'.) Check for updates

Regular Article

THROMBOSIS AND HEMOSTASIS

FcRn augments induction of tissue factor activity by
IgG-containing immune complexes
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Thromboembolism complicates disorders caused by immunoglobulin G (IgG)-containing

. . immune complexes (ICs), but the underlying mechanisms are incompletely understood.
® FcRn participates in

the induction of TF
activity by IgG-
containing ICs.

@ Inhibition of FcRn
may reduce the
prothrombotic
phenotype of patients
with disorders
mediated by IgG-
containing ICs.

Prior evidence indicates that induction of tissue factor (TF) on monocytes, a pivotal step in
the initiation, localization, and propagation of coagulation by ICs, is mediated through Fcy
receptor lla (FcyRlla); however, the involvement of other receptors has not been inves-
tigated in detail. The neonatal Fc receptor (FcRn) that mediates IgG and albumin recycling
also participates in cellular responses to IgG-containing ICs. Here we asked whether FcRn is
also involved in the induction of TF-dependent factor Xa (FXa) activity by IgG-containing
ICs by THP-1 monocytic cells and human monocytes. Induction of FXa activity by ICs
containing IgG antibodies to platelet factor 4 (PF4) involved in heparin-induced throm-
bocytopenia (HIT), B-2-glycoprotein-1 implicated in antiphospholipid syndrome, or red
blood cells coated with anti-(a)-Rh(D) antibodies that mediate hemolysis in vivo was

inhibited by a humanized monoclonal antibody (mAb) that blocks IgG binding to human FcRn. IgG-containing ICs that
bind to FcyR and FcRn induced FXa activity, whereas IgG-containing ICs with an Fc engineered to be unable to engage
FcRn did not. Infusion of an a-FcRn mAb prevented fibrin deposition after microvascular injury in a murine model of HIT
in which human FcyRlla was expressed as a transgene. These data implicate FcRn in TF-dependent FXa activity induced
by soluble and cell-associated IgG-containing ICs. Antibodies to FcRn, now in clinical trials in warm autoimmune he-
molytic anemia to lower IgG antibodies and IgG containing ICs may also reduce the risk of venous thromboembolism.

(Blood. 2020;135(23):2085-2093)

Introduction

Thromboembolism is a serious complication of disorders
caused by immunoglobulin G (IgG)-containing immune com-
plexes (ICs), including heparin-induced thrombocytopenia (HIT),
antiphospholipid syndrome (APS),2* and warm autoimmune
hemolytic anemia (WAHA).*¢ Multiple cellular pathways con-
tribute to thromboembolism, including endothelial damage with
loss of antithrombotic functions, generation of factor Xa (FXa) on
monocytes, release of microparticles, elaboration of neutrophil
extracellular traps, and activation of complement and diverse
prothrombotic products released by damaged erythrocytes,”®
among others.

Common to many prothrombotic pathways is the induction of
tissue factor (TF), a pivotal step in the initiation, localization, and
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propagation of coagulation. Induction of TF activity by IgG-
containing ICs is incompletely understood. In the case of HIT,
antibodies to the IgG Fc receptor lla (FcyRlla; also known as
CD32a) inhibit expression of TF on monocytes in vitro in re-
sponse to PF4/polyanion IgG-containing ICs?'%; expression of
FcyRlla is required for development of thrombosis in a passive
murine model of the disease,"" and the H/R'™*" polymorphism in
FcyRlla may influence the risk of thrombosis in vivo.' Involve-
ment of FcyRs has also been implicated in models of APS,'2 in
part by engaging toll-like receptor 2 (TLR-2) and TLR-4,'313
among other pathways.? However, it is unclear whether ICs
promote TF expression exclusively through FcyRs or TLRs.

IgG-containing ICs can be modulated by the neonatal Fc re-
ceptor (FcRn),'" an ~45-kDa nonpolymorphic major histocompatibility
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complex class I-like molecule that associates with B2-
microglobulin.'® Binding of monovalent IgG to FcRn is pH de-
pendent, occurring efficiently at acidic pH (pH <6.5) that
develops in early sorting endosomes but not at neutral pH."?2°
FcRn binds at the CH2-CH3 interface of the IgG Fc domain,
which is distinct from the binding site for classical FcyRs.2'23 This
pH-dependent reversible binding of IgG underlies an important
function of FcRn, involving the transport of maternal IgG across
the placenta to the fetus and recycling of plasma IgG by en-
dothelial and hematopoietic cells.?#2> FcRn also protects 1gG-
containing ICs from catabolism via mechanisms that are poorly
understood but likely involve intracellular retention of internal-
ized IgG-containing ICs''?2¢ involved in the pathogenesis of
autoimmune diseases.?’-30

IgG-containing ICs affect the behavior of diverse hematopoietic
cells, including neutrophils, monocytes, macrophages, dendritic
cells, and B cells, that express both classical FcyRs (FcyRI,
FcyRlla, FeyRllb, and FeyRIN) and FeRn.'71931 Expression of FcRn
on hematopoietic cells not only controls the half-life of 1gG-
containing ICs in mice' but also modulates their ability to
produce innate cytokines and engage in antigen presentation
and cross-presentation to CD4* and CD8" T cells, respectively.'"
Recently, these observations have been extended to humans
who have been given a therapeutic monoclonal antibody (mAb)
MoAb, SYNTOO1, that disrupts binding of IgG to FcRn, blocks
recycling of IgG antibodies, promotes clearance of IgG-
containing ICs from the circulation, and blocks the ability of
IgG-containing ICs to induce innate and adaptive immune
responses.’” In light of these findings, we investigated whether
FcRn also regulates the induction of TF on a monocyte-like cell
line and on human monocytes by soluble and particulate I1Cs
involved in HIT, APS, and WAHA. These results have important
clinical implications by suggesting inhibition of FcRn function
may be used to attenuate the risk of thromboembolic compli-
cations in affected patients.

Materials and methods

Cells and reagents

A complete list of cells and reagents is provided in the data
supplement. Human platelet factor 4 (PF4) was cloned, purified,
and characterized as described.®? B-2-glycoprotein-1 (32GP1)
was purified from human plasma.*

Antibodies

An 1gG-blocking antibody to TF was obtained from American
Diagnostica (Stamford, CT), an IgG control and a-human F(ab)’,
antibody from Jackson ImmunoResearch Laboratories (West
Grove, PA), and an IgG a-tissue factor pathway inhibitor (TFPI)-8
antibody from Abcam (Cambridge, MA). The human IgG mAb
a-Rh(D) BRAD-3 and human IgM a-Rh(D) mAb MAD-2 were from
the International Blood Group Reference Laboratory (Bristol,
United Kingdom). The human IgG polyclonal a-Rh(D) antibody
RhoGAM was from Kendrion Biopharma (Fort Lee, NJ). KKO is a
murine HIT-like a-PF4/heparin mAb.""** A chimeric a-NIP hu-
man IgG1 mAb thatis bound by both FcyR and FcRn (designated
IgG"T) and a mutated a-NIP human IgG1 mAb (1253A, H310A,
H43%A,; designated IgG'"™H) that retains binding to FcyR but not
to FcRn have been characterized previously.” Human IgG
a-B2GP1 antibodies were isolated from the plasma of 2 patients
with APS, and rabbit IgG a-B2GPI was generated, isolated, and
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characterized as described.®3> Human IgG was isolated from
the plasma of 3 patients with HIT.? A function-blocking rabbit
polyclonal antibody recognizing the first 2 Kunitz domains of
TFPI was produced by Genemed Synthesis (San Antonio, TX).2*
F(ab)', fragments of the a-mouse CD41 mAb (BD Biosciences;
MWReg30) were used to detect murine platelets in the cre-
master laser injury model. A blocking mAb to human FcyRlla
(clone IV.3) was purified as described.3¢ The phycoerythrin (PE)-
conjugated FUN-2 mAb (product 303206; BiolLegend, San
Diego, CA) is an IgG2b antibody that recognizes Fcylla (CD32).
The o-fibrin mAb (clone 59D8) was generously provided by
Hartmut Weiler of the Blood Center of Wisconsin (Milwaukee,
WI).37 SYNTOO1 is humanized affinity-matured deimmunized
IgG4k mAb containing an S241P mutation'” provided by Syn-
timmune (subsidiary of Alexion Pharmaceuticals, Inc.). DVN24 is
an 1gG2a murine a-mouse/human FcRn mAb.* An irrelevant
human IgG4 (5241P) and mouse IgG2a were used as the isotype
controls for SYNT001 and DVNZ24, respectively. An a-human
CD14 mAb conjugated with PE-Cy7 (product 301814) was from
BioLegend. ADM31, an IgG2b mAb that recognizes the albumin
binding site on FcRn distinct from the site recognized SYNT00137
was custom conjugated with PE by BioLegend. A PE-conjugated
irrelevant mouse 1lgG2b was used as the isotype control (product
402204; BioLegend). PE-conjugated anti-human CD142 (prod-
uct 550312; BD Pharmingen) was used to detect expression of
TF protein on human monocytes.

ICs

Five sets of ICs were generated: (1) PF4 (0-10 wg/mL) and KKO or
(2) human HIT IgGs (50 pg/mlL), (3) B2GPI (0-10 wg/mL) and
human or rabbit I9G a-B2GPI (50 pwg/mL), (4) Rh(D)* or Rh(D)~
red blood cells (RBCs) and either murine monoclonal or human
polyclonal IgG and IgM «-Rh(D) antibodies, and (5) NIP-
conjugated ovalbumin (OVANP) containing ~15 NIP mole-
cules (200 pg/mL) was incubated with either IgG"T or IgG'H
monomeric mAb (10 pg/mL) for 1 hour at 37°C to form ICs, and
one-tenth of the reaction volume was add to the cell suspension.

Induction of TF-dependent FXa activity by
soluble ICs

THP-1 cells were cultured in RPMI 1640 supplemented with
10% fetal bovine serum (FBS), 4.5 mg/mL of glucose, 1 mM of
sodium pyruvate, 2 mM of L-glutamine, 100 U/mL of penicillin,
100 pg/mL of streptomycin, and 0.25 pg/mL of amphotericin B.
Cells kept at a density of 0.25 X 10¢/mL to 1.0 X 10¢/mL at 37°C
under 5% CO, were plated within wells of a V-shaped 96-well
plate in a volume of 100 pL in RPMI 1640/5% FBS (final, 10° cells
per well) or in serum-free media where indicated. Cell-associated
ICs were formed between PF4 and KKO and between B2GPI
and human or rabbit IgG a-B2GP1 antibodies by adding each
component separately to the cell suspension. In other experi-
ments, preformed soluble complexes between OVANP and
IgG"T or IgG'"™" were added to cell suspensions. Cells incubated
with each antigen or antibody alone served as controls. Cells
were incubated with ICs or controls for O to 3 hours, washed
twice by centrifugation at 277 gin RPMI/5% FBS, resuspended in
100 pL of RPMI/5% FBS, and incubated overnight. Then, 100 plL
of complete RPMI 1640 (10% FBS) was added to each well, cells
were thoroughly resuspended, and aliquots from the cell sus-
pensions were analyzed for FXa activity. Cells were incubated for
an additional 18 hours, and 100 pL of complete RPMI 1640/10%
FBS was added to each well, and the cells were thoroughly

CINES et al

20z AeIN 81 uo 3sanb Aq ypd €€ 1 L 006 L 0ZPIGPOOId/L8ZEYLL/S80Z/ET/SE L /IPd-a1o1e/po0]q/jousuoledligndyse//:d)y woly papeojumoq



resuspended. The FcRn-blocking mAb SYNTO001 or control IgG4
(0-200 pg/mL each) was added to the THP-1 cells for 30 minutes
before ICs. In some experiments, human umbilical vein endo-
thelial cells (HUVECs; passage 3; 7-10000 cells per well) were
incubated with IgGWT IC and IgG'" IC for 3 or 18 hours or with
SYNTO01 (200 wg/mL) for 1 hour. Cells were washed 3 times with
50% growth medium; a-human F(ab)’, (50 wg/mL) was added for
15 hours to cross-link FcRn, the cells were washed, and FXa
activity was measured. The methods used to measure FXa ac-
tivity by human monocytes are described in detail in the data
supplement.

Induction of FXa by particulate ICs

Panoscreen | Rh(D)* or Panoscreen Il Rh(D)~ reagent RBCs (2 X
107) were incubated with mAbs BRAD-3 or MAD-2 (100 ng/mL)
or with the polyclonal antibody RhoGAM at 37°C for 30 minutes,
washed, and resuspended in phosphate-buffered saline (PBS).
Antibody-sensitized or control (PBS alone) RBCs (1 X 10°) were
added to 10° THP-1 cells per well for 3 hours at 37°C under 5%
CO;. Cells were washed twice, resuspended in 100 pL of media
containing 5% FBS, and incubated under the same conditions
overnight, and FXa activity was measured. SYNT0OO01 or control
IgG4 (0-200 pwg/mL each) was added to the THP-1 cells for
30 minutes before adding IgG antibody-coated RBCs.

Measurement of FXa activity, TF protein, TF
messenger RNA, TFPI, and subcellular localization
These methods are described in detail in the supplemental
Materials (available on the Blood Web site).

Interaction of SYNT001 with FcRylla

The methods used to study the potential for SYNT001 to in-
teract with FcRylIA are described in detail in the supplemental
Materials.

Membrane colocalization

To examine colocalization of FcRn with PF4/KKO ICs and/or
FcyRlla, THP-1 cells were plated in 8-well chamber slides
(LabTek, Campbell, CA), precoated for 1 hour at 37°C with
RetroNectin (100 pg/mL; TaKaRa Bio, Mountain View, CA), and
allowed to adhere for 16 to 18 hours in growth media. Adherent
THP-1 cells were incubated with PF4/KKO ICs or with buffer
alone for 15 minutes, washed in PBS, fixed with 4% parafor-
maldehyde in PBS for 15 minutes at room temperature, and
washed with PBS; unreactive sites were blocked with 1% bovine
serum albumin. Human a-FcRn antibody (SYNTOO1), mouse
a-human PF4/heparin mAb (KKO) or mouse control a-human
PF4 monomer mAb (RTO),*° and mouse a-human FcyRlla MoAb
(clone IV.3) and the corresponding control IgGs (ie, human IgG4
as the negative control for SYNTOO1 and mouse IgG [TRA] for
KKO and for IV.3) were conjugated with Alexa 488, Alexa 568,
and Alexa 647 fluorescent dyes, respectively, using antibody-
labeling kits (Thermo Fisher, Invitrogen).*' Cells exposed to HIT
ICs or controls were incubated with Alexa 488/SYNTO0O01, Alexa
568/KKO, and Alexa 647/IV.3 mAbs for 1 hour at room tem-
perature. Alexa 488-conjugated human IgG4 and Alexa 568- or
Alexa 647-conjugated isotype-matched mouse-irrelevant
|lgG2b served as the negative controls. In other experiments,
THP-1 cells were preincubated with SYNTOO1 or control human
lgG4 (200 wg/mL), with IV.3 (200 wg/mL), or with control mouse
IgG for 30 minutes before adding PF4/KKO ICs for 15 minutes.
The cells were washed, fixed, and stained as above. Cells were

IgG-CONTAINING IMMUNE COMPLEXES INDUCE TF VIA FcRn

mounted in ProLong Gold Antifade Mountant, stained with DAPI
(Thermo Fisher Scientific/Molecular Probes, Eugene, OR), and
examined using a confocal laser-scanning microscope (Zeiss
LSM 710; Carl Zeiss, Heidelberg, Germany) equipped with a Plan
Apo 40X water-immersion objective lens (NA 1.2). The Z-stack
distance between the slices was set as 0.3 um, with a 1024 X
1024 pixel resolution for each slice. Three-dimensional recon-
struction and maximal projection were performed using Volocity
6.3 software (Perkin Elmer, Waltham, MA).

In vivo studies

Thrombus formation Mice expressing platelet-specific human
PF4 (hPF4*) and the human FcyRIla-R'3" isoform (FeyRIla*)*? on a
Cxcl4~'~ background*® were studied. Six- to 10-week-old male
mice were injected intraperitoneally with a-mouse FcRn (DVN24)
or control IgG2a (200 pg per animal) 24 hours and 1 hour before
laser injury. Arterioles (20-40 pm in diameter) were selected for
examination. Vascular injury was induced with an SRS NL100
pulsed nitrogen dye laser (440 nm) focused on the vessel wall
through the microscope objective. The laser was pulsed until the
vessels were perforated and a small number of RBCs escaped.
a-mouse CD41, a-fibrin, and KKO were infused as 100-uL
boluses via a catheter placed into the jugular vein 10 minutes
before the initial injury. Intravital microscopy and data collection
were performed as described.** Widefield time-lapsed images
of platelet and fibrin accumulation were analyzed using Slide-
book 6.0 (Intelligent Imaging Innovations). Four to 10 injuries per
mouse over a maximum experimental time of 1 hour were
studied.

FXa activity The method used to study the effect of FcRn
blockade on FXa expression by monocytes from HIT mice is
described in the supplemental Materials.

Statistical analysis

All data are presented as the mean = standard error of the mean
of at least 3 separate experiments. Differences between groups
were calculated using GraphPad Prism 7 and tested for statistical
significance using Student t test with Welch's correction for
unequal variances when necessary, or 1-way analysis of variance
with indicated multiple comparison testing. Statistical signifi-
cance was set at P < .05.

Results

Induction of FXa activity by soluble
IgG-containing ICs

PF4 binds to glycosaminoglycans on the plasma membranes of
human monocytes, forming cell-surface ICs recognized by the
pathogenic murine HIT-like mAb KKO.3* Binding of KKO to
human monocytes induces TF-dependent FXa activity, which
has been shown to be dependent on FcyRlla." Consistent with
these prior observations, addition of KKO plus PF4 (HIT ICs)
induced the expression of FXa activity on monocytic THP-1 cells
measured by factor Vlla— and FX-dependent cleavage of an FXa
chromogenic substrate (Figure 1A). Formation of the HIT antigen
between PF4 and glycosaminoglycans followed a parabolic
concentration-dependent pattern.® In line with this, generation
of FXa also depended on the ratio of PF4 to KKO and the
duration of exposure to the lgG-containing ICs (data not shown).
Under optimal conditions for HIT IC formation, exposure of
THP-1 cells to KKO plus PF4 increased the initial velocity of FXa
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Figure 1. Induction of TF activity in response to IgG immune complexes. (A) Induction of TF by HIT ICs. THP-1 cells were incubated with buffer, PF4 (10 wg/mL), or PF4 plus
KKO (50 pg/mL) for 3 hours in these and all experiments that follow unless indicated otherwise. The cells were washed free of unbound ICs and incubated overnight, and TF
expression by the cell suspension was measured by the generation of FXa activity. Data from 5 independent experiments (mean + standard error of the mean [SEM]) are shown as
fold increase in the maximal velocity of FXa generation relative to cells incubated with PF4 alone, designated 1. (B). Subcellular distribution of TF activity induced by HIT ICs. THP-
1 cells were incubated with PF4 and KKO, and total cell-associated TF activity in the cell suspension was determined as in panel A (cells). Aliquots from these same cell
suspensions were centrifuged at 1200 g for 10 minutes, and the supernatants were collected (Sup 1). Aliquots from Sup 1 were centrifuged at 21000 g for 20 minutes and
again collected (Sup 2). TF activity in the 3 fractions was measured concurrently. Data shown are mean + SEM of 4 independent experiments relative to cells stimulated by PF4 (10
wg/mL) alone. (C) Effect of anti-TF antibody (a-TF Ab) on FXa activity induced by HIT ICs. THP-1 cells were stimulated with PF4 and KKO in the presence of IgG a-TF Ab or control
1gG (Con Ab 20 pg/mL each), and cell-associated TF activity was measured as in panel A. Data from 5 independent experiments (mean * SEM) are shown relative to cells
stimulated by PF4 (10 pwg/mL) alone. (D) Effect of a-TFPI-a antibody on FXa activity induced by HIT ICs. THP-1 cells were stimulated with PF4 and KKO in the presence (+) or
absence (=) of a-TFPI Ab (50 wg/mL) for 24 hours, and FXa activity was measured as in panel A. Data from 5 independent experiments (mean + SEM) are shown relative to cells
stimulated by PF4 (10 pg/mL) alone. 1P = .001 by Student t test with Welch's correction; *P = .005 by 1-way analysis of variance (ANOVA) with Sidak’s multiple comparison test;
&P = 0178, *P = .0001, and ***P < .0001 by 1-way ANOVA with Sidak’s multiple comparison test; P = .0468 by Student t test with Welch’s correction.

generation 2.9- + 0.5-fold (ie, from 35 = 4 pM per minute per
5000 cells to 104 = 20 pM per minute per 5000 cells; P = .001;
n = 5), whereas PF4 alone did not induce increased FXa expres-
sion significantly (42 + 5 pM per minute per 5000 cells). Identical
results were seen when THP-1 cells were stimulated in serum-

(supplemental Figure 1C), and cell-surface TF protein assessed by
flow cytometry was increased 3.2- = 0.6-fold (P = .02; n = 8).

Most FXa activity (67.8% = 1.1%,; P < .03) was associated with
the cell surface, with the remainder in the fluid phase after a

containing and serum-free media, excluding a contribution of
exogenous TF-independent coagulation factors (data not shown).
HIT ICs also stimulated the generation of FXa activity by isolated
human monocytes 7.7- + 0.7-fold (P < .04; n = 3; supplemental
Figure 1B). Incubation with HIT ICs for 1, 3, and 24 hours increased
TF messenger RNA vs the effect of PF4 1.9- = 0.06-fold (P = not
significant), 3.3- = 0.5-fold (P = .012), and 7.9- = 0.2-fold
(P = 2.8e—6; n = 6 for each condition), respectively, compared
with cells incubated with PF4 alone at the same time points

1200-g centrifugation, consistent with released extracellular
vesicles (Figure 1B). Little FXa activity remained in the fluid phase
after a 21000-g centrifugation of extracellular vesicle—containing
supernatants, excluding a major contribution by exosomes and
other submicron-sized particles (Figure 1B).

Generation of FXa activity induced by HIT ICs was completely
abolished by an o-TF antibody (Figure 1C). The a-TF antibody
also reduced TF expression by control THP-1 cells as well, as
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Figure 2. Inhibition of TF expression by a-FcRn antibody. (A) HIT
ICs. THP-1 cells were stimulated by HIT ICs as in Figure 1 in the
presence of an IgG4 a-FcRn mAb (200, 100, or 50 pg/mL) or an IgG4
control immunoglobulin (Con Ab; 200 wg/mL), and TF activity was
measured as in Figure TA. Data from 3 to 6 independent experiments
(mean = standard error of the mean [SEM]) are shown relative to cells
stimulated by PF4 (10 pg/mL) alone. (B) TF activity by cells stimulated
with FcRn binding and nonbinding 1gG ICs. To form ICs, OVAN®
000 (200 pg/mL) was incubated with an a-NIP IgG antibody (10 wg/mL)
that binds FcRn (IgG"T IC) or an isotype-matched antibody with
mutations that permit binding to classical IgG Fc receptors but not
FcRn (IgG'"H IC). The complexes were diluted 1:10 before addition
to cells. Induction of TF activity in the absence or presence of
a-FcRn antibody was determined as in panel A. Data from 3 in-
dependent experiments (mean + SEM) are shown relative to cells
- - stimulated with IgG"" IC and a-FcRn. *P = .0124, *P = .0021, and
+ 4+ *P = 0006 by 1-way analysis of variance (ANOVA) with Fisher's least
- + significant difference test; **P < .001 by 1-way ANOVA with Sidak’s
multiple comparison test.
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Figure 3. Colocalization of HIT ICs, FcRn, and FcyRlla
on THP-1 cells upon treatment with IgG-containing A
ICs. (A) THP-1 cells immobilized on RetroNectin were
left untreated (top) or incubated with PF4 + KKO
complexes (bottom) for 15 minutes as in Figure 1A,
washed, and fixed in 4% paraformaldehyde in PBS. (B)
Inhibition of HIT ICs binding and coclustering with FcRn
and FeyRlla by a-FcRn and a-FcyRlla mAbs on the
surface of THP-1 cells. THP-1 cells were preincubated
with control human IgG4 and control mouse IgG (TRA;
200 pg/mL both; top), a-FcRn antibody (Ab; 200 wg/mL
of SYNTO001; second row) or with a-FcyRlla Ab
(200 wg/mL IV.3; third row) or with both Abs (bottom)
for 30 minutes before addition of PF4 and KKO ICs for
15 minutes. The cells were then washed, fixed, and
stained. PF4/KKO ICs, FcRn, and FcyRlla were detected
using Alexa-568-conjugated «-PF4/heparin mAb KKO
(red), Alexa-488-conjugated a-human FcRn mAbs (green),
and Alexa-647-conjugated FeyRlla mAbs (pseudocolored B
in white). Nuclei were counterstained with 4',6-diamidino-2-
phenylindole (DAPI; blue). Individual red, green, and deep-
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expected. Although greater FXa activity was measured in the
presence of a polyclonal antibody that inhibited TFPI activity
(Figure 1D), neither total TFPI nor TFPI-a was detected in cell
lysates by enzyme-linked immunosorbent assay, nor was TFPI-3
detected in supernatants after addition of phosphatidylinositol-
phospholipase C. Thus, TFPI remained below its detection limit
of 60 pg/mL. This indicates that the increase in FXa generation
was attributable to induction of TF activity rather than decreased
inhibition of FXa activity by TFPI.

Involvement of FcRn in in vitro induction of
TF-dependent FXa activity

To examine the role of FcRn in the induction of FXa activity by
IgG-containing ICs, we first examined the effect of blocking the
receptor. To do so, we added a-human FcRn mAb SYNTOO1 that
blocks FcRn-IgG interactions or an irrelevant human 1gG4 iso-
type control to THP-1 cells for 30 minutes before adding HIT ICs

IgG-CONTAINING IMMUNE COMPLEXES INDUCE TF VIA FcRn

and measured FXa activity. SYNTOO1 inhibited the induction of
FXa activity by HIT ICs in a dose-dependent manner. FXa activity
was inhibited by 59.9% =+ 10.4% (P = .005) and 62.8% =+ 14.7%
(P = .0006) by SYNTOO1 at concentrations of 100 and 200 wg/
mL, respectively, as compared with 200 wg/mL of control IgG4
based on calculations of initial rate constants (data not shown) or
as fold increase in activity (Figure 2A). SYNT001 (200 pwg/mL) also
significantly inhibited the induction of FXa activity on THP-1 cells
by each of 3 human HIT IgG antibodies (supplemental Figure 1A)
and inhibited FXa generation induced by PF4/KKO on human
monocytes by 70.9% *+ 7.6% (P = .039; supplemental Figure 1B).
In contrast, SYNTOO1 had no effect on FXa activity induced by
10 pg/mL of LPS (data not shown). Moreover, SYNT0OO1 itself did
not induce FXa activity on THP-1 cells or HUVECs, even at the
highest concentrations tested (200 pg/mL), or when it was cross-
linked by adding a-human F(ab)’, antibody (data not shown).
The inhibition of FXa activity was not simply the result of
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Figure 4. Induction of TF by APS and WAHA ICs. (A) Induction of TF by

A B B2GP1 a-B2GP1 ICs. THP-1 cells were incubated for 3 hours with ICs
formed between B2GP1 and IgG rabbit a-B2GP1 antibody (Ab) in the
3 . absence or presence of a—FcRn Ab or with aB2GP1 Ab alone. TF activity
o 5 was determined as in Figure 1A. Data (mean * standard error of the mean
[SEM]) from 4 independent experiments is shown. ***P < .0001 by 1-way
ANOVA with Sidak’s multiple comparison test. (B) Induction of TF by IgG-
o 4 coated RBCs and inhibition by a-FcRn Ab. Rh(D)* or Rh(D)~ RBCs were
2 24 g incubated with 100 ng/mL of mAb a-D IgG (BRAD-3) or a-D IgM (MAD-2).
S 3 3 The RBCs were washed and added to THP-1 cells for 3 hours in the
= g i absence or presence of 200 pg/mL of a—FcRn Ab or an IgG4 control
% é (Cont), and TF activity was measured as described in Figure 1A.
= . 2 2 Results from 2 to 5 independent experiments are shown (mean =
SEM). ***P < .0001, §P = .0003, and 1P < .427 by 1-way ANOVA with
7 Fisher's least significant difference test.
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SYNTO01 binding to FcRn via its F(ab) domain or to FcyRlla via its
Fc domain, because binding was not increased when expression
of FcyRlla was increased >30-fold (supplemental Figure 2).

Second, THP-1 cells were incubated with model ICs composed
of OVANP and a-NIP IgG"T antibodies able to interact with both
FcyR and FcRn or IgG'MH antibodies unable to interact with FcRn
selectively.’® IgG"T ICs induced FXa activity on isolated THP-1
cells, whereas 1gG"" ICs did not (supplemental Figure 2B).
IgG"T ICs also amplified the expression of TF by human
monocytes compared with IgG™" ICs (supplemental Figure 3). In
contrast, neither IgG"T nor IgG"* ICs induced FXa activity by
HUVECs (data not shown). Because HUVECs express FcRn, but
not other FcyRs, this suggests that engagement of FcRn alone on
endothelial cells is not sufficient to generate FXa activity, in
contrast to monocytes, which express both types of receptors.

Third, we asked whether HIT ICs colocalize with FcRn on THP-1
cells. In the absence of HIT ICs, FcRn was expressed in a diffuse
pattern on the surface of THP-1 cells (Figure 3A upper Alexa-
488-a-FcRn panel), consistent with previous reports that FcRn is
expressed on human monocytes.®! FcyRlla, as defined by the
IV.3 antibody, was observed in small, diffuse clusters (Figure 3A
upper Alexa-647-a-FcyRlla panel).*47 When THP-1 cells were
incubated with HIT ICs for 15 minutes, FcRn and FcyRlla
redistributed into discrete clusters in proximity to KKO/PF4
(Figure 3A lower overlay + DAPI panel; supplemental Figure 1).
SYNTOO1 totally prevented redistribution of FcRn into clusters
containing HIT ICs and FcyRlla and partially inhibited appear-
ance of HIT ICs within clusters containing FcyRlla (Figure 3B
second row). Control IgG4 neither inhibited binding of HIT ICs
nor altered the distribution of FcyRlIla or FcRn (Figure 3B upper
panels). Preincubation with the a-FcyRlla—blocking mAb V.3
also partially inhibited binding of HIT ICs as previously report-
ed® and blocked the appearance of FcyRlla in clusters con-
taining HIT ICs and FcRn (Figure 3B third row). Preincubation of
THP-1 cells with a-FcRn (SYNTOO1) and a-FcyRlla antibodies
(IV.3) completely blocked binding of HIT ICs (Figure 3B fourth
row). Together, these results suggest that HIT ICs induce
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coclustering of FcRn with FcyRlla under conditions that generate
TF activity.

Involvement of FcRn in induction of TF activity in
response to other soluble or particulate ICs

We then asked if the involvement of FcRn was restricted to the
ultralarge ICs formed by PF4 with HIT antibodies.®? To address this
question, we first incubated THP-1 cells with ICs formed by adding
human B2GP1 and an IgG rabbit a-human B2GP1 antibody to
generate smaller ICs (Figure 4A). IgG-containing a-32GP1 ICs in-
duced a 2.5- = 0.2-fold increase in FXa activity, almost identical to
the effect of HIT ICs. The induction of FXa by APS ICs was inhibited
by 67.9% =+ 3.3% (P < .0001) by SYNTOO1 (Figure 4A). Likewise,
SYNTOO01 inhibited induction of TF by ICs formed with an affinity-
purified IgG autoantibody from a patient with APS by 38.8% =+ 6.7%.

To examine whether the induction of TF by IgG ICs can be
extended to particulates that are opsonized by IgG antibodies,
THP-1 cells were incubated with human Rh(D)-expressing RBCs
sensitized with an IgG mAb a-Rh(D) (BRAD-3). RBCs coated with
BRAD-3 for 30 minutes increased the initial rate of FXa ex-
pression 3.1- * 0.2-fold (Figure 4B). FXa was not generated by
RBCs alone, by RBCs coated with an IgM a-Rh(D) mAb (MAD-2),
or by Rh(D)~ cells preincubated with BRAD-3, affirming the re-
quirement for exposure to IgG-coated RBCs. SYNTOO01 inhibited
FXa generation by BRAD-3 IgG—coated RBCs by 74.4% *= 11.1%
vs 28.3% = 9.0% by control IgG4 based on initial velocities
(P = .0293 by Student t test; data not shown) and by 50% = 9%
(P = .0004) based on fold increase relative to IgG4 (Figure 4B).
Similar results were obtained using human polyclonal I1gG a-
Rh(D) (RhoGAM). Human IgG antibody-coated RBCs increased
FXa activity 2.4- = 0.1-fold (P = 1 X 10e—5; n = 5), and FXa
generation was inhibited by 85.5% = 1.1% with 200 pg/mL of
SYNTOO01 (P = .0002; supplemental Figure 4).

Involvement of FcRn in vivo

We have previously shown that infusion of KKO induces a
prothrombotic state in hPF4*/FcyRlla* transgenic mice,''4245:48
characterized by platelet adhesion and fibrin deposition in
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Figure 5. Inhibition of fibrin deposition by a-FcRn antibody in a murine model of HIT. Widefield cremaster muscle arteriole laser injuries were performed in human PF4*/
FcyRlla* mice pretreated with 200 pg per mouse of a-mouse FcRn (a-mFcRn) antibody (Ab; DVN24) or IgG2a isotype control. Three mice from each arm were studied, and each
mouse had 5 to 8 injuries. Accumulations of platelets (A) and fibrin (B) in relative fluorescence units (RFUs) over time are shown. (C) Total accumulation was determined by
calculating the area under the curve (AUC) for each injury. ***P < 0001 by Student t test with Welch's correction.

cremaster muscle arterioles after laser injury. Therefore, we
studied the effect of antibody-mediated blockade of FcRn on
the KKO-induced prothrombotic state in vivo. Injection of a
mouse a-human FcRn mAb that cross-reacts with mouse FcRn
(DVN24)*® did not significantly affect platelet deposition
(Figure 5A) but efficiently blocked fibrin accumulation in hPF4+/
FcyRlla* mice (Figure 5B-C). Monocytes from HIT mice pre-
injected with DVN24 generated significantly less FXa after
stimulation by HIT ICs than monocytes from mice given isotype
control (maximal velocity, 15.1 + 4.0 vs 10.5 = 3.8 mOD per
minute; n = 9 mice per group; P = .004).

Discussion

This study demonstrates that FcRn contributes to the induction
of TF activity on monocytic cells exposed to soluble IgG-
containing ICs generated from antigens that are involved in
the pathogenesis of HIT and APS and by particulate complexes
composed of IgG antibody-coated RBCs that cause WAHA.
First, we find that a humanized mAb that blocks IgG interactions
with FcRn, SYNTO0O1, interferes with TF-dependent FXa gen-
eration in response to each of these ICs. Second, TF-dependent
FXa activity is induced by engineered ICs containing a wild-type
IgG Fc that binds to FcyR and FcRn but not those formed by
antibodies with an Fc containing a mutation that specifically
disables its engagement with FcRn. Third, fibrin accumulation is
inhibited by an a-mouse FcRn mAb after vascular injury in a
murine model of HIT in which TF is generated in monocytes.?#'4>
Together, these studies reveal that induction of TF activity re-
quires not only FcyRlla, as we have previously shown,*24% but also
FcRn, as we describe here.

The mechanism by which FcRn participates in the induction of
TF-dependent FXa activity by 1gG-containing ICs will require
additional studies. One possibility is that the signal transducing
activity leading to activation of TF is initiated within the cell
where acidic endosomes reside and contain the milieu necessary
for IgG-containing IC binding to FcRn. Soluble 1gG-containing
ICs bound to FcyRs, internalized by clathrin-dependent endo-
cytosis, and particulate complexes, internalized by phagocyto-
sis, are presumed to develop prolonged interactions with FcRn

IgG-CONTAINING IMMUNE COMPLEXES INDUCE TF VIA FcRn

at the acidic pH found in early sorting and especially later
endosomes.’”2° FcRn may also modulate the stability of ICs in
the late endosomes where B2GP1 accumulates??4? and thereby
orchestrate signal transduction alone®*° and/or in collaboration
with TLR-4, TLR-2, or other receptors®'*2 involved in the induction
of TF activity.”>'>2' Importantly, phagocytosis of IgG-opsonized
particles by neutrophils depends on FcRn,>3 consistent with the role
of this receptor in determining innate and adaptive immune re-
sponses by hematopoietic cells and its ability to regulate intra-
cellular signaling in response to ICs,>* which, as we show here, likely
extends to the induction of TF activity.

Our data demonstrate that the induction of TF-dependent FXa
activity by monocytic cells in response to ICs depends not only
on FcyRlla, as previously described,”' but also on FcRn, as
shown here. Because HUVECs express FcRn but not FcyRs and
did not increase TF-dependent FXa activity when exposed to
IgG-containing ICs, our study suggests that both types of re-
ceptors are required. Consistent with this, soon after exposure of
THP-1 cells to IgG-containing ICs, we observed a redistribution
of FcRn into clusters that contained FcyRlla. Additional research
is needed to understand how FcRn and FcyRlla may cooperate in
t3his process. However, the finding that FcyRlla-mediated in-
duction of FXa activity involves FcRn is consistent with other FcyR-
dependent processes that require FcRn, such as the induction of
innate immune cytokine production,* antigen presentation by den-
dritic cells,"® and phagocytosis of IgG-containing ICs by neutrophils.>®

a-FcRn antibodies such as SYNTOO1 are in clinical trials in several
IgG antibody-mediated disorders, including WAHA, immune
thrombocytopenia, and pemphigus, with the goal of lowering
plasma levels of IgG autoantibodies and IgG-containing ICs in
addition to inhibiting the ability of IgG-containing ICs to induce
inflammatory responses associated with innate and adaptive immune
pathways."” The results of this study suggest that a-FcRn therapies
may also lower the risk of thromboembolic complications caused by
IgG-containing ICs in these and other immune/inflammatory disor-
ders associated with an increased risk of thrombosis.
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