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ABSTRACT

acrophages are versatile cells that can be polarized by the tissue

environment to fulfill required needs. Proinflammatory polariza-

tion is associated with increased tissue degradation and propaga-
tion of inflammation whereas alternative polarization within a Th2 cytokine
environment is associated with wound healing and angiogenesis. To under-
stand whether polarization of macrophages can lead to a procoagulant
macrophage subset we polarized human monocyte-derived macrophages to
proinflammatory and alternative activation states. Alternative polarization
with interleukin-4 and interleukin-13 led to a macrophage phenotype char-
acterized by increased tissue factor (TF) production and release and by an
increase in extracellular vesicle production. In addition, TF activity was
enhanced in extracellular vesicles of alternatively polarized macrophages.
This TF induction was dependent on signal transducer and activator of tran-
scription-6 signaling and poly ADP ribose polymerase activity. In contrast to
monocytes, human macrophages did not show increased TF expression
upon stimulation with lipopolysaccharide and interferon-y. Previous polar-
ization to either a proinflammatory or an alternative activation subset did
not change the subsequent stimulation of TE The inability of proinflamma-
tory activated macrophages to respond to lipopolysaccharide and interferon-
y with an increase in TF production seemed to be due to an increase in TF
promoter methylation and was reversible when these macrophages were
treated with a demethylating agent. In conclusion, we provide evidence that
proinflammatory polarization of macrophages does not lead to enhanced
procoagulatory function, whereas alternative polarization of macrophages
leads to an increased expression of TF and increased production of TF-bear-
ing extracellular vesicles by these cells suggesting a procoagulatory pheno-
type of alternatively polarized macrophages.

Introduction

Macrophages are cells of the innate immune system which play numerous and
vastly different functions within the body. Macrophages reside in all tissues of the
body and each population of macrophages within a tissue can take on specialized
functions that are tuned to the developmental and functional requirements of that
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tissue.! Some tissue macrophages and precursors are

already established embryonically in the yolk sac and fetal
liver before the onset of definitive hematopoiesis.” Upon
inflammation, the pool of resident macrophages gets
quickly replaced by macrophages derived from circulating
monocytes.’

In order to be able to respond to multiple tasks,
macrophages can adapt to the environment when
exposed to specific cues. This macrophage polarization
can be simulated in vitro using lipopolysaccharide (LPS)
and interferon (IEN)-y stimulation for a proinflammatory
subset termed classical activation and stimulation with
interleukin (IL)-4 and IL-13 for an alternative polarization
phenotype.* Upon polarization, macrophages react to the
respective stimulus with the expression of a distinct phe-
notype. Classical polarization is usually associated with a
proinflammatory response, including the increased pro-
duction of tumor necrosis factor (TNF)-a, IL-1, and IL-6.°
Functionally, proinflammatory polarization leads to
potent effector cells that kill intracellular micro-organisms
and tumor cells.’ In addition, these cells are present dur-
ing early wound healing and proinflammatory
macrophages are characterized by a pronounced ability to
degrade tissue.” In contrast, alternatively activated
macrophages are characterized by increased expression
of IL-10 and of scavenger receptors. Besides scavenging
debris, promoting angiogenesis, tissue remodeling and
repair, alternatively activated macrophages are able to
fine tune inflammatory responses.® [n vivo, distinct
macrophage subtypes are more subtle. Nevertheless, in
vitro polarization phenotypes are present in in vivo situa-
tions.” Macrophages resembling classical macrophages
can be found in environments with bacterial infection or
in inflammatory pathologies, whereas alternatively polar-
ized macrophages are prominent in cancer and in diseases
with a Th2 cytokine signature.’

An inflammatory milieu is usually accompanied by an
increased procoagulatory risk. This risk increase is due to
the close link between inflammation and tissue factor (TF)
induction. TF is the primary activator of the coagulation
cascade.” TF-bearing monocytes are essential for the initi-
ation of coagulation" and TF expression in monocytes is
triggered strongly by inflammatory mediators including
LPS."” Nonetheless, whereas TF expression in human
monocytes is well studied, data on TF production in
human macrophages, especially under different polariza-
tion conditions, are scarce. TF is a transmembrane protein
that functions as a high affinity receptor for factor VII and
the activated form of this clotting factor.” Especially in cir-
culation, TF is present on circulating extracellular vesicles.
In pathological conditions, high levels of procoagulant, TF-
exposing particles can be found in the circulation.”
Interestingly, even though TF and inflammation are closely
connected, cancer and hence a Th2-promoting environ-
ment were also found to be associated with increased TF-
bearing extracellular vesicles.”” Extracellular vesicles are
membrane-enclosed structures of different sizes."* TF is
mainly associated with vesicles within the microvesicle
fraction of extracellular vesicles which range in size from
200-1000 nm." These vesicles form through an active bud-
ding mechanism from the parental cell and, therefore,
include membrane-linked proteins.' In addition to TE
those vesicles can have phosphatidylserine exposed on the
surface which, in turn, can both support coagulation” and
activate TE"
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In order to understand a possible role of macrophages in
fostering a procoagulatory environment in different disease
states, we investigated the contribution of macrophages
and their respective polarization to the production and
release of TF and of extracellular vesicles.

Methods

Full details of the experimental setups and conditions are avail-
able in the Online Supplement.

Generation of human monocytes and macrophages
Human macrophages were derived from peripheral blood
monocytes from leukapheresis chambers, as described previously,
obtained from healthy platelet donors according to recommenda-
tions of the ethical board of the Medical University of Vienna
including informed consent (approval number 1575/2014).7*°
Human macrophages were always prepared from fresh blood.
Macrophages from 75 healthy volunteers were used in the course

of the study.

Flow cytometry

Extracellular vesicles were analyzed using flow cytometry on a
Cytoflex (Beckman Coulter, CA, USA) or AttuneNXT (Thermo
Fisher, MA, USA) flow cytometer. Values are given as events/uL.
Microvesicles were defined as being between 200 nm and 900 nm
according to size-specific fluorescence beads (Megamix Plus,
Biocytex, France). Human and mouse monocytes were investigat-
ed for membrane-bound TF using a specific antibody (Thermo
Fisher [MA, USA] for human TF, Biotechne [MN, USA] for mouse
TF) as published previously.”

Enzyme-linked immunosorbent assay of extracellular
vesicles

We used a commercially available enzyme-linked immunosor-
bent assay (ELISA) kit (Hyphen Biomed, France) to determine the
concentration of annexin V* extracellular vesicles in the circulation
according to the manufacturer’s instructions.

RNA isolation and quantitative polymerase chain
reaction analysis

Detailed information about RNA isolation and quantitative
polymerase chain reactions are available in the Online Supplement.

Protein determination

TF was determined by a commercially available ELISA
(Biotechne, MN, USA) as suggested by the manufacturer on extra-
cellular vesicles and in cell lysates. Extracellular vesicles were iso-
lated by centrifugation at 18,000 g for 20 min at 4°C.

Tissue factor activity assay

Extracellular vesicle-associated TF activity was measured as
previously described.” A detailed protocol is available in the
Online Supplement.

Immunohistochemistry and fluorescence microscopy

Immunohistochemical staining was performed on cryopre-
served sections of TissueTek (Agilent, CA, USA)-embedded colon
carcinoma tissue (4 patients) or on paraffin-embedded atheroscle-
rotic tissue sections, as published previously.””" Specimens were
collected according to the recommendations of the institutional
ethics board including informed consent. Plaque tissue was
derived from patients undergoing carotid endarterectomy (mean
age 71+6.4 years, 72% male, 27 % symptomatic, n=16).
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Statistics

Sample groups were compared using a paired Student #-test
using SPSS 21 (IBM, CA, USA). P-values <0.05 were considered
statistically significant. The number of individual donors per
experiment is given in the figure legends. All graphs depict the
mean values + standard deviation.

Results

We determined the expression of TF in macrophages
under baseline condition as well as under polarized condi-
tions to understand the impact of macrophages and their
polarization on coagulation. When TF protein was meas-
ured in cell lysates of human macrophages, IL-4 and IL-13
significantly upregulated TF protein content whereas LPS
and IFN-y did not change protein levels of TF compared to
the levels in unpolarized macrophages (MO) (Figure 1A).
Polarization conditions did not influence viability as deter-
mined by lactate dehydrogenase assay (Omnline
Supplementary Figure S1A). TF is associated with extracellu-
lar vesicles. We, therefore, determined the TF concentra-
tion in macrophage-derived extracellular vesicles at base-
line and under polarization conditions. Again, TF levels
were increased under alternative polarization conditions
whereas proinflammatory stimulation did not alter TF pro-
tein levels compared to the levels in microvesicles obtained

from MO (Figure 1B). The main role of TF is the initiation
of coagulation. We, therefore, analyzed the functional
capacity of macrophage-derived TF-bearing microvesicles
to initiate coagulation by determining the change of factor
X to its activated form via generation of activated factor
VII. Again, polarization of macrophages with IL-4 and IL-
13 led to a marked induction of active TF microvesicles
(Figure 1C). To rule out contamination and hence low-
grade induction with LPS during alternative polarization
we determined the induction of TF under alternative polar-
ization with IL-4 and IL-13 with or without the TLR-4
inhibitor polymyxin B. Similar results were obtained in the
presence and absence of polymyxin B (Online
Supplementary Figure S1B). To determine whether TF pro-
tein can be detected at an early time point, we analyzed
microvesicles secreted after 6 h for TF content. We did not
observe significant changes with any polarization condi-
tion, although we did observe a non-significant increase for
TF in alternatively activated macrophages (Online
Supplementary Figure S1C). Besides its role in coagulation,
TF has been reported to influence the migratory behavior
of cells via its interaction with integrins. This cross-talk
was described, among other examples, for cell migration
on laminin 5 resulting in reduced migration of TF* cells.”
To analyze whether increased expression of TF reduces the
formation of filopodia we analyzed filopodia formation of
polarized macrophages when migrating into a laminin 5-
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Figure 1. Tissue factor production after polarization of macrophages. (A) Tissue factor (TF) protein was determined on extracellular vesicles from supernatant (n=6)
and (B) from lysed cells (n=7) using a specific enzyme-linked immunosorbent assay as indicated in the Methods section. (C) TF activity on extracellular vesicles from
polarized macrophages was evaluated using an activity assay as indicated in the Methods section (n=13). Values are given in pg/mL and represent mean values +
standard deviation. (D) Capability of human polarized macrophages to form filopodia when migrating onto laminin-coated areas was evaluated by cytoskeletal stain-
ing (n=3). MO: unpolarized macrophages; M(LPS+IFN): classically activated polarized macrophages; M(IL-4+IL13): alternatively activated polarized macrophages; ns:

not significant.
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coated area. Our results indicate that filipodia of
macrophages of classically polarized macrophages
M(LPS+IEN) were not affected by the laminin 5 coating
whereas in alternatively polarized macrophages,
M(IL4+IL18), a significant reduction of filopodia was seen
under these conditions (Figure 1D). Interestingly, the inte-
grin described for the laminin 5 effect, namely integrin o3
was also downregulated in proinflammatory macrophages
(Online Supplementary Figure S1D).

A significant induction of TF mRNA after IL-4 and IL-13
polarization in human macrophages was seen after 2 h and
6 h of stimulation (Figure 2A). To further control for the
influence of proinflammatory polarization on TF mRNA,
we also performed a time course for TF mRNA levels in
M(LPS+IEN). No significant regulation of TF mRNA was
observed in proinflammatory macrophages at 2 h (2.9+4.2
fold the level in MO, P=0.5 [n=3]), 6 h (0.9+0.4 fold the level
in MO, P=0.8 [n=3]) and 24 h (1.2+0.7 fold the level in MO,
P=0.6 [n=3]). The main signaling pathway observed for IL-
4 and IL-13 is an activation cascade dependent on signal
transducer and activator of transcription (STAT) 6 signal-
ing, as indicated by the increase of phosphorylated STAT6
in macrophages after treatment with IL-4 and IL-13 (Figure
2B). When a STATG6 inhibitor was used, the increase in TF-
specific mRNA induced by IL-4 and IL-13 was completely
inhibited in these cells (Figure 2C). Blocking poly ADP
ribose polymerase (PARP), a possible STAT6 downstream
target, also abrogated the IL-4 and IL-13-induced TF
expression in these cells (Figure 2D).

Macrophages can be differentiated from monocytes via
macrophage colony-stimulating factor (MCSF) or via gran-
ulocyte-macrophage colony-stimulating factor (GMCSE).
Baseline extracellular vesicle TF levels were higher in
GMCSE-derived macrophages than in MCSF-derived
macrophages (Figure 3A). However, as can be seen from
Figure 3B, when macrophages generated from monocytes
with either MCSF or GMCSF were polarized with IL-4 and
IL-18, these cells produced significantly more TF than the

Alternative polarization induces tissue factor -

respective MO macrophages and the respective
macrophages polarized with LPS and IFN-y. Polarization of
macrophages to M(LPS+IEN-y) and M(IL-4+IL-13) is in part
reversible but has the potential to change subsequent
behavior of already polarized macrophages. TF expression
was again significantly induced in macrophages by IL-4
and IL-18 in both previous MO and M(LPS+IEN-y).
Interestingly, previous M(IL-4+IL-18) polarization prevent-
ed a significant increase in TF protein after restimulation
(Figure 3C).

In contrast to M(LPS+IFN-y), monocytes treated with
LPS and IFN-y showed significant upregulation of TF
(Figure 4A). We found greater methylation around the
nuclear factor-kappa B (NF-kB) response element within
the TF promoter region in macrophages compared to
monocytes obtained from the same donors (Figure 4B).
When a chemical demethylating agent® was used during
polarization, TF was induced by LPS and IFN-y in
macrophages, whereas the increase in TF was similar in
macrophages polarized with IL-4 and IL-13 and the
demethylating agent and in macrophages treated with only
IL-4 and IL-13 (Figure 4C).

TF is associated with extracellular vesicles. To under-
stand the effect of polarization on extracellular vesicles
more globally we determined the changes in extracellular
vesicle production in unpolarized and polarized
macrophages. As can be seen from Figure 5A, alternative
polarization of macrophages using IL-4 and IL-13 resulted
in a significant increase of extracellular vesicle production
over time when compared to extracellular vesicle produc-
tion by unpolarized macrophages. In contrast, proinflam-
matory polarization of macrophages with LPS and IFN-y
did not have a significant effect on the production of extra-
cellular vesicles. Similar results were obtained using an
ELISA, which specifically recognizes phosphatidylserine
present on extracellular vesicles (Figure 5B). In addition, we
used extracellular vesicle RNA as a surrogate marker for
the amount of circulating vesicles. The total amount of
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Figure 2. Tissue factor-specific mRNA induction by alternative polarization. (A) Tissue factor (TF) mRNA levels at the indicated time points in macrophages after
polarization induced by interleukin (IL)-4 and IL-13 (n=3). (B) Phosphorylated STAT6 as determined in macrophages 30 min after IL-4+IL-13-induced polarization in
comparison to that in unpolarized MO macrophages using flow cytometry and specific antibodies as described in the Methods (n=3). A representative image is
shown. (C) TF mRNA levels in macrophages 2 h after IL-4+|L-13-induced polarization in the presence and absence of a specific STAT6-inhibitor (S6Inh.) at 250 uM
(n=6). (D) TF mRNA levels in macrophages 2 h after IL-4+IL-13-induced polarization in the presence and absence of the PARP-inhibitor PJ34 at 100 uM (n=6). TF
mRNA in panels A, C and D was determined by quantitative polymerase chain reaction and GAPDH was used as a housekeeping gene as indicated in the Methods
section. Values are given as fold changes compared to the respective unpolarized control (MO) and represent mean values + standard deviation.
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RNA derived from the extracellular vesicle fraction was positive for TF (Figure 6A). Not only did cells stain posi-
highest in vesicles derived from M(IL-4+IL-183) (Figure 5C). tive for TF but so too did the intracellular space (Figure
This was not, however, due to increased individual loading ~ 6B). These positive streaks of TF also stained positive for
of extracellular vesicles with RNA, as the percentage of specks of CD206, which might indicate macrophage-
RNA* extracellular vesicles was similar, at around 45%, for ~ derived extracellular vesicles. To understand a possible
all polarization conditions: MO, M(IL-4+IL-13) and link between TF" areas and areas positive for CD206 we
M(LPS+IEN-y) (Online Supplementary Figure S2A). evaluated tumor tissue from different human donors. At

pSTAT6" macrophages were found within tumor tissue  least seven sections from each tumor were scored for the
(Online Supplementary Figure S2B). Staining for TF and the  presence of CD206 or TE We found that especially
macrophage marker CD206 also revealed macrophages regions with high TF expression also showed strong
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Figure 3. Tissue factor protein induction in different macrophage populations. (A) Tissue factor (TF) protein levels in supernatants from MO macrophages generated
via stimulation with macrophage colony-stimulation factor (MCSF) or granulocyte-macrophage colony-stimulating factor (GMCSF) (n=6). (B) TF protein in supernatants
from macrophages that were generated either by stimulation with MCSF or GMCSF and polarized into M(LPS+IFN) and M(IL-4+IL-13) as indicated in the Methods.
The respective MO was used to determine the fold changes induced by the polarization conditions (n=6). (C) Macrophages were polarized for 48 h and afterwards
repolarized for 24 h as indicated (n=5). TF protein levels were determined using a specific enzyme-linked immunosorbent assay as indicated in the Methods section.
Values are given as fold changes compared to MCSF-differentiated macrophages in panel (A) or the respective unpolarized control (MO) in panels (B) and (C) and
represent mean values + standard deviation. MO: unpolarized macrophages; M(LPS+IFNy): classically activated polarized macrophages; M(IL-4+IL13): alternatively
activated polarized macrophages.
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Figure 4. Epigenetic regulation of tissue factor. (A) Tissue factor (TF) expression on the surface of human monocytes cultured for 24 h in the presence of 100 ng/mL
lipopolysaccharide (LPS) and 100 ng/mL interferon (IFN)-y or 20 ng/mL interleukin (IL)-4 and 20 ng/mL IL-13 or without any addition (control) was analyzed by flow
cytometry using a specific antibody as described in the Methods. Data are shown as mean fluorescence intensity (MFI) (n=4). (B) Methylation of the TF-promoter was
analyzed by quantitative polymerase chain reaction as indicated in the Methods section. Macrophage values are given as fold increases compared to the monocyte
value, which was set at 1. Monocytes and macrophages from the same individuals were compared (n=4). (C) TF protein was determined using a specific enzyme-
linked immunosorbent assay as indicated in the Methods section in the presence of the demethylating agent RG108 at a concentration of 5 uM during polarization.
Values are given as fold changes compared to the respective unpolarized control (MO) (n=3) and represent mean values + standard deviation. MFI: mean fluores-
cence intensity; MO: unpolarized macrophages; M(LPS+IFN): classically activated polarized macrophages; M(IL-4+IL13): alternatively activated polarized
macrophages.
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CD206 expression and regions with low TF expression
were predominantly negative or low for CD206 (Figure
6C). Besides tumors, atherosclerotic plaques also contain
areas of high TF expression."” We, therefore, analyzed
the presence of TF in CD206" regions or CD80" regions
within human atherosclerotic lesions. We were able to
detect TF in both CD206" regions and in CD80" regions.
However, adjusted TF intensity was higher in regions
positive for CD206, indicating an association of
increased TF presence close to alternatively activated
macrophages (Figure 6D). Furthermore, using flow
cytometry, we analyzed macrophages isolated from ath-
erosclerotic plaques from ApoE” mice fed a high fat diet
for 20 weeks. The gating strategy is shown in Online
Supplementary Figure S3. Overall, proinflammatory
CDB80"" macrophages were less positive for TF surface
expression as compared to CD206™" macrophages
(Figure 6E). Furthermore, CD206"¢" macrophages had a
two-fold higher TF surface intensity staining as deter-
mined by a comparison of mean fluorescence intensity of

Alternative polarization induces tissue factor -

CD206"" macrophages and CD80"¢" macrophages
(Figure 6F).

Discussion

Based on extensive experimental work and clinical data
it has been well established that circulating monocytes are
an important source of TF and, that by expressing this
major component of coagulation, they play a key role in
linking inflammation and thrombosis in various patholo-
gies."” Much less is known about the expression of TF and
its regulation in macrophages. Here, for the first time we
provide evidence that in human macrophages the expres-
sion of TF is not altered in a proinflammatory environment
but is significantly enhanced when these cells are alterna-
tively polarized. When human macrophages were polar-
ized with IL-4 and IL-13 a significant increase in mRNA
specific for TF was observed after 2 h and 6 h. Alternative
polarization also caused a significant increase in TF protein
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Figure 5. Influence of polarization conditions on extracellular vesicle production of human macrophages. (A) Numbers of extracellular vesicles in the supernatant
of unpolarized macrophages and macrophages polarized in the presence of 100 ng/mL lipopolysaccharide (LPS) and 100 ng/mL interferon (IFN)-y or 20 ng/mL inter-
leukin (IL)-4 and 20 ng/mL IL-13 were determined by flow cytometry as indicated in the Methods section. Values are given as total vesicle count per uL: n=9 for 4 h
and 12 h; n=12 for 24 h; and n=14 for 48 h. (B) Phosphatidylserine (PS) content of extracellular vesicles in the supernatant of MO and macrophages polarized in
the presence of 100 ng/mL LPS and 100 ng/mL IFN-y or 20 ng/mL IL-4 and 20 ng/mL IL-13 for 48 h was determined using a specific enzyme-linked immunosorbent
assay as indicated in the Methods. Values are given in nM PS (n=6). (C) Total extracellular vesicle-derived RNA was evaluated in the supernatant of MO and
macrophages polarized in the presence of 100 ng/mL LPS and 100 ng/mL IFN-y or 20 ng/mL IL-4 and 20 ng/mL IL-13 for 48 h as indicated in the Methods section.
Values are given in ng/uL RNA (n=5) and represent mean values + standard deviation. MO: unpolarized macrophages; M(LPS+IFN): classically activated polarized

macrophages; M(IL-4+IL13): alternatively activated polarized macrophages.
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in such cells. In contrast, TF production in macrophages
was not affected by inflammatory polarization with LPS
and IFN-y.

Differentiation of monocytes to macrophages can be
induced by MCSF or GMCSF to simulate a chronic inflam-
matory state or an acute event, respectively.*” Both
cytokines were reported to result in differentiation of
monocytes into mature macrophages, although GMCSE-
derived macrophages display a higher proinflammatory
potential.* Here we show that human macrophages gener-
ated from monocytes by stimulation with GMCSF pro-
duce significantly more TF than macrophages generated
from monocytes by stimulation with MCSE We hypothe-
size that the increased proinflammatory state induced by
GMCSF might be responsible for this higher basal TF pro-
tein level in GMCSF-derived macrophages as compared to
their MCSF-derived counterparts. However, a significant
increase in TF after alternative polarization was evident for
macrophages differentiated from monocytes by either
MCSF or GMCSE Thus, this increase in TF was not
dependent on the initial monocyte to macrophage differ-
entiation by these colony-stimulating factors.

Besides coagulation, TF might also modulate the migra-
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tory capacity of macrophages in a way similar to that
observed for other cell types.” Several integrins have
already been reported to interact with TE* Interestingly,
integrin a4 was associated with TF* microvesicles shed
from macrophages.” This proinflammatory shedding was
dependent on activation of caspase-1.” Integrin a3 was
associated with TF-dependent migration in keratinocytes.”
Our results indicate that integrin 03 is downregulated with
polarization. We speculate that low levels of both integrin
03 and TF in proinflammatory macrophages might be
responsible for the ability to form filopodia in laminin 5-
positive areas.

Macrophages within inflammatory tissues or within
tumors are derived from differentiated monocytes.”
Signals encountered in the microenvironment have the
potential to specifically shape the developing
macrophages.” Previous results demonstrated that stimu-
lating macrophages with pro- or anti-inflammatory
cytokines leads to opposing transcriptional functional pro-
grams and results in silencing or activation of genes causing
a memory function of initial polarization conditions.**
Previously, we were able to demonstrate that an initial
alternative activation of macrophages led to a subsequent
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Figure 6. Staining of tissue factor-positive macrophages in sections of colon carcinoma. (A) Tissue factor (TF) (red) and CD206 (green) were stained in colon cancer
tissue using specific antibodies as described in the Methods. CD206* macrophages positive for TF are indicated with white arrows. The boxed area is shown in more
detail. (B) White arrows indicate acellular regions that showed double staining for CD206 and TF (orange), which could represent extracellular vesicles derived from
macrophages positive for CD206 and TF. (C) Distribution of CD206* macrophages was evaluated and scored in areas with low, medium, and high TF density. (D)
Human atherosclerotic plaque tissue was stained for TF (green) and either CD206 (red) alternatively activated macrophages or CD80 (red) for proinflammatory
macrophages. Adjusted TF intensity to macrophage intensity demonstrated an increase in TF in CD206" regions. Values are given as adjusted tissue factor intensity
(arbitrary units) mean values + standard deviation (SD) (n=16 patients). (E, F) Mouse macrophages from atherosclerotic plaques were isolated as indicated in the
Online Supplement. Proinflammatory macrophages were less positive for TF and showed reduced mean fluorescence intensity compared to alternatively activated
CD206 macrophages (n=11). Values represent mean values + SD. DAPI: 4’,6-diamidino-2-phenylindole; a.u.: arbitrary units.
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activation of the plasminogen activator inhibitor-1 promot-
er for inflammatory induction.” Here we show that TF
inducibility with IL-4 and IL-13 was reduced after prior
alternative polarization. However, prior inflammatory
polarization did not alter the capability of IL-4 and IL-13 to
induce TE Previous reports suggested a dysfunctional
mitochondrial phenotype after proinflammatory polariza-
tion resulting in an altered capability of IL-4 to induce its
target genes and preventing macrophage repolarization.®
Our results suggest that TF is an alternative activation-
dependent target gene that is not affected by changes in
mitochondrial function as TF production could still be
induced after alternative polarization of previously proin-
flammatory polarized macrophages. Furthermore, TF
release seems to be delayed and in parallel to microvesicle
release as both TF amount and microvesicle number were
significantly ~ different in alternatively polarized
macrophages 24 h after polarization.

In monocytes TF was shown to be induced by NF-kB and
AP-1-dependent signaling.* In murine macrophages an
induction of TF was demonstrated after LPS stimulation.®
Human cells were also reported to retain the capacity to
react to LPS or IFN-y for a certain time while differentiating
from monocytes to macrophages.” In addition to NF-kB
and AP-1, the TF promoter contains Sp1 binding sites” and
is enhanced by Pin1.* Furthermore, in mouse macrophages
loss of PARP14 was demonstrated to increase the levels of
TF expression.” In addition, PARP14 is in part regulated by
STAT6 as STAT6 activation induces a switch in PARP14
from a repressor to a promoter of STAT6 signaling via the
ribosylation of histone deacetylases previously recruited to
IL-4 response elements.” Of note, STATG6 is the main down-
stream target activated by IL-4 and IL-13 signaling.” In the
present work we demonstrate that inhibition of either
STAT6 or PARP activity abolished the induction of TF
mRNA in macrophages by IL-4 and IL-13. Our findings sug-
gest that macrophages upregulate TF i vivo in a STAT6-
inducing environment and that TF might be a marker pro-
tein for STAT6 signaling and, therefore, alternative polariza-
tion in macrophages. Nonetheless, it must be emphasized
that macrophages in general express TF already at baseline.

There is ample evidence to support the notion that
monocytes are an important source of circulating TE At
resting conditions already around 1.5% of CD14" mono-
cytes are positive for TE* When monocytes are exposed to
LPS TF expression is quickly and transiently upregulated in
these cells.”* We have identified in our study a difference
of TF induction between monocytes and macrophages as
our results indicate that human macrophages do not react
to LPS treatment with upregulation of TF but display
increased TF production only after alternative polarization.
This is somehow in contrast to earlier reports that suggest-
ed a similar behavior of monocytes and macrophages in
response to defined stimuli.®* However, whereas we used
MCSF or GMCSF for macrophage maturation those stud-
ies were performed on macrophages derived from mono-
cytes in the presence of human serum without a defined
macrophage maturation factor suggesting that the cells
studied could be monocytes still in transition to
macrophages.

Epigenetic changes within a promoter region hold the
potential to alter the response of cells to certain stimuli.”
We, therefore, determined the methylation state around
the NE-kB response element, which is responsible for
reacting to LPS signaling, in monocytes and macrophages

derived from the same donor and observed a higher grade
of methylation of the TF promoter in macrophages as com-
pared to the respective monocytes from the same donor.
Interestingly, addition of a demethylating agent restored
the capacity of macrophages to react to LPS stimulation
with upregulation of TE We, therefore, hypothesize that
the difference between monocytes and macrophages in
their respective ability to react towards LPS with an
increase in TF could be due to epigenetic changes within
the TF promoter.

Extracellular vesicles were identified because of their
ability to support coagulation.” Among such vesicles, TF-
bearing ones were demonstrated to propagate thrombus
formation.” Whereas monocyte-derived, TF-positive
extracellular vesicles are common in the circulation™ and
monocyte-derived extracellular vesicles are associated
with several pathological states including cardiovascular
disease and inflammatory disorders,™ little is known about
the production of TF-positive extracellular vesicles derived
from macrophages. Our results indicate that macrophages
show a basal production of extracellular vesicles, which
can be increased by alternative activation. In addition, we
found that these extracellular vesicles shed from
macrophages are phosphatidylserine positive. It should be
emphasized that TF it is not only regulated at the level of
mRNA expression but also at the post-translational level
with phosphatidylserine converting TF from a cryptic to a
decrypted prothrombotic form."”* Our findings described
above therefore support the notion that macrophage-
derived vesicles might have the capacity to activate TE We
also show here that alternative polarization increased both
the total amount of extracellular vesicles as well as the
amount of TF on these extracellular vesicles significantly as
compared to vesicles from unpolarized macrophages or
macrophages that had undergone proinflammatory polar-
ization.

Finally, our in vitro data showing that alternatively acti-
vated macrophages produce TF were supported by
immunohistochemical analysis of colon carcinoma sec-
tions. As alternative polarization is most common in
tumors, we analyzed histochemical sections of colon carci-
noma, a tumor which has already been shown to have
increased IL-4 expression™ and contain TF" cells.” To iden-
tify proinflammatory macrophages we used CD80, where-
as alternatively activated macrophages were identified by
CD206. Tumor-associated macrophages have already been
associated with IL-4 activation.® Here we were able to
identify STAT6" macrophages within these sections of
colon carcinoma, indicating IL-4 and IL-13 signaling.
Furthermore, macrophages within these sections stained
positive for CD206, an established marker for alternatively
polarized macrophages, and for TE We also showed that
extracellular TF in part co-localized with extracellular
CD206 possibly suggesting the presence of macrophage-
derived extracellular vesicles in these sections. To under-
stand a possible link between TF* areas and areas positive
for CD206 we evaluated tumor tissue from four different
human donors. At least seven sections from each tumor
were scored for the presence of CD206 or TE We found
that especially regions with high expression of TF also had
high expression of CD206 and regions with low TF expres-
sion were predominantly negative or low for CD206.
Besides tumor tissue, atherosclerotic plaques have also
been demonstrated to contain TF with TF protein localiza-
tion associated with plaque macrophages.” Interestingly,
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already back in 1989, Wilcox et al. demonstrated that not
all TF was associated with cells,” a notion our data from
both atherosclerotic tissue and cancer tissue would sup-
port. Within the atherosclerotic environment macrophages
are polarized into different subsets. Both proinflammatory
and alternatively activated macrophages were reported to

coexist within this environment.”® Our data demonstrate

that both proinflammatory CD80* macrophages as well as
alternatively activated CD206* macrophages are sources
for TE Nonetheless, CD206* macrophages are associated
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with an increased production of TF within the atheroscle-

rotic lesion, supporting our i vitro data showing induction

of TF through alternative activation.

In conclusion, we provide new evidence that alternative
polarization of macrophages leads to a procoagulatory
phenotype through the expression of TF and the produc-

Contributions

increased levels of the antifibrinolytic serpin plasminogen
activator inhibitor-1,” our results suggest that alternatively
polarized macrophages support thrombus formation and
suppress thrombolysis” and thus represent a novel cellular
mediator linking macrophages and thrombosis in patholo-
gies characterized by these events.
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tion of TF-containing extracellular vesicles and might

change overall cellular behavior including migratory prefer-
ences. Together with our previously published results
showing that alternatively activated macrophages express
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