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Abstract

Purpose of review.—This review describes the contribution of coagulation factor XII (FXII) in
sterile inflammation and wound healing with a focus on recently identified roles for zymogen FXIlI
in neutrophil functions.

Recent findings.—Recent studies have identified an important role for FXII in neutrophil
trafficking. In particular, following neutrophil activation, autocrine FXII signals through its
receptor urokinase plasminogen activator receptor (UPAR) on the neutrophil surface to upregulate
neutrophil functions. The sum of these activities leads to neutrophil adhesion, chemotaxis, and
neutrophil extracellular (NET) formation. Downregulating FXII-mediated signaling in neutrophils
is associated with improved wound healing.

Summary.—These recent findings add to our understanding of the sophisticated role of FXII /n
vivo and create new avenues of research for the treatment of chronic inflammatory diseases.
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INTRODUCTION

Factor XII (FXII) is the zymogen of serine protease, factor Xlla (FXIla). FXII enzymatic
activities are well-established and FXIlla inhibition has emerged as a potential target to
prevent thrombosis without increasing bleeding risk [1-5]. In contrast, few zymogen FXII-
initiated functions have been appreciated. Older reports indicate that FXII deficiency is
associated with decreased migration of inflammatory cells into skin windows [6]. In human
plasma, FXII and FXlla assemble on the surface of neutrophils [7] and induce neutrophil
aggregation [8]. In the central nervous system, FXII through urokinase plasminogen
activator receptor (UPAR), induces a cytokine shift in dendritic cells contributing to
neuroinflammation [9]. In acute respiratory distress syndrome, increased levels of FXII
modulate the production and release of proinflammatory cytokines in the lung and correlate
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with clinical outcome [10]. These FXII functions occur independently of plasma kallikrein
and support that FXII directly engages in cellular proinflammatory responses [10]. In
contrast to other components of the coagulation system, FXII has two epidermal growth
factor domains and has mitogenic activity in endothelial and smooth muscle cells [11,12].
These combined data indicate that zymogen FXII influences cell biology independent of its
protease function.

Here, we review the role of FXII in neutrophil trafficking at sites of sterile inflammation.
We will focus on its contribution to wound healing and potential therapeutic applications in
chronic inflammatory disease states.

FXII DEFICIENCY FACILITATES WOUND REPAIR

We recently reported our findings examining the role of FXII in neutrophil proinflammatory
responses. We found that FXI1 deficient (£227/7) mice exhibit significantly faster wound
closure rates compared to wild type (WT) mice [13]. Histologically, the re-epithelialization
rate was significantly greater in £12/~ wounds compared to WT wounds. In regards to

the composition of wounds, immunofluorescence studies indicated a substantial decrease in
neutrophils with decreased neutrophil elastase and reduced citrullinated histone H3, a NET
marker, compared to WT wounds.[14] Although bradykinin (BK) is considered the major
inflammatory mediator of contact system activation and can directly influence leukocyte
function[15,16], we did not observe decreased neutrophil recruitment in skin wounds when
we examined bradykinin B2 receptor-deleted (Bakrb2'~) mice and Bdkrb2”~ mice treated
with a bradykinin B1 receptor antagonist, R715. These combined data indicated that reduced
neutrophil recruitment in FXI1I deficient states had a beneficial effect on wound healing and
this finding was independent of reduced bradykinin formation.

LOCAL FXIl PRODUCTION IN NEUTROPHILS

An increased presence of contact system components including FXII, was recently
demonstrated in bronchoalveolar lavage fluid from ARDS patients. Although loss of
vascular integrity and dissemination of plasma proteins can in part explain these findings,
the possibility of local intrapulmonary FXII production was raised [10]. The authors also
refer to unpublished findings of intrapulmonary FXII production in patients with chronic
lung pathologies such as idiopathic pulmonary fibrosis [10]. Similarly, in order to determine
whether plasma-derived FXII directly contributes to leukocyte function, we targeted FXII
production in the liver by F12siRNA [17]. We found that F12siRNA significantly reduced
FXII coagulant activity to < 5% within 24 h. However, unlike £127~ mice, F12siRNA-
treated mice did not exhibit significant reduction in neutrophil recruitment into skin wounds
[14]. Infusion of FXII into #7227/~ mice such that the plasma FXII concentration was made
physiologic, did not correct cell migration into the peritoneum after thioglycolate-induced
peritonitis [14]. These studies indicated that decreased neutrophil migration in £127/~ mice
is not dependent on plasma FXII. Gene sequencing confirmed the presence of FXII cDNA
in murine and human neutrophils while confocal immunofluorescence studies provided
evidence that following neutrophil activation, FXII translocates from the intracellular
compartment to the neutrophil surface [13].
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THE FXII-uPAR INTERACTION IN NEUTROPHILS

The presence of FXII in neutrophils prompted investigations to determine its role in
neutrophil functions. One would expect that FXII is secreted from these cells. Indeed, we
confirmed that following neutrophil activation by fMLP, FXII content decreased in the cell
fraction and increased FXII was detected in the supernatant over time [13]. It was previously
shown that neutrophils provide a circulating platform for components of the contact-phase
system [7]. Therefore, we examined if secreted FXII remained bound on the neutrophil
surface. In search of putative FXII receptors, we focused on uPAR given prior studies that
UPAR is functionally important for leukocyte activities [18-22] and also serves as a receptor
for FXI1 on endothelial cells [12]. Co-immunoprecipitation studies showed that FXII and
UPAR interact on the neutrophil surface (unpublished data). Surface plasmon resonance
studies showed that FXII bound to UPAR in a concentration-dependent manner. Binding
kinetics showed a high-affinity interaction with k,, (association rate constant) of 2.03 + 0.85
10° M1 571, kg (dissociation rate constant) of 5.02 + 2.82 1073 s, and K (equilibrium
dissociation constant) of 37.1 £ 29.4 nM [14].

THE FXII-uPAR-pAkt2 SIGNALING AXIS

We sought to determine if the physiologic interaction between FXII and uPAR results in
cell signaling. In neutrophils, the phosphoinositide 3-kinase (PI13K)/Akt signaling cascade
is involved in adhesion, migration, degranulation and superoxide production [23]. In human
and mouse neutrophils, only Aktl and Akt2 are expressed but Aktl has no defined role
[23,24]. In contrast, Akt2 is the only isoform that translocates to the leading edge of
neutrophils where it regulates key functions [23,24]. Akt2 KO mice have reduced neutrophil
chemotaxis and impaired superoxide production in response to fMLP, C5a, and phorbol-12-
myristate-13-acetate (PMA) [24]. Therefore, we examined if FXII and uPAR preferentially
activate Akt2 by promoting Akt2 phosphorylation at Ser’4. In WT cells, pAkt2S474 was
substantially increased in response to fMLP and FXI1/Zn2* [14]. In F127/~ neutrophils, both
fMLP and FX11/Zn?* promoted pAkt2S474. FXI1-induced pAkt2S474 proceeded through
uPAR since Plaur~ neutrophils did not exhibit Akt2S474 phosphorylation in response to
FXI11/Zn%* while this was partly preserved with fMLP [14]. These data showed that in
neutrophils, the FXII-uPAR interaction induced Akt2 phosphorylation.

During these signaling studies, FXII remained a single chain (~ 78kDa) on reduced
SDS-PAGE, suggesting that FXII did not auto-activate to FXlla (two-chained) during its
incubation with neutrophils. However, it was recently shown that single chain FXII exhibits
weak proteolytic activity [25]. In order to conclusively determine if the effect of FXII

on neutrophils is a zymogen property or an enzymatic activity we generated a double

FXII mutant, termed FXI11-D, that consists of two mutations: FXII Locarno (FXII1-R353P
mutation) [26] and FX11-S544A (an alanine substituting the active site serine) [25]. FXII-D
lacks all enzymatic activity and is incapable of contact-activation [14]. Independent of its
inability to generate enzymatic activity, FX11-D was able to promote pAkt2. These studies,
along with kinetic enzymatic assays, showed that FXII1-mediated signaling in neutrophils is a
zymogen FXII function.
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Given that the plasma concentration of FXII is ~ 450 nM and since FXII action on
neutrophils relates to its zymogen form, the question arises as to why FXII-uPAR do

not interact constitutively. Indeed, there are rate-limiting steps that regulate FXII-uPAR
binding. It is ingrained in our understanding that uPAR is membrane-anchored on the
surface of neutrophils; one can assume that this association occurs through the entire life
cycle of neutrophils. However, it was previously shown that in resting neutrophils, uPAR
molecules are stored in two distinct intracellular compartments: easily mobilizable secretory
vesicles and specific granules [27]. Stimulation of neutrophils with various agonists results
in a rapid increase in the expression of UPAR and is accompanied by the translocation

of increasing amounts of UPAR to the neutrophil plasma membrane [27]. This step-wise
appearance of FXII receptor binding sites on activated neutrophils can explain in part, why
the FXI1I-uPAR interaction is not operating continuously. Another key aspect to consider is
FXI1’s cell-binding ability. /n vivo, circulating FXII is not constitutively bound to cells in
the intravascular compartment; it does so, only when the local free zinc ion concentration
rises significantly from physiologic plasma levels of ~ 20 nM [28,29] to a micromolar (uUM)
range. The heavy chain of FXII contains four zinc binding sites which are in close proximity
to its artificial surface- and cell-binding regions [30-37]. The source of extracellular zinc
was previously shown to derive from activated cells such as platelets and endothelial

cells [37,38]. Neutrophils themselves contain zinc-sensing receptors and may potentiate

the mobilization of zinc towards the extracellular compartment during inflammation. To this
end, surface plasmon resonance studies confirmed that FXI1I did not interact with uPAR in
the absence of zinc. In sum, FXII-uPAR complex formation is a tightly regulated process /n
vivo [14].

Since FXII signals in neutrophils, we examined if it regulates cell activities. FXII-mediated
signaling had not been previously studied in neutrophils. When cells were stimulated with
fMLP, we found that #2727~ neutrophils had significantly reduced adherence to integrin
binding glycoproteins fibronectin and fibrinogen. Using a novel microfluidic chamber

and time lapse microscopy, we determined that FXII is a very potent chemotaxin [14].
Dissecting the mechanisms involved downstream of pAkt2, we found that FXII1-uPAR
upregulate the surface expression of aMp2 integrin, increase intracellular Ca2*mobilization,
and promote histone citrullination and NET formation [14]. When neutrophils were
pretreated with LRG20, a uPAR Domain Il inhibitory peptide that blocks the FXII-uPAR
interaction, pAkt2 formation and extracellular DNA release were significantly reduced in
FXIl-stimulated WT neutrophils [14].

In sum, data show that the FXII1-uPAR interaction contributes to cell adhesion, chemotaxis,
and NETosis (Figure 1). uPAR itself is a regulator of integrin activity modulating their
affinity and avidity [18,19]. In endothelial cells, occupancy of uPAR by FXII promotes

the formation of uUPAR-integrin complexes that subsequently activate intracellular signaling
pathways (outside-in signaling) [12]. Whether this lateral association between FXII-uPAR
and aMp2 integrin directly contributes to neutrophil functions is the focus of on-going
investigations in our lab. Importantly, what the aforementioned studies support is that the
FXI1-uPAR interaction in neutrophils precedes NET formation. Finding a pathway for NET
formation through FXII is novel and therapeutically applicable given the current paradigm
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that their relationship lies solely on contact activation of circulating FXII on the surface of
preformed NETSs [39].

HARNESSING THE FXII-uPAR AXIS IN NEUTROPHILS - THERAPEUTIC
POTENTIAL

Efficient wound repair requires the coordinated effort of many different cell types. Following
hemostasis, a healing wound typically goes through phases of inflammation, proliferation
and remodelling/scar formation [40]. The inflammatory phase, is an important part of the
wound healing response. Neutrophils are the first inflammatory cells to be recruited to

the wound site. Their primary function is to prevent infection but their ability to generate
cytokines and growth factors allows them to do more than simply sterilize wound sites [40].
In fact, studies demonstrated that a variety of genes encoding proteins that recruit more
neutrophils, promote angiogenesis, and stimulate keratinocyte and fibroblast proliferation is
upregulated in wound-resident neutrophils compared to circulating neutrophils [41].

While neutrophils are an integral part of the inflammatory response, recent evidence
suggests that timely resolution of inflammation is equally important for wounds to progress
through subsequent phases of healing [42]. Therefore, continued recruitment, or buildup

of active neutrophils, can prolong inflammation and contribute to the development of
chronic wounds. Animal models show that excess neutrophil influx into wound sites impairs
keratinocyte migration and proliferation [43]. In addition, the persistence of neutrophils in
wounds leads to unrestricted proteolytic activity mediated by neutrophil granular enzymes
leading to matrix disruption and proteolysis of growth factors and their receptors [44].
Indeed, neutrophil elastase was previously shown to be markedly increased in the exudate
of non-healing human wounds [45]. Circulating neutrophils from diabetic humans are
primed to produce NETSs [46] and NETosis delayed diabetic wound healing in mice and
humans [47]. In contrast, high levels of alphal-antitrypsin, an /in vivo neutrophil elastase
inhibitor, are a biomarker of successful wound healing [44]. Altogether, these data support
that limiting the activity of neutrophils may be beneficial for the treatment of chronic,
non-healing wounds.

Our prior studies showed that a) the effect of FXII on neutrophils is a bone marrow-endowed
function and b) the degree of inflammatory component in wounds is dependent upon
neutrophil FXI1I [14]. More recently, we examined the crosstalk between neutrophils and
keratinocytes in a purified system /n vitro. We determined that addition of stimulated WT
neutrophils to skin epithelial cells (SECs) resulted in significant inhibition of wound closure
(unpublished data). Addition of stimulated #2227~ neutrophils to adherent SECs, resulted in
considerably accelerated wound closure compared to WT neutrophils. To confirm that loss
of FXII-uPAR activity in neutrophils alone accelerates SEC migration, WT neutrophils were
pre-treated with LRG20, a uPAR Domain Il peptide, before they were stimulated with fMLP
or PMA and added to SECs. We found that SEC migration rate was significantly increased
in the presence of LRG20-treated neutrophils compared to activated WT neutrophils. These
studies confirm that a) wound closure is dependent on the activation state of neutrophils; b)
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downregulation of FXII-mediated signaling in neutrophils, restricts neutrophil activation and
improves epithelial cell migration.

How can these findings be translated therapeutically? Systemic inhibition of FXII could
adversely affect endothelial cell proliferation [12], prekallikrein activation [25], and the
structure of fibrin [48]. Similarly, ubiquitous uPAR inhibition can impair access of other
ligands and affect fibrinolysis. To circumvent these issues, a potential approach is to
selectively abrogate the FXII-uPAR interaction specifically on the surface of neutrophils.
Our on-going studies show that site-specific inhibition of FXII-uPAR binding, can
effectively curb neutrophil responses while preserving systemic FXII functions and uPAR
availability to other ligands (unpublished data).

We found that FXII signaling in neutrophils upregulates the surface expression of aMp2
integrin, previously shown to be the main receptor for neutrophil adhesion on fibrinogen
and also responsible for stable heterotypic cell-cell interactions with platelets [49-51]. It
would be interesting to determine if FXII’s action on neutrophils, and downstream integrin
surface expression, creates additional binding sites between neutrophils, platelets, and fibrin
to facilitate thrombus propagation. Recognition of such a function for FXII would be novel
and complementary to its enzymatic activity.

Overall, targeted abrogation of the FXII-uPAR interaction can be therapeutically relevant

in disease states where neutrophils contribute to disease. However, one should consider

the elucidation of tissue-specific neutrophil recruitment patterns. In this context, a recent
study identified that the neutralization of cathepsin G in mouse models did not affect
neutrophil extravasation during acute lung inflammation but instead, specifically limited
atherogenic leukocyte recruitment [52]. Tissue-specific neutrophil recruitment patterns have
been identified for the kidney, lung and liver [53], and should be taken into consideration
when designing anti-inflammatory strategies. Similarly, future studies should examine if
simultaneous silencing of FXII-uPAR and possible lateral partners of their complex, are
more efficient at overriding redundant neutrophil trafficking cues.

Finally, one cannot avoid addressing the long-awaited question as to physiologic role of
FXII. Why does it exist and why has it persisted /7 vivo. Animal studies appear to support
the notion that FXII deficiency comes with experimentally demonstrated “benefits” only.
To the consternation of investigators in the field, FXII deficiency is not associated with
obvious disease that makes it easy to show why investigation on it is important and relevant.
However, this very fact may make FXII a better target for disease modification. It is also
worth noting a key point. A systematic assessment of FXII deficient individuals is presently
lacking. This is primarily due to the fact that these individuals do not constitute a “patient”
population per se as they do not suffer from an obvious disorder e.g. bleeding tendency. In
addition, it is inherently more difficult to capture positive phenotypic changes (such as faster
wound healing) among individuals, than negative traits. A detailed epidemiologic study is
lacking to conclusively determine beneficial (or not) characteristics in these individuals.
Unless such study is completed, the role of FXII in physiology cannot be presumed to be
non-existent. Indeed, FXII is highly conserved among mammals. One would assume this

is due to its participation in important functions. Prior studies from our group and others
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show that FXII is a growth factor promoting endothelial cell proliferation and /n vitro and
in vivo angiogenesis [12]. This FXII function is independent of its catalytic and contact
activation properties. Being part of the kallikrein kinin system (KKS), FXII contributes to
liberation of bradykinin, a biologic peptide that regulates vessel tone, intravascular nitric
oxide (NO), prostacyclin (PGl,) and tissue plasminogen activator liberation [54-56]. We
estimate that FXlla accounts for ~50% of constitutive plasma bradykinin levels. In fact, a
gain-in-function mutation in FXII is mechanistically associated with Type 11l angioedema.
Given that single-chain FXII has been proposed as an activator of prekallikrein [25], it may
be an initiator of activation of the KKS independent of contact activation. All these studies
support that FXI1 and its various forms contribute to both physiologic and pathologic events.

We believe that our studies on FXII functions in neutrophils, as neutrophils themselves,
ought to be considered separately in non-sterile vs. sterile inflammatory states. During
infection(s), neutrophil recruitment constitutes the first line of defense against pathogens.
As inflammation progresses, DNA associated with NETs functions as a “contact” substrate,
promptly activating FXII leading to fibrin formation. The fibrin scaffold generated by

this synergism between the coagulation pathway (FXII and the extrinsic pathway) and
neutrophils, entraps microbes within microvessels limiting the systemic spread of infection
while enhancing the clearance of pathogens by activated leukocytes [57,58]. The process
appears to be more complex /in vivo and pathogen-specific. FXII deficiency confers
protection from Klebsiella pneumoniae sepsis but not from Streptococcus pneumoniae
sepsis [59]. Therefore, FXII in specific infectious settings, can be viewed as an important
contributor to innate immune functions.

From a teleological viewpoint, these functions appear to have emerged as part of the host
immune response to invading pathogens. However, there has been a recent epidemiological
transition associated with decreased incidence of infections and the development of chronic
inflammatory diseases. In these scenarios of sterile inflammation, neutrophils have proven to
damage host tissues, contribute to the development of autoimmunity and lead to a multitude
of adverse outcomes [47,60-62]. In these settings, the contribution of FXII to neutrophil
activation may be maladaptive and targeting its activity is therapeutically relevant.

CONCLUSION

Recent studies have identified a novel signaling pathway in neutrophils that involves
autocrine FXII and its receptor uPAR, that upregulate neutrophil functions. The FXII-
UPAR axis becomes operative after initial cell activation and appears to sustain neutrophil
primeness and propagates neutrophil pro-inflammatory responses. Targeted abrogation
of the FXII-uPAR interaction downregulates neutrophil activation, resolves perpetuating
inflammation and promotes wound healing. Future studies are required to establish its
therapeutic potential in other disease states driven by excess sterile inflammation.

ACKNOWLEDGEMENTS

The author would like to thank all collaborators who have contributed over the years to work referenced in this
manuscript.

Curr Opin Hematol. Author manuscript; available in PMC 2022 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stavrou Page 8

FINANCIAL SUPPORT and SPONSORHIP

E.X.S. is supported by an American Heart Association Scientist Development Award and the Oscar D. Ratnoff
Endowed Professorship. The contents do not represent the views of the U.S. Department of Veterans Affairs or the
United States Government.

REFERENCES and RECOMMENDED READING

Papers of particular interest, published within the annual period of review, have been
highlighted as:

m of special interest
«» of outstanding interest

1. Renne T, Pozgajova M, Gruner S, Schuh K, Pauer HU, Burfeind P, Gailani D, Nieswandt B:
Defective thrombus formation in mice lacking coagulation factor XII. J Exp Med 2005, 202:271—
281. [PubMed: 16009717]

2. Kleinschnitz C, Stoll G, Bendszus M, Schuh K, Pauer HU, Burfeind P, Renne C, Gailani D,
Nieswandt B, Renne T: Targeting coagulation factor XII provides protection from pathological
thrombosis in cerebral ischemia without interfering with hemostasis. J Exp Med 2006, 203:513—
518. [PubMed: 16533887]

3. Larsson M, Rayzman V, Nolte MW, Nickel KF, Bjorkqvist J, Jamsa A, Hardy MP, Fries M,
Schmidbauer S, Hedenqvist P, et al. : A factor Xlla inhibitory antibody provides thromboprotection
in extracorporeal circulation without increasing bleeding risk. Sci Transl Med 2014, 6:222ra217.

4. Nickel KF, Ronquist G, Langer F, Labberton L, Fuchs TA, Bokemeyer C, Sauter G, Graefen M,
Mackman N, Stavrou EX, et al. : The polyphosphate-factor XII pathway drives coagulation in
prostate cancer-associated thrombosis. Blood 2015, 126:1379-1389. [PubMed: 26153520]

5. Revenko AS, Gao D, Croshy JR, Bhattacharjee G, Zhao C, May C, Gailani D, Monia BP, MacLeod
AR: Selective depletion of plasma prekallikrein or coagulation factor XII inhibits thrombosis in
mice without increased risk of bleeding. Blood 2011, 118:5302-5311. [PubMed: 21821705]

6. Rebuck JW: The skin window as a monitor of leukocytic functions in contact activation factor
deficiencies in man. Am J Clin Pathol 1983, 79:405-413. [PubMed: 6340459]

7. Henderson LM, Figueroa CD, Muller-Esterl W, Bhoola KD: Assembly of contact-phase factors on
the surface of the human neutrophil membrane. Blood 1994, 84:474-482. [PubMed: 8025275]

8. Wachtfogel YT, Pixley RA, Kucich U, Abrams W, Weinbaum G, Schapira M, Colman RW: Purified
plasma factor Xlla aggregates human neutrophils and causes degranulation. Blood 1986, 67:1731—
1737. [PubMed: 3486686]

9. Gobel K, Pankratz S, Asaridou CM, Herrmann AM, Bittner S, Merker M, Ruck T, Glumm S,
Langhauser F, Kraft P, et al. : Blood coagulation factor XII drives adaptive immunity during
neuroinflammation via CD87-mediated modulation of dendritic cells. Nat Commun 2016, 7:11626.

m10. Hess R, Wujak L, Hesse C, Sewald K, Jonigk D, Warnecke G, Fieguth HG, de Maat S, Maas

C, Bonella F, et al. : Coagulation factor XII regulates inflammatory responses in human lungs.
Thromb Haemost 2017, 117:1896-1907. [PubMed: 28816340] This publication shows that FXII
promotes a cytokine shift in the lungs during acute respiratory distress syndrome that contributes
to the clinical phenotype of the disease and correlates with outcome. It raises the possibility a)
that this is a zymogen FXII function and b) that local production of FXII in the lung.

11. Gordon EM, Venkatesan N, Salazar R, Tang H, Schmeidler-Sapiro K, Buckley S, Warburton D,
Hall FL: Factor XlI-induced mitogenesis is mediated via a distinct signal transduction pathway
that activates a mitogen-activated protein kinase. Proc Natl Acad Sci U S A 1996, 93:2174-2179.
[PubMed: 8700904]

12. LaRusch GA, Mahdi F, Shariat-Madar Z, Adams G, Sitrin RG, Zhang WM, McCrae KR, Schmaier
AH: Factor XII stimulates ERK1/2 and Akt through uPAR, integrins, and the EGFR to initiate
angiogenesis. Blood 2010, 115:5111-5120. [PubMed: 20228268]

13. Stavrou E

Curr Opin Hematol. Author manuscript; available in PMC 2022 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stavrou

Page 9

«»14. Stavrou EX, Fang C, Bane KL, Long AT, Naudin C, Kucukal E, Gandhi A, BrettMorris A,
Mumaw MM, lzadmehr S, et al. : Factor XII and uPAR upregulate neutrophil functions to
influence wound healing. J Clin Invest 2018.

15. Araujo RC, Kettritz R, Fichtner I, Paiva AC, Pesquero JB, Bader M: Altered neutrophil
homeostasis in kinin B1 receptor-deficient mice. Biol Chem 2001, 382:91-95. [PubMed:
11258678]

16. Austinat M, Braeuninger S, Pesquero JB, Brede M, Bader M, Stoll G, Renne T, Kleinschnitz
C: Blockade of bradykinin receptor B1 but not bradykinin receptor B2 provides protection from
cerebral infarction and brain edema. Stroke 2009, 40:285-293. [PubMed: 18988906]

17. Nair JK, Willoughby JL, Chan A, Charisse K, Alam MR, Wang Q, Hoekstra M, Kandasamy P,
Kel’in AV, Milstein S, et al. : Multivalent N-acetylgalactosamine-conjugated siRNA localizes in
hepatocytes and elicits robust RNAi-mediated gene silencing. J Am Chem Soc 2014, 136:16958—
16961. [PubMed: 25434769]

18. May AE, Kanse SM, Lund LR, Gisler RH, Imhof BA, Preissner KT: Urokinase receptor (CD87)
regulates leukocyte recruitment via beta 2 integrins in vivo. J Exp Med 1998, 188:1029-1037.
[PubMed: 9743521]

19. Simon DI, Wei Y, Zhang L, Rao NK, Xu H, Chen Z, Liu Q, Rosenberg S, Chapman HA:
Identification of a urokinase receptor-integrin interaction site. Promiscuous regulator of integrin
function. J Biol Chem 2000, 275:10228-10234. [PubMed: 10744708]

20. Degryse B, Resnati M, Czekay RP, Loskutoff DJ, Blasi F: Domain 2 of the urokinase receptor
contains an integrin-interacting epitope with intrinsic signaling activity: generation of a new
integrin inhibitor. J Biol Chem 2005, 280:24792-24803. [PubMed: 15863511]

21. Sitrin RG, Todd RF 3rd, Albrecht E, Gyetko MR: The urokinase receptor (CD87) facilitates
CD11bh/CD18-mediated adhesion of human monocytes. J Clin Invest 1996, 97:1942-1951.
[PubMed: 8621779]

22. May AE, Neumann FJ, Schomig A, Preissner KT: VLA-4 (alpha(4)beta(1)) engagement defines
a novel activation pathway for beta(2) integrin-dependent leukocyte adhesion involving the
urokinase receptor. Blood 2000, 96:506-513. [PubMed: 10887112]

23. Li J, Kim K, Hahm E, Molokie R, Hay N, Gordeuk VR, Du X, Cho J: Neutrophil AKT2 regulates
heterotypic cell-cell interactions during vascular inflammation. J Clin Invest 2014, 124:1483-
1496. [PubMed: 24642468]

24. Chen J, Tang H, Hay N, Xu J, Ye RD: Akt isoforms differentially regulate neutrophil functions.
Blood 2010, 115:4237-4246. [PubMed: 20332370]

w25, lvanov |, Matafonov A, Sun MF, Cheng Q, Dickeson SK, Verhamme IM, Emsley J, Gailani D:

Proteolytic properties of single-chain factor XII: a mechanism for triggering contact activation.
Blood 2017, 129:1527-1537. [PubMed: 28069606] This publication shows for the first time that
single chain FXII has intrinsic proteolytic activity and can activate prekallikrein independent of
FXlla.

26. Wuillemin WA, Furlan M, Stricker H, Lammle B: Functional characterization of a variant factor
XII (F XII Locarno) in a cross reacting material positive F XII deficient plasma. Thromb Haemost
1992, 67:219-225. [PubMed: 1621242]

27. Plesner T, Ploug M, Ellis V, Ronne E, Hoyer-Hansen G, Wittrup M, Pedersen TL, Tscherning
T, Dano K, Hansen NE: The receptor for urokinase-type plasminogen activator and urokinase is
translocated from two distinct intracellular compartments to the plasma membrane on stimulation
of human neutrophils. Blood 1994, 83:808-815. [PubMed: 8298141]

28. Bal W, Sokolowska M, Kurowska E, Faller P: Binding of transition metal ions to albumin: sites,
affinities and rates. Biochim Biophys Acta 2013, 1830:5444-5455. [PubMed: 23811338]

29. Haase H, Hebel S, Engelhardt G, Rink L: The biochemical effects of extracellular Zn(2+) and
other metal ions are severely affected by their speciation in cell culture media. Metallomics 2015,
7:102-111. [PubMed: 25360687]

30. Rojkaer R, Schousboe I: Partial identification of the Zn2+-binding sites in factor X1l and its
activation derivatives. Eur J Biochem 1997, 247:491-496. [PubMed: 9266689]

31. Schousboe I: Contact activation in human plasma is triggered by zinc ion modulation of factor XII
(Hageman factor). Blood Coagul Fibrinolysis 1993, 4:671-678. [PubMed: 7507361]

Curr Opin Hematol. Author manuscript; available in PMC 2022 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stavrou

Page 10

32. Cool DE, Edgell CJ, Louie GV, Zoller MJ, Brayer GD, MacGillivray RT: Characterization of
human blood coagulation factor X1l cDNA. Prediction of the primary structure of factor XII
and the tertiary structure of beta-factor Xlla. J Biol Chem 1985, 260:13666—13676. [PubMed:
3877053]

33. McMullen BA, Fujikawa K: Amino acid sequence of the heavy chain of human alphafactor Xlla
(activated Hageman factor). J Biol Chem 1985, 260:5328-5341. [PubMed: 3886654]

34. Pixley RA, Stumpo LG, Birkmeyer K, Silver L, Colman RW: A monoclonal antibody recognizing
an icosapeptide sequence in the heavy chain of human factor XII inhibits surface-catalyzed
activation. J Biol Chem 1987, 262:10140-10145. [PubMed: 2440859]

35. Clarke BJ, Cote HC, Cool DE, Clark-Lewis I, Saito H, Pixley RA, Colman RW, MacGillivray RT:
Mapping of a putative surface-binding site of human coagulation factor XII. J Biol Chem 1989,
264:11497-11502. [PubMed: 2472397]

36. Citarella F, Ravon DM, Pascucci B, Felici A, Fantoni A, Hack CE: Structure/function analysis of
human factor XII using recombinant deletion mutants. Evidence for an additional region involved
in the binding to negatively charged surfaces. Eur J Biochem 1996, 238:240-249. [PubMed:
8665943]

37. Mahdi F, Madar ZS, Figueroa CD, Schmaier AH: Factor XII interacts with the multiprotein
assembly of urokinase plasminogen activator receptor, gC1gR, and cytokeratin 1 on endothelial
cell membranes. Blood 2002, 99:3585-3596. [PubMed: 11986212]

38. Zzhu D, Su'Y, Zheng Y, Fu B, Tang L, Qin YX: Zinc regulates vascular endothelial cell activity
through zinc-sensing receptor ZnR/GPR39. Am J Physiol Cell Physiol 2018, 314:C404-C414.
[PubMed: 29351417]

39. von Bruhl ML, Stark K, Steinhart A, Chandraratne S, Konrad I, Lorenz M, Khandoga A, Tirniceriu
A, Coletti R, Kollnberger M, et al. : Monocytes, neutrophils, and platelets cooperate to initiate
and propagate venous thrombosis in mice in vivo. J Exp Med 2012, 209:819-835. [PubMed:
22451716]

40. Martin P: Wound healing--aiming for perfect skin regeneration. Science 1997, 276:75-81.
[PubMed: 9082989]

41. Theilgaard-Monch K, Knudsen S, Follin P, Borregaard N: The transcriptional activation program of
human neutrophils in skin lesions supports their important role in wound healing. J Immunol 2004,
172:7684-7693. [PubMed: 15187151]

42. Widgerow AD: Cellular resolution of inflammation--catabasis. Wound Repair Regen 2012, 20:2-7.
[PubMed: 22276585]

43. Mori R, Power KT, Wang CM, Martin P, Becker DL: Acute downregulation of connexin43 at
wound sites leads to a reduced inflammatory response, enhanced keratinocyte proliferation and
wound fibroblast migration. J Cell Sci 2006, 119:5193-5203. [PubMed: 17158921]

44. Buchstein N, Hoffmann D, Smola H, Lang S, Paulsson M, Niemann C, Krieg T, Eming SA:
Alternative proteolytic processing of hepatocyte growth factor during wound repair. Am J Pathol
2009, 174:2116-2128. [PubMed: 19389925]

45. Eming SA, Koch M, Krieger A, Brachvogel B, Kreft S, Bruckner-Tuderman L, Krieg T, Shannon
JD, Fox JW: Differential proteomic analysis distinguishes tissue repair biomarker signatures in
wound exudates obtained from normal healing and chronic wounds. J Proteome Res 2010, 9:4758-
4766. [PubMed: 20666496]

46. Wong SL, Demers M, Martinod K, Gallant M, Wang Y, Goldfine AB, Kahn CR, Wagner DD:
Diabetes primes neutrophils to undergo NETosis, which impairs wound healing. Nat Med 2015,
21:815-819. [PubMed: 26076037]

47. Fadini GP, Menegazzo L, Rigato M, Scattolini V, Poncina N, Bruttocao A, Ciciliot S, Mammano F,
Ciubotaru CD, Brocco E, et al. : NETosis Delays Diabetic Wound Healing in Mice and Humans.
Diabetes 2016, 65:1061-1071. [PubMed: 26740598]

48. Konings J, Govers-Riemslag JW, Philippou H, Mutch NJ, Borissoff JI, Allan P, Mohan S, Tans
G, Ten Cate H, Ariens RA: Factor Xlla regulates the structure of the fibrin clot independently of
thrombin generation through direct interaction with fibrin. Blood 2011, 118:3942-3951. [PubMed:
21828145]

Curr Opin Hematol. Author manuscript; available in PMC 2022 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stavrou

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

u5

60

61

62

Page 11

Forsyth CB, Solovjov DA, Ugarova TP, Plow EF: Integrin alpha(M)beta(2)-mediated cell migration
to fibrinogen and its recognition peptides. J Exp Med 2001, 193:1123-1133. [PubMed: 11369784]
Simon DI, Chen Z, Xu H, Li CQ, Dong J, Mclntire LV, Ballantyne CM, Zhang L, Furman Ml,
Berndt MC, et al. : Platelet glycoprotein ibalpha is a counterreceptor for the leukocyte integrin
Mac-1 (CD11b/CD18). J Exp Med 2000, 192:193-204. [PubMed: 10899906]
Wang Y, Sakuma M, Chen Z, Ustinov V, Shi C, Croce K, Zago AC, Lopez J, Andre P, Plow E, et
al. : Leukocyte engagement of platelet glycoprotein Ibalpha via the integrin Mac-1 is critical for
the biological response to vascular injury. Circulation 2005, 112:2993-3000. [PubMed: 16260637]
Ortega-Gomez A, Salvermoser M, Rossaint J, Pick R, Brauner J, Lemnitzer P, Tilgner J, de Jong
RJ, Megens RT, Jamasbi J, et al. : Cathepsin G Controls Arterial But Not Venular Myeloid Cell
Recruitment. Circulation 2016, 134:1176-1188. [PubMed: 27660294]
Rossaint J, Zarbock A: Tissue-specific neutrophil recruitment into the lung, liver, and kidney. J
Innate Immun 2013, 5:348-357. [PubMed: 23257511]
Palmer RM, Ferrige AG, Moncada S: Nitric oxide release accounts for the biological activity of
endothelium-derived relaxing factor. Nature 1987, 327:524-526. [PubMed: 3495737]
Colman RW, Schmaier AH: Contact system: a vascular biology modulator with anticoagulant,
profibrinolytic, antiadhesive, and proinflammatory attributes. Blood 1997, 90:3819-3843.
[PubMed: 9354649]
Smith D, Gilbert M, Owen WG: Tissue plasminogen activator release in vivo in response to
vasoactive agents. Blood 1985, 66:835-839. [PubMed: 3929859]
Engelmann B, Massherg S: Thrombosis as an intravascular effector of innate immunity. Nat Rev
Immunol 2013, 13:34-45. [PubMed: 23222502]
Luo D, Lin JS, Parent MA, Mullarky-Kanevsky I, Szaba FM, Kummer LW, Duso DK, Tighe M,
Hill J, Gruber A, et al. : Fibrin facilitates both innate and T cell-mediated defense against Yersinia
pestis. J Immunol 2013, 190:4149-4161. [PubMed: 23487423]
9. Stroo |, Zeerleder S, Ding C, Luken BM, Roelofs J, de Boer OJ, Meijers JCM, Castellino
FJ, van ‘t Veer C, van der Poll T: Coagulation factor XI improves host defence during
murine pneumonia-derived sepsis independent of factor XII activation. Thromb Haemost 2017,
117:1601-1614. [PubMed: 28492700] This study showed that FXII deficiency conferred a
survival advantage in mice with Klebsiella sepsis but not in mice with Streptococcus pneumoniae
sepsis, independent of FXIla generation. The findings allude to the differential contribution of
FXI1 to host immune functions that appear to pathogen-specific.
. Gupta S, Kaplan MJ: The role of neutrophils and NETosis in autoimmune and renal diseases. Nat
Rev Nephrol 2016, 12:402-413. [PubMed: 27241241]
. Swirski FK, Nahrendorf M: Leukocyte behavior in atherosclerosis, myocardial infarction, and heart
failure. Science 2013, 339:161-166. [PubMed: 23307733]
. Demers M, Wagner DD: NETosis: a new factor in tumor progression and cancer-associated
thrombosis. Semin Thromb Hemost 2014, 40:277-283. [PubMed: 24590420]

Curr Opin Hematol. Author manuscript; available in PMC 2022 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stavrou

Page 12

Key points

. Recent studies have identified distinct FXII functions in sterile inflammation
that occur independently on its protease activity.

. Autocrine FXII-uPAR-pAkt2 upregulate neutrophil functions and promote
neutrophil trafficking at sites of sterile inflammation.

. Continued recruitment, or buildup of active neutrophils, can prolong
inflammation and contribute to the development of chronic wounds. Targeting
FXII-mediated signaling in neutrophils improves wound healing potential.

. Selective abrogation of the FXII-uPAR interaction in neutrophils can be
therapeutically effective in chronic wounds and potentially, in other chronic
inflammatory disease states.
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Figure 1: Role of FXII in inflammation and wound healing.
Following initial neutrophil activation, autocrine FXII and uPAR interact on the neutrophil

surface to promote Akt2S474 phosphorylation. Propagation of FXIl-mediated neutrophil
activities leads to 1) surface expression of aMp2 integrin, 2) increase in intracellular
calcium (Ca?*), and 3) histone citrullination and extracellular (EC) DNA release. The sum
of these activities sustains neutrophil proinflammatory responses and contributes to delayed
wound healing. Neutrophil-derived FXII activities are distinct from plasma FXII functions
of contact activation on the surface of preformed NETSs. Areas of active investigation to
further delineate the FXII-uPAR interactome are marked as “?”.
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