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Abstract

C1 inhibitor (C1Inh) is a serine protease inhibitor involved in the kallikrein-kinin system, the complement system, the coagulation system, and
the fibrinolytic system. In addition to the plasma leakage observed in hereditary angioedema (HAE), C1Inh deficiency may also affect these sys-
tems, which are important for thrombosis and inflammation. The aim of this study was to investigate the thromboinflammatory load in C1Inh de-
ficiency. We measured 27 cytokines including interleukins, chemokines, interferons, growth factors, and regulators using multiplex technology.
Complement activation (C4d, C3bc, and sC5b-C9/TCC), haemostatic markers (p-thromboglobulin (B-TG), thrombin-antithrombin complexes (TAT),
prothrombin fragment 1 + 2 (F1 + 2), active plasminogen activator inhibitor-1 (PAI-1), and the neutrophil activation marker myeloperoxidase
(MPO) were measured by enzyme immunoassays. Plasma and serum samples were collected from 20 patients with HAE type 1 or 2 in clinical
remission and compared with 20 healthy age- and sex-matched controls. Compared to healthy controls, HAE patients had significantly higher
levels of tumour necrosis factor (TNF), interleukin (IL)-18, 12, 14, 1L-6, -7, L9, 112, and IL-17A, chemokine ligand (CXCL) 8, chemokine ligand
(CCL) 3, CCL4, IL:1 receptor antagonist (Il-1RA), granulocyte-macrophage colony-stimulating factor (GM-CSF), fibroblast growth factor (FGF) 2
and platelet-derived growth factor (PDGF)-BB. HAE patients also had higher levels of TAT and F1 + 2. Although granulocyte colony-stimulating
factor (G-CSF), B-TG and PAI-1 were higher in HAE patients, the differences did not reach statistical significance after correction for multiple
testing. In conclusion, C1Inh deficiency is associated with an increased baseline thromboinflammatory load. These findings may reflect that HAE
patients are in a subclinical attack state outside of clinically apparent oedema attacks.
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Abbreviations: 3-TG: 3-thromboglobulin; B2R: bradykinin 2 receptor; C1Inh: C1 Inhibitor; CCL: chemokine (C-C motif) ligand; CXCL: chemokine (C-X-C motif) ligand;
ELISA: enzyme-linked immunosorbent assay; F1 + 2: prothrombin fragment 1 + 2; FGF: fibroblast growth factor; FXI: factor XI; FXII: factor XlI; FXlla: activated
factor XII; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-stimulating factor; HAE: hereditary angioedema; HMWK:
high molecular weight kininogen; IFN: interferon; IL: interleukin; IL-1-RA: IL-1 receptor antagonist; mAb: monoclonal antibody; MCP: monocyte chemoattractant
protein; MIP: macrophage inflammatory protein; MPO: myeloperoxidase; PAI-1: plasminogen activator inhibitor-1; PAR1: protease-activated receptor 1; PDGF:
platelet-derived growth factor; PK: plasma kallikrein; SLE: systemic lupus erythematosus; TCC: terminal C5b-9 complement complex; TNF: tumour necrosis
factor; VTE: venous thromboembolism.

Introduction pathophysiology is not related to C1Inh deficiency, have also
been identified [4].

ClInh is the main regulator of the kallikrein-kinin system.
Here, it inhibits plasma kallikrein (PK) [5], a serine protease

Hereditary angioedema (HAE) is a rare genetic condition af-
fecting approximately 1 in 50 000 people worldwide. HAE

is characterized by spontaneous or traumatically induced b bradvkinin th b vt .
angioedemas of skin and mucus membranes [1]. that generates bradykinin through its proteolytic action on

The underlying cause of this condition is a lack of func- high molec.ular. Wei_ght kininogen (HMW,K) (6] (Fig. 1).
tional C1 inhibitor (C1Inh) due to mutations in the SERPIN The kallikrein-kinin system is closely linked to the contact
G1 gene, resulting in either a quantitative or qualitative def- system, with PK playing a central rqleﬂm both [7] (Fig. 1).
icit of Cl1Inh [2]. HAE type 1 refers to a quantitative deficit The contact system ro.f:fe.r S to a pro-inflammatory and pro-
with low plasma C1Inh levels, whereas HAE type 2 refers to coagulant system consisting ‘of the serine proteases factor XII
a qualitative deficit with dysfunctional C1Inh, even with high (EXII) and factor XI (FXI), in addition to PK [8]. Upon con-

plasma concentrations [3]. Other types of HAE, in which the tact system activation, activated FXII (FXIIa) and PK recip-
rocally activate each other, creating a positive feedback loop
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Figure 1. Pathways. An overview of the systems affected by C1 inhibitor deficiency in which the contact and kallikrein-kinin systems are dysregulated.
Downstream, this leads to increased activation of procoagulant and proinflammatory mediators. There are also significant interactions between these
mediators, resulting in increased thromboinflammation. Abbreviations: TAT: thrombin-antithrombin complexes; F1 + 2: prothrombin fragment 1 + 2;
FGF2: fibroblast growth factor 2; p-TG: p-thromboglobulin; CCL: C-C chemokine ligand; PDGFBB: platelet-derived growth factor BB; PAI-1: plasminogen
activator inhibitor-1; TNF: tumour necrosis factor; IL: interleukin; CXCL: C-X-C chemokine ligand; IL: interleukin; G-CSF: granulocyte colony-stimulating

factor; GM-CSF: granulocyte-macrophage colony-stimulating factor

between the contact and kallikrein-kinin systems [7] (Fig. 1).
ClInh inhibits all three proteases in the contact system [9,
10], and its deficiency leads to uncontrolled contact system
activation [11]. Contact system dysregulation is likely to be
central to the HAE pathogenesis, as selective inhibition of
FXIIa has recently been shown to be effective in preventing
HAE attacks [12].

Inadequate regulation of the kallikrein-kinin and con-
tact systems by ClInh causes excessive production of the
nonapeptide bradykinin which acts on endothelial bradykinin
2 receptors (B2R). B2R promote vascular permeability and
their uncontrolled activation causes the swellings character-
istic of HAE [13].

CllInh also plays a role in the classical and lectin comple-
ment pathways [14, 15] and was indeed named for its inhibi-
tory effect on complement factors Clr and Cls [16]. C1Inh
thus acts as a regulator of the autocatalytic activation of
Clgrs. In ClInh deficiency, this autocatalysis of C1 proceeds
largely uninhibited [17], leading to downstream consumption
of complement factors C2 and C4 [18]. In contrast, C3 levels
are within the normal range [19], and activation of C3 and
the terminal C5b-9 (TCC) pathway are modestly or not in-
creased [20, 21].

Furthermore, ClInh inhibits plasmin and tissue plas-
minogen activator in the fibrinolytic system and thrombin in
the coagulation system [22-24].

Bradykinin, in addition to its vasoactive effects, also has
pro-inflammatory properties, promoting the upregulation
of cytokines such as TNEF, IL-1p, IL-2, IL-6, IL-10, CCL2,
and CXCLS8 (IL-8) [25]. Bradykinin has also been shown to
upregulate growth factors such as G-CSF and GM-CSF in
vitro [26]. While bradykinin itself is impractical to measure

directly due to its short plasma half-life [27], measurements
of cleaved bradykinin precursors or metabolites (bradykinin
1-5) suggest that HAE patients have elevated bradykinin
levels also in clinical remission [28, 29].

Although ClInh deficiency affects physiological systems
important for inflammation and haemostasis, previous studies
of HAE patients in clinical remission have mainly investigated
inflammatory markers or markers of haemostasis separately.
In this study, we, therefore, conduct a comprehensive inves-
tigation of both inflammatory and haemostatic markers in
order to assess the baseline systemic thromboinflammatory
load in HAE patients with C1Inh deficiency.

Materials and methods

Patients

The diagnosis of HAE type 1 or 2 was based on low antigenic
or functional C1Inh in samples obtained either for diagnostic
purposes in angioedema patients or for screening purposes
in individuals with a parent with known HAE. A total of 20
patients were included, of whom 13 patients had HAE type
1, and 7 patients had HAE type 2. To be included, the pa-
tients had to be in clinical remission and not have used C1Inh
concentrate for at least 48 hours prior to sampling. None of
the patients were using prophylaxis other than C1Inh concen-
trate. As controls, we used plasma from 20 healthy volunteers
matched for sex and age (+10 years). There were 9 males and
11 females in both groups. The mean age of the patients was
45.9 years (range 24-65), the mean age of the controls was
46.3 years (range 27-67).

Patient and control samples were collected with informed
written consent between January 2019 and May 2020. The
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study has been approved by the Regional Ethical Committee
of South-East Norway (ref no. 2018/1289/REK Ser-Ost C).

Sample collection

All samples were collected and stored according to our strict
laboratory protocol based on our previous published methods
for optimal sampling for complement activation products
and cytokines [30, 31]. Briefly, blood collected in citrate and
EDTA vials was stored on ice immediately after collection
and centrifuged within 10 minutes at 2500g for 15 minutes
at 4°C. Serum samples were stored in room temperature for
30 minutes before centrifugation at 2500g for 15 minutes at
4°C. Plasma and serum were then immediately aliquoted and
stored at -70°C.

Enzyme-linked immunosorbent assays
Complement activation products

Soluble terminal C5b-9 complement complex (TCC), detected
by the monoclonal antibody (mAb) aE11 which recognizes a
neoepitope in activated C9, and C3bc, detected by the mAb
bH6 which recognizes a common neoepitope in C3b, iC3b,
and C3c, were measured in EDTA plasma using in-house
ELISA-kits as previously described [32]. C4 activation
product C4d was measured using a commercially available
ELISA kit (COMPL C4d RUO, Svar Life Sciences, Malmo,
Sweden) according to the manufacturer’s instructions of use.

Haemostasis

Platelet B-thromboglobulin (f-TG) was measured in EDTA
plasma diluted 1:250, using a commercial ELISA kit (Human
CXCL7/NAP-2 DuoSet ELISA, R&D Systems, Minneapolis,
MO) according to the manufacturer’s instructions of use.

Prothrombin fragment 1+ 2 (F1 +2) were measured in
citrated plasma using a commercial ELISA kit from Siemens
(Enzygnost F1+2 monoclonal, Siemens Healthineers,
Erlangen, Germany). The experiments were performed ac-
cording to the manufacturer’s instructions of use. In 7 out
of 20 HAE patients, the readings were above the upper cal-
culation limit. These values were set to the highest standard
concentration plus 1.

Thrombin-antithrombin complexes were measured in
citrated plasma using a commercial ELISA kit (Enzygnost
TAT Micro, Siemens Healthineers, Erlangen, Germany) ac-
cording to the manufacturer’s instructions of use.

Active plasminogen activator inhibitor-1 (PAI-1) was
measured in citrated plasma using a commercial ELISA kit
(IHUPAI1KT, Molecular Innovations, Novi, MI) according to
the manufacturer’s instructions of use.

Neutrophil activation

Myeloperoxidase (MPO) was measured in serum diluted 1:500
using a commercial ELISA kit (Human Myeloperoxidase
DuoSet ELISA, R&D Systems, Minneapolis, MO) according
to the manufacturer’s instructions of use.

Multiplex cytokine immunoassay

Cytokines, including interleukins, chemokines, interferons,
growth factors, and regulators, were measured in EDTA
plasma using a commercially available multiplex cytokine
immunoassay (Bio-Plex Pro Human Cytokine 27-plex Assay,
Bio-Rad Laboratories, Hercules, CA) as specified in the
manufacturer’s instructions of use. Values below the detection

Gramstad et al.

threshold were included as random numbers between 0.01
and the lowest standard or extrapolated value or using the
RANDBETWEEN function in Microsoft Excel 2016 version
2209. All measurements of IL-15 and human VEGF were
below the detection limit and were, therefore, excluded from
the analysis, as was RANTES, as this chemokine is released
from platelets in vitro after sampling.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
version 9.4.1 (681) from GraphPad Software, LLC. Only the
data for IL-4, IL-7, G-CSE, CCL2 (MCP-1), and TNF were
normally distributed as determined by the Shapiro-Wilks
test, and P-values for these variables were, therefore, cal-
culated using a two-tailed unpaired #-test for the main ana-
lyses All other P-values were determined using a two-tailed
Mann-Whitney test, including the subgroup analyses. Holm-
Bonferroni sequential correction was then done to correct
for multiple testing [33, 34]. Both uncorrected and corrected
P-values are reported. Statistical significance was defined as a
p-value < 0.05.

Results

Complement activation products

HAE patients had significantly higher C4d plasma concen-
trations than the healthy controls (Fig. 2, left panel), as ex-
pected. C3bc, cleavage fragments from the activation of C3,
were also found to be significantly elevated in HAE patients
(Fig. 2, middle panel). TCC levels were similar between HAE
patients in remission and controls (Fig. 2, right panel).

Haemostasis

Platelet B-thromboglobulin (B-TG), a marker of platelet ac-
tivation, was higher in the HAE group. After correction for
multiple testing, the difference from the control group did not
reach statistical significance (uncorrected P =0.00935, cor-
rected P = 0.105; Fig. 3, left panel).

F1 + 2 and TAT, both markers of coagulation, were signifi-
cantly elevated in HAE patients compared to controls (Fig. 3,
middle two panels).

PAI-1, a serine protease inhibitor that regulates the fibrino-
lytic system, was higher in the HAE group than in the con-
trols. The difference did not reach statistical significance after
correction for multiple testing (uncorrected P = 0.0042, cor-
rected P = 0.0504; Fig. 3, right panel).

Neutrophils

MPO, the most abundant protein in neutrophils and a bio-
chemical marker of neutrophil activation, was present at
similar levels in HAE patients and controls (Fig. 4).

Cytokines |—interleukins

Tumour necrosis factor (TNF), interleukin- (IL)-1p, IL-2,
IL-4,1L-6,1L-7,1L-9,IL-12, and IL-17A were all found at sig-
nificantly higher plasma levels in HAE patients compared to
the controls (Fig. 5). Levels of IL-5, IL-10, and IL-13 were not
significantly different between the groups (Fig. 5).

Cytokines ll—chemokines

Chemokine ligand (CXCL) 8 (IL-8), chemokine ligand (CCL)
3 (macrophage inflammatory protein [MIP]-1a), and CCL4
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Figure 2. Complement: Plasma levels of C4d, C3bc, and the soluble terminal C5b-9 complex (TCC) are shown. Scatter plot: Each dot represents a
patient or control. The middle horizontal line represents the median, and the upper and lower horizontal bars represent the upper and lower limits of the
interquartile range, respectively. N = 20 in each group. Uncorrected p-values are displayed above, Holm-Bonferroni corrected P-values are displayed in

parentheses below. Abbreviation: AU: arbitrary units
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Figure 3. Haemostasis: Plasma levels of 8-TG, F1 + 2, TAT, and PAI-1 are shown. Scatter plot: Each dot represents a patient or control. The middle
horizontal line represents the median, and the upper and lower horizontal bars represent the upper and lower limits of the interquartile range,
respectively. N = 20 in each group. Uncorrected P-values are displayed above, Holm-Bonferroni corrected P-values are displayed in parentheses below.
B-TG: p-thromboglobulin; F1 + 2: prothrombin fragment 1 + 2; TAT: thrombin-antithrombin complexes; PAI-1: plasminogen activator inhibitor-1

(MIP-1p) were significantly elevated in the HAE group com-
pared to the control group (Fig. 6, upper left, lower middle,
and right panels). Levels of eotaxin, CXCL10, and CCL2
were not significantly different between the groups (Fig. 6,
upper, middle, and right and lower left panels).

Cytokines lll: regulators, growth factors, and
interferons

IL-1 receptor antagonist (IL-1RA), granulocyte-macrophage
colony-stimulating factor (GM-CSF), fibroblast growth
factor (FGF) 2, and platelet-derived growth factor
(PDGF)-BB were significantly higher in the HAE patients
than in the controls (Fig. 7, upper left, lower middle, upper,
and lower right panels). Granulocyte colony-stimulating
factor (G-CSF) was higher in the HAE group. After cor-
rection for multiple testing, the difference did not reach

statistical significance (uncorrected P = 0.0248, corrected
P =0.248) (Fig. 7, lower left panel). Interferon- (IFN-) v,
did not differ between the groups (Fig. 7, upper middle
panel).

Subgroup analyses

HAE type 2 patients had higher levels of MPO, IL-2, IL-4,
eotaxin, and CCL4 compared to HAE type 1 patients. Male
HAE patients had higher levels of IL-5, IL-13, CM-CSF, and
CCL2 compared to female patients. When comparing patients
on and off prophylaxis (defined as having received Cllnh
concentrate within 1 week prior to sampling or not), IL-5
was higher in patients on prophylaxis. There were no signifi-
cant differences within the subgroups after Holm-Bonferroni
correction (Fig. 8).
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Figure 4. Neutrophils: Plasma levels of myeloperoxidase (MPO) are
shown. Scatter plot: Each dot represents a patient or control. The middle
horizontal line represents the median, and the upper and lower horizontal
bars represent the upper and lower limits of the interquartile range,
respectively. N =20 in each group. Uncorrected P-values are displayed
above, Holm-Bonferroni corrected P-values are displayed in parentheses
below

Discussion

Even in the absence of clinically evident oedema, our study
shows that HAE-ClInh is associated with an increased
thromboinflammatory load, as there is evidence for simultan-
eous hypercoagulation and low-grade inflammation.

Although HAE patients are biochemically in a
hypercoagulable state, a clear association between HAE and
venous thromboembolism (VTE) has not been established. A
recent retrospective registry-based cohort study of Swedish
patients found that HAE patients had a significantly higher
risk of having registered VTE-related ICD-10 codes com-
pared to controls [35, 36]. However, these findings are in con-
trast to previous studies which found no association between
thromboembolism and HAE, even in the presence of elevated
D-dimer [37].

An increased risk of autoimmune diseases, particularly sys-
temic lupus erythematosus (SLE), has been reported in HAE
patients [38]. While increased levels of inflammatory cytokines
such as IL-6 and IL-17 may play a role, the most important
factor in SLE risk in HAE patients is likely to be the acquired
C2 and C4 deficiency resulting from uncontrolled C1 auto-
catalysis. The probable protective mechanism of C2 and C4
is their role in promoting the clearance of immune complexes
and apoptotic debris that may serve as autoantigens [39], and
their deficiency may, therefore, predispose to SLE.

We found higher levels of F1 + 2, a marker of prothrombin
activation and thrombin generation, and TAT, a marker of

Gramstad et al.

thrombin neutralization, in the HAE group. This is consistent
with findings of Csuka et al. [40]. The increased thrombin
generation in these patients may be linked to the increased
contact system activation in C1Inh deficiency [35]. Also, cyto-
kines like IL-6, TNF, and IL-1, all of which are increased
in HAE, may upregulate tissue factor and increase thrombin
generation via the extrinsic coagulation system [41]. ClInh
infusion in HAE patients with elevated basal F1 + 2 has also
been shown to reduce F1 + 2 levels [42], demonstrating the re-
lationship between C1Inh and thrombin generation in HAE.

We found higher levels of PAI-1 in HAE patients than in
controls, although this did not reach statistical significance
after correction for multiple testing. Elevated levels of PAI-1
in HAE patients have been reported by Joseph et al. [43]. In
contrast, the study by Csuka et al. [40] did not show signifi-
cant differences in PAI-1 levels in HAE patients in remission as
compared to controls, whereas they found PAI-1 to markedly
decrease during HAE attacks in most of the patients. PAI-1
is an important inhibitor of the fibrinolytic system [44], and
elevated levels could, therefore, contribute to a pro-coagulant
state together with the activation of the coagulation cascade.
However, PAI-1 alone does not reflect the status of the fi-
brinolytic system. We have previously shown that plasmin-
alpha-2-antiplasmin complexes were normal in HAE patients
in remission, but increased substantially during attacks [21].
Taken together, these data suggest that the role of PAI-1 in
balancing coagulation and fibrinolysis in HAE in remission
should be interpreted with caution.

B-TG, a protein abundant in platelet a-granules and a spe-
cific marker of platelet activation [45], was higher in the HAE
population, although the difference did not reach statistical
significance after Holm-Bonferroni correction. PDGF-BB,
another protein released by platelets upon their activation,
was also significantly higher in the HAE patients. Although
PDGEF-BB is a less specific marker of platelet activation, as it
can also be released by other cell types [46], together these
findings may indicate increased platelet activation in HAE pa-
tients in remission. Upregulation of B2R by PDGF has been
demonstrated iz vitro [47]; however, few studies on PDGF
and HAE exist, and a possible role of PDGF in HAE has not
been studied.

Thrombin is a potent platelet activator mainly through
protease-activated receptor 1 (PAR1) [48], and increased
thrombin generation may be a possible explanation for in-
creased platelet activation in HAE patients. Increased levels
of cytokines such as IL-1f and IL-12 could also contribute
to platelet activation [49, 50]. It is less likely that increased
platelet activation in these patients is due to elevated levels of
bradykinin, as bradykinin and its metabolite bradykinin 1-5
have been reported to inhibit rather than activate platelets
[51, 52].

Increased C3 activation was previously described by us
[20] and confirmed in the present study. This C3 activation is,
however, minor and unlikely to be of clinical significance, par-
ticularly as terminal pathway activation as measured by TCC
was not observed. C5 cleavage leads to the formation of C5a
and TCC in equimolar amounts, indicating that HAE patients
do not have elevated levels of the highly potent anaphylatoxin
C5a when in remission.

We found that a substantial number of the measured cyto-
kines were significantly elevated in the HAE patients in remis-
sion compared to controls, i.e., 9 out of 12 interleukins, 3 out
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Figure 5. Interleukins: Plasma levels of 12 interleukins are shown. Scatter plot: Each dot represents one patient or control. The middle horizontal line
represents the median, and the upper and lower horizontal bars represent the upper and lower limits of the interquartile range, respectively. N = 20 in
each group. Uncorrected P-values are displayed above, Holm-Bonferroni corrected P-values are displayed in parentheses below. Abbreviations: TNF:
tumour necrosis factor. IL: interleukin
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Figure 6. Chemokines: Plasma levels of CXCL-8, eotaxin, CXCL10, CCL2, CCL3, and CCL4 are shown. Scatter plot: Each dot represents a patient
or control. The middle horizontal line represents the median, and the upper and lower horizontal bars represent the upper and lower limits of the
interquartile range, respectively. N = 20 in each group. Uncorrected P-values are displayed above, Holm-Bonferroni corrected P-values are displayed in
parentheses below. Abbreviations: CXCL: C-X-C chemokine ligand; IL: interleukin; CCL: C-C chemokine ligand; IP: interferon-y inducible protein; MCP:

monocyte chemoattractant protein; MIP: macrophage inflammatory protein

of 6 chemokines and 4 out of 4 growth factors, confirming
some single observations in earlier studies [53-55]. The pre-
sent study includes a more comprehensive panel of cytokines
studied in HAE patients in remission, and the broad-spectrum
increase indicates a substantial inflammatory load. The mech-
anism of cytokine upregulation is likely to be multifactorial.
Bradykinin itself can stimulate the release of a number of cyto-
kines including TNF [56], IL-1, IL-2 [57] IL-6, CXCLS8 [58],
G-CSF, GM-CSE and CCL2 [26]. In an experimental animal
model in pigs, bradykinin infusion led to a significant increase
in TNF and IL-6 [59]. Also, thrombin [60], and by extension
fibrin [61], are known inducers of inflammatory cytokines.
Furthermore, several cytokines can themselves upregulate the
release of other cytokines [62].

Clearly, there are significant interactions between the
physiological systems involved, and the broad specificity of

C1Inh makes it likely that pathology may occur simultan-
eously at multiple sites, increasing the complexity of these
interactions. A limitation of this observational study is thus
that the direct causal mechanisms underlying the biochemical
pathologies in HAE remain unclear.

We consider our selection of patients and controls selection to
be an important strength of the study. Female sex and oestrogen
are positively associated with HAE severity [63], and matching
patients and controls by sex was, therefore, important. Although
age is not known to affect HAE severity [64], ageing is associated
with changes in the coagulation and fibrinolytic systems and an
increase in inflammatory markers [635, 66], which was a strong
rationale for also matching the patients and controls by age.

PK and FXIla are targets for novel and likely future HAE ther-
apies. The anti-PK monoclonal antibody (mAb) lanadelumab
is already approved for patients in Europe and USA [67, 68],
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Figure 7. Regulators, growth factor, and interferons: Plasma levels of Il-1RA, INFy, FGF2, G-CSF, GM-CSF, and PDGF-BB are shown. Scatter plot: Each
dot represents a patient or control. The middle horizontal line represents the median, and the upper and lower horizontal bars represent the upper and
lower limits of the interquartile range, respectively. N = 20 in each group. Uncorrected P-values are displayed above, Holm-Bonferroni corrected P-values
are displayed in parentheses below. Abbreviations: Il-1RA: ILl-1 receptor antagonist; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-
macrophage colony-stimulating factor; FGF2: fibroblast growth factor 2; PDGF-BB: platelet-derived growth factor BB; IFN: interferon

and the anti-FXIla mAb garadacimab has undergone phase 3
clinical trials with promising results [12]. The antisense nu-
cleotide donidalorsen which inhibits hepatocyte production of
prekallikrein has also shown promise in phase 2 clinical trials
where the drug was administered every 4 weeks [69].

Comprehensive in vivo studies of thromboinflammation in
HAE patients receiving highly specific prophylactic therapies
may provide further insight into the pathophysiology underlying
the biochemical abnormalities described in this article.

As previous studies have shown significant changes in
inflammatory and haemostatic parameters during acute
swelling attacks compared to remission [70], we hypothesize
that our findings reflect a subclinical HAE attack state char-
acterized by low-grade thromboinflammation.

The above-mentioned mAbs, as well as donidalorsen,
have much longer half-lives, and therefore, the ability
to maintain remission for longer, than other therapies
currently on the market for HAE prophylaxis [71, 72].
Assessment of thromboinflammatory markers in patients
using such therapies may, therefore, be helpful in sup-
porting or rejecting our hypothesis. Indeed, Fijen et al.
studied coagulation and fibrinolysis markers in patients
before and during treatment with donidalorsen, and their
findings suggest a decrease in F1 + 2 as well as TAT com-
plexes and D-dimer [69].

If patients in clinical remission are indeed in a subclinical
HAE attack state and, furthermore, can achieve biochem-
ical remission on effective prophylactic therapy, markers
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Figure 8. Subgroup analyses: Plasma levels of MPO, -2, Il-4, IL-5, 11-13, Eotaxin, CCL2, CCL4, and GM-CSF are shown. Scatter plot: Each dot
represents a patient in its respective subgroup. The middle horizontal line represents the median, and the upper and lower horizontal bars represent
the upper and lower limits of the interquartile range, respectively. N = 11 for HAE female, 9 for HAE male; 13 for HAE type 1, 7 for HAE type 2, 10 for
patients defined as being on prophylaxis and 10 for patients defined as not being on prophylaxis. Uncorrected P-values are displayed above, Holm-
Bonferroni corrected P-values are displayed in parentheses below. Abbreviations: IL: interleukin; CCL: C-C chemokine ligand; GM-CSF: granulocyte-
macrophage colony-stimulating factor
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of thromboinflammation may become valuable tools in the
future to guide and individualize the choice and dosing of
prophylactic HAE treatment.

We acknowledge that our study has a number of limita-
tions. First, the ability to detect longitudinal changes in the
thromboinflammatory state of HAE patients is limited by the
cross-sectional design of our study. Repeated measurements
over time would have provided valuable information on the
stability of the observed thromboinflammatory pattern. Such
longitudinal assessments may also help to identify the most
representative markers of thromboinflammation in HAE.

Another limitation is the lack of confirmatory assays for
specific markers such as IL-6 and TNF. Unfortunately, due to
limited sample availability, we were unable to perform these
additional tests, which would have helped to further validate
and characterize the thromboinflammatory state in HAE pa-
tients.

It is also important to recognize the potential impact of the
correction for multiple testing, despite the strong correlation
between the uncorrected and corrected analyses in terms of
statistical probability. Although we have applied correction
methods to reduce the likelihood of type 1 errors, it is worth
noting that such corrections may inadvertently increase the
risk of type 2 errors. Given the interconnected and inter-
dependent nature of the markers that were analysed, it is pos-
sible that some significant associations may have been missed
[73]. To address this concern and to allow for a comprehen-
sive assessment of statistical significance, we have included
both uncorrected and corrected p-values in Figs. 2 to 8.

Finally, the numbers of patients in each subgroup in the
subgroup analyses, including comparisons between HAE
type 1 and 2, male and female patients, and patients on and
off prophylaxis (defined as having received ClInh concen-
trate within 1 week before sampling or not), were very small.
Therefore, the results of the subgroup analyses should be in-
terpreted with caution.
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