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as previously described (23) with several modifications. One of the
mAbs against FXIII-A and HRP-conjugated anti-mouse IgG was
again used for the primary and secondary antibodies, respectively.

Epitope analysis using FXHi-A peptide-coated pylates
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 pl 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
rFXIII-A was then incubated with mAb-Sepharose at 4°C for 2 b,
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), neutralised 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, rEXIIT-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 Scientific, 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,
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Thermo Scientific) with the Sequest HT and Mascot (version 2.3,
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 Jane 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-FXHI-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, 1TH2-8C4C, 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 detection
of anti-FXIII-A auto-Abs were performed as previously described
(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 AH13, respectively. The specificity of these tests was
calculated from results of 23 patients with HAFD. 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
FXill-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 FXIi-A. A)
Anti-FXIII-A mouse monoclonal antibodies {mAbs) (50 ng; 3.3 nM),
1TH2-8CAC (closed triangles, open triangles), 1TH6-2H7F (closed triangles,
open triangles), or 1TH6-10E {closed squares, open squares) recognised
TEXII-A, Three doses (1, 5, 25 ng) of rFXIll-A (closed circles, closed triangles,
closed squares) or rFXIiI-B (open circles, open triangles, open squares) were
captured by anti-FXIII-A or anti-FXI[i-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-FX!I-A mAbs. A fixed concentration of rFXill-A (5 ng; 0.6
nM) was captured by anti-FXHI-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 rEXIII-A, however,
was detected unambiguously only at 100 ng. Therefore, these
mAbs recognized native rFXIII-A approximately 10 times more
efficiently than denatured rEXIII-A.

All of the three mAbs bound to rFXIII-A in a dose-dependent
manner in ELISA (B-Figure 1A). We also determined a K, value
for each mAb against FXIII-A using double reciprocal plots of the
ELISA signal versus the concentration of mAbs (BFigure 1B).
The plots were linear and the Ky values of 1TH2-8C4C,
1TH6-2H7E and 1TH6-10E were 9.3 x 107!, 1.4 x 1019, and 1.2
x 10710 M, respectively.

‘When these mAbs were pre-incubated with rFXIII-A prior to
thrombin activation, AT activities in the presence of 1TH2-8C4C,
1TH6-2H7E, 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
100%). 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 FXIIla pre-activated by
thrombin. Al activities of FXIIIa in the presence of 1TH2-8C4C,
1TH6-2H7F, and 1TH6-10F were 174 £ 3, 160 + 3, and 183 &
11% (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 FXIITa activity or FXTII acti-
vation. In addition, all three mAbs may bind near the FX1ITa 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 1TH2-8C4C, 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 1TH6-2H7E, and 121, 117, 83, and 107% in the presence of
1TH6-10E, respectively. These results indicate that the three
mAbs do not inhibit FXTII-A,B, heterotetramer assembly.

Epitope analysis of each mouse mAb

Western blot analysis of trypsin-digested rFXIII-A was performed
to determine the approximate regions recognised by mAbs. There
were three major bands, 24, 54, and 76 kDa visualised by Coo-
massie 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 FXIII-A molecule to localise the epitope(s) of each mAb
(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 2, available online at www.
thrombosis-online.com). There were some differences in the bind-
ing intensity to the peptides between these mAbs, e.g.
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1TH2-8C4C bound to P5 and P28, 1TH6-2H7F to P27 and P29,
and 1TH6-10E to P3 and P26 more strongly than the other two
mADbs, respectively. These results suggested that the epitopes of the
mAbs were organised as epitopic mosaics distributed around the
B-barrel-1 and/or -sandwich domains of the FXIII-A molecule,
and thus these might be discontinuous ‘structural/conformational’

epitopes.

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

To further localise the mAbs epitopes rFXIII 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 rFXIII-A bound to 1TH2-8C,
1T6-2H7E, and 1TH610E, 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 -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
(Suppl. 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 FXIII-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 1TH6-2H7F and 1TH6-10E, and that of
EXIII-A-(581-594) bound to 1TH6-2H7F were more than 0.5.

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

Development of a direct ICT using the in-house mAb

We developed an ICT for detection of anti-FXIII-A auto-Abs using
1TH2-8C4C because it demonstrated the highest affinity to
rFXIII-A among the three mAbs. We 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 (B>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 SDs.
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Evaluation of the direct ICT for detection of
anti-FXI1i-A auto-Abs in clinical samples

We performed the ICT on plasma samples from 38 AHI3-sus-
pected patients to determine whether anti-FXIII-A auto-Abs were
present. As a result, 12 samples yielded a positive reaction in the
ICT, while 26 samples yielded a negative reaction (»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-FXIII-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-FXIiI-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, P>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 94% (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 AHI13 type Aa (from AH13-Aa-1 to -Aa-14)
and one type Ab (AH13-Ab-3) (B> Figure 3B), but not in a type B
case (AH13-B-3). We therefore applied the spiked ICT to various
AHI3 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
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Figure 2: Development of a direct ICT to
detect anti-FXIIl-A auto-Abs, The absorbiance
is shown for 24 healthy control plasma samples
(HC-1 to HC-24) (4), 23 samples from patients
with AFD (AFD-1 through AFD-23) (B), and 15
samples from patients with AH13 (AH13-Aa-1,
-Aa-3 through -Aa-14, -Ab-3, and B-3) (C). The
cut-off value is indicated by a dashed line. ND,
not detectable.

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 (P Figure 3B).

Modification of spiked ICT with FXllla for detection
of AH13 type Ab

In order to improve the detection of AH13 type Ab, we spiked ICT
with rFXIITa pre-activated by thrombin because AH13 type Ab
preferentially reacts with FXIIIa. As a result, we successfully de-
tected auto-Abs in samples from all patients with type Ab (»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 FXIH levels

Both direct and spiked ICTs (B>Figure 5) were significantly in-
versely correlated with FXIIT 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
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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 curve 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 + 2SD) were 94% (44/47) and 58%
(13/19), 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
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Figure 3: Modification of ICT after spiking
with normal plasma samples. The absorb- A
ance is shown for 23 plasma samples from pa-

ORI

tients with AFD (AFD-1 through AFD-23) (A) and 28
20 samples from patients with AH13 o524
(AH13-Aa-1 through -Aa-11, and -Ab-3) (B). The 22
results of 13 AH13 cases of type Aa (AH13-Aa-1 o '8
through Aa-13), 3 of type Ab (AH13-Ab-1 512
through Ab-3), and 3 of type B (AH13-B-1 08
through B-3) are represented as a gray, closed, Lo "';

and open bars, respectively. * indicates samples
(AH13-Ab-1, Ab-2, B-1, and B-2) that have al-

ready been diagnosed as AH13. The cut-off value B
is indicated by a dashed line. ND, not detectable.

Test Line A (AU)

Figure 4: Application of ICTs to various

types of AH13. A) The absorbance is shown for
one healthy control plasma sample (HC-2) and A
three samples from patients with AH13 type Ab
(AH13-Ab-1 to Ab-3). “Mere ICT", "ICT spiked
with healthy control plasma”, and “ICT spiked

HC2 AH13-Ab-1 AHIBAD3

with FXllla” are represented as open, gray, and
closed bars, respectively. A cut-off value is indi-
cated by a dashed line. B) The absorbance is
shown for one healthy control plasma sample
(HC-2) and three samples from patients with
AH13 type Ab (AH13-Ab-1 through -Ab-3). The
results of 1CTs spiked with healthy control plas-
ma in the absence (open bars) or the presence
of thrombin and CaCl, without (gray bars) or

Test Line A (AU)

with GPRP -NH2 {closed bars) are shown. The B
cut-off value is indicated by a dashed line.

AH13-Ab-;

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
values obtained by ROC curve analysis and by average + 2 SD
made comparable performance in ICTs. We therefore kept cut-off
values obtained by average + 2 SD.
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Discussion

This is the first report of a rapid test for the detection of anti-
FXIII-A auto-Abs, which cause a life-threatening bleeding disease
termed AH13. In this study, we first characterised three in-house
mADbs in detail to confirm the rational basis for their use in an im-
portant life-saving diagnostic method. We then developed an ICT

Thrombosis and Haemostasis 113.6/2015

on 2015-03-0511D: 1001059073 | 1P: 133.24.128.7¢

Note: Uncorrected proof, epub ahead of print online
For personal or educational use only. No other uses without permission. Al rights reserved.

p=0.0085 p<0.0001
] ™
2 , 3 .
51,6 4 : 525 4 ;
< p=0.0073 | < 5 | :
=124 1| i = :
o : ©45 | p<0.0001| !
5038 - H K 14 U
e : = :
0804 - ; &05 4 : &
0 L= -L : B & 0 _éé 5 = =
DR L. L L D 9 X
CFEFET ToTpER EFEOTS Fofo . 8
EYEE FIFETE FRETEE R PIAET
N ~ < 4
A TEES FEFEFETS
3
25 ®AFD
g,
]
2 1,5 °
-
3 1
®
0,5
R Pe0.0001 ‘
0,00 0,50 1,00 1,50 2,00
B Direct ICT (AU)
160 160
140 - ©® © AFD 140 1® © AFD
120 OAH13 « 120 {@
< 100
] < 100 4 g
g a0 Z so0
2 60 9§ p-0.40 o 60 2@ p0.6412
< 40 40
20 P=0.022 20 P=0.0034
1] [1]
0,00 0,50 1,00 1,50 2,00 o o5 1 15 2 25 3
C Direct ICT (AU) Spiked ICT (AU)

Figure 5: The correlation between ICT values and FXIlt levels. A) Valu-
es of direct (left) and spiked (right) ICTs are shown. The results are presented
as box-and-whisker plots denoting the median, interquartile range, and the
minimum and maximum data points. The values of both direct and spiked
ICTs were significantly higher in AH13 cases than in the healthy controf (HC)
group (0.60 + 0.61 vs 0.08 + 0.05, P = 0.0073 and 0.78 + 0.54 vs 0.08 4
0.05, P <0.0001, respectively) and HAFD patients {vs 0.09 + 0.07, P =
0.0085 and vs 0.1 = 0.09, P <0.0001, respectively). *; activated by throm-
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bin in the presence of calcium. B) The correlation between direct and spiked
ICTs are shown. There was a strong correlation between direct and spiked
ICTs for both the AH13 and AFD groups (R? = 0.62 and P = 0.0001; R? = 0.67
and P <0.0001, respectively). C) Direct (left) and spiked (right} ICT values vs
FXIlt ammonia release (AR) activity (Act) levels are shown. For AH13 cases
{open circles), a significant inverse correlation between both direct and
spiked ICT values and FXHII-AR Act was observed (slope =—7.7, R?=0.30,P =
0.022 and slope = ~10.4, R? = 0.43, P = 0.0034, respectively).
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to detect anti-FXIII-A auto-Abs and to differentiate AH13 cases
from other HAF13D patients. The latter is essential for the proper
treatment of AH13 because administration of immunosuppressive
agents is indispensable for its Ab eradication therapy.

Among our three in-house mAbs against human FXIII-A,
1TH2-8C4C, had the highest affinity toward FXIII-A, and there-
fore it was selected as a capture antibody to be coated onto the sur-
face of the assay membrane. This mAb was also confirmed to bind
to the B-barrell-1 domain, a region where no function of FXIII-A
had been assigned, to the best of our knowledge. This is consistent
with the findings that none of our mAbs inhibited either the pro-
teolytic activation of FXIII by thrombin or the catalytic activity of
activated FXIIIa. Furthermore, the three mAbs did not interfere
with the heterotetramer assembly between FXIII-A, and FXIII-B,
dimers.

Taken together, 1TH2-8C4C is the most suitable Ab for the
present ICT because it would not compete with patients’ inhibitory
anti-FXIII-A auto-Abs that target the plasma transglutaminase re-
gions of FXIII-A. Thus, ITH2-8CAC can detect not only non-neu-
tralising auto-Abs but also neutralising auto-Abs against FXIII-A.

There are at least two major difficulties to overcome in develop-
ing an ICT to detect anti-FXIII-A auto-Abs in AH13 cases. The
first is the Jow amounts of FXIII-A antigen that is frequently ob-
served in patients’ plasma. Our “direct ICT” can detect only an im-
mune complex between FXIII-A antigen and its auto-Abs, but not
free anti-FXIII-A Abs. Therefore, our direct ICT is made for the
detection of only complexed anti-FXIII-A auto-Abs. This problem
was overcome by employing the “spiked ICT,” in which a normal
amount of FXIII-A in control plasma was added to a patient’s
sample, Subsequently, the exogenous FXIII-A antigen supplied by
the control plasma would be bound by free anti-FXIII-A auto-Abs
in a patient’s plasma, resulting in the formation of an additional
amount of FXIII-A antigen-anti-FXIII-A auto-Ab complex. Ac-
cordingly, our spiked ICT can measure the total anti-FXII[-A
auto-Ab level, if the quantity of a patient’s anti-FXIII-A auto-Abs
does not exceed the amount of FXIII-A antigen in the control plas-
ma. In fact, this spiked ICT diagnosed all type Aa cases, without
exception,

The second problem is harder to overcome, because it is based
on the fundamental mechanisms of action of anti-FXIII auto-Abs.
As described previously, there are at Jeast three types of anti-FXIII
auto-Abs, type Aa, Ab, and B, directed exclusively toward native
EXIII-A, activated FXIII-A, and FXIII-B, respectively. Actually,
some AH13 samples of either type Ab or B auto-Abs were classi-
fied as “false-negative”. We therefore modified our ICT by adding
pre-activated rFXIIa into the original ICT reaction mixture, and
successfully detected auto-Abs in all type Ab cases. A serum
sample made from a mixture of type Ab and normal control plas-
ma was used for ICT of AH13-suspected patients “in the field,” be-
cause endogenously generated thrombin can activate FXIH-A in
normal control plasma to form an immune complex between acti-
vated FX1ITa antigen and anti-FXIIla auto-Abs.

Conversely, it is impossible to detect the type B auto-Abs by our
current ICTs, because this type of auto-Abs is directed to the
FXIII-B. We are developing another ICT to detect the type B auto-

© Schattauer 2015

Abs using in-house mouse mAbs generated against FXIII-B, in the
near future,

Our ultimate goal is to make our ICT suitable as a POCT
(16-19), because a prompt detection of anti-FXIIII auto-Abs can
lead to an immediate decision to start immunosuppressive treat-
ment for patients with otherwise unexplained bleeding. To adapt
our ICT system to a fully assembled POCT devise (17, 19), the cur-
rent methods may need to be optimised further. In addition, incor-
porating a positive control of anti-EXIII Abs into a test strip as a
control line will improve the usefulness of the test because it will
reduce the number of strips as well as reagents needed to perform
the assay. Although the present ICT study was carried out using a
bench top absorbance reader, it was possible to read results visually
(by three independent examiners in our laboratory, data not
shown).

In conclusion, we have developed a new, rapid, and easy-to-use
ICT for anti-FXIII-A auto-Abs that diagnoses 90% of AH13 pa-
tients. This novel ICT method may be applicable to a POCT, and
contribute to saving more AH13 patients’ lives.
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Anti-factor Xl A subunit (FXIlI-A) autoantibodies block FXilI-
ElA,B, assembly and steal FXIII-A from native FXIII-A;B;
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Summary. Background: Autoimmune hemophilia-like dis-
ease (hemorrha-philia or hemorrhagic disorder) caused by
anti-factor XIII antibodies (termed AH13) or ‘autoim-
mune FXII deficiency’ is a life-threatening bleeding
disorder. AH13 was thought to be rare worldwide. Objec-
tives: Because the number of diagnosed AHI3 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 path
logic mechanism(s) of AHI3. Methods: We diagn
AHI13 cases during the last 11 years according to

blot assay and ELISA, and characterized 33 of th
immunologically and biochemically. Results: T

bodies not only prevented assembl I11-A;B;
heterotetramers, but also removed [ from native
FXIII-A,B; heterotetramers by forming an EXIII-A-1gG
i -in three cases,
1I-A and inhibited
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nce of FXIII, and thus could be
diagnosed exchus: with immunologic methods. Conclu-
sion: There are three'major types of anti-FXIII autoanti-
body, wi istinct targets and mechanisms that cause

ntibody  diversity; autoimmune diseases;
se; hemorrhagic disorders; immunosuppres-

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
(FXIII-B) [1-3]. Activation of FXIII proceeds through
several distinct steps: the activation peptide (AP) of
FXIII-A is cleaved by thrombin, generating an activation
intermediate (A’;B,), and FXIII-B dissociates from
FXIII-A' in the presence of calcium, converting A’,B, to
activated FXIII (FXIII-A*) {4,5]. FXII-A* crosslinks
fibrin monomers, and also fibrin to ap-plasmin inhibitor
(012-PI), 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
(AH13) or ‘autoimmune FXIII deficiency’ is a rare life-
threatening bleeding disorder [6-8] that mainly occurs in
older adults. Approximately half of AH13 cases are idio-
pathic, and the remaining cases are associated with auto-
immune diseases, malignancies, etc.

AH13 was considered to be rare worldwide [6,9],
although a number of patients may have been over-
looked, owing to lack of awareness and/or the absence of
proper screening tests for FXIII deficiency. In addition,
FXIII 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
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bad no past history, family history, or abnormal clotting
times, and reported 12 cases of AH13 as of June 2010 [9].
The number of diagnosed AH13 cases has increased to a
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 AHI13 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 FXIII-A (rFXIII-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-FXII-A mAb was obtained from
Reed (Massachusetts General Hospital, Boston, MA, USA).
Anti-FXIII-A polyclonal antibody (pAb) was gencrated
in-house. Anti-FXHI-B antiserum was purchased from
Nordic Immunological Laboratories (AX Eindhoven, The
Netherlands). Peroxidase-conjugated anti-human IgG was
purchased from MP Biomedicals (Solon, OH, USA). Biotin:
conjugated anti-human IgG; and 1gG, antibodies, bovi
thrombin, heparin, N,N-dimethylcasein and monoda
daverine were purchased from Sigma-Aldrich (
MO, USA). Horseradish peroxidase (HRP)-conjugate
human IgG, and IgG; antibodies were purch

science AB (Uppsala, Sweden).
(TMB) peroxidase substrate kits were purc
Rad Laboratories (Hercules, CA, USA). FXIIT-deficient
plasma was obtained from George-Ki dical (Over-
ained from
1 antibody was
tario, Canada).

he “inistitutional review
School of Medicine
in accordance with

assays, ammo:
ing analysis w

elease (AR) assays and fibrin crosslink-
erformed as described previously [12].

ELISA for anti-FXIIl autoantibodies

Recombinant A,B, (rA;B,) was prepared by mixing
equal amounts of recombinant FXIII-A (rFXIII-A) and

rFXIII-B. The activation intermediat recombinant
FXIUI-A’ (tFXIII-A’) and recombina: 2By (tA’3By)
were generated by incubation of each'of rFXIII-A and
rA,B,, respectively, with thrombin (1
37 °C for 20 min, followed by the
antithrombin (5 U eachto 1 U of
lar CaCl, was added to tFXIII-A’
activated recombinant FXIII-A®
nant A*B, (rA¥;Bs) (rA*;  By), respectively. One micro-
liter of plasma was incub: with 200 ng of recombinant
FXIII at 37 °C for 2 h, 100-fold with 20 mm
Tris-HCI (pH 7.5) and 15 :NaCl (TBS) containing 2%
bovine serum album ). ‘Ten microliters of diluted
plasma was app ell plate coated with an anti-
FXIII-A mAb 1I-B antibody, and incubated
for 2 h at room. erature. The plate was incubated with
peroxidase-conj d anti-human IgG. After washing,
te was allowed to react for 10 min, and the
terminated by addition of 0.5 M sulfuric acid.

¢G4 -antibodies coupled with HRP-conjugated
nd HRP-conjugated anti-human IgG, and

Inhibition of rFXIii-A* activity

Teti micrograms of rFXIII-A were reacted with 5 U of

. thrombin in a 0.5-mL mixture at 37 °C for 30 min, and

he reaction was terminated by addition of 10 U of anti-
thrombin and 100 U of heparin. Ten microliters of the
rFXII[-A" preparation were mixed with 40 puL of plasma
at room temperature for 30 min. Ten-microliter aliquots
of plasma and the rFXIII-A’ mixture were reacted with
0.2% N,N-dimethylcasein, 2 mM monodansylcadaverine,
5mm CaClp, 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 patient 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 urea, 1% SDS, and 50 mm Tris-HCl
(pH 8.0), and the reaction mixture was boiled with 0.1 mL
of SDS-reducing (5% B-mercaptoethanol) 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-FXIII-A pAb.

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

Forty nanograms of A,B, complex were incubated
with 4 uL. of plasma in 0.2 mL of TBS at 37 °C for 1 h.

© 2015 International Society on Thrombosis and Haemostasis
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Fifty-microliter aliquots were reacted with 0.05, 0.1 or
0.2 U of thrombin and 5 mM CaCl, in a 0.1-mL mixture
at 37 °C for 20 min, and diluted to 1 : 10 with TBS con-
taining 2% BSA. The quantity of A;B, complex remain-
ing after the reaction was determined by ELISA.

AB; complex formation assay

Five nanograms of rFXIII-A were preincubated with
1 uL of plasma in 5 puL of TBS at 37 °C for 1 h. Ten
nanograms of rFXIII-B in 5 pL 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 A;B, complex formed was measured by
ELISA.

Gel-filtration analysis

One hundred microliters of plasma was applied to a
Sepharose CL6B column (45 mL), and eluted with TBS.
Fractions of 0.8 ml. were collected. The quantities of
FXI-A, FXII-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
autoantibodies

Twenty nanograms of A,B, complex were incubated
with 0.4 puL of plasma in 20 pL TBS at 37 °C
4, 8, 12, or 24 h. The mixture was diluted
of TBS containing 2% BSA. The quanti
complex and FXIII-A-bound IgG were"
ELISA.

Statistical analysis

ELISA and Al activity were
times for individual samples. Compa;
by use of the Mann-Whif
and correlation between pa
man’s coefficient were performe
gram mp (version 11.0.0,
and - differenices were

at” least three
Ween groups
skal-Wallis tests
he use of Spear-
th the software pro-
te, Cary, NC, USA),
be statistically signifi-

FXIII autoantibodies. Among the
cases, 33 patients were positive for
dies (IgGs) according to our in-house
§ able S1), and were therefore diagnosed
as having AHI13. The remaining 55 patients were diag-
nosed with hemorrhagic acquired FXIII deficiency 8],
because they did not possess either anti-FXIII antibodies
or FXIII inhibitors.

© 2015 International Society on Thrombosis and Haemostasis
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Classification of AH13 types by immunologic binding assays

On the basis of their immunologic propi
autoantibodies could be classified inf
Type Aa autoantibodies, which were

explored when “patients’
not as low as their FXIII
hree AH13 cases (cases 8, 15,
XI-A weakly as compared
P <0.001) (Fig. 1A), although they
ngly to FXHI A* (Flg 1B). The con-

FXIII-A-bound FXIL]
activity, and wer

as well as to FXIIL-A% sxgmﬁcantly
ctivity of type Ab samples to vmying

Abnormal FXIII parameters in AH13 cases

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

Notably, essentially no A;B, heterotetramer was
detected in type Aa cases (P < 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 reduced Al activity (P <0.01; Fig. 2D) and low
specific activity of FXIII (P < 0.01; Fig. 2E), whereas the
levels of FXIII-A antigen and A,B, heterotetramer were
not decreased (Fig. 2A,C). These findings are consistent
with the idea that type Ab autoantibodies are also ‘neu-
tralizing” FXIII inhibitors. ‘

Type B AH13 cases (n = 2) showed reduced levels of
FXIII-A antigen (Fig. 2A) and A,B, heterotetramer
(Fig. 2C), as well as reduced AI activity (Fig. 2D),
whereas the specific activity was. unchanged (Fig. 2E),
indicating that the autoantibodies did not target the enzy-
matic activity of FXIII.
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Fig. 1. Reactivity of anti-FXIII A subunit (FXIII-A) autoantibodies. (A~C) Reactivity of anti-FXIII-A ibodies with (A) bi

FXIII-A (fFXIII-A), (B) activated rFXII-A (rFXIII-A*) or (C) recombinant A;B, (rA,B,) was determined for the three AH13 types. rFXIII-
A reactivity is shown as a value relative to that of case .1, and reactivity with rFXIII-A* and rA,B, is the percentage of that observed with
rFXIII-A. Results are presented as box-and-whisker plots denoting the median, interquartile range, and the minimum and maximum data
points. ***P < 0.001; **P < 0.01. (D) The reactwny of type Ab autoantibodies in cases 8, 15 and 29 with activation intermediates (tFXIII-A’,

recombinant rA/,B, [rA’;B,] and rec

ween the levels of
i-the A,B, hetero-
bserved (Fig. S1) in
ips were observed in
A,B, heterotetramer
pe Aa autoantibodies may
AsB> heterotetramer com-

As expected strong correl

es were observed between the Al and
e five-step mixing tests, especially for
types Aa and Ab (Fig. 3A); the AR assay yielded ‘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 cases (P < 0.001; Fig. 3B), clearly indi-

{rA*,B] [rA*, + B;)) was determined and compared with that of tFXIII-A.

cating that the AR assay is more sensitive than the Al
assay in screening for type Aa autoantibodies. In con-
trast, the arbitrary inhibitory potencies of type Ab au-
toantibodies obtained with the AR assay were lower than
those obtained with the Al assay (Fig. 3B). This suggests
difference(s) in the inhibitory mechanisms of type Aa and
type Ab autoantibodies. -

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

No discrepancy was observed between the two func-
tional methods in type B AH13, simply because type B
autoantibodies are not neutralizing FXIII inhibitors
(Fig. 3B,C).

© 2015 International Society on Thrombosis and Haemostasis
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XIIT by thrombin

inhibitors of proteolytic activ:
[13-16], we examined the init] leavage reaction for
all three types of anti-FXIIT*ah body by using a
, the addition of a patient’s

nt and Ca?*-dependent dissocia-
terotetramer was also examined to
influence(s) of anti-FXIII autoanti-

later stages of FXIII activation
he dissociation of the A,B, heterotetr-
amer was inhibited by anti-FXIII autoantibodies 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,

© 2015 International Society on Thrombosis and Haemostasis

whereas AP cleavage was completely blocked by plasma
from case 11 but not at all by plasma from cases 15 and
29 (Table 1). However, case 8 was an exception, because
A,B, dissociation was partially inhibited, whereas AP
cleavage was not detectably blocked.

Inhibition of fibrin-crosslinking reactions by anti-FXIil
autoantibodies

In plasma of healthy controls, © y-dimerization was com-
pleted within 2 min, and o-polymerization was almost
complete after 60 min, leaving only a trace 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 a-monomer remained even after
60 min (Fig. 5A; Table SI). A 1:1 mixing test with
healthy control plasma confirmed the inhibitory effects of
type Aa autoantibodies on the FXIlla-catalyzed fibrin-
crosslinking reaction (Fig. 5B; Table 1).

Notably, y-dimerization was normal in two type Ab
cases (cases 8 and 15), although a-polymerization was
completely blocked (Fig. SA; Fig. S3A,C). Furthermore,
plasma from cases 8 and 15 interfered with a-polymeriza-
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Residual Act (%)
& 2

Residnal Act (%)
2

[
-

]

Type Ab (case 15)

L O

Type B (case 7)

196%. . 35% 10
100
80
60
40
2

Residnal Act (%)

] [}
Patient 0 25 5 75 10 Patient 0 25 5 75 10 Patient 0 25 5 75 10
Control 10 75 5 25 0 Control 18 75 5 25 0 Contrel 10 75 5 25 0

Plasma (uL)
oo
B 1 c
100 ,———‘” 100
g )
‘é 30 m‘,.\ 80
S o E€ o
= 5%
: 40 5:- 40
£ [ 2
S 'E 20
E oy
[} 1]

AHI3type Aa Ab B Aa Ab B AHI3 type Aa

A AR

Plasma (uL)

Plasma (L}

i
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Fig. 3. Inhibition of FXIII activity by anti-FXIII autoantibodies. (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 AI and AR activities were calculated with the following equation:

100 x ([control + patient}/2 — [1 : 1 mixture])/([control + patient]/2), for each AH13 type. Individual AH13 cases were plotted. (C) Recombi-
nant activated FXIII A subunit (rFXIII-A*) was incubated with plasma of AH13 cases, and the Al activity was assayed. The inhibition value
was calculated with the following equation: 100 x (activity of rFXIII-A* incubated with AH13 plasma)/(activity of rFXIII-A* incubated with

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

tion but not with y-dimerizatio ntrol plasma in the
‘Theréfore, type Ab au-
tion exclusively.

itoantibodies (case 7)
zation (Fig. 5A), and no
severe inhibition of ing was observed in the mix-

ing test (Fig. 5B).
3Pl crosslinking reaction by anti-

species recovered from fibrin clots
hly crosslinked op-PI (XL-0,-PI) in the control
. In contrast, almost no XL-op-P1 was
detected ny samples obtained from AHI3 cases,
except for cases 12, 13, 20, and 22. Although case 22
showed a moderately reduced quantity of XL-o;-PI spe-
cies, the remaining three cases (cases 12, 13, and 20)

showed only a small amount of a-chain-monomer—XL-o,-
PI complex. These four AHI13 cases retained relatively
high AI activities (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-o,-Pl, albeit in
variably reduced quantities [11].

Although only very small amounts of «-chain-mono-
mer-XL-a,-PI complex and of a-polymers were detected
in case 8 (type Ab), neither XL-0-PI with c-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 separately by using gel-filtra-
tion analysis. In plasma from a healthy control, both

© 2015 International Society on Thrombosis and Haemostasis
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A Thrombin EE T S T S 1 Table 1 Properties of autoantibodies in AH13 cases
Controlplasma(ul) 5 5 5 5 5 5 -~ 2 Inhibition of activity (%) Activation . i
Patient’s plasma (pL) ~ 0 125 5 5 E Fibrin crosslinking:
4 Dissociation} mixed plasma§
Case ajor t; AI* AR* FXII-A* AT AP cleavage % inhibition] (min y-completio
Type Aa (case 6) :FXIH-A 5 Major type t rd ( ) (min y-complet
FXHI-A" 5 1 Aa 46 74 35 Inhibited 41 Inhibited
7 2 Aa 23 52 4 Inhibited 40 Inhibited
- 2 3 Aa 29 NE NE Inhibited BE Inhibited
Type Ab (case 8) FXIII-A 5 4 Aa 7 6 15 Inhibited 38 Inhibited
FXTI-A' 0 H Aa 57 80 29 Inhibited 38 Inhibited
6 Aa 2 65 <1 Inhibited 21 Inhibited
 EXILA 1 l 7 B <1 4 <1 Inhibited 31 Not inhibited
S FXIT-AY - (stightly) s
13 8 Ab 24 29 62 Not inhibited 48 Not inhibited
B Type B 1? 9 Aa 27 80 <1 Inhibited Inhibited
- i0 Aa <1 79 <1 Inhibited Inhibited
1% 11 Aa 7 90 6 Inhibited Inhibited
— 17 (completely)
@ 18 12 Aa 11 91 18 Inhibited 5-15 Inhibited
~ 19 13 B <1 6 18 Not inhibited <2 Not inhibited
ﬁ 20 14 Aa 58 88 4 Inhibited 5-15 Inhibited
=1 15 Ab 57 1 85 Not inhibited < 2 (a-polymerization Not inhibited
B 21 delay)
8 22 16 Aa 0 NE Inhibited 5-15 Inhibited
:5* 23 17 Aa 47 15-60 Inhibited
*&l 24 18 Aa 12 5-15 Inhibited
25 19 Aa 23 5-15 Inhibited
20 Aa 20 5-15 Inhibited
26 21 Aa 13 5-15 Tnhibited
27 2 Ax 1 <2 Not inhibited
. N . 28 23 Aa 35 15-60 Inhibited
Thrombin (U} Thrombin (U} Thrombin () 29 2 Aa 33 15-60 Inhibited
) . o o : o - 30 25 Aa 61 >60 Inhibited
Fig. 4. Influence of anti-FXIII autoantibodies on activation of FXIIL. (A) To test whether anti-FXIII autoantibodies inhibit activation peptide 26 Aa 65 5-15 Inhibited
(AP) cleavage, healthy control plasma was incubated with AH13 plasma and used in a reaction with thrombin. Cleavage of AP was determmed 31 27 Aa 66 5-15 Inhibited
by western blotting with an anti-FXIII A subumt (FXIII A) polyclonal antibody. (B) Thrombin-dependent and Ca®*-dependent dissoci 32 28 Aa 62 5-15 Inhibited
of the A,B; complex. R bi A,B; was incubated with type Aa, Ab or B plasma in a reaction with 0.05, 0.1 or 0. 2 U of thrombin for 33 29 Ab 75 <1 > 60 Not inhibited
20 min in the presence of calcium ions. The amounts of A;B; complex in the reaction mixture were measured by ELISA. The numbers indicate 34 30 Aa 44 36 5-15 Inhibited
individual AH13 cases, and a broken line represents the result for FXIII-A-deficient plasma. 35 31 Aa 13 Inhibited 21 2-5 Inhibited
32 Aa 50 Inhibited 32 15-60 Inhibited
. 36 33 Aa 3t Inhibited 24 5-15 Inhibited
FXIII-B and FXIIH-A were de by EELISA in the  added subsequently. This was also true when plasma 37 :
same fractions, along with from patients with either congenital FXIII-A or FXIII-B 38
(Fig. 6A). This w,as true for deficiency was employed. 35 y of 1: 1-mixed plasma)/([activity of case’s plasma + activity of control plasma]/2). {The inhi-
;“SBS of tAHli (Fig. S‘;} j? bition value of Al activity of culated as follows: 100 x (activity of tFXILI-A* incubated with AHI3 case’s plasma)/(activity
rom a type Aa case, . T 41 of rFXIII-A* incubated with | ient plasma). $The inhibition value of FXIII dissociation with 0.1 U of thrombin was calculated as
different fractions, FXU-B exchange by type Aa autoantibodies 42 follows: 100 x (remaining AsB enction with case plasma ~ remaining A;Bs in the reaction with FXIII-A-deficient plasma)/
(Fig. 6A). Anti-FXI, When FXIII concentrates were infused into a type Aa 43 (10‘3 ~ remaining AB; inth on:with FXII-A-deficient plasma). §Completion of y-y dimer formation was judged by the disappearance
. patient (case 23) for hemostatic therapy, levels of the 44 male and 63 years of age. She had intramuscular bleeding but did not receive FXIII concentrates at the
AsB; heterotetramer mcre?lsed immediately, but then 45 centrates within 10 days before blood collection are underlined.
returned to the basal level, i.e. 0% of normal, as early as 46 .
24 h after FXIII dosing (Fig. 7A). However, both FXIII- 47 ted the A,B; heterotetramer with not exist in a complex with FXIII-B, but was bound to
results ‘confirmed that, in type Aa cases, A and FXIII-B antigens showed sustained increases for 48 a patient for 12 h in vitro. The  anti-FXIII-A IgG instead (Fig. S7D). In contrast, the
ly complexed with anti-FXIII-A IgG > 48 h. It is important to note that the level of FXIII-A- 49 heterotetramer rapidly decreased with level of the A,B, heterotetramer did not decrease and
bound IgG also increased, and it remained in the 50 of the FXIII-A~IgG complex increased the level of the FXIII-A-IgG complex did not increase
revealed that when TFXII-A was patient’s plasma in concert with the FXIII-A antigen 51 anner (Fig. 7B; Fig. STB). when the A,B, heterotetramer was incubated with
type Aa plasma, serum, or IgG, subse-  (Fig. 7A). These results strongly suggest that the FXIII-A 52 the level of the ApB, heterotetramer  plasma obtained from patients with congenital FXIIT
tFXII-B could not form A,B, heterotet- of the A,B, heterotetramer contained in infused FXIII 53 coupled with an increase in the level of the FXIII-A- deficiencies.
ramers (Fig. 6B; Fig. S6). However, ApB,  concentrates was transferred to the FXIII-A-IgG com- 54 IgG complex was also confirmed in serum obtained A;B, heterotetramer levels did not change in plasma
heterotetramers were readily formed when type Ab  plex in vivo. Essentially the same result was obtained in 55 from type Aa cases (Fig. S7C). Gel-filtration analyses of  from type Ab and type B cases, and FXIII-IgG complex
plasma was premixed with rFXIII-A and rFXIII-B was cases 24 and 25 (Fig. S7A). 56 the reaction mixtures revealed that most FXIII-A did levels did not increase, even after 24 h (Fig. 7C).
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A Control Type Aa (case 25) Ab (case 8) B (case 7)
2

51560 2 5 1560 (min)

B
C + FXIl{=) C + Aa (case 25) G + Ab (case 8) C + B (case 7)
2 5 15 60 (min) 2 5 1560 2 515 60 2 5 1560

Fig. 5. Inhibition of fibrin-crosslinking reactions by anti-FXIII 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 FXIII 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 h, and the op-plas-
min inhibitor (ct;-PI) incorporated into the fibrin clots was then detected by western blotting with an anti-ap-PI antibody. Control plasma was
loaded in the lane at the right end, C, control; XL-t,-P1; crosslinked op-PL.

type I (inhibitors of FSF generation), class II type 11
(inhibitors of FSF activity) [21-25], and class II type III

Discussion

rders of fibrin stabilization were previ-
follows [19,20): class I (hereditary dis-
(acquired inhibitors), and class IIX
of FSF). Classes I and 11 were also divided
into five subtypes: class I type I (lack of FSF activity;
corresponds to congenital FSF deficiency), class I type IT
(dysfibrinogenemia with crosslinking defects), class II

© 2015 International Society on Thrombosis and Haemostasis

(blocking fibrin reactivity to FSF).

Type Aa and Ab autoantibodies obviously correspond
to the former class II type II and type I, respectively
{19,20]. However, we unexpectedly found that the A,B,
heterotetramer was almost completely absent in plasma
from type Aa cases. The existing FXIII-A in patients’
plasma was not complexed with FXIII-B, but was instead

42
43
a4
45
46
47
43
49
50
51
52
53
54
55
56

FXIII-B in the A
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A,B, complex (%)

o le=
TFXM-A ~
IFXIIB ~ =+ 4 =~ ~4+ — -4+ ——4 4 ——44 — -4+

Plsma  BSA TypeAa  TypeAb ‘TypeB  FXII-A(<) FXOL-B (<)
(case2T) (case29)  (case?)

Fig. 6. Inhibition of heterotetramer assembly by type Aa anti-FXIII
autoantibodies. (A) Plasma obtained from a healthy control or
case 10 (type Aa) was fractionated on a Sepharose CL6B column.
FXIII A subunit (FXIII-A) (closed gray circles and bold gray line),
FXIII B subunit (FXIII-B) (open circles and bold line), and A,B,
(open squares) antigens, as well as FXIII-A-bound IgG (x) in each
fraction, were measured by ELISA. A thin broken line indicates
absorbance at 280 nm. (B) Recombinant FXIII-A (rFXIII-A) (or
recombinant FXIII-B (rFXIII-B) preincubated in AH13 plasma was
mixed with rFXI1I-B (or tFXIII-A). The amounts of resulting A,B,
complexes (black bar) were then measured by ELISA (a result in
bovine serum albumin [BSA] was assigned as 100%). Open bars: no
FXII-A and rFXIII-B (indicates endogenous FXIII complex).
Light gray bars: rFXIII-A alon bars: rFXIII-B alone.

type Aa autoantibod:
the A,B, heterotet:

revent the assembly of
«also replace themselves with

formation of FXIIL
abundant i

G complexes. In an antibody-
he circulation in AHI13 cases,
ptured by its autoantibodies immedi-
sed from its synthesizing cells [26-31],
m a complex with FXII-B {32], in
AH13 cases in vivo.

autoantibodies bound to FXIII-A effi-
t 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-
ies may accelerate their clearance; the rates of disappear-

L I R etk JEECIE SRS

ance of both FXIII-A antigen and anti:FXII-A 1gG
were relatively rapid, and their half-live therefore

ies simultaneously inhibits FXIII
the clearance of FXIII-A-IgG co:
tent with the significantly reduce
observed in plasma from typ

antigen levels
e dual mode

achieve hemostatic levels:of ‘the fu
in bleeding AH13 patient: om the recovery rate of
FXIII activity is de i
Because type
reactivity to EX
of FXIII-B induce drastic conformational change(s)
in the epitope region(s) of FXIII-A molecules for type Aa
autoantibodies. As type Aa autoantibodies preferentially
FXIII-A, preactivated FXII-A* prod-
re effective as hemostatic reagents in the

autoantibodies. Type Ab autoantibodies react
only “weakly with native FXII-A, and thus do not
interfere with the assembly of A,B, heterotetramers.
Thiis, a normal A,B, molecular form and a normal
level of A,B, antigen are present in plasma of type Ab
AHI13 cases. Accordingly, type Ab can readily be dif-

" ferentiated from type Aa by the absence of A,B, anti-

gen in the latter. In other words, types Aa and Ab
can be differentially diagnosed with immunologic
assays alone.

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

a-Polymerization by FXIIla* proceeds slowly, and even
type Ab autoantibodies can severely inhibit it. Not only
a-polymerization but also crosslinking of op-PI with the
a-chain is inhibited by type Ab autoantibodies, suggesting
that the crosslinking reaction between o-PI and the o-
chain also occurs more slowly than y-dimerization.

An absence or a reduced amount of XL-op-PI may lead
to the severe bleeding symptoms of AH13 [10,35,36).

A Hungarian type B AH13 patient showed extremely
severe decreases in all FXII parameters; FXIII activity
and FXIII-A, FXII-B and FXIII-A,B, antigens were
almost completely absent [37]. One of the two type B
patients (case 13) showed moderately reduced FXIII

© 2015 International Society on Thrombosis and Haemostasis
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Fig. 7. Removal of FXIII A subunit (FXIII-A) from the FXIII heterotetramer by type Aa autoantibody. (A) Plasma-derived FXIII concen-
trates (A;B;) were infused into a type Aa AHI3 patient (case 23), and plasma levels of FXIII-A (gray circles), FXIII B subunit (FXIII-B)
(open circles), AzB, (open squares) antigens and FXIII-A-bound IgG (X) were measured by ELISA at the indicated time intervals. (B) Recom-
binant A;B; (rA;B,) was mixed with plasma from case 23 in vitro, and the levels of A,B; complexes and FXIII-A-bound IgG were examined.
The broken line shows the result of the incubation of rA,B; with FXIII-A-deficient plasma. (C) rA,;B, was also incubated with the three types
of AH13 plasma for 24 h in vitro, and the amounts of A,B, complex and FXIII-A-bound IgG (cases 23 and 29) or FXIII-B-bound IgG

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

parameters, whereas 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 FXII-A,B,
antigens. The reason(s) for this variation in FXIII-B anti-

© 2015 International Society on Thrombosis and Haemostasis

gen levels remain unknown. The type B autoantibodies
may bind to the FXIII-B molecule in A,B, heterotetra-
mers, and may rapidly eliminate A,B, heterotetramers
from the circulation in type B patients. This assumption
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is consistent with the shortened half-life of the activity of
the infused A,B, heterotetramer (fibrogammin-P)
observed in the Hungarian case.

Type B cases represent ~ 10% of AH13 cases, probably
because type B autoantibodies are not neutralizing FXIII
inhibitors, and thus can only be detected with immuno-
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 AHI3 cases
examined often showed mixed characteristics of the three
types of anti-FXIII autoantibody. This is very likely
because their autoantibodies are oligoclonal rather than
monoclonal [15,39,40], as suggested by the fact that most
of our patients had anti-FXIII autoantibodies of more
than one IgG subclass (Table S2). In addition, multiple
clones may share the same subclass. Thoroughly distin-
guishing and characterizing each 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-FXIII
autoantibody, with distinct targets and mechanisms, that
cause AH13; type Aa blocks A,B, tetramer assembly a
steals A2 from the tetramer, and inhibits proteol
FXIII activation by thrombin; type Ab inhibits acti
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Abstract Although the incidence of autoimmune hemor-
rhaphilia due to anti-Factor XIII (FXIII, not FVIII or FXII
to avoid confusion) antibodies (AH13) or hemorrhagic
*“acquired FXIII deficiency due to anti-FXIII autoantibod-
ies” was previously considered rare, it has been on the
increase in the twenty-first century, at least in Japan. An

Acquired h(a)emophilia is a tentative name for this category of
diseases, but unofficial because it is not included in the current
version of the WHO 1CD-10. “Acquired h(a)emorrhaphilia”
seems to be a more logical and proper appellation, because the
term hemorrhaphilia stands for “love of bleeding/hemorrhage”
while the word hemophilia literally means “love of blood”
[Brinkhous, K.M. A short history of hemophilia, with some
comments on the word “Hemophilia”. In: KM Brinkhous and
HC Hemker (eds). Handbook of Hemophilia, part 1, Amsterdam:
Excerpta Medica, American Elsevier. 1975, p. 3-20]. Thus, the
authors use the term hemorrhaphilia for a bleeding disorder
caused by anti-FXIII autoantibodies, throughout this manuscript.
H(a)emophilia must be used for the inherited hemorrhagic
disease due to Factor VIII deficiency as listed in WHO ICD-10.

“Clinical’ remission is defined as the disappearance of all
bleeding symptoms, in this manuscript.

Masayoshi Souri and Akitada Ichinose belong to Japanese
Coliaborative Research Group on AH13.
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83-year-old woman with an unexplained hemorrhage was
admitted to our hospital for intramuscular hematoma and
severe anemia. Her FXIII activity was reduced to 10 % of
normal; since FXII inhibitors and anti-FXII-A subunit
autoantibodies were detected, she was definitively diag-
nosed with AH13. Despite developing cardiac tamponade
due to pericardial hemorrhage, she clinically recovered
from AH13 after hemostatic therapy with FXIII-concen-
trates and immunosuppressive treatment with rituximab and
cyclophosphamide. However, her FXIII activity remained
low and she died of hemorrhage 3.5 years after admission.
AH13 patients should be monitored for a prolonged perjod,
as this disease is very likely a chronic intractable hemor-
rhagic disorder.

Keywords Autoimmune disease - Hemorrhagic disorder -
Chronic disease - Hemostatic therapy - Immunosuppressive
treatment

Introduction

Factor XIII (FXIII not FVIII or FXII) is a fibrin-stabiliz-
ing factor in the plasma consisting of A and B subunits
(FXIII-A and FXII-B, respectively). Because thrombin-
activated FXIII cross-links fibrin monomers themselves
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and fibrin and a,-plasmin inhibitor, congenital FXIII defi-
ciency results in a lifelong severe bleeding tendency [1, 2].
Although congenital FXIII deficiency is rare [3], acquired
FXII deficiency is rather common, and mostly second-
ary to hyper-consumption or hypo-synthesis of FXIII
(disseminated intravascular coagulation, surgery, trauma,
leukemia, liver diseases, chronic inflammatory bowel dis-
eases, artificial dialysis, etc.) [4]. However, patients with
acquired FXIII deficiency rarely bleed because their FXIIT
levels remain only moderately reduced [5, 6]. In contrast,
patients with autoimmune hemophilia-like disease (i.c.,
hemorrhaphilia) due to anti-FXIII antibodies (AHI3) or
hemorrhagic “acquired FXIIT deficiency due to anti-EXIII
autoantibodies” experience severe bleeding due to drasti-
cally decreased FXIII levels and the consequently reduced
cross-linked o,-plasmin inhibitor to fibrin {7].

Although AH13 used to be rare [8, 9], its incidence has
been on the rise in the twenty-first century in Japan [10].
It is very likely because Japan has become a super-aging
society first in the world, and because we have conducted
a nation-wide survey supported by the Japanese Ministry
of Health, Labor and Welfare. In this study, we report an
83-year-old woman with chronic intractable AH13.

Methods

This study was approved by the institutional review board
of Yamagata University School of Medicine. All proce-
dures were conducted in accordance with the Declaration
of Helsinki. Written informed consent was obtained from
this patient.

All experimental procedures have been described previ-
ously {11, 12] except for the enzyme-linked immunosorb-
ent assay (ELISA) to detect anti-FXIII-A autoantibod-
ies: briefly, 1 pL of plasma was incubated with 200 ng of
recombinant (r)FXIII-A in a 10 wL mixture at 37 °C for
2 h and then diluted tenfold with a buffer. Ten microliters
of the diluted plasma was added to a 96-well plate coated
with anti-FXIII-A monoclonal antibody and reaction with
peroxidase-conjugated anti-human Immunoglobulin G
(IgG) was allowed for 60 min. ELISA was also carried out
without adding rFXIII-A into patient’s plasma to detect
pre-existing anti-FXIII-A autoantibodies bound to own
FXMI-A.

For dot blot assay [11], 50 and 100 ng of either rFXTII-A
or tFXIII-B, or 100 and 200 ng of rFXIII complex (A,B,
tetramer) were blotted onto a nitrocellulose membrane, and
reacted with the patient’s plasma at a dilution of 1:2,000.
Immunoglobulin bound to either one of these EXIII anti-
gens was detected using peroxidase-conjugated anti-human
immunoglobulins (G+M+A) and a chemiluminescent
substrate.
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Patient

The initial part of this patient’s history was previously
reported as acquired FXIII deficiency “in Japanese” by
orthopedic surgeons [13]; in brief, our patient with unex-
plained hemorrhage was admitted to the Department of
Orthopedic Surgery of our hospital on Oct 17, 2009 for
large intramuscular hematoma in her left thigh and severe
anemia. She experienced repeated life-threatening bleed-
ing episodes at multiple sites, including retroperitoneal,
intrathoracic, and mediastinal, for approximately 3 weeks.
Her FXIII activity was reduced to 10 % of normal despite
normal bleeding time, prothrombin time (PT), activated
partial thromboplastin time (APTT), and platelet count
(Table S1). She received repeated transfusions of red blood
cell concentrates (Fig. 1, top), and the arteries flowing the
bleeding sites were topically treated using transcatheter
arterial embolization on Nov 1 and 7, 2009.

Plasma-derived FXIIT-concentrates (1,200 U in 5 vials
of Fibrogammin; CSL Behring, Tokyo, Japan) were admin-
istered daily starting on Nov 7 (Fig. 1, top) because of her
isolated severe FXIII deficiency. On Nov 10, because of
her severe hemorrhagic symptoms, she was transferred to
the intensive care unit of our hospital, where she suddenly
developed shock. She was then intubated and mechanically
ventilated. Computed tomography (CT) revealed the pres-
ence of cardiac tamponade due to pericardial hemorrhage
and an intrathoracic hematoma (Fig. S1 A, B).

To explore the pathogenesis of the patient’s isolated
acquired FXTII deficiency and determine its ideal treatment
modality, the patient was referred to the Japanese Collabo-
rative Research Group (JCRG) for detailed FXIII analyses.
After being definitely diagnosed with AH13, she was started
on rituximab, an anti-CD 20 monoclonal antibody, 375 mg/
m?%week for 4 weeks from Nov 13 (Fig. 1, top). Hemostatic
therapy with FXIII-concentrates was also continued every
other day. Despite our extensive search, we could not find
any evidence for the underlying diseases of AH13, such as
cancer, autojmmune disease, and medication history of iso-
niazid, antibiotics, and anticonvulsants [8, 9].

Although “clinical remission” was achieved, i.e., the
hemorrhage was arrested, the patient’s FXIII activity
remained low (around 10 % of normal) despite her FXIII
antigen level being much higher than normal (>200 %)
because of the continued administration of the FXIII-
concentrates (Fig. 1, top). These findings suggested the
persistence of an FXII inhibitor. Therefore, she was intra-
venously given cyclophosphamide 10 mg/kg every other
week three times starting in Jan 2010. Since no improve-
ment in FXIII activity was seen, rituximab was added in
Feb 2010. However, the combination of these immunosup-
pressants did not have any immediate effect on FXIII activ-
ity (Fig. 1, bottom)..
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Fig. 1 Clinical course of the present AH13 case. Hemoglobin levels
(Hb, closed circle) corresponded to bleeding episodes and transfusion
of red blood cells (red cell concentrates; RCC) in the opposite direc-
tions. Plasma-derived FXIII-concentrates were given at-1,200 U first
daily, secondly ever other day, and third every 3 days. The patient
underwent immune-suppressive therapies firstly with rituximab and

Despite treatment, the patient’s FXIII level remained
low and her hemoglobin level suddenly dropped to 42 g/L
again in Mar 2010. CT imaging revealed an intramuscular
hematoma in her left thigh that was successfully controlled
by a daily infusion of FXIII-concentrates (Fig. 1, bottom).
She underwent no further immunosuppressive treatment,
such as steroids, cyclosporine, etc., in order to avoid infec-
tion, because of her old age and low capacity for daily liv-
ing: she was bedridden as well. In addition, there is no gold
standard by which AH13 patients are treated. Since her
general condition stabilized without further bleeding epi-
sodes, she was discharged from the hospital to her home
6 months after admission.

Thereafter, she was regularly followed once a month by
her original physician in another hospital. Her FXIII activ-
ity level started to spontaneously increase 8 months after the
final dose of rituximab, reached 64 % of normal in the fol-
lowing 15 months, and then gradually. returned.to 10 % of
normal after another 10 months (Fig. 1, bottom). Neverthe-
less, no bleeding episodes were observed for about 3 years.

On the morning of Mar 30, 2013, she was found lying on
the floor. She complained of abdominal pain and repeatedly
vomited for several hours. When she was transferred to a
local hospital by ambulance, there were bruises on her right
forehead, left elbow, and left knee. She had tenderness at
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secondly cyclophosphamide (CP) pulse, and thirdly with rituximab.
Although FXIII antigen (filled column) increased up to 416 % of the
normal, FXIII activity (closed square) remained low at around 10 %
following the replacement therapy with FXIII-concentrates. FXIII
activity spontaneously rose and gradually decreased to 5 % 3 days
before her hemorrhagic death. Vertical lines depict the ends of years

the left hypochondrium. Laboratory examinations revealed
moderate anemia (hemoglobin 85 g/L) and an essentially
normal platelet count and PT, and slightly shortened APTT
(Table S2). CT scanning revealed a subcortical hemorrhage
in the right frontal lobe and a splenic laceration with intra-
peritoneal hemorrhage (Fig. S1 C, D). She developed shock
and died shortly thereafter.

Results and discussion
Laboratory coagulation tests

All coagulation-fibrinolysis factors, except for FXIII
were within normal ranges on Nov 2 (Table S1). D-dimer,
thrombin-antithrombin complex, and von Willebrand fac-
tor antigen levels increased slightly or moderately, accord-
ing to the patient’s severe bleeding condition.

Because the patient’s FXIII activity and antigen were 13
and 80 % of the normal values, respectively, on Nov 10, the
specific activity was as low as 0.16 (normal value, 1.0). In
addition, a 1:1 cross-mixing test between the patient’s and a
healthy control’s plasma clearly demonstrated an “inhibitor”
pattern (patient, 19 %; control, 104 %; and mixed, 17 %). All
these results suggested the presence of an FXIII inhibitor.
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Fig.2 JCRG analyses of the patient’s plasma FXIII and detection
of anti-FXIII antibodies. a A 5-step dilution cross-mixing test by an
amine incorporation assay was performed using the patient’s plasma
at the ratios of 0:1, 1:3, 1:1, 3:1, and 1:0 with a normal plasma. The
mixed samples showed an “inhibitor” pattern, because there was a
downward deviation (Oct. 17, 2009 or hospital day 1). A broken line
depicts a theoretical ‘deficient’ pattern. The patient’s plasma of June
4, 2010 demonstrated the deficiency pattern. b A dot blot assay was
performed using recombinant FXTI-A (fFXIII-A) at the indicated
amounts shown as antigen (ng). The results showed the presence
of anti-FXTII-A antibodies (on Oct. 17, 2009). The negative control

Experimental FXTII tests

The patient’s plasma on Oct 17 (hospital day 1) was ana-
lyzed by the JCRG in detail; the FXIII-A antigen was 23 %
of normal and the FXIII amine incorporation activity was
12 %, thus its specific activity was 0.47 (Table S3). Her
FXIII-B antigen was 85 % of normal. Although her FXIII
activity was extremely low during this acute stage, both
FXIII-A and FXIII-B proteins retained their normal molec-
ular weights as shown by western blotting (Fig. S2 A).

Our 5-step dilution cross-mixing test of the patient’s
plasma demonstrated a concave “inhibitor” pattern (Fig. 2a,
top). An in-house dot blot test using rFXII-A, rFXIII-B,
and rA,B, tetramer detected anti-FXIII-A autoantibodies
(Fig. 2b, top; Fig. S2 C). In addition, our ELISA method
clearly detected anti-FXIII-A antibodies (Fig. 2c). Accord-
ingly, she was definitely diagnosed with AH13. A fibrin
cross-linking test also visualized a drastic retardation in
y-chain dimerization and the absence of a-chain polymeri-
zation (Fig. S2 B).

Approximately 3 months after the final administra-
tion of rituximab, the patient’s plasma showed a straight
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stands for healthy individual’s plasma. The patient’s plasma of June
4, 2010 showed a negative result. ¢ After the immunosuppressive
therapy, her anti-FXTI-A immunoglobulin G (IgG) had significantly
decreased, judging from our ELISA results. Although the dot blot
assay did not detect anti-FXIII-A autoantibodies in her sample of
June 4, 2010 (b), a small amount of anti-FXIII-A IgG was still clearly
detected by the ELISA (filled diamonds). A similar amount of anti-
FXITII-A 1gG bound to own FXIII-A was also detected by the ELISA
without adding rFXIII-A (open diamonds). A dashed line represents
an average level of normal controls

“deficient” pattern in the 5-step dilution cross-mixing test
(Fig. 2a), suggesting that her FXTII inhibitor had virtually
disappeared. This finding agreed with the fact that the dot
blot analysis did not detect anti-FXIII-A antibodies. This
partial recovery may be associated with the slower effect
of rituximab [14] or spontaneous antibody regression [15].

Our ELISA, however, detected small amounts of total
and FXII-A-bound anti-FXIII-A antibodies (Fig. 2c).
These findings are quite in agreement with the fact that
the patient had 64 and 6 % of FXIII antigen and activity,
respectively (Fig. 1, bottom), indicating the presence of the
FXI11/13 antigen—antibody complex in the patient’s sample.

Extended coagulation screening tests (Table S4) were
also conducted by the JCRG to take an overall look at the
current status of coagulation—fibrinolysis system in this
AH13 case. All test results were consistent with those dis-
cussed above.

It was interesting to note that the patient’s FXIII activ-
ity transiently increased in late 2011 and gradually
decreased in early 2012: It may be attributable to the rather
late effect of rituximab because it may require more time
than other regimens [14]. Alternatively, the amount of her
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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 FXTII 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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Dear Sirs,

Coagulation factor XIII (FXIII or F13) isa
plasma  fibrin-stabilising factor which
crosslinks fibrin monomers, and fibrin and
a,-plasmin inhibitor, and thus plays an es-
sential role in haemostasis. Therefore, its
congenital deficiency results in a life-long
haemorrhagic tendency (1, 2). In contrast,
acquired coagulation FXIII deficiency is a
common abnormal condition secondary to
its hyper-consumption or hypo-synthesis
(2, 3), while autoimmune haemorrhaphilia
due to anti-FXIII antibodies (AHXIIT) is a
rare life-threatening bleeding disorder
mostly in the elderly (3, 4). In the 21st cen-
tury, the number of AHXTII cases has been
on the increase at least in Japan (unpub-
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lished data), because Japan has become a
super-aging society first in the world.
Therefore, it is most important to save pa-
tients’ lives by its prompt examinations,
correct diagnosis, and proper treatment.
Here, we report such an excellent example.

A 70-year-old Japanese male had no
personal and family history of bleeding
tendency. He had general fatigue and arth-
ralgia of the right wrist from the second
half of May 2013, and then diffuse swelling
developed in his right back in the middle of
June. Because the swelling and pain of his
right back increased, he visited a local hos-
pital. Since a hematoma was found by CT
imaging and severe anaemia (Haemoglo-
bin 4.7g/dl) was detected by haematologi-
cal analyses, he was referred to our hospi-
tal. Hand X-ray showed non-destructive
synovitis and laboratory examinations re-
vealed severe anaemia (haemoglobin 6.7
g/dl) and haemolysis (LDH 1,469 TU/L
total bilirubin 1.9 mg/dl; haptoglobin, <6.6
mg/dl) as well as positive Coombs’ tests
(direct 3+, indirect 1+), antinuclear anti-
body (ANA, 1:2,560 dilution) and anti-
DNA antibody (34 IU/ml). Accordingly, he
was diagnosed as having systemic lupus
erythematosus and autoimmune haemo-
Iytic anaemia.

Furthermore, a physical examination on
admission confirmed extensive swelling
from the right scapular to lumber portions
and CT imaging revealed a huge intramus-
cular haematoma in his right back (data
not shown). Although PT, APTT and pla-
telet count were normal, his FXIII activity
and antigen turned out to be as low as 4%
and 5% of normal, respectively. The re-
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duced activity was not corrected (6% resid-
ual FXIII activity) by a normal plasma
(97% EXIII activity) in a 1:1 cross-mixing
test, and a five-step dilution cross-mixing
test of the patient’s plasma showed a con-
caved “inhibitor” pattern (Suppl. Figure
14, available online at www.thrombosis-on
line.com), clearly indicating the presence of
anti-FXIII inhibitor. Finally, all three im-
munological tests, ELISA and dot blot
assay (P-Figure 1 and Suppl. Figure 1B,
available online at www.thrombosis-online.
com), and immuno-chromatography (data
not shown), detected anti-FXIII A subunit
(FXIII-A) autoantibodies. Thus, he was
definitely diagnosed as AHXIIL Detailed
experimental studies also demonstrated the
absence of both y-dimerisation and
a-polymerisation of fibrin (Suppl. Figure
1C, available online at www.thrombosis-on
line.com), indicating that fibrin-stabili-
sation was highly impaired.

‘Whereas he was initially treated with
prednisone (PSL; 0.8 mg/kg/day) from
hospital day 2, there was no evidence of its
efficacy on either his FXIII activity or anti-
FXIII inhibitor potency (residual FXIII ac-
tivity in the 1:1 cross-mixing test), for 28
days (P> Figure 1). Because he had repeated
bleeding episodes, he was infused with
plasma-derived FXIII concentrates (27-45
U/kg). Pharmacokinetic studies revealed
extremely low recovery rates and shortened
half-lives of exogenous FXIII (Suppl. Fig-
ure 2, available online at www.thrombosis-
online.com), suggesting the presence of a
large amount of anti-FXIII inhibitor (i..
“free” neutralising anti-FXII-A autoanti-
bodies). Accordingly, he was treated with
rituximab (375 mg/m¥week) for four con-
secutive weeks. Since his plasma FXIII ac-
tivity and residual FXIII activity in the
cross-mixing test only slightly increased
after the rituximab therapy, he was given
methyl-PSL (1,000 mg/day) for three days
(steroid pulse therapy) from day 57. There-
after, residual FXIII activity in the cross-
mixing test started to increase rapidly, indi-
cating a rapid decrease in the neutralising
anti-FXIII-A autoantibodies. The patient’s
FXIIT activity also gradually increased and
reached to normal levels about 50 days
after the steroid pulse therapy (P Figure 1).
All immunological tests confirmed the dis-
appearance of the anti-FXIII-A autoanti-

Thrombosis and Haemostasis 112.4/2014

11P:133.24.128.64

For personal or educationat use only. No other uses without permission. All rights reserved.

bodies (B Figure 1 and Suppl. Figure 1D,
available online at www.thrombosis-online.
com), and thus he was discharged on day
116 (hospital week 17, p>Figure 1). Until
the time of submission of this revised
manuscript, he is still in complete re-
mission (CR) for more than six months.
Haemostatic therapy is essential in the
management of AHXIII, because it is a life-
threatening disease. In fact, three out of 12
Japanese AHXIII cases had deceased be-

fore the arrival of test plasma samples to
the last author’s laboratory (,dead-on-arri-
val” of test samples) in 2013 (unpublished
data). Fortunately, the present case was
promptly diagnosed and properly treated
under continuing close monitoring of
EXIII activity, antigen, cross-mixing tests,
anti-FXIII-A antibodies, etc. Especially,
pharmacokinetic analyses were carried out
as many as four times to estimate recovery
rates, peak times, as well as half-lives of ad-

ministered FXIIL These results clearly in-
dicated the rapid neutralisation and en-
hanced clearance of the infused exogenous
FXIII in the present patient in vivo (Suppl.
Figure 2, available online at www.thrombo
sis-online.com). All these detailed exami-
nations made it possible to rapidly achieve
CR of AHXIII without any further bleeding
episodes or complications after the steroid
pulse therapy.

PSL
(mg/day} | -
Rituximab
mPSLl 000 mg/day X 3 days
A 375mg/m’/week l ‘l l: l l e/day ¥
(@ Tranexamic acid 1g/day
16 I {L p, J1 FXIll concentrates 4000
= 12 30003
= -~
£ 2
% 8 - 2000 et
g g
§ 4 ;  LDH 1000 g
Be - i e ) vy |
0 6 3 2 0 0 0
_. 120 120
g A FXIll Activity =
£ 80 /f\? §
s 80 &
2 U B g
< B : <
= 20 E
& : o
C ‘: FXIll Antigen o
L | 0
g 120 - - %
E’; Nntl-DNA antibody 5
= 8 24 o
% < =
= x>
H ES
5 40 12 5
g A Anti»FXlll-M £
< 0 e — X - aa — 0o ¢
b 1 23 4 5 6 7 8 910 111213 1415 16 17 18 19 20 21 22 23 24
Hospital week

Figure 1: Clinical course of the present AHXIIl case. A) The patient
underwent immune-suppressive therapies firstly with regular-dose steroid
(PSL), secondly rituximab, and thirdly steroid pulse (methyl-PSL; mPSL). Plas-
ma-derived FXIII concentrates were given together with an anti-fibrinolytic

ing rituximab treatment, and rapidly rose after steroid pulse therapy. Resid-
ual FXIl activity in a 1:1 cross-mixing test (closed triangle) also increased
after steroid pulse therapy. *; This relatively high FXIit antigen leve] was ob-
tained 24 hours after the infusion of FXIll concentrates (2,400 U), and the re-

agent (tranexamic acid). B) A Japanese version of ISTH/SSC Bleeding Assess-
ment Tool (JBAT; shadowed column) was applied to objectively evaluate the
patient’s bleeding symptoms. Bleeding score was 6 at admission to our hos-
pital and gradually deceased to 0 following medication, in the opposite di-
rection to haemoglobin levels (closed circle). LDH (closed square) rapidly de-
creased following the immune-suppressive therapies. C) Both FXIII activity
(closed circle) and antigen (shadowed column) only slightly increased follow-
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sulting low FXEl specific activity (i.e. FX!II activity/antigen ratio) indicated the
formation of FXIII antigen-antibody complexes between “free” anti-FXIII-A
autoantibodies and exogenous FXIII concentrates, as shown in Suppl. Figure
2D (available online at www.thrombosis-onfine.com). D) Anti-FXill-A 1gG
(open triangle) measured by ELISA decreased in parallel with anti-DNA anti-
body (closed diamond). The amount of anti-FXifl-A IgG on June 28 (hospital
day 1), 2013 is defined as 100%.
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Steroid pulse was given (in combination
with calcineurin inhibitors) to acquired
haemophilia A (AHA) cases, and sustained
response was achieved in 10 of 11 patients
in a median time of three weeks (5). Several
AHA cases were also successfully treated
with steroid pulses alone (6) or followed by
regular-dose steroid therapy (7-9). In
contrast, two AHXIII cases were treated
with steroid pulse, but there was no evi-
dence of response (10, 11). Since FXIII ac-
tivity had not improved following rituxi-
mab treatment in the present case, steroid
pulse was added (P-Figure 1). However, we
cannot attribute the patient’s CR to steroid
pulse alone, because rituximab may require
more time than other regimens to achieve
remission, as reported in 51 AHA cases
(12). Complete (13) and partial responses
(14, 15) were obtained by rituximab treat-
ment in one and two AHXIII cases, re-
spectively, while no response was achieved
in two cases (11, 16). Accordingly, it would
be proper to conclude that a combination
of steroid pulse and rituximab treatment
achieved CR in this AFXIII case.

It is also important to note that both
ANA and anti-DNA antibodies disappear-
ed in concert with anti-FXIII autoanti-
bodies (B~Figure 1), indicating the efficacy
of the combination therapy on all the afore-
mentioned autoimmune comorbidities.

Finally, it is essential to raise the aware-
ness of AHXIII to save its patients’ lives by
prompt diagnosis and treatment. We would
also like to emphasise that detailed charac-
terisation of AHXIII, especially by both the
mixing study for the detection of neutralis-

© Schattauer 2014
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ing antibodies against FXIII-A (e.g. func-
tional 1:1 and five-step dilution tests) and
the binding assays for the detection of non-
neutralising antibodies against FXIII-A
and FXII-B (e.g. immunological tests),
“must” be carried out, as per recommen-
dation of the FXIII/Fibrinogen subcom-
mittee of ISTH/SSC (1), in order not to
overlook any AHXIII patients.
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Table 1 Laboratory data in our patient's peripheral blood.

‘White Blood Cells 5,600/m/ AST
Red Blood Cells 346X 10%/m! ALT
Hemoglobin 11.2g/dl Total protein
Hematocritt 31.0% Albumin
Platelet count 8.1x10%/ul ALP

LDH
Prtothrombin 68% Creatine kinase
APTT 314 sec Creatinine
Fibrinogen 128 pg/dl BUN
FDP 78.49 pg/mi CRP
D-dimer 15.71 pg/mi
Antithrombin I 87%

231U/1 ANA <40
1710/1 MPO-ANCA <1.3U/ml
7.1g/dl PR3-ANCA <13U/ml
44 g/dl HIT antibody negative
234 1U/1 Factor VIII activity 52%
2291071 Factor IX activity 100%
881U/1 Factor XIII activity 33%
7.02 mg/dl Factor X11I antigen 30%
35.3mg/dl Factor VW activity 82%
0.37 mg/d! ADAMTS-13 103%
a 2 plasmin inhibitor 57%

APTT, activated partial thromboplastin time; FDF, fibrin and fibrinogen degradation products;
BUN, blood urea nitrogen; ANA, antinuclear antibodies; ANCA, antineutrophil cytoplasmic antibody; MPOQ, myeloperoxidase;
PR3, proteinase 3; HIT, heparin-induced thrombocytopenia; ADAMTS-13, a disintegrin and metalloproteinase with a

thrombospondin type 1 motif, member 13.
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U/ml & | u/m %) | U/ml %) (pmol/min/ml) (%)
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Fig. 1 a. The antigen levels of FXIII-A, FXIII-B, A-bound FXIII-B were analysed by enzyme-linked immunosorbent
assay. The enzymatic activity of FXIII was measured by amine incorporation test. b. 5-Step dilution cross-
mixing test of amine-incorporation activity was performed using our patient’s plasma at the ratios of 0:1, 1:3,
1:1, 3:1, and 1:0 with normal plasma.
a Patient Control b
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Fig. 2 a. Fibrin crosslinking test was performed using the patient's and normal plasma. The clots were
recovered at the indicated time intervals and subjected to SDS-PAGE. b. Dot biot analysis of
FXII-reactive immunoglobulins was performed using recombinant FXIII-4, recombinant FXIII-
B, and their complexes at the indicated amounts shown as antigen (ng).
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Fig. 3 Contrastenhanced cardiac vascular computed tomography showed dissecting aortic
aneurysm of the aortic arch and the descending aorta.

Bleeding

w L VL,

= FXIIT activity
E w0y o
" &S
E >
Eq—:* 20 >
ot
. +
/;,E: 15 4 3
4 i}
B 1w PR D S =
) R ]
~ RRLTIP SO 20 <
O 5 2
2
25
0 T T T T T T 4 T 0
1 8 15 22 29 36 43 50 57

Days

Fig. 4 Clinical outcome of recombinant human soluble thrombomodulin ‘TM) for the patient with
chronic DIC complicating dissecting aortic aneurysm after referring to our hospital.
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Successful treatment of chronic disseminated intravascular
coagulation using recombinant human soluble thrombomodulin
in a dialysis patient with dissecting aortic aneurysm

Kana Havakawa!, Shinobu Tamura?, Hiroya GiMa!, Takahiro HavAKawa',
Toshio Kurimara®, Maki Oourat, Yoshio Nagano', Masayoshi SOUurr,
Akitada Icamose®, Tokuzo Funmmoro!

* Department of Internal Medicine, Kinan Hospital
2 Department of Hematology/Oncology, Kinan Hospital
3 Department of Pharmacy, Kinan Hospital
*Maro Clinic
5 Department of Molecular Patho-Biochemistry & Patho-Biology, Yamagata University School of Medicine

Key words : Chronic disseminated intravascular coagulation, Recombinant human soluble thrombomodulin,

Dissecting aortic aneurysm, Factor XIII

A 62-year-old man had a history of acute aortic dissection (Stanford type A) and had been diagnosed with polycystic
kidney disease three years earlier, and then developed end-stage renal failure. He was referred with chief complaints of
difficult hemostasis and consecutive hemorrhagic episodes at the puncture site of the shunt soon after dialysis
introduction. We suspected chronic disseminated intravascular coagulation (DIC) due to mild thrombocytopenia and a
fibrinolytic system abnormality. Plasma factor XIII activity was decreased, but no inhibitor was detected. In addition,
contrast-enhanced computed tomography showed exacerbation of a dissecting aortic aneurysm. We finally diagnosed
chronic DIC and secondary factor XIII deficiency associated with the aortic aneurysm. We selected treatment involving
recombinant human soluble thrombomodulin (rTM) because he was on maintenance dialysis and required long-term

follow-up bofore the operation. Hemostatic function improved with regular administration of rTM, and was well-

controlled preoperatively.
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Inhibitors of Factor Xlll/13 in Older Patients
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o Factoerll/T 3(FXlllorF13)isa plasma protransglutammase which stabilizes fibrin clots,

" ‘and thus plays an‘important rolé in hemostasis. Autoimmurie hemo(rrha)phx[la ‘due to
-anti-F13 autoantibodies (AH13) has been on the rise’in Japan, , which has becorne the

“leading superaging somety in the 21st century The mean age of Japanese ‘AH13.cases -

has risen to 70.4 years. ~Atotal of 83 AH13: cases have been diagnosed in the world as of -
July 2014 To raise the awareness of AH13; the author and members of the Japanese
Collaborative Research Group first proposed “Criterion and Algonthrn of Laboratory‘
Tests for anti F137 in February2012. AH13 is not just an acquired isolated defect of F13 /
“molecule tself buta disturbance caused by autoantibodies. Accordingly, AH13 cases are

diagnosed in patients with otherwise unexplained hemorrhages by a combination of a

" severe deficiency of F13- activity and the presence of anti-F13 autoantibodies. As

patients” with this" disease ' manifest Iife—threaténing bleedihg symptorms, prompt
diagnosis and proper treatment are essential. Because AH13 tends to become chronic
and intractable, affected patients must be closely followed for a prolonged period.

cascade, thrombin-activated F13 (F13a) cross-links the fibrin
monomers, as well as fibrin and o,-plasmin inhibitor (a,-PI),
the latter being the primary inhibitor of plasmin in plasma,
fibronectin, etc.'~

It was reported that both F13-A and F13-B levels were

of F13-A, and protects it. At the end of the coagulation correlated significantly with age in both men and women,

and that the F13-A subunit was observed to be
significantly increased with increasing age in a multiple
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regression model.* Accordingly, elevated F13-A levels may
play an important role(s) in the pathogenesis of thrombotic
vascular diseases, such as cerebral infarction, acute myo-
cardial infarction, in the older adult. It is also interesting to
note that a common polymorphism in the F13-A gene (F13-
A Val34Lleu) has long been considered as a protective
genetic factor against arterial and venous thrombosis,
and that there is a trend toward a higher mean age of
the clinical onset in homozygotes for the Leu allele than
in the Val wild types among patients with ischemic
diseases.’
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Autoimmune Hemo(rrha)philia due to Anti-F13
Antibodies among Hemorrhagic Acquired F13
Deficiency

Because F13 cross-links fibrin monomers, as well as fibrin and
o-Pl, congenital F13 deficiency results in a lifelong tendency
for severe bleeding.'~* Although congenital F13 deficiency is
rare, with a prevalence of about one case per one million
population, acquired F13 deficiency is fairly common,® and it
is secondary to underlying diseases/disorders resulting in
hyposynthesis and/or hyperclearance of F13-A and/or F13-B.
However, patients with acquired F13 deficiency rarely bleed
because their F13 levels remain only moderately reduced.”®
In contrast, patients with autoimmune hemophilia-like dis-
ease (i.e., hemorrhophilia) due to anti-F13 antibodies (AH13)

l aPTT prolonged ]

Inhibitor of Factor XIllj13  Ichinose

experience severe bleeding due to drastically decreased F13
levels.

There are two types of anti-F13 autoantibodies; neutraliz-
ingfinhibitory and nonneutralizing/noninhibitory types, re-
spectively. The former type of antibodies inhibits either the
activation of F13 to F13a or the catalytic activity of F13a, while
the latter enhances the clearance of F13, F13-A, and/or F13-B
from the circulation.

Increasing AH13 Cases in Japan

Although AH13 used to be rare in Japan, its incidence has been
on the rise in the 21st century.? In view of that, a nationwide
survey supported by the Japanese Ministry of Health, Labor
and Welfare was conducted and identified 12 cases with
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Fig. 1 Algorithm for laboratory.tests to diagnose AH13. (Top) Physicians in charge of AH13 suspected cases perform screening tests before
consultation. (Bottom) Coagulation-specialists carry out detailed experimental examinations. aPTT, activated partial thromboplastin time; ICT,
immunochromatography; Pl, plasmin inhibitor; PT, prothrombin time; PAI-1, plasminogen activator inhibitor-1; SNP, single nucleotide

polymorphism; VWF, von Willebrand factor; XL, cross-linked.
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