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Lympholyte-M (Cedarlane, Hornby, ON, Canada), and
serially fractionated with immunomicrobeads and AutoMACS
(Miltenyi Biotech, Bergisch Gradbach, Germany). Lineage-
negative (Lin") and —positive (Lin") cells were separated with
a Lineage Cell Depletion Kit (Miltenyi Biotech). Scai-,
CD45R (B220)- and CD90 (Thy1.2)-positive cells (Scat”,
B220" and Thy1.2" cells, respectively) were separated with
appropriate microbeads (Miltenyi Biotech). Lin'Sca1® cells
were used as HSCs. Lin"B220" cells and Lin"Thy1.2" cells
were used as B-lymphocytes and T-lymphocytes,
respectively.

Coculture of HSCs and stromal cells

10T1/2, A54 and M1601 stromal cells were inoculated (5 x
10° cells/well) on a 12-well culture plate (Falcon 3043, BD,
Franklin Lakes, NJ, USA). After 2 days, the near-confluent
cells (ca. 2 x 10* cells/well) were gamma-irradiated (30 Gy)
using a Gammacell 40 Exactor (Nordion International,
Ottawa, ON, Canada) to prevent hyperproliferation. Then 1 x
10% HSCs (Lin'Sca1* cells) were added to the irradiated
stromal cells and cocultured for 5 days in o-Minimum
Essential Medium (Invitrogen) supplemented with 10% FBS.
A coculture was also carried out using a Cell Culture Insert
(Falcon 353090, BD) on a 6-well culture plate (Falcon 3046,
BD) for 5 days, with HSCs seeded in the upper wells and
stromal cells in the lower wells. After coculture, cells were
examined for cobblestone formation (30 or more clustered
HSCs) on an inverted fluorescent microscope (Olympus IX-
70, Tokyo, Japan), and the stromal cells and HSCs were
separated with MACSelect K* microbeads (Miltenyi Biotech)
and AutoMACS for further analyses. The stromal cells

derived from C3H mouse (H-2") were separated as a Bositive
fraction, and HSCs derived from C57BL/6 mouse (H-2°) were
separated as a negative fraction. The separated cells were
stained with a phycoerythrin-conjugated anti-mouse H-2K"
antibody and a fluorescein isothiocyanate-conjugated anti-
mouse H-2K® antibody (BD Biosciences, San Jose, CA,
USA), and the purity was evaluated with BD LSR and
CellQuest software (BD Immunosystems, Mountain View,
CA, USA). For colony asaay after coculture, separated
HSCs were cultivated (1 x 10% cells/35 mm dish) in growth
factor-containing methyicellulose medium (MethoCult GF
M3434, StemCell Technologies, Vancouver, BC, Canada)
and colonies were counted on day 7.

Gene expression analysis

To quantify several signaling molecules, the reverse
transcriptase-directed polymerase chain reaction (RT-PCR)
was performed. Total RNA was extracted from the cells
using an RNeasy Mini Kit (QIAGEN, Hilden, Germany), and
cDNA was synthesized with a SuperScript First-Strand
Synthesis Kit (Invitrogen). PCR was carried out with a
QuantiTect SYBR Green PCR Kit (QIAGEN), and the
incorporation of the fluorescent dye into the PCR products
was monitored with ABI Prism 7700 (Applied Biosystems,
Foster City, CA, USA). As internal controls, beta-actin was
used for the stromal cells and glyceraldehyde-3-phosphate
dehydrogenase was used for HSCs. The primers for PCR
are listed in Table 1. Gene expression profiles of A54 before
and after coculture with HSCs were compared using a
FilgenArray Mouse 32K (Filgen, Nagoya, Japan).

Table 1. RT-PCR primer design.

Target Forward primer Reverse primer
Ang1 CCAATCTAAATGGAATGTTCT CAGAGCACCTTCAAAAGTCCA
beta-actin | CCATCATGAAGTGTGACGTTG GTCCGCCTAGAAGCACTTGCG
BMP6 TTCTCCCCACATCAACGACACC AAACTCCCCACCACACAGTCC
DIi3 CCAGTAGCTGCCTGAACTCC ATTGAAGCAGGGTCCATCTG
GAPDH CCTGGAGAAACCTGCCAAGTATG AGAGTGGGAGTTGCTGTTGAAGTC
Hes1 AAAGCCTATCATGGAGAAGAGGCG GGAATGCCGGGAGCTATCTTTCTT
Jag1 CCGTAATCGCATCGTACTGC GGCCTCCACCAGCAAAGTGT
Notch1 TGTTAATGAGTGCATCTCCAACCCA CATTCGTAGCCATCAATCTTGTCC
SCF ATGGACAGCCATGGCATTGC CACCTCTTGAAATTCTCTCT
SDF1 GCCCTTCAGATTGTTGCA CGTCTGACTCACACCTCACA
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Immunostaining

Ab54 cells and HSCs were cocultured on Culture Slides
(Falcon 354111, BD), and immunostained on day 5. The
cells were fixed with 4% paraformaldehyde, and incubated
with a rabbit anti-mouse Jag1 antibody (ab7771, Abcam,
Cambridge, UK) and Alexa Fluor 488-conjugated goat anti-
rabbit IgG (A11008, Invitrogen) for 30 minutes on ice,
respectively. Slides were inspected and photographed under
an [X-70 microscope.

Statistical analysis

The statistical analysis was performed using a Statcel2
(OMS Publishing, Saitama, Japan) add-on package for
Microsoft Excel. Student's t-test was used for comparison
between two groups, and a multiple comparison test (the
Turkey-Kramer method) was used for comparison among
groups of three or more. A P-value < 0.05 was considered to
be significant for all analyses.

Results
Requirement of cell contact in supporting hematopoeisis

In coculure experiments with 10T1/2 or its derivatives (A54
and M1601), HSCs formed cobblestone areas only on A54 at
day 5 (12.5 + 0.6 cobblestone areas/10* cells), as we
reported previously [14]. We also confirmed that the murine
hematopoietic progenitors were expanded by ninefold (36.0
4.0 colonies/10° cells post-coculture with A54 vs. 4.0 + 2.0
colonies/10° cells pre-coculture, Figure 1) whereas the
number of hematopoietic progenitors was not significantly
increased after the coculture with parental 10T1/2 cells or
M1601 myoblasts (3.3 + 1.5 colonies/10° cells with 10T1/2,
and 6.3 % 1.5 colonies/10° cells with M1601; Figure 1).
Without stromal cell support, HSCs completely lost their
progenitor activity in the same medium used for coculture
('No stroma' in Figure 1). Indeed, only few
monocyte/macrophage-like cells were found after 5-day-
incubation in this population; we speculated that all the
clonogenic cells fell into apoptosis because no additional
cytokine was provided. ~As we previously reported,
expression of SCF, SDF1 and Ang1 in A54 was greater than

Figure 1

Colony number / 1C° cells

that in 10T1/2 and M1601cells [14]. Such an overexpression
of SCF, SDF1 and Ang1 in AB4 cells was not further
augmented or cancelled by addition of interleukin-1 or
coculture with HSCs (data not shown).

Next, we addressed whether soluble factors from AS54
preadipocytes were sufficient for supporting hematopoiesis.
To discriminate the contribution of cell communication via
direct adhesion, mouse bone marrow-derived HSCs were
cultivated on a microporous membrane (1 micron Cell
Culture Insert) placed in a well containing A54 cells
underneath. We found that physical separation from A54
cells totally abrogated the progenitor activity of HSCs, in
spite of the availability of soluble molecules from the stromal
cells (Figure 1). This observation indicated that A54 cells
supported hematopoiesis by cell contact in addition to
secreting cytokines.

Gene expression changes in preadipocytes cocultured
with HSCs

Upon learning that cell adhesion is required for A54 cells to
support HSCs, we speculated that some signaling from
HSCs to stromal cells might occur during coculture, This
idea prompted us to search for molecules whose expression
changed in A54 cells cocultured with HSCs. Total RNA was
extracted from A54 cells before and after the coculture and
gene expression profiles were compared by microarray. Qut
of 33696 genes screened, 353 genes were upregulated by
twofold or more after the coculture with HSCs, and 13 genes
were downregulated to the levels less than a half of starting
value (data not shown). Among them, 29 genes (21
upregulated and 8 downregulated; Table 2) were implicated
to be involved in hematopoiesis. Therefore we focused on
these molecules for further investigation. A quantitative RT-
PCR analysis confirmed the upregulation of Jagged 1 (Jag1),
Delta-like 3 (DII3) and bone morphogenetic protein 6 (BMP8)
in AB4 cells after coculture with HSCs (Figure 2). On the
other hand, upregulation of Jag1, DII3 and BMP8 was not
observed in the undifferentiated 10T1/2 cells or M1601
myoblasts after coculture with HSCs (data not shown).
Expression of Jag1 was also increased in A54 cells cultured
with differentiated cells such as B- and T-lymphocytes, but to
a lesser extent (Figure 2A).

Figure 1. Requirement of direct contact for
preadipocytes to support hematopoiesis. 1 x 10°
mouse bone marrow Lin'Scal® cells (HSCs) were
cocultured with 2 x 10* C3H10T1/2 cells (10T1/2),
10T1/2-derived myoblasts (M1602) or preadipocytes
(Ab4) for 5 days. After coculture, HSCs were
separated with immunomagnetic beads and subjected
to colony assay. HSCs were seeded on MethoCult
GF M3434 (1 x 10° cells/dish) and colonies were
counted on day 7. Preculture: colonies from HSCs
prior to coculture. No stroma: colonies from HSCs
incubated 5 days without stromal support. No
stroma/Transwell: colonies from HSCs seeded on the
top wells, with no stromal ceils in the bottom wells.
A54/Transwell: HSCs were coincubated with A54 but
separated by Cell Culture Insert. * P < 0.01 {n = 3).
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Figure 2. Elevated levels of Jag1, DII3 and BMPS6 in A54 cells
cocultured with HSCs. Total RNA was isolated from 2 x 10° A54
cells prior to coculture (Preculture) and after 5-day-coculture with 1
x 10* B-lymphocytes (B), 1 x 10* T-lymphocytes (T) or 1 x 10° bone
marrow Lin'Sca1” cells (HSC). Expression of Jag1 (A), D3 (B)
and BMP6 (C) was measured by quantitative RT-PCR with the
primers listed in Table 1. HSC/Transwell: A54 cells were
coincubated with HSCs but separated by Cell Culture insert.
*P<0.01(n=3).

Praculture B T HSC
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DlI3 expression in A54 was decreased after coculture with

T-cells, while it was not significantly changed after coculture
with B-cells (Figure 2B). BMP6 expression was mildly
upregulated in A54 cells cocultured with mature lymphocytes,
but the difference was not statistically significant (Figure 2C).
These results suggested that the upregulation of Jag1, DII3
and BMP6 was induced by interaction with immature
hematopoietic cells.  Furthermore, such elevation was
cancelled out when A54 cells were separated from HSCs
with a microporous membrane (Figure 2). Immunostaining
with an anti-Jag1 antibody confirmed that hematopoietic
progenitors stimulated Jag1 expression in the neighboring
A54 preadipocytes. Jag1 signal was apparently greater in
AB4 cells in cobblestoned areas than those in the
surrounding regions (Figure 3). Taken together,
mesenchymal stromal cell-derived preadipocytes received
signals from HSCs through cell contact, resulting in multiple
events including upregulation of Jag1, DII3 and BMP8.

Activation of Notch signaling in HSCs

The coculture experiment showed that the expression of
multiple Notch ligands (Jag1 and DIiI3) was upregulated in
Ab4 preadipocytes during their interaction with HSCs. We
next addressed whether the expression of Notch receptors
and downstream factors was altered in the HSCs.

Figure 3

Phase-contrast Anti-lagl

Figure 3. Jag1 expression in a cobblestone area. 1 x 10* murine
bone marrow HSCs were incubated on 2 x 10° A54 cells for 5
days. Cells were immunostained with a rabbit anti-mouse Jag1
antibody and Alexa Fluor 488-conjugated goat anti-rabbit 1gG. In
the left panel (phase-contrast bright field, magnification x 400), a
cobblestone area with small, rounded hematopoietic cells is
indicated with a circle. In the right panel (immunofluorescent view,
magnification x 400) showing the same location, several large,
stretched stromal cells are positively immunostained (green),
wheras stromal cells outside the cobblestone area are negative or
weakly positive.
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Table 2. Hematopoiesis-related genes upregulated or downregulated in cocultured A54 cells.

Upregulated or downregulated molecule Before * After® Ratio °
Upregulated

Mcl1 (Myeloid cell leukemia sequence 1) 116 514 4.42
Stom (Stomatin) 126 481 3.83
Foxk1 (Forkhead box K1) 129 464 3.58
Foxf2 (Forkhead box F2) 133 455 3.43
Bmp6 (Bone morphogenetic protein-6) 133 451 3.38
ltgbl1 (Integrin , beta-like 1) ) 135 447 3.30
DIi3 (Delta-like 3) 136 446 3.29
Arts1 (Adipocyte-derived leucine aminopeptidase) 136 446 3.28
Sox13 (SRY-box containing gene 13) 136 444 ’ 3.27
Cdc40 (Cell division cycle 40 homolog) 136 443 3.26
Jag1 (Jagged 1) 137 443 3.24
Shh (Sonic hedgehog) - 137 440 3.20
Cdc16 (Cell division cycle 16 homolog) 143 423 2.85
Sox17 (SRY-box containing gene 17) 146 416 2.85
Cdc2i6 (Cell division cycle 2-like 6) 144 408 2.83
Col15a1 (procollagen , type XV) 147 408 2.77
Rras (Ras-related protein) 149 405 2.72
Pik3cb (phosphatidylinositol3-kinase, catalytic, b polypeptide) 147 401 2.72
Hoxa3 (Homeobox A3) 149 378 2.54
Adfp (Adipophilin, Adipose differentiation-related protein) 150 361 2.41
Cdc9111 (cell division cycle 91-like 1) 146 324 2.22
Downregulated

Nudt2 (nucleoside diphosphate linked moiety X - type motif 2) 3155 1337 0.42
Lrp2 (LDL receptor-related protein 2) 2210 963 0.44
TPO (thrombopoietin) 866 419 0.48
Taar1 (frace amine-associated receptor 1) 892 432 0.48
Centg3 (centaurin , gamma 3) ) 1932 942 0.49
Ccdc66 777 382 0.49
Olig1 (oligodendrocyte transcription factor 1) 1293 639 0.49
AA4T4455 ‘ 1800 897 0.49

? Before: Expression (net intensity) in A54 cells before coculture.
® After: Expression in A54 cells after 3 days of coculture with HSCs.
° Ratio = After/Before.
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A quantitative RT-PCR analysis revealed that the message
level of Notch1 was elevated in HSCs cocultured with A54
cells by 3.6-fold (Figure 4A). Simultaneously, the expression
of Hairy enhancer of split-1 (Hes1), a target of Notch1, was
upregulated by 27-fold, indicating that the authentic signaling
pathway was actually viable (Figure 4B). The results clearly
showed that Notch ligands and receptors were upregulated
in the stromal cells and HSCs in a reciprocal fashion through
cell contact.

Discussion

In the present study, we investigated the molecular events in
hematopoiesis supported by mesenchymal stromal cell-
derived preadipocytes. We and other investigators reported
that several preadipocyte-like stromal cells were capable of
supporting hematopoiesis [13-16].  While osteoblasts
enhance HSC self-renewal in the hematopoietic niche [2,3],
preadipocytes may have additional or different function, such
as promoting the asymmetric division of HSCs and
proliferation of early progenitors. Our finding that A54
preadipocytes promoted the formation of cobblestone areas
and colonies supports this idea, but such function may not be
completely cell-autonomous. Assuming that some instructive
signals from HSCs, we investigated the gene expression
profile of A4 cells in a coculture with HSCs. Among the
molecules upregulated or downregulated by more than
twofold in a microarray screening, anincrease of Notch

Figure 4
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ligands (Jag1 and DII3) and BMP6 was confirmed in A54
cells. This finding is intriguing, because signals from Notch
and BMP receptors are integrated in osteoblasts and other
cell types [17-20]. Notch is a single-pass transmembrane
receptor interacting with cell-bound ligands. So far, four
Notch receptors (Notch1-4) and five ligands (Jag1-2 and
DIl1, 3 and 4) have been identified in mammals. As in many
cell systems, Notch signaling is essential for regulating HSCs
and blood cell differentiation [21,22].

Previous studies showed that Jag1 in marrow stromal
cells and osteoblasts promotes HSC proliferation [3,23], Dil1
produces cobblestone areas [24]. In the present study, we
demonstrated that coculturing resulted in concomitant
increases in Notch ligands (Jagl and DI3) in A54
preadipocytes and Notch signaling in HSCs. Notably, in
accordance with an elevation in levels of the Notch1
receptor, expression of the transcription factor Hes1 was also
upregulated. Hes1, one of the targets of Notch signaling,
regulates specific groups of genes to maintain HSCs and
early progenitors [25,26]. Thus, upregulation of the Notch1-
Hes1 axis in HSCs strongly suggests that this signaling
pathway is actually viable with the increase in Notch ligands
in neighboring preadipocytes. Since Notch activation plus
cytokine receptor signaling has a combined effect on
hematopoietic cells [27], production of Notch ligands and
cytokines (SCF, SDF1 and Ang1) by A54 cells is likely to
represent a physiological role of marrow niche cells.

Figure 4. Expression of Notch1 and Hes1 in HSCs. Total RNA
was isolated from 1 x 10° bone marrow Lin"Sca1® cells prior to
coculture and after 5-day-coculture with 2 x 10* A54 cells.
Notch1 and Hesi1 message levels were estimated by
quantitative RT-PCR before (Preculture) and after coculture with
A54 preadipocyres (A54). The primers for PCR are listed in
Table 1. Both Notch1 (A) and Hest (B) were significantly
upregulated in HSCs after coculture with A54 celis. *: P < 0.01
(n = 4).

Figure 5. Interaction of MSCs and HSCs. Various factors are
involved in the cell-to-cell interaction between MSCs and HSCs -
with spatial and temporal complexity. HSCs attach to MSCs via
adhesion molecules such as N-cadherin and b-integrins (ECM:
extracellular matrix secreted from MSC-derived cells). Soluble
cytokines from MSCs such as SCF, SDF1 and Ang1 support the
growth and differentiation of HSCs through cognate receptors
(Kit, CXCR4 and Tie2). When HSCs and MSCs are in close
proximity, expression of Notch ligands (Jagged and Delta-like) is
upregulated in MSCs by Wnt from HSCs, while that of Notch
receptors is upregulated in HSCs by Sonic hedgehog (Shh) from
MSCs and HSCs. Vascular endothelial growth factor (VEGF)
can further upregulate Notch receptor expression in an autocrine
or paracrine fashion. The upregulated Notch signaling pathway
induces the expression of downstream targets such as Hes1.
The expression of bone morphogenic protein (BMP) is
upregulated in MSCs by Shh signaling. Frizzled, Ptc/Smo,
VEGFR, Alk: receptors for Wnt, Shh, VEGF and BMP,
respectively.
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Bone morphogenetic proteins (BMPs) belong to the
transforming growth factor-b superfamily and have pleiotropic
effects on tissue development. They have been implicated
as key regulators in hematopoiesis: for example, BMP4
promotes the self-renewal of HSCs [28] and BMPE enhances
the formation of colonies [17]. Because of the redundancy of
ligands/receptors and the dependence on the context and
stage of differentiation of target cells, a detailed
understanding of BMP signaling awaits further investigation.

The mechanisms responsible for the reciprocal upregulation
of the expression of Notch ligands and receptors have yet to
be clarified. We found that mature lymphocytes poorly
induced Jag1, DII3 and BMP6 expression in A54 cells, thus
the stromal cells appear to receive the induction signal
mainly from immature cells such as HSCs. Direct cell-to-cell
contact with, or close proximity to HSCs was required for the
upregulation of Jag1, DII3 and BMP6 expression in A54 cells.
Thus far several classes of molecules have been implicated
to act upstream of Notch signaling. For example, the Wnt
canonical pathway regulates the expression of Notch ligands
in various cell types [29-31]. Sonic hedgehog (Shh) and
receptors for Shh (Ptc/Smo) are expressed on primitive
hematopoietic cells and marrow stromal cells and induce
BMP expression [32,33]. In addition, Shh can increase
levels of Notch receptors via vascular endothelial growth
factor (VEGF) [34]. Of note, Wnt and Shh are lipid-modified
proteins, and therefore appropriate for exerting effects on
short-ranged target cells in a paracrine and/or autocrine
fashion [35,36]. In the hematopoietic niche, these signaling
networks must be precisely orchestrated to regulate HSC
behavior, presumably through cross-talk with signals from
adhesion molecules such as integrins (Figure 5). Further
investigation of such communicative events will identify
target molecules to improve engraftment in transplantation
therapy.
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or type 2 mhlbltorybehav—j  dition of antxk

The coagulation function i m a reconst(tuted AHA-model containing ex-
ogenous ESH4 or ESH8 was more abnormal than in severe HA. The ad-
FIX anti dyito va defumen’t plasma resulted in !ower

‘knawn, however»ﬁi;j t

‘;tests and clot;r

mechamsm(s), anti- FVIH autoantibodfes Were.punfued ffom AHA plas—'f ‘
mas. AHA—type? autoarmbodies contammg ‘an anti-C2 ESH4-epitope,
blocked FV!ll(a)~phosphal|pld bmdmg, whilst AHA-type 2, containing’

an antt-CZ ESHS—epxtope, mhlblted thrombm catalysed FVH! actxvatxon

c«:rrespondence tn .
Keiji Nogaml, MD, PhD

“of Hemato!ogy, Dviando, Florlda, USA December 6, 2010.

Introduction

Factor (F)VIII, a protein deficient or defective in individuals with
severe congenital bleeding disorder, haemophilia A (HA), func-
tions as a cofactor in the tenase complex, responsible for phos-
pholipid (PL)-dependent conversion of FX to FXa by FIXa (1).
FVIII circulates as a complex with von Willebrand factor (VWEF)
that protects and stabilises the cofactor (2). FVIII is synthesised as
a single chain molecule consisting of 2,332 amino acid residues,
and is arranged into three domains, A1-A2-B-A3-C1-C2. FVIIIL is
processed into a series of metal ion-dependent heterodimers, gen-
erating a heavy chain (HCh) consisting of Al and A2 domains to-
gether with heterogenous fragments of partially proteolysed B do-
main linked to a light chain (LCh) consisting of A3, C1,and C2 do-
mains (3). The catalytic efficiency of FVIIl in the tenase complexis
markedly enhanced by conversion into FVIiIa, by limited proteoly-
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Acqu:red haemophlha A, anti- C2 autoantlbody, thrombm generatlon,

‘ tenase complex FXa generatmn i

nanmal support
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sis by thrombin (and FXa) (4). Both enzymes proteolyse the HCh
at Arg®? and Arg’®, and produce 50-kDa Al and 40-kDa A2 sub-
units. The 80-kDa LCh is cleaved at Arg'®® generating a 70-kDa
subunit. Proteolysis at Arg*” and Arg's® is essential for generating
FVIIIa cofactor activity (5). FV1Ila activity is down-regulated by
serine proteases including activated protein C, following cleavage
at Arg®® (4, 6).

FVIII inhibitors develop as alloantibodies (alloAbs) in severe
HA patients multi-treated with FVIII concentrates, and also as
autoantibodies (autoAbs) in previously normal individuals, par-
ticularly in elderly people, patients with autoimmune diseases,
pregnant women, and women in the postpartum period. The ap-
pearance of autoAbs usually results in severe haemorrhagic symp-
toms in what is described as acquired HA (AHA). Antibodies of
this nature inhibit FVHI activity (FVIIL:C) either completely or in-
completely at saturating concentrations, corresponding to type 1
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or type 2 inhibitors, respectively (7). Epitopes of autoAbs and hae-
mophilic alloAbs have been found commonly in the A2, C2, or
both domains of the FVIII molecule (8). Most autoAbs appear to
be directed against a single domain rather than both domains, with
anti-C2 antibodies being more common than anti-A2 antibodies
(8). In contrast, most haemophilic alloAbs appear to recognise
both domains. Anti-C2 type 1 antibodies inhibit FVIIIa binding to
PL membranes (9, 10). The FVIII binding to PL and VWF is mu-
tually exclusive (11), and antibodies have been shown to block
binding to both PL and/or VWF (12, 13). Furthermore, anti-C2
type 2 antibodies interfere with FVIII activation mediated by
thrombin and/or FXa (9, 10, 14).

Accurate measurements of blood coagulation in vitro are essen-
tial for the complete clinical assessment of clotting function. Con-
ventional one-stage clotting tests (prothrombin time and activated
partial thromboplastin time; APTT) are useful for routine labora-
tory examination, but they only partially reflect coagulation in a
non-physiological environment and are based on the classical con-
cepts of intrinsic and extrinsic cascade mechanisms. Discrepancies
between coagulant activity and clinical phenotype in patients are
often apparent, therefore. Recently, interest has focused on global
coagulation assays, developed from a better understanding of the
coagulation reaction involving tissue factor (TF)-triggered, cell-
based mechanisms generating thrombin on activated platelets
(15). Global tests of this nature such as the thrombin generation
test (TGT) and clot waveform analysis have been established
(16~18). We have further reported that our optimisation of these
techniques provided a quantitative evaluation of clotting function
in patients with very low levels of FVIIL:C, and that various param-
eters closely correlated with clinical phenotype {18-20).

According to a retrospective survey, the severity of AHA is not
directly associated with FVIII:C level (21), and AHA patients fre-
quently present with life- or limb-threatening bleeding episodes
that appear to be more pronounced than in congenital HA, al-
though FVIILC levels are similar in both. Hence, the clinical phe-
notype is often severe in AHA patients with moderate or even
mildly deficient levels of FVIII:C. The reason(s) for this discrep-
ancy in AHA remains to be clarified, however.

In the present study, patients with moderate-type HA
(M-group), severe-type HA (S-group), AHA with type 1 (type 1)
and with type 2 inhibitors (type 2) were investigated. We have
demonstrated for the first time that coagulation function, assessed
using global coagulation assays, was significantly more depressed
in AHA with anti-C2 autoAbs compared to congenital HA, par-
ticularly in the S-group. We propose that one possibility for this
difference is that the complex of FVIII and anti-C2 autoAbs indi-
rectly interferes with FIXa-dependent FX activation due to steric
hindrance. In addition, type 1 anti-C2 autoAbs prevented
FVII(a)-PL binding mechanisms, essential for the tenase com-
plex, and type 2 anti-C2 autoAbs decreased FXa generation by in-
hibiting FVIII activation mediated by thrombin (and/or FXa).
These distinct mechanisms might be associated with the exacer-
bated haemorrhagic symptoms in AHA.

Thrombosis and Haemostasis 107.2/2012

Materials and methods
Reagents

An anti-FVIII A2 mADbJR8 was obtained from JR Scientific Inc.
(Woodland, CA, USA). Anti-FVIII C2 mAbs, ESH4 and ESHS, re-
cognising residues 2303-2332 and residues 2248-2285, respect-
ively (12, 22), were purchased from American Diagnostica Inc.
(Stamford, CT, USA). An anti-C2 alloAb was purified from plasma
obtained in a severe HA patient with inhibitor. An anti-FIX
mAb3A6 was prepared as previously reported (23). The biotiny-
lation of mAb was prepared using N-hydroxysuccinimido-biotin
(Pierce, Rockford, IL, USA). Recombinant lipidated TF (Innovin®;
Dade Behring, Marburg, Germany), ellagic acid (Sysmex, Kobe,
Japan), thrombin-specific fluorogenic substrate (Bachem, Buben-
dorf, Switzerland), and thrombin calibrator (Thrombinoscope,
Maastricht, Netherlands) were obtained from the indicated ven-
dors. Human thrombin, FV, FIXa, FX, FXa (Hematologic Technol-
ogies, Inc. Essex, VT, USA), recombinant hirudin (Calbiochem,
San Diego, CA, USA), FXa substrate S-2222 and thrombin sub-
strate §-2238 (Chromogenix, Milano, Italy), and plasma-derived
FVIII-deficient plasma (George King Biomedical. Overland Park,
KS, USA) were commercially purchased. PL vesicles containing
10% phosphatidylserine, 60% phosphatidylcholine, 30% phos-
phatidylethanolamine (Sigma) were prepared as previously de-
scribed (24).

Proteins

Purified recombinant (r)FVIIl preparations (Kogenate FS®) were a
generous gift from Bayer Corp. Japan (Osaka, Japan). The A1, A2,
HCh, LCh, and thrombin-cleaved LCh fragments were isolated
from recombinant FVIII (25). The rA3 and rC2 proteins were puri-
fied as previously reported (26, 27). VWF was purified from FVIII/
VWF concentrates (28). SDS-PAGE of the isolated subunits fol-
lowed by staining with GelCode Blue Stain Reagent (Pierce)
showed >95% purity (data not shown). Protein concentrations
were measured using the Bradford method (29).

Patients’ plasmas

Whole blood was obtained by venipuncture into tubes containing
1:9 volume of 3.8% (w/v) trisodium citrate. After centrifugation
for 15 minutes (min) at 1,500 g, the plasmas were stored at —-80°C,
and thawed at 37°C immediately prior to the assays. Inhibitor titres
were determined using the Bethesda assay (30). The kinetic pattern
{type 1 or type 2 behaviour) of FVIII inactivation by anti-FVIII
autoAbs was determined using one-stage clotting assays (7). Pa-
tients’ plasmas were obtained from moderate-type HA (M-group,
n=10, FVIIL:C: 2.1 % 0.9 TU/dl}, severe-type HA (S-group, n=15,
FVIILC: <0.2 TU/dl), type 1 AHA (type 1, n=9, FVIILC: <0.2 TU/
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dl, 167 £ 175 BU/ml) and type 2 AHA (type 2, n=8, FVIILC: 2.0 £
1.9 TU/dl, 202 % 120 BU/ml). The present studies were performed
using blood samples obtained from patients diagnosed by our re-
search group (Table 1) and enrolled in the Nara Medical University
Hemophilia Program. All samples were obtained after informed
consent following local ethical guidelines.

Anti-FVIil autoAbs

Anti-FVIII autoAb IgGs were purified from AHA plasma. IgG
preparations were fractionated by affinity chromatography on
protein G-Sepharose. F(ab’), fragments were prepared using im-
mobilised pepsin-Sepharose (Pierce) (31). The FVIII domain(s)
recognised by these antibodies were determined by SDS-PAGE and
Western blotting using isolated FVIII fragments. The binding of
anti-FVIII antibodies to FVIII fragments was detected using anti-
human peroxidase-linked secondary antibody (Dako Japan,
Tokyo, Japan). All autoAbs reacted predominantly or exclusively
with the C2 domain in these immunoblot analyses using isolated
FVIII fragments. Little reaction was evident with coagulant pro-
teins other than FVIII (data not shown). All of these autoAbs,
therefore, were regarded as anti-C2 autoAbs.

Clot waveform analysis

FVIII(a) activity was measured in one-stage clotting assay using
FVIII-deficient plasma. APTT measurements were also performed
using the MDA-II™ Hemostasis System (Trinity Biotech, Dublin,
Ireland) with commercially available APTT reagent. The clot wave-
forms obtained were computer-processed using the commercial
kinetic algorithm (18). The minimum value of the first derivative
(min1), defining the maximum velocity of change in light trans-
mission, was calculated as an indicator of the maximum velocity of
coagulation achieved. The second derivative of the transmittance
data (4*T/dt?) reflects the acceleration of the reaction at any given
time point. The minimum value of the second derivative (min2)
was also calculated as an index of the maximum acceleration of the
reaction achieved. Since the minimum of minl and min?2 are de-
rived from negative changes, we expressed the data as jmin1| and
|min2}, respectively. The clot time was defined as the time until the
start of coagulation.

Thrombin generation test (TGT)

The calibrated automated TGT (Thrombinoscope) was performed
as previously described (16, 20). Sample plasma (80 yl) was pre-
incubated for 10 min with 20 pl of trigger reagent containing TF,
PL, and ellagic acid (final concentration (f.c.) 0.5 pM, 4 UM, and
0.3 M, respectively). Measurements were then commenced after

© Schattauer 2012

Table 1: Properties of plasma samples and anti-C2 autoAbs obtained
from AHA patients.
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the addition of 20 pl reagent containing CaCl, and fluorogenic
substrate (f.c. 16.7 mM and 2.5 mM, respectively). The devel-
opment of fluorescent signals was monitored using a Fluoroskan
Ascent microplate reader {Thermo Fisher Scientific, Boston, MA,
USA). Data analyses were performed using the manufacture’s soft-
ware, and the standard parameters; peak thrombin, time to peak,
and endogenous thrombin potential (ETP), were derived.

FXa generation assay

FXa generation was performed at 37°C in 20 mM HEPES, pH 7.2,
150 mM NaCl, 5 mM CaCl,, and 0.01% Tween 20 (HBS) contain-
ing 0.1% bovine serum albumin (BSA).

Purified reagent-based assays

(i) FVIHIa/FIXa-dependent FXa generation (32) ~ FVII (0.05
nM) was activated by thrombin (1 nM), and this reaction was
terminated afier 1 min by the addition of hirudin (0.5 unit/
ml). After dilution, FXa generation was initiated by the addi-
tion of FIXa (1 nM), FX (150 nM)}, and PL (20 uM).
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(ii) FVIII/FIXa-dependent FXa generation —~ FXa generation was
initiated by the addition of FIXa (1 nM), FX (150 nM), PL (20
pM), and hirudin (0.5 unit/ml} to FVIII {(0.05 nM) and con-
tinued for 30 min. In both assays, aliquots were removed at the
indicated times to assess initial rates of product formation,
and added to tubes containing EDTA. Initial rates of FXa gen-
eration were determined at 405 nm after the addition of
§-2222.

Plasma-based assays

A commercial COATEST®SP FVIII kit (Chromogenix) was used
according to the manufacture’s instructions. Plasma samples were
diluted five fold in HBS containing 0.1% BSA and were mixed with
FIXa/FX/PL. FXa generation was initiated by the addition of
CaCl,, and the initial rates were determined at 405 nm after the ad-
dition of 5-2765. Hirudin (1 unit/ml) was added to the samples to
stop positive-feedback activation mediated by the generated
thrombin.

FVIII competitive binding assay

FVIII (25 nM) in 10 mM Tris and 150 mM NaCl, pH7.4, was im-
mobilised onto microtiter wells at 4°C overnight. After blocking
with 5% BSA at 37°C for 2 hours (h), serial dilutions of anti-C2
autoAbs together with constant concentrations (10 pg/ml) of
anti-C2 mAbESH4 or mAbBESHS were added to each well,and were
further incubated for 2 h. Bound mAbESH4 or mAbESHS was de-
tected after 2-h incubation with horseradish peroxidase-con-
jugated anti-mouse IgG and the addition of o-phenylenediamine.
The amount of nonspecific IgG binding without FVIII was <5% of
the total signal. Specific binding was estimated by subtracting the
amount of non-specific binding.

ELISA for FVIll binding to immobilised VWF or PL

Binding of FVIII to VWF or PL were examined as previously re-
ported (28). VWF (40 nM) or PL (20 uM) was immobilised onto
microtiter wells. After blocking with 5% BSA, FVIII (1 nM) was
added onto the immobilised VWF well or PL well. Bound FVIII
was detected using biotinylated anti-A2 mAbJR8 and horseradish
peroxidase-labeled streptavidin. The amount of non-specific IgG
binding without FVIIIwas <3% of the total signal. Specific binding
was estimated by subtracting the amount of non-specific binding.

FVIII cleavage by thrombin or FXa

FVIII (10 nM) was preincubated with the indicated concentrations
of anti-C2 autoAbs for 1 h. The mixtures were then incubated at

Thrombosis and Haemostasis 107.2/2012

37°C with thrombin (5 nM) or FXa (0.3 nM) together with PL (20
M) in HBS-buffer containing 5 mM CaCl,. Aliquots were re-
moved at the indicated times and the reactions were terminated
and prepared for SDS-PAGE by adding SDS and boiling for 3 min.
SDS-PAGE was performed using 8% gels at 150V for 1 b, followed
by Western blotting. Protein bands were probed using the indi-
cated mAb followed by goat anti-mouse peroxidase-linked sec-
ondary mAb. Signals were detected using enhanced chemilumi-
nescence (PerkinElmer Life Science, Boston, MA, USA). Densito-
metric scans were quantitated using Image J 1.38.

Statistical analysis

The significant of the differences between each of AHA groups,
congenital HA groups and samples with anti-C2 mAbs were deter-
mined by paired Student’s t-test analysis.

Results

Global blood coagulation in moderate HA (M-group)
and AHA-type 2

AHA-type 2 patients exhibited more severe haemorrhagic symp-
toms than the HA M-group, although similar levels of FVIIL:C
were recorded in one-stage clotting assays. The TGT has been re-
cently developed to evaluate global coagulation function based on
the principles of cell-based clotting, and we utilised this technique
in this study. Although TF at low concentration is generally used as
a trigger in the TGT, sensitive differences in coagulation function at
low levels of FVIIL:C (<~3 IU/dl) are not seen (20). We have re-
ported, however, that the addition of small amounts of ellagic acid
to the mixtures containing the low TF-trigger TGT had little effect
on the lag-time (representing activation of the FVIla/TF-induced
extrinsic pathway) but provided higher peak thrombin and ETP
measurements (representing the subsequent activation of the in-
trinsic pathway) (20). The modified TGT, therefore, reflected glo-
bal coagulation sensitivity in the intrinsic pathway as well as the ex-
trinsic, cell-based pathway, and enabled evaluation of coagulation
function at very low levels of FVIIL:C (low limit; <0.4 TU/dl).
This TGT was utilised in the present study and plasma samples
were mixed with TF (0.5 pM), PL (4 pM), and ellagic acid (0.3
UM), followed by the addition of CaCl, and fluorogenic substrate
(20). Representative thrombograms (upper panels) and the derived
parameters (lower panels) in the M-group and type 2 AHA are il-
lustrated in B-Figure 1A. The levels of peak thrombin and ETP ob-
tained in type 2 were significantly decreased relative to those in the
M-group, by ~2.6-fold (type 2/M-group: 61 % 30/159 50 nM,
p<0.01; panel a) and by ~2.2-fold (1,310 £ 810/2,848 £ 620 nM,
p<0.01; panel c), respectively. The time to peak was markedly pro-
longed by ~1.9-fold (32.2+ 5.8/17.1 2.0 min, p<0.01; panel b).
Global coagulations parameters in both groups were further
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Figure 1: TGT and clot waveform analysis on patient’s plasmas in the
M-group and type 2 AHA, A) TGT-assay; upper panels: Plasma samples ob-
tained from the M-group patients and type 2 AHA were preincubated with TF
(0.5 pM), PL (4 uM) and ellagic acid (0.3 uM), followed by the addition of
CaCl,. Thrombin generation was measured as described in Methods, and rep-
resentative TGT curves are illustrated. NP; control normal plasma. Lower pa-
nels: The peak thrombin (a), time to peak (b), and ETP {c) were derived from

© Schattauer 2012

the TGT data obtained in upper panels. B) Clot waveform analysis; The APTT
of patients’ plasmas cbtained fram M-group and type 2 AHA were measured
using the MDA-II™ system. The parameters clot time (a), |min1] (b), and
|min2| () were derived from the clot waveform data as described in Meth-

" ods. In all instances, results are shown as mean + SD from at least five sep-

arate experiments. **p<0.01.
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Figure 2: TGT and endogenous intrinsic FXa generation on patient’s
plasmas in the S-group, type 1, and type 2 AHA. A) TGT-assay; Upper pa-
nels: Patients’ plasmas obtained from the S-group, type 1 AHA, and type 2
AHA were preincubated with TF (0.5 pM), PL (4 uM) and ellagic acid (0.3
uM), followed by the addition of CaCl,. Thrombin generation was measured
as described in Methods, and representative TGT curves are iliustrated. NP;
control normal plasma. Lower panels: The parameters of peak thrombin (a),
time to peak (b), and ETP (c) were obtained from the TGT data shown in

Thrombosis and Haemostasis 107.2/2012

upper panels. B) Endogenous intrinsic FXa generation; Patients’ plasmas ob-
tained from S-group, type 1, and type 2 AHA were preincubated with FiXa/
FX/PLmixture in the presence of hirudin, followed by the addition of CaCl, as
described in Methods. FXa was measured using commercial reagents. The in-
itial velocity rates of endogenous FXa generation are illustrated. In all in-
stances, results are shown as mean + SD from at least five separate experi-
ments. The value of FVIll:C 1.0 [U/d! as a reference value was 5.04 = 0.20
x1073, *p<0.05, **p<0.01, NS; no significance.

© Schattauer 2012

Downioaded from www.thrombosis-online.com on 2012-01-12 | IP: 61.89.110.89
Note: Uncorrected proof, prepublished online
For personal or educational use only. No other uses without permission. All rights reserved.

—190—



Matsumoto et al. Coagulation function and inhibitory mechanism in AHA

evaluated by clot waveform analysis using the MDA-II™ system
{18). Unlike the TGT, this analysis reflects the process of fibrin
formation. The data obtained from these waveforms are illustrated
in B-Figure 1B. The clot times in type 2 were prolonged by
~2.0-fold (121 + 44/61 * 8 seconds, p<0.05; panel a), compared to
those in the M-group, and both |min1| and jmin2]| values were sig-
nificantly decreased by ~2.1-fold, (1.1 £0.5/2.3 £0.3, p<0.01; panel
b) and by ~3.1-fold (0.06 £ 0.03/0.19 % 0.04, p<0.01; panel ), re-
spectively. These results demonstrated that blood coagulation in
type 2 was markedly more defective than in the M-group, despite
similar FVIIL:C levels (2.1 +0.9/2.0 £ 1.9 TU/dl, respectively). The
findings were in keeping with the more severe haemorrhagic
symptoms observed in type 2 relative to the M-group of patients.

Comparisons of coagulation function in severe HA
(S-group) and AHA

More severe haemorrhagic symptoms are evident in the AHA pa-
tients compared to those in the S-group (FVII:C<0.2%). These
clinical differences were examined, therefore, using the TGT in
these patients. Representative thrombograms from the S-group,
type 1,and type 2 are illustrated in B>Figure 2A (upper panels). The
derived parameters are shown in the Jower panels. The levels of
peak thrombin and ETP in type 1 were markedly decreased by
~2-fold (type 1/S-group: 35.2 + 14.1/68.0 + 8.2 nM, p<0.01, panel
a) and by ~1.5-fold (770 % 310/1,115 % 381 nM, p<0.05, panel c),
respectively. The time to peak in type 1 was significantly prolong-
ed by ~1.6-fold (36.7 + 6.5/23.0 £ 3.0 min, p<0.01, panel b), com-
pared to those in 5-group. Similarly, in type 2, the time to peak was
significantly delayed compared to that in S-group (32.5 £ 6.0/23.0
* 3.0 min, p<0:05, panel b). These findings again provided strong
evidence that the more serious clinical symptoms in AHA were re-
lated to the differences in global coagulation profiles, even though
the FVIIL:C in AHA were similar or slightly higher level than those
in S-group. Surprisingly, thrombin generation in type I was mod-
erately, but significantly more defective than in type 2 (p<0.05). It
appeared, therefore, that coagulation function in the three groups
was depressed in the order type 1, type 2, S-group.

Intrinsic FXa generation, corresponding to the upstream pro-
cess of thrombin generation, was further examined to clarify the
mechanism(s) of excessively defective thrombin generation in
AHA. Plasma samples from each of the three groups were incu-
bated with FIXa/FX/PL mixtures in the presence of hirudin {to
eliminate thrombin reactions). CaCl, was added and endogenous
intrinsic FXa generation was measured using the chromogenic
assay. The initial rate of FXa generation was decreased in the order
type 1, type 2, S-group (0.53 +0.18/0.88 £ 0.41/1.81 £ 0.78 x107)
with significant differences (P> Fig. 2B). These results were consist-
ent with those obtained in the TGT, and further suggested that the
discrepancies in coagulation function between AHA and S-group
HA could be attributed to a significant decrease in the expression
of intrinsic tenase complex activity (FVIIa/FIXa/FX/PL}).

© Schattauer 2012

Properties of anti-FVIIl autoAbs in AHA

To further investigate the mechanism(s) by which the coagulation
function in AHA was more defective than in the S-group, anti-
FVIII autoAbs purified from AHA plasmas were characterised.
FVIII levels and the basic properties of these autoAbs are summa-
rised in B-Table 1. Other coagulation factor activities in all cases
were within the normal range (data not shown). SDS-PAGE and
Western blotting using purified coagulation proteins revealed that
all autoAbs reacted with FVIII alone. In particular, they all strongly
reacted with the C2 domain, although some additionally reacted
very faintly with the A2 domain.

The C2 domain is associated with interactions with VWF and
PL (33). We examined, therefore, the effects of anti-C2 autoAbs on
FVII binding to VWF and PL in ELISA. In all type 1 cases examin-
ed the antibodies dose-dependently inhibited FVIII binding to
VWF (by 64-87%) and PL (by 60-79%) at the maximum concen-
tration of 50 pg/ml (B> Table 2}, and the inhibitory effects were
dose'—dependent {data not shown). In contrast, in all type 2 cases
the antibodies did not affect binding. Insufficient amounts of puri-
fied F(ab’), were obtained from some type 1 cases (cases 7-9) and
type 2 cases (cases 16~17), however, and these individuals could
not be investigated.

Different effecis of anti-C2 autoAbs on thrombin-
catalysed FVIil reactions

The conversion of FVII to FVIIIa by thrombin is essential for the
expression of intrinsic tenase activity (5), and one particular FVII
binding-region has been located within the C2 domain (34). We
examined, therefore, the effects of anti-C2 autoAbs on thrombin-
catalysed FVIII activation. FVIII {0.05 nM) was preincubated with
varying amounts of AHA autoAbs. After incubation with throm-
bin for 1 min, the reaction was stopped by the addition of hirudin,
and the reactant mixtures were diluted to completely exclude the
inhibitory effects of autoAbs. FXa generation was initiated by the
addition of FIXa (1 nM) and FX (150 nM) (B> Fig. 3A, upper panel).
Results are summarised in B>Table 2. All type 2 antibodies (50 pg/
ml) decreased the peak levels of thrombin-mediated FVIII acti-
vation by 66-94%, and the inhibitory effects were dose-dependent.
Type 1 autoAbslittle affected these reactions (by <5%), however. In
these experiments, the presence of anti-C2 autoAbs may have in-
terfered with FXa generation and indirectly moderated thrombin-
catalysed FVIII activation. To investigate this, therefore, we exam-
ined direct thrombin-catalysed FVIII cleavage in the presence of
anti-C2 autoAbs. Proteolytic cleavage at Arg®™ and Arg'®® is essen-
tial for generating FVIIIa activity (5). FVIII (10 nM) was preincu-
bated with anti-C2 autoAbs (100 pig/ml), and was then activated
by thrombin (5 nM), followed by SDS-PAGE and Western blotting
using anti-A2 mAbJR8 (PFig. 3A, lower panels). All type 2 anti-
bodies delayed the appearance of intact A2 during early-timed
reactions (panel a). The inhibitory effects were dose-dependent by
61-73% (at 50 pg/ml), and were consistent with inhibition of
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cleavage at Arg*”? (panel b). Similarly, inhibition of cleavage at
Arg'®® (by 35-80%) was observed with all type 2 antibodies
(B> Table 2). These cleavage patterns appeared to be little affected
(by <5%) by type 1 antibodies, consistent with the results of FVIII
activation.

FXa-catalysed FVIII activation was also investigated, as a target
for inhibitory effect of anti-C2 autoAbs. It was difficult, however,
to assess FVIITa-dependent FXa generation in the presence of puri-
fied FXa as an activator of FVIIL Consequently, FVIII-dependent
FIXa-catalysed FXa generation was evaluated. This assay depended
on the positive-feedback mechanism(s) by which FIXa-catalysed
FXa generation mediated FVIIT activation. FVIII (0.05 nM} was
preincubated with varying amounts of autoAbs, followed by the
addition of FIXa (1 nM), FX (150 nM), PL (20 pM), and hirudin to
initiate FXa generation (B> Fig. 3B). All type 2 antibodies (50 pg/
ml) diminished the level of FXa generation by 59-95%, and the in-
hibitory effects were dose-dependent (upper panel). To directly
examine FXa-catalysed FVIII proteolysis, FVIII (10 nM) was
mixed with autoAbs (50 pg/ml) prior to incubation with FXa (0.5
nM) and PL (20 uM) (B>Fig. 3B, lower panels). All type 2 anti-
bodies inhibited cleavage at Arg’” by 54~79% in a timed-depend-
ent manner, and the inhibitory effects were dose-dependent (pa-
nels a and b). Cleavage at Arg'*® was also completely inhibited (by
>95%) by all type 2 antibodies (B>Table 2). The inhibitory effects
of type 1 antibodies could not be determined precisely, however,
since these antibodies directly inhibited FVIII(a)-PL interaction.

Thrombosis and Haemostasis 107.2/2012

Coagulation function in AHA-model reconstituted
with FVIll/anti-C2 mAb

The inhibitory properties of anti-C2 type 1 and type 2 autoAbs ob-
tained in the present study were similar to those reported by Meeks
etal. (9, 10). To investigate whether the pivotal C2 epitopes of our
autoAbs overlapped with those of anti-C2 mAbESH4 or mA-
bESHS, representing typical type 1 or type 2 behaviour, respect-
ively, competitive inhibition for FVIII binding were examined. All
type 1 antoAbs significantly competed with ESH4 binding to FVIII
by 63-84%, but competed with ESH8 binding by <5-15%. In
contrast, all type 2 autoAbs competed with ESHS8 binding to FVII
by 64-86%, but competed with ESH4 binding by <5~19%. These
findings indicated that anti-C2 type 1 and type 2 autoAbs con-
tained the C2 epitopes identified in ESH4 and ESHS, respectively
(B> Table 2).

We compared, therefore, the coagulation parameters in in vitro
models of AHA, constructed with exogenous anti-C2 mAbs (ESH4
and ESH8), with those of the S-group. FVIII (10 IU/dl) was pre-
incubated with ESH4 (80 pg/ml) or ESH8 (20 pg/ml), and residual
FVIIL:C was adjusted to <0.2 and ~2 TU/d], respectively, similar to
the levels in AHA patients. The mixtures were added to FVIII-defi-
cient plasma and utilised in the TGT-assay (B Fig. 4A and B). The
time to peak in the AHA-models with ESH4 and ESHS (48.8 £
2.0/47.6 £ 2.4 min, p<0.01/p<0.05, respectively) were prolonged
compared to the S-group (43.0 £ 1.6 min), reflecting decreased co-
agulation function in the presence of ESH4/ESHS8. These findings
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Figure 3: Effects of type 2 anti-C2 autoAbs on thrombin- or FXa-cata-
lysed activation of FVIIi. A) Thrombin reaction; Upper panel: FVIil (0.05
nM) was activated by thrombin (1 nM) for 1 min. After the addition of hiru-
din and dilution, FXa generation was initiated by the addition of FIXa (1 nM),
FX (150 nM), and PL (20 uM). Various concentrations of type 2 autoAbs were
preincubated with FVIII prior to adding thrombin, followed by adding hirudin
to terminate the thrombin reaction. The rate of FXa generation without
anti-C2 autoAb was regarded as 100%. In all instances, results are shown as
mean from at least five separate experiments. Lower panels: (a) FVIll (10 nM)
was mixed with type 2 autoAbs (100 pg/ml) for 1 h, followed by incubation
with thrombin (5 nM) for the indicated times. Samples were run on 8% gel
followed by Western blotting using anti-A2 mAbJR8. Band density of A2 at

1 min after adding thrombin with normal F(ab'), was regarded as 100%. (b)
FViI {10 nM) was mixed with various concentrations of type 2 autoAbs for

1 h, followed by incubation with thrombin (5 nM) for 1 min. Samples were
run on 8% gel followed by Western blotting using anti-A2 mAb. Band density
of A2 after adding thrombin in the absence of type 2 autoAbs was regarded

© Schattauer 2012

as 100%. B) FXa reaction; Upper panel: FVIIl (0.05 nM) was incubated with
various concentrations of type 2 autoAbs for 1 h. FXa generation was initi-
ated by the addition of FiXa (1 nM), FX (150 nM), PL (20 uM) in the presence
of hirudin for 30 min. The rate of endogenous intrinsic FXa generation in the
absence of autoAb was regarded as 100%. In all instances, results are shown
as mean from at least five separate experiments, Lower panels: (a) FVIll (10
nM) was mixed with type 2 autoAbs (50 pg/mi) for 1 h, followed by incu-
bation with FXa (0.5 nM) and PL (20 uM) for the indicated times. Samples
were run on 8% gel followed by Western blotting using anti-A2 mAb. Band
density of A2 at 5 min after FXa incubation with normal F(ab'), was regarded
as 100%. (b) FVIiI (10 nM) was mixed with various cancentrations of type 2
autoAbs for 1 h, followed by incubation with FXa (0.5 nM) and PL (20 uM) for
5 min. Samples were run on 8% gel followed by Western blatting using
anti-A2 mAb. Band density of A2 by FXa in the absence autoAbs was re-
garded as 100%. The symbols used are: O; case 10, @; case 11, [J; case 12,
B, case 13, A; case 14, A, case 15, 0; normal F(ab’),.
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Figure 3: Continued

were in keeping with those observed using anti-C2 AHA plasmas
in thrombin and FXa generation assays (see B-Fig. 2A and B). No
significant differences were observed between ESH4 and ESHS in
these assays, however.

Effect of anti-FIX mAb on TGT in FVili-deficient
plasma

Our findings suggested that the additional decrease of coagulation
function in AHA relative to S-group could be attributed to the
markedly decreased activity of the intrinsic tenase complex. Since
intrinsic tenase activity in S-group HA depends on FIXa-catalysed
FX activation, we hypothesised that inhibition of FIXa-induced FX
activation could have mediated the significantly greater decrease in
tenase activity observed in AHA. We examined, therefore, the ef-
fects of anti-FIX mAb on thrombin generation in FVIII-deficient
plasmas (B>Fig. 5). Control experiments demonstrated that the

Thrombosis and Haemostasis 107.2/2012

addition of anti-FVIII alloAb (10 BU/ml) to FVIII-deficient plas-
mas resulted in similar TGT parameters compared to its absence,
confirming complete FVIII deficiency in the plasma samples. Fur-
thermore, the addition of anti-C2 autoAbs to FVIII-deficient plas-
ma little affected thrombin generation (data not shown), confirm-
ing that the effects of anti-C2 autoAbs in AHA patients depended
on the presence of FVIIL

In addition, anti-FIX mAb3A6 (10 BU/ml) was incubated with
FVIII-deficient plasmas, and TGT assays performed as above. Peak
thrombin levels in the presence of anti-FIX mAb were significantly
more decreased (~1,3-fold) than its absence (8.0 = 0.5/10.4 £ 0.6
oM, p<0.05, BFig. A). Similarly, ETP was more depressed
{~1.5-fold) in the presence of anti-FIX mAb than its absence (100
+ 10/144 £ 15 nM, p<0.05, B>Fig. 5C), and the time to peak was
prolonged by ~1.3-fold (32.7 £ 1.9/25.0 1.8 min, p<0.05, B-Fig.
5B). These findings were similar to those obtained with native
AHA plasmas, and the results were consistent with the concept that
the exacerbated haemorrhagic symptoms in AHA with anti-C2
autoAbs, compared to S-group, could be related, in part, to indirect
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Figure 4: Coagulation function in in vitro AHA-models reconstituted
with FVIIi and anti-C2 mAb. A) FVIII {0.1 nM) was mixed with anti-C2 mAb
ESH4 (80 pg/ml) or mABESHS (20 pg/ml) for 1 h prior to incubation with
FVili-deficient plasma. Samples were mixed with TF (0.5 pM), PL (60 uM),
and ellagic acid (0.3 pM), followed by the addition of CaCl,. Thrombin gen-

eration was measured as described in Methods. Representative TGT curves
were illustrated. B) The time to peak obtained from the TGT is shown in (A).
Data are shown as mean + SD for data from at least five separate experi-
ments. *p<0.05, **p<0.01, NS; no significance.
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Figure 5: Effect of anti-FIX mAb on the thrombin generation in FVIil-
deficient plasmas. FVIll-deficient plasma was preincubated with or with-
out anti-C2 alloAb (10 BU/ml) for 1 h, and was reacted with or without anti-
FIX Ab (10 BU/ml) for 1 h. These samples were reacted with TF (0.5 pM), PL
(60 uM), and ellagic acid (1.8 pM), followed by the addition of CaCl,. Throm-

inhibition of FIXa-catalysed FX activation due to steric hindrance
in the presence of the FVIII-anti-C2 autoAbs complex.

Discussion

The reason(s) why haemorrhagic symptoms in AHA are more se-
vere than those in severe HA, although FVIIL:C levels are similar,

© Schattauer 2012

bin generation was measured as described in Methods. A-C) Parameters of
peak thrombin, time to peak, and ETP obtained from TGT. In all instances, re-
sults are shown as mean + SD from at least five separate experiments.
*p<0.05.

have not been clarified. The present findings suggest for the first
time, that the mechanisms involved in these circumstances could
possibly be attributed to the inhibition of FIXa-mediated FX acti-
vation by disturbances (steric hindrance) on the tenase complexin
the presence of FVIII-anti-C2 autoAb complexes.

AHA antibodies with anti-A2 epitopes were not available for
study, and all anti-FVIII autoAbs used in this study recognised the
C2 domain. All anti-C2 Type 1 antibodies blocked FVIII binding to
VWF and PL, but did not affect FVIII activation by thrombin. In
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Figure 6: A putative coagulation mechanism for the intrinsic tenase
complex in patients from the S-group, anti-C2 type 1, and type 2 AHA,
In normal plasmas, free FVilla is generated from FVII/VWF by thrombin, fol-
lowed by FVilla/FiXa-dependent FX activation on PL micelles (A). In severe
HA, FIXa alone generates FXa from FX very slowly (panel B). In both type 1
and type 2 AHA, anti-C2 lgG-FVlia complexes interfere with FiXa-catalysed

contrast, all anti-C2 type 2 antibodies inhibited FVIII activation by
thrombin, but did not affect FVIII binding to VWF and PL. These
anti-C2 properties were similar to those reported by Meeks et al. (9,
10), and were representative of the classical and non-classical
anti-C2 antibodies respectively. In addition, PL concentrations did
not affect the difference between both groups in thrombin and FXa
generation and binding assays (data not shown). SDS-PAGE and
Western blotting analysis revealed that the inhibition of thrombin-
catalysed FVIII activation by anti-C2 Type 2 was attributed to de-
layed cleavage at Arg®” and Arg!®®, It was of additional interest,
that mAbESHS8 with type 2 epitopes did not affect FVIII cleavage
by thrombin at Arg*” (and Arg'%®®) (data not shown, [35]),and the
findings might have reflected a novel inhibitory mechanism for
anti-C2 autoAb inhibitors. The C2 domain is structurally juxta-
posed to the A1 domain (36), and inhibition of cleavage by anti-C2
type 2 may have been due to a polyclonal, steric effect of the
anti-C2 autoAbs, although inhibition caused by the coincident
presence of an anti-A2 autoAb (37) could not be excluded. We have
recently demonstrated an interaction between the C2 domain
(residues 2228-2240) and the FIXa Gla domain in the tenase com-
plex (38). In the current studies, however, neither type 1 nor type
2 anti-C2 autoAbs inhibited C2 binding to FIXa (data not shown),

Thrombosis and Haemostasis 107.2/2012

FX activation on PL by steric hindrance. In type 1 cases, this complex fails to
bind to PL, and the tenase assembly is unstable (C). In type 2 cases, although
anti-C2 lgG significantly blocks thrombin-induced FVIII activation, small
amounts of the FVilla-lgG complex bind to PL, and consequently trace
amounts of tenase assembly is formed (D).

suggesting that these antibodies had little direct affect on FVIIla-
FIXa interactions in the tenase complex.

Thrombin generation in AHA was significantly less than that in
severe HA. Furthermore, intrinsic FXa generation in AHA, reflect-
ing processes upstream of thrombin generation, was decreased
relative to that in severe HA. The anti-C2 antibodies little inhibited
prothrombinase activity (data not shown), it appeared, therefore,
that critical differences between AHA and severe HA in the intrin-
sic tenase complex contributed to the clinical findings, and that
these differences centered on the effects of anti-C2 autoAbs on
FVIila, FIXa, FX, and PL interactions. In normal tenase reactions
(B> Fig. 6A), FVIIL in complex with VWE, is converted to FVIila by
thrombin and dissociated from VWF (39). FIXa (activated by
FVIIa/TF and/or FXIa) together with FVIIla, activates FX on PL-
membrane surfaces, resulting in FXa generation. In severe HA in
the absence of FVIIIa cofactor (B>Fig. 6B), FX is slowly converted
to FXa by FIXa. Our studies demonstrated that FIXa-mediated FX
activation in the presence of anti-FIX mAb, or in AHA-models
constructed with anti-C2 mAbs, was less effective than that in se-
vere HA. Based on these data, therefore, we propose a putative
mechanism for the markedly decreased coagulation function in
AHA with anti-C2 autoAbs. We suggest that the anti-C2 autoAbs,
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complexed with FVIIla, indirectly interfere with the association
between FIXa and FX on PL-membrane surfaces by steric hin-
drance. Consequently, FIXa-mediated activation of FX in these pa-
tients is depressed to a greater extent than in severe HA (B Fig. 6C
and D).

The assays of thrombin and FXa generation showed that critical
coagulation functions in AHA type 1 were lower than those in type
2, and experiments using AHA-models containing anti-C2 mAbs
with type 1 and 2 behaviour (ESH4 and ESHS) demonstrated a
similar tendency. Both native anti-C2 type 1 autoAbs and ESH4 in-
hibit FVIII binding to VWF and PL, and this inhibition of VWF-
binding would lead to significantly decreased levels of FVIILC (2).
Furthermore, although FVIII-IgG complexes can be completely
activated by thrombin, the tenase complex failed to bind to PL-
membranes in these circumstances, and the conformation of this
complex would likely be extremely unstable (B-Fig. 6C). In
contrast, our experiments with native anti-C2 type 2 autoAbs and
ESH8 demonstrated that FVIIT binding to VWF or PL was little in-
hibited. It appeared, therefore, that these autoAbs significantly in-
hibited FVIII activation by thrombin, but that the relatively small
amounts of FVIIIa-IgG complex formed bound to PL, facilitating
trace amounts of tenase assembly (P-Fig. 6D). Nevertheless, as
with type 1 antibodies, indirect disturbances (steric hindrance)
mediated by FVIIIa-IgG complexes would have inhibited FIXa-in-
duced FX activation. We speculate, therefore, that differences in the
inhibitory mechanisms between type 1 and type 2 antibodies
might have contributed to the observations that coagulation pa-
rameters were depressed in the order type 1, type 2, and S-group
patients. Further studies are required to clarify these mechanisms.

In view of our findings that the excessive decrease in coagu-
lation function in AHA could be due to indirect inhibition of FIXa-
dependent FX activation, it might be expected that the clinical se-
verity in patients with severe FIX-deficiency (haemophilia B, HB)
might be more pronounced than in those with severe HA. In this
context, it is also noteworthy that thrombin generation in vitro in
FiXa-deficient plasmas with undetectable FIX:C (the lowest limit
of detection in our laboratory is <0.2 TU/dl (18)) was significantly
lower than in severe HA (unpublished observation). It is well
known, however, that the clinical symptoms in severe HA are more
marked than in severe HB (40, 41). The reasons for these findings
remain unclear, but it may be that additional mechanism(s) under-
lie the AHA phenotype. For example, FX may be sequestered in a
non-functional complex with FVIII-anti-C2 autoAbs in AHA.
Further investigations are required to clarify these mechanisms.

The current investigations have introduced a putative mechan-
ism for the excessive clinical haemorrhagic state in AHA, although
further studies are required to support this conclusion, and to clar-
ify the clinical differences between different types of AHA. Never-
theless, treatment of AHA in patients with high titre inhibitors has
historically involved the use of coagulation-bypassing agents.
Meeks et al. (9) suggested, however, that administration of high-
doses of FVIII should be considered more actively for patients with
AHA anti-C2 type 2 inhibitors, but not in those with type 1 in-
hibitors. Their conclusion was based on the findings that the activ-
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What is known about this topic?

® Acquwed haemophilia A (AHA) is caused by the development of
factor (F)VIIl autoantibodies (autoAbs).

& AHA results in more serious haemorrhagic symptoms than in con-
genital severe HA but the reason(s) remain unknown, however

What does thrs paper add? :
© ,Coagulatron functrons, assessed using the global coagu!atron as-
says, Were significantly more depressed in AHA with anti-C2 auto-
Abs relative to congenital HA. '
e As one of putative. mechamsm(s), we proposed that the FVIll
anti-C2 autoAb compiexes appeared to interfere with FXa-de-
.. pendent FX. actrvatlon indirectly due to steric hindrance. -
e In addition, the anti-C2 autoAbs wrth ‘type 1 behavior prevented
. f~FV|H(a)—phosphohp|d bmdmg mechanisms, essential forthe tenase
, ~;complex, and those with type 2 behaviour decreased the FXa gen-
‘eration by mhrbmng thrombm -catalysed FVIIl activation, suggest-
_ing that these dlstrnct mechamsms couldxbe associated wrth the
“ exacerbated haemorrhagrc symptoms in AHA.

ity of high-titer type 2 inhibitors could be neutralised by increasing
dosages of FVIII, and it may be that in the presence of low concen-
trations of exogenous FVIIL, anti-C2 IgGs, complexed with FVIII,
indirectly disturb the association between FIXa and FX. At high
doses of exogenous FVIII, inhibitory activity could be completely
neutralised, and unbound (free) FVIII would be available to par-
ticipate in tenase assembly. Type 1 patients failed to respond to
high-dose FVIII, however, and our present data are not totally con-
sistent with those findings, The challenging observations warrant
further investigation.
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