Animal Model

American Journal of Pathology, Vol. 159, No. 5, November 2001
Copyright © American Society for Investigative Pathology

Exposure of Mice to Topical Bovine Thrombin
Induces Systemic Autoimmunity

Jonathan G. Schoenecker,*" Rachel K. Johnson,*
Aaron P. Lesher,* Jarrod D. Day,*

Stephanie D. Love,* Maureane R. Hoffman,™
Thomas L. Ortel,™ William Parker,* and

Jeffrey H. Lawson*"

From the Depariments of Surgery,* Pathology," Immunology,* and
Medicine,’ Duke University Medical Center, Durbam,
North Carolina

Bovine thrombin is used as an aid to hemostasis in
medical and surgical procedures. At least 500,000
Americans are exposed to this therapeutic annually
and reports suggest that exposure is associated with
the development of autoreactive antibodies. To deter-
mine whether bovine thrombin can induce patholog-
ical autoimmunity we exposed nonautoimmune-
prone galactose-al-3-galactose-deficient mice to the
two bovine thrombin preparations currently ap-
proved for use in the United States. We found that,
like humans exposed to bovine thrombin, mice de-
veloped an immune response against the therapeutic
and the xenogeneic carbohydrate galactose-a1-3-ga-
lactose, and some mice developed autoantibodies
against clotting factors. Further, unexpectedly, a sin-
gle exposure to this therapeutic also induced autoim-
munity with features characteristic of systemic lupus
erythematosus including antibodies against nuclear
antigens, native DNA, double-stranded DNA, and car-
diolipin. High levels of these autoantibodies corre-
lated with glomerulonephritis in all mice evaluated.
This autoimmune syndrome was detected in mice 15
weeks after a secondary exposure to bovine thrombin
and female mice were found to develop the syndrome
at a significantly greater frequency than males. Thus,
these studies indicate that exposure to bovine throm-
bin preparations can induce a pathological systemic
autoimmune syndrome with lupus-like serology.
(Am J Pathol 2001, 159:1957-1969)

Bovine thrombin is derived from bovine plasma and is
used as an aid to hemostasis. This biological therapeutic
is widely used in a variety of surgical procedures in the

areas of, but not limited to, thoracic, cardiac, vascular,
neurological, orthopedic, general, transplant, plastic,
urological, otolaryngological, maxiofacial, gynecological,
and eye surgeries,’ and is also used in endoscopy,
interventional radiology, and tooth extraction.*® Consid-
ering the widespread use of bovine thrombin and that it is
not only sold as a stand alone hemostatic agent, but
is often included in other hemostatic therapeutics,* € it is
conservatively estimated that at least 500,000 Americans
are exposed to a bovine thrombin preparation each
year.®

Although bovine thrombin continues to be used clini-
cally, reports have suggested that its use may result in
development of autoreactive antibodies,>” 27 at least
some of which are pathogenic.'2810-16.19-22.26,26,28-31
Most of these reports suggest that exposure to bovine
thrombin leads to the development of autoantibodies that
cross-react with human coagulation proteins and with the
corresponding bovine coagulation proteins found in the
therapeutic. In addition, it was recently reported in a
prospective study that, out of 151 patients exposed to
bovine thrombin during cardiac surgery, 77 (51%) devel-
oped autoantibodies against at least one human coagu-
lation factor.” Furthermore, other case reports have iden-
tified increases in anti-phospholipid antibodies after
exposure to bovine thrombin.®?

Although the evidence described above has cast con-
siderable doubt on the safety of bovine thrombin, no
unequivocal proof that exposure to these reagents can
cause the development of pathological autoreactive an-
tibodies has been offered. Indeed, neither randomized
nor controlled clinical trials have been conducted. Such
studies are important because several factors other than
exposure to bovine thrombin might account for the ob-
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servations of autoreactive antibodies found in the litera-
ture. For example, many surgical patients may have un-
documented autoimmune diseases before surgery.3334
Further, in patients with or without underlying autoim-
mune disease, the general inflammation associated with
surgery alone might result in the increased production of
polyreactive and autoreactive antibodies.®® Yet another
complicating issue is that even if autoantibodies are pro-
duced in response to a bovine thrombin preparation, it
remains to be determined what percentage of those an-
tibodies are pathogenic.?

Although properly randomized and controlled studies
are still needed, we and others have serious concerns
regarding potential dangers of these therapeu-
tics" 2131532 gnd believe that clinical studies involving
further exposure of humans to bovine thrombin should be
avoided if alternatives to such studies are available.
These concerns arise not only because of potential in-
duction of autoimmunity, but also because of the poten-
tial for acute adverse reactions in the patient because,
perhaps, of interaction of the bovine reagents with xeno-
reactive antibodies.® Thus, as an alternative to studies in
humans, we have developed a model in which we ex-
posed nonautoimmune-prone mice to bovine thrombin.

This study shows that exposure of mice to bovine
thrombin resulted in an immunological response similar
to that observed in humans, including development of
antibodies against the therapeutic, against the xeno-
geneic carbohydrate galactose-a1-3-galactose (aGal)
and, in some cases, against autologous clotting fac-
tors. Unexpectedly these mice also developed sys-
temic autoimmunity with lupus-like serology, including
anti-nuclear antibodies (ANA), anti-native DNA (nDNA)
antibodies, anti-double-stranded DNA (dsDNA) anti-
bodies, and anti-cardiolipin (aCL) antibodies.

Materials and Methods

Materials

Thrombogen was obtained from Johnson and Johnson
(Somerville, NJ) and Thrombin-JMI was obtained from
Jones Pharma Incorporated (St. Louis, MO). Slides con-
taining human laryngeal epithelioma cancer cells (HEp-2)
and Crithidia lucialiae were purchased from Scimedx Cor-
poration (Denville, NJ). An assay kit designed to measure
murine anti-dsDNA 1gG was obtained from Alpha Diag-
nostic International (San Antonio, TX). An ImmunoPure
ABC Peroxidase Mouse IgG staining kit was obtained
from Pierce (Rockford, IL). Galactose(a1-3)galactose
(galactobiose) and human serum albumin (HSA) conju-
gated with galactose(a1-3)galactose(B1-4)N-acetylglu-
cosamine (HSA-aGal) were obtained from V-Labs (Cov-
ington, LA). Spectrozyme TH and Russel’s viper venom
were obtained from American Diagnostica, Inc. (Green-
wich, CT). HSA, bovine serum albumin, fetal bovine se-
rum, S-Sepharose, p-Sepharose, calf thymus DNA, car-
diolipin, fluorescein isothiocyanate-conjugated goat anti-
mouse IgG, and alkaline phosphatase-conjugated goat
anti-mouse 1gG were obtained from Sigma (St. Louis,

MO). A nucleic acid detection kit, DNAeasy, was ob-
tained from Qiagen Inc. (Valencia, CA).

Mice

Mice with a BDF-1 background and deficient in the
a-galactosyl transferase gene (GalT/~ mice) were ob-
tained from Dr. John Lowe (University of Michigan, Ann
Arbor, MI-Howard Hughes Medical Institute).®® These
mice, unlike wild-type mice, do not synthesize terminal
galactose(a1-3)galactose (aGal) and are able to mount
an immune response against aGal. GalT ™/~ mice were
selected for these studies because a reaction against
aGal is a major feature of the human immune response
after exposure to bovine thrombin.® Further, the immune
recognition of aGal may be important in the development
of autoimmunity in humans after exposure to bovine
thrombin.®

Serum from a 14-week-old MRL/MpJ-Tnfrsf6'™" mouse
was generously provided by Dr. David S. Pisetsky, De-
partment of Rheumatology, Duke University Medical Cen-
ter. MRL/MpJ-Tnfrsf6'™" mice are homozygous for the lym-
phoproliferation spontaneous mutation (Fas'’) and are
used as a model for systemic lupus erythematosus (SLE)-
like autoimmune syndromes.®” Onset of symptoms in the
MRL/MpdJ background begins at ~8 weeks of age, and
females and males die at an average age of 17 and 22
weeks, respectively. Animal studies were approved by
the Duke University Institutional Animal Care and Use
Committee.

Mouse Study |—Exposure of GalT /~ Mice to
Thrombogen during Surgery

Ten GalT~/~ mice (1 to 1.5 years old) were anesthetized
with isofluorane and a midline laparotomy was performed
using a 3- to 5-mm incision. One ml of phosphate-buff-
ered saline (PBS) with (n = 5 mice) or without (n = 5
mice) 5000 U of Thrombogen was sprayed into the peri-
toneal cavity and the incision was closed with 4-0 vicryl
sutures. Each mouse was housed separately and ob-
served daily for gross appearance and behavioral
changes. Blood was obtained before and at 3 weeks after
exposure to antigen using a tail-bleed method as previ-
ously described.®® Four weeks after exposure, citrated
and noncitrated blood was drawn through a pericardial
puncture and the mice were sacrificed. Biopsies were
taken, fixed in 10% formalin, cut and stained with hema-
toxylin and eosin or stained for IgG deposition as previ-
ously described.®® Renal sections were prepared for
electron microscopy as follows: tissue was retrieved from
paraffin blocks, deparaffinized in three changes of xy-
lene, rehydrated through a series of graded ethanols,
postfixed in 3% glutaraldehyde, stained with 2% osmium
tetroxide followed by 1% uranyl acetate, and then infil-
trated with epoxy resin. After polymerization of the resin,
semi-thin survey sections were stained with toluidine blue
and examined by light microscopy for the presence of
glomeruli. Thin sections prepared from representative



blocks were poststained sequentially with uranyl acetate
and lead citrate. The stained sections were examined
using a JEOL 1200EXIl (Tokyo, Japan) electron micro-
scope.

Mouse Study ll—Exposure of GalT ’~ Mice to
Thrombogen and Thrombin-JMI During Surgery
and by Intraperitoneal Injection

Before exposure to bovine thrombin preparations, 58
GalT ™/~ mice (0.25- to 0.6-years-old) were sensitized to
aGal by subcutaneous injection of 50 ug each of HSA-
aGal. This sensitization was performed so that anti-aGal
antibodies would be present at the time of exposure to
the bovine thrombin preparation. Anti-aGal antibodies
are present naturally in the sera of humans*® and of older
GalT /= mice,*" and may affect the immune response to
the bovine thrombin preparation.®> Thrombogen and
Thrombin-JMI  were dialyzed at 4°C against three
changes of PBS, pH 7.4, using a 3000 molecular weight
cutoff membrane. The specific activity of each bovine
thrombin preparation was calculated using the manufac-
turer’s reported units of thrombin activity and the results
of a Lowry protein assay. Thirty-six GalT~/~ mice were
exposed to 100 U/g Thrombogen, by either surgery (n =
6) or intraperitoneal injection (n = 30). Seventeen
GalT~/~ mice were exposed to 100 U/g Thrombin-JMI, by
either surgery (n = 9) or intraperitoneal injection (n = 8).
Five GalT~/~ mice were injected with an equal volume of
PBS. All surgery was performed as described in study |,
with the exception that surgical incisions were closed
with 9-mm surgical clips (MikRon Autoclip; Becton Dick-
inson, Sparks, MD) instead of sutures. Clips were re-
moved after the wound was healed (typically 1to 2 weeks
after surgery). Intraperitoneal injections were made into
the intraperitoneal cavity using a 26-gauge needle. Be-
fore exposure to bovine thrombin, 22 mice from this study
were bled using a tail-bleed method.®® The samples thus
obtained were used to generate normal values in all
serology studies. Each mouse was housed, observed,
and bled as described above.

Behavioral Studies

Behavior was measured in a quantitative and blinded
manner according to the method described by Hol-
land.*? Briefly, each mouse was placed in an unfamiliar
environment at the same time of the day (to avoid differ-
ences based on circadian rhythms) and behavior was
documented at 0.67- to 1.5-minute intervals. Under these
conditions, the mice normally exhibit exploratory behav-
ior, obtaining familiarity with the new environment (sitting,
standing, walking, running, hanging on cage, and dig-
ging). Nonexploratory behavior (grooming, scratching,
biting tail, twitching, and licking wounds) was considered
to be abnormal.
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Determination of Anti-Thrombogen and Anti-
Thrombin-JMI Antibodies by Enzyme-Linked
Immunosorbent Assay (ELISA)

Levels of IgG against the bovine thrombin used in these
studies were determined by ELISA. In brief, 50 ul per well
of Thrombogen or Thrombin-JMI (10 ug protein/ml in
PBS) was added to a Nunc Maxisorp 96-well plate (Nunc
AIS, Roskilde, Denmark) and incubated for 3 hours at
24°C. A portion of the plate was coated with 10 wg/ml of
bovine serum albumin as a control. The wells were
washed three times with PBS, blocked with blocking
buffer (0.1% bovine serum albumin and 0.05% Tween 20
in PBS) for 1 hour at 24°C and washed three times in PBS.
Mouse sera (diluted 1:100 in PBS) were added and in-
cubated for 1 hour at 24°C. Next, the wells were washed
three times with PBS and then incubated for 1 hour at
24°C with goat anti-mouse IgG conjugated with alkaline
phosphatase. The plates were developed using 1.0
mg/ml of p-nitrophenyl phosphate (chromogenic sub-
strate) in 100 mmol/L of diethanolamine, 0.5 mmol/L
MgCl,, 0.2% (w/v) NaNg, pH 9.5. The change in absor-
bance at 405 nm as a function of time was then measured
on an EL 340 microplate reader from Bio Kinetics (Wi-
nooski, VT). The rate of change in absorbance in wells
coated with bovine serum albumin only was taken to be
background and subtracted from the rate in wells coated
with bovine thrombin. All experiments were conducted in
duplicate.

Determination of Anti-aGal Antibodies by ELISA

Levels of anti-aGal 1IgG were detected by ELISA as de-
scribed previously.®38 Briefly, 50 ul per well of HSA-aGall
(10 ng/mlin PBS) was added to a Nunc Maxisorp 96-well
plate and incubated for 3 hours at 24°C. A portion of the
plate was coated as described above with 10 png/ml of
HSA as a control. The wells were blocked with blocking
buffer (0.1% HSA and 0.05% Tween 20 in PBS) and then
incubated with mouse serum (diluted 1:100 in PBS) for 1
hour at 24°C. Next, the ELISA plates were washed, incu-
bated with anti-mouse IgG conjugated to alkaline phos-
phatase, developed, and measured as described above.
The rate of change in absorbance in wells coated with
HSA only was taken to be background and subtracted
from the rate in wells coated with HSA-aGal. All experi-
ments were conducted in duplicate.

Purification of GalT '~ Mouse Thrombin
Preparation and GalT ~/~ Mouse Albumin

Mouse thrombin was partially purified from GalT /'~
mouse plasma. In brief, 1 ml of citrated plasma was
diluted 1:5 with 20 mmol/L of sodium citrate, 50 mmol/L of
NaCl, and 1 mmol/L of benzamidine, pH 6.0. One ml of
D-Sepharose was added to the diluted plasma, the sam-
ple was rotated for 1 hour at 4°C, and centrifuged for 1
minute at 2000 X g. The p-Sepharose was washed three
times with 20 mmol/L of sodium citrate, 50 mmol/L of
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NaCl, and 1 mmol/L of benzamidine, pH 6.0, and then
batch eluted using 20 mmol/L of citrate, 500 mmol/L of
NaCl and 1.0 mmol/L of benzamidine, pH 6.0. The eluant
was dialyzed against Tris-buffered saline and then acti-
vated by the addition of 250 ul of GalT ™/~ mouse throm-
boplastin and 600 umol/L of Russel’s viper venom in 5
mmol/L of CaCl, for 3 hours at 37°C. The sample was
then diluted with 25 mmol/L of sodium phosphate, pH 6.0,
followed by the addition of 1.0 ml of S-Sepharose. This
mixture was rotated for 1 hour at 24°C and then centri-
fuged for 1 minute at 2000 X g. The S-Sepharose was
washed two times with 25 mmol/L of sodium phosphate,
pH 6.0, and then eluted with 250 mmol/L of sodium
phosphate. Spectrozyme TH was used to confirm throm-
bin activity. GalT '~ mouse albumin was purified using a
previously described protocol for the purification of
HSA 3

Determination of Anti-Clotting Factor
Autoantibody Levels by ELISA

Levels of autoantibodies against coagulation factors
were determined by measuring IgG levels against a mu-
rine thrombin preparation isolated from GalT/~ mice. In
brief, 50 ul of the murine thrombin preparation (isolation
described above) was coated onto a Nunc Maxisorp
96-well plate at 20 pug/ml in PBS and was incubated
overnight at room temperature. A portion of the plate was
coated with 10 pg/ml of GalT~/~ mouse albumin as a
control. After this overnight incubation, the wells were
blocked with blocking buffer (0.1% GalT~/~ mouse albu-
min and 0.05% Tween 20 in PBS) for 1 hour at room
temperature. Next, 50 ul of mouse sera (diluted 1:200 in
PBS) were added and the plates incubated for 1 hour at
room temperature. The ELISA plates were then washed,
incubated with goat anti-mouse IgG, and developed as
described above. The absorbance at 405 nm was then
measured on an EL 340 microplate reader from Bio Ki-
netics. Absorbance in wells coated with GalT~/~ mouse
albumin only was taken to be background and sub-
tracted from the absorbance in wells coated with GalT~/~
mouse thrombin preparation. All experiments were con-
ducted in duplicate.

Determination of Anti-dsDNA Antibody Levels
by ELISA

Levels of anti-dsDNA IgG were measured according to
the manufacturer’s instructions using a commercially
available ELISA assay kit described in Materials and
Methods. Serum was diluted 1:100 in the buffer provided.
Two mmol/L of galactobiose was added to serum sam-
ples to prevent any anti-aGal antibodies from binding to
the assay plate, because plates may contain aGal if
antigen is derived from a non-human or non-primate
source.*®

Determination of Anti-sSDNA Antibody Levels
by ELISA

Levels of anti-ssDNA IgG were measured by ELISA as
described previously.** To prepare ssDNA, dsDNA (4
mg/ml) was boiled in water for 10 minutes and diluted in
ice-cold SSC buffer to 2 ng/ml. Fifty ul per well of ssDNA
was added to a Dynatech Microtiter 96-well plate (Dyna-
tech, Chantilly, VA) and incubated for 2 hours at 24°C.
The wells were washed three times with PBS and 100 pul
per well of mouse serum diluted 1:100 in a PBS-Tween
buffer (0.5% Tween 20) was added and the plates were
incubated for 1 hour at 24°C. The ELISA plates were then
washed, incubated with goat anti-mouse IgG conjugated
to alkaline phosphatase, and developed as described
above. Finally, the rate of change in absorbance at 405
nm was measured as described above.

Determination of aCL Antibody Levels by ELISA

Levels of aCL IgG were measured by ELISA. Briefly, 50
wl/well of cardiolipin (1.35 pg/well) diluted in absolute
EtOH was added to a Becton Dickinson (San Diego, CA)
Probind 96-well microtiter plate and incubated for 2 hours
in a fume hood. A portion of the plate was coated with
blocking buffer (10% fetal calf serum in PBS). The wells
were washed three times with PBS and blocked with 200
wl per well of blocking buffer for 1 hour at 24°C. Next, the
plates were washed three times with PBS and 50 ul per
well of mouse serum diluted 1:100 in PBS was added and
the plates were incubated for 1 hour at 24°C. The ELISA
plates were then washed, incubated with goat anti-
mouse 1gG conjugated to alkaline phosphatase, devel-
oped, and measured as described above.

Determination of ANA and Antibodies Specific
for nDNA by Indirect Fluorescent Antibody

Titers of IgG against nuclear antigens and nDNA were
determined by indirect fluorescent antibody assay.
Briefly, serum samples were diluted in PBS and prepared
at dilutions ranging from 1:40 to 1:160 for the detection of
ANA on HEp-2 slides and at dilutions ranging from 1:10 to
1:80 for the detection of nDNA on C. lucilaiae slides. Thirty
wl of serum was added per well and incubated for 30
minutes at 24°C in a wet chamber. Each well was washed
with PBS, 30 ul of PBS was added to each well, slides
were incubated for 5 minutes in a wet chamber, and then
washed with PBS. Next, 30 ul of fluorescein isothiocya-
nate-conjugated goat anti-mouse IgG diluted 1:40 in PBS
was added to each well and slides were incubated for 30
minutes in a wet chamber. Slides were washed as de-
scribed above, coated with mounting medium (Cytoseal;
Richard-Allan Scientific, Kalamazoo, MI) and examined with
an Olympus IX50 fluorescent microscope (Melville, NY).
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Table 1. Study [—GalT™/~ Mice Exposed to Thrombogen or to Saline during Surgery

Immunogen TGEN Saline

Mouse number 1 of 3t 4 5 1 2 3 4 5
Sex (M/F) F M M M M F F M M M
Age* (years) 1 1 1 15 1 1 1 1 1.5 1
ANAST (titer/pattern) 160/p 160/p 160/p 0 40/p 0 0 80/s 0 0
Anti-nDNAT! (titer) 80 80 40 20 20 0 20 10 10 20
Anti-dsDNA** + + + — + - - — - -
Anti-ssDNA** + + - - - - - - - -
Anti-cardiolipin** + + + + — — — - — —
Anti-Murine thrombin** + + - - - - - - - -
Anti-TGEN** + — + + + + - — - -
Anti-aGal** + + + + + - - - - -
Percent glomeruli stainedTtt 100 91 83 68 67 43 53 65 52 59
Percent abnormal behavior® 0 1 74 39 1 0 4 3 4 0

*Thrombogen.
TlLesions in the facial area and skin were observed in these mice.
+Age at time of exposure. Data were collected 4 weeks after exposure.

SSerum titer >1:40 was considered positive for ANA. Patterns observed were peripheral (p) or speckled (s).
9IThe individual making the measurement was blinded to the type of antigen exposure.

ISerum titer >1:10 was considered positive for anti-nDNA antibodies.

**A “+” value represents a result at least double the average of negative controls.

TTGlomeruli were stained with anti-mouse IgG.

Determination of Relative Purity of Thrombogen
and Thrombin-JMI|

Equal amounts (25 mU) of Thrombogen and Thrombin-
JMI were reduced using 5% (v/v) 2-mercaptoethanol in
sodium dodecy! sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) sample buffer, separated by SDS-
PAGE?* on a 5 to 15% gradient, and stained with Coo-
massie blue. A nucleic acid detection kit was used
according to the manufacturer’s protocol to determine
whether nucleic acid contaminants were present in these
preparations.

Statistical Analysis

Data were analyzed with Graph Pad Prism Version 3.00
for Windows, Graph Pad Software (San Diego, California;
www.graphpad.com). Comparison of serology from dif-
ferent study populations was analyzed by an unpaired
t-test. All P values are two-tailed and « = 0.05.

Results

Mouse Studly |

Development of Anti-Thrombogen and Anti-aGal
Antibodies

Four weeks after exposure to Thrombogen during sur-
gery, mice had a significantly (P = 0.0356) greater level
of antibodies that bound to Thrombogen as compared to
mice undergoing the same procedure and exposed to
saline (Table 1 and Figure 1A). Further, mice also had
significantly (P = 0.0101) greater amounts of antibodies
that bound to aGal compared to mice exposed to saline
(Table 1 and Figure 1B).

Development of Anti-Murine Coagulation Factor
Antibodies

Four weeks after exposure to Thrombogen during sur-
gery, increased levels of autoantibodies that bound to a
murine thrombin preparation were found in the serum of
two mice (Table 1). Importantly, the murine thrombin
preparation isolated from GalT '~ mice used in this as-
say is a partially pure a-thrombin preparation, as is the
bovine preparation used clinically and in this study
(Thrombogen). For this reason, the autoantibodies found
using this assay are autoantibodies against one or more
of the plasma proteins in this preparation, not necessarily
autoantibodies against murine thrombin.
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Figure 1. Increased levels of serum anti-Thrombogen and anti-aGal antibod-
ies 4 weeks after exposure to Thrombogen during surgery in study I. Levels
of anti-Thrombogen (TGEN) antibodies (A) and anti-aGal antibodies (B) in
serum obtained from mice exposed to saline or Thrombogen in study I (see
Materials and Methods). The dashed lines indicate the means.
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Figure 2. Increased levels of serum aCL and anti-dsDNA antibodies 4 weeks
after exposure to Thrombogen during surgery in study 1. Levels of aCL
antibodies (A) and anti-dsDNA antibodies (B) in serum obtained from mice
exposed to saline or Thrombogen (TGEN) in study I (see Materials and
Methods). The dashed lines indicate the means. C: The level of serum
anti-dsDNA antibodies of mouse 1 (filled square) and mouse 2 (filled
triangle) exposed to Thrombogen relative to those in the serum of a
14-week-old MRL/MpJ-Tnfrsf6'™ mouse (open circle).

Development of aCL Antibodies

As shown in Figure 2A, 4 weeks after exposure to
Thrombogen during surgery, mice had significantly
higher levels of aCL antibodies than those exposed to
saline (P = 0.033). This finding indicates that the mea-
surement of aCL antibodies might serve as a rapid mea-
sure of autoimmune processes in mice exposed to bo-
vine thrombin. No difference in binding to cardiolipin was
detected between wells with and wells without 2 mmol/L
of galactobiose, indicating that these results do not sim-
ply represent binding of anti-aGal antibodies to the xe-
nogeneic carbohydrate aGal.

Development of Anti-dsDNA and Anti-ssDNA
Antibodies

As shown in Figure 2B, 4 weeks after exposure to
Thrombogen during surgery, mice had significantly (P =
0.0063) higher levels of anti-dsDNA antibodies than
those exposed to saline. Binding of anti-dsDNA antibod-
ies was linearly related to serum concentrations under the
conditions used. As shown in Figure 2C, the levels of
anti-dsDNA antibodies from mice exposed to bovine
thrombin during surgery were higher than those in the
serum of a 14-week-old MRL/MpJ-Tnfrsf6'™" mouse.
These observations indicate that the measurement of
anti-dsDNA antibodies might also serve as a rapid mea-
sure of autoimmune processes in mice exposed to bo-
vine thrombin. No difference in binding to dsDNA was
detected between wells with and wells without 2 mmol/L
of galactobiose, indicating that these results do not sim-
ply represent binding of anti-aGal antibodies to the xe-
nogeneic carbohydrate aGal. As shown in Table 1, 4
weeks after exposure to Thrombogen during surgery, the
two mice who developed the highest levels of anti-dsDNA
antibodies also developed anti-ssDNA antibodies.

Development of ANA and Anti-nDNA Antibodies

As shown in Table 1, 4 weeks after exposure to Throm-
bogen during surgery, mice tended to have higher titers
of ANA (P = 0.0510) than those exposed to saline. The

characteristic ANA-staining pattern of nuclei observed in
mice exposed to Thrombogen was peripheral (Figure 3,
A and B). This staining pattern is considered specific for
ANA associated with SLE.*®*” One mouse stained pos-
itive for ANA from the group exposed to saline. The ANA
staining pattern observed in this mouse was speckled,
which is not considered specific for ANA associated with
SLE.*®47 As shown in Table 1 and Figure 3, C and D, 4
weeks after exposure to Thrombogen during surgery
mice had significantly higher titers of anti-nDNA antibod-
ies (P = 0.0337) than those exposed to saline.

Immunopathology, Histology, and Electron
Microscope Studies

Three out of five mice exposed to Thrombogen had a
larger amount of glomerular IgG deposition as compared
to mice exposed to saline (Figure 3, E and F). The level of
IgG staining in the glomeruli of mice exposed to Throm-
bogen was significantly (P = 0.006) higher than levels in
the glomeruli of mice exposed to saline only (Table 1). It
was not determined whether the immune complexes
found in the glomeruli contained self-antigens, bovine
antigens, or both. Further evaluation of renal sections by
electron microscopy revealed podocyte foot process
simplification and increased mesangium cellularity in the
glomeruli of mice exposed to Thrombogen but not in mice
exposed to saline (Figure 3, G and H).

Behavioral Changes

When behavior was measured in a quantitative man-
ner, two mice exposed to Thrombogen showed signs of
abnormal behavior (Table 1), including excessive groom-
ing and scratching. Both mice demonstrating abnormal
behavior had substantial and chronic bleeding in the
facial area, presumably because of excessive scratch-
ing. One mouse was considered to be in sufficient dis-
tress (74% abnormal behavior) to warrant early termina-
tion of the study and was sacrificed at 3.5 weeks after
exposure to antigen. The facial bleeding observed in the
two GalT ™/~ mice has not been observed in any of the
other hundreds of GalT~/~ mice we have housed since
first obtaining the mouse line.

Mouse Study Il

Although the data described above show that exposure
to Thrombogen during surgery can result in autoimmune
disease, it does not address whether this autoimmune
syndrome would only develop in older mice or if the
development of autoimmunity observed might be be-
cause of some unknown factors only present in those
mice. To shed further light on these issues and to evalu-
ate the other bovine thrombin preparation available in the
United States, additional GalT~/~ mice were exposed to
either Thrombogen or to Thrombin-dJMI (see Materials
and Methods). The development of antibodies against
nuclear antigens, nDNA, dsDNA, and cardiolipin were
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Figure 3. Representative staining for serum ANA and antibodies against nDNA and evidence of glomerulonephritis in mice 4 weeks after exposure to Thrombogen
during surgery in study I. Representative staining (original magnification, X200) for ANA in serum obtained from mice exposed to Thrombogen (A) and saline
(B). Representative staining (original magnification, X200) for anti-nDNA antibodies in serum obtained from mice exposed to Thrombogen (C, arrow indicates
IgG binding to the kinetoplast of C. luciliae) or saline (D). Renal sections stained for IgG with peroxidase-conjugated goat anti-mouse IgG (1:40) reveal increased
1gG deposition in mice exposed to Thrombogen (E) as compared to mice exposed to saline (F). Electron micrographs (original magnifications, X2500) of renal
sections reveal the breakdown of podocyte foot processes in mice exposed to Thrombogen (G) as compared to mice exposed to saline (H). Podocyte foot
processes are indicated by the arrows.
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Table 2. Study II—GalT™’~ Mice Exposed to Thrombogen or to Thrombin-JMI during Surgery or during Intraperitoneal Injection
Immunogen None S@ TGEN* TIMIT
Route of exposure - IP¥ Surgery IP Either Surgery IP Either
n 22 5 6 30 36 9 8 17
Sex (M/F) (12/10) (3/2) (3/3) (19/11) (22/14) (6/3) (7/1) (13/4)
Average age’® 0.35 0.35 0.42 0.42 0.42 0.5 0.32 0.41
(years)
ANA
nT 18 3 3 24 27 8 5 13
Percent positivel 0 0 100 33 41 75 0 46
p** - nstt <0.0001 ns 0.0303 0.0028 ns ns
Anti-nDNA
n 18 3 3 24 27 8 5 13
Percent positive 0 33 100 67 70 25 20 23
P - ns <0.0001 0.0019 0.0009 0.005 ns 0.021
Anti-dsDNA
n 18 5 6 28 34 9 8 17
Percent positive 0 0 67 638 68 33 0 18
P - ns <0.0001 <0.0001 <0.0001 0.0087 0.0055 0.0019
aCL
n 22 5 6 22 28 9 8 17
Percent positive 0 0 67 73 72 11 38 24
P - ns 0.0001 <0.0001 <0.0001 0.0009 0.0002 0.0002
Anti-aGal
n 18 5 6 29 35 9 5 14
Percent positive 0 20 33 55 51 33 60 43
P - ns 0.0058 0.0048 0.0041 ns 0.0008 0.0254
Anti-TGEN
n 18 5 6 22 28 9 8 17
Percent positive 6 20 100 100 100 100 100 100
P - ns <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Anti-TJMI
n 18 nd** 6 nd 6 9 nd 9
Percent positive 0 nd 33 nd 33 100 nd 100
P - nd ns nd ns <0.0001 nd <0.0001
*Thrombogen.

TThrombin-JMI.
*Intraperitoneal injection.

SAverage age at time of exposure. Data were collected 4 weeks after exposure.

TAll tests were not run on some samples because of limited amounts of those samples.

IValues at least double the average of normal values established from GalT~/~ mice not exposed to an immunogen were considered to be positive.
Serum titer >1:40 and serum titer >1:10 were considered positive for ANA and anti-nDNA antibodies, respectively.

**All statistical analysis was calculated using an unpaired t-test.
TTNot significant.
HNot determined.

used as indicators for the development of autoimmunity.
Normal levels of serum anti-nuclear antigen, anti-nDNA,
anti-dsDNA, aCL, anti-Thrombogen, anti-Thrombin-JMI,
and anti-aGal IgG was established from 22 GalT~/~ mice
and are presented in Table 2 and relevant figures.

Relative Purity of Thrombogen and Thrombin-JMI at
Therapeutically Equivalent Doses

The specific activity of thrombin in Thrombogen and
Thrombin-JMI was determined to be 95.7 and 898.0
U/mg, respectively. Consistent with this finding, compar-
ison of Thrombin-JMI and Thrombogen separated by
SDS-PAGE under reducing conditions followed by stain-
ing with Coomassie blue, demonstrated that Thrombin-
JMl is a relatively more pure bovine thrombin preparation
than is Thrombogen (Figure 4). Nucleic acid was not
detected in either preparation (not shown).

216,000-
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43,200-
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Figure 4. Relative purity of Thrombogen and Thrombin-JMI at therapeutically
equivalent doses. Coomassie blue staining of biologically equivalent amounts
(25 mU thrombin) of Thrombin-JMI (Jane 1) and of Thrombogen (lane 2)
separated by electrophoresis under reducing conditions reveals a relatively
greater amount of impurities in Thrombogen. The migration of molecular weight
markers and chain A and chain B of a-thrombin are indicated.
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Figure 5. Increased titers of serum ANA and antibodies against nDNA 4
weeks after exposure to Thrombogen or Thrombin JMI in study II. Titers of
ANA (A) and anti-nDNA antibodies (B) in serum of mice not exposed to an
immunogen (filled square) and mice exposed to saline, Thrombogen, or
Thrombin-JMI (TJMD). Mice were exposed to their respective immunogen
either through surgery (filled circle) or through intraperitoneal injection
(open circle). Dashed lines indicate the mean of serum antibody levels in
groups exposed to immunogen through surgery and solid lines indicate the
mean of serum antibody levels in groups exposed to immunogen through
intraperitoneal injection. Serum titers >1:40 and serum titers >1:10 were
considered positive for ANA and anti-nDNA antibodies, respectively.

Development of Autoantibodies after Exposure to
Thrombogen or Thrombin-JMI

The results of autoimmune studies from mice exposed
to Thrombogen or to Thrombin-JMI are presented in Ta-
ble 2 and Figures 5 and 6. Consistent with the results
observed in mouse study |, mice exposed to Thrombo-
gen, both during surgery and by intraperitoneal injection,
developed significant levels of autoantibodies, including
antibodies against nuclear antigens, nDNA, dsDNA, and
cardiolipin. Further, mice exposed to Thrombin-JMI® also
tended to develop autoantibodies. However, as shown in
Figures 5 and 6, mice exposed to Thrombogen generally
developed higher levels of autoreactive antibodies than
mice exposed to a therapeutically equal amount of
Thrombin-JMI. These differences were significant for the
development of anti-dsDNA antibodies (P = 0.0004) and
aCL antibodies (P = 0.0005). Even if the variables of
gender and route of exposure, which might potentially
confound the results, are eliminated, exposure to Throm-
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Figure 6. Increased levels of serum aCL and anti-dsDNA antibodies 4 weeks
after exposure to Thrombogen or Thrombin JMI in study II. Levels of anti-
dsDNA antibodies (A) and aCL antibodies (B) in serum of mice not exposed
to an immunogen (filled square) and mice exposed to saline, Thrombogen,
or Thrombin-JMI (TJMD). Mice were exposed to their respective immunogen
either through surgery (filled circle) or through intraperitoneal injection
(open circle). Dashed lines indicate the mean of serum antibody levels in
groups exposed to immunogen through surgery and solid lines indicate the
mean of serum antibody levels in groups exposed to immunogen through
intraperitoneal injection. The binding of anti-dsDNA antibodies from the
serum of a 14-week-old MRL/MpJ—Tnfrsf()lP" mouse was 0.703 absorbance
units.
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bogen still elicited a greater autoimmune response than
did exposure to Thrombin-JMI. For example, male mice
exposed to Thrombogen by injection developed signifi-
cantly (P = 0.0099) greater levels of anti-dsDNA antibodies
and tended to develop greater levels of antibodies against
nuclear antigens, cardiolipin, and native DNA than did male
mice exposed to Thrombin-JMI by injection.

There was typically no significant difference between
the autoimmune response elicited by exposure to a bo-
vine thrombin preparation by intraperitoneal injection
compared to exposure during surgery. The notable ex-
ception to this was the significantly greater (P = 0.0142)
level of ANA elicited by exposure to Thrombin-JMI during
surgery compared to exposure by intraperitoneal injec-
tion (Figure 5). However, this difference might be be-
cause of the fact that the group of mice exposed to
Thrombin-JMI by intraperitoneal injection and evaluated
for ANA consisted of all males whereas the group ex-
posed during surgery consisted of males and females.
Females tended to produce higher levels of autoantibod-
ies in some cases than did males. For example, female
mice exposed to Thrombogen by injection developed
significantly (P = 0.0228) greater levels of aCL antibod-
ies and tended to develop greater levels of antibodies
against nuclear antigens, dsDNA, and native DNA than
did the males (Table 3). Although additional studies are
needed to determine the potential roles that route of
exposure and gender play in the induction of autoimmu-
nity by bovine thrombin preparations, it is evident that
exposure to these reagents does elicit a strong autoim-
mune response in nonautoimmune-prone mice.

Development of Antibodies against Thrombogen,
Thrombin-JMI, and aGal

The results of immune studies from these mice are
presented in Table 2 and Figure 7. Consistent with the
results observed in mouse study |, mice exposed to
Thrombogen both during surgery and by intraperitoneal
injection developed significant levels of antibodies
against both Thrombogen and the xenogeneic carbohy-
drate aGal. Further, mice exposed to Thrombin-JMI also
developed significant levels of antibodies against Throm-
bin-dMI, and aGal.

There was typically no significant difference between
the immune response elicited by exposure to a bovine
thrombin preparation in females versus males. The nota-
ble exception to this was that females developed signif-
icantly greater (P = 0.0064) levels of anti-Thrombogen
antibodies when exposed to Thrombogen during surgery
as compared to levels in males. Although this observation
is interesting, additional studies will be required to deter-
mine whether gender plays a role in the immune re-
sponse to bovine thrombin.

Mice exposed to a bovine thrombin preparation by
intraperitoneal injection tended to produce higher levels
of antibodies than did mice exposed during surgery (Fig-
ure 7). For example, mice exposed to either Thrombogen
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Table 3. Autoimmune Induction by Exposure to Thrombogen-Females versus Males

TGEN*
| Surgery Pt Either
mmunogen
Route of exposure Male Female Male Female Male Female
n 3 3 19 1 22 14
ANA
n* 1 2 17 7 18 9
Percent positive$ 100 100 24 57 28 67
Mean titer 160 120 38 74 44 84
P nd¥ 0.0729! 0.0601
Anti-nDNA
n 1 2 17 7 18 9
Percent positive 100 100 53 100 56 100
Mean titer 80 30 19 31 22 31
P nd 0.1897 0.3524
Anti-dsDNA
n 3 3 18 10 21 13
Percent positive 33 100 61 80 57 85
Mean AU 0.601 1.007 0.699 0.892 0.685 0.918
P 0.0203 0.0614 0.0080
aCL
n 3 3 18 10 21 13
Percent positive 33 100 72 90 67 92
Mean AU/time 7 26 14 21 13 22
P 0.0557 0.0228 0.0019
*Thrombogen.

TIntraperitoneal injection.

*All tests were not run on some samples because of limited amounts of those samples.
SValues at least double the averages of normal values established from GalT~/~ mice not exposed to an immunogen were considered to be
positive. Serum titer >1:40 and serum titer >1:10 were considered positive for ANA and anti-nDNA antibodies, respectively.

TNot determined.
IArbitrary Unit.

or Thrombin-JMI by intraperitoneal injection had signifi-
cantly greater (P = 0.0447 and 0.003, respectively) levels
of anti-Thrombogen than mice exposed during surgery.

Duration of Autoreactive Antibodies Induced by
Thrombogen

To determine whether the autoimmune response
against a bovine thrombin preparation could be a long-
lived response, we evaluated the autoimmune response
to thrombin several months after repeated exposure to
the therapeutic. Thus, three mice that were initially ex-
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Figure 7. Increased levels of serum anti-aGal and anti-Thrombogen antibod-
ies 4 weeks after exposure to Thrombogen or Thrombin JMI in study II.
Levels of anti-aGal antibodies (A) and anti-Thrombogen (TGEN) antibodies
(B) in serum of mice not exposed to an immunogen (filled square) and
mice exposed to saline, Thrombogen, or Thrombin-JMI (TJMI). Mice were
exposed to their respective immunogen either through surgery (filled cir-
cle) or through intraperitoneal injection (open circle). Dashed lines indi-
cate the mean of serum antibody levels in groups exposed to immunogen
through surgery and solid lines indicate the mean of serum antibody levels
in groups exposed to immunogen through intraperitoneal injection.

posed through intraperitoneal injection to Thrombogen
were re-exposed to the same dose of Thrombogen by
intraperitoneal injection 12 weeks after the initial expo-
sure. Similarly, three mice that were initially given saline
by intraperitoneal injection were re-exposed to saline by
intraperitoneal injection 12 weeks after the initial expo-
sure. All six mice were sacrificed 15 weeks after the
second injection and autoimmune markers were mea-
sured. Analysis of serum obtained from all three mice
re-exposed to Thrombogen resulted in positive levels of
antibodies against nuclear antigens (titer ranging from
1:80 to 1:160 with peripheral staining), nDNA (titers rang-
ing from 1:20 to 1:80), and cardiolipin. Serum obtained
from one of three mice re-exposed to Thrombogen was
positive for anti-dsDNA antibodies. Analysis of serum
obtained from one mouse re-exposed to saline resulted in
a positive titer for ANA (titer = 1:80 with peripheral stain-
ing) and anti-nDNA antibodies (titer = 1:20) and negative
levels of anti-dsDNA and aCL antibodies. Neither of the
serum samples obtained from the two other mice re-
exposed to saline resulted in a positive autoimmune test.
Further, the mouse immunized with Thrombogen, whose
serum was positive for all autoimmune tests, had a larger
amount of glomerular IgG deposition as compared to the
mouse exposed to saline whose serum was positive for
ANA and anti-nDNA antibodies. Thus, although further
study is required to determine what fraction of mice have
a long-lived autoimmune response after exposure to a
bovine thrombin preparation, it is evident that a long-lived
response is possible.



Discussion

Our results indicate that exposure to bovine thrombin can
induce pathological autoimmunity. No evidence of auto-
immune disease was observed in mice exposed to saline
indicating that the surgical procedure, intraperitoneal in-
jection, or other factors associated with the experimental
procedure (eg, stress) do not account for the autoim-
mune response that was observed in mice exposed to
bovine thrombin. Therefore, this report provides the first
unequivocal proof that exposure to bovine thrombin can
cause the development of pathological autoreactive an-
tibodies.

Our observation that autoantibodies and pathology
consistent with a SLE-like autoimmunity arise after expo-
sure to bovine thrombin has never been reported in mice
or in humans. The peripheral pattern of staining observed
on HEp-2 slides is considered to be highly suggestive of
a clinical diagnosis of SLE.“® Further, anti-dsDNA auto-
antibodies are characteristically associated with SLE.* It
is thought that these autoantibodies are pathogenic, be-
cause they can directly attack tissues or form immune
complexes that elicit inflammation and damage organs
such as the kidney.*® In this regard, mice exposed to
bovine thrombin that developed these autoantibodies
were the same mice that developed glomerulonephritis.
Thus, the development of these autoantibodies after ex-
posure to bovine thrombin would suggest that the com-
plications because of the use of this therapeutic might
also include the induction of serology associated with
systemic autoimmunity.

Furthermore, although it was not determined if the aCL
antibodies that developed in mice exposed to bovine
thrombin induced a procoagulant phenotype, the devel-
opment of these antibodies suggests that that the com-
plications because of use of this therapeutic are not
limited to postoperative hemorrhagic complications, but
also may include chronic prothrombotic complications.
Antibodies specific for cardiolipin are a subset of an-
tiphospholipid antibodies, which have been recently re-
ported to develop in humans after exposure to bovine
thrombin.®? It has been hypothesized that these antibod-
ies can develop from the immune presentation of xeno-
geneic coagulation proteins bound to phospholipid.®?
Anti-phospholipid antibodies have been studied exten-
sively and are associated with systemic autoimmune syn-
dromes and prothrombotic complications such as stroke,
myocardial infarctions, and deep venous thrombosis.*°
In this regard, a recent report demonstrated that patients
who received a polytetrafluoroethylene arterial venous
fistula and developed an immune response to bovine
thrombin were significantly more likely to develop graft
thrombosis than patients who did not develop an immune
response to bovine thrombin.3° Evidence in this study is
also consistent with the idea that bovine thrombin may
induce autoantibodies associated with a procoagulant
phenotype, because most mice exposed to bovine
thrombin developed aCL antibodies.

In addition, the results in our study suggest that the
exposure of GalT~/~ mice to bovine thrombin both during
surgery and by intraperitoneal injection can be used as
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an animal model to study the mechanisms that trigger,
and the pathology that results from, the development of
autoantibodies associated with SLE-like syndromes. This
autoimmune syndrome can be detected in some mice 15
weeks after a secondary exposure to bovine thrombin,
indicating that this autoimmune syndrome can persist
well after the inducing antigen has been processed and
cleared. The levels of anti-dsDNA antibodies in mice
exposed to bovine thrombin were comparable or higher
than those of a mouse used as a model for SLE-like
autoimmune syndromes. Additionally, in humans SLE de-
velops more frequently in females than in males. In this
regard, female GalT ~/~ mice exposed to bovine thrombin
developed significantly greater levels of antibodies
against dsDNA and cardiolipin and tended to develop
greater levels of antibodies against nuclear antigens and
native DNA than did the males. Although the character-
istics of these autoantibodies are similar to those ob-
served in other models of SLE-like autoimmunity, it re-
mains to be determined whether the mechanisms that
drive the development of these antibodies are similar.

GalT~/~ mice exposed to bovine thrombin were also
found to develop significant levels of antibodies against
bovine thrombin and the xenogeneic carbohydrate aGal.
These responses are similar to those characteristic of the
human immune response after exposure to bovine throm-
bin during surgery."' Further, results indicate that some
of the mice develop autoantibodies against clotting fac-
tors. This would suggest that the exposure of GalT /'~
mice to bovine thrombin during surgery could be used as
a model for the human immune response to bovine
thrombin. Further studies using this model may help de-
termine the mechanisms that trigger, and the pathology
that results from, the development of autoreactive anti-
clotting factor antibodies after exposure to bovine throm-
bin during surgery.

Although the mechanisms associated with the devel-
opment of autoimmunity in this model require additional
study, the present findings have immediate clinical impli-
cations. The results suggest that exposure to either of the
two currently Food and Drug Administration approved
preparations of bovine thrombin may pose serious immu-
nological risk to patients. We recommend that use of this
therapeutic be limited to life-saving procedures, and that
alternative, nonimmunogenic, hemostatic agents be de-
veloped. If bovine thrombin must be used in a life-saving
procedure we would recommend using Thrombin-JMI in
lieu of Thrombogen. Although both preparations elicited
significant levels of autoantibodies, exposure to Throm-
bogen generally resulted in greater levels of these anti-
bodies and significantly greater levels of antibodies
against dsDNA and cardiolipin. In these studies mice
were exposed to therapeutically equivalent amounts
(measured in thrombin units) of Thrombogen and Throm-
bin-JMI. However, because the specific activities of
Thrombogen and Thrombin-JMI are dramatically differ-
ent, mice exposed to Thrombogen were exposed to ~10-
fold more protein than were mice exposed to Thrombin-
JMI. It is unknown whether this difference in total protein
or whether some qualitative difference(s) between the
proteins present in the two preparations account for the
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greater induction of autoantibody levels by Thrombogen
than by Thrombin-JMI. Regardless of the mechanisms
underlying these findings, the results strongly discourage
the use of bovine thrombin, particularly Thrombogen, in
humans.
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