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anti-FXIII-A autoantibodies may have fluctuated and spon-
taneously disappeared, as previously reported in a Japanese
AH13 case [15]. Unfortunately, her plasma/serum sample
was not available during that period, because she had been
monitored by her original physician in another hospital.

The internal bleedings risked this patient’s life. Above
all, cardiac tamponade was most life-threatening. This
symptom has never been observed among the remaining
84 AH13 cases in the world (unpublished data of JCRG).
Interestingly, this symptom is rather common in male
FXIII-A knock-out mice as reported previously [16]. Car-
diac tamponade, however, is never seen in female counter-
parts. In contrast, female FXIII-A knock-out mice die of
excessive bleeding due to spontaneous miscarriage [17].
This is consistent with the fact that female cases of con-
genital FXIII deficiency manifest pregnancy-related bleed-
ing [10, 18].

The present case apparently argues against a premature
hypothesis that AH13 would either die of acute hemorrhage
or recover permanently [19]. Actually, we confirmed that
10 % of all AH13 patients became intractable even though
they had successfully survived the life-threatening acute
stage (unpublished data of JCRG). These findings rein-
forces that AH13 must be considered a chronic intractable
disorder.

Conclusion

Although this patient clinically recovered once from AH13,
she died of hemorrhage 3.5 years after admission. There-
fore, AH13 should be considered as a chronic intractable
life-threatening disease, and closely monitored for a pro-
longed period.
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Supplemental materials

Fig. S1. Life-threatening bleedings revealed by computed tomography (CT).

During the acute stage (Nov 10, 2009), the patient developed cardiac tamponade due to pericardial
hemorrhage (A) and an intrathoracic hematoma (B). After 3.5 years, she manifested subcortical

hemorrhage in the right frontal lobe (C), and a severe spleen laceration with intraperitoneal hemorthage

(D). Lesions are enclosed by broken circles.




Tig. S2. JCRG detailed analyses of the patient’s FXIXI protein and anti-FXII antibodies.

(A) A western blotting analysis was carried out using rabbit polyclonal anti-FXIII-A and anti-FXIII-B
antibodies. The results showed the presence of both FXIII-A and FXTII-B proteins when diluted patient’s
plasma was analyzed (dilution: 1/50 to 1/200 for FXIII-A; 1/100 to 1/400 for FXIII-B; from left to right).
(B) A fibrin cross-linking study was pexrformed by adding 1 unit/mL thrombin and 5 mM CaCl; into the
patient’s plasma and normal control plasma. The clots were recovered at the indicated time intervals and
subjected to SDS-PAGE analysis. A serious delay in y-dimerization and a lack of a-polymerization were
clearly shown.

(C) Dot blot assays were performed using rFXIII-A, tFXIII-B, and their complexes (A,B;) at the
indicated amounts shown as antigen (ng). The results showed the presence of anti-FXIII-A antibodies.
The positive controls stand for AH13 patients’ plasmas identified previously. P and S stand for plasma

and serum, respectively.
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Table S1. Hematological and coagulation-fibrinolysis tests (Nov 2, 2009).

ITtem value Normal range unit Item value Normalrange unit
WBC 9.0 3585 x10°/L Factor IX ND ND
RBC 204 370500  xI10L inhibitor
Hemoglobin 64 113-150 g/L
Antithrombin 83 79-121 %
Hematocrit 203 33.0-45.0 % Thrombin-
Platelet 262 120380 x10%L  Antithwombin 22 30 ng/ml
aCardiolipin 0.7 <10.0 U/mL
PT 86 80.0-120.0 %
APTT 21 24.3-36.0 sec Plasminogen 75 71-128 mg/dL
Fibrinogen 23 1.5-4.0 g/l Op-Plasmin o
Factor II 77 75-135 % I:;i:tor 7 o ’
Factor V 103 70-135 % iomplﬁnl 212 <500 ng/ml.
Factor VII 78 75-140 % DAdi-mer 24 <1.0 pg/mL
Factor VIII 156 60-150 %
Factor IX 157 70-130 % CRP 12 <3 ug/L
Factor X 112 70-130 % N.D.; not detected, VWF; von Willebrand factor,
Factor XI 110 70-135 % tPA,; tissue plasminogen activator, PAJ; tissue
Factor XII 99 50-150 % plasminogen activator inhibitor, abnormal values
VWF antigen 239 50-155 % are underlined.



Table S2. Hematological and coagulation tests (Mar 30, 2013).

Table S3. JCRG detailed FXIII analyses.

Ttem value  Normalrange  unit Item value  Normal range  unit
WBC 13.0 3.5-8.5 x10°/L PT 725 80.0-120.0 %
RBC 246 3.70-5.00 x10%/L APTT 22.8 243-36.0 sec
Hemoglobin 85 113-150 g/l

Hematocrit 252 33.0-45.0 % CRP 1 <3 ne/L
Platelet 169 120-380 x10%/L Abnormal values are underlined.

FXIII-A antigen FXIII-B antigen AT Activity Spe. Act

Ulml (%) U/ml (%) U/ml (%) 1%/43)
Control 151 (100) 110 (100) 1.41 (100) 0.93
Patient
09. 10/17 034 (23) 0.93 (85) 0.16 (12) 047
09. 10/30 0.39 (26) 0.83 (75) 014 (10) 036
09. 11/09 0.49 (32) 1.01 (92) 0.17 12y 035
09. 11/13 1.68 (111) 119 (109) 0.80 57 0.48
10. 06/04 0.69 (46) 1.20 (109) 043 (30) 0.62
Japanese 1.05+0.29 0.94£0.23 0.99 +0.29 0.98

(n=79)

AT, amine incorporation, Spe. Act; specific activity, Abnormal values are underlined. All data for healthy

controls are italicized.



Table S4. JCRG screening tests outsourced to a commercial service laboratory (Oct 18, 2009 and Jan 19, 2011).

Oct. 18,  Jan. 19, Normal it Oct. 18,  Jan. 19, Normal unit
2009 2011 value 2009 2011 value
FXIII Act 9 19 70-140 % Lp(a) plasma - 2.1 (<40) %
FXIII Act: Control 67 99 70-140 % Lp(a) serum 4.1 2.8 <40 %
Calculated FXIII Act mix 38 59 - % Lp(a) plasma: control 1.0 1.0 (<40) %
FXIII 1:1 mix 8 53 - % Lp(a) serum: control 0.6 2.8 <40 %
Inhibited value 30 6 (%) % PIC 11 11 <0.8 ug/dL
Inhibited rate 0.79 0.10 (<0.1) D-dimer 16.7 15 <10 ug/dL
FDP 59 3 <4 /dL
a;PI plasma 100 91 85-115 % = ve
Fibrinogen - 2.15 1.5-4.0 g/l
PI 110 103 85-115 %
G2t serum (@5-115) ° FXII antigen ; 125 70-140 %
Cross-li P 10 6.2 15-30; %
ross-linked o = 2= (15-30) ° FXIII specific Act . 0.15 :
Cross-linked c;P1 ratio 0.083 0.057 (0.15-0.3)
FVIIL Act 132 140 60-150 %
0PI plasma: control 98 127 85-115 % .
FIX Act 123 96 70-130 %
0PI serum: control 91 119 (85-115) %
Cross-linked a,Pl: PI; plasmin inhibitor, PIC; plasmin-plasmin inhibitor complex, Abnormal
- = 26.6 33.4 15-40, %
control ) ) ( ) 0 values are underlined. All data for normal controls are italicized.
Cross-linked a»PI ratio: 0.23 0.22 (0.15-0.4)
control
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Summary. Background: Autoimmune hemophilia-like dis-
case (hemorrha-philia or hemorrhagic disorder) caused by
anti-factor X111 antibodies (termed AHI3) or ‘autoim-
mune FXIII deficicncy’ is a life-threatening bleeding
disorder. AH13 was thought to be rarc worldwide, Objec-
tives: Because the number of diagnosed AH13 cases has
recently been increasing, at least in Japan, we conducted
a nationwide survey supported by the Japanese Ministry
of Health, Labor, and Welfare, and explored the patho-
logic mechanism(s) of AHI3. Methods: We diagnosed
AH13 cases during the last 11 years according to the
presence of anti-FXIIT autoantibodics confirmed by a dot
blot assay and ELISA, and characterized 33 of these both
immunologically and biochemically. Results: The AHI3
cases were immunologically classified into three types,
Aa, Ab, and B. Type Aa autoantibodies, observed in 27
cascs, were dirccted against the native FXIIT A subunit
(FXIII-A), and blocked FXIII activation. The autoanti-
bodies not only prevented assembly of new FXIII-A,B,
heterotetramers, but also removed FXIII-A from native
FXI111-A,Bs heterotetramers by forming an FXII-A-IgG
complex. Type Ab autoantibodics, deteeted in three cases,
preferentially bound to activated FXII-A and inhibited
its activity. Typc Aa and Ab autoantibodies were ‘neu-
tralizing’ FXIII antibodics (or FXIII inhibitors), and thus
could be screened with functional assays. Type B antibod-
ics, detected in two cases, were non-neutralizing anti-
FXIII B subunit (FXI11-B) autoantibodies that possibly
accelerated the clearance of FXIII, and thus could be
diagnoscd cxclusively with immunologic methods. Conelu-
sion: There are three major types of anti-FXIII autoanti-
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body, with distinct targets and mechanisms that cause
A3,

Keywords: antibody  diversity; autoimmune diseases;
chronic discasc; hemorrhagic disorders; immunosuppressive
agents.

Introduction

Coagulation factor XIII is a proenzyme of plasma fibrin-
stabilizing factor (FSF) consisting of two catalytic A
subunits (FXIII-A) and two non-enzymatic B subunits
(FXII-B) [1-3]. Activation of FXIII procceds through
several distinct steps: the activation peptide (AP) of
FXII-A is cleaved by thrombin, generating an activation
intermediate  (A»B»), and FXII-B dissociates from
FXIII-A’ in the presence of calcium, converting A'»Bs to
activated FXII (FXIII-A*) [4,5]. FXII-A* crosslinks
fibrin monomers, and also fibrin to op-plasmin inhibitor
(0a-P1), fibronectin, etc., which ensures a regulated hemo-
static response and accelerates wound healing. Its congen-
ital deficiency therefore results in a lifelong propensity for
bleeding and abnormal wound healing [1-3].

Autoimmune hemophilia-like disease (hemorrha-philia
or hemorrhagic disorder) caused by anti-FXIII antibodies
(AHI13) or ‘autoimmunc FXIII deficiency’ is a rarc lifc-
threatening bleeding disorder [6-8] that mainly occurs in
older adults. Approximately half of AHI3 cases arc idio-
pathic, and the remaining cascs are associated with auto-
immune diseases, malignancies, etc.

AH13 was considered to be rarc worldwide [6,9],
although a number of patients may have been over-
looked, owing to lack of awarcness and/or the absence of
proper screening tests for FXIII deficiency. In addition,
FX1II activity is often not examined by clinicians.

To clarify the status of AH13 in Japan, we conducted a
nationwide survey of exclusively bleeding patients who
had no past history, family history, or abnormal clotting
times, and roported 12 cases of AHI13 as of June 2010 [9].
The number of diagnosed AH13 cases has increased to a

© 2015 Intcrnational Socicty on Thrombosis and Hacmostasis

total of 40, including the previously reported 12 cases (as
of March 2014).

In this study, we performed a detailed characterization
of the autoantibodies present in the 33 AH13 cases whose
plasma samples were available for experimentation, in
order to understand the pathogenesis of AH13 and to
improve its diagnosis and treatment.

Materials and methods

Materials

Recombinant FXIIL-A (fFXIII-A) was a gift from Zymoge-
netics (Seattle, WA, USA). Recombinant FXIII-B (tFXIII-
B) was expressed by use of a baculovirus expression system
and purified [10). Anti-FXIII-A mAb was obtained from
G. Reed (Massachusetts General Hospital, Boston, MA,
USA). Anti-FXIII-A polyclonal antibody (pAb) was gencr-
ated in-house. Anti-FXIII-B antiscrum was purchased from
Nordic Immunological Laboratories (AX Eindhoven, The
Notherlands). Peroxidase-conjugated anti-human IgG was
purchased from MP Biomedicals (Solon, OH, USA). Biotin-
conjugated anti-human IgG; and IgGy antibodics, bovine
thrombin, heparin, N,N-dimethylcasein and monodansylca-
daverine were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Horscradish peroxidase (HRP)-conjugated
anti-human IgG. and IgGs; antibodies were purchased from
Southern  Biotcch  (Birmingham, AL, USA). HRP-
conjugated streptavidin was purchased from GE Healthcare
Bioscience AB (Uppsala, Sweden). Tetramethylbenzidine
(TMB) peroxidasc substrate kits were purchased from
Bio-Rad Laboratories (Hercules, CA, USA). FXIII-deficient
plasma was obtained from George-King Bio-Medical
(Overland Park, K8, USA). Antithrombin was obtained
from CSL Behring (Tokyo, Japan). Goat anti-o,-P1 anti-
body was purchased from Affinity Biologicals (Ancaster,
Canada).

This study was approved by the institutional review
board of the Yamagata University School of Medicine
[11). All procedures were conducted in accordance with
the Declaration of Helsinki. Written informed consent
was obtained from all participants, including patients and
normal healthy controls.

FXIll antigen and its activity in plasma

BLISA for FXIII antigens, aminc incorporation (Al)
assays, ammonia release (AR) assays and fibrin crosshink-
ing analysis were performed as described previously [12].

ELISA for anti-FXill autoantibodies

Recombinant AaB; (rA;B.) was prepared by mixing
cqual amounts of rFXITI-A and rFXIII-B. The activation
intermediates rccombinant FXII-A/  (rFXII-A!) and
recombinant A’,B, (rA/;B,) were generated by incubation

@© 2015 Inlernational Socicly on Thrombosis and Hacmostasis
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of each of rFXII-A and rA;B,, respectively, with throm-
bin (I U/l pg FXIIT-A) at 37 °C for 20 min, followed by
the addition of heparin and antithrombin (5 U cach to
1 U of thrombin). Two millimolar CaCl, was added to
rFXIII-A’ and rA’,B, to yield fully activated recombinant
FXIII-A (rFXI-A*) and recombinant A*;Ba (rA*;Ba)
(rA*; + Bo), respectively. One microliter of plasma was
incubated with 200 ng of recombinant FXIII at 37 °C for
2 h, and diluted 100-fold with 20 mm Tris-HCI (pH 7.5)
and 150 mM NaCl (TBS) containing 2% bovine scrum
albumin (BSA). Ten microliters of diluted plasma was
applicd to a 96-well plate coated with an anti-FXIIL-A
mADb or an anti-FXIII-B antibody, and incubated for 2 h
at room temperature. The plate was incubated with per-
oxidase-conjugated anti-human IgG. After washing, TMB
substrate was allowed to react for 10 min, and the reac-
tion was terminated by addition of 0.5 M sulfuric acid.
To determine 1gG subclass, biotin-conjugated anti-human
IgG, and 1gG, antibodies coupled with HRP-conjugated
streptavidin, and HRP-conjugated anti-human IgG, and
1gG5 antibodies, were used.

Inhibition of rEXII-A* activity

Ten micrograms of rEXII-A were reacted with 5 U of
thrombin in a 0.5-mL mixturc at 37 °C for 30 min,
and the reaction was terminated by addition of 10 U
of antithrombin and 100 U of heparin. Ten microliters
of the rFXIII-A’ preparation were mixed with 40 pL of
plasma at room temperaturc for 30 min. Ten-microliter
aliquots of plasma and the rFXII-A’ mixturc were
reacted with 0.2% N,N-dimethylcasein, -2 mmM monodan-
sylcadaverine, 5 mm CaCl,, 2 mM  dithiothreitol and
20 mm Tris-HCl (pH 7.5) in a 0.1-mL mixture at 37 °C
for 60 min.

Cleavage of AP by thrombin

Five microliters of paticut plasma diluted with FXIII-defi-
cient plasma were incubated with 5 uL of healthy control
plasma at 37 °C for 2 h. The mixed plasma was reacted
with 0.5 U of thrombin in a 25-uL mixture at 37 °C for
30 min. The reaction was terminated by the addition of
0.1 mL of 8 M urca, 1% SDS, and 50 mm Tris-HCl
(pH 8.0), and the reaction mixture was boiled with 0.1 mL
of SDS-reducing (5% PB-mercaptocthanol) buffer. Ten-
microliter aliquots were electrophoresed on an 8% poly-
acrylamide gel containing 0.1% SDS, and this was followed
by western blot analysis with an anti-FXII-A pAb.

Thrombin-dependent and Ca**-dependent dissociation of
the A,B, complex

Forty nanograms of A,B, complex were incubated
with 4 pL of plasma in 0.2 mL of TBS at 37 °C for
1 h. Fifty-microliter aliquots were reacted with 0.05, 0.1
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or 0.2 U of thrombin and 5mm CaCly in a 0.I-mL
mixturc at 37 °C for 20 min, and diluted to 1: 10 with
TBS containing 2% BSA. The quantity of A,B, com-
plex remaining after the reaction was determined by
ELISA.

AzBs complex formation assay

Five nanograms of rFXIIlI-A were preincubated with
1 pL of plasma in 5 pL of TBS at 37 °C for 1 h. Ten
nanograms of rFXIII-B in 5 uL of TBS were then added
and incubated at room temperature for 20 min. The mix-
ture was diluted with 1 mL of TBS containing 2% BSA.
The quantity of AsB, complex formed was measured by
ELISA.

Gel-filtration analysis

One hundred microliters of plasma was applied to a
Sepharose CL6B columm (45 mL), and eluted with TBS.
Fractions of 0.8 mL were collected. The quantitics of
FXIII-A, FXIII-B and A,B, complexes in the fractions
were measured by ELISA.

In vitro exchange of FXIII-B in the A;B; complex by type Aa
autoantibodies

Twenty nanograms of A,B» complex were incubated
with 0.4 pL of plasma in 20 pL TBS at 37 °C for 1, 2,
4, 8. 12, or 24 h. The mixture was diluted with 1 mL
of TBS coutaining 2% BSA. The quantitics  of AsBa
complex and FXIIH-A-bound IgG were measured by
ELISA.

Statistical analysis

ELISA and AI activity were determined at least three
times for individual samples. Comparison between groups
by use of the Mann-Whitncy and Kruskal-Wallis tests
and correlation between parameters by the use of Spear-
man’s coefficient were performed with the software pro-
gram JMp (version 11.0.0, SAS Institute, Cary, NC, USA),
and differences were determined to be statistically signifi-
cant at a P-value of < 0.05.

Results

When plasma and/or serum samples were available, we
first screened for anti-FXIIT autoantibodies. Among the
88 suspccted AHI3 cascs, 33 patients were positive for
anti-FXII antibodies (IgGs) according to our in-house
dot blot assays (Table S1), and were therefore diagnosed
as having AH13. The remaining 55 patients were diag-
nosed with hemorrhagic acquired FXIII deficiency [8],
because they did not possess cither anti-FXIII antibodics
or FXII1 inhibitors.

Classification of AH13 types by immunologic binding assays

On the basis of their immunologic properties, anti-FX111
autoantibodies could be classified into three groups.
Type Aa autoantibodics, which were obscrved in 27 cases,
bound to native (untreated) FXIII-A. Their reactivity
drastically decreased when FXIII-A was converted to
FXIII-A* by thrombin and calcium ions (Fig. 1A,B;
Table §2). The reactivity of type Aa autoantibodies
against the A,B, complex was somewhat weaker than
that against native FXIII-A (Fig. 1C).

Type Ab autoantibodics were cxplored when paticnts’
FXIHI-A-bound FXIII-B levels were not as low as their FXI11I
activity, and were detected in three AH13 cases (cases 8, 15,
and 29). They reacted with rFXIII-A weakly as compared
with type Aa cases (P < 0.001) (Fig. 1A), although they
bound much more strongly to FXHI-A* (Fig. 1B). The con-
version of FXII-A to au activation intermediate, treated with
thrombin alone, as well as to FXIII-A*, significantly
cnhanced the reactivity of type Ab samples to varying
extents, regardless of the presence or absence of FXIII-B (tA/
and rA* or rA’,B; and rA*:B; [A*» + B,] in Fig. 1D).

Type B autoantibodies, which were detected in two
cases (cases 7 and 13), reacted to FXIII-B as well as
A,B,, but not to FXIII-A (Fig. 1A,B; Table S2).

Abnormal FXill parameters in AHT3 cases

Both FXIII-A antigen (Fig. 2A) and Al activity (Fig. 2D)
were significantly reduced in most type Aa cascs (n = 27,
P < 0.001), and the specific activity of FXIII (Fig. 2E),
ie. Al activity per FXHI-A antigen, in plasma was also
significantly decreased (P < 0.001). These findings arc
consistent with the idea that type Aa autoantibodies are
‘neutralizing’ FXIII inhibitors.

Notably, essentially no A»B» heterotetramer was
detected in type Aa cascs (£ < 0.001; Fig. 2C), despite
the presence of considerable amounts of both FXIII-A
and FXIII-B antigens (Fig. 2A,B). Several type Aa cases
had higher FXIII-A antigen levels than the 80 healthy
controls (Fig. 2A), mainly because they had been infused
with FXIII concentrates as part of their hemostatic ther-
apy before their plasma samples were collected.

Type Ab AHI13 patients (n=3) also showed signifi-
cantly rcduccd Al activity (£ <0.01; Fig. 2D) and low
specific activity of FXIII (P < 0.01; Fig. 2E), whercas the
levels of FXIII-A antigen and A;B, heterotetramer were
not decreased (Fig. 2A,C). These findings arc consistent
with the idea that type Ab autoantibodies are also ‘neu-
tralizing’ FXIII inhibitors.

Type B AHI3 cases (n = 2) showed reduced levels of
FXI1-A antigen (Fig. 2A) and A,B, heterotetramer
(Fig. 2C), as well as reduced AY activity (Fig. 2D),
whereas the specific activity was unchanged (Fig. 2E),
indicating that the autoantibodies did not target the cnzy-
matic activity of FXIIL
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As expected, strong correlations between the levels of
FXIHI-A antigen, FXIII-B antigen and the A,B, hetero-
tetramer and FXIII Al activity were observed (Fig. S1) in
healthy controls. No such rclationships were obscrved in
type Aa cases, especially for the A,B, heterotctramer
(Fig. S1B), suggesting that type Aa autoantibodies may
prevent the formation of an ApB. hceterotctramer com-
plex.

Differences in functional mixing assays for screening of FXIll
inhibitors

Some discrepancics were observed between the Al and
AR assays in the five-step mixing tests, especially for
types Aa and Ab (Fig. 3A); the AR assay yiclded signifi-
cantly higher inhibition values than the Al assay (range
23-91% and median 80% vs. range < 1-71% and median
35%) in type Aa cascs (P < 0.001; Fig. 3B), clearly indi-
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cating that the AR assay is more seusitive than the Al
assay in screcning for type Aa autoantibodics. In con-
trast, the arbitrary inhibitory potencies of type Ab au-
toantibodics obtained with the AR assay were lower than
those obtained with the Al assay (Fig. 3B: Table 1). This
suggests difference(s) in the inhibitory mechanisms of
type Aa and typc Ab autoantibodies.

Next, we employed FXIII-A* for the Al assay. This
FXII-A*-based Al assay yielded significantly higher arbi-
trary inhibitory potencics for type Ab autoantibodics than
for type Aa autoantibodies (P < 0.0001; Fig. 3C; Table 1),
but no significant difference was observed when the ordinal
AT assay was uscd (Fig. 3B). Thus, type Ab autoantibodies
targeted FXITI-A*, but type Aa autoantibodies did not.

No discrepancy was obscrved between the two func-
tional methods in type B AH13, simply because type B
autoantibodics arc not ncutralizing FXIII inhibitors
(Fig. 3B,C).



806 M. Sourict al

*
A3 [ B 20 . C 3 e
T T 8 =
'75’ lé 15 o 3
S 5 E 2} w
S | & T 40 2 |
B f=4
< 2 M 4
I « £ os g " .
oLt il =S R P
HC Aa Ab B HC Aa Ab B HC Aa Ab B
(n=80)(n=27)(n=3)(n=2) (n=80)(n=27)(n=3)(n=2) (n=80)(n=27)(n=8)(n=2)
AH13 AH13 AH13
D E
2.0 g 25
E 2.0
_L~1,5 T
E . 3 18
3 5 ——
3 <10
<08 S 0s
]
2 0.0 ik
00 THC A Ab B @ HC Aa Ab B
(n=80)(n=27){n=3)(n=2) (n=80)(n=27){n=3)(n=2)
AH13 AH13
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antigen.

Inhibition of FXIli activation by type Aa anti-FXIIl
autoantibodies

To dircetly confirm that type Aa autoantibodics arc
inhibitors of proteolytic activation of FXIII by thrombin
(13-16], we examined the initial AP-cleavage reaction for
all three types of anti-FXIII autoantibody by using a
mixing study. As predicted, the addition of a patient’s
plasma containing typc Aa autoantibodics to a control
plasma clearly produced a marked blockage in the con-
version of FXII-A to FXIII-A' by thrombin (Fig. 4A).
However, AP cleavage was not blocked by the addition
of plasma containing either type Ab or type B autoanti-
bodies.

The thrombin-dependent and Ca®* -dependent dissocia-
tion of the A,B. heterotetramer was also examined to
cxplore the possible influence(s) of anti-FXIII autoanti-
bodies on the later stages of FXIII activation
[10,13,15,17,18]; the dissociation of the A,B; heterotetr-
amer was inhibited by anti-FXIII autoantibodics to vari-
ous extents (Fig. 4B; Fig. S2; Table 1). The addition of
type Ab plasma interfered with A,B, dissociation by only
< 1% in cases 15 and 29, but by up to 86% in case 11,

whereas AP cleavage was completely blocked by plasma
from casc 11 but not at all by plasma from cascs 15 and
29 (Table 1). However, case § was an exception, because
AoB, dissociation was partially inhibited, whercas AP
cleavage was not detectably blocked.

Inhibition of fibrin-crosslinking reactions by anti-FXIll
autoantibodies

In plasma of healthy controls, y-dimerization was com-
pleted within 2 min, and e-polymerization was almost
complete after 60 min, leaving only a tracc amount of
o-monomer (Fig. 5A). However, y—y dimer formation
was not observed or was markedly delayed in type Aa
plasma, and almost all g-monomer remained even after
60 min (Fig. SA; Table S1). A 1:1 mixing test with
healthy control plasma confirmed the inhibitory cffects of
type Aa autoantibodics on the FXIITa-catalyzed fibrin-
crosslinking reaction (Fig. 5B: Table 1).

Notably, y-dimerization was normal in two typec Ab
cases (cases 8§ and 15), although o-polymerization was
completely blocked (Fig. 5A; Fig. S3A,C). Furthermore,
plasma from cases 8 and 15 interfered with o-polymeriza-
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Fig. 3. Inhibition of FXIII activity by anti-FX1II autoantibodics. (A) Type Aa (case 17), type Ab (case 15) or type B (case 7) plasma was
mixed with plasma from healthy controls. Amine incorporation (AI) (closed circle) and ammonia release (AR) activities (open circles) were
measured with the five-step dilution test. (B) The inhibition ratios of Al and AR activities were caleulated with the following equation:

100 x ([control + patient}/2 — [1 : 1 mixturc])/([control + patient}/2), for cach AH13 type. Individual AH13 cases were plotted. (C) Recombi-
nant activated FXIIT A subunit (rFXIT-A*) was incubated with plasma of AHI3 cases, and the AT activity was assayed. The inhibition value
was calculated with the following equation: 100 x (activity of rFXITI-A* incubated with AH13 plasma)/(activity of rFXII-A* incubated with

FXU-A deficient plasma). ***P < 0.001; **P < 0.01. Act, activity.

tion but not with y-dimerization in control plasma in the
mixing test (Fig. 5B; Fig. S3B). Therefore, type Ab au-
toantibodies inhibited o-polymerization exclusively.

Plasma containing typc B autoantibodics (case 7)
showed only a delay in y-dimerization (Fig. 5A), and no
severe inhibition of crosslinking was obscrved in the mix-
ing test (Fig. 5B).

Inhibition of the fibrin-uz-Pl crosslinking reaction by anti-
FXIll autoantibodies

BEssentially all o,-PI species recovered from fibrin clots
were highly crosslinked «»-PI (XL-a»-PI) in the control
sample (Fig. 5C). In contrast, almost no XL-0p-PI was
detected in any samples obtained from AHI3 cascs,
except for cases 12, 13, 20, and 22. Although case 22
showed a moderately reduced quantity of XL-0,-PI spe-
cies, the remaining three cases (cases 12, 13, and 20)
showed only a small amount of o-chain-monomer—XL-oi-
Pl complex. These four AH13 cases retained relatively
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high AT activitics (cases 12, 13, 20, and 22; 0.61, 0.28,
0.37 and 0.52 U mL™, respectively) (Table S1), which
may have been sufficient to produce XL-0,-PI, albeit in
variably reduced quantitics {11].

Although only very small amounts of a-chain-mono-
mer-XL-o2-PI complex and of a-polymers were detected
in casc 8 (type Ab), ncither XL-o-PI with o-chain nor o-
polymers were observed in case 15 (type Ab) or case 17
(type Aa) (Fig. S3D).

Inhibition of A;B, heterotetramer complex formation by
type Aa autoantibodies

We next examined whether FXIII-A and FXIII-B formed
complexes or were present scparately by using gel-filtra-
tion analysis. In plasma from a healthy control, both
FXIII-B and FXIII-A were detected by ELISA in the
same fractions, along with the A;B, heterotetramer
(Fig. 6A). This was truc for both type Ab and typc B
cases of AH13 (Fig. S4). In contrast, in plasma obtained
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from a type Aa case, FXIlI-B and FXIH-A appeared in
different fractions, and formed two scparate peaks
(Fig. 6A). Anti-FXIII-A IgG was also detected in the
same fractions as FXIII-A. In addition, immunoprecipita-
tion studics revealed much less coimmunoprecipitated
FXIII-B and FXIII-A as well as high recovery of FXIII-
A with protein A-Sepharose from type Aa plasma
(Fig. $5). These results confirmed that, in type Aa cascs,
FXIII-A is exclusively complexed with anti-FXJII-A 1gG
and not with FXIII-B.

A mixing study revealed that when rFXII-A was
preincubated with type Aa plasma, serum, or IgG, subsc-
quently added rFXIII-B could not form AsB. heterotet-
ramers (Fig. 6B; Table 1; Fig. S6). However, AaB,
heterotetramers  were  readily formed when type Ab
plasma was premixed with rFXIHI-A and rFXI1II-B was
added subsequently. This was also true when plasma
from paticnts with either congenital FXIII-A or FXIII-B
deficiency was employed.

FXill-B exchange by type Aa autoantibodies

When FXIII concentrates were infused into a type Aa
patient (case 23) for hemostatic therapy, levels of the
AsB, heterotetramer increased immediately, but then
returned to the basal level, i.c. 0% of normal, as carly as

24 h after FXII dosing (Fig. 7A). However, both FXI1I-
A and FXIII-B antigens showed sustained increases for
> 48 h. It is important to notc that the level of FXIII-A-
bound IgG also increased, and it remained in the
patient’s plasma in concert with the FXII-A antigen
(Fig. 7TA). These results strongly suggest that the FXII-A
of the A,B, heterotetramer contained in infused FXI1II
concentrates was transferred to the FXIII-A-IgG com-
plex in vivo. Essentially the same result was obtained in
cascs 24 and 25 (Fig. S7A).

To test this, we incubated the AsB, heterotetramer with
plasma from the type Aa patient for 12 h in vitro. The
level of the A,B. heterotetramer rapidly decrcased with
time, and the level of the FXIII-A-IgG complex increased
in a symmetric manner (Fig. 7B; Fig. S7B).

A decrease in the level of the AaB, heterotetramer cou-
pled with an increase in the level of the FXII-A-IgG
complex was also confirmed in scrum obtained from
type Aa cases (Fig. S7C). Gel-filtration analyses of the
reaction mixturcs revealed that most FXII-A did not
cxist in a complex with FXIII-B, but was bound to anti-
FXIII-A IgG instead (Fig. S7D). In contrast, the level of
the A,B5 heterotetramer did not decrease and the level of
the FXI-A-1gG complex did not increase when the
AsBs heterotetramer was incubated with plasma obtained
from patients with congenital FXIII deficiencies.
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Table 1 Properties of autoantibodies in AH13 cases

Inhibition of activity (%) . Activation
: Fibrin crosslinking in
Dissociation} mixed plasma Complex
Case Major type Al AR FXII-A* Al AP cleavage {% inhibition) (min§) formation
1 Aa 46 74 35 Tnhibited 41 5-15 Inhibited
2 Aa 23 52 4 Tnhibited 40 5-15 Inhibited
3 Aa 29 NE NE Inhibited NE NE Inhibited
4 Aa 7 69 15 Inhibited 38 2-5 Inhibited
5 Aa 57 80 29 Inhibited 38 15-60 Inhibited
4 Aa 2 65 <l Tnhibited 21 15-60 Tnhibited
7 B <1 4 <1 Inhibited 31 2-5 Not inhibited
(slightly)
8 Ab 24 29 62 Not inhibited 48 < 2 (o-polymerization Not inhibited
delay)
9 Aa 27 80 <1 Inhibited 23 <2 Inhibited
10 Aa <1 79 <1 Inhibited 54 5-15 Inhibited
H Aa 71 90 6 Inhibited 86 > 60 Inhibited
(completely)
12 Aa 11 91 18 Inhibited 35 5-15 Inhibited
13 B <1 6 18 Not inhibited 8 <2 Not inhibited
14 Aa 58 88 4 Tnhibited 35 5-15 Inhibited
15 Ab 57 1 85 Not inhibited <1 < 2 (o-polymerization Not inhibited
delay)
16 Aa 40 NE 21 Inhibited 41 5-15 Inhibited
17 Aa 47 86 41 Inhibited 34 15-60 Inhibited
18 Au 12 71 <1 Inhibited 16 5-15 Inhibited
19 Aa 23 85 6 Inhibited 20 5-15 Inhibited
20 Aa 20 82 <1 Inhibited 26 5-15 Inhibited
21 Aa 18 76 <1 Inhibited 20 5-15 Inhibited
22 Ax 1 <1 <1 Not inhibited <1 <2 Nol inhibited
231 Aa 35 66 <1 Inhibited 21 15-60 Inhibited
24 Aa 38 85 19 Inhibited 25 15-60 Inhibited
25 Aa 61 2 <1 Inhibited 32 > 60 Inhibited
26 Aa 65 NE <1 Inhibited 33 5-15 Inhibited
27 Aa 66 76 <1 Inhibited 14 5-15 Inhibited
28 Aa 62 88 17 Inhibited 15 5-15 Inhibited
29 Ab 75 30 41 Not inhibited <1 > 60 Not inhibited
30 Aa 44 89 47 Inhibited 36 5-15 Inhibited
31 Aa 13 23 2 Inhibited 21 2-5 Inhibited
32 Aa 50 85 33 Inhibited 32 15-60 Inhibited
33 Aa 31 74 <1 Inhibited 24 5-15 Inhibited

Al, amine incorporation; AP, activation peptide; AR, ammonia release; Ax, not determined because of extremely low reactivity in ELISA:
FXII-A*, activated factor XIIE; NE, not examined. {The inhibition value of AT activity of FXITI-A* was calculated as follows: 100 x (activity
of rFXIII-A* incubaled with AHI3 casc’s plasma)/(activity of tFXIII-A* incubated with FXIII-A deficient plasma). $The inhibition value of
FX1II dissociation with 0.1 U of thrombin was calculated as follows: 100 x (remaining A,B, in the reaction with case plasma — remaining
A2B, in the reaction with FXTIT-A-deficient plasma)/{(100 — remaining A;B; in the reaction with FXITI-A-deficient plasma). §Completion of y-
¥ dimer formation was judged by the di ance of y-chain r. ICase 23 was female and 63 years of age. She had intramuscular
bleeding but did not reccive FXIII concentrates al the time of examination. **The inhibition ratio of Al or AR was caleulated as follows;
100 x (factivity of casc’s plasma + activity of control plasma)/2 — activity of 1 : T-mixed plasma)/(factivily of case’s plasma + activity of con-
trol plasmal/2).

AH13 cases (cases 6, 10, 12, 15, 18, 21, 25, 26, and 28) who received FXIT concentrates within 10 days before blood collection are underlined.

A5B, heterotetramer levels did not change in plasma
from type Ab and type B cascs, and FXITI-IgG complex
Tevels did not increase, even after 24 h (Fig. 7C).

Discussion

Hemorrhagic disorders of fibrin stabilization were previ-
ously classificd as follows [19,20]: class I (hereditary dis-
orders), class II (acquired inhibitors), and class I11
(acquired lack of FSF). Classes I and II were also divided
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into five subtypes: class | type I (lack of FSF activity;
corresponds to congenital FSF deficiency), class I type 1T
(dysfibrinogenemia with crosslinking defects), class 1
type I (inhibitors of FSF generation), class 1f type 11
(inhibitors of FSF activity) [21-25], and class II type ITT
(blocking fibrin reactivity to FSF).

Type Aa and Ab autoantibodies obviously correspond
to the former class II type I and type I, respectively
[19,20]. However, we uncxpectedly found that the A,Ba
heterotetramer was almost completely absent in plasma
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¥ig. 5. Inhibition of fibrin-crosslinking reactions by anti-FXITT autoantibodies. (A) Fibrin-crosslinking reactions were examined in the plasma
from a healthy control, a type Aa patient (case 25), a type Ab patient (case 8), or a type B patient (case 7). (B) Healthy control plasma was
incubated with an equal volume of plasma from patients with FXTIT A subunit deficiency: type Aa (case 25), type Ab (case 8), or type B
(case 7). Fibrin-crosslinking reactions were then performed. (C) AH13 plasma was treated with thrombin and CaCl; for 1 b, and the op-plas-
min inhibitor (o-PT) incorporated into the fibrin clots was then detected by western blotting with an anti-e-PT antibody. Control plasma was
loaded in the lane at the right end. C, control; XL-ep-PT; crosslinked ¢a-P1. o-Pol, a-Polymer.

from type Aa cascs. The cxisting FXII-A in patients’
plasma was not complexed with FXIII-B, but was instead
cxclusively bound to anti-FXIII-A IgG. This is because
type Aa autoantibodics not only prevent the assembly of
the A,B, heterotetramer, but also replace FXIII-B in the
A,B, heterotetramer with type Aa anti-FXIII-A autoanti-
bodies themselves as the counterpart of FXIII-A in the
A2B?2 heterotetramer, which results in the formation of
FXIH-A-IgG complexes. In an antibody-abundant condi-

tion in the circulation in AHI3 cases, FXIII-A may bc
captured by its autoantibodies immediately after it is
released from its synthesizing cells [26-31], before it can
form a complex with FXIII-B [32], in plasma of type Aa
AH13 cases in vivo.

The type Aa autoantibodics bound to FXIII-A cffi-
ciently prevent its activation [13-16], probably by block-
ing the access of thrombin to its AP. In addition, the
formation of complexes between FXIII-A and its antibod-
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Tig. 6. Inhibition of heterolelramer assembly by type Aa anti-FXIU
autoantibodics. (A) Plasma obtained [rom a healthy control or

case 10 (type Aa) was [ractionated on a Scepharose CL6B column.
FXIII A subunit (FX11I-A) (closed gray circles and bold gray linc),
FXI11 B subunit (FXIII-B) (open circles and bold line), and AaB,
{open squares) antigens, as well as FXIH-A-bound 1gG (x) in cach
fraction, were measured by ELISA. A thin broken line indicates
absorbance at 280 nm. (B) Recombinant FXIII-A (tFXIH-A) (or
recombinant FXIIL-B (¢FXI1I-B) preincubated in AHI3 plasma was
mixed with rFXIIE-B (or rFXIH-A). The amounts of resulting A;B,
complexes (black bar) were then measured by ELISA (a result in
bovine scrum albumin [BSA] was assigned as 100%). Open bars: no
cFXIII-A and rFXIL-B (indicates endogenous FXIL complex).
Light gray bars: tyFXIII-A alonc. Dark gray bars: cFXII-B alone.

ics may accelerate their clearance; the rates of disappear-
ance of both FXII-A antigen and anti-FXIII-A 1gG were
relatively rapid, and their half-lives must thercfore be
< 10 days [33,34], as shown in case 23 in vivo. Accord-
ingly, the presence of at least some type Aa autoantibod-
ics simultancously inhibits FXIIT activation and enhances
the clearance of FXIII-A-IgG complexes, which is consis-
tent with the significantly reduced FXIII-A antigen levels
observed in plasma from typc Aa cascs. The dual mode
of action of type Aa autoantibodies suggests that large
amounts of FXIII concentrates might be required to
achieve hemostatic levels of the functional FXIII protein
in bleeding AH13 patients, in whom the recovery rate of
FXIII activity is decreased and its half-life is shortened.
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Because type Aa autoantibodies have relatively low
reactivity to FXIII-A*, cleavage of AP and dissociation
of FXIII-B may induce drastic conformational change(s)
in the epitope region(s) of FXIII-A molecules for type Aa
autoantibodics. As typc Aa autoantibodics preferentially
react with native FXIII-A, preactivated FXIII-A* prod-
ucts may be morc cffective as hemostatic reagents in the
treatment of actively bleeding type Aa AHI3 cascs,
because they can escape from type Aa autoantibodies.

Only three of the AHI3 cascs examined posscssed
type Ab autoantibodies. Type Ab autoantibodies react
only weakly with native FXIII-A, and thus do not inter-
fere with the assembly of A,B, heterotetramers. Thus, a
normal A;B, molecular form and a normal level of A,B,
antigen arc present in plasma of type Ab AHI3 cascs.
Accordingly, type Ab can readily be differentiated from
type Aa by the absence of A;B. antigen in the latter. In
other words, types Aa and Ab can be differentially diag-
nosed with immunologic assays alone.

It is important to notc that type Ab autoantibodics,
only slightly, if at all, inhibit y-dimerization of fibrin. This
is probably becausc y-dimerization by FXIIa* proceeds
and is completed so quickly that type Ab autoantibodics
cannot prevent this reaction. In addition. type Ab au-
toantibodics start to function as FXIII inhibitors only
after the generation of activity. In contrast, type Aa au-
toantibodies can efficiently block such rapid y-dimeriza-
tion, because they inhibit FXIIL activation before the
generation of activity.

a-Polymerization by FXIIa* procceds slowly, and cven
type Ab autoantibodies can severely inhibit it. Not only
a-polymerization but also crosslinking of o-PI with the
a-chain is inhibited by type Ab autoantibodics, suggesting
that the crosslinking reaction between o-PI and the o-
chain also occurs morc slowly than y-dimerization. An
absence or a reduced amount of XL-0-PI may lead to
the severe bleeding symptoms of AH13 [10,35,36].

A Hungarian typc B AHI3 patient showed extremely
severe decreases in all FXHI parameters; FXHI activity
and FXII-A, FXIII-B and FXII-A>B. antigens were
almost completely absent [37). Oune of the two type B
patients (case 13) showed moderately reduced FXIII
parameters, whercas the other patient (case 7) had a nor-
mal level of FXIII-B antigens but considerably decreased
FXIII activity and levels of FXIII-A and FXIN-A,B,
antigens. The reason(s) for this variation in FXII-B anti-
gen levels remain unknown. The type B autoantibodies
may bind to the FXIII-B molccule in AaB» heterotetra-
mers, and may rapidly eliminate AaB; heterotetramers
from the circulation in type B patients. This assumption
is consistent with the shortened half-life of the activity of
the infused A,B, heterotetramer (fibrogammin-P)
observed in the Hungarian casc.

Type B cases represent ~ 10% of AHI3 cases, probably
because type B autoantibodics are not ncutralizing FXIII
inhibitors, and thus can only be detected with immuno-
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Fig. 7. Removal of FXIII A subunit (FXI11-A) from the FXIII heterotetramer by type Aa autoantibody. (A) Plasma-derived FXIII concen-
trates (AyB,) were infused into a type Aa AH13 patient (case 23), and plasma levels of FXIII-A (gray circles), FXIH B subunit (FX11-B)
(open circles), A,B» (open squares) antigens and FXIIH-A-bound IgG (X) were measured by ELISA at the indicated time intervals, (B) Recom-
binant AsB (rAnBs) was mixed with plasma [rom case 23 in vitro, and the levels ol A;B; complexes and FXII-A-bound IgG were examined.
The broken linc shows the result of the incubation of 1AxB, with FXIII-A-deficient plasma. (C) rA,B, was also incubated with the three types
of AHI3 plasma for 24 h in vitro, and the amounts of A;B, complex and FXI1I-A-bound 1gG (cascs 23 and 29) or FXIII-B-bound IgG

(case 7) were measured by ELISA. ND, not detected.

logic methods, rather than with the more common func-
tional assays. The hemorrhagic symptoms of our type B
cases seemed to be somewhat mild, and similar to those
of congenital FXIII-B deficiency [38].

Finally, it is important to note that the AH13 cases
cxamined often showed mixed characteristics of the three
types of anti-FXIII autoantibody. This is very likely
because their autoantibodies are oligoclonal rather than

© 2015 International Socicly on Thrombosis and Haemostasis

monoclonal [15,39,40], as suggested by the fact that most
of our patients had anti-FXIIT autoantibodics of morc
than onc IgG subclass (Table S2). In addition, multiple
clones may share the same subclass. Thoroughly distin-
guishing and characterizing cach type of anti-FXIII auto-
antibody would be possible if each clone of antibody-
synthesizing B cells could be separated; this work remains
for the future.

In conclusion, there are three major types of anti-FXI11
autoantibody, with distinct targets and mechanisms, that
cause AH13; type Aa blocks A,B, tetramer assembly and
steals A, from the tetramer, and inhibits proteolytic
FXIII activation by thrombin; type Ab inhibits activated
FXIII exclusively; and type B accelerates the clearance of
FXII-antibody complexes from the circulation.

Addendum

M. Souri and T. Osaki performed experiments and wrote
the paper. A. Ichinose created the research project and
wrote the paper.

Acknowledgements

‘We would like to thank all members of the Japancse Collab-
orative Study Group on AH13 for their cooperation in con-
ducting a nationwide survey on AHI13 from the Japancsc
business year 2009 through 2013. The authors also thank N.
Mutch for useful discussions, and Y. Shibue for her help in
preparation of the manuscript. This study was supported by
research grants from the Japanese Ministry of Education,
Culture, Sports, Science, and Technology, and the Japanese
Ministry of Health, Labor, and Welfare. This study was
presented in part at the 23rd Congress of the International
Socicty on Thrombosis and Hacmostasis in Kyoto in July
2011, and at the 85th Annual Mccting of the Japancse Bio-
chemical Society in Fukuoka in December 2012.

Disclosure of Conflict of Interests

The authors state that they have no conflict of interest.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Classification of AHI13 cases and FXIII anti-
gens (Agn) and activities (Act) in patients’ plasma.

Table S2. IgG subclasses and reactivity of anti-FXIII au-
toantibodies.

Fig. S1. Correlation between FXIII-A and FXIII-B (A)
or A;B, (B) antigen or amine incorporation activity (C)
in AH13 plasma.

Fig. S2. Inhibition of thrombin-dependent and Ca®*-
dependent dissociation by anti-FXTIT autoantibodies.

© 2015 International Socicty on Thrombosis and Hacmostasis

Anti-factor XIIT antibody blocks tetramer assembly 813

Fig. 83. Inhibition of fibrin-crosslinking reactions by anti-
FXIII autoantibodics.

Fig. S4. Geliltration analysis of FXIII antigens in
plasma of type Ab and B cases.

TFig. 85. Immunoprecipitation of FXIII from plasma of a
type Aa patient.

Fig. S6. Inhibition of heterotetramer asscmbly by type Aa
scrum and IgG.

Fig. 87. Removal of FXIII-A from FXIII heterotetramer
by type Aa autoantibodics.

References

1 Ichinose A. Physiopathology and regulation of factor X111

Thromb ITaemost 2001; 86: 57-65.

Nugent DJ. Prophylaxis in rare coagulation disorders — fac-

tor XIII deficiency. Thromb Res 2006; 118(Suppl. 1): 823-8,

Biswas A, Ivaskevicius V, Thomas A, Oldenburg J. Coagulation

factor XIII deficicney. Diagnosis, prevalence and management of

inherited and acquired forms. Hamostaseologie 2014; 34: 160~6.

Muszbek L, Ariéns RA, Ichinose A: ISTH SSC Subcommittce

on Factor XIIL. Factor XIH: recommended terms and abbrevia-

tions. J Thromb Haemost 200

Kohler HP, Ichinose A, Scitz R, Ariens RA, Muszbek L Fac-

tor XI1I and Fibrinogen SSC Subcommittee of the ISTH. Diag-

nosis and classification of factor XIHl deficiencies. J Thromb

Haemost 2011 9: 1404-6.

Lorand L. Acquired inhibitors of fibrin stabilization: a class of

hemorrhagic disorders of diverse origins. In: Green D, ed. Anfi-

le Physiologic. Pathologic and P logic. Boca

Raton, FL: CRC Press, 1994:169-91.

Ichinose A, Izumi T, Hashiguchi T. The normal and abnormal

genes of the a and b subunits in coagulation factor X111 Semin

Thromb Hemost 1996; 22: 385-91.

Ichinose A. Hemorrhagic acquired factor X1 deficiency and

acquired hemorrhaphilia 13 revisited. Semin Thromb Hemost

2011: 37: 382-8.

Ichinose A, Souri M; Japancse collaborative rescarch group on

*Acquired hacmorrha-philia duc to factor XII deficiency’. As

many as 12 cases with hacmorrhagic acquired factor X111 defi-

cieney duc to its inhibitors were recently found in Japan. Thromb

Ilaemost 2011: 105: 925-7.

10 Souri M, Kactsu H, Ichinose A. Sushi domains in the B subunit
of [actor XIII responsible for oligomer assembly. Biochemistry
2008: 47: 8656-64.

11 Ichinose A, Souri M. Reduced difference of  oa-plasmin
inhibitor levels between plasma and serum in patients with
s¢ factor X1 deficis , including auloil hemorrha-

philia due to anti-factor XIH antibodics. Int J Hematol 2012; 95:
47-50.

12 Wada H, Souri M, Matsumoto R, Sugihara T, Ichinosc A. Alloan-

tibodies against the B subunit of plasma factor XIII developed in

its congenilal deficiency. Thromb ITaeniost 2013; 109: 661-8.

Lorand L, Maldonado N, Fradera J, Atencio AC, Robertson B,

Urayama T. Haemorrhagic syndrome of autoimmune origin with

a specific inhibitor against fibrin stabilizing factor (factor XIII).

Br J Haematol 1972; 23: 17-27.

14 Milner GR, Holl PJ, Bottomley J, Maciver JE. Practolol therapy
E fated with a ic lupus erytl -like syndrome
and an inhibitor to factor X11L J Clin Pathol 1977; 30: 770-3.

IS Lopaciuk S, Bykowska X, McDonagh JM, McDonagh RP, You-
nt W, Fuller CR, Coopegsiein L, Gray A Jr, Lorand L. Differ-
ence h&(\vecn type T autoimmune inhibitors of fibrin stabilization

8}

w

S

w

EN

~

o

3

by




814 M. Sowri et al

S

3

3

S

2

=3

2

2

%3

»
5

2

=

25

26

27

2

23

29

in two patients with severe hemorrhagic disorder. J Clin Invest
1978; 61: 1196-203.

Shinkai K, Nishiwaki 1, Takagi A, Ogata K, Yokomaku S. Hemo-
static management of severe hemorrhage in a case with factor XUT
inhibitor [abstract]. /nr J Hematol 1996; 63(Suppl. 1): 291. Japanese.
Lorand L, Velasco PT, Rinne JR, Amare M, Miller LK, Zucker ML.

Nagy JA, Henriksson P, McDonagh I. Biosynthesis of fac-
tor X1IT B subunit by human hepatoma cell lines. Blood 1986: 68:
1272-9.

Walpl A, Lattke H, Board PG, Arnold R, Schweiser T, Ku-
banek B, Robin-Winn M, Pichelmayr R, Goldmann SF. Coagu-
lation factor XIIT A and B subunits in bone marrow and liver

Autoimmune antibody (IgG Kansas) against the fibrin stabilizing fac-
tor (factor XIII) system, Proc Natl Acad Sei USA 1988; 85: 232-6,
Lorand L. Factor XIIT: structure, activation, and interactions
with fibrinogen and fibrin. Ann N Y Acad Sei 2001; 936: 291-311.
Lorand L. Hemorrhagic disorders of fibrin-stabilization. In: Og-
ston D, Bennett B, eds. Haemostasis: Biochemistry, Physiology,
and Pathology. London: Wiley, 1977: 405-23.

Lorand L, Losowsky MS, Miloszewski KJ. Human factor XIIT:
fibrin-stabilizing factov. Prog Hemosi Thromb 1980; 5: 245-90.
Teruya J. Kinoshita T, Yoshimura Y. Morioka M, Kazama M.
Abe T. An inhibitor to lactor VIIT interacting with its activated
catalytic subunit. Rinsho Ketsueki 1986; 27: 1680-7. Japanese.
Nakamura 3, Kato A, Sakata Y, Aoki N. Bleeding tendency
caused by TgG inbibitor to factor XTI, treated successfully by
cyclophosphamide. Br J Haematol 1988; 68: 31319,

Fukue H, Anderson K, McPhedran P, Clyne L, McDonagh J. A
unique factor XITT inhibitor to a fibrin-binding site on fac-
tor XITTA. Blood 1992; 79: 65-74.

Tosetto A, Rodeghiero F, Gatto E, Manotti C, Poli T. An
acquired hemorrhagic disorder of fibrin crosstinking due to 1gG
antibodies to FXII, successfully treated with FXIIT replacement
and cyclophosphamide. Am J Hematol 1995; 48: 34-9.

Lorand L, Velasco PT, Murthy SN, Lefebvre P, Green D. Autoim-
mune antibody in a hemorrhagic patient interacts with thrombin-
activated factor XITTin a unique manner. Blood 1999; 93: 909-17.
Muszbek L, Addny R, Szegedi G, Polgar J, Kdvai M. Fac-
tor XITI of blood coagulation in human monocytes. Thromb Res
1985; 37: 401--10.

Henriksson P, Becker S, Lynch G, McDonagh J. Tdentification
of intraceliular factor XIIT in human monocytes and macrophag-
es. J Clin Invest 1985: 76: 528-34.

Kiesselbach TH, Wagner RH. Demonstration of factor XIT in
human megakaryocytes by a fluorescent antibody technique. Ann
N Y Acud Sei 1972: 202: 318-28.

Addny R, Kiss A, Muszbek L. Factor X1IT: a marker of mono-
and megakaryocytopoi BrJ H I 1987; 67: 167-72.

s
b

3

<@

34

w
G

w
N

w
pa

38

40

transplantation. Transplantation 1987; 43: 151-3.

Souri M, Koseki-Kuno S, Takeda N, Degen JL, Tchinose A.
Administration of factor XIIT B subunit increased plasma fac-
tor XIIT A subunit levels in factor XITT B subunit knock-out
mice. /mt J Hematol 2008; 87: 60 -8.

Daly HM, Carson PJ, Smith JK. Intracerebral haemorrhage due
to acquired Factor XTIT inhibitor -- successful response to fac-
tor XT1IT concentrate. Blood Coagul Fibrinolysis 1991; 2 507-14.
Ahmad F, Solymoss S, Poon MC, Berube C, Sullivan AX. Char-
acterization of an acquired TgG inhibitor of coagulation fac-
tor XIIT in a patient with systemic lupus erythematosus. Br J
Huematol 1996; 93: 700-3.

Mutch NI, Koikkalainen JS, Fraser SR, Duthie KM, Griffin M,
Mitchell J, Watson HG, Booth NA. Model thrombi formed
under flow reveal the role of factor XITT-mnediated cross-linking
in resistance to fibrinolysis. J Thromb Haemost 2010; 8: 2017-24,
Fraser SR, Booth NA, Mutch NJI. The antifibrinolytic function
of factor XIII is exclusively expressed through cp-antiplasmin
cross-linking. Blood 2011: 117: 6371-4.

Ajzner B, Schlammadinger A, Kerényi A, Bereczky Z. Katona
E, Haramura G, Boda Z, Muszbek L. Severe bleeding complica-
tions caused by an autoantibody against the B subunit of plasma
factor XITI: a novel form of acquired factor XIIT deficiency.
Blood 2009; 113: 723-5.

Tchinose A. Factor XIIT is a key molecule at the intersection of
coagulation and fibrinolysis as well as inflammation and infec-
tion control. fat J Hemalol 2012; 95: 362-70.

Krumdieck R, Shaw DR, Huang ST, Poon MC, Rustagi PK.
Hemorrhagic disorder due to an isoniazid-associated acquired
factor XITT inhibitor in a patient with Waldenstrom's macroglob-
ulinemia. Am J Med 1991: 90: 639-45.

Lorand L, Velasco PT, Hill TM, Hoffmeister KJ, Kaye FI. Intra-
cranial hemorrhage in systemic lupus erythematosus associated
with an autoantibody against factor XIII. Thromb Haemost
2002; 88: 919-23.

© 2015 International Socicty on Thrombosis and Hacmostasts



Table S1. Classification of

AM13 cases and FXII antigens (Agn) and activities (Act) in patients plasma

Case Antibody* Major FXIII-A AgnFXIII-B AgnA,B, Agn Amine-incorporation Fibrin-crosslinking
Ype (U/mL) (U/mL) (U/mL) Act (U/mL) Specific Act(min of y~y-completion)

1 Anti-FXIII-A IsG Aa 0.14 1.00 <0.02 0.06 0.44 >60
2 Anti-FXIII-A IgG Aa 0.04 1.47 <0.02 0.04 1.13 15-60
3 Anti-FXIII-A 1gG Aa 0.62 0.72 <0.02 0.18 0.29 >60
4 Anti-FXIIT-A IsG Aa 1.56 1.07 <0.02 0.27 0.17 15-60
5 Anti-FXIII-A IgG Aa 0.83 1.08 <0.02 0.16 0.19 >60
6 Anti-FXIII-A 1eG Aa <0.02 0.67 <0.02 <0.02 - >60
7 Anti-FXIII-BIgG B <0.02 1.23 0.14 <0.02 - 15-60
8 Anti-FXIIT-A IgG Ab 0.781.1 1 0.87 0.26 034 <2 (less oyg,)
9 Anti-FXIII-A I8G Aa <0.02 0.85 <0.02 <0.02 - >60
10 Anti-FXII-A IsG Aa 0.42 1.08 <0.02 0.06 0.15 >60
1 1Anti-FXIII-A I1gG Aa 1.83 1.04 <0.02 0.09 0.05  >60(less clot)
12 Anti-FXIIT-A IsG Aa 1.59 1.71 <0.02 0.61 0.38 15-60
13 Ant-FXIII-BIgG B 0.34 0.37 0.41 0.28 1.14 <2
14 Anti-FXIII-A I8G Aa 0.50 1.05 <0.02 0.07 0.14 >60
15 Anti-FXII-A I8G Ab 2.64 1.53 2.52 0.15 0.05 <2 (less Oyqy)
16 Anti-FXIII-A 1gG Aa 0.52 0.82 <0.02 0.06 0.12 >60
17 Ant-FXII-A IgG Aa 0.59 0.57 <0.02 026 0.45 >60
18 Anti-FXIII-A IeG Aa 0.30 0.59 <0.02 031 1.04 >60
19 Anti-FXII-A I8G Aa 0.98 0.61 <0.02 0.60 0.62 >60
20  Anti-FXIII-A 1sG Aa 0.71 0.65 0.07 037 0.52 15-60
21 Anti-FXIII-A 128G Aa <0.02 0.89 <0.02 <0.02 - >60
22 Anti-FXII-A IsG Ax 0.87 0.89 0.80 0.52 0.59 <2
23 Anti-EXIII-A IgG Aa 0.15 0.62 <0.02 0.04 0.29 >60
24 Anti-FXIII-A IgG Aa 0.68 0.66 0.05 0.23 034 >60
25  Anti-FXIII-A IeG Aa 0.64 0.50 <0.02 0.16 0.26 >60
26 Anti-FXIII-A IsG Aa 0.25 0.94 <0.02 0.03 0.12 >60
27  Anti-FXIII-A IgG Aa <0.02 0.34 <0.02 0.02 - >60
28  Anti-FXII-A IgG Aa <0.02 0.68 <0.02 <0.02 - >60
29  Anti-FXII-A IgG Ab 0.28 0.76 0.37 0.04 0.15 >60

30 Anti-FXIII-A IgG  Aa 0.82 0.53 <0.02 0.1 0.14 >60
31  Anti-FXIII-A 1eG Aa 1.16 0.52 <0.02 0.70 0.60 5-15
32 Anti-FXIII-A 1eG Aa <0.02 0.59 <0.02 0.01 - >60
33  Anti-FXIII-A 1eG Aa 0.21 0.76 0.03 0.21 0.98 >60
Mean + SD AHI3 (n=33) 0.58 +0.61 0.85+£032 0.18 + 0.47 0.19+020  042+033

Control (n = 80) 1.06 + 0.27 0.94+0.23 1.04 = 0.30 1.00£0.28  0.96 +0.26 <2

'AX; not determined because of extremely low reactivity in ELISA.
*#; determined by dot-blot assay .
AH13 cases received FXIII concentrates within 10 days before blood collection were underlined and colored in blue.

Table S2. IgG subclasses and reactivity of anti-FXII autoantibodies

Case Major IgG Subclass Reactivity
Type (relative to case 1 or 7) (% of FXTII-A or -B)
IsGl  1gG2  IgG3  IgG4 FXII-A  FXII-B FXIII-A* A;By
1 Aa £ - + = 1.00 - 39 86
2 Aa + - + + 1.28 - 37 72
3 Aa nef nel €. nel nel - ne.! ne.
4  Aa + - - + 0.76 - 40 77
5  Aa + - + + 2.24 - 61 79
6 Aa + - + + 1.53 - 3 62
7 B * + - - <0.01 1.00 nel 89
8 Ab + - - 0.30 - 205 67
9 Aa ES - - + 0.64 - 11 71
10 Aa + - + + 1.70 - 18 79
11 Aa + - - + 1.56 - 41 63
12 Aa + - + + 2.44 - 28 3
13 B - + * - <0.01 1.08 ne! 92
14 Aa + - + + 1.41 - 19 64
15 Ab - - + 0.04 - 234 81
16 Aa + - - - 2.87 - 23 61
17  Aa + - - + 2.95 - 27 64
18 Aa + - + + 0.78 - 2 52
19 Aa + - - + 1.46 - 37 63
20 Aa + - - + 0.70 - 30 83
21 Aa + - + + 0.62 - 17 74
22 Ax - - - - <0.01 - n.d. n.d.
23 Aa + - + + 1.86 - 1 73
24 Aa + - + + 1.38 - 15 75
25 Aa + - + + 2.19 - 14 78
26 Aa + - F + 1.95 - 7 71
27 Aa + - + + 1.80 - 9 70
28 Aa + - + + 1.75 - 21 71
29 Ab - - - + 0.01 - 128 77
30 Aa ES - - ES 0.71 - 68 95
31 Aa - - + - 0.36 - 51 98
32 Aa + - + - 2.56 - 19 89
33 Aa - - + - 0.96 - 24 84

; not examined, *; not determined because of extremely low reactivity in ELISA, n.d.; not determined.
AF13 cases received FXIII concentrates within 10 days before blood collection were underlined and colored in blue.



Fig. S2. Inhibition of thrombin- and Ca**-dependent dissociation by anti-FXTII autoantibodies.
The results are presented as box-and-whisker plots denoting the median, interquartile range, and the

minimum and maximum data points. The results of individual AH13 cases were shown for AH13 cases with
type Aa (black dots), type Ab (closed triangles), and type B (closed squares).
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Fig. S1. Correlation between FXII-A and FXIO-B (A) or A,B, (B) antigen or amine-incorporation
activity (C) in AH13 plasma.

(A) A significant correlation between FXIII-A and FXIII-B antigens was observed in healthy controls (n =
80, open circles; slope = 0.30, R* = 0.15, P = 0.0005), but not in AH13 cases with type Aa (n =27, red dots;
slope = 0.17, R* = 0.089, P =0.13), type Ab (n = 3, orange dots; slope = 0.299) and type B (n = 2, blue dots,
slope = -2.53). (B) A strong correlation between FXIII-A and A,B, antigens was observed in healthy
controls (slope = 0.87, R* = 0.65, P < 0.0001), Although the values of AH13 cases with types Ab (slope =
0.91) and B (slope = 0.79) followed a linear regression model in the same way as those of healthy controls,
whereas the values of type Aa cases (slope = 0.0057, R? = 0.029, P = 0.39) did not. (C) Amine-incorporation
(AJ) activity (Act) significantly correlated to FXIII-A antigen (Agn) in healthy controls (slope = 0.60, R* =
0.37, P <0.0001). Values of AH13 cases with type B and type Aa varied widely.
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Fig. 84. Gel-filtration analysis of FXIII antigens in plasma of types Ab and B cases.

Plasma obtained from case 15 (type Ab) or case 13 (type B) was fractionated by Sepharose CL6B column.
FXIII-A (closed gray circles and a bold gray line), FXIII-B (open circles and a bold line), and A,;B, (open
squares) antigens present in each fraction were measured by ELISA (A450). A thin broken line indicates

absorbance at 280 nm (A280).
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Fig. S3. Inhibition of fibrin-crosslinking reactions by anti-FXTII autoantibodies.
(A) SDS-PAGE separated fibrin clots stained with CBB. Plasma of two type Ab AH13 patients (cases 15 and

29) were examined. (B) Fibrin crosslinking reactions were examined using normal plasma mixed with
plasma of case 15, case 29 (type Ab), or case 17 (type Aa).

(C—D) Plasma-derived fibrin clots obtained from the control, two type Ab cases, and a single type Aa case
were analyzed by western blotting using an (C) anti-fibrinogen or (D) anti-a,-PI antibody.

Type Ab (Case 15) Type Ab (Case 29) C + Case 15 C + Case 29
2 60 (min) 2 S5 60

0

C Control Type Ab (Case 8) Type Ab (Case 15) Type Aa (Case 17)
120 0 2 515601200 2 515 60120 (min)

D Control Type Ab (Case 8) Type Ab (Case 15) Type Aa (Case 17)
Fbn clot Fbu clot Fbn clot Fbn clot
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Fig. 6. Inhibition of heterotetramer assembly by type Aa serum and IgG.

(A) One hundred ng of rFXIII-A were incubated with 10 mL of serum obtained from a type Aa case (case
10) or healthy control (C) at 37°C for 1 hour, and reacted with 200 ng of fFXIII-B at 37°C for 30 min.
rFXIII-A was immunoprecipitated with an anti-FXIII-A mAb, and co-precipitated FXIII-B was visualized by
Western blotting using an anti-FXIII-B antibody. (B) Twenty ng of tFXIII-A were incubated with 2 mL of
serum (cases 12, 20, 21, 24, 26, 27, 28, or healthy control) at 37°C for 2 hours, and the A;B, heterotetramer
assembly was estimated by ELISA. (C) Inhibition of heterotetramer assembly by type Aa IgG. One mg of
1gG purified from serum (type Aa case 10 or healthy control) using protein A-Sepharose was reacted with
100 ng of rFXII-A at 37°C for 1 hour. Two hundred ng of rFXIII-B were added and further incubated at
37°C for 30 min. (FXIII-A was recovered using an anti-FXIII-A mAb and protein A-Sepharose, and
co-precipitated FXIII-B was visualized by Western blotting using an anti-FXIII-B antibody.
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¥ig. S5. Immunoprecipitation of FXIXI from plasma of type Aa patient.

(A) Ten mL of type Aa (case 10, P) or 1, 2, or 10 mL of healthy control plasma (C) were reacted with
anti-FXTII-A mAb at room temperature for 1 hr. Antibodies were collected using Protein A-Sepharose, and
the resin was washed three times with TBS-T and boiled with 50 mL of SDS-sample buffer without
2-mercaptoethanol. Fifteen mL of the supernatant (IP) were subjected to SDS-PAGE followed by Western
blotting using an anti-FXIII-B antibody. (B) Ten-mL plasma from a type Aa case (case 10, P) or healthy
control (C) were reacted with Protein A-Sepharose (10 mL) at room temperature for 1 hour. The resin was
collected by centrifugation, washed three times with 0.1% Tween 20, 20 mM Tris (pH 7.5) and 150 mM
NaCl (TBS-T), and boiled with 30 mL of SDS-reducing buffer. Ten pL of the supernatant (IP) and
1/50-dilution of plasma were subjected to SDS-PAGE, followed by Western blotting using an anti-FXIII-A
antibody.
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and FXIII-A (red circles), FXIII-B (blue circles), and A,B, (black circles) antigens, as well as
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FXIII-A-bound IgG (purple x) were measured by ELISA. rA,B, was also incubated with FXIII-A-deficient
plasma, and A;B, antigen {open circles) and FXIII-A-bound IgG (black x) were measured. (C) Forty ng of
rA,B, were incubated with 4 mL of serum (cases 20, 21, 24, 26, 27, 28, or healthy control) at 37°C for 0 or 8
hours, and FXIII-A-bound FXIII-B, FXIII-A and FXIII-A-bound IgG were determined by ELISA. (D) Two
mg of 1A,B, were incubated with 0.1 mL of case 24 serum at 37°C for 0 or 24 hours, and applied to a
Sepharose CL6B column. FXIII-A, FXII-B, FXII-A-bound FXIII-B, and FXIII-A-bound IgG in the
fractions were determined by ELISA. FXIII-B in the fractions was also defected by Western blotting using
an anti-FXIII-B antibody.
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Rapid immunochromatographic test for detection of anti-factor Xl A
subunit antibodies can diagnose 90 % of cases with autoimmune

haemorrhaphilia X111/13

Tsukasa Osaki'; Daisuke Sugiyama?; Yasuo Magari?; Masayoshi Souri'; Akitada Ichinose!
Department of Malecular Patho-Biochemistry and Patho-Biology, Yamagata University Faculty of Medicine, Yamagata, Japan; 2Q-may Lahoratory Corporation, Oita, Japan

Introduction

Factor XIII (FXIII) is a plasma pro-transglutaminase consisting of
a catalytic A subunit (FXII-A) dimer and a carrier B subunit
(FXTII-B) dimer that circulates in the blood as a heterotetramer.
During the final stage of blood coagulation, FXIII is activated by
thrombin and Ca?!, and the resultant activated FXIIT (FXIIla)
crogslinks the y-glutamyl-e-lysine residues in fibrin and the
t,-plasmin inhibitor as well as fibrin monomers to form stable fi-
brin clots with increased resistance to mechanical stresses and fi-
brinolysis (1-4).

Acquired FXIII deficiency is mainly caused by a secondary
FXII reduction via hypo-synthesis and/or hyper-consumption
due to a primary disease(s) (4, 5). However, anti-FXIII autoanti-
bodies (auto-Abs) cause acquired haemophilia-like disease (or
haemorrha-philia; termed AH13 in this manuscript), which mani-
fests more severe bleeding symptoms than non-autoimmune
haemorrhagic acquired FXIII deficiency (AFD) (5, 6).

Acquired FXIII inhibitors, especially auto-Abs, are classified
into three major types: type I inhibitors that prevent the activation
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of EXIII (7-10); type II inhibitors that interfere with the transami-
nase activity of FXIIIa; and type III inhibitors that are directed
against the fibrin itself, blocking the crosslinking sites for access to
FXIIa. This classification applies to anti-fibrin auto-Abs but not to
anti-FXI1I-B auto-Abs (11, 12). Therefore, we recently proposed
classifying anti-FXIII auto-Abs into types Aa, Ab, and B by their
immunological properties, i.e. directed against FXIII-A, FXIIla,
and FXIII-B, respectively (unpublished data). As of April 2014, ap-
proximately 80%, 10%, and 10% of our 32 AH13 patients belong-
ed to types Aa, Ab, and B, respectively.

AH13 is thought to be rare (13, 14). However, the number of
patients has recently been increasing in Japan (15), probably be-
cause Japan has become a so-called “super-aging” society. In fact,
we have diagnosed 44 Japanese AH13 cases during the last 11
years (as of October 2014; unpublished data), while only eight Jap-
anese AH13 cases were reported by other researchers before 2000,
to the authors’ best kenowlege. In addition, 17 non-Japanese AH13
cases were documented in the last century (4, 13). AH13, however,
is not well known even among Japanese physicians and some pa-
tients never receive the correct diagnosis and proper treatment.
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Many patients with AH13 are considered to have an unexplained
bleeding disorder because decreased EXIII activity cannot be de-
tected by routine coagulation tests such as the prothrombin time
and activated partial thromboplastin time tests.

The definitive diagnosis of AH13 can currently be established
only through time-consuming and expensive laboratory tests, such
as the dot-blot assay and enzyme-linked immunosorbent assay
(BLISA) that are carried out in a limited number of medical facil-
ities. Therefore, a rapid point-of-care test (POCT) (16-19) for
AHI3 is necessary because a prompt differential diagnosis be-
tween AH13 and AFD is essential for proper treatment.

In this study, we generated and characterized mouse mono-
clonal antibodies (mAbs) against human FXIII-A, and developed
an immunochromatographic test (ICT) that rapidly detects anti-
EXII1 auto-Abs to diagnose AH13.

Materials and methods
Materials

Recombinant BXHI-A (rFXII-A) was kindly provided by Zymo-
genetics (Seattle, WA, USA). Recombinant FXIII-B (rEXIIL-B) was
expressed by the baculovirus system and purified as previously de-
scribed (20). Anti-FXIII-A and anti-FXIII-B polyclonal antibodies
(pAbs) were purchased from Calbiochem (San Diego, CA, USA)
and each immunoglobulin G (IgG) was purified and biotinylated
as previously described (21). A horseradish peroxidase (FIRP)-
conjugated anti-mouse IgG, HRP-streptavidin, Protein G-Sepha-
rose, and CNBr-activated Sepharose 4B were obtained from GE
Healthcare Bioscience AB (Uppsala, Sweden). A Tetramethylben-
zidine (TMB) Peroxidase Substrate Kit was purchased from Bio-
Rad Laboratories (Hercules, CA, USA). Bovine chymotrypsin,
thrombin, and Gly-Pro-Arg-Pro(GPRP)-NH, were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Trypsin was purchased
from Wako Pure Chemical Ind. (Osaka, Japan). FXIII-A peptides
were synthesised by Sigma-Genosys (Hokkaido, Japan).

Production of in-house mouse mAbs against human
FXIH-A

Female six-week-old BALB/c mice were subcutaneously immu-
nised every two weeks three times with purified human plasma-
FXIII emulsified in complete Freund’s adjuvant. Four days after in-
traperitoneal booster injections of FXIII, the mouse splenic cells
were fused with NS-1 myeloma cells. Hybridomas producing a
large quantity of anti-FXIII mAbs were screened for their ability to
bind to purified FXIII by a sandwich ELISA using a rabbit anti-
mouse y-globulin antibody. After cloning by limiting dilution sev-
eral times, the selected cell lines were cultured, and monoclonal
antibodies {(mAbs) were purified from culture supernatants by
409 ammonium sulfate precipitation and gel-filtration using a
Sephacryl $-200 column after digestion with pepsin.

Thrombosis and Haemostasis 113.6/2015

ELISA

ELISA was performed as described previously (21) with several
modifications. IgGs of anti-FXIII-A and anti-FXIII-B pAbs were
coated for the measurement of FXIII-A and FXIII-B, respectively.
Three doses (1, 5, and 25 ng) of rEXII-A or rEXIII-B were then
applied and incubated, followed by incubation with in-house
mAbs (1TH2-8C4C, 1TH6~2H7E and 1TH6-10E; 3.3 nM each).
To determine the dissociation constant (Ky) of in-house mAbs
and rFXII-A, ELISA was performed with increasing concen-
trations (0.07-4.3 nM) of the mAbs and a fixed concentration (5
ng, 0.6 nM) of rEXIII-A. Double reciprocal plots of the ELISA sig-
nal versus the concentration of the mAbs were evaluated. A K
value for each mAb was determined as previously described (22).

Dot-blot analyses

Denatured rFXIII-A was prepared by boiling rFXIII-A in 125 mM
Tris-buffer (pH 6.8) containing 0.1% SDS. Native and denatured
rEXIII-A (1, 10, and 100 ng) was spotted on nitrocellulose mem-
branes. A dot-blot analysis was performed as previously described
(23). One of the mAbs against FXIII-A and HRP-conjugated anti-
mouse IgG was used for the primary and secondary antibodies, re-
spectively.

The effect of mAbs on the FXIII activation or FXllla
activity

To detect the inhibitory effects of mAbs against FXIII activation or
FXIITa activity, rEXIII-A (100 ng) was pre-incubated with mAbs (5
ug) at 37°C for 1 hour (h) or thrombin (1 U) at 37°C for 15 min-
utes {min), and then incubated with thrombin (1 U) at 37°C for 15
min or mAbs (5 pg) at 37°C for 1 h.

A standard amine-incorporation (AI) assay was performed
using 5 mM CaCl,, 0.2% N,N-dimethylcasein, 2 mM monodan-
sylcadaverine and 1 U bovine thrombin as previously described (8,
10, 21).

The effect of mAbs on the formation of the FXIII-A,B,
heterotetramer

Four doses (0.2, 1, 5, and 25 pug) of mAbs were incubated with
rEXTII-A (1 pg) in 2% bovine serum albumin overmght at 4°C
and subsequently incubated with rFXIII-B (1 pg) in 20 yl for 20
min on ice. The FXIII-A,B, heterotetramer was detected by ELISA
as previously described (21).

Proteolytic digestion and western blot

Proteolysis of rFXIII-A (2 mg/ml) with trypsin (using an
enzyme-to-substrate ratio E/S 1/500, w/w) was carried out at
37°C for 30 min in 20 mM Tris-buffered saline (TBS), pH 7.5
containing 10 mM CaCl,. A western blot of the digested product
was performed as previously described (23) with several modifi-
cations. One of the mAbs against FXIII-A and HRP-conjugated
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anti-mouse IgG was again used for the primary and secondary
antibodies, respectively.

Epitope analysis using FXIII-A peptide-coated plates
by ELISA

Microtitre plates were coated with FXIII-A peptides (2.5 nmok
Suppl. Table 1, available online at www.thrombosis-online.com) in
100 il of 50 mM carbonate buffer (pH 9.6) overnight at 4°C. The
plates were incubated with in-house mAbs (500 ng), and subse-
quently incubated with HRP-conjugated anti-mouse IgG. The
reaction with the TMB substrate and the termination of the reac-
tion were performed as described (21).

Epitope analysis using mass spectrometry-based
identification of digested fragments bound to each
mAb

Each anti-FXIII-A mAb-Sepharose (1.2 mg mAb/ml) column was
prepared by coupling CNBr-activated Sepharose 4B with the in-
house mAb according to the manufacturer’s protocol. The
rFXTII-A was then incubated with mAb-Sepharose at 4°C for 2 h,
followed by digestion using chymotrypsin (E/S = 1/100) at 37°C
for 6 h. After washing with TBS containing 0.1% Tween 20 and
deionised water, bound peptides were eluted by 0.1 M glycine
buffer (pH 2.5), neatralised by 1.5 M Tris-buffer (pH 8.8), and
subjected to carbamidomethylation with iodoacetamide. For mass
spectrometry (MS) identification, the samples were desalted using
a C-Tip (Nikkyo Technos, Tokyo, Japan) according to the manu-
facturer’s protocol. To determine the ionisation efficiency of each
peptide, rFXITI-A without mAbs was also digested using chymot-
rypsin, and carbamidomethylation and desalting were performed
as described above.

Nanoflow liquid chromatography-tandem MS
(nanoLC-MS/MS)

The desalted peptide solution was analysed by nanoLC-MS/MS as
described previously (24) with several modifications, using the
EASY-nLC 1000 system (Thermo Scieantific, Hudson, NH, USA)
on a nano-capillary column (NTTC-360/75-3, Nikkyo Technos).
The nanoflow system was connected to a Quadrupole Orbitrap
(Q-Exactive, Thermo Scientific) mass spectrometer equipped with
a nanoelectrospray emitter. The mass spectrometer was operated
in data-dependent mode to automatically switch between MS and
MS/MS acquisition. The full-scan spectra (m/z range 350-1800)
were acquired. The 10 most intense ions were sequentially isolated
and fragmented by higher-energy C-trap dissociation (25) at a
normalised collision energy of 28 %.

Peptide identification

Raw file reads were searched against the Swiss-Prot human data-
base (542,503 sequences) using Proteome Discoverer (version 1.4,
Thermo Scientific) with the Sequest HT and Mascot (version 2.3,
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Matrix Science, Tokyo, Japan) search engines. Precursor and frag-
ment mass tolerances were set to 5 ppm and 0.02 Da, respectively.
Cysteine carbamidomethylation was set as a static modification.
The results were filtered using Percolator with a false discovery
rate of 1%. The peak area of each identified peptide was estimated
using Proteome Discoverer.

Clinical samples

The authors consulted physicians in charge of unexplained haem-
orrhagic patients (14, 15). From June 2009 to July 2014, patients
with severe bleeding who did not have a personal or family history
of bleeding or abnormal clotting times were recruited for this
study. Control plasma samples were obtained from healthy volun-
teers. This study was approved by the Institutional Review Board
of the Yamagata University School of Medicine. All procedures
were conducted in accordance with the Declaration of Helsinki.
Informed consent was obtained from all individuals.

ICT for the detection of anti-FXIH-A auto-Abs

The entire ICT procedure is summarised and an example is shown
in Suppl. Figure 1 (available online at www.thrombosis-online.
com). The in-house mAb, ITH2-8C4C, was dispended onto a ni-
trocellulose strip (test line). Patient or healthy control plasma
samples (1:10 dilution) were applied to a 96-well microtitre plate.
The strip was then inserted into a well for 5 min at 37°C, and after
three washes, the strip was immersed in a solution containing the
anti-human IgG Ab-gold conjugate for 15 min at 37°C. Reactions
were read using a reader device (FactScan, Denken Co,, Ltd., Oita,
Japan) and expressed as an absorbance unit relative to that of a
plasma sample from an AH13 patient (AH13-Aa-1) (assigned as 1
arbitrary unit, AU).

Spiked ICTs

Equal volumes of patient and commercially available pooled nor-
mal plasma (Sysmex, Kobe, Japan) were mixed and incubated at
37°C for 2 h prior to ICT (termed spiked ICT). To this reaction
mixture, an equal volume of thrombin (0.01 U) in TBS containing
10 mM CaCl, with or without 1 mM GPRP-NH, was added and
incubated at 37°C for 2 h, Samples were then diluted 5-times with
a dilution buffer for ICT.

Comparison of ICT and conventional dot-blot analysis

Conventional dot-blot analyses of clinical samples for the detec-
tion of anti-FXIII-A auto-Abs were performed as previously de-
scribed (23). The sensitivity of the dot-blot analysis and direct and
spiked ICTs was calculated from the results of 16, 15, and 16
samples from patients with AHI3, respectively. The specificity of
these tests was calculated from results of 23 patients with AFD. To
assess the agreement between direct or spiked ICT and the dot-
blot analysis, the kappa coefficients were calculated as previously
described (26).
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Statistical analysis

For statistical analysis, values were expressed as mean + standard
deviation. Comparisons between groups were performed using
Kruskal-Wallis tests of SAS Enterprise Guide 6.1 (SAS Institute,
Cary, NC, USA). Differences were considered significant at
p-value of <0.05. Receiver operating characteristic (ROC) curve
was used to determine the optimal cutoff values and the areas
under curve (AUC) for ICT data.

Results
Characterisation of mouse mAbs against human
FXHI-A

We first characterised three in-house mAbs for use in development
of an ICT for detection of anti-FXIII-A auto-Abs; all mAbs readily
detected native rFXIII-A at concentrations of 10 and 100 ng by
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Figure 1: Reactivity of in-house mouse mAbs to human FXIlI-A. A)
Anti-FXIIFA mouse monodlonal antibodies (mAbs) (50 ng; 3.3 aM),
1TH2~8C4C (closed triangles, open triangles), 1TH6~2H7F (closed triangles,
open triangles), or 1TH6-10E {closed squares, open squares) recognised
TEX1H-A. Three doses (1, 5, 25 ng) of rEXili-A {closed dircles, closed triangles,
closed squares) or rFXIII-B {open circles, open triangles, open squares) were
captured by anti-FXIII-A or anti-FXIiI-B pAbs (1 pg each), respectively, Data
are presented as the means of two replicates with standard deviations (SD).
A, absorbance. B} A double reciprocal plot of the ELISA signal versus the con-
centration of anti-FXIli-A mAbs. A fixed concentration of rFXIlI-A (5 ng; 0.6
nM) was captured by anti-FXIiI-A pAb (1 pg), and detected by increasing
concentrations {0.07-4.3 nM) of mAbs, 1TH2-8C4C (closed circles),
1TH6-2H7F (closed triangles), or 1TH6-10E (closed squares). Data are pres-
ented as the means of two replicates,
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dot-blot analyses (data not shown). Denatured rFXIII-A, however,
was detected unambiguously only at 100 ng. Therefore, these
mAbs recognized native rFXIII-A approximately 10 times more
efficiently than denatured rFXIII-A.

All of the three mAbs bound to rEXIII-A in a dose-dependent
manner in ELISA (B> Figure 1A). We also determined a K value
for each mAb against FXTII-A using double reciprocal plots of the
ELISA signal versus the concentration of mAbs (B> Figure 1B).
The plots were linear and the K values of 1TH2-8C4C,
1TH6-2H7E and 1TH6-10E were 9.3 x 107, 1.4 x 10", and 1.2
x 1071 M, respectively.

When these mAbs were pre-incubated with rFXIII-A prior to
thrombin activation, Al activities in the presence of 1TH2-8C4C,
1TH6-2H7F, and 1TH6-10E were 116 + 5, 117 + 9, and 122 #
14% (n = 3), respectively. These values were slightly higher com-
pared with that obtained in the absence of mAbs (assigned as
1009%). Because we did not inactivate thrombin, mAbs may have
protected rFXII-A from extensive digestion of rFXIII-A by
thrombin (incubated for a total of 45 min) and its consequent
degradation.

We also tested whether mAbs inhibit FXIIIa pre-activated by
thrombin. AI activities of FXIIla in the presence of 1TH2-8C4C,
1THG6-2H7F, and 1THG6-10E were 174 £ 3, 160 * 3, and 183 £
119% (n = 3), respectively. These values were considerably higher
compared with the values obtained in the absence of mAbs (100%)
(incubation for a total of 1 h and 45 min). These results indicate
that the mAbs do not inhibit either FXIIIa activity or FXIII acti-
vation. In addition, all three mAbs may bind near the FXIITa inac-
tivation site between the core and barrel-1 domains.

Finally, the heterotetramer formation was, in the presence of
0.2, 1, 5, and 25 pg of 1TH2-8CAC, 82, 71, 134, and 101%, respect-
ively, compared with that in the absence of mAbs (100%). The het-
erotetramer formation was 91, 116, 137, and 87 % in the presence
of ITH6~2H7E, and 121, 117, 83, and 107% in the presence of
ITH6-10E, respectively. These results indicate that the three
mAbs do not inhibit FXIII-A,B, heterotetramer assembly.

Epitope analysis of each mouse mAb

Western blot analysis of trypsin-digested yFXTII-A was performed
to determine the approximate regions recognised by mAbs. There
were three major bands, 24, 54, and 76 kDa visualised by Coo-
magsie staining, corresponding to the barrel-1 and -2, B-sandwich
and core, and B-sandwich and core and barrel-1 and -2 domains,
respectively. However, the 24 and 76 kDa bands, but not the
54-kDa band, were detected by all three mAbs, indicating that all
three mAbs recognise the barrel-1 or barrel-2 domain.

‘We used 35 synthesised peptides with sequences covering 83% of
the FXTII-A molecule to localise the epitope(s) of each mAD (Suppl.
Table 1, available online at www.thrombosis-online.com). All mAbs
bound to the FXIII-A-peptides (P) 3, 5, 26, 27, 28, and 29 coated on
plates and generated strong ELISA signals over 0.05 (absorbance at
450 nm, Suppl. Figure 24, available online at www.thrombosis-on
line.com). There were some differences in the binding intensity to
the peptides between these mAbs, e.g. 1TH2-8C4C bound to P5
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and P28, 1TH6-2H7F to P27 and P29, and 1TIH6-10E to P3 and
P26 more strongly than the other two mAbs, respectively. These re-
sults suggested that the epitopes of the mAbs were organised as epi-
topic mosaics distributed around the p-barrel-1 and/or p-sandwich
domains of the FXII-A molecule, and thus these might be discon-
tinwous ‘structural/conformational’ epitopes.

Epitope mapping of each mouse mAb by MS of
enzyme-digested fragments

To further localise the mAbs epitopes rFXIIT was digested with
chymotrypsin, and the rFXIII-A-derived fragments bound to each
mAb were identified using MS. Chymotrypsin digestion produced
79, 58, and 56 fragments of yFXII-A bound to ITH2-8C,
1T6-2H7E and 1THG10E, respectively, and of these nine, seven,
and six major fragments were detected, respectively, with peak
areas of over 10° (1.000E9), that originated from the B-sandwich
and barrel-1 domains of FXIII-A (Suppl. Figure 2B and Suppl.
Table 2, columns 11-13 highlighted, available online at www.
thrombosis-online.com). In contrast, among 80 chymotrypsin-di-
gested fragments derived from the same amount of rFXIII-A alone
(Total), 54 fragments had peak areas of more than 10° and orig-
inated from domains throughout the entire FXIII-A molecule
(Supp!. Figure 2B and Suppl. Table 2, total area in column 14 high-
lighted, available online at www.thrombosis-online.com).

The relative peak areas of the major mAb-bound fragments to
the Total areas (Suppl. Table 2, column 14, available online at
www.thrombosis-online.com) were estimated (in parentheses).
The estimated relative area of FXII-A-(amino acid
numbers145-157), -(581-588), -(581-594), and -(607-619) bound
to 1TH2-8C4C, those of FXIII-A-(581-588) and -(607-619)
bound to ITH6-2H7F and 1THG6-10E, and that of
FXIII-A-(581-594) bound to 1THG-2H7F were more than 0.5.

These results clearly indicated that the epitopes of all three
mAbs were located primarily in the f-barrel-1 domain.

Development of a direct ICT using the in-house mAh

We developed an ICT for detection of anti-FXIII-A auto-Abs using
1TH2-8C4C because it demonstrated the highest affinity to
rEXIII-A among the three mAbs. W first carried out 20 trial runs
of a healthy control plasma sample on different days to assess the
reproducibility of the ICT. The mean and standard deviation (SD)
of the test line signal intensity were 0.09 and 0.03 AU, respectively.

We then determined a mean and SD using the plasma of 24
healthy controls to establish a cut-off value of the test (P> Figure
2A). The mean and SD of the test line intensity were 0.08 and 0.05
AU, respectively. We therefore established the cut-off value of 0.18
AU for the present ICT using the mean plus 2 $Ds.

Evaluation of the direct ICT for detection of
anti-EXIll-A auto-Abs in clinical samples

We performed the ICT on plasma samples from 38 AHI13-sus-
pected patients to determine whether anti-FXIII-A auto-Abs were
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present. As a result, 12 samples yielded a positive reaction in the
ICT, while 26 samples yielded a negative reaction (B>Figure 2B
and C). The conventional dot-blot assay used for definitive diag-
nosis classified 14 samples as positive for anti-FXIII-A auto-Abs
and 24 samples negative (Suppl. Table 3, available online at www,
thrombosis-online.com).

One (AFD-10) of the 12 positive samples assessed using ICT
was considered to be a false positive because of the negative results
obtained with the dot-blot assay and cross-mixing tests (data not
shown). However, four of the 26 negative samples determined by
ICT were false negatives. Therefore, the specificity of the ICT to
detect anti-FXTII-A auto-Abs was 96% (22/23), while the sensitiv-
ity was 73% (11/15). A kappa coefficient of 0.77 was in the “good
to fair” agreement range between the ICT and dot-blot assays.

Evaluation of spiked ICT for detection of anti-FXill-A
auto-Abs

Several patients with AH13 have extremely low levels of FXIII-A,
and therefore the quantity of a quadripartite complex consisting of
mAb (1TH2-8C4C), FXIII-A, auto-Abs, and anti-human IgG Ab-
gold conjugate is not sufficient to be detected by the ICT. This is
the most probable reason why the sensitivity of the direct ICT was
not high. We therefore spiked an equal volume of healthy control
plasma, 2 h prior to ICT, to provide sufficient FXIII-A for detec-
tion by ICT (Suppl. Figure 1C, available online at www.thrombo
sis-online.com).

We applied this spiked ICT to plasma samples from 39
AH13-suspected patients. One patient was examined by spiked
ICT alone, when we did not have enough assay reagents, As a re-
sult, 18 cases yielded a positive reaction in the spiked ICT, while 21
cases yielded a negative reaction. Three (AFD-9, AFD-10 and
AFD-19, I>Figure 3A) of the 18 positive samples assessed using
spiked ICT were considered to be false-positives, as described
above, while one (type B AH13 patients) of the 22 negative
samples were considered to be a false-negative. Therefore, the spe-
cificity of the spiked ICT was 87 % (20/23), while the sensitivity
was 949% (15/16). The kappa coefficient of 0.79 was in the “good to
fair” agreement range between the spiked ICT and the dot-blot
analyses.

Performance of spiked ICT for detection of auto-Abs
in patients with various types of AH13

The ICT spiked with healthy control plasma could detect auto-Abs
in all patients with AH13 type Aa (from AH13-Aa-1 to -Aa-14)
and one type Ab (AH13-Ab-3) (¥>Figure 3B), but not in a type B
case (AH13-B-3). We therefore applied the spiked ICT to various
AH13 cases including types Aa, Ab, and B to evaluate its perform-
ance. All samples from AH13 type Aa cases, as well as two type Ab
and one B cases (AH13-Ab-1 and -3, and AH13-B-1) yielded posi-
tive reactions, while the remaining three cases (AH13-Ab-2 and
AH13-B-2 and 3) yielded negative reactions (B> Figure 3B).
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Modification of spiked ICT with FXllia for detection
of AH13 type Ab

In order to improve the detection of AH13 type Ab, we spiked ICT
with rFXIIIa pre-activated by thrombin because AH13 type Ab
preferentially reacts with FXIITa. As a result, we successfully de-
tected auto-Abs in samples from all patients with type Ab (B> Fig-
ure 4A), but not in a healthy control plasma. This was also true for
when the ICT spiked with healthy control plasma was performed
after thrombin-treatment in the presence of calcium and the re-
sultant serum was used (B Figure 4B).

Correlation between ICT values and FXIiI levels

Both direct and spiked ICTs (B-Figure 5) were significantly in-
versely correlated with FXIII activity levels but not with those of
FXIII antigen in AH13 cases (Suppl. Figure 3, available online at
www.thrombosis-online.com). Therefore, high ICT values may be
implicated in pathogenic and pathologic conditions, i.e. a severe
FXIII deficiency in AH13 patients.

Evaluation of direct and spiked ICTs by ROC curve
analysis

We performed ROC carve analysis of our direct ICT by which pa-
tients with or without AH13 (24 healthy control, 23 AFD and 19
AH13) were diagnosed. As a result, the best cut off value of direct
ICT was turned out to be 0.14 AU (Suppl. Figure 4, available on-
line at www.thrombosis-online.com); the specificity and sensitivity
of direct ICT were 89% (42/47) and 68% (13/19), respectively. The
area under curve (AUC) was 0.74, which could be judged as mod-
erately accurate (0.7<AUC<0.9) according to an arbitrary guide-
line (27). The specificity and sensitivity of direct ICT with a cut-off
value of 0.18 AU (average + 25D) were 94% (44/47) and 58%
(11/19), respectively.

We also performed ROC curve analysis of spiked ICT by which
patients with or without AH13 (24 healthy controls, 23 AFD and
20 AH13) were diagnosed. As a result, the optimal cut-off value for
our spiked ICT was 0.23 AU; the specificity and sensitivity of
spiked ICT were 98% (46/47) and 80% (16/20), respectively. The
AUC was 091, which could be judged as highly accurate
(0.9<AUC< 1). The specificity and sensitivity of spiked ICT with a
cut-off value of 0.18 AU (average + 25D) were 91% (43/47) and
809% (16/20), respectively. These results indicated that the cut-off
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