
Received: 6 November 2020 Revised: 19 December 2020 Accepted: 12 January 2021

DOI: 10.1002/pbc.28934 Pediatric
Blood &
Cancer The American Society of

Pediatric Hematology/OncologyR E V I EW

Novel treatments for hemophilia through rebalancing of the
coagulation cascade

Yakun Zhao Angela C.Weyand Jordan A. Shavit

Department of Pediatrics, University of

Michigan, Ann Arbor, Michigan, USA

Correspondence

JordanShavit,DepartmentofPediatrics,

University ofMichigan,Room8301Medical

ScienceResearchBuilding III, 1150WMedical

CenterDr,AnnArbor,MI48109-5646,USA.

Email: jshavit@umich.edu

Funding information

National InstitutesofHealth,Grant/Award

Numbers:R01HL125774,R35HL150784

Abstract

Hemophilia A and B are inherited hemorrhagic disorders that result from alterations

in the coagulation cascade. Aside from spontaneous bleeding, themain complication of

hemophilia is hemarthrosis. Progress over the last three decades, specifically prophy-

laxis using recombinant factor, has prevented hemarthrosis and lengthened patient life

expectancies. However, many treatments require frequent dosing up to three times

a week, and alloantibodies (inhibitors) against replacement factor continues to be an

issue. These problems call for novel treatments for patients with hemophilia. Although

there has been progress in extended half-life factors and mimetics of factor VIII, an

alternative treatment methodology is to rebalance the activities of pro- and antico-

agulant factors through inhibition of the natural anticoagulants: antithrombin, tissue

factor pathway inhibitor, protein C, and protein S. This review will explore the efficacy

of targeting these inhibitory pathways from preclinical development through clinical

trials, and delve into concerns of thrombotic risk.
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1 INTRODUCTION

Hemostasis is critical for survival, which is why vertebrate evolu-

tion developed a system for the cessation of bleeding, the coagula-

tion cascade. Individuals who have dysfunction in procoagulants are

at increased risk of death due to hemorrhage, and the most common

deficiencies in secondary hemostasis are in factors VIII (FVIII) and

IX (FIX), resulting in hemophilia A and B, respectively.1 Hemophilia A

affects about one in every 5000males,2 and hemophilia B affects about

one in 25,000 males.3 Both can be categorized into severe, moder-

ate, or mild disease, based on the baseline coagulant protein activity

of less than 1%, 1–5%, and 6–40%, respectively. Spontaneous bleed-

ing and hemarthrosis may occur frequently for patients with severe

Abbreviations: APC, activated protein C; AT, antithrombin; FIX, factor IX; FVa, activated

factor V; FVII, factor VII; FVIII, factor VIII; FX, factor X; K1, Kunitz-1; K2, Kunitz-2; PCI,

protein C inhibitor; PS, protein S; rFVIIa, recombinant FVIIa; RNAi, RNA interference; TFPI,

tissue factor pathway inhibitor; α1AT, α1-antitrypsin

hemophilia, whereas symptomsmay occur onlywith trauma in patients

withmild andmoderate disease. Patients with severe hemophilia often

show symptoms as early as the neonatal period, such as circumci-

sion bleeding or intracranial hemorrhage.4 As they become mobile,

infants and children with severe hemophilia bruise easily and start

to develop joint hemorrhages (hemarthrosis).5 Repeated hemarthrosis

into the same joint can result in a “target joint” that becomes increas-

ingly susceptible to repeated bleeds. Eventually, patients with chronic

hemarthroses develop self-fulfilling cycles of reducedmobility and sec-

ondarymuscular atrophy with evenmore risk of rebleeding.6,7

1.1 Current treatments for hemophilia

Following the diagnosis, most hemophilia treatment centers in devel-

oped countries recommend prophylactic treatment for patients with

severe disease.8 The efficacy of these prophylactic treatments is
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protein S; TFPI, tissue factor pathway inhibitor

impressive, with earlier studies showing a 40% reduction inmortality.9

In addition, prophylaxis has been proven to prevent hemarthrosis.10

However, these treatments are limited by cost,11 frequency,12 as well

as the development of alloantibodies, otherwise known as inhibitors.13

Frequent intravenous infusions (two to three times perweek) often put

a strain on patients and families, especially in young children for whom

intravenous access is difficult.12 Surgically implanted venous access

devices ease the burden of infusions, but carry increased rates of infec-

tion and even thrombosis.

Besides the cost and frequency of treatment, the main complica-

tion of factor replacement is the development of inhibitors that inter-

fere with therapy through direct inhibition or accelerated clearance

of infused factor.8 Approximately 20–30% of patients with severe

hemophilia A develop inhibitors, although this rate is lower for patients

with severe hemophilia B. The standard treatment for patients with

inhibitors had been bypassing agents, including recombinant fac-

tor VIIa (rFVIIa) and activated prothrombin complex concentrates

(aPCCs), which are so named because treatment circumvents the need

for both FVIII and FIX. Unfortunately, these treatments are not as

effective as factor replacement. Furthermore, aPCCs are often con-

traindicated in hemophilia B patients with inhibitors because of devel-

opment of anaphylaxis against FIX-containing products. In 2017, the

FDA approved emicizumab, a bispecific antibody that substitutes for

FVIIIa byenhancing the interactionofFIXaandFX together.14 This new

drug has led to emicizumab becoming the de facto standard of care for

hemophilia A patients with inhibitors; unfortunately, there is no coun-

terpart for hemophilia B patients with inhibitors.

Coagulation factor inhibitors are a major problem for patients with

hemophilia and necessitate innovative therapies. Since hemophilia

patients have a deficiency in procoagulant factors, tipping the scale

toward bleeding, inhibition of the anticoagulant factors, proteinC (PC),

protein S (PS), tissue factor pathway inhibitor (TFPI), and antithrombin

(AT),15–17 has been exploited to rebalance coagulation.

1.2 The anticoagulants

Upon activation by thrombin, PC is a serine protease that along with

its cofactor PS inhibits FVIIIa and activated factor V (FVa) (Figure 1).

TFPI is a serine protease inhibitor that primarily inhibits the tissue fac-

tor: VIIa complex and activated factor X (FXa).18 There are two human

isoforms of TFPI, TFPIα and β, with the former beingmore potent. Both

isoforms contain Kunitz-1 (K1) and Kunitz-2 (K2) domains, inhibiting

FVIIa and FXa, respectively. TFPIα additionally has a Kunitz-3 (K3)

domain, which facilitates interaction with PS to further enhance FXa

inhibition.19 By itself, PS can directly inhibit FXa, FVa, and FIXa.20 AT,
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themost abundant anticoagulant circulating in plasma,21 is the primary

inhibitor of thrombin; however, it can also inhibit FIXa, FXa, factor XIa

(FXIa), and factor XIIa (FXIIa).22

The focus of this review is to summarize the novel nonfactor thera-

pies in the preclinical and clinical pipelines that rebalance the coagula-

tion cascade through inhibition of the natural anticoagulants. We will

not discuss other nonfactor therapies that mimic FVIII, such as emi-

cizumab, which has been reviewed elsewhere.23

2 INHIBITION OF ANTITHROMBIN

AT is the primary inhibitor of thrombin and other procoagulants,

including FIXa and FXa (Figure 1).17 Inhibition of AT as a treatment

strategy was inspired by two observations. AT deficiency in FVIII-

deficient mice decreases bleeding compared to those without AT

deficiency.24 Additionally, hemophilia patients who coinherit AT defi-

ciency have been found to have less severe bleeding phenotypes than

similar patients with normal levels of AT.25,26 Fitusiran, also known as

ALN-AT3SC, employs RNA interference (RNAi) technology to specifi-

cally target AT mRNA in hepatocytes, the site of synthesis and release

into the bloodstream (Table 1).27 This specificity of delivering RNAi

to the liver is facilitated by N-acetylgalactosamine-conjugated small

interfering RNAs.28

Initial preclinical studies in hemophilic FVIII knockout mice found

that those treated with fitusiran displayed significantly improved

hemostasis, and were indistinguishable from mice treated with

25 IU/kg recombinant hFVIII treatment.29 High doses of fitusiranwere

able to normalize the activated partial thromboplastin time (aPTT) in

hemophilic mice, but at moderate doses wild type mice developed dis-

seminated intravascular coagulation (DIC). These results indicate that

very low AT concentrations achieved with fitusiran increase the risk of

coagulopathy, highlighting the need for careful control of levels.

Once the efficacy of fitusiran was well established in animal

studies,29 clinical trialswere initiated in hemophilia A andB patients.30

A phase 1 dose-escalation study was performed on normal subjects

without a history of thrombophilia, as well as hemophilia patients

without inhibitors using weekly to monthly dosing. Dose-dependent

decreases in AT level were observed as low as 89% below baseline, as

well as increases in thrombin activity. Hemophiliacs with about 25%

of baseline AT had peak thrombin generation within the normal range.

This result showed that fitusiran is able to increase thrombin produc-

tion and potentially restore hemostasis.

Phase 2 trial results have not been published yet, but prelimi-

nary data have been shared.26 The most promising results lie with

hemophilic patients with inhibitors. AT levels were decreased by 80%

without evidence of thrombosis. Patients previously receiving on-

demand factor therapywith an average annualized bleeding rate (ABR)

of 12 were reduced to an ABR of 1.7 during fitusiran prophylaxis.

Although not a primary outcome measure, 67% of patients did not

experience spontaneous bleeds.26

These promising results propelled fitusiran into phase 3 clinical tri-

als in order to further evaluate safety andefficacy.Unfortunately, there T
A
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have been serious events associated with these studies. A patient suf-

fered from a fatal cerebral venous sinus thrombosis during the open-

label extension of the phase 2 study.31 The patient was incorrectly

diagnosedwith subarachnoidhemorrhage,which resulted in treatment

with excessive FVIII concentrate. The trial was temporarily paused

for Alnylam to develop risk mitigation guidelines surrounding break-

through bleeding, and then restarted a few months later.32 Other

adverse events have included asymptomatic and transient elevation of

transaminase levels in 36% of participants.30 Majority of these partici-

pants had a medical history of hepatitis infection and had not received

curative treatment. Researchers were unable to identify any dose–

response relationships, since these participants were in different dos-

ing groups. Fitusiran was in phase 3 clinical trial; however, due to new

adverse events, the nature of which has not yet been revealed, dosing

has been suspended until further notice.33

Until recently, RNAi was the only method that had been used to

inhibit AT activity. However, a recent preclinical study has shown the

possibility of using llama-derived single-domain antibodies (also known

as nanobodies) that inhibit AT (Table 2).34 Nanobodies were evaluated

through injection of recombinant protein into hemophilia A mice, as

well as delivery via adeno-associated viral vectors into hemophilia B

mice. Both methods demonstrated that the nanobodies were able to

reduce blood loss and did not elicit inhibitory immune responses.

3 INHIBITING TISSUE FACTOR PATHWAY
INHIBITOR

While there is only one clinical therapeutic in development for inhi-

bition of AT, there are several mechanisms that have reached clinical

trials for modulation of TFPI. There have been four inhibitors devel-

oped that target either the K1 or K2 domain of both isoforms of

TFPI: BAX499, concizumab,BAY2093884, andPF-06741086 (Tables 1

and 2).

3.1 BAX499

BAX499 is able to inhibit full-length TFPIα through binding to multi-

ple domains.35 BAX499, formerly known as ARC19499, is an aptamer,

which is an oligonucleotide that can fold into a three-dimensional

structure.36 It decreases TFPI inhibition of FXa activity by up to

70%.37 Ex vivo studies of plasma from hemophilia A and B patients

resulted in corrected endogenous thrombin potential and peak throm-

bin, and BAX499 also decreased bleeding times in primate models of

hemophilia A generated through injection of anti-FVIII antibody.37

In 2010, BAX499 entered a phase 1 clinical trial based on the suc-

cess of preclinical studies; however, the trial ended prematurely when

patients given BAX499 had an increased number of bleeding events.38

At the highest dose, plasma studies showed a 25-fold increase of full-

length TFPI, likely due to decreased clearance. Due to the increase

rate of bleeding events, further development of BAX499was canceled.

Although preclinical studies confirmed that inhibition of TFPI can pro- T
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mote hemostasis, these clinical data are a cautionary note of the risks

of anticoagulant factor manipulation.

3.2 Concizumab

Concizumab is an IgG4 isotype antibody, which binds and inhibits the

K2 domain of TFPI with high specificity, blocking the binding of FXa

(Table 1).39 Cynomolgusmonkey studies indicate that part of the action

is through increased TFPI clearance,40 but this also leads to the poten-

tial that concizumab may need to be administered daily or every other

day. One safety concern is coadministration of procoagulant factor

products, especially bypassing agents for inhibitor patients. Preclini-

cal animal studies have shown that although use of FVIIIa along with

concizumabdid lead to increasedD-dimer and thrombin–antithrombin

complexes (TAT), there were no signs of symptomatic coagulopathy,

such as thrombosis.41

Explorer 1 was a multicenter, randomized, double-blind, placebo-

controlled, and single dose-escalation study that included 28 healthy

individuals and 24 hemophilia patients.42 The results demonstrated

that concizumab had a procoagulant effect due to overall dose-

dependent increases in D-dimer. In addition to its positive pro-

coagulant effect, there were no serious adverse events reported,

and no anticoncizumab antibodies were found. In a phase 1b

trial (Explorer 3), concizumab plasma concentrations were mea-

sured against peak thrombin generation, and a sigmoidal relationship

was found with thrombin generation potential reaching the normal

range.43,44

These studies were followed by two phase 2 trials, Explorer 4 for

inhibitor patients and Explorer 5 for noninhibitor patients.45 The trials

were multicenter and open-label, and patients in both trials received

daily subcutaneous injections, with options to increase the dosage for

breakthrough bleeding. In the inhibitor trial, the resulting median ABR

was 4.5 for patients on concizumab prophylaxis and 20.4 for patients

with on-demand use of rFVIIa. In the noninhibitor trial, the average

ABR was 7.0, and in both trials, clinical proof of concept was success-

fully demonstrated.

There are two additional trials in progress, Explorer 7 and Explorer

8, both investigating the safety and efficacy of concizumab as prophy-

laxis with an injectable pen device for delivery in patients with or with-

out inhibitors. These trials launched in late 2019; however, phase 3 tri-

als were briefly halted for 5 months due to nonfatal thrombotic events

in three patients.46

3.3 BAY 1093884 and marstacimab

In addition to concizumab, there are two other inhibitory antibodies

against TFPI: BAY109388447 andPF-06741086 (marstacimab).48 BAY

1093884 binds and inhibits both the K1 and K2 domains of TFPI.47

There have been two phase 1 clinical trials, the first one assessing

pharmacokinetics in patientswith severe hemophilia,49 and the second

investigating the safety and tolerability in single escalating andmultiple

doses.50 The results of these phase1 trials havenot beenpublished yet.

A phase 2 clinical trial was planned to assess the safety and tolerability

of weekly subcutaneous dosing.51 However, this phase 2 trial was ter-

minated due to an unacceptable frequency of thrombosis in the study

population.

Marstacimab is an antibody that specifically inhibits the K2 domain

of TFPI.48 A phase 1 clinical trial investigated the safety, tolerabil-

ity, pharmacokinetics, and pharmacodynamics in healthy volunteers,52

and a phase 2 trial studied severe hemophilia A and B subjects, with

and without inhibitors.53 Overall, ABRs were significantly lowered

with marstacimab prophylaxis.53 A phase 3 crossover study to com-

paremarstacimabwith currentmethods of treatment for patientswith

or without inhibitors is currently recruiting.54 An additional phase 2

trial will investigate the long-term treatment of severe hemophilia

patients.

4 ACTIVATED PROTEIN C (APC) INHIBITION

Compared to the aforementioned treatments, inhibitors of APC are

still in the early stages of development. APC is a serine protease

that acts as an inhibitor of FVa and FVIIIa (Figure 1).18 Similar to

the rationale to develop inhibitors against other anticoagulants, APC

inhibition derived from the observation that the FV Leiden muta-

tion appears to modify bleeding risk in severe hemophilia.55 This

mutation leads to a reduced ability of APC to inactivate FVa, which

is associated with a procoagulant phenotype and risk of throm-

bosis. In addition, impaired APC activity also increases thrombin

generation.56 There are three types of inhibitors in development for

APC: an aptamer, an engineered APC-specific inhibitor, and a syn-

thetic peptidomimetic inhibitor. These are all in early development,

so little is known about the specificity and toxicity of these inhibitors

(Table 2).

4.1 HS02-52G, a DNA aptamer

HS02-52G is a DNA aptamer that functions by binding the heparin-

binding region to inhibit APC anticoagulant function (Table 2).57

HS02-52G also enhances protein C inhibitor (PCI) activity in inac-

tivating APC. After PCI forms a complex with APC, HS02-52G is

quickly released. Because this aptamer only binds to the heparin-

binding region of APC, it is able to selectively inhibit APC anti-

coagulant functions, which can potentially reduce side effects. In

ex vivo plasma studies, HS02-52G was able to block APC inacti-

vation of FVIIIa and decrease clotting times in a dose-dependent

fashion.58 One of the benefits of using an aptamer is that an antidote

can be easily designed through the use of complementary oligonu-

cleotides. Such an antidote was shown to reverse the effects of

HS02-52G on thrombin generation. More studies need to be con-

ducted on the safety and efficacy of this potential treatment in

vivo.
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4.2 KRK α1-antitrypsin (serine protease inhibitor)

KRK α1AT was developed through a novel approach by engineering

variants into the endogenous serine protease inhibitors (serpins) that

inhibit APC,59 including PCI60 and α1-antitrypsin (α1AT) (Table 2).61

APC recognizes a stretch of the exposed reactive center loop of

these serpins, forming a complex.62 However, these endogenous ser-

pins have poor specificity for APC; for example, PCI is also able

to inhibit thrombin,63 and APC-specific reactive center loops were

engineered.64

To improve the efficacy and specificity of APC inhibition, lysine vari-

ants of PCI andα1ATwere initially produced and found to bemore spe-

cific for APC, although functioned at a decreased rate.64 To alleviate

this issue, the α1AT-Pittsburgh mutations were used as the initial tem-

plate alongwith the additional lysine variants. α1AT-Pittsburgh itself is
a potent inhibitor of APC, but it also has high specificity toward throm-

bin and FXa. The end product, KRK α1AT, has a high specificity for APC
compared to thrombin, FXa, and FXIa. KRK α1AT was able to increase

thrombin generation ex vivo and restore hemostasis in hemophilia B

mice. Major strengths of KRK α1AT include a half-life of 5–7 days and

subcutaneous administration. It likely has a low immunogenic poten-

tial, because homologous endogenous serpins are already circulating

in plasma. Recruitment has begun for a phase 1a trial in the United

Kingdom.65

4.3 BAY 1896052, monoclonal antibody

Recently, scientists at Bayer developed two monoclonal antibodies

derived from human antibody Fab fragments (Table 2).66 The type

I antibody specifically binds to the active site, and the type II (BAY

1896052) antibody binds to an exosite on APC. Both were found

to have limited interaction with unactivated PC. Because the type II

inhibitor was only binding the exosite, it was able to both preserve

the cytoprotective function of the APC and improve hemostasis in

hemophilia A cynomolgusmonkeys.

5 INHIBITION OF PROTEIN S

PS acts as a cofactor for both APC and TFPI anticoagulant activities,18

so its inhibition can potentially affect multiple procoagulant path-

ways. Study of the clinical application of PS inhibition is still rel-

atively new, and thus far there is one proof-of-concept study in

a mouse model.67 Mice with a knockout of the PS gene (Pros1)

were bred with hemophilia A and B mice. In tail bleeding mod-

els, hemophilic mice with complete loss of PS demonstrated sig-

nificantly less blood loss with mild injury assays. Using an injury-

induced acute hemarthrosis model,68 hemophilia A mice with com-

plete loss of PS were indistinguishable from animals with normal lev-

els of FVIII and PS. This group went on to design a GAlNac siRNA

using the same technology as fitusiran, to target Pros1 gene expres-

sion in hepatocytes.69 Mice treated with siRNA showed reductions in

both liver PS mRNA and plasma PS protein, and clotting studies were

improved in hemophilia A mice. The injury-induced acute hemarthro-

sis model showed that siRNA injection was able to reduce intra-

articular bleeding and knee joint swelling in the hemophilia model.

Unlike fitusiran, PS siRNA-treated animals did not show evidence for

DIC. Although not as well developed as other anticoagulants, these

data support PS inhibition as a potential treatment for patients with

hemophilia.

6 DISCUSSION/CONCLUSION

Hemophilia is a chronic bleeding disorder that has shown considerable

progress in treatment over the last half century. Until the last decade

this had primarily consisted of factor replacement, allowing patients to

lead nearly normal lives. However, these treatments have downsides,

primarily consisting of a burden of intravenous infusions several times

per week and development of inhibitors against replacement factors.

Emicizumab, a chimeric bispecific humanized antibody that is adminis-

tered subcutaneously weekly tomonthly, is increasingly being adopted

by hemophilia A patients with and without inhibitors and addresses

both concerns. Hemophilia B care has been revolutionized by long-

acting FIX replacement products, enabling infusions on a once weekly

basis. And gene therapy for both is in phase 3 trials, with FDA approval

expected in the next 2 years. As long as there are no unexpected com-

plications to these options, and given the concerns of thrombosis with

some of the rebalancing therapies, it seems likely that the adoption of

the latter will be limited.

However, there remains a number of patient groups that still lack

highly effective therapies and may be ideal for the rebalancing treat-

ments described above. These include hemophilia B patients with

inhibitors and rare coagulation factor disorders for which there are

no available concentrates or recombinant factors; for example, defi-

ciencies of prothrombin, factor V, XI, and fibrinogen, and possibly

Glanzmann thrombasthenia and severe factor VII deficiency as well.

These patients are limited to either bypassing agents or plasma prod-

ucts, approaches that are only partially effective and only slightly bet-

ter than the state of therapy for noninhibitor hemophilia patients

prior to the development of cryoprecipitate and factor concentrates.

The rebalancing nonfactor therapies presented in this review could

serve as potential treatments for these individuals, and some have

already shown efficacy in clinical studies that include hemophilia

patients with inhibitors. If these products are successful, this could

lead to a more personalized approach to managing these orphan

diseases.
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