cell surface of
canine keratinocytes in a pemphigus like pattern, using
immunohistochemical methods as previously de-
scribed. 3%

Pemphigus Antibodies

Human PV sera were provided by Dr. Ernst Beutner. The
human and canine PV sera used in these studies had ti-
ters of 1:160 by indirect immunofluorescence tests using
canine esophagus as a substrate. Both the human and
canine PV sera were obtained from patients with the clini-
cal, morphologic, and immunopathologic characteristics
of PV

Antibodies to PAs

New Zealand white rabbits were injected subcutaneously
at 10 to 15 sites with 100 pg human urinary uPA or Bowes
melanoma tPA emulsified in complete Freunds adjuvant.
After 6 weeks and at 6-week intervals thereafter, booster
injections of 50 ug of the appropriate PA were given in
incomplete Freund'’s adjuvant in the same manner. Ten
days after the booster injections, the rabbits were bled.
Antibody activity and specificity were analyzed by double
immunodiffusion for each antiserum at each collection.
The anti-uPA antibody recognized only uPA and the anti-
tPA antibody recognized only tPA.

19G Preparation

Immunoglobulins from all sera including normal human,
dog, and rabbit were prepared by sequential affinity chro-
matography on lysine-sepharose? followed by Protein A
sepharose.®” Monoclonal antibody 1.11D9 was similarly
purified from ascites fluid. Eluted Ig fractions were ad-
justed to neutral pH, dialyzed against MEM with 0.01M
HEPES, pH 7.4, and sterilized by filtration. Anti-uPA anti-
bodies were determined to inhibit uPA in a dose-depen-
dent fashion by incubating serial dilutions of Ig with a stan-
dard solution of uPA (1 Pu/ml) and determining the subse-
quent PA activity. Anti-uPA antibodies had no inhibitory
activity against tPA. Anti-tPA antibodies were determined
to be specific for tPA in a similar fashion. Antibodies to

PAs and normal rabbit Ig were adjusted to 400 pg/ml anti-
body protein and frozen at —70 C until use. At this con-
centration, the anti-uPA and anti-tPA antibodies com-
pletely inhibited 1 PU/mlI uPA and tPA respectively. All PV
antibodies, normal human and dog Ig, and monoclonal
antibody 1.11D9 were concentrated to 10 mg/ml and fro-
zenat—70C.

PA Assay

A two-step assay was used to measure both secreted
and cell associated PA.33° This assay is based on the
conversion of canine plasminogen to plasmin that is then
measured using the fluorogenic substrate [Cbz-lle-Pro-
Arg-NH],-Rhodamine [BZIPAR].%® BZIPAR was the gift of
Dr. Walter Mangel (Brookhaven National Laboratory). BZI-
PAR is nonfluorescent until the plasmin cleaves a single
amide bond which converts the rhodamine from the lac-
tone state into the highly fluorescent quinone state. The
rate of cleavage of BZIPAR by canine plasmin has been
shown to be linear with time under the conditions used
in these experiments.® The fluorescence also has been
shown to be directly proportional to the initial plasmin con-
centration.® Canine plasminogen was purified by lysine-
sepharose chromatography and fraction | (90 kd) and
fraction Il (95 kd) canine plasminogen were pooled.® Fol-
lowing the isolation, the plasminogen was exhaustively di-
alyzed against MEM with Earles salts, 0.01 M HEPES, 0.1
M lysine, pH 7.2. This pooled fraction has been shown to
contain 60-80 percent activatable plasminogen.® For the
PA assay, 0.05 ml aliquot of plasminogen [1 mg/ml] pre-
viously incubated with either conditioned medium or cells
for 1 hour at 20 C was removed and added to 1.20 ml of
a5 uMBZIPAR in 0.01 MHEPES, pH 7.2, containing 15%
(vol/vol) ethanol and 5% (vol/vol) dimethylformamide at
20 C. After 15 minutes, the fluorescence was measured
in a Perkin-Elmer LS-5 fluorescence spectrophotometer.
The excitation wavelength was 492 nm and the emission
wavelength was 526 nm. The fluorescence spectropho-
tometer was standardized for each assay using a poly-
methacrylate block embedded with Rhodamine B.*® The
assay was determined to be linear over the range of 0.01-
0.0001 Plough units (Pu) PA per ul. Controls run with ev-
ery assay included an appropriately diluted plasminogen
negative control and a standard solution of human uroki-
nase (0.01 Pu/10 ul) positive control.

Cell associated PA was determined by rinsing cells in
a 48-well plate three times with MEM before incubation
with 100 ul of plasminogen in MEM with 0.01 M HEPES,
0.1 M lysine, pH 7.2, for 1 hour. A 0.05 ml aliquot was
then removed and the plasmin formed determined with
the BZIPAR assay. In preliminary experiments, the amount



of secreted PA during a 1-hour incubation was deter-
mined to account for less than 5% of the total PA activity.

To determine the effects of PV Ig on cell associated
PA levels, confluent cultures of keratinocytes on microdot
slides (0.5 sq cm/well) were washed three times with
MEM and incubated for 24 hours in 25 ul of MEM with 10
mg/ml PV or normal human Ig before determination of the
level of cell associated PA.

To determine the levels of secreted PA, confluent cul-
tures in 1 sq cm wells were rinsed vigorously in serum-
free medium prior to incubation with 300 ul of MEM for 24
hours. Ten ul of serum-free conditioned medium was then
removed and incubated for 1 hour at 20 C with 90 ul of
plasminogen and the amount of plasmin formed deter-
mined using the BZIPAR assay.

Characterization of the PA
in Conditioned Media

Confluent cultures in 25 sq cm flasks were rinsed three
times with MEM before incubation for 24 hours in serum
free MEM. The conditioned medium was removed, centri-
fuged to remove cellular debris, and frozen at —70 C be-
fore analysis. The pooled conditioned medium was
thawed and concentrated 100 times by microfiltration in
a stirred cell using a 10,000 MW cutoff filter (Amicon). The
concentrated conditioned medium was then dialyzed
against 0.1 M TRIS, pH 8.1 containing 0.5% Triton X-100
overnite at 4 C. Forty ul samples were then subjected to
discontinuous SDS-PAGE using a 4.5% stacking gel and
a 10% resolving gel.** For Western blotting the proteins
were transferred to nitrocellulose.*' Protein transfer was
monitored by following the prestained molecular weight
standards. The electrophoretic blot was then placed in
gelatin (0.25%) in NET buffer overnite at 4 C before incu-
bation with either rabbit anti-uPA or anti-tPA (100 ug/ml).
Exposure to a 1:1000 dilution of HRP conjugated anti-rab-
bit Ig for 2 hours followed by substrate (4 chloro-1-napthol
+ H,0,) developed the blot.

Fibrin Zymography

Concentrated conditioned medium was subjected to
polyacrylamide gel electrophoresis according to the
method of Laemmi*® using a 9% acrylamide resolving gel
and a 4% acrylamide stacking gel. Fibrin gels (105 mm
thick) were prepared as described previously.*>*3 Briefly,
a 2% solution of agarose in water was boiled, cooled to
47 C, and mixed with prewarmed PBS containing plasmin-
ogen (20 ug/ml) and thrombin (0.6 U/ml). Fibrinogen (10
mg/ml) was added, and the solution rapidly poured onto
the surface of a glass plate. Final concentrations were 1%
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agarose, 6 ug/ml plasminogen, 0.18 U/ml thrombin, and
2 mg/ml fibrin. After SDS-PAGE, the gel was washed in
2.5% Triton X-100, placed directly on the fibrin gel, and
incubated in moist chambers at 37 C for 4 hours. Lysis
was stopped by removal of the polyacrylamide gel and
placing the fibrin gel in normal saline followed by distilled
water. The gel was dried, and stained with Buffalo Black.

Induction of Acantholysis

After 10-12 days of growth at the air-liquid interface, the
differentiated canine oral keratinocyte cultures were
placed in 24-well plates before the addition of antibodies
and/or PA inhibitors. One hundred fifty ul of MEM with
human PV Ig (10 mg/ml), canine PV Ig (10 mg/ml), normal
human or canine Ig (10 mg/ml), or monoclonal antibody
1.11D9 (10 mg/ml) was added to individual wells. After 3
days, the cultures were either fixed in 10% neutral
buffered formalin, paraffin embedded, sectioned, and
stained with hematoxylin and eosin (H & E), or frozen in
isopentane, sectioned on a cryostat, and stained with
Mayer's H & E. Sections were examined without prior
knowledge of treatment and the extent of acantholysis
was determined. Keratinocytes that lacked cell-cell con-
tacts and had a round morphology were considered to be
acantholytic. The presence of scattered, individual, su-
prabasal acantholytic keratinocytes in an otherwise nor-
mal culture was considered a mild lesion. Moderate le-
sions consisted of groups of acantholytic suprabasal cells
scattered throughout the section. Severe lesions involved
the full thickness of the culture and was widespread in the
culture.

Inhibition of PA

At the time of addition of normal or PV Igs, human placen-
tal urokinase inhibitor was added to the medium (final con-
centration, 50 units/ml). Controls included the PA inhibitor
without Igs. The cultures were maintained and processed
as described above.

Results

Canine Keratinocytes Secrete uPA

PA activity was readily detected in the serum-free condi-
tioned medium from canine keratinocytes. The inhibitory
effects of anti-uPA and anti-tPA antibodies on the se-
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Figure 1. Inbibition of PA activity in conditioned medium by

anti-uPA and anti-tPA antibodies. Open circles, anti-uPA;
closed circles, anti-tPA. N= 8.

creted PA activity is shown in Figure 1. Over 95% of the
secreted PA activity was inhibited in a dose-dependent
manner by anti-uPA antibody whereas anti-tPA antibody
had no inhibitory effects. The secretion of uPA by cultured
oral canine keratinocytes is supported by the Western
blot analysis that revealed a single PA with an apparent
molecular weight of 57,000 daltons, which was detected
by anti-uPA antibody. Anti-tPA antibodies did not react
with any proteins in the Western blots of serum-free condi-
tioned medium (Figure 2). The presence of a single PA
is further supported by the fibrin zymography which also

A B

Figure 2. Immunoblots of conditioned medium. A: Anti-uPA
antibody. B: Anti-tPA antibody. Arrows, molecular weight stan-
dards (200, 116, 97.5, 66, and 44 kd)

A B

Figure 3. Fibrin zymography of conditioned medium. Lane A
contains plasminogen in the fibrin gel. Lane B does not con-
tain plasminogen. Arrow, 57,000 molecular weight.

demonstrated a single PA at 57,000 daltons (Figure 3).
The fibrinolytic activity was not detected in fibrin gels in
which the plasminogen was omitted indicating that the
activity was due to a PA.

Cell-Associated PA is Also Urokinase Type

A major component of the canine keratinocyte PA activity
was cell associated. Similar to the secreted PA, the cell
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Figure 4. Inhibition of cell associated PA by anti-uPA and anti-
tPA antibodies.



Table 1. Cell Associated PA Activity in
Cultured Keratinocytes

Treatment Fluorescence* N
Normal human Ig 278+ 21% 6
Pemphigus vulgaris Ig 400 + 105t 6
Human placental urokinase inhibitor 14+ 7% 6

* Mean + SD.
1 Means are significantly different (P < 0.05).

associated PA was completely inhibited by anti-uPA anti-
bodies whereas anti-tPA antibodies had no inhibitory ac-
tivity (Figure 4).

PV Antibodies Induce Increased PA Activity in
Cultured Canine Keratinocytes

Incubation of cultures of canine oral keratinocytes with
human PV Ig for 24 hours resulted in an increase in PA
activity of approximately 45% over levels in cultures incu-
bated with normal human Ig (Table 1). Human placental
urokinase inhibitor inhibited over 95% of the PA activity in
these cultures.

Induction of Acantholysis

Both the PV antibody and monoclonal antibody 1.11D9
stained the cell surface of the canine oral keratinocytes
grown at the air-liquid interface on synthetic membranes
in a diffuse pattern (Figure 5). Both human and canine
PV Ig were effective in inducing lesions in the cultures of
differentiated canine oral keratinocytes (Table 2). The ex-
tent of the lesions varied from culture to culture and
ranged from focal areas of acantholysis (Figure 6) to se-
vere, diffuse acantholysis (Figure 7). Normal human Ig,
normal canine Ig, human placental urokinase inhibitor,
and monoclonal antibody 1.11D9 never induced any le-
sions (Figure 8).

Figure 5. Lifted culture stained with PV an-
tibody.
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Table 2. Lesion Development in Cultured Keratinocytes

Treatment With lesions
Normal human Ig 0/10
Normal canine Ig 0/10
Urokinase inhibitor 0/6
Monoclonal Antibody 1.11D9 0/4
Canine pemphigus Ig 8/8
Human pemphigus Ig 11/12
Canine pemphigus Ig and urokinase inhibitor 1/6
Human pemphigus Ig and urokinase

inhibitor 1/10

The canine PV Ig was especially effective in inducing
lesions. Lesions were found in all cultures incubated with
canine PV Ig and the lesions were always severe. In two
of eight cultures treated with canine PV Ig, only an occa-
sional acantholytic keratinocyte remained attached to the
membrane following 3 days of culture. Lesions induced
by human PV Ig were less severe and were often scat-
tered throughout an otherwise normal culture.

Effects of PA Inhibition on
Induction of Acantholysis

The addition of human placental urokinase inhibitor to cul-
tures incubated with either human or canine pemphigus
Ig markedly reduced the number of cultures with acantho-
Iytic lesions (Table 2). In those cultures that did have le-
sions, the distribution and severity of the lesions were less
severe than in cultures not treated with PA inhibitor.

Discussion

The results of these studies strongly implicates PA as a
major extracellular protease involved in the induction of
acantholysis at the keratinocyte level. Previous studies
have clearly implicated extracellular proteolysis as a major
factor in acantholysis®'® and several studies have sug-
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gested that PA is the primary protease involved.'**® Con-
siderable doubt persists regarding the role of PA, how-
ever, based on both in vitro and in vivo studies. '?'52%-%

The current studies differ from previous in vitro studies
of the role of PA in acantholysis in several ways. In these
studies differentiated cultures of canine oral keratinocytes
were used. The dog is an excellent model for the study of
PV. Spontaneous PV is more common in the dog than
any other species with the possible exception of man and
clinicopathologic characteristics of human and canine PV
are similar."** The primary difference in human and ca-
nine PV is that dogs with PV rarely have high titers of circu-
lating PV antibody while humans with PV commonly do.
The reason for this difference is unknown. As a conse-
quence of this prevalent lack of circulating PV antibodies
in canine PV patients, experimental studies such as those
reported here are often difficult to perform. Fortunately, PV
antibodies are not species specific and canine stratified
squamous epithelium is an excellent substrate for human
PV antibodies.** In addition, we have demonstrated pre-
viously that the differentiated cultures of canine oral kerati-
nocytes express the PV antigen in a pattern and titer sim-
ilar to that of the native canine oral mucosa.®*3¢ Because
canine and human PV Igs were available for the studies
reported here, both were evaluated. Whereas both con-
sistently induced lesions typical of PV, the canine PV anti-
bodies appeared to be more effective. Whether this is a
general phenomenon or is specific to the specific antibod-
ies compared in these studies is currently unknown and
will require further comparisons using larger numbers of
different antibodies.

Another difference in these studies is the use of differ-
entiated cultures of oral keratinocytes. Oral keratinocytes
seem especially suitable for in vitro studies of PV because
the level of expression of the PV antigen in the normal oral
mucosa is among the highest in the body*® and PV often

Figure 6. Typical lesion produced in cul-
tured canine keratinocytes by human PV

Ig

begins in the oral mucosa.! More importantly, the use of
differentiated cultures of these oral keratinocytes is espe-
cially relevant because PV antigen is maximally ex-
pressed in stratifying cells,*® histological lesions of PV are
always suprabasilar, certain pemphigus antibodies pref-
erentially bind to upper layers of stratified squamous epi-
thelium* and the adhesion characteristics differs be-
tween cells at different stages of differentiation in the strat-
ified squamous epithelium.*®

In past studies, skin explants and keratinocyte cultures
have been utilized to study the immunopathogenesis of
PV. However, the use of explants is limited due to the
short term viability of all keratinocytes except basal cells,
the presence of other cell types that complicate PA analy-
sis, and the significant spontaneous release of endoge-
nous PA in vitro associated with cellular degeneration.*
Keratinocytes cultured on plastic have also been used to
study the pathogenesis of PV but atypical differentia-
tion®-2 and spontaneous blistering, which is associated
with differentiation in such cultures,> limits their useful-
ness.

Due to these problems, a “lifted” culture system was
selected to grow fully-differentiated canine stratified squa-
mous epithelium for use as an in vitro model system. Re-
cent advances in cell culture techniques now make it pos-
sible to subcultivate differentiated stratified squamous ep-
ithelium. By “lifting"" such cultures to the air-liquid
interface, uniform cultures develop with the morphological
and antigenic characteristics of normal stratified squa-
mous epithelium including the expression of PV antigen
in a normal pattern 3515556 Although this method of cul-
turing stratified squamous epithelium cells has never been
used for the study of PV, it is especially suitable for these
studies. The absence of feeder cells in the system re-
moves the complications associated with PA and PA in-
hibitors present in other cell types. Stratified squamous

Figure 7. Severe acantholysis in a culture
treated with canine PVIg.
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Figure 8. Typical control culture treated
with normal human Ig.

epithelial cells grown in this manner reflect the morpho-
logic, immunologic, and biochemical characteristics of
stratified squamous epithelium, which is lacking in mono-
layer systems.*® The viability of the cells distinguishes this
system from explants.

Another difference in these studies and previous stud-
ies is the method of measuring and inhibiting cell associ-
ated PA. The BZIPAR method used here permitted the
direct measurement of PA activity in the extracellular envi-
ronment which is the critical parameter in PV. This two-
step assay measures PA activity that represents the com-
bined contributions of both PA and PA inhibitors. How-
ever, the assay does not indicate absolute amounts of PA
and PA inhibitors nor does it indicate the type of PA or PA
inhibitor present.

Both PA and PA inhibitors are present in the stratified
squamous epithelium 223357 Previous studies indicate
that keratinocytes can produce uPA and studies reported
during the preparation of this manuscript indicate that un-
der some circumstances keratinocytes produce tPA.3%57
In particular, normal keratinocytes produce only uPA, but
in certain pathological conditions and during wound heal-
ing, superficial keratinocytes produce tPA.3® Jensen et al
also have shown that tPA is present in lesional skin of
some PV patients.*” Although the source of the tPA in
lesional skin in PV is not known, it may arise from the epi-
dermis.®® The placental PA inhibitor used in these studies
has also recently been shown to be immunologically iden-
tical to native epidermal PA inhibitor.*® Using the BZIPAR
assay, it was possible to directly demonstrate that the PA
activity in the extracellular environment of PV antibody
treated keratinocytes was higher than that of cultures
treated with normal Ig and that the PA inhibitor blocked
this activity. Because the PA inhibitor also prevented
acantholysis, these data strongly support a role of PA in
the induction of acantholysis. The exact mechanism by
which this occurs is not clear. How PV Ig alters PA and/or
PA inhibitor levels is not determined by this assay and
clearly requires further investigation. In addition, the
mechanism by which the interaction of the PV antibodies
with the PV antigen alters PA activity is unknown. Stanley
et al have demonstrated that the human PV antigen is a
polypeptide with a molecular weight of 210,000 with disul-
fide-linked chains with molecular weights of 130,000 and
85,000.%°%" However, the functional characteristics of the
PV antigen are unknown. The canine PV antigen has not
been characterized but the constant cross reactivity of

human PV antibodies and canine stratified squamous epi-
thelia indicates significant similarities.*

The lack of dependence of acantholysis on the pres-
ence of plasminogen has been previously reported.'® Re-
cent evidence suggests that cells have receptors for both
plasminogen and PA, however 2% and it is possible that
plasminogen from the serum may have remained associ-
ated with the cells at the time the antibodies and inhibitors
were added in serum free medium. uPA is secreted by
keratinocytes as an inactive precursor which is activated
in the extracellular environment by proteases including
plasmin. Thus, a role for plasmin in acantholysis in these
studies cannot be ruled out. However, PA could also be
directly responsible for the acantholysis because PA is
known to directly cleave other biologically important pro-
teins such as cell adhesion molecules.®

In conclusion, the role of PA in acantholysis was evalu-
ated in an in vitro model of canine PV. In this system of
fully differentiated oral keratinocytes, inhibition of PA activ-
ity was extremely effective in preventing acantholysis.
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