The thrombogenicity of C1 esterase inhibitor (human):
Review of the evidence
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ABSTRACT

Thromboembolic events associated with human plasma—derived C1 esterase inhibitor (C1-INH) use in patients with
hereditary angioedema (HAE) have been reported in the U.S. Food and Drug Administration (FDA) Adverse Event Reporting
System database. The purpose of this article is to review and assess the strength of available evidence regarding the
thrombogenicity of human plasma—derived C1-INH. A PubMed search was conducted of English language articles from
January 1990 to December 2013 reporting the thrombogenicity of C1-INH. Original research articles were selected if the
following criteria were met: (1) C1-INH was the focus of the study and (2) the authors addressed the pro- or antithrombotic
potential of C1-INH. Additional articles on the clinical use of C1-INH in disease states other than HAE were obtained using
reference lists of selected articles. Pivotal studies and prescribing information for C1-INH products were also reviewed. Limited
animal and clinical data suggest that C1-INH, particularly at high doses of up to 500 U/kg (compared with the U.S.
FDA-approved 20-U/kg dose), may be prothrombotic. In contrast, C1-INH has been used in some patients with myocardial
infarction, ischemic stroke, sepsis, and capillary leak syndrome at off-label supratherapeutic doses (up to 100 U/kg) without
evidence of a thrombogenic effect. Based on our review, thromboembolic events reported with C1-INH use are rare and patients

with HAE who experienced such events often have underlying thromboembolic risk factors.
(Allergy Asthma Proc 35:444-453, 2014; doi: 10.2500/aap.2014.35.3799)

1 esterase inhibitor (C1-INH) is a serine protease
inhibitor, deficiency of which causes an overpro-
duction of vasoactive peptides, particularly bradykinin,
and leads to subcutaneous or submucosal swelling, in-
cluding potentially fatal swelling of the upper airway."
Hereditary angioedema (HAE) with C1-INH deficiency
is a rare, autosomal-dominant disease and is character-
ized by recurrent episodes of edema at various body
sites.” Consensus guidelines indicate that plasma-derived
C1-INH is an appropriate and effective option both for
acute treatment of individual attacks and for long-term
prophylaxis for HAE with C1-INH deficiency.’

There have been reports of thromboembolic compli-
cations associated with the administration of C1-INH.
The purpose of this article was to review and assess
available evidence regarding the thrombogenicity of
human plasma-derived C1-INH.
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BACKGROUND OF C1-INH

C1-INH interacts with the plasmatic cascade systems
to reduce the proinflammatory phase of acute-phase
response (Fig. 1).! C1-INH regulates both the classic
pathway and the mannan-binding lectin pathway of
complement by inhibition of Cls and Clr subcompo-
nents and mannan-binding lectin—associated serine
proteases, MASP-1 and MASP-2.! C1-INH plays a role
in the contact system by inactivation of two forms of
activated factor XII, viz., factor XIla and factor XIIf, and
kallikrein, which activates more factor XII. Factor XIla
can activate intrinsic coagulation, factor XIIf can acti-
vate the classic complement pathway, and both forms
of activated factor XII can initiate fibrinolysis. C1-INH
also decreases the amplification loop of the intrinsic
coagulation cascade by inhibiting factor XIa. C1-INH
has also been shown to inhibit leukocyte—endothelial
cell adhesion by binding to selectins,*” which may
contribute to its anti-inflammatory effect. In contrast,
C1-INH has the potential to inhibit fibrinolysis by in-
hibiting plasmin to a minor extent; C1-INH inhibits
<1% of generated plasmin, whereas a,-antiplasmin
inhibits 92%."

C1-INH products are approved for treatment, rou-
tine prevention, and/or preprocedure prevention of
HAE attacks in adolescents and/or adults in the
United States and Europe.®> Available formulations of
human plasma—-derived 1C-INH in the United States
include Berinert (C1-INH [human]; CSL Behring LLC,
Kankakee, IL) and Cinryze (C1-INH [human]; C1 INH-
nf; ViroPharma, Inc., a part of the Shire group of com-
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Figure 1. C1 esterase inhibitor (C1-INH) reduces inflammation by inhibiting components (in oval shapes) of the plasmatic cascade systems.
C1s and Clr, subunits of the C1 enzyme; MASP, MBL-associated serine proteases.

panies, Exton, PA). U.S. Food and Drug Administra-
tion (FDA)-approved doses are Berinert at a 20-U/kg
intravenous (i.v.) injection (4 mL/min) for treatment of
HAE attacks’ and Cinryze at a 1000-U i.v. injection (1
mL/min) every 3 or 4 days for routine prophylaxis of
HAE attacks."’ Additional formulations of C1-INH are
available or are in development in other countries.
Bicizar (BioGenius LLC, Moscow, Russia) is another
human plasma—-derived CI1-INH. Cetor (Sanquin
Blood Supply Foundation, Amsterdam, The Nether-
lands; previously Central Laboratory of The Nether-
lands Red Cross Blood Transfusion Service [CLB]) is
a similar product to Cinryze; Sanquin Blood Supply
Foundation manufactures Cinryze on behalf of
ViroPharma, Inc. Ruconest (Pharming group N.V., Le-
iden, The Netherlands) is a recombinant C1-INH prod-
uct. In a biochemical comparison of Berinert, Cinryze,
Cetor, and Ruconest, the purities using size exclusion
chromatography were determined to be 97.0, 89.5, 88.6,
and 98.6%, respectively.'!

REPORTS OF THROMBOGENICITY OF C1-INH

A total of 38 studies from the literature and manu-
facturer data are included in this review; 20 of these
studies were from a PubMed search of English lan-
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guage articles from January 1990 to December 2013.
The search terms “(hereditary angioedema AND
thrombotic) OR (C1 esterase inhibitor AND [throm-
botic OR coagulation OR fibrinolysis])” yielded 165
articles. Titles and abstracts, if available, were re-
viewed to select original research articles that fulfilled
the following criteria: (1) C1-INH was the focus of the
study and (2) authors addressed the pro- or antithrom-
botic potential of C1-INH. Review articles and single
case reports were excluded. Also excluded were arti-
cles that focused on gene mutations, in vitro research,
health outcomes (e.g., quality-of-life measurements),
characterizing new C1-INH formulations, or measur-
ing C1-INH levels to diagnose or evaluate other dis-
ease states (e.g., diabetes and preeclampsia). Using ref-
erence lists of the 20 selected articles, 10 additional
articles on the clinical use of C1-INH in myocardial
infarction, ischemic stroke, sepsis, and capillary leak
syndrome were reviewed for thromboembolic adverse
events. In addition to the literature search, eight piv-
otal studies and prescribing information for Cinryze
and Berinert were reviewed. Supplementary data on
thrombogenic adverse events associated with C1-INH
were provided by ViroPharma, Inc., the manufacturer
of Cinryze.
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Of the 38 total studies, 30 evaluated C1-INH in var-
ious dosages; Table 1 provides a comparison of these
studies.”**° The other eight studies*'~*® investigated
the effects of HAE on the coagulation system; these
studies are not included in Table 1 and are discussed in
the text.

Animal Data Suggesting Thrombogenicity of
C1-INH

Data from animal studies suggest that high doses of
C1-INH could be prothrombotic. A pharmacology/
toxicology review memorandum of C1-INH (Cinryze)
submitted for FDA review evaluated clot formation
with the established Wessler in vivo model.'* The
Wessler stasis model infuses thrombin-free mamma-
lian serum systemically to produce thrombi in rabbits
and has been validated for measuring thrombogenic
activity.*” Doses ranging from 20 to >200 U/kg were
administered to 24 rabbits.'> The rabbit model showed
that clot formation occurred at doses of 100-200 U/kg
of C1-INH. Macroscopic fibrin threads were seen in
one of four animals who received 20- to 50-U/kg doses,
suggesting a potential risk at these doses. In a porcine
model of coronary occlusion, 27 pigs were randomized
to a single dose of C1-INH (Berinert; n = 15) or saline
administered before coronary reperfusion, or sham op-
eration.”> C1-INH at 40 U/kg reduced myocardial in-
jury, whereas 100- and 200-U/kg doses had no bene-
ficial effects. In four animals (three received 200 U/kg
and 1 received 100 U/kg), blood could not be aspirated
from the i.v. catheter because clots had formed. The
authors of this study hypothesized that factor XIla and
kallikrein, major activators of the fibrinolytic system,
are inactivated by C1-INH, which could cause proco-
agulant effects.'®> However, factor XII and kallikrein are
minor contributors to the fibrinolytic cascade'; major
activators are tissue plasminogen activator and uroki-
nase.”

Clinical Data Suggesting Thrombogenicity of
C1-INH

Thirteen neonates who did not have HAE underwent
cardiac surgery with extracorporeal circulation."* High-
dose (up to 500 U/kg) C1-INH (Berinert HS) was admin-
istered to the 13 neonates during and after cardiopulmo-
nary bypass surgery to prevent capillary leak syndrome.
All patients developed venous thrombosis and nine
died of emboli. The authors suggested that the tempo-
ral association between administration of C1-INH and
development of thrombi may be explained by inhibi-
tion of the fibrinolytic system.

An analysis of the FDA Adverse Event Reporting
System database has identified case reports of throm-
boembolic events associated with C1-INH in patients
with HAE." Information component (IC) values were
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estimated using the Bayesian confidence propagation
neural network methodology,” * which considers the
number of reports on the particular drug, adverse
event in question, drug-adverse event combination,
and total number of reports in the database. A positive
IC value indicates the combination of the drug and
adverse event is reported more frequently than statis-
tically expected. Ten cases were identified in patients
receiving recommended doses of C1-INH (Cinryze):
two deep-vein thromboses, two transient ischemic at-
tacks, one myocardial infarction, two jugular vein
thromboses, two pulmonary emboli, and one embolic
stroke/intracardiac thrombus. In this case, the ICy,s5
value was 2.91, suggesting a signal. Because of limita-
tions of the database, the Adverse Event Reporting
System could not establish causality and detailed de-
scriptions of cases were not provided, making expert
medical assessments impossible.

There have been postmarketing reports of thrombo-
embolic events (basilar artery thrombosis, pulmonary
microemboli, and thrombosis) with recommended
doses of Berinert for the treatment of HAE.® However,
no information was available on patients” medical his-
tories or underlying risk factors.

FURTHER ASSESSMENT OF
THROMBOGENICITY OF C1-INH

Incidence of Thromboembolic Adverse Events in
Clinical Studies

In a 2.6-year-long open-label prevention study (n =
146) of Cinryze® five serious thromboembolic events
(myocardial infarction, deep-vein thrombosis, pulmo-
nary embolism, and two cerebrovascular accidents)
occurred, but all patients had underlying risk factors
(Table 2; data on file).** No thromboembolic events
were seen in the four other clinical studies®” in the
Cinryze development program (1 = 262 unique sub-
jects in five studies). Similarly, in various clinical stud-
ies of Berinert (n = 284) at doses of 20 U/kg**?° and
500 U,* no thromboembolic events were reported.
Based on available clinical data, thromboembolic
events associated with C1-INH appear to be rare.

Role of Underlying Thromboembolic Risk Factors

Thromboembolic events have been reported in pa-
tients receiving recommended doses of Cinryze. These
patients often had underlying thromboembolic risk
factors, such as presence of an indwelling venous cath-
eter or access device, prior history of thrombosis, ath-
erosclerosis, oral contraceptive or androgen use, mor-
bid obesity, and immobility,'® suggesting patients with
known risk factors for thromboembolic events should
be monitored during and after C1-INH administration.

Approximately 70-80% of all upper-extremity
thrombosis and 10% of all venous thromboembolic
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v = T ] events are related to catheters.”* In a worldwide survey
g % % % of physicians who treat patients with HAE, thrombo-
43 "4:;5 3 3 "4:;: § embolic events occurred in 0.6% (5/856) of patients
& |3 g £ 8 £ receiving C1-INH and in 18% (3/17) of patients with a
| s 5 5 s central catheter.”
= 2 £ £ £ 2
E Tz Tz Tz Tz Tz Effects of HAE on Coagulation System
5 k=) 2 & & © Another confounding factor is the effect of the HAE
~ z 2 Z Z Z disease state on the coagulation system. In a study of
= effects of a single 15-U/kg C1-INH infusion on platelet
- g § agt.ivity (n = 6)* p}atelet aggregatiqn decreased sig-
9 3 AT < nificantly after 60 minutes and was still low compared
= g £ g5 g with baseline values after 7 days. The authors sug-
- = s 59 5 gested that C1-INH deficiency may contribute to in-
g g g c SheeY g creased platelet activity in patients with EAE. Ina post
£ E g g2 E E E hoc analysis (n = 25) of an HAE study., co:'agulatlon
< Z. g ) = Z % v Z fand fibrinolytic systems were activated in patients dur-
Q_.') & 2 z LHI) > 2 LHI) 1ngt£a1n H{)AE fat’rack. fitlin;s(l?lai Zl)e\;;ted Lilefngf
_ prothrombin fragmen , thrombin-anti-
= & — thrombin complex, D-dimer, and plasmin-a,-antiplas-
: % é - < % § min complexes. Treatment with recombinant C1-INH
5|2 2‘ : '§ g e at 50 or 100 U/kg did not affect coagula’gon alnd fi-
= |5 sc¢e & LSS brinolytic parameters except for an expected prolonga-
Z :‘g § % £ § % g tion ir}i acl’;c)ivated partial thromboplastin time and a
=¥ g ST qé © &Z decrease in F1 + 2. No thromboembolic adverse events
-'E S g § < .5 T E were reported up to 90 days after drug administration.
g|'s g S B - % g In a study of 43 patients with HAE and 20 control
2 % % E g 55 :E 2 3 E subjects,”” increased thrombin generation and F1 + 2
§ § 5 é g .g g-g ,(% % —E‘ E levgls were seen in patients With C1—INH deficiency
TR 22 L5588 A Sg during HAE attacks. Thrombin generation correlated
&l & % % .% §4—;§ s E = § g inversely with C1-INH levels. An assessment of the
E .E‘ T b § E; E S £ S g abnormalities of the bradykinin-forming pathway and
= & § < 2 T2 A g £ 2= fibrinolysis in patients with HAE found that factor
g 8--09)« = E %DE % o _03 Té Xlla, kallikrein, and bradykinin decreased after CI-
% f R ~ © {8 L 8 INH treatment (Cinryze).45 During HAE attacks, pa-
EIR- tients have high IZ; + 2 and D-dimer lerals,42 high
I b'radZ%kmm levels,”™ and .mcrease'd thrombm genera-
Sm = tion.™ Release of vasoactive mediators during attacks
g E. 1‘5 5 5 5 5 5 is associated with activation of the fibrinolytic sys-
) o - - o o 44 . . . .
% o R 8 A A & < tem.™ In HAE, th1s is likely because of ?elease of tissue
=lg<| 2 @ @2 @ @ S plasminogen activator from gndothehal cells stimu-
O v 8|3 5 2 35 3 S lated by bradykinin interaction with the B2-recep-
vl 0 g« N O o o - tor*>°® rather than any direct fibrinolytic effect of kal-
"E g ‘% § likrein or factor Xlla.
kK T 5
'g j a e e . 5 § Use of C1-INH in Other Disease States
g E c @ .@ § .@ Ei% Animal Data. In a porcine model of neonatal cardio-
2|3 S & g & 78 o 2 pulmonary bypass,'® C1-INH improved cardiac and
2 ) 2 Jé = =5 ° E 2 pulmonary function. In the study, 52 neonatal pigs
£l 5 s S = T = g =5 were randomized to receive a single dose of C1-INH
25 = e 0 P ' £ 3 RO (Berinert) at 0 (n = 22), 500 (n = 15), 1000 (n = 8), or
= i g 22 R :“2 g 1500 U (n = 7) before surgery. The pigs had a mean
- S 7 fo_‘g e § g = % weight of 2.54 kg, so the highest dose (1500 U) was
= |5 S8 ?E 5 & g & S £ equivalent to ~600 U/kg, which exceeds that given in
SRR = A J £ O 3P0 the German neonates in the previously discussed arti-
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cle.'* C1-INH protected against capillary leak syn-
drome and improved pulmonary function. Baig and
colleagues'® hypothesized that the effects were related
to the inhibition of kallikrein and subsequent de-
creased bradykinin production. Three pigs in the 0-U
dose group and two in the 1500-U dose group did not
survive the surgery. C1-INH supplementation im-
proved systolic function; however, the highest dose
appeared to decrease diastolic function. Further inves-
tigation is needed because diastolic dysfunction may
be associated with increased risk of thrombosis.””

C1-INH has successfully prevented reperfusion in-
jury in animal models by regulating inflammatory and
thromboembolic processes.'” ! In a rat hind-limb isch-
emia model,'” C1-INH (Berinert) at a dose of 50 U/kg
reduced edema formation and fibrin deposition in
muscle and lung tissue. In a mouse model of ischemic
stroke (n = 369),'® a single i.v. injection of 15 U of
C1-INH (Berinert), but not 7 U, had a strong anti-inflam-
matory and antithrombotic effect. C1-INH reduced in-
farct volumes by 60%, mitigated clot formation by coun-
teracting factor Xlla activity and inflammation, and
reduced intracerebral fibrin formation. Blood—brain bar-
rier damage, edema formation, and inflammation de-
creased with C1-INH compared with controls. Results
were confirmed with doses of 20 U/kg of C1-INH in a
rat model (n = 33). Similarly, in a canine model of lung
transplantation,®® 500 U of CI-INH (Berinert) pre-
vented hypoxemia, complement activation, and endo-
thelial leukocyte adhesion. C1-INH acts by inhibiting
both the complement pathway and the neutrophil ac-
cumulation in ischemic tissue.'*

Clinical Data. Treatment with C1-INH was able to
reduce myocardial ischemia-reperfusion injury after
emergency coronary artery bypass grafting for acute
ST-elevation myocardial infarction in three random-
ized controlled trials.”> ** C1-INH was administered at
different doses: 1000 U total (brand not specified; n =
38),* 60 U/kg total (Berinert P; n = 28),* and a 48-
hour continuous infusion (50 or 100 U/kg loading
dose, followed by 1.25 or 2 U/kg per hour; n = 22
(Cetor; CLB [now Sanquin], Amsterdam, The Nether-
lands).** No drug-related adverse events were ob-
served in any patients. In these disease states, C1-INH
is administered as a single dose or a short-term treat-
ment.

C1-INH has been used in high doses for the treat-
ment of other disorders, such as sepsis and capillary
leak syndrome, without drug-related side effects. In a
randomized, double-blind, placebo-controlled study
(n = 40), C1-INH (Berinert HS) was administered as a
1-hour i.v. infusion regimen at 6000, 3000, 2000, and
1000 U at 12-hour intervals to 20 patients with severe
sepsis or septic shock.”> At 90 days, mortality rate was
similar between groups (C1-INH group, seven deaths;
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placebo group, six deaths), respectively, all related to
septic shock, with the exception of one patient in the
C1-INH group who died from an intraoperative aortic
rupture during cardiac surgery. Adverse events in-
cluded six major bleeds in the C1-INH group and two
in the placebo group, all of which were attributed to
sepsis. In an open-label, randomized, controlled trial,
41 patients with sepsis received 12,000 U of C1-INH
(Bicizar) over 48 hours in addition to conventional
treatment compared with standard sepsis therapy
alone (n = 20).*° All fatalities (8% in C1-INH group
versus 45% in standard therapy group; p = 0.001) were
caused by sepsis or surgical complications, and there
were no serious treatment-related adverse events. An-
other small study in five patients showed similar find-
ings.”’

A randomized, placebo-controlled, double-blind study
(n = 24) was conducted administering 1 dose of C1-
INH (100 U/kg; Berinert) to 12 neonates before cardiac
surgery with cardiopulmonary bypass to prevent cap-
illary leak.”® C1-INH decreased inflammatory response
in the neonates, and all 24 neonates were discharged
home without complications; no other information on
adverse events was provided. In two other studies (n =
21 total), capillary leak syndrome was successfully
treated with a cumulative dose of 180 U/kg of C1-INH
(C1-INH preparation from Centeon, Liederbach, Ger-
many; now CSL Behring) in patients after bone mar-
row transplantation (n = 15)*° and with 2000 U of
C1-INH (C1-INH preparation from CLB [now San-
quin]) followed by 500 or 1000 U every 12 hours for 4
days in patients with IL-2-induced toxicity (n = 6),%°
without evidence of thrombogenic activity of C1-INH.
Overall, C1-INH appeared to be well tolerated in these
patients, even at doses higher than those approved for
patients with HAE.

Investigation into Dose-Escalation Effects and Ex
Vivo Hemostatic Effects

In response to recent reports of thromboembolic ad-
verse events in humans, the modified Wessler model
was used to assess venous thrombosis in rabbits ad-
ministered cumulative C1-INH (Berinert) doses of 100,
400, and 800 U/kg.*" Dose-dependent inhibition of
coagulation factors XI and XII and thrombin was seen.
No thrombus formation occurred. At 800 U/kg, C1-
INH inhibited arterial occlusion 2.2-fold compared
with isotonic saline, prolonged activated partial throm-
boplastin time, and decreased platelet aggregation. The
rabbit model showed no prothrombotic risk in associ-
ation with CI-INH treatment at supratherapeutic
doses.

In a dose-escalation study for prophylaxis in patients
with HAE, 1500 U of Cinryze was administered every
3 or 4 days for 12 weeks.**> At 12 weeks, adequate
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disease control (one or less attack per month or at the
investigator’s discretion) was assessed to determine if
dose escalation was needed. Of 20 subjects started at
1500 U of C1-INH, 13 were escalated to 2000 U, and 12
were subsequently escalated to 2500 U. Most adverse
events (86/91; 95%) were considered unrelated to
study treatment and 85% (77/91) were mild to moder-
ate in intensity. Up to 2500 U of C1-INH administered
every 3 or 4 days for 6 months did not result in any
thromboembolic events, with the exception of one pa-
tient who experienced a blood clot in a catheter port
while receiving 1500 U of C1-INH.

An ex vivo evaluation of hemostatic effects using
thromboelastometry with the ROTEM system (Tem
Innovations GmbH, Munich, Germany) was conducted
in blood samples from 10 healthy volunteers.” C1-INH
concentrations of 0.14, 0.7, 1.4, 2.8, and 7.0 U/mL were
added to whole blood samples and were compared
with blood samples without C1-INH, samples with
procoagulants, and samples with anticoagulants. Plate-
let-poor samples were used for measurement by a cal-
ibrated, automated thrombin generation system. C1-
INH was not a procoagulant at any concentration
studied; in fact, the two highest concentrations (2.8 and
7.0 U/mL) reduced maximum clot firmness (p < 0.05).
The 7.0-U/mL concentration is 10-fold higher than lev-
els achieved with clinical dosing. C1-INH in increasing
concentrations did not affect coagulation time, angle of
the thromboelastometric curve, and fibrinolysis, and
did not significantly affect thrombin generation lag
time, peak thrombin generation, or thrombin genera-
tion rate. Procoagulant and anticoagulant controls
showed expected hemostatic effects; however, C1-INH
did not show procoagulant activity.

CONCLUSION

The cases of thromboembolic adverse events associ-
ated with C1-INH are not common and appear to occur
predominantly in patients at high risk of thromboem-
bolic complications. C1-INH has been used in various
disease states, often at doses higher than those ap-
proved for patients with HAE, and thromboembolic
complications have been rarely reported. Ex vivo mod-
els provide conflicting results of the effect of these
products on coagulation. Based on the totality of evi-
dence, thromboembolism associated with C1-INH ad-
ministration appears to be rare, and a cause-and-effect
relationship has not been established. Additional long-
term evaluation is needed.
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