Hereditary Hemorrhagic Telangiectasia
Type 5 (HHTS5): Comprehensive Disease
Characterization

Disease: Hereditary Hemorrhagic Telangiectasia Type 5 (HHT5) OMIM: #615506 | Causal
gene: GDF2 (BMP9) | Category: Mendelian, autosomal dominant Suggested MONDO:
MONDO:0014660 (hereditary hemorrhagic telangiectasia type 5)

Autonomous literature-based discovery report. Evidence types are labeled human clinical, human
genetics, in vitro, and model organism. Primary citations are given as PMIDs. HHTS5 is ultra-rare
(~9 published probands plus a small number of biallelic cases); where HHT5-specific data are
unavailable, evidence is extrapolated from the shared BMP9-ALKI1-endoglin-SMAD1/5/8
pathway and from the broader HHT literature, and this is stated explicitly.

Summary

Hereditary Hemorrhagic Telangiectasia Type 5 (HHT5; OMIM #615506) is an ultra-rare
autosomal dominant vascular dysplasia caused by heterozygous loss-of-function variants in
GDF2, the gene encoding bone morphogenetic protein 9 (BMP9 / growth differentiation
factor 2) on chromosome 10q11.22. BMP9 is a circulating vascular "quiescence factor":
secreted largely by the liver, it binds the endothelial type I receptor ALK1 (ACVRL1) together
with the co-receptor endoglin (ENG), driving SMAD1/5/8 phosphorylation and ID1
transcription to hold the endothelium in a non-proliferative, mature state. In HHT5, reduced
BMP9 dosage weakens this signal, releasing the angiostatic brake and permitting endothelial
hyperproliferation, arteriovenous mis-specification, and formation of mucocutaneous
telangiectases and visceral arteriovenous malformations (AVMs) — the defining HHT
lesions that bleed (epistaxis, GI hemorrhage, anemia) and shunt (paradoxical emboli, stroke,
high-output heart failure).

HHTS sits within the shared HHT signaling pathway (ENG—-HHT1, ACVRL1-HHT2, SMAD4-]P-
HHT, GDF2—-HHTS5), but it is by far the rarest subtype, with roughly 9 probands reported
worldwide as of 2022. Its rarity and variable penetrance are mechanistically explained by
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BMP9-BMP10 ligand redundancy: BMP10 can substitute for BMP9 at ALK1, so heterozygous
loss of BMP9 alone is often well tolerated. This is dramatically illustrated in animal models —
zebrafish bmp9 mutants are overtly normal into adulthood, whereas combined bmp10 loss is
embryonic-lethal with cranial AVMs. Notably, biallelic (homozygous) GDF2 loss-of-function
abolishes both circulating BMP9 and BMP10 and causes childhood pulmonary arterial
hypertension (PAH) and/or an "HHT-like" syndrome, revealing a dose- and ligand-dependent
phenotypic spectrum bridging two vascular diseases.

Clinically, GDF2-HHTS5 is HHT-like — recurrent epistaxis (>90% across HHT), iron-deficiency
anemia (~50%), mucocutaneous telangiectases, and pulmonary/hepatic/cerebral/GI AVMs —
but with reported atypical features including earlier-onset epistaxis, a unique dermal
capillary lesion distribution (upper forelimbs, trunk, head), and documented
cerebrovascular involvement. Diagnosis follows the clinical Curacao criteria supplemented
by genetic testing (panel/WES/WGS; large 10q11.22 deletions require CNV-aware methods).
Management is subtype-agnostic per the Second International HHT Guidelines: systemic
antiangiogenics (pomalidomide — RCT-proven; bevacizumab), antifibrinolytics, iron repletion,
and AVM screening/embolization. Downstream of BMP9/ALK1 loss, endothelial cells over-
activate PI3K/Akt/mTOR, VEGFR2, and Angiopoietin-2, providing the rational targets for
these therapies.

Key Findings

Finding 1 — HHT5 is caused by heterozygous GDF2 (BMP9) loss-of-function
and is autosomal dominant

GDF2 (encoding BMP9/growth differentiation factor 2; chromosome 10q11.22) is the causal
gene for HHT5 (OMIM #615506). Dominant heterozygous variants produce the characteristic
telangiectases and AVMs. As PMID: 42309173 states: "Dominant variants in GDF2 are known to
cause hereditary hemorrhagic telangiectasia type 5 (HHT5), a condition characterized by
telangiectases and arteriovenous malformations (AVMs)." Reported variant classes span
missense substitutions (e.g., p-Val403Ile, p.Glu355GIn) and large interstitial deletions (>5 Mb,
spanning 10q11.22-10q11.23) that encompass GDF2. PMID: 34611981 reported that "Two
patients harbored heterozygous missense variants not previously annotated as pathogenic
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(p.Val403Ile; p.Glu355GIn),” documenting the germline heterozygous missense mechanism
consistent with autosomal dominant inheritance. The disease remains ultra-rare, with
approximately 9 probands described as of 2022.

Ontology suggestions: Gene — HGNC:4217 (GDF2); Disease — MONDO:0014660; MeSH —
Telangiectasia, Hereditary Hemorrhagic (D013683).

Finding 2 — BMP9 is a circulating ALK1/endoglin ligand that maintains
endothelial vascular quiescence

BMP9 (and its paralog BMP10) are specific, high-affinity ligands for the endothelial type I
receptor ALK1 (ACVRL1) and the co-receptor endoglin (ENG). Ligand binding induces
SMAD1/5/8 phosphorylation and ID1 expression in endothelial cells, which suppresses bFGF/
VEGF-driven proliferation, migration, and sprouting angiogenesis — i.e., it enforces vascular
quiescence. PMID: 17311849 established that "these results suggest that BMP-9 is a physiological
ALK1 ligand that plays an important role in the regulation of angiogenesis." Critically, BMP9
circulates at physiologically active concentrations: PMID: 18309101 found that "The
concentration of circulating BMP9 was found to vary between 2 and 12 ng/mL in sera and plasma
from healthy humans, a value well above its EC(50) (50 pg/mL)," demonstrating that BMP9 is a
constitutively available, systemic quiescence factor whose loss can plausibly destabilize
endothelial homeostasis body-wide.

Ontology suggestions: G0O:0001568 (blood vessel development), GO:0030509 (BMP signaling
pathway), GO:0016525 (negative regulation of angiogenesis); CL:0000115 (endothelial cell).

Finding 3 — Biallelic GDF2 loss causes childhood PAH and/or HHT-like disease
via loss of circulating BMP9/BMP10

Homozygous GDF2 nonsense mutations (p.GIn26Ter; p.Glu279Ter) produced undetectable
plasma BMP9 and BMP10 and low serum-derived endothelial BMP activity (HMEC1-BRE
reporter assay). Phenotypically, one homozygous child developed PAH and another had
pulmonary AVMs; both had facial telangiectases. Heterozygous parents had reduced BMP9/10
levels but retained normal serum activity and were asymptomatic — direct evidence of a dose-
dependent threshold. PMID: 33834622 concluded that "homozygous GDF2 mutations, leading to
a loss of circulating BMP9 and BMP10, can cause either pediatric PAH and/or 'HHT-like'
telangiectases and PAVMs," and that "Plasma levels of both BMP9 and BMP10 were undetectable
in the two homozygous index cases and this corresponded to low serum-derived endothelial BMP
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activity in the patients.” This finding bridges HHT5 and heritable PAH along a single ligand-
dosage axis and clarifies that the GDF2 phenotype depends on residual circulating BMP
activity.

Finding 4 — GDF2-HHT5 has a distinctive clinical phenotype with cerebral
involvement and atypical telangiectasia distribution

In a cohort of 4 unrelated probands, GDF2-HHT5 patients showed features resembling HHT1,
including cerebrovascular involvement (the first documented report of cerebral involvement
in HHTS5), earlier onset of epistaxis, and a unique anatomic distribution of dermal capillary
lesions. PMID: 34611981 reported that "these patients had features resembling HHT1, including
cerebrovascular involvement of their disease (first report documenting cerebral involvement of
HHTS5), but with earlier onset of epistaxis and a unique anatomic distribution of dermal capillary
lesions that involved the upper forelimbs, trunk, and head.” Two of the four probands carried
large deletions: "The other two patients harbored interstitial deletions larger than five
megabases between 10q11.22 and 10q11.23 that included GDF2," which has direct implications
for genetic testing (single-gene sequencing alone can miss these; CNV/microarray detection is
required) and may explain additional extravascular features from contiguous-gene
involvement.

Ontology suggestions: HP:0000421 (epistaxis), HP:0000562 (telangiectasia of the skin),
HP:0002948 (cerebral arteriovenous malformation).

Finding 5 — HHT bleeding (applicable to HHT5) is treated with systemic
antiangiogenics; pomalidomide has RCT-proven efficacy

Because HHTS5 is clinically HHT-like, subtype-agnostic HHT therapies apply. The randomized,
placebo-controlled PATH-HHT trial (NCT03910244, n=144) demonstrated that pomalidomide 4
mg/day reduced the Epistaxis Severity Score (ESS). PMID: 39292928 reported that "At 24 weeks,
the mean difference between the pomalidomide group and the placebo group in the change from
baseline in the Epistaxis Severity Score was —0.94 points (95% confidence interval [CI], —1.57 to
—0.31; P = 0.0...)." Additional off-label systemic antiangiogenics include IV bevacizumab (anti-
VEGF-A), oral pazopanib, and oral thalidomide; PMID: 35226946 notes "Intravenous
bevacizumab, oral pazopanib, and oral thalidomide are the three targeted primary angiogenesis
inhibitors, with multiple studies describing both reassuring safety and impressive effectiveness in
the treatment of moderate-to-severe HHT-associated bleeding.” Antifibrinolytics (tranexamic
acid) address mild-moderate bleeding; iron replacement and transfusion manage anemia; and
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local measures include nasal packing, laser/cautery ablation, AVM embolization,
septodermoplasty, and Young's procedure. No agent is yet FDA/EMA-approved specifically
for HHT.

Ontology suggestions (NCIT): Pomalidomide (C48225), Bevacizumab (C2039), Thalidomide
(C518), Tranexamic acid (C61785), Therapeutic embolization (C15325).

Finding 6 — BMP9/BMP10 loss animal models recapitulate HHT vascular
pathology and reveal ligand redundancy

Neonatal mouse immunoblockade of BMP9/BMP10 (including transmammary antibody
delivery) reproduces the core HHT vascular phenotype. PMID: 27874028 reported that "pups
receiving anti-BMP9/10 antibodies via lactation displayed consistent and robust vascular
pathology in the retina, which included hypervascularization and defects in arteriovenous
specification, as well as the presence of multiple and massive arteriovenous malformations.”
RNA-Seq of these retinas identified angiopoietin-2 (Angpt2) as the most significantly
upregulated gene. The redundancy that makes HHTS5 rare is shown in zebrafish: PMID:
31828546 found that "bmp9 mutants survive to adulthood with no overt phenotype. In contrast,
combined loss of bmpl10 and bmp10-like results in embryonic lethal cranial AVMs
indistinguishable from acvrll mutants” — establishing BMP10 as the essential post-embryonic
ALK1 ligand and explaining why single-ligand (BMP9/GDF2) haploinsufficiency is often mild or
non-penetrant.

Finding 7 — Downstream of BMP9/ALK1 loss, endothelial cells over-activate
PI3K/Akt/mTOR and VEGFR2, driving AVM formation

In the BMP9/10-immunoblocked neonatal mouse HHT model, endothelial PI3K/Akt/mTOR and
VEGFR2 pathways become overactivated. PMID: 31689244 demonstrated that "HHT
pathogenesis strongly relies on overactivated PI3K/Akt/mTOR and VEGFR2 pathways in
endothelial cells (ECs)," and that combined mTOR inhibition (sirolimus) plus receptor
tyrosine kinase inhibition (nintedanib) synergistically blocked and reversed retinal AVMSs,
prevented oral/lung/liver vascular pathology, and reduced GI bleeding/anemia; sirolimus also
partially rescued SMAD1/5/8 activity via ALK2. In parallel, loss of SMAD1/5 impairs shear-stress
mechanotransduction and reduces Connexin37 (Cx37): PMID: 32078368 showed that "reduced
Cx37 expression is permissive for capillary enlargement into shunts,” linking mechanosensing
failure directly to the transformation of capillaries into arteriovenous shunts.


https://pubmed.ncbi.nlm.nih.gov/27874028/
https://pubmed.ncbi.nlm.nih.gov/31828546/
https://pubmed.ncbi.nlm.nih.gov/31828546/
https://pubmed.ncbi.nlm.nih.gov/31689244/
https://pubmed.ncbi.nlm.nih.gov/32078368/

OpenScientist Report

Ontology suggestions: GO:0031929 (TOR signaling), GO:0048010 (vascular endothelial growth
factor receptor signaling pathway), GO:0034097 (response to cytokine).

Finding 8 — HHT phenotype spectrum and frequencies (framework for HHT5)

Across HHT, recurrent spontaneous epistaxis occurs in >90% of affected individuals and is
the hallmark; iron-deficiency anemia develops in nearly half of patients from epistaxis and
GI bleeding. PMID: 41347972 states: "Recurrent, spontaneous epistaxis occurs in over 90% of
affected individuals and is the hallmark of this disorder. Epistaxis and gastrointestinal bleeding
result in the development of iron deficiency anemia in nearly half of all affected individuals."”
Mucocutaneous telangiectases affect skin and mucosa (lips, tongue, fingers, nasal mucosa).
Visceral AVMs occur in the lung (PAVMs), liver (HAVMs), brain (~10-21% of HHT overall,
higher in HHT1), and GI tract. Serious complications are captured by PMID: 41166505: "These
AVMs can lead to life-threatening complications, such as paradoxical emboli, stroke, significant
gastrointestinal bleeds, and high-output heart failure, especially in the setting of hepatic AVMs."
HHTS5-specific reports (n=9) describe early-onset epistaxis, atypical dermal capillary lesion
distribution (forelimbs, trunk, head), facial telangiectases, pulmonary AVMs, and
cerebrovascular involvement.

Frequency table (HHT overall; the applicable framework for HHTS5):

Phenotype HPO term Frequency Onset / course

Childhood/adolescence onset;

Recurrent epistaxis HP:0000421 >90% .
progressive
Mucocutaneous .
. HP:0000562  Very frequent Adult; progressive
telangiectases
Iron-deficiency anemia HP:0001891  ~50% Follows chronic bleeding
Subtype- Adult; may be silent then
Pulmonary AVM HP:0006775 .
dependent complicate
. Common (often
Hepatic AVM HP:0100761 . Adult
silent)
Cerebral vascular Congenital/early; documented
] HP:0002948 ~10-21% overall .
malformation in HHT5
GI bleeding / .
] HP:0002239 Increases with age Later adult
telangiectases
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Finding 9 — Epidemiology, inheritance, and diagnosis; HHT5/GDF2 is an
ultra-rare autosomal dominant subtype

HHT overall prevalence is ~1 in 5,000 (range 1:5,000-1:8,000), making it the second most
common inherited bleeding disorder. PMID: 38864625 states: "Hereditary hemorrhagic
telangiectasia (HHT; Osler-Weber-Rendu disease) affects 1 in 5000 persons, making it the second
most common inherited bleeding disorder worldwide." Genetic-prevalence analyses of large
genomic databases suggest underdiagnosis; PMID: 41610956 found that "The genetic prevalence
of HHT ranged from 1.753 to 2.555 in 5000 individuals, when considering only pathogenic and
likely pathogenic variants, and from 2.874 to 4.327 in 5000 individuals, when also potentially
pathogenic variants were considered.” Inheritance is autosomal dominant with age-
dependent penetrance and highly variable expressivity. ENG (HHT1) and ACVRL1 (HHT2)
account for ~85-90% of cases; SMAD4 causes JP-HHT; GDF2 (HHTS5) is ultra-rare (~9
probands). Clinical diagnosis uses the Curacao criteria (epistaxis; mucocutaneous
telangiectases; visceral AVMs; first-degree relative with HHT): =3 = definite, 2 = possible, <1 =
unlikely — with lower sensitivity in children.

Finding 10 — Prognosis is generally good with organ screening and AVM
management

HHT is a chronic, lifelong disease. Most morbidity arises from recurrent bleeding (epistaxis, GI)
causing anemia and reduced quality of life, and from visceral AVM complications (stroke/brain
abscess from PAVM paradoxical embolism; high-output heart failure and biliary ischemia from
HAVMs; intracranial hemorrhage from cerebral VMs). Prophylactic screening and treatment
improve outcomes. A Markov decision analysis of HHT patients with asymptomatic
pulmonary AVMs found (PMID: 19376841): "No embolotherapy, embolotherapy only in the event
of a PAVM complication, and immediate embolotherapy were associated with expected survival
times of 37.2, 37.6, and 39.0 years, respectively” — i.e., immediate embolotherapy yielded the
highest expected survival (39.0 years) and quality-adjusted survival (37.2 QALYs). Guidelines
recommend screening for pulmonary AVMs (contrast echocardiography/CT), cerebral VMs
(MRI), and hepatic AVMs, plus antibiotic prophylaxis before dental/surgical procedures in
patients with PAVMs.
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Finding 11 — Integrated mechanistic model: HHTS is loss of the BMP9-driven
endothelial quiescence brake

Synthesizing the above, HHT5 (OMIM #615506) arises from heterozygous GDF2/BMP9 loss-of-
function (missense, nonsense, or 10q11.22 deletion). The anchoring gene-disease relationship
is stated in PMID: 42309173: "Dominant variants in GDF2 are known to cause hereditary
hemorrhagic telangiectasia type 5 (HHT5), a condition characterized by telangiectases and
arteriovenous malformations (AVMs)." The ligand-redundancy explanation for its rarity is
anchored in PMID: 31828546: "bmp9 mutants survive to adulthood with no overt phenotype. In
contrast, combined loss of bmp10 and bmp10-like results in embryonic lethal cranial AVMs
indistinguishable from acvrll mutants.”

Mechanistic Model / Interpretation

Ordered causal chain (initiating lesion = clinical manifestation)

1. A heterozygous loss-of-function variant in GDF2 (missense e.g. p.Val403Ile / p.Glu355GlIn;
nonsense; or >5 Mb 10q11.22-q11.23 deletion) leads to reduced production/secretion of
functional BMP9.

2. Reduced circulating BMP9 results in under-stimulation of the endothelial ALK1 (ACVRL1) /
endoglin receptor complex. (Partially buffered by BMP10 — see branch A.)

3. Under-stimulated ALK1 leads to reduced SMAD1/5/8 phosphorylation and reduced ID1
transcription in endothelial cells.

4. Reduced SMAD1/5/8 signaling results in (a) loss of the endothelial quiescence brake and
(b) impaired shear-stress mechanotransduction with loss of Connexin37 (Cx37). (Cx37
loss is demonstrated in mouse models; step 4b is mechanistically established.)

5. Loss of the brake leads to compensatory over-activation of PI3K/Akt/mTOR, VEGFR2, and
up-regulation of Angiopoietin-2 (Angpt2) (Angpt2 = top upregulated gene by retinal RNA-
Seq).

6. These pro-angiogenic signals result in endothelial hyperproliferation, hypermigration,
and arteriovenous mis-specification; combined with Cx37-permissive capillary

enlargement, capillaries transform into arteriovenous shunts.

7. Shunting and dysplastic vessels lead to mucocutaneous telangiectases and visceral AVMs.
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8. Telangiectases/AVMs result in the clinical phenotype: epistaxis, GI bleeding, iron-
deficiency anemia, and AVM-shunt complications (paradoxical emboli, stroke, brain
abscess, high-output heart failure, intracranial hemorrhage).

Branch A (dosage/redundancy): Because BMP10 can also activate ALK1, heterozygous BMP9
loss is often buffered — incomplete penetrance and ultra-rarity of HHTS5. If both GDF2 alleles
are lost (biallelic), circulating BMP9 and BMP10 both fall to undetectable levels — severe loss of
endothelial BMP activity — childhood pulmonary arterial hypertension and/or HHT-like
disease (a distinct, more severe branch).

Signaling schematic

GDF2 (10911.22) LOF (missense / nonsense / >5 Mb deletion)
| + BMP9 protein
v
Circulating BMP9 — (BMP10 partial redundancy) — buffers heterozygotes
| 1+ ligand availability
v
ALK1 (ACVRL1) + Endoglin (ENG) [endothelial receptor complex]
| + receptor activation
v
SMAD1/5/8-P - 1ID1 (quiescence program)
| |
1 shear mechanotransduction )
v Connexin37 (Cx37) |
v

| + PI3K/Akt/mTOR - t VEGFR2 - t Angpt2

brake released

v
EC hyperproliferation + AV mis-specification + capillary enlargement
v
TELANGIECTASES & ARTERIOVENOUS MALFORMATIONS
v

Epistaxis - GI bleeding - anemia - PAVM/HAVM/CVM/GI-AVM complications
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Where HHTS fits within the HHT gene family

Subtype Gene Protein / role in pathway Relative frequency

) ~40-50% (higher cerebral VM
HHT1 ENG Endoglin co-receptor

risk)
HHT?2 ACVRL1 ALK1 type I receptor ~40%
Downstream SMAD + juvenile
JP-HHT SMAD4 . Small %
polyposis
HHT5 GDF2 BMP9 circulating ligand Ultra-rare (~9 probands)

All converge on the BMP9/10 - ALK1/ENG - SMAD1/5/8 axis; HHTS5 is the ligand-level lesion
of the same pathway that HHT1/HHT2 disrupt at the receptor level.

Anatomical / cellular localization
* Primary cell type: vascular endothelial cell (CL:0000115), especially capillary/
arteriovenous endothelium.

* Primary organs/systems (UBERON): nasal mucosa (UBERON:0001826), skin
(UBERON:0002097), lung (UBERON:0002048), liver (UBERON:0002107), brain
(UBERON:0000955), gastrointestinal tract (UBERON:0000160); cardiovascular system overall.

* Subcellular (GO CC): plasma-membrane receptor complex; nucleus (SMAD-driven
transcription); BMP9 is a secreted extracellular ligand (GO:0005615, extracellular space).

 Lateralization: lesions are multifocal and typically bilateral/systemic rather than
lateralized.
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Evidence Base
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PMID

42309173

34611981

17311849

18309101

33834622

27874028

31828546

31689244

32078368

39292928

35226946

41347972

41166505

38864625

41610956

Title (abbrev.) Evidence type

Ancient founder GDF2 variant /

. . Human genetics
semi-dominant PAH

Clinical manifestations of GDF2 Human clinical
HHTS5 patients cohort (n=4)

BMP-9 signals via ALK1, inhibits

) . In vitro
angiogenesis
BMP-9 is a circulating vascular Human
quiescence factor biochemistry
Homozygous GDFZ2 nonsense Human genetics
mutations — PAH / HHT-like + assay

Transmammary anti-BMP9/10
Mouse model
mouse HHT model

BMP10-mediated ALK1

. . . ) Zebrafish model
signaling required continuously
Correcting SMAD1/5/8, mTOR, Mouse model +
VEGFR?2 treats HHT therapy

Impaired SMAD1/5

. Mouse/in vitro
mechanotransduction & Cx37

Pomalidomide for epistaxis in

RCT (n=144)

HHT (PATH-HHT RCT)
Systemic antiangiogenic .

. Review
therapies for HHT
What's new in HHT? Review
HHT: gene targets and emerging .

. Review
therapies
How I treat bleeding in HHT Review
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Supports

F001, F011 — GDF2 dominant
variants cause HHT5

F001, FO04 — missense
variants, deletions, cerebral
involvement

F002 — BMP9 is physiological
ALK1 ligand

F002 — circulating BMP9 2-12
ng/mL >> EC50

F003 — biallelic loss abolishes
BMP9/10 —» PAH/HHT-like

F006 — recapitulates AVMs;
Angpt2 top gene

F006, F011 — BMP9/BMP10
redundancy explains rarity

FO007 — PI3K/Akt/mTOR +
VEGFR2 overactivation

F007 — Cx37 loss permits
shunting

F005 — ESS —0.94 vs placebo

F005 — bevacizumab,
pazopanib, thalidomide

F008 — epistaxis >90%,
anemia ~50%

F008 — AVM complications

F009 — prevalence 1/5000
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PMID Title (abbrev.) Evidence type Supports

Global genetic prevalence of Genomic F009 — genetic prevalence,

HHT variants database underdiagnosis

Embolization for PAVM: decision o F010 — survival benefit of
19376841 . Decision model

analysis embolotherapy

Second International HHT o F005, F010 — management
34280349 L Guideline

Guidelines standard

HHT: need for evidence-based ) F002, FO07 — ENG/ACVRL1/
33513792 Review

pharmacotherapy BMP9/BMP10 pathway

Section-by-section mapping to the research template:

* §1 Disease Information / §4 Genetics: F001, FO04 — GDF2 on 10q11.22, OMIM #615506,
missense/nonsense/deletion variants; autosomal dominant. Synonyms: Osler-Weber-Rendu
disease type 5, GDF2-related HHT.

* §2 Etiology / §6 Mechanism: F002, F003, F006, F0O07, FO11 — loss of the BMP9—ALK1/
ENG—-SMAD1/5/8 quiescence brake; downstream PI3K/Akt/mTOR, VEGFR2, Angpt2; BMP10
redundancy; biallelic —» PAH.

* §3 Phenotypes / §7 Anatomy: F004, FO08 — epistaxis, telangiectases, PAVM/HAVM/CVM/GI-
AVM,; atypical HHTS5 distribution + cerebral involvement.

* §8 Temporal / §9 Inheritance & Population: FO09 — AD, age-dependent penetrance,
variable expressivity, ~1/5000 overall; HHTS ultra-rare.

* §10 Diagnostics: F004, FO09 — Curacao criteria + genetic testing (panel/ WES/WGS + CNV
detection for deletions).

* §11 Prognosis: F010 — near-normal life expectancy with screening/embolization;
morbidity from bleeding and AVM complications.

* §12 Treatment / §13 Prevention: F005, FO10 — antiangiogenics (pomalidomide RCT,
bevacizumab), antifibrinolytics, iron, embolization, organ screening, antibiotic prophylaxis,
genetic counseling.

* §14-15 Other species / Models: F0O06 — mouse (BMP9/10 immunoblockade) and zebrafish
(bmp9/bmp10) models.
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Sections with Limited or No HHT5-Specific Data

Consistent with an ultra-rare disorder (~9 probands), several template subsections have no
HHTS-specific evidence and are addressed only by extrapolation from the broader HHT
literature or are not applicable:

* §2 Environmental / protective factors & gene-environment interactions: No HHT5-
specific data. HHT lesions can be aggravated by mechanical trauma, anticoagulants/
antiplatelets (bleeding), and hormonal/inflammatory stimuli, but no protective alleles or
GXE interactions are established for HHTS5.

* §4 Epigenetics / modifier genes: No HHT5-specific methylation or histone data. BMP10
dosage is the principal biological "modifier" (redundancy). No dedicated modifier-gene
studies exist for HHTS5.

* §5 Infectious agents: Not applicable — HHTS5 is a Mendelian genetic disorder, not
infectious. (Brain abscess is a complication of right-to-left PAVM shunting, not a cause.)

* §10 Omics diagnostics / liquid biopsy: Exploratory exosomal miRNA signatures exist for
HHT1/HHT2 but are not validated for HHTS or in clinical use.

* §11 Survival statistics: No HHT5-specific survival curves; overall HHT life expectancy is
near-normal with management.

* §12 Pharmacogenomics / gene & cell therapy: No approved or trial-stage gene/cell therapy
specific to GDFZ; recombinant BMP9/BMP10 supplementation is a conceptual (not clinical)
strategy.

* §14 Natural disease in other species / zoonosis: No naturally occurring GDF2-HHT5
reported in companion animals or wildlife (OMIA); zoonotic potential not applicable.
Orthologs exist (mouse Gdf2, zebrafish bmp9) but only as engineered/experimental models.

Limitations and Knowledge Gaps

1. Extreme rarity: With only ~9 probands, all HHTS5 clinical statements rest on small case
series (PMID: 34611981, PMID: 33834622). Penetrance, expressivity, sex ratio, age-of-onset
distributions, and organ-specific AVM frequencies specific to HHTS5 are effectively
unquantified.

2. Genotype-phenotype boundary with PAH: The same gene produces HHT-like disease,
isolated PAH, or a hybrid depending on allele dosage and residual BMP9/BMP10 activity.
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The determinants that steer a given individual toward telangiectasia/AVM versus
pulmonary vascular remodeling are not defined.

3. Redundancy-driven variability: BMP10 buffering explains rarity but also makes
penetrance unpredictable; whether BMP10 variants or expression levels act as clinical
modifiers in HHT5 carriers is untested.

4. Therapy extrapolation: All treatment efficacy data (pomalidomide RCT, bevacizumab
cohorts) derive from HHT overall — predominantly ENG/ACVRL1 patients. No HHTS
patient has been reported in a therapeutic trial, so subtype-specific response is
unknown. Pomalidomide response analyses even suggest genotype effects (ACVRL1 less
responsive than ENG), raising the question of how ligand-level (GDF2) disease responds.

5. Large-deletion contiguous-gene effects: The >5 Mb 10q11.22—-q11.23 deletions remove
neighboring genes; the extravascular features attributed to some HHT5 patients may reflect
contiguous-gene syndromes rather than GDFZ2 loss per se.

6. No dedicated HHTS model: Existing mouse/zebrafish models manipulate BMP9 and
BMP10 together (or the receptor); a clean heterozygous-Gdf2 model that reproduces adult
telangiectasia/AVMs is lacking, limiting mechanistic dissection of the heterozygous human
condition.

Proposed Follow-up Experiments / Actions

1. Establish an international HHT5/GDF2 registry to aggregate the scattered probands,
standardize Curacao + genetic ascertainment, and generate the first penetrance and organ-
involvement frequency estimates specific to HHTS5.

2. Systematic CNV-aware genetic testing in HHT-suspected but ENG/ACVRL1/SMAD4-
negative patients: use exome/genome sequencing with copy-number calling (or
chromosomal microarray) to detect the large 10q11.22 deletions that single-gene panels
miss (PMID: 34611981).

3. Functional reclassification of GDF2 VUS using BMP-responsive luciferase reporter assays
to quantify residual ligand activity and correlate with phenotype severity along the HHT-to-
PAH axis.

4. Circulating BMP9/BMP10 quantification as a biomarker: measure plasma BMP9/BMP10
and serum-derived endothelial BMP activity in GDFZ2 carriers to test whether residual
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activity predicts penetrance and distinguishes HHT-like from PAH-prone individuals (PMID:
33834622).

. Generate a heterozygous Gdf2 mouse (+ sensitized Bmp10 background) to model the
adult, dominant human disease and test BMP10-redundancy as the penetrance modifier.

. Prospective inclusion of HHTS patients in antiangiogenic trials (pomalidomide,
bevacizumab), pre-registering genotype-stratified analyses to determine whether ligand-
level disease responds differently from receptor-level (ENG/ACVRL1) disease.

. Evaluate ligand-replacement strategies (recombinant BMP9/BMP10 or ALK1-agonist
biologics) as mechanism-directed therapy uniquely rational for a ligand-deficiency disease,
initially in the immunoblockade and biallelic models.

. Apply guideline-concordant organ screening to all confirmed HHT5 patients — contrast
echocardiography/CT for PAVMs, brain MRI for cerebral VMs (justified by the documented
cerebral involvement), and hepatic imaging — with antibiotic prophylaxis for those with
PAVMs (PMID: 34280349, PMID: 19376841).
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Category Term ID
. Hereditary hemorrhagic telangiectasia
Disease MONDO:0014660; OMIM:615506
type 5
Gene GDF2 (BMP9) HGNC:4217; NCBI Gene 2658
Gene ACVRL1 (ALK1) HGNC:175
Gene ENG (endoglin) HGNC:3349
Phenotype  Epistaxis HP:0000421
Phenotype  Telangiectasia of the skin HP:0000562
Phenotype  Cerebral arteriovenous malformation HP:0002948
Phenotype  Pulmonary arteriovenous malformation HP:0006775
Phenotype Iron deficiency anemia HP:0001891
Cell type Endothelial cell CL:0000115
) , UBERON:0001826 /:0002048 / :0002107 /
Anatomy Nasal mucosa / lung / liver / brain
:0000955
Process Negative regulation of angiogenesis G0:0016525
Process BMP signaling pathway G0:0030509
Pomalidomide / Bevacizumab /
Treatment . . NCIT:C48225 / C2039 / C61785
Tranexamic acid
Treatment  Therapeutic embolization NCIT:C15325

Report compiled from 11 confirmed findings across 5 investigation iterations and 58 reviewed
papers. Evidence types are labeled human clinical, human genetics, in vitro, and model organism
throughout. All quoted snippets are verbatim from the cited PubMed abstracts.
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