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Thrombin plays a central role in blood coagulation. In addition,
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proinflammatory cytokines in vitro. However, it has not been clarified
whether thrombin can induce the production of antibodies against
antigens in vivo; i.e., it is not known whether thrombin has an adjuvant
effect to enhance immune responses. In the present study in mice,
intranasally administered thrombin plus ovalbumin enhanced not only
antigen-specific 1gG in blood but also antigen-specific IgA on mucosa
in the nasal cavity and intestine. IgA plays a major role in protecting
against infection by preventing pathogens from invading the body
through mucous membranes. This study provides new information
regarding thrombin as an adjuvant of mucosal immunity.
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Introduction:-

Thrombin is a trypsin-like serine protease that converts fibrinogen to fibrin and triggers fibrin crosslinking by
activating Factor XIII (Lorand and Konishi, 1964; Takagi and Doolittle, 1974). It also promotes coagulation by
activating Factors V and VIII, which are cofactors of Factors IX and Xa, respectively (Nesheim and Mann, 1979;
Hoyer and Trabold, 1981). These functions are essential for the maintenance and protection of life, such as the
formation of hemostatic plugs and wound healing (Fenton, 1988). On the other hand, when thrombin binds to
thrombomodulin on vascular endothelial cells, its substrate specificity changes to promote anticoagulation by
activating protein C (Esmon, 1995).

In addition to these fundamental roles in hemostasis, thrombin plays a role as an important inflammatory mediator
(Grand et al., 1996). For example, thrombin activates T lymphocytes and monocytes and induces the release of
proinflammatory cytokines such as interleukin (IL)-6 and IL-8 (Naldini et al., 1993; Johnson et al., 1998). In
addition, thrombin promotes T lymphocyte recruitment (Kaur et al., 2001). Immunologically, thrombin suppresses
the production of IL-12, a cytokine that acts on monocytes, and induces a Thl type immune response in vitro,
skewing toward a Th2 type immune response (Naldini et al., 2003). This in vitro effect of thrombin suggests it might
induce antibody production against antigens in vivo; i.e., it may have an adjuvant effect to enhance immune
responses.
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Although many kinds of vaccines are marketed, adjuvant-containing vaccines are limited (Christensen, 2016), and
adjuvants that can induce IgA on mucosal surfaces are uncommon. It is well known that mucosal IgA plays a major
role in protecting against infection by preventing pathogens from invading the body through the mucous membranes
(Woof and Mestecky, 2005). However, there are no clinically useful strategies to enhance IgA. Therefore, adjuvants
inducing IgA are desired for mucosal vaccines (Boyaka, 2017).

In our present study, the adjuvant effect of thrombin in mice was investigated. We found that administering
thrombin with ovalbumin intranasally enhanced not only ovalbumin-specific 1gG in sera but also ovalbumin-specific
IgA on mucosal surfaces.

Material and methods:-

Ovalbumin and thrombin

Ovalbumin was purchased from Sigma—Aldrich (St. Louis, MO, USA). Human thrombin produced by recombinant
DNA technology was prepared as described previously (Yonemura et al., 2004). Briefly, an expression cassette in
which the human prothrombin gene was linked downstream of the chicken f-actin promoter was introduced into
Chinese hamster ovary (CHO) cells, and cells expressing human prothrombin were selected. The genetically
modified CHO cells were cultured, and human prothrombin was purified from the supernatant. This was converted
to thrombin (a-thrombin) using ecarin, which is a protease derived from snake venom obtained by recombinant
DNA technology (Yonemura et al., 2004), and further purified for these experiments. The resultant thrombin was
indistinguishable from the plasma-derived material.

Mice

Male C57BL/6 mice (7 weeks of age) were obtained from Japan SLC (Hamamatsu, Japan). The mice were bred and
housed under specific pathogen-free conditions prior to the experiments. After one week of acclimatization, mice
were subjected to the immunization studies.

All animal experimentation procedures were approved by our institutional animal care and use committee and
performed according to the animal experimentation regulations instituted under the Guidelines for Proper Conduct
of Animal Experiments in Japan.

Immunizations and blood sample collection

Mice were divided into four groups of five to six individuals each (Table 1). Ovalbumin with and without thrombin
was administered intranasally six times (10 pL/mouse each time) at intervals of one week. Blood samples were
collected from the tail vein on the day before immunization (“pre”) and on the day of every 3" to 6" immunization
just prior to the administration (2™ to 5" immunization samples). One week after the 6™ immunization, mice were
sacrificed, and blood, nasal, and intestinal lavage samples were collected. All mouse procedures were performed
under anesthesia.

Nasal and intestinal lavage fluids

Nasal lavage fluids were collected from nostrils by injecting 0.5 mL of phosphate-buffered saline containing 1 mM
phenylmethylsulfonyl fluoride (Sigma—Aldrich) through a catheter that was inserted from the trachea at the throat
and leading to the nasal cavity. Then, 5 pL of Protease Inhibitor Cocktail Set 111 (EMD Millipore, Billerica, MA,
USA) was added to each lavage fluid sample.

Intestinal lavage fluids were collected with reference to the method reported by Elson et al. (Elson et al., 1984).
Briefly, mouse intestine was removed from the pyloric region of the stomach to just before the cecum so as not to
damage the intestinal tract. Then, the inside of the intestinal tract was washed with 2 mL of ice-cold 50 mM EDTA
(Dojindo, Kumamoto, Japan) containing 0.2 mg/mL soybean trypsin inhibitor (Thermo Fisher Scientific, Waltham,
MA, USA). The lavage fluid was collected into a dish containing 1 mL of the same ice-cold washing solution.
Debris in the lavage fluid was removed by centrifugation after adjusting the total volume to 3 mL and adding 30 puL
of 100 mM phenylmethylsulfonyl fluoride. NaN; (1%) (Katayama Chemical Industry, Osaka, Japan) and Protease
Inhibitor Cocktail Set Il1, corresponding to 1% volume of the supernatant, were added to 1 mL of the supernatant,
followed by the addition of 50 pL of fetal bovine serum (GE Healthcare Japan, Tokyo, Japan). The nasal and
intestinal lavage fluids were stored at -80°C until analyzed.
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Determination of the anti-ovalbumin IgG titer in serum

The anti-ovalbumin 1gG titer in serum was determined by an enzyme-linked immunosorbent assay (ELISA).
Ovalbumin was immobilized on a 96-well plate (Maxisorp, Thermo Fisher Scientific). After blocking with Block
Ace (Sumitomo Dainippon Pharma, Osaka, Japan) in phosphate-buffered saline, hyper-immunized mouse sera
(standard antisera) and antisera serially diluted with Block Ace were added. Ovalbumin-specific 1gG titers were
measured with horseradish peroxidase-conjugated anti-mouse IgG (American Qualax, San Clemente, CA, USA) and
the chromogenic substrate solution TMB (Agilent Technology, Santa Clara, CA, USA). Antigen-specific IgG titers
were determined by measuring the absorbance at 450 nm (OD450).

Determination of anti-ovalbumin IgA titers in nasal and intestinal lavage fluids

Total IgA titers in lavage fluids were determined according to the protocol of a Mouse IgA ELISA Quantitation Kit
(Funakoshi, Tokyo, Japan). Ovalbumin-specific IgA titers in five-fold-diluted nasal lavage fluids and twenty-fold-
diluted intestinal lavage fluids were also determined with an ELISA using horseradish peroxidase-conjugated anti-
mouse IgA (Funakoshi). To standardize the variance of IgA recovery and compare ovalbumin-specific IgA titers
among immunization groups, the OD450 value of ovalbumin-specific IgA and the total IgA value (converted to
mg/mL) obtained from the ELISA were used to calculate the anti-ovalbumin IgA titer with the following formulas:

anti-ovalbumin IgA titer in the nasal lavage fluid

_ OD450 value of ovalbumin-specific IgA x 5

- total IgA titer (mg/mL)

anti-ovalbumin IgA titer in the intestinal lavage fluid
_ OD450 value of ovalbumin-specific IgA x 20

- total IgA titer (mg/mL)

Statistical analyses
Statistical analyses were performed using analysis of variance followed by Dunnett’s test by BellCurve for Excel
(Social Survey Research Information, Tokyo, Japan). A p value of < 0.05 was considered statistically significant.

Results and discussion:-

Table 1 shows the components (vaccine formulations) that were administered intranasally to each immunization
group. The anti-ovalbumin 1gG titers in sera before immunization and after the 2™ to 6" intranasal immunizations
are shown in Figure 1. The results confirmed that anti-ovalbumin antibodies appeared at an early stage, and high
antibody titers were induced according to the administered dose of thrombin compared to the group immunized with
ovalbumin alone. When 20 and 40 pg of thrombin per mouse were added with ovalbumin, specific antibodies
appeared at the same time. In addition, specific antibody titers in both thrombin groups were about the same and
were significantly higher relative to the group immunized with ovalbumin alone at sampling points after the 3™
immunization. Because the thrombin used for mouse immunization was deduced to contain less than 107 endotoxin
units, the observed effect could not be attributed to endotoxin contamination. Therefore, it was considered that
intranasally administered thrombin had an adjuvant effect, elevating 1gG titers against ovalbumin as an immunogen,
and that 20 g of thrombin was sufficient to exert this effect.

One week after the 6" immunization, nasal and intestinal fluids were collected and used to measure the anti-
ovalbumin IgA titer. The dose of thrombin that exerted an adjuvant effect on the IgG titer in sera also induced
mucosal IgA against ovalbumin significantly (Fig. 2). These results clearly demonstrated that intranasally
administered thrombin can enhance not only anti-ovalbumin IgG in sera but also anti-ovalbumin IgA in the nasal
cavity and intestine.

Thrombin is synthesized in the liver and plays a central role in blood coagulation. In addition, it is now considered
that coagulation components, including thrombin, are closely associated with the immune system and are essential
for effective immune responses to control infection (Antoniak et al., 2018). In fact, inhibition of thrombin, the major
blood coagulation factor used in this study, increases the risk and severity of viral infection (Antoniak et al., 2013).
Given these facts and its stimulatory effects on immune cells (Naldini et al., 1993, 2003; Johnson et al., 1998; Kaur
etal., 2001; Antoniak et al., 2017), it is not surprising that thrombin has an adjuvant effect in vivo to enhance IgG in
sera. However, it is noteworthy that thrombin can also enhance mucosal IgA by mucosal administration.
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The results of the current study help to clarify the mechanism of the adjuvant effect of thrombin. Various cellular
actions of thrombin are mediated by specific G-protein-coupled receptors, namely protease-activated receptors, and
require its protease activity to activate the receptors (Naldini et al., 2003, 2006; Tordai et al., 1993; Vu et al., 1991;
Ishihara et al., 1997). Furthermore, it was reported that human thrombin exhibits enzymatic activities in mice and on
murine cells (Antoniak et al., 2017; Hansson et al., 2016). Therefore, it is conceivable that a protease-activated
receptor-mediated pathway is also involved in the adjuvant effect of thrombin.

The adjuvant effect of thrombin clarified in this study, especially the induction of mucosal IgA by intranasal
administration, is important for host defenses against pathogens, such as the influenza virus, which invades from the
mucosal surface. Thus, thrombin may be useful as a safe adjuvant for intranasal vaccines. Indeed, no abnormalities
such as inflammatory reactions at the inoculation sites were found in mice receiving thrombin in this study.
However, the use of thrombin as an adjuvant may be limited because it requires more protein than the vaccine
antigen and increases the cost. By dissecting the mechanism of mucosal IgA induction in this study and elucidating
the target molecule(s) that mediate the adjuvant effect of intranasally administered thrombin, the development of
new adjuvants that can induce mucosal IgA effectively may be facilitated.
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Table 1:-Details of immunization groups

. Administered component (Jug/mouse)
Group No. of mice OVA (Immunogen) Thrombin
1 5 5 0
2 5 5 5
3 6 5 20
4 6 5 40
106
O Thrombin O pg
s O Thrombin 5 pg
10 m Thrombin 20 ug
m Thrombin 40 pg
104
103
102
101
.

o 2 ' 3 ' a

No. of immunizations

Fig 1:-Anti-ovalbumin (OVA) IgG titers in sera after intranasal immunization with OV A plus thrombin.

Male C57BL/6 mice were divided into four groups. OVA with 0 to 40 pg of thrombin was administered intranasally
as described in Material and Methods. After 0-6 immunizations, blood samples were collected, and anti-OVA 1gG
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titers were determined. The geometric mean of the anti-OVA IgG titers in each group + SE is indicated. *p < 0.05
and **p < 0.01 vs. the group immunized with OVA alone.
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Fig 2:-Anti-ovalbumin (OVA) IgA titers in mucosal lavage fluids after intranasal immunization with OVA plus
thrombin.
After the last (6"™) immunization, nasal (A) and intestinal (B) lavage fluids were collected and anti-OVA IgA titers
determined as described in Material and Methods. The geometric mean of the anti-OVA IgG titers in each group +
SE is indicated. *p < 0.05 vs. the group immunized with OVA alone.
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