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Antiphospholipid antibodies (aPLs) with complex lipid and/or protein reactivities cause

. - complement-dependent thrombosis and pregnancy complications. Although cross-
® Antiphospholipid

antibodies trigger
coagulation and
inflammatory signaling
by dissociating an
inhibited TF cell
surface complex.

reactivities with coagulation regulatory proteins contribute to the risk for developing
thrombosis in patients with antiphospholipid syndrome, the majority of pathogenic aPLs
retain reactivity with membrane lipid components and rapidly induce reactive oxygen
species-dependent proinflammatory signaling and tissue factor (TF) procoagulant acti-
vation. Here, we show that lipid-reactive aPLs activate a common species-conserved TF
signaling pathway. aPLs dissociate an inhibited TF coagulation initiation complex on the cell
surface of monocytes, thereby liberating factor Xa for thrombin generation and protease
activated receptor 1/2 heterodimer signaling. In addition to proteolytic signaling, aPLs
promote complement- and protein disulfide isomerase-dependent TF-integrin 31 traf-
) ficking that translocates aPLs and NADPH oxidase to the endosome. Cell surface TF
pathway inhibitor (TFPI) synthesized by monocytes is required for TF inhibition, and
disabling TFPI prevents aPL signaling, indicating a paradoxical prothrombotic role for TFPI. Myeloid cell-specific TFPI
inactivation has no effect on models of arterial or venous thrombus development, but remarkably prevents experi-
mental aPL-induced thrombosis in mice. Thus, the physiological control of TF primes monocytes for rapid aPL path-
ogenic signaling and thrombosis amplification in an unexpected crosstalk between complement activation and

® Myeloid cell-
expressed TFPI
specifically supports
aPL-induced
thrombosis.

coagulation signaling. (Blood. 2019;134(14):1119-1131)

Introduction

The antiphospholipid syndrome (APS) is characterized by per-
sistent autoantibodies, termed antiphospholipid antibodies
(aPLs), which cause venous or arterial thrombosis and severe
pregnancy morbidity.! Cardiolipin is the prototypic antigen of
lipid-reactive aPLs in diagnostic immunoassays, but aPLs display
substantial reactivity with other procoagulant phospholipids.
The severity of APS is therefore often associated with a pro-
longation of coagulation times in the lupus anticoagulant
assay. In addition, aPLs react with blood proteins, including B2-
glycoprotein | (32GPl), and by clustering of B2GPI can indirectly
activate platelets and endothelial cells through the low-density
lipoprotein receptor-related protein 8 (LRP8).2* However, B2GPI
has diverse biological functions as a regulator of complement
activity* and autoimmunity.®> Anticoagulant proteins®’ are
furthermore recognized by certain aPLs, which may cause
amplification of coagulation in physiological settings.® The
pathomechanisms of aPL-induced thrombosis are therefore
complex.
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Clonal analysis of aPLs indicates that lipid reactivity can coexist
with protein cross-reactivity,”'® but sole lipid reactivity is suffi-
cient to cause pregnancy loss''? and complement-dependent
thrombosis in mice.'®* In monocytes, endothelial and tropho-
blast cells lipid-reactive aPLs activate endosomal NADPH-
oxidase (NOX), reactive oxygen species (ROS) production,
and proinflammatory sensitization to toll like receptor (TLR) 7/8
agonists.”>'® These pathways also induce the coagulation ini-
tiator tissue factor (TF), and thereby promote thrombosis.

Monocyte TF plays a pivotal role in APS,' and stimulation of
monocytes with cardiolipin-reactive aPLs in vitro elicits pro-
teome changes also observed in circulating monocytes of
patients with APS.2° Lipid-reactive antibodies rapidly convert
monocyte TF to a procoagulant form through Fc-mediated com-
plement activation.'®'* These responses are also elicited by
lipid-binding monoclonal aPLs cross-reactive with B2GPI, but
not by antibodies recognizing B2GPI selectively. Complement
activation by aPLs is required for the induction of thrombosis'4222
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and pregnancy loss.?® Fetal loss also requires TF-dependent
signaling through protease-activated receptor 2 (PAR2).2% In ad-
dition, PAR1 and PAR2 are upregulated on circulating monocytes
in patients with APS.2° Thus, there is a complex interplay among
complement, coagulation, and proteolytic signaling in the patho-
genesis of APS.

In this study, we focused on the early cellular events by which
aPLs influence the TF pathway and provide new insights into
monocyte activation by aPLs through a synergy of complement
and TF-dependent signaling. We uncovered an unexpected
role for monocyte-expressed TF pathway inhibitor (TFPI) in aPL-
induced thrombosis, delineating a novel priming pathway of
monocyte prothrombotic responses in APS.

Methods

Human aPLs

Human monoclonal aPLs representative of patient reactivities,
HL5B (cardiolipin-reactive), rJGG9 (B2GPl-reactive), and HL7G
(dual reactivity with lipid and B2GPI), were characterized
extensively.'%42627 The use of blood samples has been ap-
proved by the ethics committee of the state medical association
of Rheinland-Pfalz.

Mice

Sex- and age-matched (6-12 weeks) mice were analyzed. TF
cytoplasmic domain-deleted (TFACT),282? PAR1~/~,30 PAR2/~ 31
and TFPI<™# (Tfpjtm1-1Re)-| ysMcre, 32 and Lrp8~/~ mice® (Jack-
son) were backcrossed onto C57BL/6J. Cleavage-insensitive
PAR2 R38E,3* thrombin-insensitive PART R41Q,* and integrin
B1%1 LysMcre mice®* were on a C57BL/6N background. All an-
imal procedures were performed with approval of the TSRI IACUC
(#08-0009) and the Landesuntersuchungsamt Rheinland-Pfalz,
Koblenz, Germany (23177-07/G14-1043).

Cell culture and isolation

Spleen monocytes were isolated with anti-CD115 beads
(Miltenyi Biotec). Human CD14* cells were isolated from Buffy
coats of healthy donors. Monocytes were cultured at a density of
0.5 X 10° cells/mL overnight, exposed to inhibitors for 15 minutes,
and stimulated with agonist as follows: ARF6 inhibitor Secin H3
(20 wM), aPART-ATAP2/WEDE15 (10/25 wg/mL),*” C3 inhibitor
compstatin (50 wM), hirudin (100 nM), FXa inhibitor nematode
anticoagulant peptide 5 (NAP5; 1 pM),*® endosomal NOX in-
hibitor niflumic acid (0.1 pM), PAR antagonists (PART: RWJ
56110; PAR2: FSLLRY-NHZ2; 50 wM), PDI inhibitor 16F16 (2 uM),
rivaroxaban (1 uM), aTF-10H10 or 5G9 (50 pg/mLl), amouse
TF-21E10 (5 png/mL),*? aPLs HL5B, HL7G, HL5B Fab’2, or con-
trol immunoglobulin G (IgG; 500 ng/mL), TLR7 agonist R848
(2 pg/mL).

mRNA expression analysis
Relative quantification of gene expression was performed by
real-time PCR on the iCycler iQ thermal cycler (Bio-Rad) nor-

malized to GAPDH levels. Primer sequences are presented in
Table 1.

Clotting assays

Procoagulant activity of stimulated monocytes and PS exposure were
characterized as described.™ Factor Xa (FXa) procoagulant activity
was measured in serum-free supernatant from 5 X 108/mL MM1
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cells stimulated for 10 minutes with Fab’; fragments of HL5B by
mixing FX-deficient plasma (Instrumentation Laboratory) 1:1 with
purified FXa or supernatant with or without rivaroxaban. Co-
agulation was initiated with TF (Innovin; Siemens) and recalcification,
and clotting times were measured in a KC10 (Amelung, Lemgo,
Germany).

Detection of endosomal ROS

Endosomal ROS was detected in cells loaded with the fluores-
cent probe H,DCFDA (10 wM) in Krebs-Ringer phosphate buffer
(pH 7.4) after defined stimulation by flow cytometry. ROS-
producing cells were more than 80% CD11b*CD115*PI~.

Confocal microscopy

Imaging used a Zeiss LSM 710 NLO confocal laser scanning
microscope and a 1.4 Oil Dic M27 63 X plan apochromat ob-
jective (Zeiss). Internalization of aPLs was visualized after in-
cubation of cells for 30 minutes with fluorescein isothiocyanate
(FITC)-labeled HL5B with 50 nM Lysotracker red and nuclear
counterstaining (Hoechst 33342). Membranes were stained with
1 wg/mL cholera toxin B (CTB) after stimulation on ice to avoid
internalization. TF, FVlla, FXa, or TFPI trafficking was visualized
after incubation of cells with antibodies (aTF-5G9 or 10H10,
50 pg/mL; aFVII-12C7, 3 pg/mL; aFX-f21-4.2C, 5 pg/mL; o TFPI-
HGS5, 5 pg/mL) and stimulation for 15 minutes with HL5B or IgG
and immediate live cell imaging.

Internalization of gp%1phox was visualized in cells fixed with
phosphate-buffered saline, 2% paraformaldehyde for 20 minutes,
followed by phosphate-buffered saline, 0.25% saponin, 1% bo-
vine serum albumin, and 2.5% horse serum for 15 to 30 minutes at
20°C. Cells were stained (agp91phox, 1 wg/mL; «EEAT, 1 pg/mL)
in blocking buffer at 25°C for 45 minutes, and counterstained with
secondary antibodies.

Flow cytometry

Epitope accessibility of a-FVlla antibodies was determined by
preassembling TF-FVlla or TF-FVlla-FXa-TFPI complexes on CHO
cells expressing human TF. To measure internalization, surface
staining with FITC-labeled antibodies was quenched using 0.4%
trypan blue. FXa dissociation was measured by flow cytometry on
living cells cultured in 10% human serum by adding aFXa 10 minutes
after stimulation. Data were analyzed with FlowJo 7.2 (TreeStar Inc).

Inferior vena cava thrombosis model and arterial
ligation models

aPL-amplified thrombus development was evaluated as
described.”®'# Briefly, HL5B (1 wg) was injected via jugular
catheter into 8- to 12-week-old male mice 1 hour before inferior
vena cava flow reduction by ligation over a transiently positioned
spacer (0.26 mm). Rhodamine B-labeled platelets and acridine
orange labeling leukocytes were infused for thrombus imaging
by high-speed fluorescence video microscopy on an Olympus
BX51WI. Leukocyte and platelet deposition was similarly mon-
itored in a transient carotid artery ligation model.4° Venous
thrombosis induced by flow restriction of the inferior vena cava
without aPLs was quantified after 48 hours, as described.!

Statistics

GraphPad Prism 7 was used for group comparisons with para-
metric Student t test or 1-way analysis of variance (ANOVA) and
multicomparison correction (Dunnett).
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Table 1. Primer sequences

Gene Sense Antisense

Mouse
Gapdh GGCAAATTCAACGGCACAGT GTCTCGCTCCTGGAAGATGG
TF (F3) TCAAGCACGGGAAAGAAAAC CTGCTTCCTGGGCTATTTTG
TFPl o CTGTAAATAACATTCGTGGTTCCCCAGTCTCCC CAGTGTAGTTAAATCGGTGGCATTTCCCAG
TFPI B CTGTAAATAACATCGTGGTTCCCCAGTCTCCC GTAGACGGAACTCAGAAAGCCTTGGTAAG
TFPI v GGATGAGTGCAAGAAGATCTGTGAGAATC ATACAGTACCAAGGCAGCCCGAC
Tnfa CCAGACCCTCACACTCAGATC CACTTGGTGGTTTGCTACGAC

Human
GAPDH GGCAAATTCAACGGCACAGT GTCTCGCTCCTGGAAGATGG
TF (F3) GGGCTGACTTCAATCCATGT GCTGCCCAGAATAACAATGT
TNFa AGGGACCTCTCTCTAATCAGCC GGGCTACAGGCTTGTCACTC

Results We imaged TF with antibodies (aTF 5G94® and oTF 10H10%8:4?)

Prothrombotic aPLs dissociate an inhibited cell
surface TF complex

Because lipid-reactive aPLs with or without B2GPI cross-reactivity
rapidly activate monocyte TF in thrombosis,'* we hypothesized
that TF was cell surface retained in complex with TFPI. We vi-
sualized the TF-FVlla-FXa-TFPI complex on unstimulated mon-
ocytes and found that this complex was disrupted by aPL HL5B
(Figure 1A). Stimulation for 15 minutes caused FVlla internali-
zation into an endo-lysosomal compartment, but TFPI remained
cell surface-exposed, and FXa staining disappeared.

Lipid-reactive aPLs cause rapid conformational changes in TF and
increase clotting activity dependent on complement and protein
disulfide isomerase (PDI)."* Unexpectedly, FXa loss of cell surface
staining was not prevented by previously validated complement
and PDI inhibitors'#424® or eliminating complement fixing activity
in aPL HL5B Fab', fragments (Figure 1B). FXa also disappeared
from ADP-ribosylation factor 6 (ARF6)-inhibited cells (Figure 1B),
which mediates TF-FVlla-integrin trafficking,**#* indicating that
FXa was not degraded after internalization with TF-FVlla. Instead,
we found that serum-free cell supematants after stimulation with
Fab', fragments of aPL HL5B contained FXa specifically triggering
thrombin generation (Figure 1C). Calibration curves with purified
FXa indicated 13000 molecules of FXa released per monocyte,
providing an estimate for TF-TFPI surface complexes participating
in aPL signaling.

FVlla in the inhibited complex was recognized by aFVlla-12C7
(Figure 1A) with an epitope in the protease domain.*® Other
FVlla monoclonal antibodies (3G12, 9D4) only recognized free
TF-FVlla complex on CHO cells, but not the TFPI-inhibited
TF-FVlla-FXa complex (Figure 1D). Staining with monoclonal aFVlla-
3G12% showed that aPL Fab', fragments rapidly exposed the
epitope only accessible on free TF-FVlla (Figure 1E). We have
previously shown that aPL HL7G, which reacts with both car-
diolipin and B2GPI, rapidly induces TF activity similar to HL5B."
HL7G, but not aPL rJGG9 reactive with B2GPI alone, also dis-
sociated FXa independent of complement, PDI, and ARFé
(Figure 1F). We conclude that lipid-reactive aPLs can trigger
initial thrombin generation by a novel mechanism of simply
dissociating FXa from cell surface localized TF-FVlla-FXa-TFPI.

TF REGULATION IN aPL-INDUCED THROMBOSIS

to structurally defined, adjacent epitopes exposed in TF-
FVlla.#84? Both antibodies neither disrupted FXa binding on
monocytes nor prevented aPL-induced cell surface FXa disso-
ciation (Figure 1B), suggesting that aPLs did not directly interact
with TF. Akin to the results with epitope-specific aVlla, the
epitope of aTF 10H10 was only exposed after dissociation of FXa
with Fab’, or IgG of aPL HL5B (Figure 2A). Because aTF 10H10
prevents aPL-induced conversion of TF to a procoagulant form,
these data indicated that TF was present in a low activity con-
formation in the TF-FVlla-FXa-TFPI complex before aPL activa-
tion. In addition, no internalization of TF or aPL was observed
after binding of oTF 10H10 (Figure 2A), which is in line with
protection from pregnancy loss by this antibody in humanized TF
mice.?*

Tracking cell surface TF with « TF 5G9 furthermore showed that
stimulation with Fab', fragments of aPL HL5B without comple-
ment fixing activity failed to induce TF internalization. In con-
trast, TF colocalized intracellularly with IgG of the same aPLs
(Figure 2A). In addition, FVlla and aPLs internalization required
complement, PDI, and ARF6 and was blocked by oTF 10H10
(Figure 2B), which also inhibits TF-FVlla integrin interaction re-
quired for endosomal trafficking.#+*° Thus, aPLs first dissociate
the TF-FVlla-FXa-TFPI complex and then promote TF-FVlla and
aPL endosomal trafficking dependent on complement-triggered
thiol-disulfide exchange (Figure 2C).

We reasoned that glycosylphosphatidylinositol-anchored TFPI
capable of recycling the TF complex®' inhibited monocyte cell
surface TF. Monocytes with myeloid cell-specific deletion of the
TFPI Kunitz 1 domain (Tfpi*<") expressed normal levels of TF
(Figure 2D), but in accord with endogenously synthesized TFPI
mediating complex formation, no FXa was detected on the cell
surface of Tfpi*" monocytes (Figure 2E). Although aPL HL5B
bound to the cell surface, it did not intermnalize in Tfoi*" mono-
cytes (Figure 2F). In the mouse, 3 distinct TFPI isoforms are
generated by alternative splicing,**** and blood monocytes
expressed TPFla, TPFIB, and TPFly (Figure 2G). Because all
isoforms express Kunitz domain 1 required for TF-FVlla-FXa
complex formation and thrombosis inhibition,*? TFPI isoform-
specific knock-out mice will be required to define the relevant
isoform mediating monocyte TF inhibition. Thus, aPL binding to
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Figure 1. Prothrombotic aPLs dissociate an inhibited cell surface TF-FVIla-FXa-TFPI complex. (A) Human monocytic MM1 cells were cultured in human serum, stained with
«FVII-12C7 with a known epitope in the FVII protease domain,* aFX-f21-4.2C, and aTFPI-HGS5 (both identified by screening for reactivity with a preassembled TF-FVlla-FXa-TFPI
complex on CHO-cells), and imaged on live cells after 15 minutes of exposure to control IgG or aPL HL5B. Nuclei were stained in blue with Hoechst 33342 or DAPI, surface
membrane with cholera toxin B (CTB), and endo-lysosomes with Lysotracker or o EEAT1 (red). Scale bar = 5 pm. (B) Loss of FXa surface staining on mouse CD115* splenocytes
grown in human serum by flow cytometry after 10 minutes of stimulation; mean + standard deviation (SD). n = 6. *P < .0062; 1-way ANOVA, Dunnett multiple-comparison test vs
unstimulated. (C) FXa clotting activity in the supernatant of aPL-stimulated monocytes; mean + SD. n = 3. *P < .005; 1-way ANOVA, Dunnett multiple-comparison test. (D)
Detection of TF-FVlla vs TF-FVlla-Xa-TFPI on TF-expressing CHO-cells by aVIla-3G12* and 9D4 vs 12C7. (E) Coagulation inhibitory aVlla-3G12 vs aFVII-12C7 reactivity on
monocytic cells before and after stimulation with aPL HL5B Fab'2, which does not cause TF-FVlla internalization. (F) B2GPI- and lipid-reactive HL7G, but not rJGG9, with sole
B2GPI reactivity can induce FXa release from mouse CD115* splenocytes; mean = SD. n = 6.

cells is insufficient for aPL internalization, which also requires
coagulation activation by FXa dissociated from a cell surface-
localized TF-FVlla complex with monocyte-synthesized TFPI.

Although a previous study suggested that aPL stimulates FXa
generation by interaction with TFPI,5 we found no evidence that
lipid-reactive aPL HL5B bound to purified components of the TF-
FVlla-FXa-TFPI complex directly (Figure 2H). Monitoring TFPla
inhibition of phosphatidylcholine/sphingomyelin-relipidated®
TF-FVlla-dependent FX activation (Figure 2l) or of FVlla and FXa
in a soluble TF system monitored with a chromogenic substrate®
(Figure 2J) also provided no evidence that aPL HL5B disrupted
TF-FVlla-FXa-TFPI directly. Thus, lipid-reactive aPLs specifically
dissociate the TF-FVlla-FXa-TFPI complex on viable cells.>?33

aPLs induce thrombin-dependent endosomal
internalization of NADPH oxidase by the TF-FVlla
complex

Lipid-reactive aPLs induce proinflammatory cytokines dependent
on endosomal ROS generation."” We therefore evaluated how
TF-FVlla endosomal trafficking regulated ROS production. All
blockers of TF-FVlla internalization prevented NADPH oxidase
subunit Gp91phox translocation into EEA1* endosomes of human
monocytes (Figure 3A). Intemalization of aPLs and Gp91phox was
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also inhibited by «TF 10H10, which blocks TF-FVlla integrin
interaction** and internalization, but not the noninhibitory oTF
5G9. As expected, blockade of endosomal ROS generation with
niflumic acid prevented tumor necrosis factor a (TNFa) and TF
mRNA induction by aPLs (Figure 3B) without inhibiting internali-
zation of Gp91phox or aPL (Figure 3A). The proinflammatory
responses were similarly absent when TF and aPL internalization
was blocked with complement, PDI, ARF6 inhibitors, and oTF
10H10, but not oTF 5G9 (Figure 3B). Thus, aPLs, TF-FVlla, and
NADPH oxidase traffic by the same mechanism to the endosome.

Because PAR2 is required for the pathogenic effects of aPLs in
mice,?* we assumed that FXa released by aPLs from the TF
complex cleaved PAR2. Although extracellular FXa inhibition
with the cell impermeable inhibitor NAPS indeed prevented
internalization, specific blockade of thrombin with hirudin was
unexpectedly also effective (Figure 3A). The amino-terminus of
thrombin-cleaved PAR1 can serve as a ligand for PAR2 in hetero-
dimer signaling®’:57:58 (Figure 3C). Although this pathway has
not been implicated in aPL signaling before, inhibition of PAR1
cleavage by well-characterized monoclonal antibodies® and an
antagonist blocking the binding pocket of PAR2 prevented aPL
internalization (Figure 3A). Further supporting that FXa released
by aPLs triggered thrombin PAR1/PAR2 cross-activation relevant

MULLER-CALLEJA et al

%20z AeN 21 uo 3sanb Aq ypd-0£SG L0061 0ZPIGPOOIA/ZL0ETEL/BL L LY LIFEL/IPd-a1o1Ie/poo|q/jousuoledligndyse//:dpy woly papeojumoq



%20z AeN 21 uo 3sanb Aq ypd-0£SG L0061 0ZPIGPOOIA/ZL0ETEL/BL L LY LIFEL/IPd-a1o1Ie/poo|q/jousuoledligndyse//:dpy woly papeojumoq

B C
o — X
i TF-FVlla-FXa ' — Flla
T
A
£S5
S5
84 A
. TF-FVila aPL
235
+ <
£
0 E Y
g ﬁ endqsomal
+te Trafficking
w o
w2
25
D E F
4 WT
1500 e . WT  TRPIACT
WT TFPIA
= 1000 125 =
'E 100 150 o
Z . | 7S = 100 P2 &
S| s0 5 &
25 '3
04 0 0 E
§ & 102 10° 10* 10° 10?2 10° 10* 10° HL5B-FITC
& >
& FXa-PE
©
G H | J
05 4 054 > TF 8 == TFPI
. . O Exlla - . no TFPI
c B 044 & FXa £
S 061 v - TFPI _ 4 Z = 401
g = Z 031 » FIX = S E
S 2 044 S E 4 = a3
=7 S 0.2 2 =9
T g s = 2%
g | o | S E
= S 0.2 0.1 _E g 2 £
0.0 - 0.0 4 T r r 0-
@ o 2 0 20 40 60 (éc} Qx\(?%
PPN qf HL5B [ug/ml] &€
LA
<

Figure 2. Endogenous TFPl is required for aPL internalization. Internalization of MM1 cell surface TF (A) and FVlla (B) after 15 minutes of live cell stimulation with fluorophore-
labeled aPL HL5B (IgG or Fab', fragment). Scale bar = 5 pm. (C) Schematic representation of complement-dependent and independent pathways initiated by aPL. (D) Flow
cytometry detection of TF expression on CD115* spleen monocytes for myeloid cell-deleted TFPI Kunitz 1 domain (TFPIK) mice and littermate wild-type (WT) controls under
basal conditions and after 3 hours of stimulation with 100 ng/mL LPS. Note that basal and LPS-induced TF expression was not affected by TFPI mutation. (E) FXa surface
localization detected by flow cytometry on CD115* splenocytes of TFPI*K" and littermate WT mice. (F) Live cell imaging of aPL HL5B internalization in TFPI*" monocytes after
stimulation with aPL HL5B. (G) Expression of TFPI isoforms by blood monocytes isolated from WT mice detected by RT-PCR with isoform-specific primers; mean = SD. n = 4. (H)
Dose titration of aPL HL5B binding to dry milk-blocked plates coated with 2 pg/mL soluble TF; 214,28 FVila, TFPla®, or FXa. (I) Effect of aPL HL5B (500 nM) on TFPla (10 nM)
inhibition of FX (100 nM) activation by 0.5 nM TF in 60% phosphatidylcholine/40 sphingomyelin® with 1 nM FVlla. (J) Effect of 100 wg/mL HL5B on TFPla (50 nM) complex
formation with 1 uM soluble TFGCN4,2? 3 nM FVlla, and 2 nM FXa measured by amidolytic assay with Spectrozyme FXa.
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Nuclei were stained in blue with Hoechst 33342 or 4’,6-diamidino-2-phenylindole, surface membrane with cholera toxin B (CTB), endo-lysosomes with Lysotracker or «EEAT (red).
Scale bar = 10 pm (upper panels) or 5 pm (lower panel). (B) TF and TNFa mRNA expression and ROS production by MM1 cells treated as indicated; mean = SD. n = 6. *P < .00071;
1-way ANOVA, Dunnett multiple-comparison test compared with control sample. (C) Schematic representation of aPL-induced PAR1/PAR2 heterodimer signaling linked to
TF-Vlla-integrin complex trafficking. (D) Dose response of rivaroxaban inhibition of aPL HL5B-induced TNFa expression by MM1 cells.

for aPL signaling, FXa inhibitors, the thrombin inhibitor hirudin,
PAR1 cleavage-blocking antibodies, and a PAR2, but not PAR1,
antagonist prevented aPL HL5B induction of TNFa, TF, and ROS
production (Figure 3B).

A recent randomized trial indicated that the direct FXa inhibitor
rivaroxaban was less efficient than vitamin K antagonists in
preventing arterial thrombotic events in severe APS.*? We find
that rivaroxaban in excess of 100 nM was required to inhibit aPLs
signaling completely (Figure 3D), suggesting that pharmacoki-
netic fluctuations in drug levels may limit the effectiveness of FXa
inhibitors in blocking aPL-induced signaling.

Lipid-reactive aPLs induce PAR1/PAR2
heterodimer signaling and TF-integrin trafficking in
mouse cells

ARF6 inhibitors and oTF-10H10, which both interfere with
integrin function, blocked NADPH oxidase activation, sug-
gesting that aPL signaling requires a TF-integrin complex. As
seen with aPL-stimulated human cells, ROS production was
completely blocked by FXa inhibitors rivaroxaban (>100 nM)
and NAP5 and thrombin inhibitor hirudin in mouse spleen-
derived monocytes (Figure 4A). In contrast, ROS production
induced by TLR7/8 agonist R848 was not blocked by NAP5 and
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hirudin, but continuing ROS production was suppressed by the
cell-permeable FXa inhibitor rivaroxaban. These data demon-
strate that cell surface proteases specifically initiate aPL signaling
responses.

TF-FVlla interacts with heterodimers of integrin 81,* and the TF
cytoplasmic domain regulates ROS production.?*¢° In the ab-
sence of integrin 1 or the TF cytoplasmic domain, aPL HL5B
neither internalized (Figure 4B) nor caused Gp91phox trans-
location into EEAT* endosomes (Figure 4C). Accordingly, stimu-
lation with aPLs failed to induce ROS in monocytes from TF
cytoplasmic domain-deleted (TFACT) or integrin B1-deficient
mice, but ROS production was not affected when the same
cells were stimulated directly with TLR7/8 agonist (Figure 4D).
Thus, the TF-integrin complex specifically directs ROS pro-
duction by aPLs to the endosome. In addition, endosomal ROS
production was abolished in Tfpi*" monocytes (Figure 4E) and
by TFPI antibody blockade of human monocytes (Figure 4F),
which do not express TFPly present in mouse,®? confirming that
aPLs induce a species-conserved endosomal signaling pathway.

As seen in human monocytes, aPL internalization in mouse

monocytes was also blocked by aTF and inhibitors of PDI, com-
plement, FXa, and thrombin (Figure 5A). The cell-impermeable
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Figure 4. NADPH oxidase internalization by the TF-integrin 1 complex. (A) Time course of ROS production measured in WT CD115* spleen monocytes preloaded with
H,DCFDA stimulated with aPL HL5B or the TLR7/8 ligand R848 in the presence of the indicated coagulation protease inhibitors; mean = SD. n = 6. (B) Live cell imaging of
aPL HL5B internalization in CD1157 cells of the indicated mouse strains. Scale bar = 5 um. (C) Catalytic subunit of NOX2 (gp91phox) colocalization with EEA1* endosomes
in CD115* spleen cells from integrin 317/~ and TFAST mice. Scale bar = 5 um. (D) Quantification of ROS production in CD115* splenocytes of the indicated mouse strains
after stimulation with aPL HL5B or TLR7/8 agonist R848; mean = SD.n = 6. *P = .0001; 2-way ANOVA, Dunnett multiple-comparison test. (E) TFPI is required for endosomal
ROS production. ROS generation in TFPI*<" or WT monocytes was measured after stimulation with aPL HL5B in the presence or absence of niflumic acid (0.1 mM).
Endosomal ROS production after subtraction of nonendosomal ROS measured in the presence of niflumic acid is shown; mean = SD. n = 4. (F) ROS production was
measured in cells preloaded with H,DCFDA in human monocytes stimulated with HL5B either alone or in the presence of aTFPI (20 wg/mL) added 15 minutes before aPL

stimulation; mean = SD. n = 6.

inhibitors NAPS and hirudin prevented induction of TNFa by aPLs,
but not by TLR7/8 agonism in mouse cells (Figure 5B). However,
the cell-permeable FXa inhibitor rivaroxaban and deficiency of
PAR2 or the TF cytoplasmic domain markedly inhibited induction
of TNFa by both aPLs and TLR7/8 agonism (Figure 5B). Thus, PAR2
and TF are not only required for cell surface aPL signaling but also,
more broadly, participate in myeloid cell endosomal TLR signaling.

Antibodies to human PAR1 showed that extracellular PAR1
cleavage was required for aPL signaling (Figure 3A-B), but only
PAR2~/~ and not PART~/~ mice were protected from aPL-induced
pregnancy loss.?* Consistent with cross-activation of PAR2 by
thrombin-cleaved PAR1, only direct PAR2, but not PAR1, antag-
onists prevented aPL internalization in mouse monocytes (Figure
5A). Thrombin PAR1/PAR2 cross-activation does not require PAR2
cleavage, but the signaling scaffold of PAR2, which is deleted in
PAR2~~ mice. In contrast to PAR2~/~ cells, TNFa induction by aPL
HL5B was largely preserved in knock-in mutant cells carrying
a cleavage-resistant PAR2 receptor (PAR2 R38E mice)** (Figure 5C).
PAR2 antagonist and the thrombin inhibitor hirudin blocked
proinflammatory effects of aPLs in PAR2 R38E cells, confirming
PAR2 cross-activation by thrombin-cleaved PAR1. Furthermore,
thrombin-insensitive PART R41Q mutant cells®* failed to respond
to HL5B stimulation, whereas in accord with prior studies, PART~/~
mice were activated normally (Figure 5C).

TF REGULATION IN aPL-INDUCED THROMBOSIS

To resolve the unexplained response of PAR1™/~ cells, we
analyzed the proteases involved in aPL signaling. These
experiments revealed that aPL signaling in PART~/~ cells be-
came insensitive to thrombin inhibition with hirudin, while
remaining sensitive to FXa inhibitor and PAR2 antagonist
(Figure 5D). Thus, deletion of PAR1 enabled FXa-PAR2
signaling, and thereby obscured the identification of thrombin-
induced PAR1/PAR2 heterodimer signaling as a central path-
way of aPL pathology. Importantly, this protease-dependent
aPL signaling pathway is conserved between mice and
humans.

Analysis of human monoclonal aPLs identified 3 distinct antigen
specificities; that is, reactivity with diagnostic cardiolipin alone,
reactivity with B2GPI, and dual reactivity with both lipid and
B2GP|.10.1426.27 \Whereas B2GPl-reactive aPLs (rJGG9) failed to
rapidly induce TF clotting activity in monocytes and ROS-
dependent signaling, the dual-reactive aPLs HL7G was compara-
ble with aPL HL5B in this respect.’*'” Remarkably, the dual-reactive
HL7G triggered the same pro-inflammatory pathway requiring
endosomal signaling dependent on the TF cytoplasmic domain,
integrin B1 (Figure 5E), and thrombin-PAR1/PAR2 cross-activation
(Figure 5F-G). Thus, acquisition of B2GPI reactivity in cross-reactive
aPLs preserved signaling specificity delineated for lipid-reactive
aPL HLSB.
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Figure 5. Lipid-reactive aPLs induce PAR1/PAR2 heterodimer signaling. (A) WT C57BL/6J mononuclear cells were treated for 15 minutes with the indicated inhibitors and
stimulated for 15 minutes with FITC-labeled IgG or aPL HL5B for live cell imaging. (B) TF-thrombin-dependent Tnfa mRNA induction by aPL signaling in mouse CD115* splenocytes; mean =+
SD. n = 6. *P < .0001; 1-way ANOVA, Dunnett multiple-comparison test compared with WT sample. (C-D) Tnfa. mRNA induction by aPL HL5B normalized to control IgG stimulated cells in
PAR1~/~, PAR1, or PAR2 cleavage-resistant spleen mononuclear cells with the indicated inhibitors; mean = SD. n = 6. *P < .0001; **P = .044; 1-way ANOVA, Dunnett multiple-comparison test.
(E-G) Tnfa mRNA induction after 3 hours of stimulation with aPL HL7G in CD115* spleen monocytes from WT mice or the indicated mouse strains treated with the indicated inhibitors.

Myeloid cell TFPI is required for aPL-induced
thrombosis

TFACT mice with defective endosomal ROS production and aPL
translocation have previously been shown to be protected from
pregnancy loss,?* and endosomal ROS production is required for
aPL-induced thrombosis.'® As shown here, endosomal aPL sig-
naling was also dependent on formation of the TF-FVlla-FXa-
TFPI complex that, on dissociation induced complement- and
PDI-dependent trafficking of TF-FVlla. Although Tfpoi*' monocytes
expressed normal levels of TF antigen (Figure 2D), aPL stimulation
of these cells failed to rapidly induce cell surface phosphatidylserine
exposure (Figure 6A) and, importantly, TF clotting activity (Figure 6B),
as well as upregulation of TNFa mRNA (Figure 6C). In addition, we
analyzed 20 randomly selected patient IgG fractions representative
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of diagnostic reactivities found in general patient populations with
APS.19'% Rare aPL IgG reactive with B2GPI alone (a-B2GPI; 2/20
patients) did not induce TNFae mRNA, but signaling of lipid-reactive
aPL IgG (defined by cardiolipin reactivity, a-CL) with (similar to HL7G;
7/20 patients) or without (similar to HL5B; 11/20 patients) B2GPI
cross-reactivity was markedly reduced in Tfoi**" monocytes (Figure
6D) These data not only established a supportive effect of TFPI in
myeloid cell endosomal signaling in vitro but also predicted a par-
adoxical prothrombotic role for TFPI in aPL-induced thrombosis.

Although platelet-expressed TFPI suppresses thrombosis,*>4" we
found that myeloid cell-specific inactivation of TFPl in Tfpi**" mice
had no appreciable effect on ligation-induced arterial (Figure 6E)
or myeloid cell TF-dependent®' flow-restricted venous (Figure 6F)
thrombus formation. Because myeloid cell-deleted Tfpi*€" mice
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Figure 6. Myeloid cell TFPI is required for aPL-induced thrombosis. (A-B) Murine CD115* monocytes of control or TFPI*<" mice were stimulated for 10 minutes with aPLs
(100 ng/mL) and then analyzed for PS exposure by Annexin V-FITC binding in flow cytometry (A) or clotting activity (B); mean = SD.n = 6. *P < .001; 2-way ANOVA followed by
the Sidak correction. (C) Induction of TNFa mRNA in CD115" spleen monocytes stimulated for 1 hour with the indicated aPLs; mean * SD. n = 6. *P < .001; 2-way ANOVA
followed by the Sidak correction. (D) TNFa induction by IgG fractions isolated from 20 patients with APS in WT and TFPI*<" mice stimulated for 1 hour. APS patient IgG samples
can be divided into 3 groups: patient IgG that binds only to cardiolipin in a cofactor-independent manner similar to HL5B («CL; n = 11); patient IgG that binds to both antigens,
similar to HL7G (aCL/B2GPI; n = 7); and patient IgG that binds only to B2GP!, similar to rJGG9 (@B2GPI; n = 2). *P < .0001; 2-way ANOVA followed by the Sidak correction. (E)
Ligation-induced arterial thrombosis in littermate TFPI*<! (n = 8) and TFPIX' control animals (n = 5). (F) Inferior vena cava ligation-induced venous thrombosis in littermate
TFPI*K! (0 = 9) and TFPIX' control animals (n = 9) 48 hours after flow restriction. No thrombus developed in 4 and 3 animals, respectively. (G) HL5B-amplified thrombosis
analyzed in the flow-restricted vena cave inferior of the indicated mouse strains vs isotype control antibody; mean = SD. *P = .007; t-test after Shapiro-Wilk test for normal

distribution. HL5B: TFPIK' control mice, n = 8; TFPI*X" mice, n = 7; isotype control TFPIX' control mice, n = 5; TFPI*<" mice, n = 5. Scale bar = 100 pm.

showed normal venous thrombus development, we could rigor-
ously evaluate TFPI roles in aPL-induced responses in vivo. In line
with in vitro experiments, induction of thrombosis by aPL HL5B,
but not control antibody, was prevented by myeloid cell-specific
inactivation of TFPIl in Tfpi*! mice (Figure 6G). Thus, the physi-
ological role of TFPI as a regulator of TF is exploited by aPLs to
induce pathological signaling and thrombosis.

Discussion

Here we delineate proximal cellular events induced by aPLs in
monocytes. Lipid-reactive aPLs with or without B2GPI cross-reactivity

TF REGULATION IN aPL-INDUCED THROMBOSIS

activate a common signaling pathway by dissociating TF-FVlla-
FXa-TFPIl. FXa liberated on the cell surface then generates
thrombin for PAR1/PAR2 heterodimer signaling in mouse and
human cells. In addition to thrombin signaling, internalization of
surface-bound aPLs requires Fc-mediated activation of com-
plement. Complement activation-associated thiol disulfide ex-
change presumably alters PDI function,%>4? and thereby permits
TF-FVlla trafficking that delivers the NADPH oxidase to the
endosome dependent on the TF cytoplasmic domain.

The epitope of aTF-10H10 on TF-FVlla is exposed only after aPL-
induced dissociation of TF-FVIla-FXa-TFPI. Because aTF-10H10
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recognizes a TF cell surface pool with low procoagulant activity®®
and inhibits aPL-induced allosteric activation of TF for full pro-
coagulant activity without preventing procoagulant PS expo-
sure,' TF is likely in a conformation unfavorable for FXa release
and favorable for formation of TF-FVlla-FXa-TFPI on the cell
surface. This antibody also blocks association of TF-FVlla with
integrin 144 and, similar to integrin B1-deficiency or pharma-
cological blockade of the ARFé integrin trafficking pathway,
prevents endosomal trafficking of aPL signaling components and
aPL proinflammatory signaling.

These elucidated cellular events explain previously unconnected
observations on aPL pathology. aTF-10H10 inhibits not only
monocyte signaling but also TF cytoplasmic domain-dependent
pregnancy complications in humanized TF mice.?* Complement
activation has previously been shown to be crucial for the major
pathological manifestation of APS; that is, pregnancy loss'221:¢5.6¢
and thrombosis.¢7 It will be of interest for further studies to clarify
whether aPL binding to B2GPI and clustering of LRP82¢847 may
amplify complement-dependent thrombosis*' in the interplay of
platelets and immune cells.*?7°

The direct FXa inhibitor rivaroxaban effectively blocked aPL
signaling in vitro, but only at fairly high concentrations, which
may explain the lower efficacy relative to vitamin K antagonists in
preventing arterial thrombosis in severe APS.5? Important open
questions remain on how standard dosing of direct oral FXa
inhibitor interrupt cell signaling pathways in vivo, and interfere
with the emerging roles of FXa as a cofactor activator in co-
agulation reactions.*”7172

APS was originally defined on the basis of aPL reactivity with
negatively charged lipids, including cardiolipin. Although lipid-
reactive antibodies also transiently expand in infectious diseases,”
clonal evolution and cross-reactivity with coagulation regulatory
proteins,” including B2GPI, are correlated with the incidence of
thrombotic complications.”* However, systematic meta-analysis of
clinical data indicates that lipid-reactive aPLs are associated with
a comparable relative risk.”> The current data with monoclonal
antibodies show that lipid-reactive aPLs with B2GPI reactivity
activate the same monocyte signaling pathway delineated for
aPLs with sole lipid reactivity. In addition, the representative na-
ture of these monoclonal antibodies for patient IgG''* is con-
firmed here for TFPl-dependent monocyte activation. Thus,
selection for B2GPI reactivity cannot be used as an experimental
approach to exclude relevant lipid-dependent signaling.®®

In the diagnosis of APS, inhibition of coagulation reactions in the
lupus anticoagulant assay is paradoxically predictive for clinical
hypercoagulability and thrombosis risk. We here describe a direct
and rapid procoagulant effect of aPLs resulting simply from dis-
sociation of FXa in an inhibited cell surface TF complex. The
ensuing thrombin-dependent signaling sets in motion aPL endo-
somal trafficking amplifying TF gene transcription as well as rapid
conversion of cell surface TF to a procoagulant form through
complement activation and PDI. Thus, unlike coagulation assays
formulated with isolated lipids, cell-based assay systems that de-
pend on early events of aPLs on TF in a multiprotein complex
properly measure prothrombotic effects of aPLs.

Our data uncovered a paradoxical stimulatory role for TFPI in
promoting aPL-induced signaling and TF activation on monocytes.
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We expected an exacerbation of aPL pathologies by inactivation of
TFPI in monocytes, based on the established roles for TFPI as
aregulator of TF-dependent cell signaling,’ as well as of TF77? and
FXa®'#%8! in hemostasis and thrombosis. Pharmacological appli-
cation of TFPI also dampens tissue injury in autoimmune disease
models.?2 Unexpectedly, we found that genetic deletion of the first
Kunitz domain of TFPI mediating interaction with FVlla prevented
not only cell surface localization of the inhibited TF complex on
monocytes but also the spectrum of proinflammatory aPL signaling
responses, rapid TF procoagulant activation, and aPL-induced
thrombosis. Thus, the physiological inhibition of TF by TFPI primes
monocytes for the pathological effects of aPLs.

The clinical significance of the proposed deregulation of TF
function by aPL is supported by documented correlations of
monocyte TF expression with the severity of APS.'78385 TF ex-
pression by monocytes is also a risk factor for cardiometabolic
disease,®# resulting in circulating primed monocytes for patho-
logical aPL signaling in patients with autoimmune diseases. Thus,
cardiometabolic disease risk factors may represent overlooked
variables that sensitize to the pathogenic complications of APS
associated with autoimmune diseases, and conversely, lipid-
reactive aPLs developing transiently in acute or chronic infections
may trigger acute thrombotic events in cardiovascular diseases.
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