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Abstract: Through its fluctuating disease activity and unpredictable attacks, hereditary angioedema (HAE) imposes a substantial 
patient burden. To minimize HAE burden and improve quality of life, treatment should involve individualized management strategies 
that address on-demand therapy and short-term/long-term prophylaxis. Goals of long-term prophylaxis include reducing the number, 
severity, and burden of HAE attacks. The best characterized forms of HAE arise from deficiency or dysfunction of C1-inhibitor (C1- 
INH; types I/II), and C1-INH replacement therapy is a first-line intervention for on-demand (acute) treatment of HAE attacks, short- 
term prophylaxis before high-risk procedures, and long-term prophylaxis. Randomized, double-blind, placebo-controlled crossover 
trials have shown dose-dependent efficacy with plasma-derived C1-INH (pdC1-INH) 40–60 IU/kg subcutaneously, pdC1-INH 1000 
U intravenously, and recombinant human C1-INH (rhC1-INH) 50 IU/kg (maximum 4200 IU) intravenously, all administered twice 
weekly, as long-term prophylaxis in patients with a history of 2 to ≥4 attacks/month. Overall, up to 83% (pdC1-INH 60 IU/kg) of 
patients experienced an HAE attack reduction threshold of ≥70%, and up to 58% (pdC1-INH 60 IU/kg) achieved an attack reduction 
threshold of ≥90%. Lower-dose intravenous pdC1-INH therapy (1000 U) was seemingly less effective, with 45% of 22 patients 
experiencing an HAE attack reduction threshold of ≥70%, and up to 23% achieving an attack reduction threshold of ≥90%. Higher- 
dose intravenous rhC1-INH 50 IU/kg (maximum, 4200 IU) twice weekly was of intermediate benefit. Despite a baseline mean attack 
frequency of 17.9 (during the 3 months prior to study treatment) and a mean attack frequency during a 4-week placebo period of 7.2, 
52% of 23 patients experienced ≥70% reduction in attack frequency and 26% of 23 patients experienced ≥90% reduction in attack 
frequency. The increasing patient percentages treated with C1-INH replacement therapy as long-term prophylaxis meeting these high 
thresholds reinforces hopes and expectations that “attack freedom” is achievable, including for those with moderate or severe disease. 
Keywords: hereditary angioedema, complement C1 inhibitor protein, clinical trial design, clinical outcomes, prophylaxis

Introduction
Hereditary angioedema (HAE) is a group of genetic diseases characterized by fluctuating and unpredictable episodes of 
angioedema (ie, attacks) that, if uncontrolled, can have a profound negative effect on patient lives.1 The frequency of 
HAE attacks can vary widely; some patients experience a few attacks annually, whereas others experience multiple 
attacks each month.1–3 HAE attacks manifest as reversible edema (angioedema) that affects cutaneous or submucosal 
tissue at various body sites.4 Commonly affected areas include the extremities (eg, hands and feet), gastrointestinal tract, 
urogenital region, face, and upper airway.2,3 Attacks involving the hands and feet can lead to functional impairment, and 
attacks affecting the abdomen may be associated with very painful, debilitating colic, with vomiting, hypotension, and 
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complete disablement for a day or longer.2 Furthermore, obstruction of the airway due to laryngeal HAE attacks can be 
life-threatening.2 In patients with HAE due to a deficiency in functional levels of C1 esterase inhibitor (C1-INH; type 
I [deficiency] and type II [dysfunction] HAE), there is abnormal coagulation, and increased plasmin activity probably 
contributes to the angioedema tendency.2,5 Consequently, increased production of vasoactive mediators (notably brady-
kinin) within microvascular beds leads to sudden, reversible capillary hyperpermeability with consequent edema of local 
tissues.2,6

HAE continues to present challenges due to the heterogeneity of its clinical course, including frequency, location, 
severity, and unpredictability of attacks and variable duration of symptom-free intervals.1,3 C1-INH deficiency affects 
multiple biochemical pathways, including complement activation through the classical and lectin complement pathway, 
the contact and kallikrein/kinin system through effects on kallikrein and activated factor XII, the intrinsic coagulation 
pathway through activated factor XI, and fibrinolysis through the plasminogen-plasmin system.5,7–9 Even during attack- 
free periods, C1-INH deficiency in patients with HAE will typically be observed in the presence of low levels of C4 and 
sometimes C2; these features indicate continuous inappropriate activation of the early classical complement pathway, 
with overconsumption of these complement components.8 Decreased function of C1-INH with subsequent dysregulation 
of the classical and lectin complement pathways may lead to increased co-occurrence of autoimmune disease in patients 
with HAE and C1-INH deficiency.10 It has been known for many years that patients with HAE have a higher risk of 
developing immunoregulatory disorders.11 To an extent, this effect may be related to acquired deficiencies of the early 
classical pathway components C2 and C4, which may lead to autoimmune disorders in the presence of C1-INH 
deficiency.12 However, C1-INH deficiency does not deplete C1q in most patients.10

Treatment of HAE should involve individualized management strategies addressing on-demand/acute therapy, short- 
term and long-term prophylaxis, to minimize disease burden and improve patient-related quality of life.2,13 On-demand 
treatments of HAE attacks include C1-INH replacement therapy (plasma-derived C1-INH [pdC1-INH] or recombinant 
human C1-INH [rhC1-INH]); ecallantide, a kallikrein inhibitor; and icatibant, a bradykinin B2 receptor antagonist.2,13 

Despite differences in trial design, review of clinical trial data is consistent with a dose-dependent benefit of C1-INH in 
time to response and response rates.14 Administration of C1-INH replacement therapy as short-term prophylaxis is 
recommended before medical or dental procedures that may trigger an HAE attack (eg, dental surgery or endoscopic 
procedures).2 Limited observational evidence suggests that efficacy of short-term preprocedural prophylaxis improves 
with increased dose.15 Long-term prophylaxis is considered in patients with recurrent episodes of HAE to reduce the 
frequency, duration, and severity of attacks, as well as to minimize the impact of the disease on daily activities.2,13 Given 
the expansion of therapeutic options for long-term prophylaxis during the last several years, alongside short-term 
prophylaxis and on-demand treatments for attacks, the goal of achieving control of HAE attacks and normalization of 
patients’ lives is moving in a positive direction.2,13 First-line long-term prophylactic treatment for HAE includes 
intravenous and subcutaneous pdC1-INH; subcutaneous lanadelumab, a monoclonal antibody that targets plasma 
kallikrein; and oral berotralstat, a small-molecule inhibitor of plasma kallikrein.2,13 In many cases, breakthrough HAE 
attacks occur despite prophylaxis. However, complete elimination of HAE attacks is the goal of modern prophylactic 
treatments.

There is considerable global experience (>40 years) in treating C1-INH deficiency by replacing C1-INH protein levels 
(eg, on-demand therapy) in patients with HAE. Pursuit of this possibility and of the role of C1-INH replacement therapy 
as long-term prophylaxis depends on addressing continued challenges in HAE management through careful interpretation 
of randomized controlled trial (RCT) data. Such interpretation may be confounded by differences in RCT patient 
populations analyzed, routes of administration, pharmacokinetic and pharmacodynamic considerations, and product 
forms and availability (human plasma collection or recombinant technology). Differences in route of administration 
and in baseline attack frequency further confound comparisons, such that any conclusions drawn should be considered 
hypothesis-generating only, pending appropriate head-to-head trials. Data from these trials suggest that with adequate 
dosing and frequency of administration, even in patients with high symptomatic HAE activity, the burden of disease 
could potentially be minimized. Direct and indirect comparisons of different prophylactic doses of C1-INH support 
a dose–response relationship for efficacy in long-term prophylaxis, as well as for acute and short-term prophylaxis. This 
review will examine data from RCTs evaluating administration of C1-INH replacement therapy as long-term HAE 
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prophylaxis in patients with HAE, aiming to generate preliminary hypothesis-generating answers to questions such as, “is 
a higher C1-INH dose more effective than a lower dose”, and “what degree of attack frequency alleviation can be 
achieved?” However, further work is required before we can fully answer the important question, “is efficacy of 
prophylaxis impacted by baseline attack frequency?”

Long-Term Prophylaxis to Address HAE Pathophysiology
Because contact and kallikrein/kinin pathway–targeted therapies cannot address the increased risk of autoimmunity, C1- 
INH replacement has an advantage in this respect. Of further interest might be reports of increased proportion of 
malignant versus reduced incidence of cardiovascular causes of death in patients with HAE (despite the use of attenuated 
androgens) compared with the general population.16 C1-INH concentrates are perhaps the most physiological approach to 
HAE management because these therapies directly replace the missing protein in the various cascades.17 Notably, C1- 
INH replacement therapy acts to restore equilibrium to the contact and kallikrein/kinin activation system.9 This is 
achieved by pluripotent regulation of the activation of kallikrein, factor XII (Figure 1) and other inflammatory pathways, 
which may affect bradykinin production, most notably plasmin.17 Overall, this concept is speculative, as the benefit of 
C1-INH replacement in autoimmunity, malignancy, and cardiovascular disease has not been thoroughly investigated.

Given that the plasma half-life of endogenous C1-INH is approximately 67 to 72 hours,7 long-term prophylaxis with 
pdC1-INH at a dose (eg, 60 U/kg subcutaneously, twice weekly) that delivers a near equivalent plasma half-life is 
effective for reducing the frequency of HAE attacks.2,13,18 As well, subcutaneous administration of C1-INH replacement 
therapy may provide more sustained steady-state plasma levels of C1-INH relative to intravenous administration. This 
has been hypothesized as potentially improving symptom control.2 However, questions about the pharmacokinetics and 
pharmacodynamics of C1-INH replacement therapies in plasma and at physiologically relevant sites of action, namely 
the endothelium, remain to be answered. A plasma functional C1-INH activity of 38% (0.38 U/mL) has been proposed as 
a threshold level for conferring substantial protection against HAE attacks.19 However, other studies suggest that for 
pdC1-INH, at least, functional plasma C1-INH levels need to be in the normal range to provide complete protection.14,18 

The concept that replacement therapy should restore C1-INH functional activity to the normal range is intuitively 
attractive, although additional research is required to validate that plasma concentrations correlate sufficiently with attack 
prevention.14,20 Moreover, plasma functional C1 inhibitor levels are not informative when rhC1-INH is used, despite 
good observed efficacy.21 Questions about a correlation between C1-INH plasma concentrations and clinical effective-
ness have been raised, given the efficacy of rhC1-INH as prophylaxis despite its relatively short plasma half-life 
compared with pdC1-INH therapies.20

Figure 1 Production of bradykinin through kallikrein-dependent reactions. Reprinted from J Allergy Clin Immunol, Vol 126, no 5, Kaplan AP, Enzymatic pathways in the 
pathogenesis of hereditary angioedema: the role of C1 inhibitor therapy, pp918-925, Copyright 2023, with permission from Elsevier.17 

Abbreviation: C1-INH, C1 esterase inhibitor.
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RCTs of Long-Term Prophylaxis with C1-INH Replacement Therapy
Two pdC1-INH therapies (intravenous Cinryze and subcutaneous Haegarda) have been studied in RCTs and are approved 
for use as long-term HAE prophylaxis in children, adolescents, and adults.13,18,22–26 The intravenous recombinant C1- 
INH replacement therapy rhC1-INH, also known as conestat alfa (Ruconest), has been investigated as long-term 
prophylaxis for HAE21 but is currently only indicated as on-demand (acute) treatment of HAE attacks in adolescents 
and adults.27 Differences among long-term prophylaxis RCTs make direct comparisons across C1-INH replacement 
therapies difficult (eg, patient inclusion criteria, baseline disease severity, study design, and phase, dose, and duration of 
treatment). Overall HAE severity (rather than just attack frequency) is difficult to quantify in the absence of a validated 
biomarker as well as a comprehensive clinical disease burden/quality of life tool.1 Therefore, RCTs of C1-INH 
replacement therapies have largely assessed efficacy by measuring changes in the frequency of HAE attacks.

All RCTs of C1-INH replacement therapies for long-term HAE prophylaxis have been randomized, double-blind, 
placebo-controlled crossover trials, with no active comparator trials published to date (Table 1).18,21,22 Differences in 
study design among the 3 trials include the dosing (eg, unit dose; fixed or weight-based dosing) length of treatment (eg, 
4–16 weeks), washout period duration (eg, 1–2 weeks), and number of treatment periods (eg, 2–3). One crossover trial 
compared a fixed dose of intravenous pdC1-INH 1000 U or placebo administered every 3–4 days.22 Subsequent trials 
used a weight-based dosing regimen.18,21 One trial evaluated subcutaneous pdC1-INH 40 IU/kg and 60/kg IU twice 
weekly,28 and the other evaluated twice-weekly and once-weekly intravenous rhC1-INH 50 IU/kg (maximum, 4200 
IU).21 Inclusion criteria across the 3 RCTs varied in age (eg, inclusion/exclusion of preadolescent children) and baseline 
HAE attack frequency (Table 1). Individuals included in the RCT of rhC1-INH prophylaxis included a population 
experiencing a higher rate of attacks (ie, severe disease), with patients having a mean of 17.9 attacks during the 3 prior 
months (range, 12–33) and a mean attack frequency of 7.2 during the 4-week placebo treatment period (Table 1).21 

Patients included in the subcutaneous pdC1-INH trial had a lower mean of 8.8–10.8 attacks in the 3 months before 
screening and a monthly attack rate during placebo treatment of 3.61–4.03.18 Pre-screening attack rates were not reported 

Table 1 Study Design Elements in Randomized Controlled Trials of Long-Term Prophylaxis with C1-INH Replacement Therapies in 
Adult Patients with HAE

Parameter Plasma-Derived C1-INH IV22 Plasma-Derived C1-INH SC18 Recombinant Human  
C1-INH IV21

Study design Randomized, double-blind, placebo- 

controlled crossover (phase 3) 

2 parallel groups treated in 2 consecutive 12- 
week periods

Randomized, double-blind, placebo- 

controlled crossover (phase 3) 

2 parallel dose groups treated in 2 
consecutive 16-week periods

Randomized, double-blind, placebo- 

controlled crossover (phase 2) 

3 parallel groups sequenced through 
3 treatments during 3 consecutive 

4-week treatment periods (6 

sequences)

Randomization 1:1 1:1:1:1 1:1:1:1:1:1

Treatment 2 Periods 

pdC1-INH 1000 U or placebo IV q 3–4 days 

for 12 weeks

2 Periods (2-week washout period 

between treatments) 

pdC1-INH (40 IU/kg or 60 IU/kg) or 
placebo twice weekly for 16 weeks

3 Periods (1-week washout period 

between treatments) 

rhC1-INH 50 IU/kg (<84 kg; 4200 
U ≥84 kg) twice weekly for 4 weeks 

or 

rhC1-INH 50 IU/kg (<84 kg body 
weight; 4200 U ≥84 kg) once weekly 

plus placebo once weekly for 4 

weeks or 
Placebo twice weekly for 4 weeks

(Continued)

https://doi.org/10.2147/JAA.S396338                                                                                                                                                                                                                                   

DovePress                                                                                                                                                      

Journal of Asthma and Allergy 2023:16 272

Longhurst and Valerieva                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


for the intravenous pdC1-INH trial, but patients receiving placebo treatment experienced 12.73 attacks over 12 weeks, 
suggesting a monthly attack rate of approximately 4.2.22 A small pediatric trial compared 2 doses of intravenous pdC1- 
INH administered twice weekly in children with even lower prospectively observed baseline median attack rates of 5.5 
(range, 3–48) per 3 months, or ~1.8 per month.25 Based on weight tables from the US Centers for Disease Control and 
Prevention, the pdC1-INH dose ranges for the pediatric trial are approximately equivalent to 12 U/kg to 25 U/kg (500 
U dose) or 23.8 U/kg to 50 U/kg (1000 U dose). For adults, doses of 1000 U correspond to 12.5 U/kg on average. 
However, given that 42.4% of US adults (2017–2018) and 10.7% to 30.6% of adults in the European Union (2019) were 
considered obese (ie, body mass index ≥30),29,30 12.5 to 50 U/kg is likely to be an overestimate of the dose received by 
many patients.

Implications of Efficacy Results and Further Research Opportunities
Long-term prophylaxis with C1-INH replacement therapy was efficacious for reducing the number of HAE attacks and was 
generally well tolerated in patients with HAE (Table 2).18,21,22 A dose response was observed in the 2 trials evaluating >1 dose 
concentration (Table 2).18,21 Evaluation of the percentage of patients achieving a particular threshold of HAE attack reduction 
provides additional insights into the efficacy of long-term prophylaxis with C1-INH replacement therapy (Table 3; 
Figure 2).18,21,22,25 In particular, for patients with moderate-to-severe baseline attack severity, C1-INH replacement therapy 
is effective at the different thresholds of HAE attack reduction examined (Figure 2). Data suggest that the goal of long-term 
prophylaxis could be refocused toward freedom from HAE attacks, even for those with severe baseline disease. Overall, up to 
83% (pdC1-INH 60 IU/kg) of patients experienced an HAE attack reduction threshold of ≥70%, and up to 58% (pdC1-INH 60 
IU/kg) achieved an HAE attack reduction threshold of ≥90% (Table 3),18 with a clear dose-response observed for subcuta-
neous dosing; further, administration of intravenous C1-INH exhibited similar dose responsiveness (Table 3).21,22 Percentages 
of patients treated with C1-INH replacement therapy as long-term prophylaxis meeting these high thresholds raises hopes and 
expectations that the goal of “attack freedom” is achievable, including for those with moderate-to-severe disease. Intravenous 
prophylaxis also showed dose-dependent benefit: mean normalized attack rates with intravenous pdC1-INH 1000 U twice 

Table 1 (Continued). 

Parameter Plasma-Derived C1-INH IV22 Plasma-Derived C1-INH SC18 Recombinant Human  
C1-INH IV21

Eligibility 
criteria

Age: ≥6 years (n = 22) 
HAE with low C4 level, normal C1q level, and 

low antigenic or functional C1-INH level or 

mutation in C1-INH gene known to cause 
HAE 

HAE attacks: history of ≥2 attacks/montha

Age: ≥12 years (n = 90) 
HAE type 1 or type 2 with functional 

C1-INH activity <50% and C4 antigen 

level below normal level 
HAE attacks for entry into run-in 

period: ≥4 attacks during a 2-month 

consecutive period, within 3 months of 
screeningb 

HAE attacks during 8-week run-in 

period: ≥2 attacks within any 
consecutive 4 weeks or ≥1 attack 

during first 2 weeks

Age: ≥13 years (n = 32) 
Functional C1-INH level <50% of 

normal and history of frequent HAE 

attacks 
HAE attacks: 

≥4 attacks/month for ≥3 consecutive 

months before study entryc

Baseline attack 

frequency

Not specified Attacks during 3 months before 

screening, mean (SD) 

40 IU dose group (n = 45): 10.8 (6.7) 
60 IU dose group (n = 45): 8.8 (6.4)

Attacks during 3 months before 

study (n = 32) 

Mean (SD): 17.9 (7.2) 
Median (range): 14.5 (12–33)

Notes: aHAE prophylaxis with stable dosing of androgens or antifibrinolytics permitted. bHAE prophylaxis with stable dosing of oral medications (eg, androgens, tranexamic 
acid, progestins) permitted if received stable dose for 3 months before screening, planned to continue throughout trial, and attack frequency met. Patients who received C1- 
INH for routine prophylaxis within 3 months before screening and those with significant history of poor response to C1-INH therapy were excluded. cHAE prophylaxis with 
stable dosing of androgens or antifibrinolytics permitted if attack frequency met. 
Abbreviations: C1-INH, C1 esterase inhibitor; HAE, hereditary angioedema; IV, intravenous; pdC1-INH, plasma-derived C1-INH; rhC1-INH, recombinant human C1-INH; 
SC, subcutaneous.
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Table 2 Primary Efficacy and Safety Outcomes in Randomized Controlled Trials of Long-Term HAE Prophylaxis with C1-INH 
Replacement Therapy

Parameter Plasma-Derived C1-INH IV22 Plasma-Derived  
C1-INH SC18

Recombinant Human C1-INH IV21

Primary 

endpoint

Number of patient-reported angioedema 

attacks; normalized for number of days 
each patient participated during that 

period

Number of investigator-reported 

angioedema attacks; analyzed 
without imputation for missing 

data

Number of patient-reported angioedema attacks 

within each 4-week treatment period; sensitivity 
analysis conducted using last observation carried 

forward imputation to evaluate whether missing 

data occurred at random

Primary 

endpoint 
results

Time-normalized attack rates/month in 

both crossover periods, mean 
Placebo (n = 11): 4.24 

pdC1-INH IV (n = 11): 2.09 

Reduction in HAE attacks vs placebo, 
mean (n = 11): 50.8%

Number of time-normalized 

attacks/month, mean 
40 IU/kg dose group 

Placebo (n = 44): 3.61 

pdC1-INH SC (n = 43): 1.19 
Within-patient difference: 

-2.42, p < 0.001 

60 IU/kg dose group 
Placebo (n = 42): 4.03 

pdC1-INH SC (n = 43): 0.52 
Within-patient difference: 

-3.51, p < 0.001 

Reduction in HAE attacks vs 
placebo, mean: 

40 IU (n = 38): 55% 

60 IU (n = 40): 84%

Number of attacks over 1 month, meana 

Placebo (n = 31): 7.2 
rhC1-INH twice-weekly (n = 31): 2.7 

Mean difference vs placebo: –4.4 (p < 0.0001) 

Placebo (n = 31): 7.2 
rHC1-INH once-weekly (n = 31): 4.4 

Mean difference vs placebo: –2.8 (p < 0.0004) 

Reduction in HAE attacks vs placebo, mean: 
ITT 

rhC1-INH twice-weekly dose (n = 31): 63.3% 
rhC1-INH once-weekly dose group (n = 31): 

34.9% 

PP 
rhC1-INH twice-weekly (n = 23): 72.1% 

rhC1-INH once-weekly (n = 23): 44.4%

Safety 

results

No anaphylactic reactions 

No C1-INH–related thrombotic 
complications

No anaphylactic reactions 

No C1-INH–related thrombotic 
complications

No hypersensitivity or systemic allergic reactions, 

including anaphylactic reactions 
No thrombotic or thromboembolic events

Note: aITT population (n=32) with exclusion of 1 patient who had been randomized but did not receive study medication. 
Abbreviations: C1-INH, C1 esterase inhibitor; HAE, hereditary angioedema; ITT, intention-to-treat; IV, intravenous; pdC1-INH, plasma-derived C1-INH; PP, per protocol; 
rhC1-INH, recombinant human C1-INH; SC, subcutaneous.

Table 3 Additional Efficacy Endpoints in Randomized Controlled Trials of Long-Term HAE Prophylaxis with C1-INH Replacement 
Therapy

Parameter Plasma- 
Derived  

C1-INH IV22

Plasma-Derived  
C1-INH SC18

Recombinant Human C1-INH IV21

≥50% Reduction in attacks versus 
placebo (95% CI)

pdC1-INH 1000 
U (n = 11): 50%

40 IU/kg (n = 43): 76% (62–87) 
60 IU/kg (n = 43): 90% (77–96)

ITT (n = 31) 
rhC1-INH twice weekly: 74% (57–86) 

rhC1-INH once weekly: 42% (26–59) 

PP (n = 23) 
rhC1-INH twice weekly: 96% (79–99) 

rhC1-INH once weekly: 57% (37–74)

≥70% or ≥75% Reduction in 

attacks versus placebo (95% CI)

≥75% reduction 

pdC1-INH 1000 

U (n = 11): 45%

≥70% reduction 

40 IU/kg (n = 43): 67% (52–79) 

60 IU/kg (n = 43): 83% (68–91)

≥75% reductiona 

PP (n = 23) 

rhC1-INH twice weekly: 52% (33–71) 
rhC1-INH once weekly: 26% (12–46)

(Continued)
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weekly were lower than with placebo during the 12-week treatment period (6.26 vs 12.73 attacks, respectively; difference, 
6.47 attacks [95% CI, 4.21–8.73]; p < 0.001).22 While not directly comparable, use of rhC1-INH in higher doses of 50 U/kg 
once or twice weekly produced a greater reduction in attack rates compared with placebo (4.4 or 2.7 attacks with rhC1-INH 
once or twice weekly, respectively, vs 7.2 attacks [placebo]) (Table 2).21 Overall, 45% of the patients experienced an HAE 
attack reduction threshold of ≥70% with pdC1-INH 1000 U twice weekly (for adults, approximately 12.5 U/kg twice weekly), 
while 26% and 52% of the patients receiving rhC1-INH 50 U/kg weekly or twice weekly, respectively, achieved a reduction 
threshold of ≥75% (Table 3). An HAE attack reduction threshold ≥90% was achieved by 23% of the patients receiving pdC1- 
INH 1000 U twice weekly, and by 9% and 26% of the patients receiving rhC1-INH 50 U/kg weekly or twice weekly, 
respectively (Table 3). The majority of patients (70%) who received escalating doses of IV pdC1-INH (1500 U to 2500 U) 
experienced improvement in the number of HAE attacks compared with the number of attacks experienced while receiving IV 
pdC1-INH 1000 U.31 Preadolescent children with a lower baseline attack rate who were administered IV pdC1-INH 500 U or 
1000 U twice weekly also appeared to show more complete attack control at the higher dose: 58.3% vs 91.7% of the patients 
experienced an HAE attack reduction threshold of ≥70%, and 33.3% vs 50% of the patients experienced an HAE attack 
reduction threshold of ≥90%.25 These studies strongly support a dose–response for C1 inhibitor efficacy in long-term 
prophylaxis.

It is also worthwhile to place in context the potential pharmacokinetic differences among the C1-INH replace-
ment therapies. While the plasma half-life of endogenous C1-INH is approximately 67–72 hours,7 the mean half-life 

Table 3 (Continued). 

Parameter Plasma- 
Derived  

C1-INH IV22

Plasma-Derived  
C1-INH SC18

Recombinant Human C1-INH IV21

≥90% Reduction in attacks versus 

placebo (95% CI)

pdC1-INH 1000 

U (n = 11): 23%

40 IU/kg (n = 43): 43% (29–58) 

60 IU/kg (n = 43): 58% (42–72)

PP (n = 23)a 

rhC1-INH twice weekly: 26% 

rhC1-INH once weekly: 9%

Notes: aData on file. Pharming Healthcare, Inc. 
Abbreviations: C1-INH, C1 esterase inhibitor; HAE, hereditary angioedema; ITT, intention-to-treat; IV, intravenous; pdC1-INH, plasma-derived C1-INH; PP, per protocol; 
rhC1-INH, recombinant human C1-INH; SC, subcutaneous.

Figure 2 Mean percentage reductions in acute hereditary angioedema attack rates with C1-INH replacement therapies, by dose. 
Notes: *Based on HAE attack severity (severity scores: 1 [mild], 2 [moderate], 3 [severe]) during placebo treatment period in patients ≥12 years of age.18,21†Average HAE 
attack severity during 3-month period before screening for patients ≥6 and ≤12 years of age was moderate (75% [n = 9]) or severe (25% [n = 3]).25 Data from Longhurst 
H et al. N Engl J Med. 2017:376(12):1131–4018 and Aygören-Pürsün E, at al. Pediatr Allergy Immunol. 2019:30(5):553–561,25 with additional study data. 
Abbreviations: C1-INH, C1 esterase inhibitor; HAE, hereditary angioedema, IV, intravenous; pdC1-INH, plasma-derived C1-INH; rhC1-INH, recombinant human C1-INH; 
SC, subcutaneous.
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for C1-INH replacement agents has been reported to range from 69 (95% CI, 24–251) hours with subcutaneous 
pdC1-INH 60 IU/kg, 56 ± 36 hours with intravenous pdC1-INH 1000 U, and 2.4 ± 0.6 hours with intravenous rhC1- 
INH 50 IU/kg.27,32,33 The short plasma half-life of rhC1-INH has been attributed to glycosylation of the recombinant 
protein and interactions with specific receptors in the liver.20 Because the clinical efficacy of this agent does not 
appear to be adversely affected by this short plasma half-life, and population pharmacokinetic analysis confirms the 
restoration of normal C1-INH levels, albeit briefly, in 94% of the treated patients, the relevance of plasma half-life 
to clinical efficacy with rhC1-INH remains an open question.20 Because C1 inhibitor is active on the endothelial 
surface, plasma levels are likely to be, at best, a surrogate for effective activity at the relevant site, and in the case 
of rhC1-INH, of no benefit at all.21 Therefore, any reliance on plasma concentrations of C1-INH replacement 
therapies as a predictor of efficacy in the long-term prophylaxis of HAE attacks needs to be considered in context. 
Further research is needed on the possible mechanism and sites of action of rhC1-INH to help explain the lack of 
correlation between its plasma half-life and clinical efficacy as long-term prophylaxis, possibly in the context of 
a future phase 3 clinical trial.20

The RCT data support that C1-INH replacement therapy is an effective tool for long-term prophylaxis in the 
management of HAE. Reductions in HAE attack frequency of ≥90% are achievable and could represent freedom from 
disease activity in clinical practice. Further exploration of the potential impact of patient-related and disease-related 
variables (eg, baseline disease frequency) would be valuable to optimize long-term management of HAE and minimize 
risk of breakthrough HAE attacks. Questions that remain to be answered include whether baseline HAE attack frequency 
is important; if genetic variation in the individual physiological pathways for bradykinin production affects treatment 
efficacy; and if more frequent C1-INH replacement dosing correlates with better HAE attack control. In conclusion, data 
from C1-INH replacement RCTs suggest that with adequate dosing and frequency of administration, even for patients 
with highly symptomatic HAE activity, potentially minimizing the burden of this disease is achievable.

Acknowledgments
Technical editorial and medical writing assistance were provided, under the direction of the authors, by Synchrony 
Medical Communications, LLC, West Chester, PA.

Funding
Support for technical editorial and medical writing assistance was provided by Pharming Group NV, Leiden, the 
Netherlands. The authors did not receive any compensation for development of this manuscript. Pharming Group NV 
did not actively contribute to the content or have a role in the decision to submit but reviewed the article for scientific 
accuracy.

Disclosure
HL has consulted for, acted as speaker for, or collaborated in research with the following: Adverum, BioCryst, CSL 
Behring, GSK, Intellia, Ionis, KalVista, Pharming, Pharvaris, and Takeda. She also reports potential research collabora-
tion with Astria. AV has received consultancy/speaker honoraria/meeting sponsorship from, or collaborated in research 
with, Pharming Group NV, Takeda/Shire, Sobi, CSL Behring, Pharvaris, and Ionis.

References
1. Bygum A, Busse P, Caballero T, Maurer M. Disease severity, activity, impact, and control and how to assess them in patients with hereditary 

angioedema. Front Med. 2017;4:212. doi:10.3389/fmed.2017.00212
2. Maurer M, Magerl M, Betschel S, et al. The international WAO/EAACI guideline for the management of hereditary angioedema—the 2021 revision 

and update. Allergy. 2022;77(7):1961–1990. doi:10.1111/all.15214
3. Bork K, Meng G, Staubach P, Hardt J. Hereditary angioedema: new findings concerning symptoms, affected organs, and course. Am J Med. 2006;119 

(3):267–274. doi:10.1016/j.amjmed.2005.09.064
4. Bork K, Gul D, Dewald G. Hereditary angio-oedema with normal C1 inhibitor in a family with affected women and men. Br J Dermatol. 2006;154 

(3):542–545. doi:10.1111/j.1365-2133.2005.07048.x
5. Csuka D, Veszeli N, Imreh E, et al. Comprehensive study into the activation of the plasma enzyme systems during attacks of hereditary angioedema 

due to C1-inhibitor deficiency. Orphanet J Rare Dis. 2015;10:132. doi:10.1186/s13023-015-0351-5

https://doi.org/10.2147/JAA.S396338                                                                                                                                                                                                                                   

DovePress                                                                                                                                                      

Journal of Asthma and Allergy 2023:16 276

Longhurst and Valerieva                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3389/fmed.2017.00212
https://doi.org/10.1111/all.15214
https://doi.org/10.1016/j.amjmed.2005.09.064
https://doi.org/10.1111/j.1365-2133.2005.07048.x
https://doi.org/10.1186/s13023-015-0351-5
https://www.dovepress.com
https://www.dovepress.com


6. Nussberger J, Cugno M, Cicardi M, Agostoni A. Local bradykinin generation in hereditary angioedema. J Allergy Clin Immunol. 1999;104 
(6):1321–1322. doi:10.1016/S0091-6749(99)70030-8

7. Levi M, Cohn DM, Zeerleder S. Hereditary angioedema: linking complement regulation to the coagulation system. Res Pract Thromb Haemost. 
2019;3(1):38–43. doi:10.1002/rth2.12175

8. Agostoni A, Aygören-Pürsün E, Binkley KE, et al. Hereditary and acquired angioedema: problems and progress: proceedings of the third C1 
esterase inhibitor deficiency workshop and beyond. J Allergy Clin Immunol. 2004;114(3suppl):S51–S131. doi:10.1016/j.jaci.2004.06.047

9. Busse PJ, Christiansen SC. Hereditary angioedema. N Engl J Med. 2020;382(12):1136–1148. doi:10.1056/NEJMra1808012
10. Levy D, Craig T, Keith PK, Krishnarajah G, Beckerman R, Prusty S. Co-occurrence between C1 esterase inhibitor deficiency and autoimmune 

disease: a systematic literature review. Allergy Asthma Clin Immunol. 2020;16:41. doi:10.1186/s13223-020-00437-x
11. Brickman CM, Tsokos GC, Balow JE, et al. Immunoregulatory disorders associated with hereditary angioedema. I. Clinical manifestations of 

autoimmune disease. J Allergy Clin Immunol. 1986;77(5):749–757. doi:10.1016/0091-6749(86)90424-0
12. Ballanti E, Perricone C, Greco E, et al. Complement and autoimmunity. Immunol Res. 2013;56(2–3):477–491. doi:10.1007/s12026-013-8422-y
13. Busse PJ, Christiansen SC, Riedl MA, et al. US HAEA Medical Advisory Board 2020 guidelines for the management of hereditary angioedema. 

J Allergy Clin Immunol Pract. 2021;9(1):132–150. doi:10.1016/j.jaip.2020.08.046
14. Hack CE, Relan A, van Amersfoort ES, Cicardi M. Target levels of functional C1-inhibitor in hereditary angioedema. Allergy. 2012;67(1):123–130. 

doi:10.1111/j.1398-9995.2011.02716.x
15. Bork K, Hardt J, Staubach-Renz P, Witzke G. Risk of laryngeal edema and facial swellings after tooth extraction in patients with hereditary 

angioedema with and without prophylaxis with C1 inhibitor concentrate: a retrospective study. Oral Surg Oral Med Oral Pathol Oral Radiol 
Endod. 2011;112(1):58–64. doi:10.1016/j.tripleo.2011.02.034

16. Perego F, Gidaro A, Zanichelli A, et al. Life expectancy in Italian patients with hereditary angioedema due to C1-inhibitor deficiency. J Allergy Clin 
Immunol Pract. 2020;8(5):1772–1774. doi:10.1016/j.jaip.2020.01.007

17. Kaplan AP. Enzymatic pathways in the pathogenesis of hereditary angioedema: the role of C1 inhibitor therapy. J Allergy Clin Immunol. 2010;126 
(5):918–925. doi:10.1016/j.jaci.2010.08.012

18. Longhurst H, Cicardi M, Craig T, et al. Prevention of hereditary angioedema attacks with a subcutaneous C1 inhibitor. N Engl J Med. 2017;376 
(12):1131–1140. doi:10.1056/NEJMoa1613627

19. Späth PJ, Wuthrich B, Butler R. Quantification of C1-inhibitor functional activities by immunodiffusion assay in plasma of patients with hereditary 
angioedema – evidence of a functionally critical level of C1-inhibitor concentration. Complement. 1984;1(3):147–159. doi:10.1159/000467830

20. Valerieva A, Caccia S, Cicardi M. Recombinant human C1 esterase inhibitor (conestat alfa) for prophylaxis to prevent attacks in adult and 
adolescent patients with hereditary angioedema. Expert Rev Clin Immunol. 2018;14(9):707–718. doi:10.1080/1744666X.2018.1503055

21. Riedl MA, Grivcheva-Panovska V, Moldovan D, et al. Recombinant human C1 esterase inhibitor for prophylaxis of hereditary angio-oedema: a phase 2, 
multicentre, randomised, double-blind, placebo-controlled crossover trial. Lancet. 2017;390(10102):1595–1602. doi:10.1016/S0140-6736(17)31963-3

22. Zuraw BL, Busse PJ, White M, et al. Nanofiltered C1 inhibitor concentrate for treatment of hereditary angioedema. N Engl J Med. 2010;363 
(6):513–522. doi:10.1056/NEJMoa0805538

23. Craig T, Zuraw B, Longhurst H, et al. Long-term outcomes with subcutaneous C1-inhibitor replacement therapy for prevention of hereditary 
angioedema attacks. J Allergy Clin Immunol Pract. 2019;7(6):1793–1802.e2. doi:10.1016/j.jaip.2019.01.054

24. Zuraw BL, Cicardi M, Longhurst HJ, et al. Phase II study results of a replacement therapy for hereditary angioedema with subcutaneous 
C1-inhibitor concentrate. Allergy. 2015;70(10):1319–1328. doi:10.1111/all.12658

25. Aygören-Pürsün E, Soteres DF, Nieto-Martinez SA, et al. A randomized trial of human C1 inhibitor prophylaxis in children with hereditary 
angioedema. Pediatr Allergy Immunol. 2019;30(5):553–561. doi:10.1111/pai.13060

26. Lumry WR, Martinez-Saguer I, Yang WH, et al. Fixed-dose subcutaneous C1-inhibitor liquid for prophylactic treatment of C1-INH-HAE: 
SAHARA randomized study. J Allergy Clin Immunol Pract. 2019;7(5):1610–1618.e4. doi:10.1016/j.jaip.2019.01.021

27. Ruconest (C1 esterase inhibitor [recombinant]) for intravenous use, lyophilized powder for reconstitution. package insert. Pharming Americas BV; 
2020. Available from: https://www.ruconest.com/wp-content/uploads/Ruconest_PI_Apr2020.pdf. Accessed February 3, 2023.

28. Longhurst HJ. Kallikrein inhibition for hereditary angioedema. N Engl J Med. 2017;376(8):788–789. doi:10.1056/NEJMe1611929
29. Hales CM, Carroll MD, Fryar CD, Ogden CL. Prevalence of obesity and severe obesity among adults: United States, 2017-2018. NCHS Data Brief. 

2020;360:1–8.
30. Eurostat. Overweight and obesity - BMI statistics. Available from: https://ec.europa.eu/eurostat/statistics-explained/SEPDF/cache/12376.pdf. 

Accessed April 22, 2022.
31. Bernstein JA, Manning ME, Li H, et al. Escalating doses of C1 esterase inhibitor (CINRYZE) for prophylaxis in patients with hereditary 

angioedema. J Allergy Clin Immunol Pract. 2014;2(1):77–84. doi:10.1016/j.jaip.2013.09.008
32. CSL Behring. Haegarda (C1 Esterase Inhibitor Subcutaneous [Human]) for Subcutaneous Injection, Freeze-Dried Powder for Reconstitution. CSL 

Behring; 2022.
33. Takeda Pharmaceuticals U.S.A., Inc. Cinryze (C1 Esterase Inhibitor [Human]) for Intravenous Use, Freeze-Dried Powder for Reconstitution. 

Takeda Pharmaceuticals U.S.A., Inc; 2021.

Journal of Asthma and Allergy                                                                                                          Dovepress 

Publish your work in this journal 
The Journal of Asthma and Allergy is an international, peer-reviewed open-access journal publishing original research, reports, editorials and 
commentaries on the following topics: Asthma; Pulmonary physiology; Asthma related clinical health; Clinical immunology and the 
immunological basis of disease; Pharmacological interventions and new therapies. The manuscript management system is completely online 
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real 
quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-asthma-and-allergy-journal

Journal of Asthma and Allergy 2023:16                                                                                      DovePress                                                                                                                         277

Dovepress                                                                                                                                           Longhurst and Valerieva

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/S0091-6749(99)70030-8
https://doi.org/10.1002/rth2.12175
https://doi.org/10.1016/j.jaci.2004.06.047
https://doi.org/10.1056/NEJMra1808012
https://doi.org/10.1186/s13223-020-00437-x
https://doi.org/10.1016/0091-6749(86)90424-0
https://doi.org/10.1007/s12026-013-8422-y
https://doi.org/10.1016/j.jaip.2020.08.046
https://doi.org/10.1111/j.1398-9995.2011.02716.x
https://doi.org/10.1016/j.tripleo.2011.02.034
https://doi.org/10.1016/j.jaip.2020.01.007
https://doi.org/10.1016/j.jaci.2010.08.012
https://doi.org/10.1056/NEJMoa1613627
https://doi.org/10.1159/000467830
https://doi.org/10.1080/1744666X.2018.1503055
https://doi.org/10.1016/S0140-6736(17)31963-3
https://doi.org/10.1056/NEJMoa0805538
https://doi.org/10.1016/j.jaip.2019.01.054
https://doi.org/10.1111/all.12658
https://doi.org/10.1111/pai.13060
https://doi.org/10.1016/j.jaip.2019.01.021
https://www.ruconest.com/wp-content/uploads/Ruconest_PI_Apr2020.pdf
https://doi.org/10.1056/NEJMe1611929
https://ec.europa.eu/eurostat/statistics-explained/SEPDF/cache/12376.pdf
https://doi.org/10.1016/j.jaip.2013.09.008
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Long-Term Prophylaxis to Address HAE Pathophysiology
	RCTs of Long-Term Prophylaxis with C1-INH Replacement Therapy
	Implications of Efficacy Results and Further Research Opportunities

	Acknowledgments
	Funding
	Disclosure

