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Coagulation factor VIII (FVII) is essential for hemostasis,' ™ and elevated FVIIl is a risk factor for venous
thromboembolism (VTE).”® The liver is a major source of FVIIl, and a subset of liver endothelial cells
(ECs), marked by CD32+, produce high levels of FVIIL” "2

FVIIl is secreted by vesicle trafficking from the endoplasmic reticulum (ER) to the Golgi and finally to the
plasma membrane in a pathway that includes the proteins COPII, lectin mannose binding 1 (LMAN1),
and the ER cargo receptor complex MCFD2."®'* Lipopolysaccharide stimulates EC release of
FVIIL,"®® but little is known about other agonists that induce FVIIl release from ECs.

Genome-wide association studies of FVIII have identified candidate genes that regulate FVIII levels in
humans. A genome-wide association studies and whole-exome sequencing association study found 13
loci associated with plasma FVIIl activity, of which 1 locus includes the CD36 gene.'”'® The lead
genetic variant of CD36 associated with FVIII, designated rs3211938, is a loss-of-function variant.?®
The minor allele frequency of this variant is 8% in individuals of African ancestry, and is not detected
in individuals of European ancestry.'” These data identify CD36 as a candidate protein that regulates
FVIIIl levels in humans.

CDS36 is a cell surface protein expressed in diverse cells, including ECs.?"?? CD36 is a scavenger
receptor that interacts with ligands including long-chain fatty acids and oxidized low-density lipoprotein
(oxLDL).?"*? We hypothesized that CD36 regulates FVIIl levels by controlling its release from the ECs.

We purified CD32+ human liver ECs (HLEC) from a commercial source of liver ECs, cultured HLEC
in vitro, and measured FVIII release by enzyme-linked immunosorbent assay. We silenced CD36 in
HLEC, added oxidized LDL and an inhibitor of p38, and measured FVIII release. Detailed methods are
provided in supplemental Material.

We first identified HLEC that express FVIIL.'®"? We reanalyzed publicly available single cell RNA
sequencing (scRNA-Seq) data of the human liver (GSE115469)'° and, consistent with previous
reports, identified 3 subpopulations of ECs in the human liver (Figure 1A)."%"" A set of differentially
expressed genes separated these 3 subpopulations (Figure 1B). One cluster of ECs (cluster 11)
expressed high levels of CD36 and F8 (Figure 1C). This subpopulation also expressed high levels of
cell surface protein CD32 (encoded by FCGR2B) (Figure 1C). We refer to these CD32-expressing
HLEC as CD32+ HLEC.
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Figure 1. A CD32+ subpopulation of human liver ECs (ECs and HLEC) expresses FVIII. A data set for scRNA-seq of human liver cells was analyzed and a subpopulation of

ECs was purified and studied. (A) Human liver cells contained 3 subpopulations of vascular ECs. (B) Differentially expressed genes identify subpopulations of ECs, including
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To study the regulation of FVIII release, we isolated CD32+ HLEC
from a commercial source by cell sorting (detailed methods are
provided in the supplemental Material). CD32+ HLEC expressed
CD32 messenger RNA (mRNA) (Figure 1D) and protein
(Figure 1E) as detected by quantitative reverse transcription poly-
merase chain reaction and immunofluorescence microscopy,
respectively. Compared with CD32- HLEC, CD32+ HLEC
expressed higher levels of CD36 and F8 mRNA as detected by
quantitative reverse transcription polymerase chain reaction
(supplemental Figure 1A-B), in concordance with results from
scRNA-Seq of the human liver.

We next examined CD32+ HLEC expression of F8 and the release
of FVIIl. CD32+ HLEC expressed F8 mRNA at higher levels than
human umbilical vein EC (HUVEC) (Figure 1F) and constitutively
released FVIIl into the media over time (Figure 1G). FVIll localized in
a punctate pattern within HLEC (Figure 1H). FVIIl was expressed in
CD32+ HLEC but not in other types of ECs (eg, HUVEC or
EA.hy926) or hepatoblastoma (HepG2) cells (supplemental
Figure 1C). In CD32+ HLEC, FVII did not colocalize with
Weibel-Palade Body markers (CD63 or RAB27, supplemental
Figure 1D). CD32+ HLEC did not express Weibel-Palade Body
cargo such as von Willebrand factor (VWF) or angiopoietin 2 but
HUVEC expressed both VWF and angiopoietin 2 in a punctate
pattern (supplemental Figure 1E). FVII colocalized with COPII, a
protein that mediates vesicle transport of cargo from the ER to the
Golgi apparatus (Figure 11).>® Taken together, our data show that
CD32+ HLEC express F8, store FVIIl in vesicles, and constitutively
release FVIIL.

Because VWF serves as a carrier for FVIIl in the blood, we also
compared VWF expression in CD32+ HLEC and HUVEC. We
found that CD32+ HLEC did not express VWF mRNA but HUVEC
expressed VWF mRNA (Figure 1J, top). Furthermore, HLEC did not
constitutively release VWF into the media, whereas HUVEC
released more VWF after stimulation with histamine (Figure 1J,
bottom).

To explore the role of CD36 in FVIII release from ECs, we silenced
CD36 in CD32+ HLEC and measured FVIII release. Silencing of
CD36 decreased CD32+ HLEC release of FVII into the media
(Figure 2A, right) and increased intracellular FVIII (Figure 2B).

These data suggest that CD36 promotes the basal release of FVIII,
and in the absence of CD36, FVIIl accumulates inside CD32+
HLEC.

The rs3211938 variant changes the CD36 amino acid 325 from
tyrosine to a stop codon. Inspection of this variant in the GTEX
portal indicated that the arterial expression of CD36 mRNA was
reduced in heterozygous carriers (supplemental Figure 2A). To test
the effect of this variant on CD36 expression in vitro, we con-
structed 2 plasmids: 1 encoding mCherry-CD36(wild-type) and 1
encoding mCherry-CD36(Y325X). Although Telo-HAEC cells
transfected with mCherry-CD36(wild-type) expressed CD36, cells
transfected with mCherry-CD36(Y325X) did not (supplemental
Figure 2B). These results suggest that the rs3211938 truncating
variant decreases CD36 expression in ECs.

CD36 agonists include long-chain fatty acids and oxLDL.”*'*?

Therefore, we determined the effects of several CD36 agonists
on FVIII release. Oleic acid, 1-(palmitoyl)-2-(5-keto-6-octene-dioyl)
phosphatidylcholine, and oxLDL each increased FVIII release from
CD32+ HLEC (supplemental Figure 2C; Figure 2C-D). To confirm
that CD36 mediates the effects of oxLDL on FVII release, we
treated CD32+ HLEC with oxLDL before or after silencing CD36
and found that CD36 silencing blunted the effect of oxLDL on FVIII
release from ECs (Figure 2E). We also tested the ability of CD36 to
mediate endocytosis of oxLDL. After silencing CD36 in CD32+
HLEC, oxLDL uptake was impaired compared with that in the
siControl (supplemental Figure 2D).

Because the binding of oxLDL to CD36 activates an intracellular
signaling cascade,?’®? we next tested whether p38 mediates the
effects of CD36 upon FVII release. First, we treated CD32+
HLEC with vehicle or oxLDL and measured active phospho-p38.
OxLDL increased the relative levels of phospho-p38 (Figure 2F)
as well as phosphorylation of a downstream target of p38, heat
shock protein 27 (HSP27) (Figure 2G). Finally, we tested the
effect of blocking p38 on CD36 activation and FVII release.
Oxidized LDL increased the endothelial release of FVIIl in control
cells but failed to boost the release of FVIII from ECs treated with
the p38 inhibitor SB203580 (Figure 2H). Taken together, these
data suggest that oxLDL promotes FVII release from CD32+
HLEC by engaging CD36 and triggering downstream p38 MAPK
signaling (Figure 2I).

Figure 1 (continued) CD32 (FCGR2B), which marks endothelial cluster 11. Differentially expressed genes were plotted for all-liver cell clusters; the size of the circle indicates
the percentage of cells in each population expressing each gene, and the intensity of the color indicates the level of expression. (C) scRNA-Seq demonstrates that CD32+ HLECs
express higher levels of F8 and CD36 but lower levels of VWF. The expression of selected genes in each endothelial cluster and hepatocytes is plotted. (D) Expression of CD32 in
CD32+ HLEC. HLEC were sorted by CD32+ expression, and CD32 mRNA expression was measured by quantitative reverse transcription polymerase chain reaction (QRT-PCR)
(N = 8, mean * standard deviation [SD], **P <.005). (E) Localization of CD32 in CD32+ HLEC. CD32+ HLEC were isolated, hybridized with antibody to CD32, and imaged by
confocal microscope (green = CD32, blue = DNA). Representative images are shown using the left 20x objective and the right 63x immersion objective (scale bar, 50 pM). (F)
CD32+ HLEC express F8. CD32+ mRNA was purified from HLEC and HUVEC, and F8 mRNA expression was measured by gRT-PCR (N = 3, mean + SD, ***P =.0001). (G)
CD32+ HLEC release FVIII into the media. Media were collected from CD32+ HLEC at 2, 4, 6, 8, and 24 hours. Top: FVIII antigen was measured by enzyme-linked
immunosorbent assay (ELISA) (N = 3, mean + SD). Bottom: FVIIl activity was measured using a chromogenic FVIIl activity assay (N = 6, mean * SD). (H) FVIIl was localized in a
punctate pattern in CD32+ HLEC. CD32+ HLEC were hybridized with antibody to FVIIl and imaged using a confocal microscope. Representative images are shown using the
20x objective and the 63X immersion objective (scale bar, 100 uM and 50 pM, respectively). (I) FVIIl and COPII are colocalized in CD32+ HLEC. CD32+ HLEC were hybridized
with antibodies to FVIIl and COPIl and imaged using confocal microscope using the 20x objective and the 63X immersion objective (scale bar, 100 pM and 50 pM, respectively).
The Pearson correlation coefficient = 0.62 + 0.08. (J) CD32+ HLEC express minimal levels of VWF and release minimal levels of VWF into the media. mRNA was isolated from
CD32+ HLEC and HUVEC and analyzed by qRT-PCR (top) (N = 6, mean £ SD, ****P < .0001). Ten thousand HUVEC and HLEC CD32+ cells were seeded in p96-collagen
coated plates, cultured for 3 days, the media was replaced, cells were treated with media or 10 pM histamine for 1 hour, and the concentrations of VWF released into the media
were measured by ELISA (bottom). (N = 8, mean * SD, ****P <.0001).

L blOOd advanceS 9 JANUARY 2024 - VOLUME 8, NUMBER 1 RESEARCH LETTER 145



A B
1.5 4 1500000 2200 A o
5 g \; 2000 -
€ 1.0 - £ 1000000 - =
g = £ 1800 - fae!
@ = =
e £ =
= = =] ®
s = = 1600 4 -I-
2 0.5 = 500000 - s =
e °—g = &, 1400 A °
==
0.0 . T 0 T T 1200 T T
SiControl  SiCD36 SiControl ~ SICD36 Si Control  Si CD36
C D E
250000 100000 { ® OxLDL r
@ Control * . ns
< 200000 - < 80000 A 1500004 [ =
E E: £
= 150000 - = 60000 - E) o
S g = 100000 ol
e £ 'g ° .o
-= 100000 = 40000 A 2 ._!._:
= = = Q‘ o taba!
= = — 50000 o .
= 50000 = 20000 - = °
o
0t+t—aF—r—r 0l 0 . T
AN
0 01 1 10 O U X & D00 \CAD P> o&@ +VQ\/ )
[oxLDL] (ug/ml) Time () o o ¢
siControl siCD36
F G
OXLDL OXLDL
Control 10ug/ml Control 10ug/ml
Phospho p38 ~— = == ww e = — — Phospho HSP27 R i S S0k SR 200 A
P38 Total e e = e — =— =— T HSP27 Total e e v =l
— 2.5 _. 9254
= 2
= = *xk
= =
g 20 2 2.0 A
= s
£ ° £
= 151 el = 151 o
= ° B
840 % * 8
[ . a- 1.0 1
2 = =
g g
£ 05 - £ 05
] 2
= =
0.0 T T OO T T
Control OXLDL Control OXLDL

Figure 2. CD36 signaling activates endothelial release of FVIII. (A) Left: silencing of CD36 in CD32+ HLEC measured by gRT-PCR. Right: silencing CD36 decreases the
basal release of FVIIl from CD32+ cells into the media, as measured by ELISA. CD32+ HLEC were transfected with oligonucleotides directed against CD36 or a control

sequence, MRNA for CD36 was measured by qRT-PCR (N = 5, mean + SD, *P<.05), and FVIIl released into the media was measured by ELISA (N = 4-8, mean £ SD, *P<.05).
(B) Silencing CD36 increases FVIIl levels inside CD32+ cells. CD36 was silenced and FVIIl levels in cell lysates were measured by ELISA (N = 7-11, mean + SD, *P < .05). (C)
The CD36 agonist oxLDL increases FVIIl release from CD32+ HLEC. CD32+ HLEC were treated with increasing concentrations of oxLDL 0.1, 1, and 10 pg/mL for 16 hours and
FVIIl levels in the media were measured (N = 8-9, mean £ SD, *P <.05). (D) The CD36 agonist oxLDL increases FVIII release from CD32+ HLEC over time. CD32+ HLEC were
treated with 10 pg/mL oxLDL, and FVIIl levels in the media were measured over time (N = 3, mean + SD, *P <.05). (E) Silencing CD36 decreases the ability of oxLDL to increase
FVIII release from CD32+ HLEC. CD32+ HLEC were transfected with siCD36 oligonucleotides or siControl oligonucleotides as above for 48 hours and then treated with oxLDL
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Figure 2 (continued) or vehicle at 10 pg/mL for 16 hours, and FVIIl release into the media was measured by ELISA (N = 12-20, mean + SD, *P < .05). (F) OxLDL activates p38.
CD32+ HLEC were treated with vehicle or oxLDL10 pg/mL, and cell lysates were immunoblotted for phospho-p38 and total p38 (N = 12, mean * SD, *P < .05). (G) OxLDL
activates p38 signaling. CD32+ HLEC were treated with vehicle or 10 pg/mL oxLDL and cell lysates were immunoblotted for the p38 target HSP27 (N = 4, mean % SD, *P <.05).
(H) Inhibiting p38 decreases the effect of oxLDL on the release of FVIIl from CD32+ HLEC. CD32+ HLEC were pretreated with vehicle or the p38 inhibitor SB203580 (10 uM),
stimulated with vehicle or oxLDL, and FVIIl release into the media was measured by ELISA (N = 6-9, = SD, *P <.05). (I) Scheme for CD36 regulation of FVIIl release.

Despite its central role in hemostasis and thrombosis, FVIII traf-
ficking within ECs is not fully understood. Our findings advance this
field in several ways. First, our data are consistent with reports that
FVIIl secretion is mediated by COPII (Figure 11)'®'*?* but refute the
premise that FVIIl release depends on the presence of Weibel-
Palade bodies.>®> This observation has implications for under-
standing cellular machinery and is not required to support FVIII
production in gene therapy approaches. Second, our findings pro-
vide functional validation and define an intracellular mechanism
mediating the association between a CD36 variant and a 19%
decrease in FVIIl levels.” Characterization of the effect of oxLDL-
CD36 engagement on FVIII release offers a potential explanation
for elevated FVIII levels in diseases associated with increased
oxLDL (eg, atherosclerosis and diabetes) and a hypothesis linking
these diseases with VTE risk. We propose that the binding of oxLDL
to CD36 increases circulating FVIIl and consequently enhances
procoagulant activity and thrombotic risk. Finally, if borne out, our
findings offer a novel potential strategy for mitigating thrombosis risk
related to elevated FVIII levels. All current antithrombotic strategies
reduce the levels and/or activity of procoagulant proteins and are
accompanied by an increased bleeding risk. CD36 antagonists may
represent a different method to decrease FVIIl and VTE risk in
selected patients, particularly in those with high oxLDL levels.
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