Wisniewski et al. Journal Of
Journal of Translational Medicine (2024) 22:388

https://doi.org/10.1186/512967-024-05216-5 Translational Medicine

: . ®
Recent advances in the discovery Rl

and development of drugs targeting
the kallikrein-kinin system

Petra Wisniewski', Tanja Gangnus' and Bjoern B. Burckhardt'

Abstract

Background The kallikrein-kinin system is a key regulatory cascade involved in blood pressure maintenance, hemo-
stasis, inflammation and renal function. Currently, approved drugs remain limited to the rare disease hereditary angi-
oedema. However, growing interest in this system is indicated by an increasing number of promising drug candidates
for further indications.

Methods To provide an overview of current drug development, a two-stage literature search was conducted
between March and December 2023 to identify drug candidates with targets in the kallikrein-kinin system. First,

drug candidates were identified using PubMed and Clinicaltrials.gov. Second, the latest publications/results for these
compounds were searched in PubMed, Clinicaltrials.gov and Google Scholar. The findings were categorized by target,
stage of development, and intended indication.

Results The search identified 68 drugs, of which 10 are approved, 25 are in clinical development, and 33 in preclinical
development. The three most studied indications included diabetic retinopathy, thromboprophylaxis and hereditary
angioedema. The latter is still an indication for most of the drug candidates close to regulatory approval (3 out of 4).
For the emerging indications, promising new drug candidates in clinical development are ixodes ricinus-contact
phase inhibitor for thromboprophylaxis and RZ402 and THR-149 for the treatment of diabetic macular edema (all
phase 2).

Conclusion The therapeutic impact of targeting the kallikrein-kinin system is no longer limited to the treatment
of hereditary angioedema. Ongoing research on other diseases demonstrates the potential of therapeutic interven-
tions targeting the kallikrein-kinin system and will provide further treatment options for patients in the future.

Keywords Kallikrein-kinin system, Tissue kallikrein, Plasma kallikrein, Bradykinin, B1 receptor, B2 receptor, Coagulation
factor XlI, Thromboprophylaxis, Diabetic retinopathy, Diabetic macular edema

Introduction

The kallikrein-kinin system (KKS) is an endogenous cas-
cade well known for its direct and indirect effects on
hemostasis, renal function, blood pressure regulation and
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of the KKS; however, there are multiple other active
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Scheme 1 Overview of the kallikrein-kinin system (KKS) in plasma and tissue

kinins that act on bradykinin receptors [9-11]. Their
effects are mediated by the constitutively expressed brad-
ykinin B2 receptor (B2R) and/or the bradykinin B1 recep-
tor (B1R), which is inducible during immunopathology
[1, 12]. Its housekeeping functions endow the KKS with
dual roles in physiological/pathophysiological condi-
tions [4]. The cascade is subclassified into a plasma- and
a tissue-arm which act mostly independently (Scheme 1)
[13]. Its complex nature is further attributed to its tight
interaction with the intrinsic coagulation cascade via
coagulation factor XII (FXII) [14], the renin—angioten-
sin—aldosterone system and the complement system [2,
3].

Despite its important endogenous role and therefore
promising drug target, the predominant therapeutic
focus is limited to hereditary angioedema (HAE), a rare
disease affecting 1 in 50,000 to 100,000 people [15]. How-
ever, recent research has demonstrated the relevance of
the KKS in numerous other major diseases, such as can-
cer, sepsis, cardiovascular disease and pain [6, 16—19].
The KKS is a potential promising target for developing
new therapies for diseases in which optimal therapeutic
strategies have not yet been established due to factors
such as resistance or escape mechanisms [20, 21]. The

growing interest in this key regulatory system is indicated
by an increasing number of drug candidates being used
in preclinical and clinical development.

Therefore, this systematic review aims to provide a
comprehensive overview of advances in the discovery
and development of drugs targeting the KKS. Besides the
approved drugs, it will focus on promising new drug can-
didates, their mode of action, new indications and their
potential for approval in near future.

Methods/Data collection

For the present review, a two-stage literature search for
drugs targeting the KKS was conducted between March
and December 2023. The first step was to identify drug
candidates targeting the KKS. This was accomplished
by searching clinicaltrials.gov for “kallikrein’, “kinin’,
“prekallikrein’, “prolylcarboxypeptidase’, “EXII, “brady-
kinin receptor” “Bl receptor’, “B2 receptor” and “Cl
inhibitor” in “other terms” to identify compounds cur-
rently in clinical development. To additionally cover drug
candidates in preclinical development, the following
MeSH terms were searched in Pubmed: ((((((((prolylcarb
oxypeptidase[Title/Abstract]) OR (FXII[Title/Abstract]))

OR (prekallikein[Title/Abstract])) OR (kallikrein|[Title/
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Abstract])) OR (bradykinin receptor[Title/Abstract]))
OR (b1 receptor|[Title/ Abstract])) OR (b2 receptor[Title/
Abstract])) OR (cl inhibitor[Title/Abstract])) AND
(preclin*[Title/Abstract]). In addition, the websites of
the U.S. Hereditary Angioedema Association and phar-
maceutical companies developing drugs with a target in
the KKS were searched. Identified publications and tri-
als were screened for drugs/drug candidates and checked
to ensure that they met the inclusion criteria (clinical or
preclinical development in the last 25 years or already
approved for use in humans). The second step was to
search Pubmed and Clinicaltrials.gov for the most recent
publications of clinical and preclinical trials for the iden-
tified compounds. For compounds for which no publica-
tions were available in these two databases, a search in
Google Scholar was additionally performed.

This review does not include the well-established angi-
otensin-converting enzyme and neprilysin inhibitors.
Their connection to the KKS and the therapeutic value
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in hypertension and heart failure have been well sum-
marized in several recent reviews [22, 23]. Within the
group of promising new DNA/RNA aptamers, there are
drug candidates under development that target PK, FXII,
and other coagulation factors. Their state of development
and their therapeutic use for the regulation of hemostasis
were discussed also in a recent review [24].

Results and discussion

Search results

The literature search yielded 102 articles and 443 trials,
all of which were included in the final analysis (Fig. 1).
Those articles and trials included a total of 68 differ-
ent drugs, 10 of which are approved, 25 of which are in
clinical development, and 33 of which are in preclinical
development (see Tables 1, 2, 3; some drugs are in several
stages of development regarding different indications).
The three most studied indications are hereditary angi-
oedema (HAE), diabetic retinopathy including diabetic

Search in databases for drugs/drug candidates
targeting the KKS

Pubmed
Records found: 102

Clinicaltrials.gov
Trials found: 443

Other Sources*

Drug candidates Drug candidates Drug candidates
identified: 67 identified: 208 identified: 9
| |
284 drugs/drug
candidates identified
Excluded:

Duplicates = 10

Older than 25 years = 1
No clinical use intended = 6
KKS not target = 199

68 drugs/drug
candidates included

4

Detailed literature search for publications of all included drugs/drug candidates

Fig. 1 Flow diagram of the conducted literature search. *Other sources are the websites of the US Hereditary Angioedema Association
and of pharmaceutical companies developing drugs with a target in the kallikrein-kinin system (KKS)
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Table 1 Approved drugs with targets in the kallikrein-kinin system
Drug Class Approved indication Ref
C1 esterase inhibitor
Human C1 esterase inhibitor Protein replacement therapy Hereditary angioedema (on-demand [110-112]
and prophylaxis)
Conestat alfa Protein replacement therapy Hereditary angioedema (on-demand) [117]
Coagulation factor XII
Garadacimab/CSL312 Monoclonal antibody (fully human) Hereditary angioedema (prophylaxis) [27]
Plasma (P) and tissue (T) kallikrein
Berotralstat (P) Small molecule inhibitor Hereditary angioedema (prophylaxis) [57,58]
Ecallantide (P) Inhibitor, protein Hereditary angioedema (on-demand) [53, 54]
Lanadelumab (P) Monoclonal antibody (fully human) Hereditary angioedema (prophylaxis) [55, 56]
Aprotinin (B T) Inhibitor, protein Reduction of perioperative blood loss [87-92]
Ulinastatin (PT) Inhibitor, protein Sepsis, pancreatitis [95, 96]
Human urinary kallidinogenase (T) Enzyme replacement therapy Acute ischemic stroke [101]
Bradykinin B2 receptor
|catibant Peptide antagonist Hereditary angioedema (on-demand) [121,122]

(P) and (T) indicate whether plasma (P) or tissue (T) kallikrein is the drug target

macular edema (DME), and thromboprophylaxis. The
identified compounds are sorted by target, stage of devel-
opment and intended indication.

Coagulation factor Xl

EXII is found at the crosstalk site between the KKS and
the intrinsic coagulation cascade (Fig. 2). Hence, FXII/
FXIIa inhibition is emerging not only as a therapeutic
strategy for patients with HAE (one approved and one
FXIIa inhibitor under development) but also for inves-
tigation of their ability to affect hemostasis in various
diseases (e.g., stroke, thromboprophylaxis) [25]. Addi-
tionally, two drugs from the new group of small inter-
fering RNAs (siRNAs) are being developed for both
indications.

Approved drugs

Garadacimab (CSL312) is an FDA-approved fully human
monoclonal IgG4 antibody against FXIIa. It is an affin-
ity-matured, recombinant variant of the monoclonal
antibody 3F7 which was shown to reduce the severity
of potentially life-threatening abdominal aortic aneu-
rysms, inhibit the development of atherosclerosis, sta-
bilize vulnerable plaques, and reduce systemic and local
proinflammatory marker levels in three different mouse
models of cardiovascular disease [26]. Monthly sub-
cutaneous administration of garadacimab significantly
reduced the incidence of HAE attacks per month (0.27
vs. 2.01; p<0.0001) in a randomized, double-blind, pla-
cebo-controlled phase 3 study in 2022. No association
with an increased risk of bleeding or thromboembolic
events was observed [27]. In contrast, a phase 2 study in

patients with severe coronavirus disease 2019 (COVID-
19) did not show any effect [28]. Garadacimab was inves-
tigated for the treatment of idiopathic pulmonary fibrosis
in a phase 2 study which ended in November 2023 [29].
Results have not yet been published. A phase 1b study for
preventing catheter-associated blood clot formation in
subjects with cancer who receive chemotherapy through
a peripherally inserted central venous catheter has been
withdrawn in 2020 due to non-safety related company
decisions [30].

Drug candidates in clinical development

For the treatment of thrombo-inflammatory diseases
and hemorrhagic stroke, Ixodes ricinus-contact phase
inhibitor (Ir-CPI), a recombinant protein expressed in
the salivary glands of the tick Ixodes Ricinus, is in clini-
cal development, and a phase 2 trial was announced in
August 2023 [31]. A phase 1 study confirmed preclinical
findings on dose-dependent prolongation of activated
partial thromboplastin time [32, 33].

Drug candidates in preclinical development

For FXIla inhibitors that have not yet entered clinical
development, the majority of potential indications are
thromboprophylaxis, stroke and HAE. Using FXII900
in animal models of thrombosis (mice and rabbits)
reduced clot formation by half in treated mice (42.8%
treatment vs. 87.5% placebo, p=0.02) and the resist-
ance measured at the inlet of an artificial lung used
in rabbits remained at baseline in 75% of the treated
animals [34, 35]. No changes in bleeding tendency
or blood loss were detected in either animal species,
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Table 2 Drug candidates in clinical development with targets in the kallikrein-kinin system

Drug candidate Class Intended indication Current  Year of latest publication Refs.
trial
phase

C1 esterase inhibitor

BMN 331 AAV5-based gene transfer Hereditary angioedema 172 Study ongoing [120]
(prophylaxis)

Human C1 esterase inhibitor  Protein replacement therapy ~ ACEi-induced angioedema 3 2022 [116]
Acute antibody-mediated 3 2020 [115]
rejection after kidney trans-
plant
Delayed graft function 1/2 2020 [114]
after kidney transplant*

Neuromyelitis optica 1 2014 [162]

Conestat alfa Protein replacement therapy ~ Stroke prevention after tran- 2 Study ongoing [119]
scatheter aortic valve trans-
plantation
COVID-19* 2 2021
Amoreliate adverse events 4 2021 [118]
of intravenous immunoglobu-
lin therapy

Coagulation factor XII
Garadacimab/CSL312 Monoclonal antibody (fully COVID-19 2 2023 [28]
human) Idiopathic pulmonary fibrosis 2 (2024) [29]
Catheter-associated blood clot  1/2 (2020) [30]
formation in subjects with can-
cer who receive chemotherapy
through a PICC line*

Ixodes ricinus-contact phase Inhibitor, protein Thromboprophylaxis dur- 1 (2023) [31-33]

inhibitor (Ir-CPI) ing cardiopulmonary bypass
surgery

Plasma (P) and tissue (T) kallikrein

ADX-324 (P) SiIRNA Hereditary angioedema 1 (2023) [70]
(prophylaxis)

ATN-249 (P) Small molecule inhibitor Hereditary angioedema 1 2017 [63]
(prophylaxis)

Avoralstat/BCX4161 (P) Small molecule inhibitor Hereditary angioedema 3 2018 [59]
(prophylaxis)

Donidalorsen/IONIS-PKK- Antisense oligonucleotide Hereditary angioedema 3 2022 [66, 68, 69]

Lax (P) (prophylaxis)

COVID-19 2 (2020) [163]

IONIS-PKKgy (P) Antisense oligonucleotide Hereditary angioedema 2 2020 [66]
(prophylaxis)

Chronic migraine 2 2020 [67]

KvDOO01 (P) Small molecule inhibitor Diabetic macular edema 2 2019 [72]

KVD824 (P) Small molecule inhibitor Hereditary angioedema 2 (2022) [62]
(prophylaxis)*

Lanadelumab/DX-2930 (P) ~ Monoclonal antibody (fully Dialysis-induced hypotension 2 Study ongoing [76]

human) FXll-associated cold autoin- 2 Study ongoing [78]
flammatory syndrome
Lung injury 1 Study ongoing [77]

NTLA-2002 (P) CRISPR/CAS 9 gene editing Hereditary angioedema 172 Study ongoing [64, 65]
(prophylaxis)

RZ402 (P) Small molecule inhibitor Diabetic macular edema 2 Study ongoing [75]

Sebetralstat/KVD900 (P) Small molecule inhibitor Hereditary angioedema (on- 3 2023 [60, 61]
demand)

STAR-0215 (P) Monoclonal antibody (human-  Hereditary angioedema 2 Study ongoing -

ized) (prophylaxis)
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Drug candidate Class Intended indication Current  Year of latest publication Refs.
trial
phase
THR-149 (P) Peptide inhibitor Diabetic macular edema 2 Study ongoing [73]
MDCO-2010 (R T) Small molecule inhibitor Reduction of blood loss dur- 2 2014 [97,98]
ing coronary artery bypass
graft surgery*
Aprotinin (B T) Inhibitor, protein COVID-19 3 2022 [93, 94]
DM199 (recombinant tissue  Enzyme replacement therapy  Acute ischemic stroke 2/3 (2022) [103,104]
kallikrein) (T) Kidney disease 2 (2022) [106]
Diabetes mellitus type 2 2 (2014) [105]
Porcine pancreatic pig tissue Enzyme replacement therapy  Restenosis after stenting 2 2016 [102]
kallikrein (T) of symptomatic middle cer-
ebral artery (MCA) atheroscle-
rotic stenosis
Bradykinin B2 receptor
Anatibant/LF 16-0687 Small molecule antagonist Traumatic brain injury* 2 2009 [129]
Deltibant/CP-1027/Bradycor  Peptide antagonist Traumatic brain injury 2 1999 [128]
Deucrictibant/PHA-022121  Small molecule antagonist Hereditary angioedema (on- 2 2022 [127]
demand)
Fasitibant/MEN16132 Small molecule antagonist Knee osteoarthritis* 2 2015 [130]
Icatibant/HOE 140 Peptide antagonist Dialysis-induced hypotension 2 2023 [125,126]
ACEi-induced upper airway 3 2017 [123,124]
angioedema
Labradimil/RMP-7 Peptide agonist Primary brain tumors* 2 2006 [134,135]
Bradykinin B1 receptor
BAY 2395840 Antagonist Diabetic neuropathic pain* 2 (2023) [146,147]
BI 1026706 Small molecule antagonist Diabetic macular edema 2 2020 [144]
Safotibant/LF22-0542 Small molecule antagonist Diabetic macular edema* 2 2012 [145]

Year of latest publication: Years are those of the most recent publications found in peer-reviewed journals

Years in parentheses indicate press releases, poster presentations at conferences or announcements on clinicaltrials.gov

Study ongoing means that the study is currently ongoing and there are no publications from previous studies

" Indicates that development of the drug candidate for this indication was discontinued during clinical trials

(P) and (T) indicate whether plasma (P) or tissue (T) kallikrein is the target of the active pharmaceutical ingredient

AAV = adeno-associated virus; ACEi = angiotensin-converting enzyme inhibitor; COVID-19 = coronavirus disease 2019; CRISPR/Cas9 = clustered regularly interspaced
short palindromic repeats/CRISPR associated protein 9; FXIl = coagulation factor XII; PICC = Peripherally inserted central catheter; siRNA = small interfering

ribonucleic acid

suggesting that FXII900 is a promising candidate for
thromboprophylaxis. DX-4012 is a fully human mono-
clonal antibody in preclinical development for throm-
boprophylaxis. The manufacturer presented data on its
anti-thrombotic activity in various animal models at a
conference in 2015 [36].

Two of the new compounds belong to the new group
of siRNAs and are being investigated for use in throm-
boprotection and HAE treatment. ALN-F12 targets a
23-nucleotide region of FXII mRNA and is still in pre-
clinical development. In a study in mice on the preven-
tion of thrombosis, a decrease in FXII plasma levels
(55% at 0.3 mg/kg and 93% at 1 mg/kg) was observed, as
was a dose-dependent reduction in fibrin accumulation

(up to tenfold at 10 mg/kg) [37]. In animal studies
evaluating the potential of treatment of HAE via FXII-
inhibition, similar dose-dependent reductions in FXII
plasma levels were observed in female C57BL/6 mice
10 days after a single subcutaneous administration
(51% at 0.3 mg/kg and 93% at 1 mg/kg) [38]. The levels
returned to baseline approximately 64 days after termi-
nation of dosing. ARC-F12 is another FXII-targeting
siRNA drug being investigated in animal studies for
HAE and thromboprophylaxis. A single subcutaneous
injection resulted in an even higher reduction in FXII
plasma levels (86% at 1 mg/kg and 96% at 3 mg/kg) as
with ALN-F12 [39].

Moreover, KV998086, a small molecule FXIIa inhibi-
tor, is in preclinical development as an oral prophylactic
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Table 3 Identified drug candidates in preclinical development with targets in the kallikrein-kinin system
Drug candidate Class Intended indication Year of latest Refs.
publication
Prolylcarboxypeptidase
UM8190 Small molecule inhibitor Thromboprophylaxis, obesity 2012 [51]
Coagulation factor XII
3F7 Recombinant antibody (fully human) Thromboprophylaxis 2022 [26]
ALN-F12 SIRNA Hereditary angioedema (prophylaxis) 2019 [38]
Thromboprophylaxis 2020 [37]
ARC-F12 SiRNA Hereditary angioedema (prophylaxis) (2016) [39]
Thromboprophylaxis (2016) [39]
COU254 Small molecule inhibitor Acute ischemic stroke 2010 [42]
FXI11900 Peptide inhibitor Thromboprophylaxis 2021 [34, 35]
KV998086 Small molecule inhibitor Hereditary angioedema (on-demand) (2022) [40, 41]
rHA-Infestin-4 Inhibitor, protein Acute ischemic stroke 2016 [43-46]
DX-4012 Monoclonal antibody (fully human) Thromboprophylaxis (2015) [36]
Sylvestin Peptide inhibitor Acute ischemic stroke 2022 47
Plasma (P) and tissue (T) kallikrein
CU-2010 (P) Small molecule inhibitor Prevention of blood loss in cardiac surgery 2009 [99]
Ecallantide/DX-88 (P) Inhibitor, protein Cerebral ischemia 2006 [85]
KV998052 (P) Small molecule inhibitor Acute respiratory distress syndrome (2021) [79]
Retinal edema (2022) [80]
Kv998054 (P) Small molecule inhibitor Retinal edema (2019) [80]
VA999272 (P) Small molecule inhibitor Retinal edema 2016 [81]
VE-3539 (P) Small molecule inhibitor Diabetic retinopathy (2018) [83]
VE-4840 (P) Small molecule inhibitor Retinal edema (2019) [82]
DX-2300 (T) Monoclonal antibody (fully human) Airway diseases 2009 [86]
Bradykinin B2 receptor
Bradyzide Small molecule inhibitor Inflammatory hyperalgesia 2009 [133]
FR173657 Small molecule inhibitor Skin inflammatory diseases 2009 [132,153]
LF 18-1505T Small molecule inhibitor Closed head trauma 2006 [131]
FR-190997 Small molecule partial agonist Ocular hypertension 2014 [139]
NG291 Peptide agonist Disruption of blood brain barrier 2021 [136,137]
R523 Peptide agonist Glioma 2010 [138]
Bradykinin B1 receptor
B 9430 Peptide antagonist Cerebral ischemia 2000 [156]
B 9858 Peptide antagonist Inflammatory hyperalgesia 2002 [151]
BI 113823 Small molecule antagonist Chronic liver fibrosis 2022 [155]
ELN441958 Small molecule antagonist Inflammatory hyperalgesia 2007 [152]
MK-0686 Small molecule antagonist Chronic pain 2007 [149]
NVP-SAAT64 Small molecule antagonist Inflammatory hyperalgesia 2005 [150]
R-715 Peptide antagonist Skin inflammatory diseases 2009 [153]
R-954 Peptide antagonist Diabetic retinopathy 2018 [148]
SSR240612 Small molecule antagonist Skin inflammatory diseases 2009 [132,153]
NG29 Peptide agonist Glioma 2016 [157,158]

Year of latest publication: Years are those of the most recent publications found in peer-reviewed journals

Years in parentheses indicate press releases or poster presentations at conferences

“-"means there are no publications or press releases available

(P) and (T) indicate whether plasma; (P) or tissue (T) kallikrein is the target of the active pharmaceutical ingredient; siRNA = small interfering ribonucleic acid
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Fig. 2 Representation of the human kallikrein-kinin system in plasma and tissue and identified drug targets. ACE: Angiotensin-converting

enzyme, BTR: Bradykinin B1 receptor, B2R: Bradykinin B2 receptor, BK: Bradykinin, BK 1-8: Bradykinin 1-8, C1INH: C1 esterase inhibitor, ERT: Enzyme
replacement therapy, F12: Coagulation factor Xl gene, FXII: Coagulation factor XlI, HK: High molecular weight kininogen, KLK1: Tissue kallikrein
gene, KLKB1: Prekallikrein gene, LK: Low molecular weight kininogen, Lys-BK: Lysin-Bradykinin/Kallidin, Lys-BK 1-8: Lysin-Bradykinin 1-8/Kallidin 1-9,
mRNA: Messenger ribonucleic acid, PK: Plasma prekallikrein, PKa: Plasma kallikrein, PRCP: Prolylcarboxypeptidase, PRT: Protein replacement therapy,
SERPING1: C1 esterase inhibitor gene, TK: Tissue kallikrein. Created with BioRender.com

treatment for HAE by preventing edema [40]. First clin-
ical trial was planned for 2023 [41].

The remaining three drug candidates are being devel-
oped for the prevention and treatment of stroke. The
selective nonpeptidic FXIIa inhibitor COU254 did not
influence regional cerebral blood flow or reduce ischemic
brain damage following transient middle cerebral artery
filament occlusion compared to that in untreated mice
[42]. rHA-Infestin-4 is a FXIIa inhibiting protein (infes-
tin-4) produced from the blood-sucking bug Triatoma
infestans coupled to recombinant human albumin [43].
Three animal studies have demonstrated its thrombolytic
effect. Therapeutic administration after transient mid-
dle cerebral artery occlusion (tMCAO) in rats had no

significant effect on the infarct area or edema formation
but still improved neurological scores and reduced mor-
tality [7% vs 32% (controls); p<0.05] [44]. In traumatic
brain injury in mice, rHA-infestin-4 was able to decrease
the volume of brain lesions by 50% when administered
one hour after injury, which was comparable to the
effects observed in FXII deficient mice [45]. Another
study showed dose-dependent protection against throm-
bosis in an arteriovenous shunt model in rats and rabbits
(clot weight reduction up to 88%, p<0.001) and a less
than twofold increase in bleeding time in a cuticle bleed-
ing model [46]. Nonetheless, high doses cause off-target
effects, and as a derivative of an insect-derived protein
-infestin-4- potential immunogenicity in humans cannot
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be excluded [46]. Sylvestin is an inhibitor of FXIIa and
PKa derived from forest leeches (Haemadipsa sylvestris)
[47]. Dose-dependent decreases in infarct volume com-
pared to those in controls were shown after one hour of
middle cerebral artery occlusion (MCAO), and the inhi-
bition of thrombus formation was demonstrated in mice
[47]. In three different bleeding models, sylvestin did not
increase bleeding, but it had a modest inhibitory effect
on FXa [47].

The current focus of research on FXIIa inhibitors per-
tains predominantly on influencing hemostasis in various
diseases, followed by HAE. All currently approved anti-
coagulants, regardless of their mode of action, increase
the risk of bleeding [48]. As a result, safe therapy is not
yet available for many multimorbid patients putting them
at risk for lethal or disabling thromboembolic events. The
high demand for safe anticoagulants is reflected in the
large number of FXIIa inhibitors under development. If
the promising thromboprophylaxis that has been shown
in animal studies can be translated to humans without
increasing the risk of bleeding, it could be a safe thera-
peutic option for a large number of patients.

Prolylcarboxypeptidase (PRCP)

PRCP is a carboxypeptidase that affects the KKS by acti-
vating PK and is involved in the regulation of the cardio-
vascular system by degrading BK 1-8, angiotensin II and
angiotensin III [49, 50].

Drug candidates in preclinical development
UMS8190 blocks PRCP-dependent PK activation and
thus also blocks PKa-dependent FXII activation, revers-
ing the escalating feedback mechanism [51]. It was found
that UM8190 prevented vessel occlusion in the fer-
ric chloride-induced mouse carotid artery thrombosis
model in FXII-deficient mice which could not be con-
firmed in wild-type mice. However, the prothrombotic
effect of PRCP does not appear to be dependent on PKa,
as it could not be demonstrated in wild-type mice. This
effect is likely mediated by PRCP-dependent increased
generation of reactive oxygen species, as treatment of
PRCP-deficient mice with antioxidants abolishes their
prothrombotic phenotype [52]. Moreover, after oral
administration in mice, a time- and dose-dependent ano-
rectic effect was observed, indicating a potential applica-
tion in treating obesity [51].

PRCP is the least studied target associated with the
KKS, and additional research is needed to better assess
its therapeutic potential.

Plasma and tissue kallikrein
Drug candidates targeting plasma and tissue kallikrein
are the focus of current research within the KKS.
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Emerging applications include chronic ocular diseases
and influencing hemostasis during certain surgical pro-
cedures. The approved drugs and drug candidates are
either selective inhibitors of plasma and/or tissue kal-
likrein or broad-spectrum protease inhibitors that inhibit
a number of serine proteases including PKa. Additionally,
activation of the KKS by TK agonists is used to favorably
influence ischemic diseases.

Selective inhibitors of plasma kallikrein

Most selective PKa inhibitors are intended for use in the
treatment of HAE, with three being approved for the pre-
vention or treatment of acute HAE attacks. The direct
inhibition of PKa is intended to compensate for the lack
of inhibition by C1INH.

Approved drugs Ecallantide is a recombinant PKa
inhibitor approved by the FDA for the on-demand treat-
ment of HAE attacks. In a double-blind, placebo-con-
trolled phase 3 study in patients with moderate or severe
HAE attacks, subcutaneous administration of ecallantide
significantly improved symptoms 4 h after administra-
tion, as measured by the mean symptom complex sever-
ity (MSCS) score, compared to that of placebo [53]. An
initial improvement in symptoms was seen at 2 h, and
the effect was sustained over the 24-h observation period
[53]. A subsequent open-label follow-up study showed
comparable results (change in MSCS score: — 1.04+0.77
open-label study vs. — 0.8+0.6 phase 3 study); however,
anaphylactic reactions occurred in 4.1% of treated sub-
jects [54]. The human monoclonal antibody against PKa,
lanadelumab, is investigated in a variety of diseases in
addition to its approved use in the prevention of HAE.
A randomized, double-blind, placebo-controlled phase 3
trial showed a significant improvement in quality of life
in patients with HAE as measured by the Angioedema
Quality of Life Questionnaire (AE-QoL) [55]. A subse-
quent open-label extension study demonstrated a reduc-
tion from 3.1 attacks to 0.4 attacks per month one month
after treatment initiation [56]. Berotralstat is the first
oral PKa inhibitor approved for the prevention of HAE
attacks [57]. In a phase 3 study a significant reduction
in attacks per month was demonstrated, but less than
that with subcutaneous C1INH prophylaxis (attacks per
month: placebo: 2.35; 150 mg berotralstat per day: 1.31;
60 IU/kg C1INH twice weekly: 0.017-0.09 attacks) [58].

Drug candidates in clinical development Five additional
PKa inhibitors for the treatment or prophylaxis of HAE
attacks are in clinical development. Avoralstat, an oral
HAE prophylaxis, is the most advanced in development,
but failed to show a reduction in HAE attacks in a phase 3
trial [59]. Sebetralstat, an oral on-demand treatment, sig-
nificantly increased the time to conventional treatment
after study drug administration in a phase 2 study [60]. A
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phase 3 trial is currently underway [61]. The phase 2 trial
of KVD824 was terminated early due to safety concerns
after elevated liver enzymes were observed in all treat-
ment groups [62]. For ATN-249, promising results from
a phase 1 trial were announced in 2019, and currently
enrollment in a phase 2 trial for once-daily oral prophy-
laxis of HAE has been started [63]. STAR-0215 is sub-
cutaneously administered once every three months. The
phase 1b/2 trial in HAE patients started in early 2023.

Additional approaches for influencing PKa activity
include intervening at the DNA or RNA level. NTLA-
2002 is a CRISPR/CAS 9-based gene editing therapy used
to reduce PKa activity by removing the gene encoding PK
(KLKB1) from hepatocytes. A phase 1/2 trial investigat-
ing the use of NTLA-2002 in HAE patients is still ongo-
ing; however, the first positive interim results regarding
efficacy, tolerability and safety have been indicated [64,
65]. With IONIS-PKKyyx and donidalorsen (formerly
IONIS-PKK-Lpy) two antisense oligonucleotides are
being investigated [66, 67]. These compounds inhibit
PK production in hepatocytes through ribonuclease
Hl-mediated degradation of PK mRNA, thus reducing
PKa activity. According to the company’s website, only
donidalorsen will be further developed due to the higher
target specificity of the ligand, resulting in better efficacy
and tolerability [68]. Donidalorsen is a ligand conjugated
form of IONIS-PKKgy [69]. The conjugated N-acetylga-
lactosamine-moiety increases receptor-mediated uptake
into liver hepatocytes, allowing targeted drug delivery
and increasing potency by a factor of 30, which allows for
less frequent and lower-dose administration. The results
from the phase 2 study showed a 90% reduction in HAE
attacks per month compared to placebo, with very good
tolerability [69]. A phase 3 study is currently ongoing.
Finally, a further treatment approach for HAE bases on
siRNAs; yet the sole drug candidate is ADX-324 [70].
Enrollment in a phase 1 study started in early 2023. No
preclinical results have been formally reported.

Diabetic macular edema (DME) is another area where
PKa inhibitors are being extensively researched. Studies
in DME patients have shown that PKa levels in the vitre-
ous are more elevated than vascular endothelial growth
factor (VEGF) levels are, and this difference is thought
to contribute to the incomplete or delayed response to
anti-VEGF therapy in many patients [71]. KVD001 and
THR-149 are intravitreally administered PKa inhibi-
tors. KVDOO1 failed to meet the primary endpoint of
the conducted phase 2 study, as indicated by the lack of
significant improvement in best corrected visual acuity
(BCVA) [72]. A randomized, multicenter phase 2 study
with THR-149 is still ongoing after the phase 1 study
showed no dose-limiting toxicity and an improvement
in BCVA [73]. Additionally, an orally administered PKa
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inhibitor against DME, RZ402 (formerly ASP440 and
ASP-440 [74]), is under development. A phase 2 trial
with RZ402 in participants with DME who are naive to or
have received limited anti-VEGF injections, was initiated
in 2023. However earlier results from the phase 1 trial
(RZ402-101) have not yet been published [75].

Clinical trials are also exploring the use of lanade-
lumab for its potential use in dialysis-induced hypo-
tension (DIH) (phase 2) [76] and lung injury (phase 1)
[77]. BK-mediated vasodilation and increased vascular
permeability are hypothesized to play important roles
in the pathomechanisms of both conditions. The objec-
tive of a third study is to investigate whether inhibiting
PKa has a positive effect on the rare disease FXII-associ-
ated cold autoinflammatory disease (FACAS) in a small
cohort [78]. The results of studies investigating the use of
lanadelumab for DIH, lung injury and FACAS have not
yet been published.

Drug candidates in preclinical development Moreo-
ver, PKa inhibitors are under preclinical investigation
as potential treatments for acute respiratory distress
syndrome (ARDS), retinopathies, and brain ischemia.
KV998052 was shown to be associated with improved
blood oxygenation in an acid-aspiration lung injury
model in mice [79]. The efficacy of the treatment of
ARDS is achieved through the inhibition of PKa, which
ultimately reduces the release of BK and its pro-inflam-
matory and edema-inducing effects. Additionally, it
was studied in mouse models of VEGF-induced retinal
edema, alongside three other PKa inhibitors (KV998054,
VA999272, and VE-4840). KV998052 and KV998054
were both tested in a mouse model of retinal edema and
reduced retinal thickening after VEGF injection by 37%
(p=0.0018) and 59% (p=0.008), respectively [80]. PKa
inhibition by VA999272 also reduced retinal thicken-
ing (57%, p<0.001) induced by VEGF application [81].
The effect was comparable to that in KLKB1-deficient
mice and was also demonstrated in rats (53%, p <0.001).
Among the PKa inhibitors tested, VE-4840 had the
least effect on VEGF-induced retinal thickening (30.8%,
p=0.0055) [82]. Moreover, VE-3539, an orally adminis-
tered PKa inhibitor, was tested in a human PKa injection
model in diabetic rats and was shown to reduce vascular
leakage and improve intravascular blood flow [83].

A 2006 study investigated the use of the PKa inhibi-
tor ecallantide in the treatment of cerebral ischemia,
since BK has been shown to increase brain edema after
ischemic stroke [84]. Dose-dependent reductions in
ischemic volume (up to 61%) and brain swelling (up to
68%) were shown in a placebo-controlled model of tran-
sient and permanent focal brain ischemia in mice. An
effect was observed only if the drug was administered
before ischemia or before reperfusion [85].
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Selective inhibitors of tissue kallikrein

Drug candidates in preclinical development DX-2300
is a fully human monoclonal antibody that inhibits TK.
Although no immediate effects were observed in a sheep
model of asthma, a 91% reduction in late-phase kini-
nogen-induced bronchoconstriction was observed fol-
lowing inhalation administration of DX-2300 [86]. This
late-phase airway response is triggered by inflammatory
processes associated with increased TK activity; and
therefore, TK inhibitors such as DX-2300 could be a ther-
apeutic agent for patients suffering from allergic asthma
[86]. However, as no further data have been published
since this study was conducted in 2009, this approach
does not appear to be promising.

Broad-spectrum protease inhibitors

In addition to the selective kallikrein inhibitors, there
are four broad-spectrum protease inhibitors that inhibit
a number of serine proteases, including PKa. Since PKa
activates FXI], its inhibition is also a potential target for
influencing hemostasis in various diseases.

Approved drugs Aprotinin was approved by the FDA
and EMA to reduce blood loss during bypass surgery.
After being temporarily withdrawn from the market
by the manufacturer in 2008, due to serious adverse
events, it is now being reapproved for use in high-risk
patients [87-92]. All the studies demonstrated compa-
rable or greater reductions in blood loss with aprotinin
than with tranexamic acid. In patients with moderate or
severe COVID-19 controversial results were observed in
phase 3 studies [93, 94]. Ulinastatin is approved in some
Asian countries for the treatment of sepsis and acute
pancreatitis. In sepsis, ulinastatin has been shown to sig-
nificantly reduce inflammatory signs (body temperature,
white blood cell count, inflammatory cytokines) and
mortality [95]. In pancreatitis, ulinastatin showed a sig-
nificant decrease in mortality only in patients with severe
pancreatitis [96].

Drug candidates in clinical development MDCO-2010
is an active site inhibitor of PKa as well as of plasmin, of
coagulation factors Xa, XIa and of activated protein C
[97]. It has been investigated as an alternative to apro-
tinin for the prevention of blood loss in coronary artery
bypass grafting during cardiopulmonary bypass (CPB)
surgery. Two phase 2 studies were conducted, with one of
which showed no significant benefit, while the other was
terminated due to unspecified safety concerns [97, 98].

Drug candidates in preclinical development CU-2010
is a synthetic small molecule serine protease inhibitor,
that was also developed as a substitute for aprotinin. Cur-
rently, there is only evidence of decreased blood loss dur-
ing CPB surgery in preclinical canine studies [99].
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Overall, plasma and tissue kallikrein are promising
targets with most candidates in preclinical and clinical
development. DME therapy could benefit greatly from
potential new drug candidates. Furthermore, the search
for a substitute for aprotinin highlights the necessity for
safe therapies to prevent blood loss during surgery.

Enzyme replacement of tissue kallikrein

Approved drugs Human urinary kallidinogenase (HUK)
is a glycoprotein found in human urine that belongs to
the TK family. It can cleave kallidin from LK, making it an
agonist of the KKS. Kallidin may reduce the incidence of
stroke by promoting local vasodilation and long-term vas-
cularization. HUK has been approved for use in China as
a treatment for acute ischemic stroke. While phase 3 data
are available only upon request from trial investigators,
the data of a phase 4 trial have been published [100]. The
multi-center study in 1202 patients with acute ischemic
stroke evaluated safety and efficacy [101]. However, in
the absence of a control group, it is not possible to assess
superiority over the standard of care.

Drug candidates in clinical development Two additional
TK agonists are presently undergoing clinical develop-
ment. The first is a porcine pancreas-derived TK that
yielded a 71% reduction in in-stent restenosis after stent-
ing of symptomatic atherosclerotic middle cerebral artery
stenosis in a phase 2 trial by daily peroral administration
[102]. The second drug candidate, DM199, is a recombi-
nant TK and has been developed for use in acute ischemic
infarction [103]. In 2022, the FDA halted a phase 2/3 trial
due to safety concerns [103]. After the hold was lifted in
June 2023, the manufacturer announced the continua-
tion of the study [104]. Phase 2 studies with DM199 have
been conducted in patients with type 2 diabetes mellitus
in 2014 as well as kidney disease [105, 106]. Nevertheless,
no outcomes have been published thus far.

The use of TK and its analogs indicated a protective
effect of KKS activation in ischemic disease. To deter-
mine the clinical relevance of these findings, further
studies are needed.

C1 esterase inhibitor

The KKS is tightly controlled by C1INH, which irrevers-
ibly inhibits PKa and FXIIa to limit the production of
active kinins [107]. This protease inhibitor is synthesized
mainly in the liver and monocytes [108, 109]. Targeting
C1INH is approved for the treatment and prophylaxis of
acute attacks of HAE by blood-derived or recombinant
replacement therapy and under clinical investigation for
gene therapy. A number of other indications are currently
being explored in clinical trials.
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Approved drugs Blood-derived C1INH for intravenous
application is approved for on-demand treatment and
prophylaxis of acute HAE attacks [110]. In a long-term
study in which C1INH was intravenously administered
twice a week as prophylaxis, one-third of the patients
were attack-free during the treatment period (mean dura-
tion of 9.2 months per subject) [111]. The remaining two
thirds experienced an average of 0.57 attacks per month.
An approved subcutaneously administered formulation
even improved this finding by showing even lower attack
rates (0.09 attacks per month) and a higher percentage
of attack-free participants (44%) [112]. Among patients
treated for more than 12 months, the attack rate was 0.017
per month, and the proportion of attack-free patients was
50%. These low attack rates, combined with a compara-
bly low adverse event rate, easier subcutaneous adminis-
tration, and a significant improvement in health-related
quality of life [113] compared to intravenous C1INH, rep-
resent an improvement in HAE therapy. The complement
system plays a significant role in inflammation and graft
rejection after transplantation, making C1INH a poten-
tial therapeutic option. The use of C1INH in a phase 1/2
study after kidney transplantation showed a significantly
lower incidence of graft failure compared to placebo (3%
in the treatment group vs. 21% in the placebo group)
[114], while a phase 3 study of acute antibody-mediated
graft rejection after kidney transplantation was termi-
nated early because the predefined criteria for futility
were met during a prescheduled interim analysis [115]. In
a phase 3 trial in patients suffering from ACEi-induced
angioedema, C1INH showed no superiority to the appli-
cation of steroids or antihistamines [116].

Conestat alfa is an approved recombinant human
C1INH for on-demand treatment of HAE attacks. A total
of 99.8% of HAE attacks were adequately treated with a
single dose [117]. A phase 4 open-label pilot study evalu-
ated the effect of conestat alfa on adverse events of intra-
venous immunoglobulin (IVIG) therapy for autoimmune
diseases associated with immunodeficiency or polyneu-
ropathy [118]. In the small study population (n=19), a
significant reduction in adverse events such as headache,
fatigue and migraine was observed compared to treat-
ment with IVIG alone. The benefit of conestat alfa in the
prevention of acute cerebral and renal ischemic events
following transcatheter aortic valve implantation is being
evaluated in a phase 2 study [119]. Recruitment is ongo-
ing and the study is expected to end in 2025. Phase 1 data
have not yet been published.

Drug candidates in clinical development In clinical
development, a phase 1/2 study with the investigational
single administration gene therapy BMN331 has been
ongoing since early 2022 [120]. BMN331 is an adeno-
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associated virus 5-based vector and designed to deliver
the functional gene for C1INH (SERPING1) into the
patient’s hepatocytes. Corresponding results might not be
available before 2028 [120].

C1INH is a well-established first-line therapy for treat-
ing HAE. Other indications currently under investigation
also affect small patient populations. However, they are
in clinical development and may provide valuable contri-
butions in the near future.

B2 receptor

B2R is ubiquitously and constitutively expressed in
healthy tissues. Its activation has proinflammatory effects
caused by B2R-mediated vasodilation and increased
vascular permeability with leukocyte migration [1].
Both receptor antagonists and agonists are currently in
development.

Antagonists

Approved drugs Icatibant is the first approved subcu-
taneous B2R antagonist for the on-demand treatment of
HAE attacks and is also under investigation for its use
in ACEi-induced upper airway angioedema and DIH. In
a phase 3 study, icatibant demonstrated a significantly
faster onset of symptom relief in acute HAE attacks than
did placebo (2 h vs. 19.8 h) [121]. Overall, icatibant is
an equally efficient alternative to C1INH in acute cases.
A post hoc analysis of data from an observational study
confirmed that a large proportion of HAE attacks (89.1%)
can be treated with a single injection of icatibant in a real-
world setting [122]. Regarding ACEi-induced upper air-
way angioedema conflicting results were reported. While
a phase 2 study showed a significant reduction in the
time to onset of symptom relief (2.0 h vs 11.7 h; p=0.03)
and complete resolution of symptoms (8.0 h vs 27.1 h;
p=0.002) [123], a phase 3 study showed no superiority
to placebo [124]. Using icatibant in patients undergoing
dialysis, a significantly lower incidence of DIH was shown
in a small cohort of 22 patients (treatment group: one out
of 11 patients vs placebo group: 7 out of 11 patients) [125].
A subsequent phase 3 study is planned to start in Decem-
ber 2023 [126].

Drug candidates in clinical development Deucrictibant
is intended for the on-demand treatment of HAE attacks.
One advantage is that it can be administered orally rather
than subcutaneously. No results have been published yet,
but an FDA hold on the phase 2 trial was lifted in June
2023, and the manufacturer announced preparation for a
phase 3 trial [127].

Two B2R antagonists, deltibant and anatibant, were
developed for use in traumatic brain injury but did not
proceed to phase 3 of clinical development. Deltibant
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failed to significantly reduce intracranial pressure [128].
A phase 2 trial using anatibant in patients with traumatic
brain injury lost its funding during the course of the trial
resulting in a reduced sample size and study power [129].
Fasitibant was developed for the treatment of patients
with knee osteoarthritis but showed no superiority in a
phase 2 study [130].

Drug candidates in preclinical development A third B2R
antagonist is still in preclinical investigation for the treat-
ment of closed head trauma. In preclinical studies, com-
pared with untreated animals, LF 18-15057 dose-depend-
ently reduced brain edema by 4.5% and the neurological
severity score improved when administered one hour
after closed head trauma in rats [131].

The potential anti-inflammatory effects of three further
B2R antagonists were investigated in various diseases in
preclinical settings. FR173657 showed morphological
and histological improvements in a psoriasis model in
mice with a normalizing influence on keratinocyte prolif-
eration. Furthermore, the results of the study indicate the
involvement of both B2R and B1R. Knockout mice lack-
ing one or both receptors were analyzed for comparison,
and a single deletion of either receptor showed no effect
[132]. Bradyzide is an orally available, nonpeptide B2R
antagonist that shows long-lasting effects on reversing
Freund’s complete adjuvant (FCA)-induced mechani-
cal hyperalgesia in rodent models [133]. The potency
of bradyzide is higher in rodents than in humans but it
could be a therapeutic option for diseases that are associ-
ated with inflammatory hyperalgesia that require a con-
tinuous therapy (e. g. rheumatoid arthritis).

Agonists

Drug candidates in clinical development Labradimil is a
B2R agonist that increases the permeability of the blood—
brain barrier (BBB). It has been studied in combination
with carboplatin in various brain tumors to potentially
increase carboplatin concentrations in the brain, which
could improve efficacy [134]. Two phase 2 studies failed
to observe enhanced responses in the treated group com-
pared to carboplatin alone [134], and there was no signifi-
cant improvement in the time to tumor progression [135].

Drug candidates in preclinical development NG291 was
tested in mice in comparison to labradimil and the endog-
enous agonist BK [136]. NG291 and labradimil both had
stronger hypotensive, antithrombotic, and profibrinolytic
effects than BK and may therefore have cardioprotective
potential [136]. Another group showed a dose-dependent,
reversible BBB disruption of NG291 in rats, as well as an
activation of P-glycoprotein efflux transporters in mice,
suggesting it can increase the concentration of therapeu-
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tics in the central nervous system if they are not P-glyco-
protein substrates [137]. R523 was also tested in a glioma
rat model and increased BBB permeability in a dose-
dependent manner, as evidenced by a twofold increase in
the amount of contrast agent in tumor cells and the peri-
tumoral vasculature [138]. Considering the negative study
results of labradimil, clinical relevance of this therapeutic
approach has yet to be demonstrated.

Although promising for ocular hypotension, BK has
poor ocular bioavailability and metabolic instability
[139]. These challenges might be appropriately addressed
by the development of the partial B2R agonist FR-190997.
Topical application significantly decreased intraocular
pressure in cynomolgus monkeys by 37.7+54% 24 h
after application and may therefore be a viable therapeu-
tic option for treating glaucoma [139].

Compared to the targets discussed thus far, the explo-
ration of antagonists and agonists of the B2R has been
limited. Receptor internalization and desensitization
curtail long-term effects via B2R, especially under con-
ditions of inflammation [140]. The use of B2 agonists to
disrupt the BBB in order to increase the concentration
of other therapeutics in the brain seems conceivable but
requires further preclinical and clinical research before
actual implementation. Novel lead structures might be
introduced by the determination of the crystal structure
of B2R in 2022 empowering structure-based drug design
[141].

B1 receptor

BI1R is synthesized de novo after tissue injury and its acti-
vation induces pain and inflammation, making it a poten-
tially safe drug target in inflammatory diseases [142, 143].
To date, there are no approved drugs for this target, and
new developments are generally less advanced than the
targets discussed thus far. The main areas of research
are diabetic retinopathies and pain. A total of 3 com-
pounds (BI 1026706, safotibant and BAY 2395840) have
entered clinical trials, with the remainder in preclinical
development.

Antagonists

Drug candidates in clinical development For the treat-
ment of diabetic macular edema, the BIR antagonist BI
1026706 was evaluated in a 12-week, randomized, dou-
ble-blind, placebo-controlled, twice-daily oral phase 2
study. No superiority over the placebo was shown in the
primary endpoint, the reduction in central subfield foveal
thickness [144]. Another BIR antagonist, safotibant,
has shown promising results in diabetic Wistar rats by
decreasing retinal plasma extravasation, leukostasis, ele-
vated mRNA levels of BIR, and proinflammatory markers
[145]. However, further development was discontinued
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after a phase 2 trial in humans without explanation. BAY
2395840 was developed as an oral treatment for diabetic
neuropathic pain [146]. In April 2022, the manufacturer
announced the termination of development on clinicaltri-
als.gov, as no superiority compared to placebo could be
shown [146, 147].

Drug candidates in preclinical development Another
topical B1R antagonist is R-954. In preclinical studies in
streptozotocin diabetic rats, it reversed the increase in
BIR expression, leukostasis and vascular permeability
and may be a therapeutic option for diabetic retinopathy
if those findings can be confirmed in clinical trials [148].

Four other BIR antagonists for pain are in preclinical
development. MK-0686, NVP-SAA164 and B9858 have
all been shown to reduce FCA-induced hyperalgesia in
animal models [149-151]. The first two are orally avail-
able and have been tested in mice. B9858 was tested in
rabbits and administered intravenously. The fourth com-
pound is ELN441958. It is orally administered and was
able to reduce carrageenan-induced thermal hyperalgesia
in the rhesus monkey tail withdrawal model [152].

In addition to diabetic retinopathy and pain, BIR
antagonists have been studied in animal models of
inflammatory skin diseases, liver fibrosis and cerebral
ischemia. R-715 and SSR240612 have been developed as
BIR antagonists for use in treating inflammatory skin
diseases. Topical and intraperitoneal application of the
combination of R-715 or SSR240612 with FR173657, a
B2R antagonist, resulted in a significant reduction in
cutaneous inflammation models in mice [153]. BIR and
B2R play a role in the cutaneous neurogenic inflamma-
tory response, as only double BIR and B2R knockout
mice showed reduction in cutaneous inflammation,
whereas single deletion of one of the receptors does not
change their responses [153].

Since the BIR is involved in the pathogenesis of liver
fibrosis [154], BI 113823 was tested in a mouse model of
liver fibrosis [155]. It significantly attenuated liver fibro-
sis, normalized portal hypertension and reduced the
expression of fibrotic proteins.

B 9430 is a BIR antagonist tested in the Mongolian ger-
bil for its effect on cerebral microcirculation after global
cerebral ischemia [156]. Despite a decrease in the num-
ber of leukocytes rolling along the venular endothelium
and the number of leukocytes adhering to the endothe-
lial surface, no difference in the number of viable neurons
was observed.

Agonists

Drug candidates in preclinical development NG29 is
a BIR agonist with potential application in neurological
and ischemic cardiovascular diseases and brain tumors.
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Favorable toxicity and pharmacokinetics of NG29-TFac-
etate have been demonstrated in rats [157]. It has been
shown, that BIR is overexpressed in rat brain gliomas and
that the BBB disruption by B1R agonism can significantly
increase the local concentration of platinum by a factor of
2 in cerebral tumors [158].

Most of the preclinical studies and the phase 2 study
for safotibant are more than 10 years old, and the
more recent studies have shown a lack of efficacy (BAY
2395840, BI 1026706). Overall, the BIR has been stud-
ied less extensively than the B2R, mainly due to the low
homology between the human B1R and the rodent BIR
[68% in mice [159], 71% in rats [160]], leading to limited
transferability of results from animal models to humans.
The identification of the crystal structure of the BIR
in 2021 [161] could lead to significant advancements
through structure-based drug design.

Conclusion

In this review more than 65 drug candidates targeting the
kallikrein-kinin system were identified. The latest (pre)
clinical investigations indicate a far broader therapeutic
significance of the kallikrein-kinin system beyond heredi-
tary angioedema. Four new compounds are currently
in phase 3 clinical development, with the potential for
approval in the near future. However, only one of these
compounds covers an indication other than HAE. Other
research fields with drug candidates in phase 2 mainly
encompass thromboprophylaxis and DME.

The recent unraveling of the human bradykinin recep-
tor (B-R) structures holds the promise that improved
development of drug candidates can now be initiated
by structure-based drug design. Thus, further optimized
drug candidates might become available for (pre)clinical
testing and add to the current interest in drugs targeting
the KKS.

Abbreviations

AAV Adeno-associated virus

ACE Angiotensin-converting enzyme

ACEi Angiotensin-converting enzyme inhibitor

AE-QoL Angioedema Quality of Life Questionnaire

B1R Bradykinin B1 receptor

B2R Bradykinin B2 receptor

BBB Blood-brain barrier

BCVA Best corrected visual acuity

BK Bradykinin

CTINH C1 esterase inhibitor

CBP Cardiopulmonary bypass

COVID-19 Coronavirus disease 2019

CRISPR/Cas9  Clustered regularly interspaced short palindromic repeats/
CRISPR associated protein 9

DIH Dialysis-induced hypotension

DME Diabetic macular edema

EMA European Medicines Agency

ERT Enzyme replacement therapy

F12 Coagulation factor Xl gene

FACAS Coagulation factor Xll-associated cold autoinflammatory
disease
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FCA Freund's complete adjuvant

FDA U.S. Food and Drug Administration
FXII Coagulation factor XII

FXlla Activated coagulation factor XII
HAE Hereditary angioedema

HK High molecular weight kininogen
HUK Human urinary kallidinogenase
VIG Intravenous immunoglobulin
Ir-CPI Ixodes ricinus-contact phase inhibitor
KKS Kallikrein-kinin system

KLK1 Tissue kallikrein gene

KLKB1 Prekallikrein gene

LK Low molecular weight kininogen
Lys-BK Lysin-bradykinin/kallidin

Lys-BK 1-8 Lysin-bradykinin 1-8/kallidin 1-9
MCAO Middle cerebral artery occlusion
MSCS score Mean symptom complex severity score
PK Plasma prekallikrein

PKa Plasma kallikrein

PRCP Prolylcarboxypeptidase

PRT Protein replacement therapy
SERPING1 C1 esterase inhibitor gene

SIRNA Small interfering ribonucleic acid

TK Tissue kallikrein
tMCAO Transient middle cerebral artery
VEGF Vascular endothelial growth factor

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-024-05216-5.

[ Additional file 1. References not indexed in databases

Acknowledgements
References not indexed in databases are compiled in Additional file 1.

Author contributions

Conception and design of the work was developed in close collaboration by
PW, BB and TG. Data collection and analysis was performed by PW. PW wrote
the first draft of the paper. BB and TG revised the draft. All authors provided
final approval.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials

References not indexed in databases are complied in Supplement 1. Further
data available upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

The authors declare that they have no competing interests.

Received: 12 January 2024 Accepted: 16 April 2024
Published online: 26 April 2024

Page 15 0of 19

References:

1.

20.

21.

22.

23.

Marceau F, Bachelard H, Bouthillier J, Fortin JP. Morissette G, Bawolak
MT, et al. Bradykinin receptors: agonists, antagonists, expression, signal-
ing, and adaptation to sustained stimulation. Int Immunopharmacol.
2020;82:106305.

Bekassy Z, Lopatko Fagerstrom |, Bader M, Karpman D. Crosstalk
between the renin-angiotensin, complement and kallikrein-kinin
systems in inflammation. Nat Rev Immunol. 2022;22(7):411-28.
Schmaier AH. The kallikrein-kinin and the renin-angiotensin systems
have a multilayered interaction. Am J Physiol Regul Integr Comp
Physiol. 2003;285(1):R1-13.

Rhaleb NE, Yang XP, Carretero OA. The kallikrein-kinin system as

a regulator of cardiovascular and renal function. Compr Physiol.
2011;1(2):971-93.

Marcondes S, Antunes E. The plasma and tissue kininogen-kallikrein-
kinin system: role in the cardiovascular system. Curr Med Chem Cardio-
vasc Hematol Agents. 2005;3(1):33-44.

Brusco |, Fialho MFP, Becker G, Brum ES, Favarin A, Marquezin LP, et al.
Kinins and their B(1) and B(2) receptors as potential therapeutic targets
for pain relief. Life Sci. 2023;314:121302.

Oehmcke-Hecht S, Kohler J. Interaction of the human contact system
with pathogens-an update. Front Immunol. 2018;9:312.

Pathak M, Wong SS, Dreveny |, Emsley J. Structure of plasma and tissue
kallikreins. Thromb Haemost. 2013;110(3):423-33.

Regoli D, Nsa Allogho S, Rizzi A, Gobeil FJ. Bradykinin receptors and their
antagonists. Eur J Pharmacol. 1998;348(1):1-10.

Souza-Silva IM, de Paula CA, Bolais-Ramos L, Santos AK, da Silva FA, de
Oliveira VLS, et al. Peptide fragments of bradykinin show unexpected
biological activity not mediated by B(1) or B(2) receptors. Br J Pharma-
col. 2022;179(12):3061-77.

Biyashev D, Tan F, Chen Z, Zhang K, Deddish PA, Erdos EG, et al. Kal-
likrein activates bradykinin B2 receptors in absence of kininogen. Am J
Physiol Heart Circ Physiol. 2006;290(3):H1244-50.

Prado GN, Taylor L, Zhou X, Ricupero D, Mierke DF, Polgar P. Mechanisms
regulating the expression, self-maintenance, and signaling-function of
the bradykinin B2 and B1 receptors. J Cell Physiol. 2002;193(3):275-86.
Campbell DJ. The kallikrein-kinin system in humans. Clin Exp Pharmacol
Physiol. 2001;28(12):1060-5.

Kaplan AP, Joseph K, Shibayama Y, Nakazawa Y, Ghebrehiwet B, Red-
digari S, et al. Bradykinin formation: plasma and tissue pathways and
cellular interactions. Clin Rev Allergy Immunol. 1998;16(4):403-29.
Lumry WR, Settipane RA. Hereditary angioedema: epidemiology and
burden of disease. Allergy Asthma Proc. 2020;41(Suppl 1):508-513.
Srinivasan S, Kryza T, Batra J, Clements J. Remodelling of the tumour
microenvironment by the kallikrein-related peptidases. Nat Rev Cancer.
2022,22(4):223-38.

Ran X, Zhang Q, Li S, Yu Z, Wan L, Wu B, et al. Tissue kallikrein exacerbat-
ing sepsis-induced endothelial hyperpermeability is highly predictive
of severity and mortality in sepsis. J Inflamm Res. 2021;14:3321-33.
Kishimoto Y, Aoyama M, Saita E, Ikegami Y, Ohmori R, Kondo K, et al.
Associations between plasma kinin B1 receptor levels and the pres-
ence and severity of coronary artery disease. J Atheroscler Thromb.
2021;28(11):1195-203.

Girolami JP, Bouby N, Richer-Giudicelli C, Alhenc-Gelas F. Kinins and
kinin receptors in cardiovascular and renal diseases. Pharmaceuticals.
2021;14(3):240.

Oehmcke-Hecht S, Berlin P, Muller-Hilke B, Kreikemeyer B, Vasudevan

P, Henze L, et al. The versatile role of the contact system in cardiovas-
cular disease, inflammation, sepsis and cancer. Biomed Pharmacother.
2022;145:112429.

Costa-Neto CM, Dillenburg-Pilla P, Heinrich TA, Parreiras-e-Silva LT,
Pereira MG, Reis RI, et al. Participation of kallikrein-kinin system in differ-
ent pathologies. Int Immunopharmacol. 2008;8(2):135-42.

Bakhle YS. How ACE inhibitors transformed the renin-angiotensin
system. Br J Pharmacol. 2020;177(12):2657-65.

Bozkurt B, Nair AP, Misra A, Scott CZ, Mahar JH, Fedson S. Nepri-

lysin inhibitors in heart failure: the science, mechanism of action,
clinical studies, and unanswered questions. JACC Basic Trans! Sci.
2023;8(1):88-105.


https://doi.org/10.1186/s12967-024-05216-5
https://doi.org/10.1186/s12967-024-05216-5

Wisniewski et al. Journal of Translational Medicine

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2024) 22:388

Vaganov AA, Taranushenko TE, Luzan NA, Shchugoreva IA, Kolovskaya
OS, Artyushenko PV, et al. Aptamers regulating the hemostasis system.
Molecules. 2022,27(23):8593.

Kalinin DV. Factor Xll(a) inhibitors: a review of the patent literature.
Expert Opin Ther Pat. 2021;31(12):1155-76.

Searle AK, Chen YC, Wallert M, McFadyen JD, Maluenda AC, Noonan J,
et al. Pharmacological inhibition of factor Xlla attenuates abdominal
aortic aneurysm, reduces atherosclerosis, and stabilizes atherosclerotic
plagues. Thromb Haemost. 2022;122(2):196-207.

Craig TJ, Reshef A, Li HH, Jacobs JS, Bernstein JA, Farkas H, et al.

Efficacy and safety of garadacimab, a factor Xlla inhibitor for heredi-
tary angioedema prevention (VANGUARD): a global, multicentre,
randomised, double-blind, placebo-controlled, phase 3 trial. Lancet.
2023;401(10382):1079-90.

Papi A, Stapleton RD, Shore PM, Bica MA, Chen Y, Larbig M, et al. Efficacy
and safety of garadacimab in combination with standard of care treat-
ment in patients with severe COVID-19. Lung. 2023;201(2):159-70.

CSL Behring. CSL312 safety, pharmacokinetics, and pharmacodynamics
in idiopathic pulmonary fibrosis. CSL Behring; 2024. https://classic.clini
caltrials.gov/ct2/show/NCT05130970?term=garadacimab&draw=2&
rank=6. Accessed 15 Mar 2024

CSL Behring. A clinical study to test the efficacy and safety of CSL312 on
catheter-associated blood clot formation in subjects with cancer who
receive chemotherapy through a PICC line. CSL Behring; 2020. https://
classic.clinicaltrials.gov/ct2/show/NCT04281524?term=garadacimab&
draw=2&rank=5. Accessed 15 Mar 2024

Bioxodes SA. A study to evaluate the safety, tolerability and the effects
of ixodes ricinus-contact phase inhibitor (Ir-CPI) in adult patients with
spontaneous intracerebral haemorrhage (BIRCH). Bioxodes S. A.; 2023.
https://classic.clinicaltrials.gov/ct2/show/NCT05970224term=ir-cpi&
draw=2&rank=1. Accessed 1 Aug 2023

Bioxodes SA. A study to evaluate the safety, tolerability, pharmacokinet-
ics, and pharmacodynamics of Ir-CPl in healthy male subjects. 2020.
https://classic.clinicaltrials.gov/show/NCT04653766. Accessed 29 June
2023

Pireaux V, Tassignon J, Demoulin S, Derochette S, Borenstein N, Ente A,
et al. Anticoagulation with an inhibitor of factors Xla and Xlla during
cardiopulmonary bypass. J Am Coll Cardiol. 2019;74(17):2178-89.

Wilbs J, Kong XD, Middendorp SJ, Prince R, Cooke A, Demarest CT, et al.
Cyclic peptide FXIl inhibitor provides safe anticoagulation in a throm-
bosis model and in artificial lungs. Nat Commun. 2020;11(1):3890.
Naito N, Ukita R, Wilbs J, Wu K, Lin X, Carleton NM, et al. Combination of
polycarboxybetaine coating and factor Xll inhibitor reduces clot forma-
tion while preserving normal tissue coagulation during extracorporeal
life support. Biomaterials. 2021;272:120778.

Mason SKJAN A, Sexton DJ, Comeau SR, Adelman B. A monoclonal
antibody inhibitor of factor Xlla. European Patent Office; 2021. https://
data.epo.org/publication-server/document?iDocld=6709466&iForm
at=0. Accessed 12 Dec 2023

Liu J, Cooley BC, Akinc A, Butler J, Borodovsky A. Knockdown of
liver-derived factor Xl by GalNAc-siRNA ALN-F12 prevents throm-
bosis in mice without impacting hemostatic function. Thromb Res.
2020;196:200-5.

Liu J, Qin J, Borodovsky A, Racie T, Castoreno A, Schlegel M, et al. An
investigational RNAI therapeutic targeting Factor XII (ALN-F12) for the
treatment of hereditary angioedema. RNA. 2019;25(2):255-63.
Arrowhead Pharmaceuticals. Arrowhead pharmaceuticals presents new
data on ARC-F12 and ARC-LPA using DPCsqTM subcutaneous RNAi
delivery vehicle. Arrowhead Pharmaceuticals, Inc; 2016. https://irarrow
headpharma.com/news-releases/news-release-details/arrowhead-
pharmaceuticals-presents-new-data-arc-f12-and-arc-lpa. Accessed 29
June 2023

Clermont AC, Murugesan N, Edwards HJ, Lee DK, Bayliss NP, Duckworth
EJ, et al. Oral FXlla inhibitor KV998086 suppresses FXlla and single
chain FXII mediated kallikrein kinin system activation. Front Pharmacol.
2023;14:1287487.

KalVista Pharmaceuticals Inc. Factor Xlla. Kalvista; 2023. https://www.
kalvista.com/products-pipeline/factor-xiia. Accessed 1 Aug 2023

Kraft P, Schwarz T, Pochet L, Stoll G, Kleinschnitz C. COU254, a specific
3-carboxamide-coumarin inhibitor of coagulation factor XII, does

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 16 of 19

not protect mice from acute ischemic stroke. Exp Transl Stroke Med.
2010;2(1):5.

Barbieri CM, Wang X, Wu W, Zhou X, Ogawa AM, O'Neill K, et al. Factor
Xlla as a novel target for thrombosis: target engagement requirement
and efficacy in a rabbit model of microembolic signals. J Pharmacol Exp
Ther. 2017;360(3):466-75.

Krupka J, May F, Weimer T, Pragst |, Kleinschnitz C, Stoll G, et al. The
coagulation factor Xlla inhibitor rHA-infestin-4 improves outcome
after cerebral ischemia/reperfusion injury in rats. PLoS ONE. 2016;11(1):
e0146783.

Hopp S, Albert-Weissenberger C, Mencl S, Bieber M, Schuhmann MK,
Stetter C, et al. Targeting coagulation factor Xll as a novel therapeutic
option in brain trauma. Ann Neurol. 2016;79(6):970-82.

Xu'Y, Cai TQ, Castriota G, Zhou Y, Hoos L, Jochnowitz N, et al. Factor Xlla
inhibition by Infestin-4: in vitro mode of action and in vivo antithrom-
botic benefit. Thromb Haemost. 2014;111(4):694—-704.

Zhang Z, Shen C, Fang M, Han Y, Long C, Liu W, et al. Novel contact-
kinin inhibitor sylvestin targets thromboinflammation and ameliorates
ischemic stroke. Cell Mol Life Sci. 2022;79(5):240.

Cohen O, Ageno W. Coming soon to a pharmacy near you? FXIand
FXIl'inhibitors to prevent or treat thromboembolism. Hematol Am Soc
Hematol Educ Program. 2022,2022(1):495-505.

Shariat-Madar Z, Rahimy E, Mahdi F, Schmaier AH. Overexpression

of prolylcarboxypeptidase enhances plasma prekallikrein activa-

tion on Chinese hamster ovary cells. Am J Physiol Heart Circ Physiol.
2005;289(6):H2697-703.

Luft FC. The renin-angiotensin system and prolylcarboxypeptidase. J
Mol Med. 2017;95(5):461-3.

Rabey FM, Gadepalli RS, Diano S, Cheng Q, Tabrizian T, Gailani D,

et al. Influence of a novel inhibitor (UM8190) of prolylcarboxy-
peptidase (PRCP) on appetite and thrombosis. Curr Med Chem.
2012;19(24):4194-206.

Adams GN, LaRusch GA, Stavrou E, Zhou Y, Nieman MT, Jacobs GH,

et al. Murine prolylcarboxypeptidase depletion induces vascular
dysfunction with hypertension and faster arterial thrombosis. Blood.
2011;117(14):3929-37.

Levy RJ, Lumry WR, McNeil DL, Li HH, Campion M, Horn PT, et al.
EDEMA4: a phase 3, double-blind study of subcutaneous ecallantide
treatment for acute attacks of hereditary angioedema. Ann Allergy
Asthma Immunol. 2010;104(6):523-9.

Lumry WR, Bernstein JA, Li HH, MacGinnitie AJ, Riedl M, Soteres DF, et al.
Efficacy and safety of ecallantide in treatment of recurrent attacks of
hereditary angioedema: open-label continuation study. Allergy Asthma
Proc. 2013;34(2):155-61.

Lumry WR, Weller K, Magerl M, Banerji A, Longhurst HJ, Riedl MA, et al.
Impact of lanadelumab on health-related quality of life in patients with
hereditary angioedema in the HELP study. Allergy. 2021;76(4):1188-98.
Banerji A, Bernstein JA, Johnston DT, Lumry WR, Magerl M, Maurer M,
et al. Long-term prevention of hereditary angioedema attacks with
lanadelumab: the HELP OLE Study. Allergy. 2022;77(3):979-90.

BioCryst Pharmaceuticals. BioCryst announces FDA approval of
ORLADEYO™ (berotralstat), first oral, once-daily therapy to prevent
attacks in hereditary angioedema patients. 2020. https://irbiocryst.
com/news-releases/news-release-details/biocryst-announces-fda-
approval-orladeyotm-berotralstat-first. Accessed 3 July 2023

Zuraw B, Lumry WR, Johnston DT, Aygoéren-Pirsin E, Banerji A,
Bernstein JA, et al. Oral once-daily berotralstat for the prevention of
hereditary angioedema attacks: a randomized, double-blind, placebo-
controlled phase 3 trial. J Allergy Clin Immunol. 2021;148(1):164-72.€9.
Riedl MA, Aygoren-Pirsin E, Baker J, Farkas H, Anderson J, Bernstein
JA, et al. Evaluation of avoralstat, an oral kallikrein inhibitor, in a phase
3 hereditary angioedema prophylaxis trial: the OPuS-2 study. Allergy.
2018;73(9):1871-80.

Aygoren-Pursin E, Zanichelli A, Cohn DM, Cancian M, Hakl R, Kinaciyan
T, et al. An investigational oral plasma kallikrein inhibitor for on-
demand treatment of hereditary angioedema: a two-part, randomised,
double-blind, placebo-controlled, crossover phase 2 trial. Lancet.
2023;401(10375):458-69.

KalVista Pharmaceuticals Inc. Sebetralstat for HAE. KalVista Pharmaceu-
ticals Inc; 2023. https://www.kalvista.com/products-pipeline/sebetralst
at-hae. Accessed 12 Dec 2023


https://classic.clinicaltrials.gov/ct2/show/NCT05130970?term=garadacimab&draw=2&rank=6
https://classic.clinicaltrials.gov/ct2/show/NCT05130970?term=garadacimab&draw=2&rank=6
https://classic.clinicaltrials.gov/ct2/show/NCT05130970?term=garadacimab&draw=2&rank=6
https://classic.clinicaltrials.gov/ct2/show/NCT04281524?term=garadacimab&draw=2&rank=5
https://classic.clinicaltrials.gov/ct2/show/NCT04281524?term=garadacimab&draw=2&rank=5
https://classic.clinicaltrials.gov/ct2/show/NCT04281524?term=garadacimab&draw=2&rank=5
https://classic.clinicaltrials.gov/ct2/show/NCT05970224?term=ir-cpi&draw=2&rank=1
https://classic.clinicaltrials.gov/ct2/show/NCT05970224?term=ir-cpi&draw=2&rank=1
https://classic.clinicaltrials.gov/show/NCT04653766
https://data.epo.org/publication-server/document?iDocId=6709466&iFormat=0
https://data.epo.org/publication-server/document?iDocId=6709466&iFormat=0
https://data.epo.org/publication-server/document?iDocId=6709466&iFormat=0
https://ir.arrowheadpharma.com/news-releases/news-release-details/arrowhead-pharmaceuticals-presents-new-data-arc-f12-and-arc-lpa
https://ir.arrowheadpharma.com/news-releases/news-release-details/arrowhead-pharmaceuticals-presents-new-data-arc-f12-and-arc-lpa
https://ir.arrowheadpharma.com/news-releases/news-release-details/arrowhead-pharmaceuticals-presents-new-data-arc-f12-and-arc-lpa
https://www.kalvista.com/products-pipeline/factor-xiia
https://www.kalvista.com/products-pipeline/factor-xiia
https://ir.biocryst.com/news-releases/news-release-details/biocryst-announces-fda-approval-orladeyotm-berotralstat-first
https://ir.biocryst.com/news-releases/news-release-details/biocryst-announces-fda-approval-orladeyotm-berotralstat-first
https://ir.biocryst.com/news-releases/news-release-details/biocryst-announces-fda-approval-orladeyotm-berotralstat-first
https://www.kalvista.com/products-pipeline/sebetralstat-hae
https://www.kalvista.com/products-pipeline/sebetralstat-hae

Wisniewski et al. Journal of Translational Medicine

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

(2024) 22:388

KalVista Pharmaceuticals. KalVista pharmaceuticals announces termina-
tion of KVD824 phase 2 KOMPLETE trial for prophylactic treatment of
hereditary angioedema. KalVista Pharmaceuticals, Inc; 2022. https://ir.
kalvista.com/news-releases/news-release-details/kalvista-pharmaceut
icals-announces-termination-kvd824-phase-2/. Accessed 29 June 2023
Attune Pharmaceuticals. Attune pharmaceuticals announces positive
phase 1 results for ATN-249, an oral plasma kallikrein inhibitor for the
treatment of HAE. Attune Pharmaceuticals. 2019. http://attunepharma.
com/assets/Attune-Phase-1_2019_01_22.pdf. Accessed 30 June 2023
Intellia Therapeutics. NTLA-2002 in adults with hereditary angioedema
(HAE) 2024. https://classic.clinicaltrials.gov/show/NCT05120830.
Accessed 29 June 2023

Intellia Therapeutics. Intellia therapeutics announces positive interim
clinical data for its second systemically delivered investigational CRISPR
candidate, NTLA-2002 for the treatment of hereditary angioedema
(HAE). Intellia Therapeutics; 2023. https://irintelliatx.com/news-relea
ses/news-release-details/intellia-therapeutics-announces-positive-inter
im-clinical-data. Accessed 29 June 2023

Cohn DM, Viney NJ, Fijen LM, Schneider E, Alexander VJ, Xia S, et al.
Antisense inhibition of prekallikrein to control hereditary angioedema.
N Engl J Med. 2020;383(13):1242-7.

Smith TRMD, Clinvest Research LLC, lonis Pharmaceuticals I. Efficacy and
Safety of IONIS-PKKRx for Preventive Treatment of Chronic Migraine.
2019. https://classic.clinicaltrials.gov/show/NCT05691361. Accessed 29
June 2023

lonis Pharmaceuticals Inc. The lonis antisense pipeline. lonis Pharma-
ceuticals®; 2023. https://www.ionispharma.com/ionis-antisense-techn
ology/antisense-pipeline/. Accessed 3 July 2023

Fijen LM, Riedl MA, Bordone L, Bernstein JA, Raasch J, Tachdjian R, et al.
Inhibition of prekallikrein for hereditary angioedema. N Engl J Med.
2022;386(11):1026-33.

ADARx Pharmaceuticals Inc. Safety, tolerability, PK, PD of ADX-324 in
healthy volunteers and hereditary angioedema patients. 2023. https://
classic.clinicaltrials.gov/show/NCT05691361. Accessed 29 June 2023
Kita T, Clermont AC, Murugesan N, Zhou Q, Fujisawa K, Ishibashi T, et al.
Plasma kallikrein-kinin system as a VEGF-independent mediator of
diabetic macular edema. Diabetes. 2015;64(10):3588-99.

KalVista Pharmaceuticals Inc. Study of the intravitreal plasma kallikrein
inhibitor, KYD0OT1, in subjects with center-involving diabetic macular
edema (cCIDME). KalVista Pharmaceuticals Inc; 2021. https://classic.clini
caltrials.gov/ct2/show/results/NCT03466099?view=results. Accessed 7
Mar 2024

Dugel PU, Khanani AM, Berger BB, Patel S, Fineman M, Jaffe GJ, et al.
Phase 1 dose-escalation study of plasma kallikrein inhibitor THR-149
for the treatment of diabetic macular edema. Trans| Vis Sci Technol.
2021;10(14):28.

Mantripragada S, Wang S, Chilcote T, Sinha S. Nonclinical safety and
pharmacology of RZ402, a plasma kallikrein inhibitor, for the treatment
of diabetic macular edema as a daily oral therapy. Invstigative Oph-
talmology & Visual Science; 2020. https://iovs.arvojournals.org/article.
aspx?articleid=2766456. Accessed 8 Mar 2024

Rezolute Inc. Rezolute announces initiation of a phase 2 study of RZ402
in patients with diabetic macular edema: Rezolute Inc; 2022. https://
irrezolutebio.com/news-events/press-releases/detail/310/rezolute-
announces-initiation-of-a-phase-2-study-of-rz402. Accessed 3 July 2023
Vanderbilt University Medical Center. Hemodialysis.-induced hypoten-
sion therapy for end stage kidney disease (Hinder). Vanderbilt University
Medical Center; 2022. https://classic.clinicaltrials.gov/ct2/show/NCT05
297786?term=lanadelumab&draw=3&rank=26. Accessed 30 June 2023
StVincent's Institute of Medical Research. Inhibition of plasma kal-
likrein as a new therapy for lung injury. St Vincent's Institute of Medical
Research; 2021. https://classic.clinicaltrials.gov/ct2/show/NCT04
848272term=lanadelumab&draw=3&rank=25. Accessed 30 June 2023
Scheffel J, Mahnke NA, Hofman ZLM, Maat S, Wu J, Bonnekoh H, et al.
Cold-induced urticarial autoinflammatory syndrome related to factor
Xl activation. Nat Commun. 2020;11(1):179.

KalVista Pharmaceuticals Inc. Oral plasma kallikrein inhibitor KY998052
improves arterial blood oxygenation in a murine model of acute res-
piratory distress syndrome (ARDS). KalVista Pharmaceuticals Inc; 2021.
https://www.kalvista.com/sites/default/files/presentations/Murug

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94,

95.

96.

97.

Page 17 of 19

esan_KV998052_ARDS_%20EAACI%202021_v8.pdf. Accessed 30 June
2023

Murugesan N, Clermont AC, Pethen SJ, Li L, Duckworth EJ, Hampton
SL, et al. Novel oral plasma kallikrein (PKa) inhibitors KV998052 and
KV998054 ameliorate VEGF-induced retinal thickening in a murine
model of retinal edema. Invest Ophthalmol Vis Sci. 2019,60(9):2596.
Clermont A, Murugesan N, Zhou Q, Kita T, Robson PA, Rushbrooke LJ,
et al. Plasma kallikrein mediates vascular endothelial growth factor-
induced retinal dysfunction and thickening. Invest Ophthalmol Vis Sci.
2016;57(6):2390-9.

Calton MA, Ma JA, Igoudin L, Sizikov S, Chang E, Rienzo M, et al.
VE-4840, an oral plasma kallikrein inhibitor, decreases human plasma
kallikrein and VEGF-induced retinal thickening and vascular permeabil-
ity. Invest Ophthalmol Vis Sci. 2019;60(9):2725.

Calton MA, Ma JA, Chang E, Litt J, Chang SS, Estiarte MA, et al. An orally
dosed plasma kallikrein inhibitor decreases retinal vascular perme-
ability in a rat model of diabetic retinopathy. Invest Ophthalmol Vis Sci.
2018;59(9):3576.

Dobrivojevic M, Spiranec K, Sindic A. Involvement of bradykinin

in brain edema development after ischemic stroke. Pflugers Arch.
2015;467(2):201-12.

Storini C, Bergamaschini L, Gesuete R, Rossi E, Maiocchi D, De Simoni
MG. Selective inhibition of plasma kallikrein protects brain from reper-
fusion injury. J Pharmacol Exp Ther. 2006;318(2):849-54.

Sexton DJ, Chen T, Martik D, Kuzmic P, Kuang G, Chen J, et al.

Specific inhibition of tissue kallikrein 1T with a human monoclonal
antibody reveals a potential role in airway diseases. Biochem J.
2009;422(2):383-92.

Fergusson DA, Hebert PC, Mazer CD, Fremes S, MacAdams C, Murkin
JM, et al. A comparison of aprotinin and lysine analogues in high-risk
cardiac surgery. N Engl J Med. 2008;358(22):2319-31.

U.S. Food and Drug Administration. Aprotinin injection (marketed as
Trasylol) information. U.S. Food and Drug Administration; 2008. https://
www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-
providers/aprotinin-injection-marketed-trasylol-information. Accessed
3 July 2023

Deloge E, Amour J, Provenchere S, Rozec B, Scherrer B, Ouattara A.
Aprotinin vs. tranexamic acid in isolated coronary artery bypass surgery:
a multicentre observational study. Eur J Anaesthesiol. 2017,34(5):280-7.
Ebrahim Soltani Z, Hanaei S, Dabbagh Ohadi MA, Maroufi SF, Tayebi
Meybodi K, Khademi S, et al. Safety and efficacy of aprotinin versus
tranexamic acid for reducing absolute blood loss and transfusion in
pediatric patients undergoing craniosynostosis surgery: a rand-
omized, double-blind, three-arm controlled trial. J Neurosurg Pediatr.
2022;29(5):551-9.

Muthialu N, Balakrishnan' S, Sundar R, Muralidharan S. Efficacy of
tranexamic acid as compared to aprotinin in open heart surgery in
children. Ann Card Anaesth. 2015;18(1):23-6.

De Hert S, Ouattara A, Royston D, van der Linden J, Zacharowski K. Use
and safety of aprotinin in routine clinical practice: a European post-
authorisation safety study conducted in patients undergoing cardiac
surgery. Eur J Anaesthesiol. 2022;39(8):685-94.

Redondo-Calvo FJ, Padin JF, Mufioz-Rodriguez JR, Serrano-Oviedo L,
Lépez-Judrez P, Porras Leal ML, et al. Aprotinin treatment against SARS-
CoV-2: a randomized phase Il study to evaluate the safety and efficacy
of a pan-protease inhibitor for moderate COVID-19. Eur J Clin Invest.
2022;52(6): e13776.

Engelen MM, Van Thillo Q, Betrains A, Gyselinck I, Martens CP, Spalart

V, et al. Modulation of thromboinflammation in hospitalized COVID-19
patients with aprotinin, low molecular weight heparin, and anakinra:
The DAWnN-Antico study. Res Pract Thromb Haemost. 2022;6(7): e12826.
Shao YM, Zhang LQ, Deng LH, Yao HG. Clinical study on effects of
ulinastatin on patients with systemic inflammatory response syndrome.
Zhongguo Wei Zhong Bing Ji Jiu Yi Xue. 2005;17(4):228-30.

Abraham P, Rodriques J, Moulick N, Dharap S, Chafekar N, Verma PK,

et al. Efficacy and safety of intravenous ulinastatin versus placebo along
with standard supportive care in subjects with mild or severe acute
pancreatitis. J Assoc Phys India. 2013;61(8):535-8.

Englberger L, Dietrich W, Eberle B, Erdoes G, Keller D, Carrel T. A novel
blood-sparing agent in cardiac surgery? First in-patient experience
with the synthetic serine protease inhibitor MDCO-2010: a phase I,


https://ir.kalvista.com/news-releases/news-release-details/kalvista-pharmaceuticals-announces-termination-kvd824-phase-2/
https://ir.kalvista.com/news-releases/news-release-details/kalvista-pharmaceuticals-announces-termination-kvd824-phase-2/
https://ir.kalvista.com/news-releases/news-release-details/kalvista-pharmaceuticals-announces-termination-kvd824-phase-2/
http://attunepharma.com/assets/Attune-Phase-1_2019_01_22.pdf
http://attunepharma.com/assets/Attune-Phase-1_2019_01_22.pdf
https://classic.clinicaltrials.gov/show/NCT05120830
https://ir.intelliatx.com/news-releases/news-release-details/intellia-therapeutics-announces-positive-interim-clinical-data
https://ir.intelliatx.com/news-releases/news-release-details/intellia-therapeutics-announces-positive-interim-clinical-data
https://ir.intelliatx.com/news-releases/news-release-details/intellia-therapeutics-announces-positive-interim-clinical-data
https://classic.clinicaltrials.gov/show/NCT05691361
https://www.ionispharma.com/ionis-antisense-technology/antisense-pipeline/
https://www.ionispharma.com/ionis-antisense-technology/antisense-pipeline/
https://classic.clinicaltrials.gov/show/NCT05691361
https://classic.clinicaltrials.gov/show/NCT05691361
https://classic.clinicaltrials.gov/ct2/show/results/NCT03466099?view=results
https://classic.clinicaltrials.gov/ct2/show/results/NCT03466099?view=results
https://iovs.arvojournals.org/article.aspx?articleid=2766456
https://iovs.arvojournals.org/article.aspx?articleid=2766456
https://ir.rezolutebio.com/news-events/press-releases/detail/310/rezolute-announces-initiation-of-a-phase-2-study-of-rz402
https://ir.rezolutebio.com/news-events/press-releases/detail/310/rezolute-announces-initiation-of-a-phase-2-study-of-rz402
https://ir.rezolutebio.com/news-events/press-releases/detail/310/rezolute-announces-initiation-of-a-phase-2-study-of-rz402
https://classic.clinicaltrials.gov/ct2/show/NCT05297786?term=lanadelumab&draw=3&rank=26
https://classic.clinicaltrials.gov/ct2/show/NCT05297786?term=lanadelumab&draw=3&rank=26
https://classic.clinicaltrials.gov/ct2/show/NCT04848272?term=lanadelumab&draw=3&rank=25
https://classic.clinicaltrials.gov/ct2/show/NCT04848272?term=lanadelumab&draw=3&rank=25
https://www.kalvista.com/sites/default/files/presentations/Murugesan_KV998052_ARDS_%20EAACI%202021_v8.pdf
https://www.kalvista.com/sites/default/files/presentations/Murugesan_KV998052_ARDS_%20EAACI%202021_v8.pdf
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/aprotinin-injection-marketed-trasylol-information
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/aprotinin-injection-marketed-trasylol-information
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/aprotinin-injection-marketed-trasylol-information

Wisniewski et al. Journal of Translational Medicine

98.

99.

100.

101.

102.

103.

104.

106.

107.

108.

109.

110.

M.

114.

(2024) 22:388

randomized, double-blind, placebo-controlled study in patients under-
going coronary artery bypass grafting with cardiopulmonary bypass.
Anesth Analg. 2014;119(1):16-25.

The Medicines Company. Phase Il study to compare MDCO-2010 vs
placebo and tranexamic acid in patients undergoing cardiac surgery.
2012. https://classic.clinicaltrials.gov/show/NCT01530399. Accessed 29
June 2023

Szabo G, Veres G, Radovits T, Haider H, Krieger N, Bahrle S, et al. The
novel synthetic serine protease inhibitor CU-2010 dose-dependently
reduces postoperative blood loss and improves postischemic recovery
after cardiac surgery in a canine model. J Thorac Cardiovasc Surg.
2010;139(3):732-40.

Dong Y, Qu J, Zhang Z, Wang C, Dong Q. Human urinary kallidinoge-
nase in treating acute ischemic stroke patients: analyses of pooled data
from a randomized double-blind placebo-controlled phase Ilb and
phase Il clinical trial. Neurol Res. 2020;42(4):286-90.

Ni J,Yao M, Wang LH, Yu M, Li RH, Zhao LH, et al. Human urinary kallidi-
nogenase in acute ischemic stroke: a single-arm, multicenter, phase IV
study (RESK study). CNS Neurosci Ther. 2021;27(12):1493-503.

ShiR, Zhang R, Yang F, Lin M, Li M, Liu L, et al. Tissue kallikrein prevents
restenosis after stenting of severe atherosclerotic stenosis of the middle
cerebral artery: a randomized controlled trial. Medicine. 2016;95(6):
€2809.

DiaMedica Therapeutics Inc. DiaMedica therapeutics announces clini-
cal hold of its phase 2/3 ReMEDy?2 clinical trial for DM199. DiaMedica
Therapeutics Inc; 2022. https://www.diamedica.com/investors/press-
releases/detail/1646/diamedica-therapeutics-announces-clinical-hold-
of-its-phase. Accessed 29 June 2023

DiaMedica Therapeutics Inc. DiaMedica therapeutics announces that
the FDA has removed the clinical hold on DM199 phase 2/3 trial for
ischemic stroke. DiaMedica Therapeutics Inc; 2023. https://www.diame
dica.com/investors/press-releases/detail/1664/diamedica-therapeuti
cs-announces-that-the-fda-has-removed. Accessed 30 June 2023
DiaMedica Therapeutics Inc. A study to evaluate the safety and effec-
tiveness of DM199 in healthy subjects and type 2 diabetes patients.
2014. https://classic.clinicaltrials.gov/show/NCT01845064. Accessed 29
June 2023

DiaMedica Therapeutics Inc. Multiple doses of DM199 in patients with
chronic kidney disease (REDUX). 2022.

Kaplan AP, Joseph K. The bradykinin-forming cascade and its

role in hereditary angioedema. Ann Allergy Asthma Immunol.
2010;104(3):193-204.

Zuraw BL, Lotz M. Regulation of the hepatic synthesis of C1 inhibitor by
the hepatocyte stimulating factors interleukin 6 and interferon gamma.
J Biol Chem. 1990;265(21):12664-70.

Yeung Laiwah AC, Jones L, Hamilton AO, Whaley K. Complement-
subcomponent-Cl-inhibitor synthesis by human monocytes. Biochem
J.1985,226(1):199-205.

Maurer M, Magerl M, Betschel S, Aberer W, Ansotegui 1J, Aygoren-
Parsun E, et al. The international WAO/EAACI guideline for the manage-
ment of hereditary angioedema-The 2021 revision and update. Allergy.
2022;77(7):1961-90.

Craig T, Shapiro R, Vegh A, Baker JW, Bernstein JA, Busse P, et al. Efficacy
and safety of an intravenous C1-inhibitor concentrate for long-term
prophylaxis in hereditary angioedema. Allergy Rhinol. 2017;8(1):13-9.
Craig T, Feuersenger H, Pragst |, Dang J. Prophylactic therapy with
subcutaneous Cl-inhibitor is associated with sustained symptom
control in patients with hereditary angioedema. Allergy Asthma Proc.
2022;43(3):202-8.

Lumry WR, Zuraw B, Cicardi M, Craig T, Anderson J, Banerji A, et al. Long-
term health-related quality of life in patients treated with subcutane-
ous Cl-inhibitor replacement therapy for the prevention of hereditary
angioedema attacks: findings from the COMPACT open-label extension
study. Orphanet J Rare Dis. 2021;16(1):86.

Huang E, Vo A, Choi J, Ammerman N, Lim K, Sethi S, et al. Three-year
outcomes of a randomized, double-blind, placebo-controlled study
assessing safety and efficacy of C1 esterase inhibitor for prevention of
delayed graft function in deceased donor kidney transplant recipients.
Clin J Am Soc Nephrol. 2020;15(1):109-16.

Takeda (Shire). A Multicenter study to evaluate the efficacy and safety
of Cinryze® for the treatment of acute antibody-mediated rejection in

117.

118.

121.

124.

125.

126.

127.

128.

131.

132

133.

Page 18 of 19

participants with kidney transplant. Takeda (Shire); 2020. https://classic.
clinicaltrials.gov/ct2/show/NCT02547220?term=c1+inhibitor&draw=
2&rank=31. Accessed 30 June 2023

Strassen U, Bas M, Wirth M, Wirth M, Groger M, Stelter K, et al. Efficacy of
human C1 esterase inhibitor concentrate for treatment of ACE-inhibitor
induced angioedema. Am J Emerg Med. 2023;64:121-8.

Valerieva A, Staevska MT, Grivcheva-Panovska V, Jesenak M, Kohalmi

KV, Hrubiskova K, et al. Recombinant human C1 esterase inhibitor for
hereditary angioedema attacks: a European registry. World Allergy
Organ J. 2021;14(4):100535.

Melamed IR, Miranda H, Heffron M, Harper JR. Recombinant human

C1 esterase inhibitor for the management of adverse events related to
intravenous immunoglobulin infusion in patients with common vari-
able immunodeficiency or polyneuropathy: a pilot open-label study.
Front Immunol. 2021;12:632744.

University Hospital Basel Switzerland. Recombinant human C1 esterase
inhibitor (Conestat Alfa) in the prevention of acute ischemic cerebral
and renal events after transcatheter aortic valve implantation (PAIR-
TAVI). University Hospital, Basel, Switzerland; 2021. https://classic.clini
caltrials.gov/ct2/show/NCT05145283?term=c1+inhibitor&draw=2&
rank=61. Accessed 30 June 2023

BioMarin Pharmaceutical. A gene therapy study of BMN 331 in subjects
with hereditary angioedema. 2028. https://classic.clinicaltrials.gov/
show/NCT05121376. Accessed 29 June 2023

Bas M. Clinical efficacy of icatibant in the treatment of acute heredi-
tary angioedema during the FAST-3 trial. Expert Rev Clin Immunol.
2012;8(8):707-17.

Longhurst HJ, Aberer W, Bouillet L, Caballero T, Fabien V, Zanichelli A,

et al. Analysis of characteristics associated with reinjection of icatibant:
results from the icatibant outcome survey. Allergy Asthma Proc.
2015;36(5):399-406.

Bas M, Greve J, Stelter K, Havel M, Strassen U, Rotter N, et al. A rand-
omized trial of icatibant in ACE-inhibitor-induced angioedema. N Engl J
Med. 2015;372(5):418-25.

Sinert R, Levy P, Bernstein JA, Body R, Sivilotti MLA, Moellman J, et al.
Randomized trial of icatibant for angiotensin-converting enzyme
inhibitor-induced upper airway angioedema. J Allergy Clin Immunol
Pract. 2017;5(5):1402-9.e3.

Gamboa JL, Mambungu CA, Clagett AR, Nian H, Yu C, Ikizler TA, et al.
Bradykinin B(2) receptor blockade and intradialytic hypotension. BMC
Nephrol. 2023;24(1):134.

Gamboa J. Prevention of intradialytic hypotension by inhibiting brady-
kinin B2 receptor. Jorge Gamboa, Vanderbilt University Medical Center;
2023. https://clinicaltrials.gov/study/NCT05834777term=intradyalitic%
20hypotension&rank=8. Accessed 2 Aug 2023

Pharvaris N.V. Pharvaris announces fda removal of clinical hold of
deucrictibant for the on-demand treatment of HAE. Pharvaris N.V; 2023.
https:/irpharvaris.com/news-releases/news-release-details/pharvaris-
announces-fda-removal-clinical-hold-deucrictibant. Accessed 29 June
2023

Marmarou A, Nichols J, Burgess J, Newell D, Troha J, Burnham D, et al.
Effects of the bradykinin antagonist Bradycor (deltibant, CP-1027) in
severe traumatic brain injury: results of a multi-center, randomized,
placebo-controlled trial: American Brain Injury Consortium Study
Group. J Neurotrauma. 1999;16(6):431-44.

Shakur H, Andrews P, Asser T, Balica L, Boeriu C, Quintero JD, et al. The
BRAIN TRIAL: a randomised, placebo controlled trial of a bradykinin B2
receptor antagonist (Anatibant) in patients with traumatic brain injury.
Trials. 2009;10:109.

Menarini Group. Fasitibant intra-articular injection in patients with
symptomatic osteoarthritis of the knee. 2015. https://classic.clinicaltr
ials.gov/show/NCT02205814. Accessed 29 June 2023

Ivashkova'Y, Svetnitsky A, Mayzler O, Pruneau D, Benifla M, Fuxman'Y,

et al. Bradykinin B2 receptor antagonism with LF 18-1505T reduces
brain edema and improves neurological outcome after closed head
trauma in rats. J Trauma. 2006;61(4):879-85.

Soley BDS, Silva LM, Mendes D, Bafica A, Pesquero JB, Bader M, et al. B(1)
and B(2) kinin receptor blockade improves psoriasis-like disease. Br J
Pharmacol. 2020;177(15):3535-51.

Burgess GM, Perkins MN, Rang HP, Campbell EA, Brown MC, McIntyre

P, et al. Bradyzide, a potent non-peptide B(2) bradykinin receptor


https://classic.clinicaltrials.gov/show/NCT01530399
https://www.diamedica.com/investors/press-releases/detail/1646/diamedica-therapeutics-announces-clinical-hold-of-its-phase
https://www.diamedica.com/investors/press-releases/detail/1646/diamedica-therapeutics-announces-clinical-hold-of-its-phase
https://www.diamedica.com/investors/press-releases/detail/1646/diamedica-therapeutics-announces-clinical-hold-of-its-phase
https://www.diamedica.com/investors/press-releases/detail/1664/diamedica-therapeutics-announces-that-the-fda-has-removed
https://www.diamedica.com/investors/press-releases/detail/1664/diamedica-therapeutics-announces-that-the-fda-has-removed
https://www.diamedica.com/investors/press-releases/detail/1664/diamedica-therapeutics-announces-that-the-fda-has-removed
https://classic.clinicaltrials.gov/show/NCT01845064
https://classic.clinicaltrials.gov/ct2/show/NCT02547220?term=c1+inhibitor&draw=2&rank=31
https://classic.clinicaltrials.gov/ct2/show/NCT02547220?term=c1+inhibitor&draw=2&rank=31
https://classic.clinicaltrials.gov/ct2/show/NCT02547220?term=c1+inhibitor&draw=2&rank=31
https://classic.clinicaltrials.gov/ct2/show/NCT05145283?term=c1+inhibitor&draw=2&rank=61
https://classic.clinicaltrials.gov/ct2/show/NCT05145283?term=c1+inhibitor&draw=2&rank=61
https://classic.clinicaltrials.gov/ct2/show/NCT05145283?term=c1+inhibitor&draw=2&rank=61
https://classic.clinicaltrials.gov/show/NCT05121376
https://classic.clinicaltrials.gov/show/NCT05121376
https://clinicaltrials.gov/study/NCT05834777?term=intradyalitic%20hypotension&rank=8
https://clinicaltrials.gov/study/NCT05834777?term=intradyalitic%20hypotension&rank=8
https://ir.pharvaris.com/news-releases/news-release-details/pharvaris-announces-fda-removal-clinical-hold-deucrictibant
https://ir.pharvaris.com/news-releases/news-release-details/pharvaris-announces-fda-removal-clinical-hold-deucrictibant
https://classic.clinicaltrials.gov/show/NCT02205814
https://classic.clinicaltrials.gov/show/NCT02205814

Wisniewski et al. Journal of Translational Medicine

134.

135.

136.

137.

138.

139.

140.

142.

143.

144.

145.

146.

147.

148.

(2024) 22:388

antagonist with long-lasting oral activity in animal models of inflamma-
tory hyperalgesia. Br J Pharmacol. 2000;129(1):77-86.

Warren K, Jakacki R, Widemann B, Aikin A, Libucha M, Packer R, et al.
Phase Il trial of intravenous lobradimil and carboplatin in childhood
brain tumors: a report from the Children’s Oncology Group. Cancer
Chemother Pharmacol. 2006;58(3):343-7.

Prados MD, Schold SC Jr, Fine HA, Jaeckle K, Hochberg F, Mechtler L,

et al. A randomized, double-blind, placebo-controlled, phase 2 study
of RMP-7 in combination with carboplatin administered intrave-
nously for the treatment of recurrent malignant glioma. Neuro Oncol.
2003;5(2):96-103.

Savard M, Labonté J, Dubuc C, Neugebauer W, D'Orléans-Juste P, Gobeil
F Jr. Further pharmacological evaluation of a novel synthetic peptide
bradykinin B2 receptor agonist. Biol Chem. 2013;394(3):353-60.
Rodriguez-Masso SR, Erickson MA, Banks WA, Ulrich H, Martins AH. The
bradykinin B2 receptor agonist (NG291) causes rapid onset of transient
blood-brain barrier disruption without evidence of early brain injury.
Front Neurosci. 2021;15:791709.

Coté J, Savard M, Bovenzi V, Dubuc C, Tremblay L, Tsanaclis AM, et al.
Selective tumor blood-brain barrier opening with the kinin B2 receptor
agonist [Phe(8)psi(CH(2)NH)Arg(9)]-BK in a F98 glioma rat model: an
MRI study. Neuropeptides. 2010;44(2):177-85.

Sharif NA, Katoli P, Scott D, Li L, Kelly C, Xu S, et al. FR-190997, a nonpep-
tide bradykinin B2-receptor partial agonist, is a potent and efficacious
intraocular pressure lowering agent in ocular hypertensive cynomolgus
monkeys. Drug Dev Res. 2014;75(4):211-23.

Blaukat A, Alla SA, Lohse MJ, Mller-Esterl W. Ligand-induced phospho-
rylation/dephosphorylation of the endogenous bradykinin B2 receptor
from human fibroblasts. J Biol Chem. 1996;271(50):32366-74.

Shen J, Zhang D, FuY, Chen A, Yang X, Zhang H. Cryo-EM structures of
human bradykinin receptor-G(q) proteins complexes. Nat Commun.
2022;13(1):714.

Qadri F, Bader M. Kinin B1 receptors as a therapeutic target for inflam-
mation. Expert Opin Ther Targets. 2018;22(1):31-44.

Gashaw |, Ellinghaus P, Sommer A, Asadullah K. What makes a good
drug target? Drug Discov Today. 2011;16(23-24):1037-43.

Lang GE, Tadayoni R, Tang W, Barth C, Weiss-Haljiti C, Chong V. Brady-
kinin 1 receptor antagonist BI1026706 does not reduce central retinal
thickness in center-involved diabetic macular edema. Transl Vis Sci
Technol. 2020;9(4):25.

Pouliot M, Talbot S, Sénécal J, Dotigny F, Vaucher E, Couture R. Ocular
application of the kinin B1 receptor antagonist LF22-0542 inhibits
retinal inflammation and oxidative stress in streptozotocin-diabetic rats.
PLoS ONE. 2012;7(3): e33864.

Bayer. A study to learn how the study treatment BAY2395840 moves
into, through and out of the body, how safe it is, and how it affects

the body in participants with moderate reduced kidney function and
in healthy male and female participants with normal kidney function.
2023. https://classic.clinicaltrials.gov/show/NCT05406219. Accessed 29
June 2023

Bayer. A randomized, double-blind, cross-over, placebo-controlled,
multi-center, Phase 2a study to assess the safety and efficacy of BAY
2395840 in patients with diabetic neuropathic pain. Bayer; 2023.
https://s3.amazonaws.com/ctr-bsp-7261/19636/0f58578e-d20b-4b1d-
9528-bb67cce0080e/a00596b3-f0e8-46ab-9047-6886ff91ec9f/19636_
Study_Synopsis_CTP-v3.pdf. Accessed 20 Nov 2023

Hachana S, Bhat M, Sénécal J, Huppé-Gourgues F, Couture R, Vaucher
E. Expression, distribution and function of kinin B(1) receptor in the rat
diabetic retina. Br J Pharmacol. 2018;175(6):968-83.

Kuduk SD, Di Marco CN, Chang RK, Wood MR, Schirripa KM, Kim JJ, et al.
Development of orally bioavailable and CNS penetrant biphenylamino-
cyclopropane carboxamide bradykinin B1 receptor antagonists. J Med
Chem. 2007;50(2):272-82.

Fox A, Kaur S, Li B, Panesar M, Saha U, Davis C, et al. Antihyperalgesic
activity of a novel nonpeptide bradykinin B1 receptor antagonist in
transgenic mice expressing the human B1 receptor. Br J Pharmacol.
2005;144(7):889-99.

Mason GS, Cumberbatch MJ, Hill RG, Rupniak NM. The bradykinin B1
receptor antagonist B9858 inhibits a nociceptive spinal reflex in rabbits.
Can J Physiol Pharmacol. 2002;80(4):264-8.

152.

153.

154.

155.

156.

157.

160.

161.

162.

163.

Page 19 of 19

Hawkinson JE, Szoke BG, Garofalo AW, Hom DS, Zhang H, Dreyer M,

et al. Pharmacological, pharmacokinetic, and primate analgesic efficacy
profile of the novel bradykinin B1 Receptor antagonist ELN441958. J
Pharmacol Exp Ther. 2007;322(2):619-30.

Pietrovski EF, Otuki MF, Regoli D, Bader M, Pesquero JB, Cabrini DA, et al.
The non-peptide kinin receptor antagonists FR 173657 and SSR 240612:
preclinical evidence for the treatment of skin inflammation. Regul Pept.
2009;152(1-3):67-72.

Sancho-Bru P, Bataller R, Fernandez-Varo G, Moreno M, Ramalho

LN, Colmenero J, et al. Bradykinin attenuates hepatocellular dam-

age and fibrosis in rats with chronic liver injury. Gastroenterology.
2007;133(6):2019-28.

Rampa DR, Feng H, Allur-Subramaniyan S, Shim K, Pekcec A, Lee

D, et al. Kinin B1 receptor blockade attenuates hepatic fibrosis and
portal hypertension in chronic liver diseases in mice. J Transl Med.
2022;20(1):590.

Lehmberg J, Beck J, Baethmann A, Uhl E. Influence of the bradykinin
B1/B2-receptor-antagonist B 9430 on the cerebral microcirculation

and outcome of gerbils from global cerebral ischemia. Acta Neurochir
Suppl. 2000;76:39-41.

Savard M, Coté J, Tremblay L, Neugebauer W, Regoli D, Gariépy S, et al.
Safety and pharmacokinetics of a kinin B1 receptor peptide agonist
produced with different counter-ions. Biol Chem. 2016;397(4):365-72.
Coté J, BovenziV, Savard M, Dubuc C, Fortier A, Neugebauer W, et al.
Induction of selective blood-tumor barrier permeability and macromo-
lecular transport by a biostable kinin B1 receptor agonist in a glioma rat
model. PLoS ONE. 2012;7(5): e37485.

Pesquero JB, Pesquero JL, Oliveira SM, Roscher AA, Metzger R, Ganten
D, et al. Molecular cloning and functional characterization of a

mouse bradykinin B1 receptor gene. Biochem Biophys Res Commun.
1996,220(1):219-25.

Ni A, Chai KX, Chao L, Chao J. Molecular cloning and expression of rat
bradykinin B1 receptor. Biochim Biophys Acta. 1998;1442(2-3):177-85.
Yin YL, Ye C, Zhou F, Wang J, Yang D, Yin W, et al. Molecular basis for
kinin selectivity and activation of the human bradykinin receptors. Nat
Struct Mol Biol. 2021,28(9):755-61.

Levy M, Mealy MA. Purified human C1-esterase inhibitor is safe in acute
relapses of neuromyelitis optica. Neurol Neuroimmunol Neuroinflamm.
2014;1(1): e5.

lonis Pharmaceuticals Inc. Antisense therapy to block the kallikrein-
kinin pathway in COVID-19 (ASKCOV). lonis pharmaceuticals; 2022.
https:/classic.clinicaltrials.gov/ct2/show/NCT04549922?cond=Covid
19&sfpd_s=09%2F15%2F2020&sfpd_e=09%2F 18%2F2020&draw=2.
Accessed 30 June 2023

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://classic.clinicaltrials.gov/show/NCT05406219
https://s3.amazonaws.com/ctr-bsp-7261/19636/0f58578e-d20b-4b1d-9528-bb67cce0080e/a00596b3-f0e8-46ab-9047-6886ff91ec9f/19636_Study_Synopsis_CTP-v3.pdf
https://s3.amazonaws.com/ctr-bsp-7261/19636/0f58578e-d20b-4b1d-9528-bb67cce0080e/a00596b3-f0e8-46ab-9047-6886ff91ec9f/19636_Study_Synopsis_CTP-v3.pdf
https://s3.amazonaws.com/ctr-bsp-7261/19636/0f58578e-d20b-4b1d-9528-bb67cce0080e/a00596b3-f0e8-46ab-9047-6886ff91ec9f/19636_Study_Synopsis_CTP-v3.pdf
https://classic.clinicaltrials.gov/ct2/show/NCT04549922?cond=Covid19&sfpd_s=09%2F15%2F2020&sfpd_e=09%2F18%2F2020&draw=2
https://classic.clinicaltrials.gov/ct2/show/NCT04549922?cond=Covid19&sfpd_s=09%2F15%2F2020&sfpd_e=09%2F18%2F2020&draw=2

	Recent advances in the discovery and development of drugs targeting the kallikrein-kinin system
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	MethodsData collection
	Results and discussion
	Search results
	Coagulation factor XII
	Approved drugs
	Drug candidates in clinical development
	Drug candidates in preclinical development

	Prolylcarboxypeptidase (PRCP)
	Drug candidates in preclinical development

	Plasma and tissue kallikrein
	Selective inhibitors of plasma kallikrein
	Selective inhibitors of tissue kallikrein
	Broad-spectrum protease inhibitors
	Enzyme replacement of tissue kallikrein
	Approved drugs 
	Drug candidates in clinical development 

	C1 esterase inhibitor
	Approved drugs 
	Drug candidates in clinical development 


	B2 receptor
	Antagonists
	Approved drugs 
	Drug candidates in clinical development 
	Drug candidates in preclinical development 

	Agonists
	Drug candidates in clinical development 
	Drug candidates in preclinical development 


	B1 receptor
	Antagonists
	Drug candidates in clinical development 
	Drug candidates in preclinical development 

	Agonists
	Drug candidates in preclinical development 



	Conclusion
	Acknowledgements
	References


