HEMOSTASIS AS
A REGULATED
COMPROMISE

THE EVOLUTIONARY LOGIC OF
VON WILLEBRAND FACTOR
UNDER FLOW.

A framework for understanding
primary hemostasis in mechanically
demanding environments.

WL

FRAMEWORK | %

Understanding primary hemostasis in
mechanically demanding environments.
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WHY DID VERTEBRATE BIOLOGY REQUIRE SUCH A BIOLOGICALLY UNUSUAL MOLECULE? |
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THE BASELINE: HEMOSTASIS IN SLUGGISH FLUID

STABLE REACTIONS

Soluble proteins organize into
coagulation complexes without
mechanical disruption.
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PASSIVE CONTACT < e g

Platelets rely on simple diffusion
to touch injured surfaces.

Before fast blood, hemostasis
lacked mechanical urgency.




THE MECHANICAL CHALLENGE OF VERTEBRATE CIRCULATION
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* Arterial branching HEMOSTASIS BECOMES
SStag e A RACE AGAINST FLOW.

* Closed circulatory
systems generate
high pressure.

shear forces.

* Vascular injury
introduces a physical
threat: detachment.
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WHY COAGULATION ALONE FAILS UNDER HIGH SHEAR

SLOW FLOW i ,
— Fibrin nets have time to formoveran
o @uccessfully trapping platelets.
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HIGH SHEAR (ARTERIOLES]) /— Fast-moving flow aggressively sweeps away forming
fibrin strands and platelets before they can anchor.
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THE MECHANICAL GAFP THE REQUIREMENT
Fibrin generation is an enzymatic process. It is simply too slow to capture platelets A platelet must slow down, tether, and resist detachment before
in high-flow environments (small arteries, stenoses, mucosal microvasculature). coagulation can proceed.




VWF: THE FORCE-TOLERANT ADHESIVE

NOT A PASSIVE GLUE, BUT A MECHANICAL ANCHOR.

f‘q.J'WF's multimeric structure allows =
platelet tethering under conditions
where ordinary, weak adhesive
interactions would be immediately
destroyed by mechanical flow.
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Not a passive glue, but
a mechanical anchor.




MECHANICAL RESPONSIVENESS: THE SMART ADHESIVE

Activation Sequence
STEP 1: CIRCULATING / INERT STEP 2: TENSILE FORCE APPLIED STEP 3: CONFORMATIONAL CHANGE
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EXPOSED PLATELET-BINDING
& PROTEOLYTIC DOMAINS

VWEF Caoil [Inert] Stretching by Shear Force

VWEF functions increase preferentially in the exact environments
where rapid platelet capture is most needed.




VWF: THE FORCE-TOLERANT ADHESIVE
THE PHYSICAL NECESSITY OF MASSIVE MULTIMERS
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Low-Molecular-Weight VWF

Adhesive Valency:

Large multimers provide
exponentially more binding
sites, granting the
necessary physical grip to
resist high shear.

High-Molecular-Weight Multimer

The Trade-off Warning: This extreme size is highly
effective, but structurally dangerous if left unchecked.




Evolutionary footprints: Adapting to pressure

Hagfish (Ancestral Model) | Mammalian (Modern Vertebrate)

Fluid Dynamics Low pressure, sluggish High pressure, closed arterial
Hemostatic s Rapid tethering under
Challenge Passive diffusion extreme force

VWF Structurally simpler, Complex multimerization,
Architecture lacking A3 domain force-responsive A3 collagen-

binding domain

vy
The A3 Domain Evolution: As vertebrate flow became more demanding, VWF
i ) layered on specialized domains specifically built for high-shear platelet adhesion.
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THE COST OF ADAPTATION: THROMBOTIC RISK

THE VULNERABILITY: The exact properties that make VWF successful—large size, force responsiveness,
intense adhesiveness—create a constant, inherent risk of pathological thrombosis.

The Vulnerability: The exact properties that
make VWF successful—Ilarge size, force
responsiveness, intense adhesiveness—create a
constant, inherent risk of pathological thrombosis.
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The Dilemma: A permanently hyperadhesive
molecule creates fatal clots. An inert molecule
fails under rapid flow.




THE REGULATED COMPROMISE

Vascular patency A Excessive platelet
& inertness % L L ) recruitment
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Unfolded VWF —/ = Cleaved VWF Fragments

Reduced adhesive potential
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The Calibration Mechanism: ADAMTSI3 cleaves unfolded VWF at the A2 domain, limiting
multimer size. It calibrates the adhesive potential rather than simply switching it off, balancing
bleeding prevention with thrombosis avoidance.
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DISEASE AS A WINDOW TO DESIGN

Insight: VWD and TTP are not random, unrelated
disorders. They are opposite failures of the exact
same evolutionary regulatory axis.

THE SCALE TIPS TO THROMBOSIS

THE SCALE TIPS TO BLEEDING

TTP (Severe ADAMTS13 Deficiency)

VWD (VWF Deficiency/Dysfunction)

Unrestrained, ultra-large
multimers.,

Result: Excessive shear-
dependent tethering and
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microvascular thrombosis.

Insufficient adhesive valency ——— %

or absence of the anchor. ‘Q O =
Result: Failed tethering -h(j QL
under force. =




Clinical stress tests: When abnormal flow destroys the system

EXTREME
SEVERE AORTIC STENOSIS  — NONPHYSIOLOGIC - PATHOLOGIC
ORIFICE AREA < 1.0 cm? VWF DESTRUCTION :
| toen JSHE”‘“ M. ~ Acquired VWF Loss: Severe
CALCIFICATION aortic stenosis subjects

blood to extreme,
non-physiologic shear stress.

The Result: Pathologic loss
of high-molecular-weight
multimers, shifting the
e hemostatic balance toward
FRAGMENTS bleedlng
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 EXTREME Proof of Concept: Treating the
NON-PHYSIOLOGIC

.|  SHEARSTRESS - mechanical lesion (replacing
— TURBULENT FLOW the valve) can correct the

H 0SS OF HIGH-MOLECULAR-WEIGHT ; :
| | NORMAL PHYSIOLOGIC FLOW R hemostatic abnormality.




What the VWD phenotype reveals at the bedside

Nasal mucosa (epistaxis)
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Extreme high-shear, o0
fast-flow capillary loops 5o

7 B .
Narrow microvasculature
with high fluid stress

Superficial skin wounds

> | Mechanical cross-sectiones =7 @;;G
of dermal capillaries under :
external pressure, rapid flow —— 5 ©> -
The Question: The Answer:
Why does VWD cause mucosal and These are the precise anatomical locations where vascular
superficial bleeding rather than the deep injury is repetitive, superficial, and mechanically exposed. Platelets
tissue bleeding of hemophilia? must tether rapidly before coagulation can stabilize the clot.




Treatment as Calibration (Not Just Correction)

Clinical Situation The Trade-off Question  Practical Implication

Mild Type 1 VWD : ) Avoid reflexive escalation if
(Minor procedure) Systemic vs. Local: local therapy suffices.

Major Surgery 0 Monitor for accumulation &
(Older patient) How much for how long: thrombotic comorbidity.

Severe Mucosal Bleeding Capture vs. Fibrinolysis? ,ﬁgpal;;?%i?;;'::,:{#&?ﬁ;?ﬁi cs).
Aortic Stenosis i Fix the mechanical flow to fix
(Acquired) s bleeding a flow marker? Hhe hooetaaic.

Normalizing a number is an incomplete goal. The objective is proportionate hemostasis:

sufficient support for the physical challenge without introducing avoidable thrombotic risk.



