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Abstract

Hemophilia and hereditary angioedema (HAE) are rare monogenic disorders charac-
terized by the dysregulation of serine protease-based biological pathways, that is,
blood coagulation and the kallikrein-kinin system. Although clinical manifestations
differ profoundly (bleeding vs angioedema), both diseases have recently undergone
parallel therapeutic revolutions, shaped by advances in molecular biology and
biotechnology. Early management in the 1970s relied for both diseases on the episodic
administration of plasma-derived products, subsequently replaced by recombinant
products that improved safety and feasibility of prophylaxis regimens. In the last 20
years, the development of nonreplacement products, such as emicizumab and reba-
lancing agents in hemophilia and kallikrein/bradykinin pathway inhibitors in HAE,
shifted clinical practice from the episodic management of clinical events to their
prevention. More recently, gene and RNA-based therapies are further transforming
both diseases toward curative attempts: in hemophilia, adeno-associated virus vector-
mediated gene therapy and lentiviral stem-cell approaches; in HAE, antisense
oligonucleotide-mediated kallikrein suppression. Emerging genome-editing ap-
proaches and biomarker- and genotype-driven strategies are poised to further
improve and personalize treatment. The therapeutic trajectories of rare diseases such
as hemophilia and HAE illustrate how mechanistic insights enable the transition from
the episodic management of acute events to long-term disease control, offering

prospects for curative interventions.
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Hemophilia and hereditary angioedema (HAE) are rare genetic diseases of serine protease pathways.
The parallel evolution in treatments of both hemophilia and HAE is herewith presented comparing recent advances.

Biologic drugs and rebalancing agents can now prevent bleeding in hemophilia and edema in HAE.

e Gene and RNA-based therapies may offer long-term control and future cures for both diseases.

© 2026 The Authors. Published by Elsevier Inc. on behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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1 | INTRODUCTION

Hemophilia and hereditary angioedema (HAE), which are rare dis-
eases of blood coagulation and kallikrein-kinin systems, exemplify
how understanding molecular mechanisms leads to dramatic ther-
apeutic advances. Hemophilia A and B are bleeding disorders
caused by the plasma deficiency of coagulation factor (F)VIII (he-
mophilia A) or FIX (hemophilia B), stratified into severe, moderate,
and mild forms on the basis of coagulation factor plasma levels. The
deficiency or dysfunction of FVIII or FIX causes insufficient
thrombin formation and a bleeding phenotype [1]. Bleeding epi-
sodes mainly recur in joints (hemarthrosis) and muscles (hematoma)
and lead, if inadequately treated, to irreversible musculoskeletal
damage and severe disability.

Most cases of HAE are caused by the deficiency of C1 inhibitor
(C1-INH), a large multifunctional protein that acts as an inhibitor of
the complement component 1 (C1), as well as of kallikrein and
activated FXIlI (FXlla; Figure 1). C1-INH deficiency, which is
inherited as an autosomal dominant trait, can be either quantitative
(HAE type 1) or qualitative (HAE type 2) [2]. HAE has a prevalence
of ~1 in 50,000 in the general population [3] and is therefore rarer
than hemophilia (~1 in 10,000) [4]. C1-INH deficiency leads to
enhanced conversion of prekallikrein to kallikrein, which cleaves
high-molecular-weight kininogen to release the vasoactive peptide
bradykinin (Figure 1) [5]. Bradykinin induces a reversible increase in
vascular permeability, responsible for the formation of angioedema
[6,7]. Angioedema manifests as a circumscribed, non-pitting edema
of the subcutaneous tissues involving lips, face, neck, extremities,
and/or the submucosal tissues of the oral cavity, larynx, and
gastrointestinal tract. Laryngeal involvement may be life-
threatening, and intestinal angioedema can be extremely painful

and mimics an acute abdomen [8].

1.1 | Disease mechanisms

Hemophilia A and B are due mainly in males to variants in the F8
(hemophilia A) or F9 (hemophilia B) genes on the X chromosome [1],
whereas HAE is caused in both sexes by autosomal-dominant loss-of-
function variants on chromosome 11 of the gene SERPING1 (serine
protease inhibitor family G member 1), which encodes C1-INH [2].
Rarely, forms of HAE unrelated to C1-INH deficiency have been
described, owing to variants in other genes, including FXII (F12),
plasminogen (PLG), angiopoietin-1 (ANGPT1), kininogen-1 (KNG1),
myoferlin (MYOF), and heparan sulfate glucosamine 3-O-sulfo-
transferase-6 (HS3ST6) [9]. Although clinically different, bleeding vs
angioedema, both diseases arise mechanistically from the dysregu-
lation of tightly regulated serine protease systems (Figure 1). In them,
a single disrupted protein causes abnormal downstream activity
(more bradykinin in HAE and less thrombin in hemophilia), illustrating
the critical importance of precise pathway regulation.

1.2 | Clinical characteristics

Comparative clinical features of hemophilia and hereditary
angioedema are shown in Table. Regarding the acute manifesta-
tions, they are usually not life-threatening in hemophilia, with the
relatively rare exception of intracranial hemorrhages. In HAE,
laryngeal edema and asphyxiation, historically dramatic problems,
are no longer a life threat at least in high-income settings after the
introduction of C1-INH replacement products. Long-term comor-
bidities are prominent in hemophilia, typically arthropathy and the
consequences of hepatitis C infection, that is, cirrhosis and hepa-
tocellular carcinoma [10]. Despite the historical importance for
morbidity and mortality of hepatitis C virus and HIV infections in
patients with hemophilia, blood screening techniques and the
adoption of virucidal method for coagulation factor concentrates
have made now extremely low the risk of acquiring new infections.
In HAE, notwithstanding the occurrence of hepatitis C as a conse-
quence of plasma-derived therapeutics, there is at the moment no
solid evidence of late hepatic consequences [11]. Notably, a large
population-based report recently found an increased risk of
thrombosis (both arterial and venous) in people with genetically
confirmed C1-INH deficiency [12]. These findings are biologically
compatible with our earlier findings of hypercoagulability bio-
markers in HAE [13]. There are also reports suggesting that C1-INH
deficiency is associated with a higher risk of autoimmune diseases
such as systemic lupus erythematosus and thyroiditis [14]. Overall,
there are at least 2 reasons for an interest of experts of hemostasis
and thrombosis on HAE, that is, the evidence of an increased risk of
thrombosis and the fact that HAE is sometimes managed in

specialized hemophilia centers.

1.3 | Therapeutics

Throughout the past 2 decades, therapeutic innovations have been
profound for both diseases, with a related dramatic improvement in
life expectancy, now similar to that of unaffected peers [10,15].
Initial treatment of the acute manifestations of bleeding in hemo-
philia and attacks of edema in HAE evolved for both diseases from
the episodic intravenous administration of plasma-derived products
to those manufactured by recombinant DNA technology and, more
recently, to long-acting recombinant molecules, subcutaneous bi-
ologics, oral agents, RNA-based drugs, and gene therapy (Figure 2).
Thus, hemophilia and HAE stand as parallel examples of rare dis-
eases leading to a broader strategy of precision medicine, with the
goal to prevent disease manifestations and thus improve both life
expectancy and quality of life. With this background, the goal of this
review article is to compare the parallel evolution that occurred
mainly in the last 2 decades for both diseases and to emphasize
shared therapeutic progress (notwithstanding divergent molecular
targets).
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FIGURE 1 Simplified diagram of serine protease systems involved in hemophilia and hereditary angioedema due to C1-inhibitor
deficiency. C1 inhibitor controls the activation of the classical and lectin pathways of the complement system by blocking C1r, C1s, MASP-1,
and MASP-2. It is also the main inhibitor of the coagulation contact phase, which is initiated by the activation of factor (F)XII, occurring
spontaneously or induced by negatively charged surfaces. Activated FXII (FXIla) activates prekallikrein to kallikrein, which in turn activates
FXII to FXlla and cleaves high-molecular-weight kininogen (HK), releasing the vasoactive peptide bradykinin. The fibrinolytic enzyme plasmin
enhances the release of bradykinin. When C1 inhibitor is deficient (circled in red), more FXlla and kallikrein are produced (circled in blue), thus
increasing bradykinin (circled in blue), that is, the ultimate cause of angioedema. The coagulation cascade—initiated by tissue factor/activated
factor VII (FVIla) and by the contact phase (kallikrein and FXIla) followed by the sequential activation of the coagulation factors—leads to the
formation of thrombin, which transforms fibrinogen into fibrin, stabilized by FXIIl. When such critical factors of the coagulation system as
FVIIIl or FIX are deficient (circled in red), there is an insufficient production of thrombin and ultimately of fibrin (circled in red), that is, the

ultimate causes of bleeding.

2 | SEARCH METHODOLOGY

The literature was identified using PubMed and Google Scholar
searches for articles published between 1960 and 2025 using the
terms hemophilia, hereditary angioedema, treatment, gene therapy,
and precision medicine. Only high-quality articles have been selected,
and emphasis was placed on clinical trials, major review articles, and
mechanistic studies. Information on emerging therapies was supple-
mented with data from ClinicalTrials.gov. The structure of the review

reflects conceptual themes rather than strict chronology.

3 | THERAPEUTIC EVOLUTION: FROM
REPLACEMENT TO MODULATION

Figure 2 depicts the timeline of available therapies for both hemo-
philia and HAE and the progress from plasma-derived and recombi-
nant replacement products to nonreplacement drugs toward gene
and nucleic acid-based therapeutics. As highlighted, in some settings,
the specialized management of both diseases takes place in hemo-

philia treatment centers, owing to their proficiency in replacement

therapy and expertise accrued in the 1970s and 1980s regarding the
education of patients and families to self-treatment and handle

injections.

3.1 | Plasma-derived and recombinant replacement
therapies

In hemophilia, early treatment (1964-1990s) was based on plasma-
derived factor replacement on the occasion of bleeding episodes,
first with cryoprecipitate and then with large plasma pool concen-
trates of the deficient FVIII and FIX. These therapeutics were a major
breakthrough in the 1970s, subsequently offset in the 1980s by the
transmission of such viral bloodborne disease as hepatitis and AIDS.
A pharmacologic therapy such as desmopressin was developed in the
late 1970s, but its use is restricted to patients with mild hemophilia A
but not to those with hemophilia B.

Unsatisfactory clinical efficacy, with the related almost inevitable
development of musculoskeletal complications and invalidating
handicaps, drove innovation from episodic treatment toward pro-
phylaxis of bleeding [16]. The application of virucidal methods to
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TABLE
Feature
Serine protease system
Protein deficiency or dysfunction

Genetics

Inheritance pattern

Sex distribution

Disease mechanism

Disease classification

Acute clinical manifestations

Reversibility of damage

Mortality risk

Complications

Comparative features of hemophilia and hereditary angioedema.

Hemophilia
Coagulation
Factor (F)VIII or FIX

Mutations in F8 (hemophilia A) or F9 (hemophilia B)
genes on the X chromosome

X-linked recessive

Predominantly in males; female carriers may be
symptomatic

Thrombin deficiency — defective fibrin clot

Severe (<1% factor activity), moderate (1%-5%), mild
(>5%-40%) based on circulating FVIII/FIX levels

Bleeding (hemarthroses, muscle hematomas, and
posttraumatic or spontaneous bleeding)

Repeated hemarthroses lead to irreversible
arthropathy and disability

Much reduced with modern therapies; historically due
to intracranial or uncontrolled bleeding and
transfusion-transmitted infections

Chronic arthropathy, musculoskeletal disability,

Hereditary angioedema
Kallikrein-kinin
C1 inhibitor

Mutations mainly in SERPING1 gene encoding
C1 inhibitor

Autosomal dominant

Both sexes equally affected

Uncontrolled kallikrein — bradykinin excess

Type 1: Cl-inhibitor deficiency

Type 2: Cl-inhibitor dysfunction

No universally accepted biochemical severity
classification

Angioedema (episodic swelling of subcutaneous or
submucosal tissues: skin, upper airways, and
gastrointestinal tract)

Complete resolution of attacks; swelling reversible
with no permanent tissue damage

Historically due to laryngeal edema and asphyxiation;
dramatically reduced by currently available
therapies

Impaired quality of life, anxiety related to

inhibitor development

Inhibitor development
cases)

Risk of infections
plasma-derived concentrates

Liver sequelae
carcinoma in older cohorts

HBYV, hepatitis B virus; HCV, hepatitis C virus.

plasma-derived products and then the introduction of recombinant
FVIIl and FIX in the 1990s greatly improved safety and availability, at
least in high-income countries [17,18]. Extended plasma half-life re-
combinant coagulation factors (engineered using PEGylation, Fc-
fusion, or albumin-fusion technologies) were developed in the
2000s [1] and enabled prophylaxis with less frequent intravenous
infusions, that is, every 1 to 2 weeks for FIX and every 3 to 5 days for
FVIII.

A similar transition occurred in HAE. Plasma-derived C1-INH
concentrates such as Berinert and Cinryze have been available
since the 1980s, enabling episodic therapy of angioedema attacks
[19] and their prevention [20]. The subsequent availability of re-
combinant C1-INH (Ruconest), purified from the milk of transgenic
rabbits, was triggered by the transmission with plasma-derived
products of bloodborne viral infections and offered also in HAE an
alternative to plasma [20]. Thus, both diseases moved from blood
products to recombinant DNA technology, leading to improved

safety, efficacy, and availability, at least in high-income countries. In

Frequent in hemophilia A (~25% to 35% in severe

Historically high HBV/HCV/HIV transmission from

Chronic viral hepatitis, cirrhosis, and hepatocellular

unpredictable attacks; no structural organ
damage. Risk of arterial and venous thrombosis

Antibodies to C1 inhibitor extremely rare after
replacement

Low; limited number of cases

Uncommon

addition, both helped to pioneer the regulatory and manufacturing

scenario of replacement therapies of rare plasma proteins.

3.2 | Nonreplacement therapies

Historically, the first nonreplacement pharmacologic therapies for
patients with mild hemophilia A were intravenous, subcutaneous, or
intranasal desmopressin (1-deamino-8-d-arginine vasopressin) [21]
and, for HAE, the oral antifibrinolytic drug tranexamic acid [22] and
the attenuated androgens stanozolol and danazol [23]. In hemophilia
A, the most striking advance that materialized in the last 10 years
was emicizumab, a humanized bispecific antibody that mimics the
coagulant activity of activated FVIII by bridging FIXa and FX [24]. It
allows subcutaneous dosing every 1 to 4 weeks, is efficacious in both
FVIII inhibitor-positive and inhibitor-negative patients, and dramati-
cally transformed the paradigm and feasibility of prophylaxis [1].

Additionally, more recent approaches are rebalancing agents, tailored
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Hereditary angioedema

Plasma derived products (FDA approval: late 1960’ early 1970’) | 1970s ‘ Tranexamic acid (off-label use since 1972) ‘

‘ Danazol (FDA approval: late 1970°) |

‘ Plasma derived products (EMA approval: mid-1980s; FDA: 2008) |

Recombinant products (FDA approval: 1992 [FVIII], 1997 [FIX]) | 1990s

‘ Emicizumab - FVIlla mimetic (FDA approval: 2017; EMA: 2018) ‘

| FVIII-FIX gene therapy (FDA/EMA approval: 2022-2023) |

Fitusiran, concizumab, marstacimab - rebalancing
agents (FDA/EMA approval: 2024-2025)

I Inno8 - oral FVIlla mimetic (currently under investigation) ‘

‘ Icatibant - bradykinin antagonist (EMA approval: 2008; FDA: 2011) ‘

I Recombinant products (EMA approval: 2010; FDA: 2014) |

Lanadelumab - Mab anti-kallikrein (FDA and EMA approval: 2018) ‘

Berotralstat - oral anti-kallikrein (FDA approval: 2020; EMA: 2021) ‘

I Garadacimab - Mab anti-FXlla (FDA and EMA approval: 2025) |

‘ Donidalorsen-antisense oligonucleotide (FDA approval: 2025) I

‘ Deucrictibant-oral bradykinin antagonist (submitted for approval) ‘

‘ Gene and nucleic acid-based therapies (submitted for approval) ‘

FIGURE 2 Evolution of therapies for hemophilia and hereditary angioedema. Both diseases evolved from plasma-derived replacement
therapies to recombinant and targeted biological treatments, culminating in gene-based strategies. The years of approval of the therapies are
shown in parentheses for both the European Medicines Agency (EMA) and the Food and Drug Administration (FDA).

to enhance the production of thrombin by quenching the activity of
naturally occurring anticoagulant proteins. This can be obtained by
silencing the gene of antithrombin with fitusiran or blocking tissue
factor pathway inhibitor, with monoclonal antibodies such as con-
cizumab and marstacimab, all aimed at restoring defective thrombin
formation without the need of coagulation factor replacement [1].
These subcutaneous drugs are effective in both the hemophilias, with
and without coagulation factor inhibitors.

In HAE, understanding that bradykinin is the ultimate trigger of
edema attacks [6,7] led to therapeutics targeting specifically the
kallikrein-bradykinin pathway. Icatibant, a B2 bradykinin receptor
antagonist, provides on-demand treatment for acute episodes [25].
Inhibition of kallikrein activity can be obtained by ecallantide, a re-
combinant protein synthesized in the yeast Pichia pastoris, which
administered subcutaneously improves acute edema symptoms [26].
Lanadelumab, a subcutaneously administered, human monoclonal
antibody against plasma kallikrein, is used for prophylaxis of swelling
attacks and demonstrated long-term efficacy [27]. Moreover, the
monoclonal antibody directed against FXlla garadacimab, when
administered subcutaneously once a month, reduces the frequency of
HAE attacks with a good safety profile [28]. Berotralstat (BCX7353),
the first oral kallikrein inhibitor, offers daily prophylaxis with good
tolerability [29]. Deucrictibant, an orally bioavailable bradykinin B2
receptor antagonist, is currently being evaluated for prophylaxis in
phase 2 to 3 studies, as an extension of studies for the acute treat-
ment of angioedema attacks (NCT05396105). In hemophilia, oral
therapies are lagging behind those for HAE, but Inno8 is a small

FVIlla mimetic antibody, engineered to make it orally adsorbable and
circulation available. It is currently in phase 1 clinical trial to prove
safety in healthy males (NCT06649630). All these therapeutics are
efficacious by acting on the ultimate downstream mediators of clin-
ical manifestations, that is inhibiting kallikrein and bradykinin in HAE

and enhancing thrombin formation in hemophilia.

4 | Gene and Nucleic Acid-Based Therapies

In hemophilia, the advent of gene therapy is shifting management
toward cure. Adeno-associated virus vector-mediated delivery of
FVIII (valoctocogene roxaparvovec) or FIX transgenes (etranacogene
dezaparvovec) achieves sustained endogenous coagulation factor
production, thus reducing or eliminating in recipients the need of
prophylaxis with replacement or nonreplacement products and ulti-
mately pursuing cure [30,31]. Although concerns remain particularly
in hemophilia A regarding variable transgene expression, FVIII
plasma level durability, immune-mediated responses and related
hepatotoxicity, results from clinical trials demonstrate substantial
benefits. Lentiviral hematopoietic stem cell gene therapy has been
recently pioneered in hemophilia A as an alternative vector platform
with potentially greater genomic stability [32].

In HAE, gene therapy is less advanced than in hemophilia, but
nucleic acid-based therapies are rapidly progressing. Donidalorsen,
an antisense oligonucleotide targeting prekallikrein mRNA, achieved

durable reductions of angioedema attacks and was approved by
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regulatory agencies [33,34]. This therapy aligns conceptually with
approaches that, in hemophilia, use RNA silencing to quench the
activity of naturally occurring anticoagulant proteins. Fitusiran is
small-interfering RNA that specifically targets antithrombin mRNA to
suppress the production of antithrombin in the liver. Its monthly or
bimonthly subcutaneous administration lowered annual bleed rates
in patients with hemophilia A or B with and without inhibitors [1].
Together, these developments point toward longer-acting therapies.
While in hemophilia, gene therapy restores the endogenous pro-
duction of the deficient proteins, in HAE, nucleic acid-based therapies
typically aim to suppress overactive enzymatic pathways.

5 | EMERGING FRONTIERS AND FUTURE
DIRECTIONS

Two major themes dominate the next wave of innovation: gene

editing and individualized precision medicine.

5.1 | Gene editing approaches

Gene editing technologies such as CRISPR/Cas9 (clustered regularly
interspaced short palindromic repeats and CRISPR-associated pro-
tein 9), base editing, and prime editing are transforming the land-
scape of genetic medicine. In hemophilia, preclinical studies
demonstrated the successful correction of F8 and F9 variants in
hepatocytes, as well as gene editing of hematopoietic stem cells. In
hemophilia B, an open-label study is ongoing for REGV131-LNP1265,
a CRISPR/Cas9%-based F9 gene insertion therapy (NCT06379789).
These strategies aim for a 1-time, permanent correction of the ge-
netic defect, overcoming the limitations of adeno-associated virus
vector-mediated approaches, which rely on episomal transgene
expression that tends to vanish over time. Another innovative
approach involves platelet-targeted gene editing, based upon mega-
karyocytes, tailored to express FVIII in platelets that release it locally
at sites of vascular injury (NCT03818763). Encouraging results were
reported in the first enrolled case, that is, a 29-year-old man with
hemophilia A and a history of FVIII inhibitor [35].

In HAE, an ongoing study (NCT05120830) is evaluating NTLA-
2002, a nonviral gene-editing therapy based on CRISPR/Cas9,
which targets the gene encoding kallikrein. The results of the phase 2
portion of the study show that NTLA-2002, administered as a single
dose, reduced angioedema attacks through the reduction of plasma
kallikrein levels [36].

Therefore, both disorders—hemophilia and HAE—moved from
acute symptom management to genetic repair. Hemophilia is more
advanced along this pathway, but HAE is entering the same con-
ceptual territory, demonstrating how rare diseases lead to innovation

across molecular therapies.

5.2 | Precision medicine

Precision medicine has been defined as treatments targeted to the
needs of individual patients on the basis of genetic, phenotypic, or
psychosocial characteristics that distinguish a patient from others
with similar clinical presentations [37]. In hemophilia, the genotype
strongly predicts inhibitor incidence, the main still unresolved clinical
complication. The highest incidence is seen in patients with null
variants such as large gene deletions and intron 22 inversion,
whereas missense variants have the lowest incidence [38]. Person-
alized prophylaxis can be guided by the chosen hemostatic treatment
regimen, quality of life, presence or absence of joint disease, and
pharmacokinetic studies [1].

In HAE, evidence that accumulated over the last few decades
indicates that genotype-phenotype correlations may influence ther-
apeutic decisions [39]. Several biochemical and genetic biomarkers
offer decision-making value on the basis of their long-term empirical
use for the episodic treatment of edema attacks and their long-term
prevention [34,39]. Emerging biomarkers, including the measurement
of plasma kallikrein activity and bradykinin, may further tailor ther-
apeutic choices and dosages. Precision medicine in both hemophilia
and HAE can also leverage digital tools, event diaries, and stress
monitoring to predict the risk of bleeds or angioedema attacks, thus

enabling more personalized treatment.

6 | CONCLUSION

Hemophilia and HAE exemplify parallel therapeutic revolutions
driven by advances in molecular biology and biotechnology. Both
disorders have progressed from plasma-derived therapeutics to re-
combinant biologics, targeted monoclonal antibodies, oral products,
and more recently gene therapy. In addition, emerging gene-editing
technologies offer the prospect of 1-time curative interventions.
Despite their largely different clinical manifestations, disease com-
plications, and comorbidities, the therapeutic trajectories of hemo-
philia and HAE demonstrate how mechanistic insights can reshape
management. In both diseases, therapeutic evolutions have truly
informed each other: hemophilia informed the use of replacement
therapy in HAE, while agents acting downstream on kallikrein-
bradykinin in HAE informed the advent of thrombin rebalancing
agents in hemophilia.

There are specialized clinical centers that manage both diseases.
This approach is historically based upon the fact that hemophilia
specialists had accrued long-term expertise pertaining to patient
education to self-treatment and training to carry out injections.
Moreover, the interest of hemostasis and thrombosis experts
regarding the mechanistic role of C1-INH and its deficiency is
enhanced by the more and more clear role of C1-INH deficiency as a

risk factor for venous and arterial thrombosis.
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