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Abstract

Asthma is associated with activation of coagulation in the airways. The coagulation system can be
initiated via the extrinsic tissue factor dependent pathway or via the intrinsic pathway, in which the
central player factor XI (FXI) can be either activated via active factor Xl (FXlla) or via thrombin. We
aimed to determine the role of the intrinsic coagulation system, and its possible route of activation, in
allergic lung inflammation induced by the clinically relevant human allergen house dust mite (HDM).
Wild-type (WT), FXI knockout (KO) and FXIl KO mice were subjected to repeated exposure to HDM
via the airways, and inflammatory responses were compared. FXI KO mice showed increased influx of
eosinophils into lung tissue, accompanied by elevated local levels of the main eosinophil
chemoattractant eotaxin. While gross lung pathology and airway mucus production did not differ
between groups, FXI KO mice displayed an impaired endothelial/epithelial barrier function, as reflected
by elevated levels of total protein and IgM in bronchoalveolar lavage fluid. FXI KO mice had a stronger
systemic IgE response with an almost completely absent HDM-specific IgG4 response. The phenotype
of FXII KO mice was, except for a higher HDM-specific IgG, response, similar to that of WT mice. In
conclusion, FXI attenuates part of the allergic response to repeated administration of HDM in the

airways by a mechanism that is independent of activation via FXII.

Keywords: allergy, coagulation, factor XI, factor XIl, house dust mite
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Introduction

Asthma is a chronic inflammatory disease of the airways that affects up to 300 million people
worldwide(3, 26) . Asthma is associated with bronchial hyper-reactivity, mucus overproduction and
airway remodeling, leading to episodes of reversible airway obstruction, dyspnea and wheezing(3, 26).
Most asthma patients have an allergic phenotype. House dust mite (HDM) is amongst the most
common allergens triggering respiratory symptoms in sensitized patients(24).

In patients with asthma, leakage of clotting factors into the bronchoalveolar space and
expression of tissue factor (TF) on various cell types (e.g., alveolar epithelium, macrophages and
eosinophils) result in a local procoagulant state(8). Whereas limited activation of coagulation may
enhance epithelial repair, more pronounced activation can, together with the inflammatory response,
worsen pathophysiology (reviewed in(8)). The end product of coagulation is fibrin, which is formed
after cleavage of fibrinogen by thrombin. Two different pathways are known to lead to thrombin
formation, the TF (or extrinsic) pathway and the intrinsic pathway of coagulation. Soluble TF as well as
thrombin-antithrombin complexes have been detected in bronchoalveolar lavage fluid (BALF) or
sputum of asthmatic patients(11, 41), suggesting that the TF pathway of coagulation is activated
during asthma. To our knowledge, it is not known whether the intrinsic pathway of coagulation is
triggered during asthma.

The central player in the intrinsic coagulation system is factor XI (FXI). Plasma activators of
FXl include activated factor XlI (FXlla)(2), thrombin(12, 22, 32), and FXla (autoactivation)(32, 47).
Interestingly, it has been reported that a proteinase from HDM can directly activate FXII(27). Apart
from initiating the intrinsic coagulation system via FXI, FXlla additionally can convert prekallikrein into
kallikrein which on its turn cleaves high molecular weight kininogen releasing the potent
proinflammatory and vasoactive small molecule bradykinin(38).

When coagulation is initiated by low concentrations of TF the thrombin-FXI amplification loop
contributes to coagulation activation (4, 16, 21, 47). Recently, a bimodal role of thrombin in allergic
airway inflammation induced by ovalbumin was described in mice; herein complete inhibition of
thrombin by hirudin or instilling a high dose of thrombin worsened ovalbumin induced asthma, while a
low dose of thrombin ameliorated the inflammatory response(30). Considering the role of coagulation
and thrombin in experimentally induced allergic airway inflammation, and considering that thrombin is

amplified via the thrombin-FXI loop, we found it of interest to establish the role of FXI during asthma.
3
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Hence, the aim of the present study was to determine the contribution of the intrinsic coagulation
system to the allergic airway inflammation accompanying asthma. Additionally, if the intrinsic
coagulation is involved in the development of asthma, we wanted to investigate whether this is
regulated via FXlla. For this we used mice deficient for either FXI or FXII and subjected them to our

model of allergic lung inflammation induced by repeated administration of HDM via the airways(7).
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Material and methods

Mice

C57BI/6 wild-type (WT) mice were purchased from Charles River Inc. (Maastricht, The Netherlands).
Factor XI knockout (FXI KO) and Factor XII knockout (FXII KO) mice were generated as described
before(13, 18), and bred in the animal facility of the Academic Medical Center in Amsterdam. Mutant
mice were backcrossed to C57BI/6 at least 7 generations. Mice were housed under specific pathogen-
free conditions receiving food and water ad libitum. Age-matched (9-12 weeks at start of the
experiments) female mice were used in all experiments. The Animal Care and Use Committee of the

University of Amsterdam approved all experiments.

HDM asthma model

HDM allergen whole body extract (Greer Laboratories, Lenoir, N.C., USA), derived from the common
European HDM species Dermatophagoides pteronyssinus, Der p, was used to induce allergic lung
inflammation as described previously(7). In short, mice were randomized to receive (by intranasal
inoculation) 25 yg HDM (sensitization phase) on day 0, 1 and 2 and 6.25 ug HDM (challenge phase)
on day 14, 15, 18 and 19, or sterile saline intranasally on each occasion (controls). Inoculum volume
was 20 pl for every HDM and saline exposure and inoculation procedures were performed during
isoflurane inhalation anesthesia. The complete mouse model was performed twice (experiment | and
II) and on each occasion different materials were obtained which are specified hereafter. Mice were
sacrificed at day 21 and blood was collected from the vena cava inferior into citrate (4:1 v/v,
experiment I). The right lung was fixed 24 hours in 10% formalin (experiment Il). The left lung and part
of the liver were homogenized in 4 volumes of saline after which a sample was taken for RNA
isolation; the remaining homogenate was lysed in equal volume of lysis buffer containing 150mM
NaCl, 15mM Tris, 1mM MgCl, 1mM CaCl,, 1% Triton and 1% protease inhibitor cocktail (Roche
Applied Science, Almere, Netherlands) and used for protein analysis (all experiment I). Two-sided
BALF was collected by instilling and retrieving 1ml of sterile PBS containing 10mM EDTA, 10mM
benzamidine and 0.2mg/ml SBTI in 500pl aliquots via the trachea (experiment II). Cell counts were

determined for each BALF sample in a hemocytometer (Beckman Coulter, Fullerton, CA, USA) and
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differential cells counts by cytospin preparations stained with Giemsa stain (Diff-Quick; Dade Behring

AG, Dudingen, Switzerland). BALF supernatant was collected for protein analysis.

Histology

Formalin-fixed tissue was embedded in paraffin using standard procedures. Four-um thick sections
were cut and used for all (immuno)histochemical stainings. For examining allergic lung inflammation,
sections were stained with Hematoxylin and Eosin (HE) and analyzed by a pathologist in a blinded
fashion. HE-stained sections were scored for interstitial inflammation, peribronchial inflammation,
edema, endothelialitis, and pleuritis on a scale from 0-4 (0: absent; 1: mild; 2: moderate; 3: severe; 4:
very severe), each parameter was scored separately(7). Total pathology score was expressed as the
sum of the scores for the different parameters. For examining mucus production, sections were
stained with periodic acid-Schiff reagents after diastase digestion (PasD). The amount of mucus per
lung section was assessed, by a pathologist in a blinded fashion, semi-quantitatively on a scale from
0-8 (0-4 for plug formation; 0-4 for mucus extent)(7). For eosinophil staining, sections were digested
for 20 min in 0.25% pepsin in 0.1M HCI, incubated overnight at 4°C with rabbit-anti-mouse MBP (Major
Basic Protein; kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic Arizona,
Scottsdale, Ariz., USA)(23), incubated for 30 min with poly HRP-anti-rabbit IgG (Brightvision,
Immunologic, Duiven, the Netherlands) and stained using 3,3"-diabminobenzidine dihydrochloride
(DAB). Entire sections were digitized with a slide scanner using the 10x objective (Olympus dotSlide,
Tokyo, Japan). Influx of eosinophils was determined by measuring the MBP positive area by digital
image analysis (Imaged 1.43, National Institute of Health, Bethesda, MD, USA;

http://rsb.info.nih.gov/ij/) and expressed as a percentage of the total lung area.

Assays

Plasma total IgE was determined using rat-anti-mouse IgE as capture antibody, purified mouse IgE as
standard and biotinylated rat-anti-mouse IgE as detection (all from BD Biosciences, Pharmingen,
Breda, the Netherlands). Plasma HDM-specific IgG; was determined using HDM as capture, and

biotinylated rat-anti-mouse 1gG4 (from BD Biosciences) as detection. HDM-specific IgG; is expressed
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as percentage compared to WT HDM group. Eotaxin DuoSet ELISA kit (R&D Systems, Abingdon, UK)
was performed according to the supplied protocol. Lung IL-4 and IL-5 were determined by a Mouse
Magnetic Luminex Screening Assay according to the manufacturers protocol (R&D Systems) and
analyzed on a Bio-Rad BioPlex® 200 (Bio-Rad Laboratories, Veenendaal, the Netherlands). BALF
and plasma IgM was determined using rat-anti-mouse IgM as capture antibody, purified mouse IgM as
standard and biotinylated goat-anti-mouse IgM as detection (all from BD Biosciences). BALF total
protein was determined using Bio-Rad Protein Assay (Bio-Rad Laboratories). Thrombin-antithrombin
complexes (TATc) were determined in BALF by ELISA according to manufacturer’s protocol (Kordia,

Leiden, the Netherlands).

RNA isolation and quantitative real-time RT-PCR

Total RNA was isolated from the lung and liver using Nucleospin® RNA 1l isolation kit (Macherey-
Nagel, Duren, Germany) and reverse transcribed using oligo dT primer and M-MLV RT (Invitrogen,
Breda, the Netherlands). Primer sequences were designed using Primer-BLAST (National Center for
Biotechnology Information, Bethesda, MD, USA): Eotaxin forward: CACGGTCACTTCCTTCACCTC;
eotaxin reverse: CAGCACAGATCTCTTTGCCCA,; Hprt forward: ACAGGCCAGACTTTGTTGGAT;
Hprt reverse: ACTTGCGCTCATCTTAGGCT. Quantitative real-time RT-PCR was performed on a
LightCycler® 480 System using LightCycler® 480 SYBRGreen | Master Mix (Roche Diagnostics). Data
were analyzed using the LinRegPCR program(39). The expression of eotaxin was normalized towards

the reference gene Hprt and expressed as fold increase compared to NaCl WT group.

Western blot for fibrin degradation products

Samples for western blotting (WB) were boiled for 5 min in Laemlli buffer and loaded onto 6% SDS-
PAGE gels. After electrophoresis the content of the gel was transferred onto PVDF membrane (Roche
Diagnostics, Almere, the Netherlands). The membranes were blocked in 5% BSA (Roche Diagnostics)
in TBS-T at room temperature for 60 min. Rabbit anti-mouse fibrinogen IgG fraction
(MyBiosource.com, San Diego, CA, USA) was diluted 1:10000 in 5% BSA in TBS-T and incubated

overnight at 4°C. Next, the membranes were incubated for 1 hour with anti-rabbit-HRP conjugated

/
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secondary antibody (Cell Signaling Technology, Leiden, the Netherlands) in 1% BSA in TBS-T and
blots were imaged using LumiLight Plus ECL (Roche Diagnostics) on a LAS4000 chemiluminescence
imager (GE Healthcare Biosciences, Pittsburgh PA, USA). Quantification was performed using ImageJ
Software(40). This fibrinogen antibody detects fibrinogen and fibrin and its degradation products,
among which D-dimer and fragment X. To generate a D-dimer positive control, mouse citrated plasma
was recalcified and incubated for 1 hour at 37°C in the presence of the plasminogen activator

Activase® (Genentech USA Inc., South San Francisco, CA, USA).

Statistical Analysis

All quantitative assays were done in an unblinded fashion. A sample size of 8 per group was based on
variation in eosinophil numbers in lung tissue in previous studies(7), providing a power of 80% to
detect a difference of 50% between the genotypes with a P of 0.05. Results are expressed as mean +
standard error of the mean (SEM). Comparison between two groups was done by Mann-Whitney U
test. For experiments with more than two groups, the Kruskal-Wallis test was used as a pretest,
followed by Mann-Whitney U test where appropriate. All statistical analyses were performed using
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). Values of P < 0.05 were considered

statistically significant.
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Results

FXI KO, but not FXII KO, mice show enhanced eosinophil influx into lung upon repeated HDM
exposure

To obtain insight into the role of FXI and FXII in allergic lung inflammation, WT mice and mice deficient
for either FXI or FXII were subjected to repeated administration of HDM via the airways according to a
previously established protocol(7). Eosinophil influx, which is a hallmark of allergic asthma, was
observed in all three strains in both BALF and lung tissue following HDM exposure. While eosinophil
numbers in BALF were similar in the three groups (Fig. 1a), FXI KO mice showed higher eosinophil
numbers in lung tissue, as visualized by quantitative MBP staining, in comparison with either WT or
FXII KO mice (Fig. 1b,c). Eosinophils were mainly localized in the interstitium. Eotaxin, a main
chemoattractant for eosinophils, was significantly higher in HDM challenged lungs of FXI KO mice
compared with WT and FXII KO mice (Fig. 1d). Eotaxin was below detection in BALF (data not
shown). Analysis of eotaxin mRNA in lung, to determine local production, revealed a similar

expression profile as for eotaxin protein (Fig. 1e).

FXI or FXII deficiency does not influence lung pathology upon HDM challenge

Lung pathology was assessed by semi quantitative scoring of HE stained lung sections for several
characteristics of pulmonary damage including perivascular inflammation, interstitial inflammation,
endothelialitis, peribronchitis and edema. HDM induced significant rises in the lung pathology scores,
which was not affected by either FXI or FXII deficiency (Fig. 2a). Since human asthma is characterized
by increased airway mucus production (44), we next set out to investigate whether FXI or FXII
deficiency impacted on this feature by PasD staining of lung tissue (Fig. 2b). Following exposure to
HDM, there was an increased presence of mucus in the bronchial epithelial cells of all three strains.
The mucus producing epithelial cells were mainly located in the bronchi and to a lesser extent in the

bronchioles. No differences were observed between FXI KO, FXII KO and WT mice.

Impact of FXI or FXII deficiency on type 2 responses
Plasma IgE levels increased in all three strains following HDM exposure. IgE plasma levels were

significantly higher in HDM and NaCl FXI KO mice compared with the respective WT groups (Fig. 3a).
9
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Although not significant, most likely due to high intergroup variation, after HDM exposure IgE levels
were higher in FXII KO mice as compared with WT mice (WT: 1841 £ 385 ng/ml; FXII KO: 3934 +
1285 ng/ml). IgE plasma levels were comparable between FXI KO and FXII KO mice following HDM
exposure. Remarkably, HDM-specific IgG, was almost undetectable in plasma of HDM exposed FXI
KO mice while it was present in HDM exposed WT mice (Fig. 3b). FXII KO showed significantly
elevated HDM-specific IgG levels. The cytokines IL-4 (Fig. 3c) and IL-5 (Fig. 3d) were measured in
the lung as additional markers of a type 2 response. Both IL-4 and IL-5 were significantly increased in
HDM compared with NaCl exposed WT mice. While IL-4 levels were similar in all strains following
HDM exposure, IL-5 concentrations were 3-fold higher in FXI KO HDM mice compared with WT HDM

mice. Pulmonary IL-4 and IL-5 levels in FXII KO mice were comparable with WT mice.

FXI KO, but not FXIl KO, mice show increased protein leak in BALF

HDM induced increases in the BALF concentrations of total protein and IgM, indicative of an impaired
integrity of the endothelial-epithelial barrier (Fig. 4a,b). FXI KO mice had higher protein and IgM levels
in their BALF upon HDM exposure than WT and FXII KO mice. Plasma IgM levels were higher in FXI

KO mice both following NaCl and HDM exposure (Fig. 4c), however, this could not explain high BALF
IgM in FXI KO mice after HDM challenge as the ratio between BALF and plasma IgM was still

significantly elevated in this group (Fig. 4d).

FXI or FXIl deficiency do not impact local activation of coagulation or fibrinolysis after HDM
exposure

HDM instillation induced a rise in the fibrin degradation products D-dimer and fragment X in BALF of
WT mice (Fig. 5a,c). Relative to WT mice, FXI KO and FXII KO mice showed similar rises in BALF D-
dimer and fragment X levels as well as crosslinked fibrin (Fig. 5b,d). TATc was undetectable in BALF
of NaCl exposed mice, however following HDM exposure this coagulation marker was present in BALF
of all three strains with no difference between the strains (Fig. 5e). Together these results indicate that

a deficiency for FXI or FXII does not impair the ability to activate coagulation or fibrinolysis.

10
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Discussion

Several studies have indicated that activation of coagulation contributes to the
pathophysiology of asthma. In addition to the formation of fibrin clots, activation of the coagulation
system induces an inflammatory response via the interaction of thrombin with protease activated
receptors(35) and via the interaction of fibrinogen cleavage products with Toll-like receptor 4(29).
Recently it was shown that low levels of thrombin are beneficial while high levels of thrombin are
detrimental in an ovalbumin asthma model(30). Here we studied the role of the intrinsic coagulation
pathway and its route of activation in a mouse model of allergic asthma induced by repeated airway
exposure to HDM. We show that the central player of the intrinsic coagulation system, FXI, dampens
part of the allergic response following HDM exposure independent of activation via FXII.

FXI deficiency was associated with increased influx of eosinophils into lung tissue upon HDM
administration via the airways. The apparent effect of FXI on eosinophil migration likely at least in part
was mediated by an effect on locally produced eotaxin, a main chemoattractant for eosinophils(10),
which was higher in FXI KO mice. Increased eosinophil influx was also observed in BALF of ovalbumin
exposed mice treated with inhaled hirudin compared with saline treated mice(30). Hirudin is a specific
thrombin inhibitor that tightly binds to the active site of thrombin and thereby blocks thrombin activity
including the activation of FXI(25). We did not observe an altered eosinophil influx in FXII KO mice.
Although these results suggest that the enhanced eosinophil influx observed in FXI KO mice is
independent of activation via FXII, additional experiments using FXI/FXII double KO mice are
necessary to support this hypothesis. Effects of FXI on inflammatory processes not related to
coagulation have been reported previously. Plasminogen and FXI double KO mice show an enhanced
influx of inflammatory cells into the lung while no difference in fibrin deposition was observed
compared with WT or plasminogen KO mice(5). In line, activated FXI has been shown to inhibit
neutrophil migration in a chemotactic assay(17). Taken together, FXI might affect eosinophil influx
either via its interaction with thrombin or directly. More research is needed to elucidate the exact
mechanism at play.

We evaluated the type 2 responses by measuring pulmonary IL-4 and IL-5, two main
cytokines produced by Th, lymphocytes. Both cytokines play different roles in the allergic inflammatory
response. IL-5, that is additionally produced by mast cells and eosinophils, is crucial to eosinophil

growth, maturation, activation, and suppression of apoptosis(42). Elevated lung IL-5 levels in FXI KO
11
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mice coincided with higher eosinophil numbers, suggesting that eosinophils may be a source for IL-5
in these animals. Conversely, interactions between IL-5 and eotaxin promote eosinophil release from
the bone marrow and their homing to tissues(31). Several clinical trials have reported reduced
eosinophilia following anti-IL-5 therapy, although clinical responses have been quite variable(14). In
this respect it is interesting to further investigate the mechanism behind increased IL-5 and eotaxin
levels in FXI KO mice. As IL-4 levels were not affected by FXI deficiency, we cannot conclude that the
overall Th; response is enhanced in FXI KO mice.

The Th; response in asthma induces isotype switching of B cells to IgE synthesis. IgE is
bound to mast cells via its high-affinity receptor FceR1. IgE-dependent activation of mast cells occurs
when the bound IgE molecules are crosslinked by multivalent antigen triggering the release of
inflammatory mediators and cytokines which cause the symptoms of immediate hypersensitivity such
as plasma extravasation, smooth muscle contraction and itching. Indeed, in our murine asthma model
we observed elevated plasma levels of IgE following exposure to HDM. IgE levels were higher in
plasma of both saline and HDM exposed FXI KO mice as compared with WT mice. To determine the
HDM-specific humoral response, we tried to measure HDM-specific IgE. Unfortunately we were not
able to detect HDM-specific IgE, as has been previously reported by others using the same HDM
preparation(36, 37). HDM-specific IgG1 was detectable in our mouse model, however almost
undetectable in FXI KO mice. Total IgG; was not lower in NaCl or HDM exposed FXI KO mice (data
not shown); thus the low HDM-specific IgG, cannot be explained by an impaired IgG, production. The
equivalent of murine 19G4 in humans is IgG4(28). In a recent clinical trial, HDM immunotherapy
induced a dose-dependent increase in allergen-specific IgG, that was accompanied by a reduction in
asthma exacerbations(46). Moreover, desensitization with ovalbumin enhanced ovalbumin-specific
IgG+, and reduced IL-4 and IL-5 in mice(9). Together this would argue for a immunomodulatory role
wherein HDM-specific IgG1 dampens adaptive immunity and blocks (HDM-specific) IgE in our mouse
model. This would explain enhanced levels of IL-5 and IgE and low/absent HDM-specific IgG4 in our
HDM exposed FXI KO mice. The mechanism how FXI influences HDM-specific IgG, remains,
however, unclear.

The airway allergic inflammatory response induced by HDM alters endothelial/epithelial
permeability. FXI deficiency enhanced this permeability as reflected by higher total protein and IgM

levels in BALF. In the circulation FXl is found in complex with high molecular weight kininogen. Apart

12
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from binding FXI, high molecular weight kininogen forms a complex with prekallikrein and thereby
facilitates on its surface the activation of the intrinsic coagulation and contact system via activating
FXIl or FXI directly. High molecular weight kininogen binds to endothelial cells and enhances the
activation of its binding partners on these cells(45). One could argue that if FXI is absent, high
molecular weight kininogen is more accessible for the contact system factors resulting in enhanced
liberation of the vasoactive molecule bradykinin, possibly leading to reduced barrier function. Detection
of bradykinin is difficult because of its extremely short (<10sec) half-life(33). Additionally, the precursor
of bradykinin, high molecular weight kininogen, interferes with the currently available assays and has
to be eliminated from the samples by extraction or filtration methods(18). Therefore, our samples are
not suitable for reliable detection of bradykinin. On the other hand, enhanced permeability might be
explained by an impaired coagulation on the endothelial-epithelial barrier. This has recently been
reported in epithelial-specific TF KO mice(43).

FXII KO mice showed, except for HDM-specific IgG4, similar HDM-induced inflammatory
response as WT mice. FXIl can be activated either directly via HDM proteinases(27) or indirectly via
the release of negatively charged endogenous molecules, for instance via heparin released by
activated mast cells(34), during an asthmatic exacerbation. Our data, however, suggests that there is
no significant role for FXII, either via activating FXI or the kallikrein-kinin system, in HDM provoked
asthma. Studies that have shown release of bradykinin in the absence of FXII support our findings
(reviewed in (19)). Moreover, FXIl-independent activation of the kallikrein-kinin system has been
reported in allergic asthma(6). These authors reported bradykinin, mainly originating from tissue
kallikrein, which in contrast to plasma kallikrein is not activated via FXlla, in the BALF of asthmatic
subjects.

Coagulation factors, including FXI and FXII, are mainly produced in the liver and secreted into
our bloodstream. Together with increased vascular permeability, resulting in leakage of plasma into
the BALF, activation of the TF pathway of coagulation has been reported in asthma(11, 41). In the
present study we found no impairment in coagulation activation in either FXI KO or FXII KO mice.
These results suggest that 1) the intrinsic pathway does not make a significant contribution in local
activation of coagulation, or 2) increased plasma leakage in FXI KO mice results in enhanced
activation of the TF pathway with as a net result similar levels of D-dimer formation as compared with

WT mice. As FXl is activated by thrombin, one could argue that lack of FXI enhances availability of
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thrombin for other purposes such as activation of fibrinogen, however we did not observe enhanced
coagulation as assessed by TATc and fibrin degradation products.

A limitation of our study is the lack of airway responsiveness testing. Our FXI KO and FXII KO
mice are on a C57BI/6 background. Several studies have shown that allergic airway
hyperresponsiveness is not coupled to inflammation in C57BI/6 mice, while it is in BALB/c mice(1, 15,
20). In our opinion, FXI KO and FXII KO mice should be backcrossed on a BALB/c background to
assess airway hyperreactivity following HDM exposure.

In conclusion, FXI dampens the allergic response following HDM exposure independent of
activation via FXII. To the best of our knowledge, to date no study has been published on an
association between allergic asthma and FXI deficiency in humans. The exact mechanism of this FXI
phenotype remains to be elucidated. As there is no evidence for altered coagulation, the role of FXI in

asthma may be independent of coagulation and FXI may directly influence inflammatory processes.

14



342

343

344

345

346

347

348

349

350

351

352

353

354

Acknowledgements

We thank Marieke ten Brink, Joost Daalhuisen, and Regina de Beer for excellent laboratory
assistance. We thank Onno J. de Boer (Pathology dpt, Academic Medical Center, Amsterdam,
Netherlands) for assistance with digital analysis of MBP IHC. We are indebted to Dr. Nancy Lee and
Prof. James Lee (Mayo Clinic Arizona, Scottsdale, Ariz., USA) for generously providing monoclonal

antibody against major basic protein.

Grants

Jack Yang is supported by the Netherlands Organization of Scientific Research (Translational
Program; project 40-41200-98-9206). J. Daan de Boer is supported by the Netherlands Lung

Foundation (project 3.2.08.009).

15



355

356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403

References

1. Atochina EN, Beers MF, Tomer Y, Scanlon ST, Russo SJ, Panettieri RA, Jr., and Haczku A.
Attenuated allergic airway hyperresponsiveness in C57BL/6 mice is associated with enhanced
surfactant protein (SP)-D production following allergic sensitization. Respir Res 4: 15, 2003.

2. Bouma BN, and Griffin JH. Human blood coagulation factor XI. Purification, properties, and
mechanism of activation by activated factor XIl. The Journal of biological chemistry 252: 6432-6437,
1977.

3. Braman SS. The global burden of asthma. Chest 130: 45-12S, 2006.

4, Cawthern KM, van 't Veer C, Lock JB, DiLorenzo ME, Branda RF, and Mann KG. Blood
coagulation in hemophilia A and hemophilia C. Blood 91: 4581-4592, 1998.

5. Cheng Q, Zhao Y, Lawson WE, Polosukhin VV, Johnson JE, Blackwell TS, and Gailani D. The

effects of intrinsic pathway protease deficiencies on plasminogen-deficient mice. Blood 106: 3055-
3057, 2005.

6. Christiansen SC, Proud D, and Cochrane CG. Detection of tissue kallikrein in the
bronchoalveolar lavage fluid of asthmatic subjects. The Journal of clinical investigation 79: 188-197,
1987.

7. Daan de BJ, Roelofs JJ, de Vos AF, de BR, Schouten M, Hommes TJ, Hoogendijk AJ, de Boer
0J, Stroo |, van der Zee JS, Veer CV, and van der Poll T. Lipopolysaccharide inhibits Th2 lung
inflammation induced by house dust mite allergens in mice. AmJRespirCell MolBiol 48: 382-389,
2013.

8. de Boer JD, Majoor CJ, van t, V, Bel EH, and van der Poll T. Asthma and coagulation. Blood
119: 3236-3244, 2012.
9. Fox EM, Torrero MN, Evans H, and Mitre E. Inmunologic characterization of 3 murine

regimens of allergen-specific immunotherapy. J Allergy Clin Immunol 135: 1341-1351 e1341-1347,
2015.

10. Fulkerson PC, Fischetti CA, McBride ML, Hassman LM, Hogan SP, and Rothenberg ME. A
central regulatory role for eosinophils and the eotaxin/CCR3 axis in chronic experimental allergic
airway inflammation. Proc Natl Acad Sci U S A 103: 16418-16423, 2006.

11. Gabazza EC, Taguchi O, Tamaki S, Takeya H, Kobayashi H, Yasui H, Kobayashi T, Hataji O,
Urano H, Zhou H, Suzuki K, and Adachi Y. Thrombin in the airways of asthmatic patients. Lung 177:
253-262, 1999.

12. Gailani D, and Broze GJ, Jr. Factor Xl activation in a revised model of blood coagulation.
Science 253: 909-912, 1991.

13. Gailani D, Lasky NM, and Broze GJ, Jr. A murine model of factor XI deficiency. Blood
CoagulFibrinolysis 8: 134-144, 1997.

14. Garcia G, Taille C, Laveneziana P, Bourdin A, Chanez P, and Humbert M. Anti-interleukin-5
therapy in severe asthma. European respiratory review : an official journal of the European
Respiratory Society 22: 251-257, 2013.

15. Gueders MM, Paulissen G, Crahay C, Quesada-Calvo F, Hacha J, Van Hove C, Tournoy K,
Louis R, Foidart JM, Noel A, and Cataldo DD. Mouse models of asthma: a comparison between
C57BL/6 and BALB/c strains regarding bronchial responsiveness, inflammation, and cytokine
production. Inflamm Res 58: 845-854, 2009.

16. He R, Xiong S, He X, Liu F, Han J, Li J, and He S. The role of factor Xl in a dilute
thromboplastin assay of extrinsic coagulation pathway. Thromb Haemost 85: 1055-1059, 2001.

17. Itakura A, Verbout NG, Phillips KG, Insall RH, Gailani D, Tucker El, Gruber A, and Mccarty
OJT. Activated factor Xl inhibits chemotaxis of polymorphonuclear leukocytes. Journal of Leukocyte
Biology 90: 923-927, 2011.

18. Iwaki T, and Castellino FJ. Plasma levels of bradykinin are suppressed in factor XlI-deficient
mice. ThrombHaemost 95: 1003-1010, 2006.

16



404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451

19. Joseph K, and Kaplan AP. Formation of bradykinin: a major contributor to the innate
inflammatory response. Advimmunol 86: 159-208, 2005.

20. Kelada SN, Wilson MS, Tavarez U, Kubalanza K, Borate B, Whitehead GS, Maruoka S, Roy
MG, Olive M, Carpenter DE, Brass DM, Wynn TA, Cook DN, Evans CM, Schwartz DA, and Collins FS.
Strain-dependent genomic factors affect allergen-induced airway hyperresponsiveness in mice. Am J
Respir Cell Mol Biol 45: 817-824, 2011.

21. Keularts IM, Zivelin A, Seligsohn U, Hemker HC, and Beguin S. The role of factor Xl in
thrombin generation induced by low concentrations of tissue factor. Thromb Haemost 85: 1060-
1065, 2001.

22. Kravtsov DV, Matafonov A, Tucker El, Sun MF, Walsh PN, Gruber A, and Gailani D. Factor Xl
contributes to thrombin generation in the absence of factor XII. Blood 114: 452-458, 2009.

23. Lee JJ, McGarry MP, Farmer SC, Denzler KL, Larson KA, Carrigan PE, Brenneise IE, Horton
MA, Haczku A, Gelfand EW, Leikauf GD, and Lee NA. Interleukin-5 expression in the lung epithelium
of transgenic mice leads to pulmonary changes pathognomonic of asthma. JExpMed 185: 2143-2156,
1997.

24. Lodge CJ, Lowe AJ, Gurrin LC, Hill DJ, Hosking CS, Khalafzai RU, Hopper JL, Matheson MC,
Abramson MJ, Allen KJ, and Dharmage SC. House dust mite sensitization in toddlers predicts current
wheeze at age 12 years. The Journal of allergy and clinical immunology 128: 782-788 €789, 2011.

25. Maas C, Meijers JC, Marquart JA, Bakhtiari K, Weeterings C, de Groot PG, and Urbanus RT.
Activated factor V is a cofactor for the activation of factor XI by thrombin in plasma. Proc Natl Acad
SciUS A 107:9083-9087, 2010.

26. Martinez FD, and Vercelli D. Asthma. Lancet 382: 1360-1372, 2013.

27. Maruo K, Akaike T, Matsumura Y, Kohmoto S, Inada Y, Ono T, Arao T, and Maeda H.
Triggering of the vascular permeability reaction by activation of the Hageman factor-prekallikrein
system by house dust mite proteinase. Biochimica et biophysica acta 1074: 62-68, 1991.

28. Mestas J, and Hughes CC. Of mice and not men: differences between mouse and human
immunology. J Immunol 172: 2731-2738, 2004.

29. Millien VO, Lu W, Shaw J, Yuan X, Mak G, Roberts L, Song LZ, Knight JM, Creighton CJ,
Luong A, Kheradmand F, and Corry DB. Cleavage of fibrinogen by proteinases elicits allergic
responses through Toll-like receptor 4. Science 341: 792-796, 2013.

30. Miyake Y, D'Alessandro-Gabazza CN, Takagi T, Naito M, Hataji O, Nakahara H, Yuda H,
Fujimoto H, Kobayashi H, Yasuma T, Toda M, Kobayashi T, Yano Y, Morser J, Taguchi O, and
Gabazza EC. Dose-dependent differential effects of thrombin in allergic bronchial asthma. Journal of
thrombosis and haemostasis : JTH 11: 1903-1915, 2013.

31. Mould AW, Matthaei Kl, Young IG, and Foster PS. Relationship between interleukin-5 and
eotaxin in regulating blood and tissue eosinophilia in mice. The Journal of clinical investigation 99:
1064-1071, 1997.

32. Naito K, and Fujikawa K. Activation of human blood coagulation factor Xl independent of
factor XIl. Factor Xl is activated by thrombin and factor Xla in the presence of negatively charged
surfaces. The Journal of biological chemistry 266: 7353-7358, 1991.

33. Oehmcke S, and Herwald H. Contact system activation in severe infectious diseases. Journal
of molecular medicine 88: 121-126, 2010.

34. Oschatz C, Maas C, Lecher B, Jansen T, Bjorkqvist J, Tradler T, Sedimeier R, Burfeind P,
Cichon S, Hammerschmidt S, Muller-Esterl W, Wuillemin WA, Nilsson G, and Renne T. Mast cells
increase vascular permeability by heparin-initiated bradykinin formation in vivo. Immunity 34: 258-
268, 2011.

35. Peters T, and Henry PJ. Protease-activated receptors and prostaglandins in inflammatory
lung disease. British journal of pharmacology 158: 1017-1033, 2009.

17



452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486

487
488

36. Post S, Heijink IH, Petersen AH, de Bruin HG, van Oosterhout AJ, and Nawijn MC. Protease-
activated receptor-2 activation contributes to house dust mite-induced IgE responses in mice. PLoS
One 9: €91206, 2014.

37. Post S, Nawijn MC, Hackett TL, Baranowska M, Gras R, van Oosterhout AJ, and Heijink IH.
The composition of house dust mite is critical for mucosal barrier dysfunction and allergic
sensitisation. Thorax 67: 488-495, 2012.

38. Renne T. The procoagulant and proinflammatory plasma contact system. Seminars in
Immunopathology 34: 31-41, 2012.

39. Ruijter JM, Pfaffl MW, Zhao S, Spiess AN, Boggy G, Blom J, Rutledge RG, Sisti D, Lievens A,
De PK, Derveaux S, Hellemans J, and Vandesompele J. Evaluation of qPCR curve analysis methods
for reliable biomarker discovery: bias, resolution, precision, and implications. Methods 59: 32-46,
2013.

40. Schneider CA, Rasband WS, and Eliceiri KW. NIH Image to Imagel: 25 years of image analysis.
Nature methods 9: 671-675, 2012.

41. Schouten M, MA VDP, Levi M, T VDP, and JS VDZ. Early activation of coagulation after
allergen challenge in patients with allergic asthma. Journal of thrombosis and haemostasis : JTH 7:
1592-1594, 2009.

42, Schuijs MJ, Willart MA, Hammad H, and Lambrecht BN. Cytokine targets in airway
inflammation. Current opinion in pharmacology 13: 351-361, 2013.

43, Shaver CM, Grove BS, Putz N, Clune JK, Lawson WE, Carnahan RH, Mackman N, Ware LB,
and Bastarache JA. Lung Epithelial Tissue Factor Regulates Alveolar Pro-coagulant Activity and
Permeability in Direct Acute Lung Injury. American journal of respiratory cell and molecular biology
2015.

44, Thomson NC, Chaudhuri R, Messow CM, Spears M, MacNee W, Connell M, Murchison JT,
Sproule M, and McSharry C. Chronic cough and sputum production are associated with worse clinical
outcomes in stable asthma. Respiratory medicine 107: 1501-1508, 2013.

45, van lwaarden F, de Groot PG, and Bouma BN. The binding of high molecular weight
kininogen to cultured human endothelial cells. The Journal of biological chemistry 263: 4698-4703,
1988.

46. Virchow JC, Backer V, Kuna P, Prieto L, Nolte H, Villesen HH, Ljorring C, Riis B, and de Blay F.
Efficacy of a House Dust Mite Sublingual Allergen Immunotherapy Tablet in Adults With Allergic
Asthma: A Randomized Clinical Trial. JAMA 315: 1715-1725, 2016.

47. von dem Borne PA, Meijers JC, and Bouma BN. Feedback activation of factor XI by thrombin
in plasma results in additional formation of thrombin that protects fibrin clots from fibrinolysis. Blood
86: 3035-3042, 1995.

18



489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

Legends to figures

Figure 1: FXI KO, but not FXIl KO, mice have increased eosinophil influx and eotaxin levels in
lungs upon HDM exposure via the airways. a) Influx of eosinophils in BALF of WT (white bars), FXI
KO (grey bars) or FXII KO (black bars) following NaCl or HDM exposure. Accumulation of eosinophils
in the lung was determined by immunohistochemical staining for Major Basic Protein (MBP). b) MBP
positive staining as percentage of total lung surface is depicted for WT (white bars), FXI KO (grey
bars) or FXIl KO (black bars) following NaCl or HDM exposure. c) Representative pictures of MBP
stained NaCl and HDM exposed lung sections. Lung eotaxin protein (d) and mRNA (e) after NaCl or
HDM exposure in WT (white bars), FXI KO (grey bars) or FXII KO (black bars). Data from two
separate experiments (n=8 per group); experiment |: b-e; and experiment II: a. Data are means +

SEM, *P<0.05

Figure 2: FXI KO and FXIl KO mice show similar lung pathology and mucus production after
HDM administration via the airways. Total pathology score of HE stained lung sections (a) and
mucus score of PasD stained lung sections (b) of WT (white bars), FXI KO (grey bars) and FXIl KO
(black bars). Data are means + SEM (n=8 per group, experiment I). Right panels show representative
pictures of HE (4x magnification) and PasD (10x magnification) stained lung sections. ND = non-

detected

Figure 3: Impact of FXI or FXII deficiency on type 2 immune responses. Plasma IgE (a) and
HDM-specific IgG4 (b) and lung IL-4 (c) and IL-5 (d) levels in WT (white bars), FXI KO (grey bars) and
FXIl KO (black bars) in NaCl and HDM exposed mice. Dashed line represents lower detection limit.

Data are means + SEM (n=8 per group, experiment |), *P<0.05

Figure 4: FXI KO, but not FXIl KO, mice show increased protein leak in BALF. Protein leakage
was determined by BALF total protein (a) and IgM (b) levels in WT (white bars), FXI KO (grey bars)
and FXII KO (black bars) mice. 7 out of 8 HDM exposed FXI KO mice had IgM levels above detection
(detection limit is 1000ng/ml, represented by dashed line). Plasma IgM (c) and ratio between IgM

levels in BALF and plasma (d) in WT (white bars), FXI KO (grey bars) and FXII KO (black bars) mice.
19
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Ratio is given as a percentage compared to WT NaCl exposed mice. Data are means + SEM (n=6-8

per group, experiment Il), *P<0.05

Figure 5: HDM exposure via the airways induces local activation of coagulation and fibrinolysis
in all three strains. a) Fibrin degradation WB of WT NaCl and HDM exposed BALF. c) Digital analysis
of WB is depicted as fold increase in HDM (black bars) compared with NaCl (white bars) exposed WT
BALF. b) Fibrin degradation WB of BALF from WT, FXI KO and FXII KO mice following HDM
exposure. d) Digital analysis of 2 independent WBs, analyzing all individual mouse samples from the
three strains, is depicted as fold increase in FXI KO (grey bars) or FXII KO (black bars) compared with
WT (white bars) HDM exposed BALF. e) TATc levels in BALF of WT (white bar), FXI KO (grey bar)
and FXII KO (black bar) following HDM exposure. In a+c) and b+d) similar WT HDM samples are
used. c=control D-dimer from mouse plasma, data are means + SEM (n=6 per group [NaCl vs HDM]

or n=8 per group [WT vs FXI KO vs FXIl KO],experiment Il), *P<0.05
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