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Abstract Introduction Non-severe haemophilia A is characterized by coagulation Factor VIII
activity (FVIII:C) levels of 1 to 40 IU/dL. It has been reported that strenuous exercise
increases the plasma FVIII:C in haemophilia A patients. This review highlights current
knowledge about the pathophysiological mechanisms of endogenous FVIII release
following strenuous exercise.

Methods A literature search was performed to include relevant studies with data on
pathophysiological mechanisms of FVIII release following strenuous exercise in
haemophilia.

Results The source of the released FVIII is most likely endothelial cells (ECs) from
different vascular beds. ECs from human lung, lymph, heart, intestine, skin and
pulmonary artery can release and even produce FVIII in response to activation by
Keywords epinephrine. Ex vivo evidence suggests that FVIIl is co-stored with von Willebrand factor
= epinephrine in Weibel-Palade bodies in some forms of non-severe haemophilia. The B-adrenergic
exercise receptor pathway is involved in increased FVIII levels following strenuous exercise.

= FVIII Conclusion The current available ex vivo and in vivo evidence suggests that endo-
haemophilia genous FVIIl is released by ECs from different vascular beds in response to epinephrine
endothelial cells following strenuous exercise in patients with non-severe haemophilia.
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Introduction

Coagulation factor VIII (FVIII) is an essential protein co-factor
in the intrinsic pathway of coagulation and plays an impor-
tant role in secondary haemostasis.' In plasma, FVIII can only
circulate together with von Willebrand factor (vVWF) that
prevents premature clearance and proteolytic degradation,
and thereby functions as carrier protein of FVIIL? Normal
plasma FVIII levels average approximately 100 IU/dL,
expressed as 100% plasma FVIII activity (FVIIL:C)2 A genetic
defect in expression or function of FVIII results in the
recessive X-chromosome-linked bleeding disorder hae-
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mophilia A, affecting 1 in 5,000 males." In patients with
the severe haemophilia phenotype, functional FVIII levels are
undetectable (expressed as <1%). Moderate and mild hae-
mophilia patients show functional FVIII levels of 1 to 5 and 6
to 40%, respectively.* These patients can be treated with
vasopressin analogue desmopressin (DDAVP) infusions,
which induce a temporary rise in plasma FVIII:C and vVWF
levels® and can be used for treatment during bleeding or
surgical procedures.! Interestingly, it is demonstrated that
physical exercise also increases plasma FVIII levels in these
patients.> The information on the complex mechanisms
in release of additional endogenous FVIII during exercise

Copyright © 2017 Schattauer DOI https://doi.org/
10.1160/TH17-01-0004.

ISSN 0340-6245.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.


mailto:k.fischer-2@umcutrecht.nl
https://doi.org/10.1160/TH17-01-0004
https://doi.org/10.1160/TH17-01-0004

2238

Mechanisms of Endogenous FVIII Release Venema et al.

is rapidly increasing. This review summarizes current evi-
dence regarding the pathophysiological mechanisms of
endogenous FVIII release following strenuous exercise in
haemophilia.

Methods

A systemic literature search was performed of studies pub-
lished from 1990 until 7 July 2016 using the electronic
PubMed (http://www.ncbi.nlm.nih.gov/sites/entrez/) and
EMBASE (http://www.embase.com) databases. The following
search terms and synonyms of these search terms were used:
adrenergic nervous system, blood coagulation, DDAVP, epi-
nephrine, exercise, FVIII:C, haemophilia and Weibel-Palade
Bodies. This search was run on 15 January and 7 July 2016.
Titles and abstracts of articles were screened to identify
potentially relevant studies by one researcher. These studies
were recruited as complete manuscript and relevant studies
in English were used for this review article.

FVIIl Production and Storage

FVIIl Production by Endothelial Cells

The simple question ‘Where is FVIII made?’ has been
studied for decades. Although many contradictory reports
about specific FVIII-producing cell and tissue types have
been published, major evidence points to FVIII production
by different endothelial cell (EC) populations in vivo.® The
liver was thought to be the primary source of FVIII based on
the fact that liver transplantation re-establishes circulating
FVIII levels in haemophilia A patients.” However, the spe-
cific cell type within the organ producing FVIII has been
debated for many years. The observation that a haemophilic
phenotype is not observed after liver transplantation from
haemophilic donors into non-haemophilic recipients indi-
cates that there are extrahepatic sites that significantly
contribute to FVIII biosynthesis.® This is corroborated by
the observation that plasma FVIII levels are normal or even
elevated during severe liver diseases when low plasma
levels of the other coagulation factors are found.® Everett
et al confirmed this by knocking out the cargo receptor
lectin mannose-binding 1 (LMANT1) in several murine tis-
sues. LMANT is essential in the secretory pathway of FVIII to
the plasma and mutations in this receptor result in defi-
ciency of FVIII with levels reduced to 10 to 15% of normal
human plasma. In this experiment, plasma FVIII levels did
not differ between hepatocyte-specific LMAN1 knockout
and control mice, whereas FVIII activity levels were mark-
edly decreased in endothelial-specific LMAN1 knockout
mice. This indicates that hepatocytes do not contribute
significantly to the plasma FVIII pool in vivo.? Fahs et al
also observed severe haemophilia phenotypes in endothe-
lial FVIII-knockout models without detectable plasma FVIII:
C in chromogenic assays, indicating ECs as the predominant
source of plasma FVIIL'® Possibly, hepatocytes may con-
tribute to steady-state concentrations of circulating FVIII,
but ECs are most likely important in acute release of FVIIL.
This hypothesis may be studied in patients who received
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liver-targeted gene therapy'': after successful gene therapy,
these patients may show stable levels of FVIII, but would be
unable to release FVIII in response to DDAVP or other
adrenaline-receptor stimulation.

FVIII Production by ECs of Different Vascular Beds
Microscopic studies demonstrated FVIII to be largely pro-
duced by liver sinusoidal endothelial cells (LSECs),”'® while
FVIII mRNA (messenger ribonucleic acid) was also detected
in ECs of the kidneys, spleen and lungs. In contrast, the brain
and heart did not express FVIIl mRNA.>'%>13 Shahani et al
showed that the microvascular ECs from lung, heart, intes-
tine, skin and pulmonary artery secrete FVIII and release it
after stimulation with endothelial agonists in vitro. In con-
trast, there is no evidence of FVIII synthesis in larger vessels
since FVIII release was not detected in ECs from the aorta,
umbilical artery and umbilical vein.® FVIII secretion by
human adult pulmonary microvascular ECs (HPMECs) was
also established ex vivo and in vitro by Jacquemin et al.’* This
indicates the important role of HPMECs as a source of FVIII,
through either synthesis or local storage. Interestingly, Pan
et al also recently published data about lymphatic ECs (LECs)
as extrahepatic FVIII source in vivo. FVIII and vVWF were
shown to be co-expressed in post-capillary high endothelial
venules. Moreover, FVIII was secreted by LECs and LSECs in
vitro and FVIII:C was determined in both mouse and human
lymph by using FVIII:C assays.'® This suggests LSECs, LECs
and HPMECs as potential source of FVIII release to regulate
FVIII release. Altogether, there is convincing evidence that
ECs of different vascular beds produce FVIII in vitro and
in vivo.

FVIII Co-storage in Endothelial Weibel-Palade Bodies
Extrahepatic ECs from different vascular beds seem to be
important both in FVIII production and in storage of FVIIL®
The average plasma level of FVIII is 100 IU/dL and its half-life
is 10 to 12 hours. Since infusion of the endothelial agonist
epinephrine increases FVIII plasma levels by two to three
times within only 10 minutes, this rapid rise indicates FVIII
secretion from a storage pool rather than novo protein
synthesis. A similar rise in VWF plasma levels is observed
in vivo, suggesting a co-storage pool for FVIIIl and vWF in ECs
that are released upon stimulation with epinephrine. This
was confirmed by immunofluorescent staining for FVIII and
vWF in microscopic studies that showed localization of FVIII
in vesicles of human cardiac microvascular ECs, human
umbilical vein ECs (HUVECs) and human glomerular micro-
vascular ECs (GMVECs). These GMVECs were also strongly
stained with VWF, suggesting co-storage in Weibel-Palade
bodies (WPBs) of ECs.>'®17 Stimulation of HUVECs and
GMVECs by endothelial agonists resulted in simultaneous
release of functionally active FVIII and vWF proteins most
likely by exocytosis of these WPBs,'®!” indicating the impor-
tance of endothelial WPBs in FVIII release.

Whether FVIII and vWF are synthesized endogenously in
one cell type was studied by Haberichter et al. ECs were able
to take up FVIII neither from the culture nor via cell-cell
contact, indicating vascular endothelium as the location of a
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releasable storage pool of endogenously synthesized FVIIL'®

It has been shown that targeting of FVIII to WPBs by using
plasmid mutagenesis can even restore haemostasis in hae-
mophilia A mice, supporting the potential role of WPBs in
FVIII release upon stimulation.'®

In conclusion, WPBs of extrahepatic ECs from different
vascular beds seem to be important in regulating FVIII
secretion.®

FVIII Release upon Activation of the Adrenergic
Nervous System

In humans, increased plasma FVIII:C is observed during
circumstances of physical stress, such as pregnancy, surgery,
chronic inflammation, malignancy, liver disease, hyperthyr-
oidism, intravascular haemolysis and renal disease.'® Both in
vitro and in vivo studies have provided evidence supporting
the hypothesis that elevation of plasma FVIII levels during
circumstances of physical stress is a result of activation of the
B-adrenergic receptor pathway.

FVIIl Release by WPBs in Response to Epinephrine
Endothelial WPBs are determined as a source of FVIII and
vWF upon stimulation with epinephrine in both in vitro and
in vivo studies. In the study of Van den Biggelaar et al, human
blood outgrowth ECs (BOECs), ECs obtained from healthy
donor peripheral blood samples and cultured, were trans-
duced with a lentiviral vector encoding FVIII. After stimula-
tion with epinephrine, FVIII was released together with
VWE.2? The effect of epinephrine on FVIII release by micro-
vascular ECs was demonstrated in vitro by Shahani et al. ECs
from lung, heart, intestine, skin and pulmonary artery were
cultured and stimulated by epinephrine, resulting in FVIII
release.®

In vivo FVIII release by ECs after stimulation with epi-
nephrine was determined by Shi et al.?! Transgenic T2F8
(T2F8®) mice, expressing human B-domain-deleted FVIII
under the control of EC-specific promoter of the Tie2 recep-
tor tyrosine kinase gene, were subcutaneously injected with
epinephrine (2 mg/kg body weight). FVIII:C and von Will-
ebrand factor antigen (VWF:Ag) increased 1.68 and 2.08
times, respectively, in plasma from T2F8™® mice, whereas
this was increased 1.27 and 2.21 times, respectively, in
wild-type mice after administration of epinephrine. This
demonstrates ECs act as storage pool for FVIII, which is
released in response to epinephrine, mimicking physical
stress responses in vivo.?!

Mechanisms of Endogenous FVIIl Release Venema et al.

However, the downstream signalling pathway of epinephr-
ine in ECs remains largely unknown. It has only been shown
that after binding to the cell surface receptor, epinephrine
increases cyclic adenosine monophosphate (cAMP) levels
within the cell to fine-tune endothelial responses.?? But how
this cAMP-dependent signalling leads to exocytosis of WPBs,
resulting in increased plasma FVIII concentrations, remains
unknown. Further research should be done to downstream
effects of CAMP to stimulate FVIII secretion and thereby to
restore haemostasis in non-severe haemophilia patients.

Blocking of B-Receptor Pathway Blunts FVIII Release
Decades ago, it was already confirmed that intravenous
infusions of propranolol, a blocker of the B-receptor path-
way, blunts the increasing effect of epinephrine on plasma
FVII levels.”> Adult subjects, selected on clearly rising
plasma FVIII levels after infusion with epinephrine, were
intravenously injected with epinephrine and with either the
a-blocker phentolamine, or one of the two B-blockers pro-
nethalol and propranolol preceding epinephrine infusion.

The effect of epinephrine on plasma FVIII levels was
reduced after administering phentolamine, although this
difference was not significant. In contrast, B-blocker admin-
istration did result in significantly lowered plasma FVIII
levels compared with saline treatment and the values were
similar in response to pronethalol and propranolol.??
Furthermore, a therapeutic use of this phenomenon was
published. Hoppener et al showed a 23% decrease in FVIII:C
(p < 0.0001) after 14 days of treatment with the B-receptor
blocker propranolol in patients with deep vein thrombosis.?*
Ten weeks after discontinuing of propranolol, a return of
FVIII to its original high level was found. Thus, elevated
plasma FVIII levels can be decreased by blocking the B-
receptor,”* supporting the relation between plasma FVIII:C
and the adrenergic nervous system (=Table 1).

FVIII Storage in Non-severe Haemophilia

There is ex vivo evidence that the co-storage of FVIII with vVWF
is independent of the capacity of FVIII to bind to VWFE.> To
determine co-storage of FVIII with vWF in non-severe haemo-
philia due to mutations associated with reduced binding with
VWEF, Van den Biggelaar et al?? studied intracellular co-traffick-
ing in human embryonic kidney cells and BOECs. The isolated
and cultured ECs were transduced with lentiviral factors
encoding FVIII mutations associated with mild or moderate
haemophilia A due to reduced binding to VWFE They

Table 1 The effect of the B-adrenergic nervous system on FVIII:C release by endothelial cells

Study N Model Agonist Antagonist Relative change FVIII:C
Shi et al?! 4 WT mice Epinephrine 1.27

Shi et al®! 7 T2F8"9 mice Epinephrine 1.68

Ingram et al%3 9 Human Propranolol -1.06

Hoppener et al?* 15 DVT patients Propranolol -4.35

Abbreviation: DVT, deep vein thrombosis; WT, wild type; T2F8'9, transgenic T2F8.
Note: ECs were either stimulated with the agonist epinephrine or suppressed by the antagonist propranolol.
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demonstrated expression of all mutated FVIII variants within
vWF-containing storage organelles despite impaired binding
of FVIII with vVWE. According to the authors, these data support
the hypothesis that in vivo WPBs represent a storage pool of
vWF and FVIII that can be released upon DDAVP administration
in non-severe haemophilia patients.2>

Endothelial-Derived FVIII corrects haemophilia A

Correction of Haemophilia Phenotype in FVIII Knockout

Mice

Interestingly, in vivo mouse models established correction of
the haemophilia A phenotype by endothelial-derived FVIII.
The ability to form a clot and to survive tail clipping was
studied in FVIII knockout mice (FVII™!") and FVII™" mice
expressing human B-deleted FVIII in the vascular endothe-
lium (FVIIPUI-ECFVIN “This FVIII from endothelial origin was
able to normalize in vivo clotting: in contrast to control
(FVII™") mice, all (FVII™U'-ECFVIY) mice expressing FVIII in
the vascular endothelium survived tail clipping similar to
wild-type mice. Furthermore, the arterial thrombosis model
showed stable clot formation in FVII™!'-EC™V mjce rescuing
them from bleeding, whereas clot formation was absent in
FVIII™“" mice. In the venous thrombosis model, FVII["/-ECFVII
mice displayed clot volumes 23 times higher in comparison
with FVIII™ mice (p < 0.05). Moreover, the clot volume was
similar to clot volume in wild-type mice. Thus, expression of
B-deleted human FVIII in the vascular endothelium corrects
the haemophilic A phenotype,?' supporting the potential
therapeutic role of endothelial-derived FVIII in restoring
haemostasis in non-severe haemophilia patients.

Correction Haemophilia Phenotype Patients

It is hypothesized that the pathophysiologic mechanism of
endogenous FVIII release following strenuous exercise is simi-
lar to FVII release following DDAVP administration. The
hormone DDAVP acts as agonist on the vasopressin V2 receptor
of ECs, leading to a rise in intracellular levels of the second
messenger cAMP that induces exocytosis of WPBs.%® Intrave-
nous or intranasal administration of DDAVP to healthy indi-
viduals leads to increased plasma FVIII:C and vWF levels,
making it an accepted therapy for mild haemopbhilia patients.?’
However, the response to DDAVP with regard to FVIII levels is
variable within haemophilia patients due to different F8 gene
mutations, with strongest effect in patients showing other
amino acid changes than Arg2169His or Pro149Arg.?® In
nephrogenic diabetes insipidus patients, who lack the V2
receptor, this rise in FVIIl and vWF levels is not observed,°
indicating the important mechanism of endothelial-mediated
FVIII release after DDAVP administration.

Exercise and FVIII Release

FVIIl Release in Healthy Individuals

In healthy individuals, it is well established that elevations of
FVIIIL:C occur following acute exercise and induce hypercoa-
gulability>® and that this activity remains increased during
exercise recovery.>! Hypercoagulability following high-inten-
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sity exercise is explained by elevated catecholamine levels.>?
Healthy young men (20-29 years) performed strenuous exer-
cise (130% of individual anaerobic intensities [IAT]) and mod-
erate exercise (90% of IAT) by bicycle ergometer for 30 minutes.
The IAT are described as estimation of the maximum lactate
steady state of the participant,33 which is determined by
maximal oxygen uptake or maximal heart rate corresponding
to control exercise intensities.3* Menzel et al performed
bicycle ergometer exercise tests of different intensities in 25
healthy, untrained, non-smokers. Coagulation was measured
under flow condition, using full blood. Moderate exercise
resulted in a slight but significant elevation of catecholamine
levels, whereas strenuous exercise resulted in a more pro-
nounced elevation. Concomitantly, FVIII levels were increased
by 34% following moderate exercise compared with an
increase of 63% after strenuous exercise.>

FVIII Release in Haemophilia Patients

The effect of exercise on plasma FVIII:C levels in haemophilia
patients was determined in several studies reporting on
small case series (=Table 2). All studies used one-stage
laboratory assays and a bicycle ergometer or recumbent
cross-trainer3® to induce the exercise. One study reported
on very mild aquatic exercise, without defining intensity.>’
Moderate exercise intensity was defined as an intensity of 50
to 65% of maximum heart rate. Strenuous exercise was
defined as exercise until maximum heart rate and/or max-
imum oxygen consumption3 or reaching 85% of maximum
heart rate.>® Several trends can be observed in this table.
First, the response of FVIII is dependent on the intensity of
exercise, showing a higher increase after strenuous exercise
similar to non-haemophilia patients. Second, the effects of
exercise on coagulation are most pronounced within 10 min-
utes after exercise, so the timing of assessment should be
taken into account when comparing studies.

The increase of FVIII is proportional and therefore depen-
dent on baseline FVIIL An increase in FVIII levels of patients
with severe haemophilia was not detected in the seven
severe patients reported by Koch et al>® nor in the 15
patients (all with intron 22 inversion) studied by Zourikian
et al,*% or the six studied by Kumar et al.>® However, Li et al
were able to measure levels <1.00 IU/dL and did show a 1.41-
fold increase in FVIII levels after moderate exercise.>® Strik-
ingly, 4 of 11 patients even achieved a level of 1.00 IU/dL or
higher following exercise. However, in these patients with
severe haemophilia, VWF:Ag did increase by 48%,%C similar to
the increase observed in non-severe haemophilia patients
studied by Groen et al.

Two studies reported increase of FVIII following strenuous
exercise in non-severe haemophilia. The increase in FVIII
appeared higher in the study by Groen et al than in the study
by Kumar et al. However, this may partly be explained by the
difference in age. Importantly, Kumar et al observed that the
response to exercise appeared age dependent, for both FVIII
and vWF:Ag; only patients aged 13 years or older (n = 8)
showed a significant increase in FVIII (mean relative increase
of 2.34) and vWF-Ag (mean relative increase of 1.56) 5 min-
utes after exercise.>® And these values are very close to the
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VWF antigen (VWF:Ag) levels in haemophilia A patients

Study N Age (y), Baseline Exercise sampling | Relative Relative
mean (range) FVII (IU/dL), | intensity | time post | increase in increase in
mean (range) exercise FVIII:C, vWF:Ag,
(min) mean (range) | mean (range)

Severe haemophilia

Beltrame et al®’ | 5 R. (15-34) N.R. Very light | <1 1.0 N.R.

Li et al?® 11 12.7 (6-15) 0.7 (0.5-0.8) | Moderate | <1 1.41 N.R.

Koch et al?? 7 11.6 (8.3-15.5) | <1.0 Moderate | 10 1.0 N.R.

Zourikian et al*® | 15 23.5(19-21)° | <1 Moderate | 60 1.0 1.48

Kumar et al38 6 14.2 (5-18) <1.0 Strenuous | 5 1.0 1.3

Kumar et al*® 6 14.2 (5-18) <1.0 Strenuous | 60 1.0 1.2
Mild-moderate haemophilia

Beltrame et al®’ | 5 R. (15-34) N.R. Very light | <1 1.7 N.R.

Ravanbod et al*' | 10 24.5 (17-38) 12 (N.R)) Moderate | 10 1.3 N.R.

Kumar et al3® 13 12.8 (5-18) 8 (5-10) Strenuous | 5 1.9 1.4

Groen et al® 15 27 (20-39)* 5 (2-15)7 Strenuous | 10 5(1.8-7.0) 5(1.08-2.23)

Kumar et al3® 13 12.8 (5-18) 8 (5-10) Strenuous | 60 1.5 1.1

Groen et al® 7 N.R. N.R. DDAVP 60 3.5 N.R.

Abbreviations: DDAVP, desmopressin; N.R., not reported.
“Median values given.

observations by Groen et al in patients with a minimum age
of 20 years.3

Although the response to exercise is related to FVIII:C
levels, intensity and age, it is complicated to determine how
much therapeutic potential exercise has in different patients.
The FVIII response to exercise is known to be stronger in
healthy adults of younger age with higher cardiorespiratory
activity levels*? and activation of the coagulation system is
less pronounced in athletes compared with untrained indi-
viduals.** More studies are needed to establish the practical
consequences of changes in coagulation following exercise in
patients with haemophilia.

Similar Increase FVIII:C by DDAVP

To compare the effect of strenuous exercise on increased
plasma FVIII:C with administration of DDAVP, results of
DDAVP response tests in mild haemophilia patients were
compared with FVIII:C after strenuous exercise in one study
and it showed relative elevated plasma FVIIIL:C levels of 3.5
times (from 6 to 40 IU/dL) after DDAVP administration. This
increase was similar to the increase in plasma FVIII:C after
strenuous exercise (p = 0.14)2 supporting strenuous exer-
cise as potential therapy to increase endogenous FVIlI release
in mild haemophilia patients. It is suggested that both DDAVP
and exercise target the same signalling pathway in the same
cell type and are thereby part of the same system that
releases additional endogenous FVIIL.2®

Conclusion

FVIII can be released from ECs in different vascular beds in
response to activation by epinephrine. Ex vivo evidence

suggests that non-severe haemophilia FVIII variants are co-
stored with vVWF in WPBs of ECs. There is evidence that both
exercise and DDVAP increase circulating FVIII concentrations
by acting on cAMP-dependent signalling in ECs resulting in
exocytosis of FVIII-containing WPBs. This suggests that
exercise and DDAVP are part of the same pathophysiologic
mechanism. It should be further investigated if performing
exercise at optimal intensity does reduce bleeding complica-
tions during physical activity in non-severe haemophilia A.
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