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ARTICLE INFO ABSTRACT

Handling editor: M.E. Gershwin Antiphospholipid syndrome (APS) is an autoimmune thrombophilia characterized by recurrent thrombotic
events and/or pregnancy morbidity in the presence of antiphospholipid antibodies detected either as anti-
cardiolipin, anti-2 Glycoprotein I (anti-32GPI) or Lupus anticoagulant (LA). Endothelial deregulation charac-
terizes the syndrome. To address gene expression changes accompanying the development of autoimmune
phenotype in endothelial cells in the context of APS, we performed transcriptomics analysis in Human Umbilical
Vein Endothelial Cells (HUVECs) stimulated with IgG from APS patients and $2GP]I, followed by intersection of
RNA-seq data with published microarray and ChIP-seq results (Chromatin Immunoprecipitation). Our strategy
revealed that during HUVEC activation diverse signaling pathways such as TNF-a, TGF-p, MAPK38, and Hippo
are triggered as indicated by Gene Ontology (GO) classification and pathway analysis. Finally, cell biology ap-
proaches performed side-by-side in naive and stimulated cultured HUVECs, as well as, in placenta specimens
derived from Healthy donors (HDs) and APS-patients verified the evolution of an APS-characteristic gene
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expression program in endothelial cells during the initial stages of the disease’s development.

1. Introduction

Antiphospholipid syndrome (APS) is an autoimmune acquired
thrombophilia characterized by recurrent arterial or venous thrombosis
and/or pregnancy morbidity in the presence of serum auto-antibodies
against phospholipid-binding plasma proteins such as f-2
glycoprotein-I (32GPI) [1] and prothrombin [2,3], commonly described
with the general term “anti-phospholipid antibodies” (aPL). Multiple
mechanisms of action of aPL have been proposed to explain the patho-
genesis of the syndrome [4], but several aspects, such as recurrent
thrombosis [5], atherosclerosis, livedo reticularis, cognitive dysfunc-
tion, and multiple sclerosis-like symptoms [6] remain unresolved.

Endothelial deregulation is a characteristic of APS [7,8]. In vitro
studies have demonstrated that incubation of Human Umbilical Vein
Endothelial Cells (HUVECs) with aPL induces the increased expression
of the adhesion molecules Intracellular Adhesion Molecule-1 (ICAM-1),
Vascular Cell Adhesion Molecule 1 (VCAM-1) and E-selectin, as well as

production of pro-inflammatory cytokines [Interleukin 1 (IL- 1), Inter-
leukin 6 (IL-6), and Interleukin 8 (IL-8)] [9,10]. APS patients display
increased circulating levels of these molecules as well [11,12]. Among
the mechanisms proposed to explain the pro-thrombotic and
pro-inflammatory properties of aPL, a process involving phosphoryla-
tion of p38 MAPK, nuclear translocation of Nuclear Factor Kappa B
(NF-kB) and increased Tissue Factor expression has been described [13,
14]. Moreover, anti-32GPI/p2GPI complexes are known to bind to
Annexin A2 [15] and ApoER2 [16], activate C5 [17-19] and activate
innate immunity through TLR-2, TLR-4, and TLR-6 recruitment. The
above phenomena drive HUVECS to procoagulant and proinflammatory
pathways [9,20-24]. Previous work from our laboratory has shown that
HUVEG:s treated with a mixture of anti-p2GPI plus f2GPI are activated,
this activation being more prominent when the chemokine CXCL4 is
added to the mixture [10]. In the plasma of APS patients, CXCL4 is
elevated in the plasma of APS patients as well [25], a fact possibly
attributed to platelet activation by complexes of anti-p2GPI antibodies
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and P2GP], especially when the latter is dimerized by binding to CXCL4
chemokine [26,27].

Here, we aimed to address the molecular mechanisms operating in-
side HUVECs during their response to anti-f2GPI antibodies in the
presence of P2GPI. To this end, we profiled the early transcriptional
events that occur in HUVECs upon their activation by APS total IgG plus
p2GPL. Bioinformatics analysis revealed critical signal transduction
pathways such as TNF-a, TGF-p, MAPK38, and Hippo implicated in the
alteration of the endothelial gene expression program and subsequently
the generation of the APS phenotype, upon treatment with APS total IgG
plus p2GPL

Integrated analyses of our RNA-seq results along with published
microarray-based and ChIP-seq studies in HUVECs [28-30] uncovered
the orchestration of a specific gene expression program and the estab-
lishment of the “APS-state” transcriptome. Up-regulation of key APS
target genes was also confirmed at the protein level in biopsy samples
and cultured cells. Taken together, the aforementioned analyses provide
a comprehensive view of the molecular mechanisms governing APS
development.

2. Methods
2.1. Patients and specimens

HUVECs were isolated from 2 Healthy Donors (HDs) after uncom-
plicated pregnancy as previously described [31] and cultured in Endo-
thelial Basal Medium-2 (EBM-2, Lonza CC-3162). Serum was isolated
from 8 patients with APS. Placenta tissues were collected upon delivery
from 2 APS patients and 5 HDs. All patient-derived specimens were
obtained upon informed consent. This work was approved by the Ethics
Committees of Aretaeion Hospital (B-7/24-09-2013) and National and
Kapodistrian University of Athens (NKUA) (2539/4-11-2014).

2.2. Total IgG isolation and HUVEC stimulation

Total IgG was isolated from the sera of APS patients using Protein G
Sepharose beads as previously described [10]. Specifically, total IgG was
isolated from 8 patients with APS (numbered 1-8). To alleviate the effect
of potential inter-individual variation, two pooled samples were pre-
pared, i.e., one comprising total IgG derived from patients 1-4 and a
second comprising total IgG derived from patients 5-8; the two pooled
samples were used to stimulate HUVECs. HDs derived HUVECs were
grown to confluency, serum-starved for 16 h and stimulated for 6 h using
purified total IgG (1 mg/ml) in combination with human native f2GPI
(20 pg/ml; Fitzgerald 30-AB23). HD-derived HUVECs were cultured in
EBM, without addition of growth factors and serum, and were used as
negative controls.

2.3. RNA-seg-library preparation and sequencing

HUVECs were cultured for 6 h in the presence (stimulated HUVECs)
or absence (naive HUVECs) of pooled IgG obtained from APS patients as
previously described, and then subjected to RNA extraction. RNA was
isolated with Trizol reagent (Thermo Fischer 15596018) and purified
with the RNeasy MinElute Cleanup Kit (Qiagen 74204). Two naive and
two treated samples were processed for library preparation for RNA-
sequencing according to the Illumina TruSeq RNA Library Prep Kit
protocol (Illumina 15026495 F). In brief, poly-A selected RNA was
fragmented; followed by first and second strand cDNA synthesis. Sub-
sequently, DNA ends were repaired and subjected to A-tailing,
sequencing adapters were ligated and samples were amplified by PCR
for 11-12 cycles. Libraries were quantified using the Qubit Fluorometer
and qualitatively assessed using the Agilent 2100 Bioanalyzer. Samples
were sequenced using a 75 bp single end with the Illumina NextSeq500
sequencer at the Greek Genome Center (GGC) of the Biomedical
Research Foundation of the Academy of Athens (Fig. 1A).
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2.4. Quantitative Real-Time PCR

RNA derived from the same samples that were subjected to RNA-seq
was reversed transcribed to produce cDNA using Superscript III (Invi-
trogen). For quantitative PCR KAPA SYBR FAST qPCR Master Mix was
used and the reactions were run in duplicates in a Biorad CFX96 Real-
Time PCR Detection System. Normalization was performed according
to the Delta-Delta Ct method.

2.5. RNA-seq and bioinformatics analyses

Deep-sequencing was performed to an average depth of 43 million
reads per sample (ranging from 40,767,385 to 48,281,423). The quality
of the raw sequencing reads was evaluated by the application of the
FastQC algorithm (Galaxy version 0.69) [32] hosted in the Galaxy
platform [33] with default parameters. Sequencing reads were mapped
to the human genome (version hgl9) using Tophat (Galaxy version
2.1.0) with default parameters [34]. Htseq-count (Galaxy Version
0.6.1galaxy3) was applied for reads counting [35]. Deseq2 was used for
differential gene expression analysis between conditions [36]. Differ-
entially expressed genes were called using a log fold change of 0.5 and a
p value of 0.05 as a cutoff. BigWig coverage files were produced by
applying the bam Coverage command from the DeepTools suite (Galaxy
version 3.1.2.0.0) [37]. Heatmaps were constructed by submitting the
Deseq2 normalized gene counts to the Morpheus software [38]. Gene
Ontology (GO) analysis was performed using the Enrichr software [39].
Up-regulated genes were obtained directly from the lists described in the
published microarray study [28] and aligned to our RNA-seq results. The
microarray study followed a 4 h IgG plus p2GPI HUVECs stimulation
protocol. To capture a sharp picture of common genes (described in
Fig. 2B) between the two studies we compared the pair of our Naive and
6 h IgG plus B2GPI treated HUVECs that exhibited the maximum
response upon stimulation, to the microarray results. More specifically,
we divided the sequencing counts derived from the most activated
sample with those of the uninduced sample and applied a two-fold
cutoff, in order to ensure for maximized specificity of the obtained re-
sults. This list of the differentially expressed genes was intersected with
the published microarray results [28].

Published p65 ChIP-seq data derived from HUVECs treated with
TNF-a for 1 h (GSM1154044) [29] were accessed through the Cistrome
Data Browser [40]. Only strong binding sites displaying above 20-fold
enrichment over background were kept. The GREAT algorithm was
used to assign genes to p65 binding sites with the single closest gene
within +10 kb relative to the Transcription Start Site (TSS) option [41].
Published SMAD ChIP-seq data were downloaded (GSE27631) [30] and
analyzed by mapping of the sequencing reads through application of
Bowtie2 algorithm. Peaks were called using MACS2 algorithm.

Immunocytochemical analysis for IL-6, IL-8, NF-kB1, Tissue Factor,
ICAM- 1, VCAM-1, E-selectin, P-selectin, TGF-p2 and TGFR1 protein.

HUVECs were isolated and cultured as previously described and then
seeded on coverslips for overnight adherence. The next day, cells were
treated as described above for 6 h. The detection of protein levels of IL-6,
IL-8, NF-kB1, Tissue Factor, ICAM-1, VCAM- 1, E-selectin, P-selectin,
TGF-2 and TGFR1 was performed as previously. Coverslips were
incubated overnight at 4 °C with primary antibodies against IL-6 (5 pg/
ml, CSB-PA06757A0Rb, Cusabio), IL-8 (5 pg/ml, CSB-MA083271A0m,
Cusabio), NF-xB1 (5 pg/ml, CSB-PA190132, Cusabio), TGF-$2 (5 pg/
ml, CSB- PA07319A0Rb, Cusabio), Tissue Factor (5 pg/ml, 4509,
American Diagnostica), ICAM-1 (5 pg/ml, AF796, R&D Systems),
VCAM-1 (4 pg/ml, sc-18854, Santa Cruz Biotechnology), E-selectin (4
pg/ml, sc-271267, Santa Cruz Biotechnology), P-selectin (4 pg/ml,sc-
137054, Santa Cruz Biotechnology) and TGFR1 (5 pg/ml,CSB-
PA023451LA01HU, Cusabio). Coverslips were incubated for 1 h at RT
with a secondary antibody solution containing goat anti-rabbit CF-568
conjugated (20102, Biotium, red signal) and goat anti-mouse CF-488
conjugated (20010, Biotium, green signal) antibodies at a final
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Fig. 1. Methodology, results and validation of RNA-seq in HUVECs treated with IgG and p2GPI isolated from APS patients A. Schematic representation of HUVECS’
treatment and RNA sequencing. B. Transcriptomics and Bioinformatics analysis uncovered 395 genes that were activated during the first 6 h of treatment. In-
flammatory and immune response genes as well as known APS-markers including genes that encode for transcription factors (e.g NF-kB, SMAD, YAP1), chemokines
(e.g IL-8), growth factors (TGFp-2), adhesion molecules (e.g E-Selectin, VCAM-1, ICAM-1), signal transduction molecules (e.g MAP2K3, MAP3KS5) are upregulated. C.
Verification of the results from transcriptomics analyses using gene-specific qPCR assays for selected genes (left panel). High correlation of the RNA-seq/qPCR results

is detected (right panel).
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Fig. 2. RNA-seq intersection with published data and gene ontology analysis. A. Snapshots from Genome Browser show that sequencing reads (signal) covering exon
sequences of NFKB1, SELE, VCAM1, BMP2, IL7R are increased in treated samples compared to control samples whereas signals derived from ACTB exons, remain
unaffected B. Direct intersection of previously published microarray results with our RNA-seq results revealed 31 common upregulated genes (2 B)-C-D KEGG
pathway and Gene Ontology analysis (Biological Process) for the upregulated genes reveals that signal transduction pathways such as TNF-signaling, TGF-f signaling,
MAPK38- signaling and Hippo pathway operate simultaneously upon HUVECs activation.
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concentration of 2.6 pg/ml. Nuclear visualization was achieved with
DAPI (4,6-diamidino-2-phenylindole, D1306, Thermo Fischer Scienti-
fic) solution in water at a final concentration 100 ng/ml for 8 min at RT
and coverslips were mounted on microscopy slides and visually
analyzed.

2.6. Immunohistochemical analysis of placenta specimens

Snap-frozen tissue specimens were cut at 10 nm thickness and fixed
with methanol for 10 min followed by acetone for 2 min at —20 °C.
Nonspecific antibody binding was blocked by incubation with 2% non-
immune fetal bovine serum in Phosphate Buffer Saline. Staining was
performed by incubation with the above primary and isotype-matched
controls overnight at 4 °C, followed by 30 min incubation with
fluorochrome-conjugated secondary antibodies at room temperature in
a humidified chamber. Primary and secondary antibodies and DAPI
were used at the concentrations described above. Slides were visually
analyzed.

2.7. Image processing and statistical analysis

Data are presented as mean + Standard Deviation (SD). Statistical
analyses were performed with GraphPad Prism 5.0. Values and differ-
ences between groups were evaluated by Mann-Whitney (One-Way
ANOVA) tests for continuous variables. P- values < 0.05 were consid-
ered statistically significant.

2.8. Data sharing statement

RNA-seq data are deposited at the GEO under the accession number
GSE143506. Reviewers can access our data using the following token:
wlgtgouunjmtxol.

3. Results

3.1. Transcriptomics analysis in an APS model-system using mock or total
IgG plus p2GPl-induced HUVEC cells

Treatment with APS patient-derived total plus p2GPI for 6 h signif-
icantly altered the gene expression profile of HUVECs as assessed by the
results of RNA-seq experiments in biological replicates (Fig. 1A). Direct
comparison of gene expression levels between HUVECs treated for 6 h
and untreated controls revealed a multitude of Differentially Expressed
Genes (DEGs) (Fig. 1B, Supplementary Tables 1 and 2) (Fig. 1B). DEGs
include both up-regulated and down-regulated genes, indicating sub-
stantial alteration of the gene expression profile of HUVECs upon
stimulation (Fig. 1B, Supplementary Table 2). In total, 395 genes were
captured up-regulated at the 6 h time-point following stimulation,
including known APS-markers and critical regulators of immune
response pathways, as well as characteristic genes that have been pre-
viously linked to human inducible gene expression in various model-
systems. A variety of genes that encode for transcription regulators (e.
g. NF-xB, SMAD, YAP1), chemokines (e.g. IL-8), growth factors (TGF-
2), adhesion molecules (e.g. E-Selectin, VCAM-1), signal transduction
molecules (e.g. MAPK2K3, MAP3K5) and a variety of alternative mol-
ecules are induced. Next, we verified the results of the RNA-seq analysis
by applying gene-specific qPCR assays for selected genes such as SELE,
VEGF, FLT1, BCOR1 (Fig. 1C left panel). Direct alignment of the RNA-
seq/qPCR independent methodologies revealed high correlation of the
derived results (R? = 0.994) (Fi g. 1C right panel).

Fig. 2A illustrates representative examples of expression events
occurring prior or upon HUVEC activation across the genomic loci of NF-
xB1, SELE, VCAM-1, BMP2, IL7R and ACTB as visualized in the Genome
Browser. Moreover, direct intersection of the data derived from the
previously published microarray experiments [28] with our RNA-seq
results revealed that both studies share an extended spectrum of
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common up-regulated genes (Fig. 2B), which includes among others
several APS-related genes such as SELE, VCAM-1, IL-6, IL-8, captured to
become activated upon HUVEC stimulation (Fig. 2B). To gain further
insight into the molecular pathways implicated in the response of
HUVEGs to treatment, we performed Gene Ontology (GO) analysis of the
up-regulated genes. Induction of HUVECs seems to affect diverse cellular
pathways that presumably coordinate distinct functions, since the
repertoire of the inducible genes identified is heterogeneous (Fig. 4A).
Prominent pathways include the TNF-a signaling, TGF-p signaling,
MAPK38-signaling and Hippo pathways (Fig. 2 C; KEGG Pathway
Analysis) (Fig. 2D; GO Biological Process) indicating that the observed
transcriptional output is the result of the concerted action of multiple
chemokines, signal transduction molecules and transcription factors
(TFs) (Fig. 4A). A series of transcription factors among the DEGs become
up-regulated, a fact consistent with the broad gene expression changes
observed in our inducible cell model system of APS study. Subsequent
analyses revealed that several up-regulated TFs belong to the afore-
mentioned signal transduction pathways (Fig. 2C and D), presumably
influencing the transition from the naive to the aberrant cell state,
through the activation of a unique gene expression program that leads to
the generation of a “new transcriptome”.

3.2. Stimulation of HD HUVECsS with total IgG derived from APS patients
plus B2GPI results in increased protein levels of pro-inflammatory and pro-
coagulant mediators

To address whether the upregulation of the specific genes could also
be observed at the protein level, we performed immunostaining in naive
and stimulated HUVECs. HDs-derived HUVECs were in vitro stimulated
with the same mix of pooled total IgG from APS patients with anti-32GPI
reactivity plus p2GPI for 6 h, as described above. The mixture of APS-
patient total IgG plus f2GPI induced a substantial increase of the protein
levels of the proinflammatory cytokines IL-6, IL-8 as well the tran-
scription factor NF-kB1 (Fig. 3A-3C). The same changes although to a
somewhat lesser degree, were observed for the cell adhesion molecules
ICAM-1, E-selectin, P-selectin, Tissue Factor and TGF-f2 (Fig. 3D-I).
There was no significant difference in the levels of TGFR1 in the 6 h-time
frame between the treated and the untreated cells (Fig. 3J.). Fluores-
cence intensity analysis revealed that all the inflammatory mediators
and adhesion molecules presented statistically significant difference
between untreated and stimulated endothelial cells (Fig. 3K).

3.3. Intersection of the RNA-seq with published Chip-seq data reveals NF-
kB and SMAD targets among the DEGs

To identify significant regulators of the HUVEC response upon APS
patients-derived total IgG and P2GPI stimulation, we examined the
transcription factors that become activated upon treatment. As shown in
Fig. 4A, a variety of genes encoding for transcriptional regulators are
activated after 6 h of treatment. Interestingly, these factors belong to
distinct families and include known downstream effectors of different
signal transduction pathways, some of which have been implicated in
APS. In particular, among the up-regulated transcription factors, NF-
kB1, SMADs, BMP2, and YAP1 are captured, a result consistent with the
implication of TNF, TGF-$, MAPK38- and Hippo pathways in HUVEC
activation upon with total IgG derived from APS patients plus p2GPI for
6 h (Fig. 2C and D). In order to provide additional elements of the mo-
lecular mechanism of APS pathogenesis and to identify putative direct
targets of the key transcriptional regulators implicated, we performed
combined bioinformatics meta-analyses of available published ChIP-seq
results on TNF-a activated HUVECs [29] with our RNA-seq data. This
intersection of published NF-kB-ChIP-seq [29] with our RNA-seq data
highlights NF-kB binding-events neighboring (+£10 kb) the transcription
start site (TSS) of 28 up-regulated genes, including targets of the above
transcription factor such as SELE, VCAM1, NF-xkB1 which have been
linked to APS development (Fig. 4B). Moreover, intersection of the
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Fig. 3. Immunofluorescent antibody staining in naive and treated HUVECs. AK. The mixture of APS total IgG and p2GPI induces a pronounced increase of the protein
levels of the proinflammatory cytokines IL-6, IL-8 as well the transcription factor NF-kB1 and cell adhesion molecules Tissue Factor, ICAM-1, VCAM-1, Eselectin, P-
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ELL2 RIPK2 | CACHD1| CREBS
NFKB1 | VCAM1 PPTC7 | PNRC1
C. Smad-ChiP-seq Huvec/ RNA-seq Huvec
ANKRD1 CLDN14 MECOM
BICD1 CMTMS8 OSGIN2
BIRC2 EXT1 SMAD9
CBFB IPPK TES
CCDC68 JAG1 Total=14

Fig. 4. Upregulated transcription factors and their putative targets. A. (Upper panel) Classification of upregulated genes into families. (Bottom panel) Genes that
encode for transcriptional regulators are activated in HUVECs upon treatment. B. Combined bioinformatics meta-analyses of published NF-kB-ChIP-seq results on
HUVECs with our RNA-seq data reveals several NF-kB binding-events in 28 upregulated genes that includes known target genes of the above transcription factor C.
Intersection of the RNA-seq results with the already published Smad1/5-ChIP-seq experiment in HUVECs identifies 14 direct target genes of Smad1/5 such as SMAD9,
IPPK, CCDC68.
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RNA-seq results with published Smadl/5-ChIP-seq data in HUVECs
activated by BMP-6 or BMP-9 % identified 14 direct target genes of
Smad1/5 that have been captured up-regulated in our transcriptomics
experiments, including among others SMAD9, IPPK and CCDC68
(Fig. 4C). The above integrated bioinformatics approach verifies the
initial discovery of simultaneous activation of multiple signal trans-
duction pathways that presumably orchestrates the evolution of an

A.IL-6

C. NF-kB1

E. Tissue Factor

G. VCAM-1

l. P-selectin

- APS

--

H. E-selectin

--

J. TGFR1

- APS
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APS-characteristic gene expression program, instructed by the operation
of sequence-specific transcription factors.

3.4. Increased protein levels of inflammatory and adhesion molecules in
APS placenta biopsies

To address whether the results obtained in cultured endothelial cells

B.IL-8

D. TGF-B2

F. ICAM -1

Fig. 5. Immunofluorescent antibody staining in placenta biopsies from APS patients and healthy women. A-K Placenta biopsies derived from APS patients as well as
Healthy Donors show increased signal intensity for IL-6, IL-8, NF-kB1, ICAM1, VCAM-1, E-selectin, P-selectin, TGF-p2, and TGFR1 (5A-5D, 5F-5J). Slight difference in
fluorescence intensity between HD and APS patient was observed for Tissue Factor (5E). Increased signal intensity was observed as well for the TNF-a molecule in the

APS placenta biopsies (5 K).
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describe gene expression changes that occur in human tissue in the
context of APS, we performed immunostaining in placenta biopsies
isolated both from APS patients and HDs. Placenta biopsies derived from
APS patients show increased signal intensity for IL-6, IL-8 as well as NF-
kB1, TGF-p2, and TGFR1 (Fig. 5A-D, 5J). Slight difference was observed
in Tissue Factor staining intensity (Fig. 5E). The cell adhesion molecules
ICAM-1, VCAM-1, E-selectin and P-selectin were found up-regulated in
placentas derived from APS patients compared to those of healthy do-
nors (Fig. 5F-I), while increased signal intensity was also observed for
TNF-a in the APS placenta specimens (Fig. 5K).

4. Discussion

The present study describes the gene expression profile of endothe-
lial cells treated with IgG isolated from APS patients plus f2GPI in a
model mimicking APS. Transcriptomics analysis of treated HUVECs with
APS sera plus p2GPI revealed 906 differentially expressed genes, among
which 395 were up-regulated and 511 were down-regulated. A multi-
tude of the up-regulated genes such as IL-8, VCAM-1, E-selectin, IL-6,
TGF-$2 and TGFR1 are included, consistent with reported studies.
Interestingly, a similar phenotype has been described in sepsis [42] yet
in APS patients it seems to be rather localized and weak. Our data
support that the endothelial phenotype following antibody stimulation
is the result of the concerted action of several diverse signaling pathways
and transcriptional networks presumably instructed by the synchronized
action of a variety of up-regulated transcription factors. Our analysis
highlights that the TNF, TGF-p, MAPK38 and Hippo pathways are crit-
ical components of the activation process. Our experimental strategy
posits for a model according to which ‘APS conditions’ convert the naive
phenotype of endothelial cells from the ground state to an activated
phenotype via the simultaneous activation of a spectrum of transcrip-
tional regulators capable for the fine-tuning of a large number of genes
contributing to APS pathology. Our results indicate that aberrant tran-
scriptional reprogramming, which is presumably caused by increased
levels of diverse transcription factors (Fig. 4A), coordinates the APS
phenotype. These findings are further supported by the observed
increased protein levels of relevant transcription factors, signaling
molecules and APS marker-genes on both in vitro treated endothelial
cells and placenta biopsies from APS patients.

Endothelial cell activation in APS is characterized by the surface
expression of adhesion molecules, chemokines such as IL-8, IL-6 and
Tissue Factor [10,43-45]. Unveiling the pathophysiology of endothelial
dysfunction in APS would contribute to providing treatments beyond
anticoagulants [46-48] especially in severe clinical cases, or in cases
complicated with hemorrhage and those with non-typical APS symp-
toms, such as multiple sclerosis-like lesions, migraine or the catastrophic
form of the syndrome. Analyses of endothelial dysfunction in APS pa-
tients in vivo have not been reported. Significant data come from studies
with in vitro models constituted with endothelial cells exposed to either
patient serum and plasma, monoclonal aPL, or IgGs isolated from pa-
tients with APS [16,49,50]. The transcriptional profile of the activated
endothelial cells in APS has been described in part [28] by an elegant
Affymetrix microarray-based analysis, providing critical regulatory in-
sights were emerged. Specifically, endothelial cells were induced for 4 h
by patient-derived anti-B2GPI] antibodies [28], several chemokines, re-
ceptors, and growth factors were captured to become up-regulated. In
the present study, we complement the above data as well as findings
derived from our previous studies [10] by applying a holistic approach
based on transcriptomics technology coupled with bioinformatics analyses
and computational biology tools. Our combined bioinformatics rationale
utilizes analysis of gene expression, gene ontology (GO) classification,
signal transduction pathway identification and intersection of the
RNA-seq results with published microarray and ChIP-seq data [28-30].

Taking into account the above results, we propose that the HUVECs-
APS-activated transcriptome become progressively constructed upon
APS total IgG and p2GPI induction of endothelial cells, a phenomenon
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which indicates coordinated and fine-tuned action of inducible genes
that are regulated by distinct signal transduction pathways. Combina-
torial mechanisms have been described to regulate transcription of
inducible genes [51]. This type of regulation is in alignment with the
characterized generation of a pathogenic phenotype in endothelial cells,
since as shown by our results, hundreds of genes alter their expression
status rapidly, a fact that poises in part for a non-ordinal cellular
response. Several signal transduction cascades are switched on upon
treatment of HUVECs and subsequently lead to the activation of TFs and
the induction of their target genes. Thus, activation of endothelial cells
induced by APS total IgG and p2GPI promotes transcriptional reprog-
ramming or/and deregulation of the naive tissue-specific gene expres-
sion programs a fact that in turn can be translated into the evolvement of
an aggressive pathogenic autoimmune phenotype.

In our present analyses, even though consistent data were derived on
the expression of some factors, such as IL-8, NF-kB, TGFBR1, VCAM-1,
and E-selectin, the proinflammatory cytokine, transcription factor and
cytokine receptor profile detected by immunihistochemistry in APS
patients’ placenta samples did not fully recapitulate the up-regulated
genes identified through transcriptomics. Several differences between
the two systems could account for this observation. For instance, the
transcriptomics model is only dependent on the patients’ IgG and exog-
enous P2GPI, while the APS placenta is a much more complex system
and some molecules may be induced from other signals existing in the
tissue. In addition, post-translational modifications after gene expres-
sion may alter protein expression.

Our findings are also of clinical importance especially in the
following circumstances:

a) in patients with recurrent thrombotic events despite adequate anti-
coagulation [5]; b) in patients with APS-related clinical findings
non-related directly to thrombosis, such as premature atherosclerosis
[52] and multiple sclerosis-like findings and or symptoms [53] and

c) thrombosis combined with hemorrhage [54]. In all these circum-
stances anti-coagulation might be a dangerous [54], or inadequate
therapy [5,52,53] and abrogation of the pathways discovered in this
report might be important to halt the disease process.

In conclusion, IgG from APS patients in the presence of B2GPI
stimulates HUVECs of HDs to a procoagulant and pro-inflammatory
phenotype by activating TNF, TGF-f, MAPK38 and Hippo pathways,
which influence the expression of hundreds of genes. A detailed analysis
of the above pathways will probably identify novel therapeutic targets
for this disease. Major questions on that issue are the following: what is
the molecular mechanism by which IgG from APS patients leads to
differential expression of several cytokines and transcription factors and
secondly how could the abrogation of these pathways contribute to
control of the disease process? Anti-p2GP] antibodies can activate re-
ceptors such as TLR4, TLR2 and ApoER2 expressed on endothelial cells
[55], leading to the activation of several transcription factors, such as
NF«xB, phosphatidylinositol 3-kinase (PI3K) signaling pathway and p38
MAPK. Furthermore, monocytes and neutrophils from APS patients
display increased reactive oxygen species production, increased
expression of pro-inflammatory and prothrombotic molecules and
mitochondrial dysfunction associated with activation of PI3K pathway
and mammalian target of rapamycin (mTOR). Interestingly, inhibition
of the mTOR pathway led to improved survival of renal allografts in
patients with antiphospholipid syndrome [56,57]. Taken together, the
above mechanistic insights could provide for potential pathways and
molecules that could serve as drug targets to investigate as a means to
control difficult cases of APS.
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