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A B S T R A C T

Type I Interferon gene expression has been shown to play an important role in the pathogenesis of several
systemic autoimmune disorders, paving the way for its potential use as a surrogate marker or a therapeutic tool.
While the concept of type I interferon signature and its correlation with clinical phenotypes and disease activity,
along with anti-interferon targeted therapy have been vastly investigated in patients with systemic lupus er-
ythematosus, there is a paucity of data concerning antiphospholipid syndrome patients. In this review, we
summarize the current knowledge on the pathogenetic and clinical implications of type I interferon expression in
antiphospholipid syndrome and discuss the therapeutic possibility of targeting molecules along the interferon
signaling pathway. A number of recent studies have shown a type I interferon gene expression induction in
patients with primary antiphospholipid syndrome via the plasmacytoid dendritic cell pathway, toll like receptors
(TLRs) such as TLR7 and TLR9, anti-beta2glycoprotein I antibody-mediated neutrophil activation and neutrophil
extracellular traps (NETs) release in a TLR4-dependent fashion, and a subsequent B cell and plasmablast acti-
vation. An association between type I interferon expression and several demographic, clinical and laboratory
characteristics including age, gender, pregnancy complications such as eclampsia, anti-beta2glycoprotein I an-
tibodies, and a negative correlation with hydroxychloroquine and/or statin use, has been shown. Correlation of
high interferon scores to worse outcomes in prospective studies could direct the initiation for a prompt treatment
in high-risk populations. Potential therapeutic approaches targeting type I interferon production and signaling
pathway components might include anti-interferon or interferon receptor monoclonal antibodies, or an inter-
feron based therapeutic vaccine as was indicated from previous systemic lupus erythematosus studies, TLR
inhibitors including hydroxychloroquine and anti-TLR antibodies, plasmacytoid dendritic cell inhibition, ade-
nosine-receptor agonists, and plasmablast targeting treatments. Well-designed studies are needed to further
assess the immunomodulatory potential of the above targets for therapeutic intervention in patients with pri-
mary antiphospholipid syndrome.

1. Introduction

Antiphospholipid syndrome (APS) is a systemic autoimmune dis-
order characterized by arterial and venous thrombosis along with
pregnancy-related complications in the presence of persistent medium-
high titers of anticardiolipin (aCL) and/or anti-beta 2 glycoprotein
(anti-β2GPI) antibodies and/or the lupus anticoagulant (LA), named
antiphospholipid antibodies (aPL) [1]. APS can present with several
distinct clinical phenotypes including classic APS manifestations with
recurrent thrombotic events and/or pregnancy morbidity or the non-

criteria APS manifestations including thrombocytopenia, heart valve
lesions, APS-related nephropathy, cognitive dysfunction, and others
[2–5]. Furthermore, patients with single, double or triple aPL positivity
but no clinically apparent disease as well as individuals with APS-re-
lated manifestations but no measurable aPL have been described. Since
the presence of aPL itself, even at medium-high titers, is not always
accompanied by APS-related manifestations nor does it accurately
predict the impending appearance of an overt clinical syndrome, the
hypothesis of a “two-hit model” has been proposed.

Pathogenetic mechanisms of APS include a combination of
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coagulation activation and fibrinolysis impairment via aPL-mediated
functional alteration of protein C, annexin V, complement components,
platelets, serum proteases, tissue factor and toll-like receptors, as well
as interactions between aPL and several other molecules directed
against heparin, thromboplastin, thrombomodulin, kininogen, platelet-
activating factor, lipoproteins and factors VII, VIIa and XII of the coa-
gulation cascade [6,7]. Following interaction with aPL, monocyte and
endothelial cell activation leads to an upregulation of tissue factor, E-
selectin, pro-inflammatory cytokines such as IL-6 and IL-8, and adhe-
sion molecules, alterations promoting intravascular thrombosis and
inflammation [8]. Furthermore, aPL-mediated disruption of normal
platelet functionality is achieved through a multitude of distinct me-
chanisms including an increase in receptors and molecules promoting
platelet aggregation such as glycoprotein IIb-IIIa, thromboxane A2 and
platelet factor-4 combined with a decrease in inhibitory molecules like
annexin V [9]. A role for complement components has been suggested
in the pathophysiology of APS, based on the observations that C5a
amplifies tissue factor activity in neutrophils, models of C3 or C6 de-
ficient mice are resistant to aPL-mediated thrombosis, an effect also
reproduced by C5 inhibition and the fact that eculizumab, a humanized
monoclonal antibody hindering the activity of C5b-C9 terminal com-
plex has been successfully used in the settings of catastrophic APS and
APS-related thrombotic microangiopathy [10]. Another pathway
through which innate immune response is thought to contribute in APS
pathogenesis is the release of neutrophil extracellular traps (NETs), a
mechanism that is overly activated by neutrophil interaction with anti-
β2GPI antibodies promoting thrombus formation [11]. The complex
interplay between underlying genetic mechanisms and infectious or
other triggers inducing the production of aPL, along with the systemic
action of the latter, remain largely unexplored, impeding in turn the
development of a causative treatment.

2. Type I interferon signature in primary antiphospholipid
syndrome – pathogenetic and clinical implications

An increased expression of type I interferon (IFN)-responding genes,
the so-called IFN signature, has been implicated in the pathogenetic
pathways of a multitude of systemic autoimmune diseases, including
systemic lupus erythematosus (SLE), Sjogren's syndrome, rheumatoid
arthritis, myositis and scleroderma affecting both the innate and ac-
quired arms of the immune system [12–14]. Cytosolic nucleic acid
sensing-pattern recognition receptors such as toll-like and the cytosolic
retinoic acid-inducible gene 1 (RIG-I)- receptors induce type I IFN-sti-
mulated gene expression mainly by plasmacytoid dendritic cells (pDCs)
and to a lesser extent by macrophages, neutrophils and epithelial cells
or fibroblasts [15] via activation of Janus kinase (JAK) and signal
transducer and activator of transcription (STAT)1 and STAT2 [16].

While it is well known that SLE is associated with type I IFN sig-
nature, the type I IFN gene expression in primary APS (PAPS), in-
dependent of correlation with SLE, and its clinical and therapeutic
implications, remain under investigation. The methodology and the
results of published studies examining type I IFN expression in PAPS are
summarized in Table 1.

In a genome-wide array study performed by Bernales et al. [17],
among a total of 93 genes differentially expressed between patients
with PAPS and healthy controls (p < 0.01), both type I and II IFN-
inducible families exhibited upregulated expression in subjects with
PAPS. IFN-related regulators of the coagulation cascade such as the
glycoprotein 1B alpha polypeptide and the phospholipid scramblase 1
(PLSCR1) were also overexpressed. Despite the overlapping immune
response gene expression patterns among patients with SLE and PAPS,
differences in PLSCR1, tumor necrosis factor ligand superfamily
member 13, CD14 and TLR-8 discern the patient cohorts, underlining
the similar yet distinct pathophysiologic substrates of two disease en-
tities.

Gene profiling of monocytes by Perez-Sanchez et al. revealed that

differential expression patterns between patients with PAPS, SLE-asso-
ciated APS (SLE/APS) and SLE substantiated the pro-inflammatory and
pro-atherosclerotic phenotypes having previously proven to be shared
by these patients, with the PAPS group exerting amplified expression of
mitochondrial metabolism genes, specifically those related to oxidative
stress reduction pathways [18]. The finding of altered mitochondrial
gene expression leading to increased oxidative stress was regarded by
the authors to be part of the pathogenetic substrate for thrombosis in
APS. This hypothesis was supported by the fact that accelerated
thrombosis was described as a potentially reversible process following
administration of a central component of the mitochondrial respiratory
chain named coenzyme Q [19]. Type I IFN scores among the three
groups revealed that only SLE and SLE/APS had upregulated gene ex-
pression when compared to controls. This finding could be attributed to
the fact that following the first gene-wide analysis, the threshold set for
further analysis and quantification excluded from the study any gene
with less than twofold differential expression vs controls.

Grenn et al. assessed endothelial progenitor cell (EPC) functional
status and IFN I gene activity in 42 patients with PAPS and 63 healthy
controls [20]. While there was only a trend of cell population reduction
for classic EPCs in PAPS, a functional assay including both classic EPCs
and myeloid-derived progenitor cells named circulating angiogenic
cells (CAC), revealed that the combination of EPCs/CACs failed to dif-
ferentiate into mature endothelial cells in a statistically significant rate
for those patients when compared to the control group. The addition of
APS serum to control EPC/CAC cell cultures indicated that endothelial
maturation dysfunction was caused by a serum-related factor. APS sera
IgG were excluded as a confounding factor for EPC/CAC hindered dif-
ferentiation, since IgG-purified APS sera added to cell cultures re-
produced the effect caused by non-purified PAPS sera. Furthermore,
type I IFN augmented gene expression in PAPS was confirmed from
serum samples of an independent cohort of 26 patients, while dys-
functional endothelial cells were shown to bear an IFN signature. The
hypothesis that IFN type I gene induction could be the causative factor
for the EPC/CACs dysfunction was further solidified by the fact that IFN
type I receptor blockade rescued the progenitor cellular differentiation.
The results of this study suggest that impaired EPC maturation in the
setting of PAPS could be partially attributed to type I IFN gene ex-
pression, the higher level of which in peripheral blood mononuclear
cells (PBMCs) was, in turn, correlated with IgG anti-β2GPI presence. A
possible mechanism for type I IFN altered patterns in PAPS discussed in
this study was toll-like receptor (TLR)-7/8 overexpression. SLE-related
autoantibodies but no concurrent clinical SLE features were present in a
portion of the study population.

In a study performed by van den Hoogen et al. comparing IFN ex-
pression patterns in SLE, SLE/APS and PAPS, upregulated type I IFN
expression was present in 77%, 71% and 46% of patients, respectively
and in a statistically significant manner when compared to age-matched
healthy controls [21]. Type I IFN signature was not related to aPL an-
tibodies or type of thrombotic events. In a subsequent analysis, a trend
between monocyte tissue factor expression and amplified IFN gene
expression was present among all groups but without reaching statis-
tical significance (p = 0.10, 0.055 and 0.67 for SLE, SLE/APS and
PAPS, respectively). Intermediate (CD14++, CD16+) and non-clas-
sical (CD14+, CD16+) monocyte subgroups with a phenotype related to
accelerated cardiovascular disease development were positively corre-
lated with IFN signature (r= 0.47, p < 0.001 and r= 0.39, p=0.006,
respectively). This correlation is in accordance to the established link
between vascular dysfunction and IFN. Although a trend of inter-
connection between lupus autoantibodies and higher IFN scores was
observed, 45% of individuals without anti-dsDNA positivity showed
similar gene expression amplification. Furthermore, the use of hydro-
xychloroquine and/or statins attenuated IFN signature.

Transcriptome mapping in neutrophils from patients with PAPS and
age-, sex-, and ethnicity-matched healthy controls performed by Knight
et al. revealed a universal upregulation of several type I IFN-inducible
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genes, in conjunction with amplified expression of cell-cell interaction
mediator molecules [22]. IFIT1 expression levels were increased 8.5
times in the cohort of PAPS vs controls, a pattern followed by several
other genes with the most notable being IFIT3, IFI6, MX1 and HERC5
(5.2-, 4.9-, 4.8- and 4.8-fold increase vs controls, respectively). Mem-
bers of the toll-like receptor and leucocyte immunoglobulin-like re-
ceptor families were also overexpressed in the patient group, adding to

the pro-inflammatory phenotype of neutrophils in PAPS. Further in-
vestigation of surface molecules in circulating neutrophils indicated the
prothrombotic role of P-selectin glycoprotein ligand-1 (PSGL-1), a
factor involved in leucocyte transposition.

Based on the postulation of the pivotal role of dendritic cells as
major sources of IFN expression in PAPS and SLE, van den Hoogen et al.
examined the miRNA expression profile of pDCs in 40 patients (20 with

Table 1
Studies examining type I IFN signature in patients with PAPS.

Authors, year Patient groups Methods used for type I IFN gene expression Findings

Bernales et al., 2008 [17] 6 w/PAPS, 5 w/SLE and 6 healthy
controls (initial cohort)
7 w/PAPS, 12 w/SLE, 5 w/non-
PAPS thrombosis and 17 healthy
controls (verification cohort)

Microarray study and quantitative PCR for
genes differentially expressed in PAPS and
SLE (93, p < 0.01 and 88, p < 0.01,
respectively) vs healthy controls

In the initial cohort: Upregulated expression of genes related to
monocyte functionality, coagulation, nucleic acid metabolism,
including the type I IFN-inducible genes LGALS3BP, WARS,
OAS2, G1P2, GTPBP2, TNFSF13, PLSCR1, H1F0 and STAT1.
In the verification cohort: Nine genes (NCF4, TLR8, CD14,
CD163, PLSCR1, TNFSF13, STAT1, G1P2, OAS2), of which five
are IFN- inducible, were overexpressed in PAPS vs controls
(P < 0.01).
Type I IFN signature related genes PLSCR1 and TNFSF13 and
receptors CD14 and TLR8 differentially expressed between
PAPS and SLE (p < 0.05).

Perez-Sanchez et al.,
2015 [18]

42 w/PAPS, 56 w/SLE, 31 w/SLE/
APS and 61 healthy controls

Microarray study and quantitative PCR w/
555, 1224 and 518 genes being
differentially expressed for SLE, SLE/APS
and PAPS, respectively, vs controls

IFN signature (resulting from IFI27, IFI53, IFI44, IFI44L, IFI6,
IFIT1, IFIT5, IFITM1, IFITM4P etc.) shared by SLE/APS and SLE
groups.

Grenn et al., 2017 [20] 68 w/PAPS (26 from an
independent cohort)

Microarray study and quantitative PCR for
IFIT1, IFI44 and PRKR and IFN-α serum
testing

Upregulation of IFN-α in PAPS serum and of type I IFN-
inducible genes IFIT1, IFI44, PRKR vs controls (p=0.013,
p= 0.025 and p < 0.001, respectively)
IFN-I-related hindering of EPC/CACs maturation, reversible by
IFN-I blockade (p < 0.001).
Relatively higher IFIT1 (p=0.021), IFI44 (p= 0.041) and
PRKR (p=0.42) expression in PAPS w/IgG anti-β2GPI
positivity vs PAPS without anti-β2GPI.

van den Hoogen et al.,
2016 [21]

24 w/PAPS, 47 w/SLE, 28 w/SLE/
APS and 24 healthy controls

Quantitative PCR for 11 IFN-I inducible
genes

Type I IFN signature (defined as scores exceeding the 95th
percentile of healthy controls) was present in 46% of patients
with PAPS.
Higher IFN-I scores negatively correlated with classical
monocytes (r=−0.47, p < 0.001), positively correlated with
intermediate (r= 0.47, p < 0.001) and non-classical
monocytes (r= 0.39, p= 0.006).
Lower IFN scores w/hydroxychloroquine and statin
administration (p < 0.05).

Knight et al., 2017 [22] 9 w/PAPS and 9 healthy controls Quantitative PCR for several IFN-regulated
genes

Upregulated IFN-regulated genes in PAPS vs controls
(p= 4.0× 10−27) w/IFIT1, IFIT3, IFI6, MX1, HERC5 (8.5-,
5.2-, 4.9-, 4.8-, 4.8-fold increase vs controls, respectively).

van den Hoogen et al.,
2018 [23]

10 w/PAPS, 20 w/SLE, 10 w/SLE/
APS and 12 healthy controls

Quantitative PCR for IFN scoring and
miRNA sequencing in plasmacytoid
dendritic cells

Type I IFN levels and TLR-7 ligation inversely correlated w/
miRNA-361-5p, -128-3p and -181-2-3p expression (false
discovery rate <0.05).

Weeding et al., 2018 [24] 12 w/PAPS (10 included in the final
analysis) and 12 healthy controls

DNA genome-wide methylation Hypomethylation of IFN-regulated gene IFI44L promoter was
able to differentiate SLE from PAPS (sensitivity: 93.3%,
specificity: 80% for methylation fraction 0.329).

Ugolini-Lopes et al., 2019
[25]

53 w/PAPS, a group of nonimmune-
mediated thrombophilia patients
(positive controls) and 50 healthy
controls

Quantitative PCR for 41 type I IFN-
inducible genes w/IFN signature resulting
from DNAJA1, IFIT5, IFI27, MX1, IFI6 and
TYK2

Type I IFN signature in 49% of PAPS patients vs 14% for healthy
and 17% for positive controls (p < 0.0001).
Upregulated IFN-I expression correlated w/earlier-onset PAPS
manifestations (p=0.023) and obstetric events (p= 0.032).
Lower IFN scores w/statin administration (p= 0.026).

Palli et al., 2019 [27] 55 w/PAPS, 48 w/SLE, 34 w/SLE/
APS and 28 healthy controls

Quantitative PCR for MX1, IFIT1 and IFI44 Type I IFN in PAPS vs controls (p= 0.028).
Upregulated IFN-I expression correlated positively w/female
gender (b-coefficient= 0.49, p= 0.034) and moderately high
anti-β2GPI positivity (b-coefficient= 0.53, p=0.017) and
negatively w/age (b-coefficient=−0.02/year, p= 0.027) and
hydroxychloroquine administration (b-coefficient=−0.51,
p= 0.027).

Hisada et al., 2019 [29] 26 w/PAPS, 19 w/SLE/APS and 10
healthy controls

Quantitative PCR w/IFN signature resulting
from LY6E, MX1, IFIT1 and IFIT3

Upregulated IFN-I expression correlated w/TLR-7
polymorphisms (SNP rs3853839, GG allele, p= 0.023).

van den Hoogen et al.,
2018 [30]

43 (initial cohort) and 143 (repeat
cohort) w/SLE, SLE/APS, PAPS and
healthy controls

Serum levels of galectin-9, CXCL-10 and
TNF-RII

Serum levels of galectin-9, CXCL-10 and TNF-RII were elevated
among all patient groups (p < 0.05) and correlated positively
with tissue factor expression and disease activity.
Galectin-9 exhibited superior correlation with the IFN score
(r= 0.70, p < 0.001) and was more potent in detecting type I
IFN signature (area under the curve: 0.86) than the other
proposed biomarkers.

IFN: interferon, IFN-I: interferon type I, APS: antiphospholipid syndrome, PAPS: primary antiphospholipid syndrome, SLE: systemic lupus erythematosus, SLE/APS:
systemic lupus erythematosus-associated antiphospholipid syndrome.
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SLE, 10 with SLE/APS and 10 with PAPS) and 12 healthy controls [23].
Despite the uniformity of miRNA profiles among all patient cohorts,
most of the noncoding molecules selected as candidate differential
markers for disease were markedly under-expressed when compared to
the control group. While the genes involved in miRNA production and
transport were not differentially expressed between patients and con-
trols, pDCs activation through administration of a TLR-7 agonist re-
sulted in prompt miRNA downregulation. Stratification of patients into
high- and low-IFN expression groups allowed for further correlation
between miRNA levels and type I IFN signature. Namely, miRNA-361-
5p, -128-3p and -181-2-3p levels were inversely related with IFN type I
(IFN–I) scores (r=−0.44, −0.45 and −0.48, respectively,
p < 0.001). The interplay between TLR-7-related pDC activity, miRNA
levels fluctuation and IFN production provides insight on many possible
disease-modifying and monitoring targets for individuals with both APS
and SLE.

In a genome-wide DNA methylation analysis performed on ex-
tracted neutrophil DNA from patients with PAPS, SLE and healthy
controls, Weeding et al. observed that none of the differentially me-
thylated sites in PAPS were differentially methylated in SLE neu-
trophils, and that although there was demethylation of IFN signature in
SLE this was not detected in PAPS [24]. Hypomethylation within a
single probe in the interferon induced protein 44 like IFI44L promoter
yielded a sensitivity of 93.3% and a specificity of 80% (for a methyla-
tion fraction of 0.329) for the differentiation of PAPS and SLE, while the
differential methylation profile of PAPS compared to healthy controls
was relatively modest (p= 0.05). Interestingly, an association was
noted between differential methylation in PAPS and genetic regions
regulating pregnancy such as ETS1 and EMP2, both implicated in tro-
phoblast differentiation and migration that could contribute to preg-
nancy complications in APS.

Ugolini-Lopes et al. attempted to further elucidate the IFN expres-
sion patterns in PBMCs of patients with PAPS [25] excluding those with
specific SLE autoantibodies. Gene analysis by real-time quantitative
PCR was performed in patients with PAPS patients, age-matched con-
trols, and nonimmune-mediated thrombophilia (NIMT) individuals
treated with vitamin K antagonists. Upregulated type I IFN expression
was detected in 49% of PAPS patients compared with 17% of NIMT
individuals and 14% of healthy controls (p < 0.0001). Upregulated
IFN expression was defined as a composite z-score of 6 genes (DNAJA1,
IFI27, IFI6, IFIT5, MX1 and TYK2) with cutoff values defined by a ROC
curve for optimal sensitivity and specificity, while a total of 11 genes
were found to be markedly expressed in the PAPS cohort. Further
subgroup analysis showed a correlation of altered IFN expression with
younger age (p=0.023) and preeclampsia (p= 0.032). The latter is
also supported by previous studies reporting higher IFNα levels in SLE
patients with preeclampsia, a complication attributed to relationship
between IFN-α and angiogenic imbalance [26]. Additionally, IFN ex-
pression was related solely to statin use (p= 0.026), with hydroxy-
chloroquine (HCQ) exerting a neutral effect, a finding attributed to the
fact that the majority of patients were treated with HCQ.

In a study from our group [27], the expression patterns of three IFN-
inducible genes (MX-1, IFIT-1 and IFI-44) were measured in 34 patients
with SLE/APS, 48 with SLE and 55 with PAPS, with 35% of the latter
showing low-titer positivity for ANA and no positivity for SLE-specific
antibodies. In accordance with the results by van Hoogen et al. [21],
SLE/APS and SLE patients had the highest IFN scores, with slight su-
periority for the SLE/APS group, while all groups exhibited higher gene
expression than healthy controls. IFN-I signature in the PAPS group was
correlated with anti-β2GPI positivity while a concurrent trend with
triple aPL positivity was observed, an interesting finding given that
there are conflicting results among different studies as far as the asso-
ciation between aPL and IFN-I score [21,25]. The notion that anti-β2GPI
are functionally related to the IFN-I pathway is supported by the similar
results by Grenn et al. [20] and the fact that these antibodies have been
shown to induce IFN-α production in vitro [28]. Multivariate analysis

yielded a positive correlation between IFN-I score and female gender
(beta coefficients= 0.49, p= 0.034), along with a negative correlation
with age and hydroxychloroquine treatment (beta coefficients=−0.02
per year, p= 0.027 and −0.51, p=0.027, respectively).

Hisada et al. performed T- and B-cell subset analysis in conjunction
with analysis of TLR-7 and type I IFN-regulated genes in PBMCs of 26
patients with PAPS, 19 with SLE/APS and 10 healthy controls [29].
Carriers of TLR-7 single nucleotide polymorphism (SNP) rs3853839
from the PAPS population presented significantly higher type I FN
scores (p=0.023) calculated based on the mRNA expression of LYE6,
MX1, IFIT1 and IFIT3. The risk allele of TLR-7 SNP was also correlated
with increased plasmablast (CD3−, CD19+, CD20−, CD27++, CD38+
+) and decreased memory B-cell populations, supporting the hypoth-
esis that TLR7 expression induced by aPL is associated with plasmablast
differentiation via IFN signature.

Given the limitations in gene expression quantification and sub-
sequent calculation of IFN-I signature in routine clinical practice, the
use of IFN gene status biomarkers has been predicated. To this end,
three biomarkers correlating with disease activity in patients with SLE,
SLE/APS and PAPS (n=43 at identification, n=148 at replication
step) were selected by van den Hoogen et al. [30]. Elevated levels of
galectin-9, tumor necrosis factor receptor type II (TNF-RII) and C-X-C
motif chemokine 10 (CXCL-10) reflected amplified IFN-I expression in
all patient groups. Galectin-9 exhibited the most prevalent correlation
with elevated IFN score for both SLE and APS (r= 0.70, p < 0.001 vs
r= 0.52, p < 0.001 and r= 0.46, p < 0.001 for CXCL-10 and TNF-
RII, respectively), supporting its role as a potent biomarker for indirect
quantification of IFN-I signature and disease activity. Notably, treat-
ment with leflunomide/hydroxychloroquine and disease activity at-
tenuation with subsequent changes in markers of IFN activity in a
randomized controlled trial of patients with primary Sjögren's syn-
drome was mirrored by a decline of galectin-9 levels, supporting their
possible additional use as a biomarker of IFN expression and changes in
disease activity in patients with other autoimmune diseases [31]. De-
spite the notable results, the aforementioned biomarker should be im-
plemented in clinical practice with caution, since viral diseases can
induce fluctuation of its levels, mimicking flares of autoimmune disease
activity.

3. Type I interferon signature in primary antiphospholipid
syndrome – therapeutic implications

As the pathogenetic mechanisms of APS are gradually being eluci-
dated, involving inflammatory along with classic thrombotic mechan-
isms, several novel therapeutic approaches have emerged. HCQ, statins,
abciximab, defibrotide, peptides, B-cell depletion and inhibition of
mechanistic target of rapamycin (mTOR), or complement are some of
the potential novel treatment options currently being investigated
[32,33]. Given the recently recognized role of type I IFN gene expres-
sion in APS pathogenesis, its implementation in potential new treat-
ments could include a direct targeting of IFN expression by using
highly-specific anti-IFN antibodies or therapeutic approaches targeting
other parts of the type I IFN production and signaling pathway (Fig. 1).

3.1. Hydroxychloroquine (HCQ)

HCQ, an alkalinizing agent with high affinity for lysosomal accu-
mulation has a combination of anti-inflammatory, immunoregulatory
and metabolic effects [11]. An additional antithrombotic role of HCQ
has been demonstrated in experimental and clinical studies. In vitro and
animal APS models showed that HCQ can reverse aPL mediated platelet
activation, the binding of aPL-β2GPI complexes to phospholipid bi-
layers, and the activation of TLR3, TLR7, and TLR9 receptors [34–36].
In a previous study of SLE patients including aPL-stratified data, we
showed that the duration of hydroxychloroquine played a protective
role against thrombosis in both aPL-positive (HR per month 0.99,
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P=0.05) and aPL-negative patients (HR per month 0.98, P=0.04)
[37]. Other clinical studies have also shown its thromboprophylactic
effect in asymptomatic aPL carriers [38,39] as well as in patients with
PAPS and prior history of thrombosis [40] or obstetric complications
[41].

HCQ has been shown to act as a TLR-7 and TLR-9 inhibitor by in-
terfering with endosomal interaction of nucleic acids derived from
apoptotic debris and immune complexes in SLE, hindering the down-
stream signaling leading to IFN-α production by pDCs [42]. Previous
studies have also shown that HCQ use can reduce the levels of circu-
lating Type I IFN [21,27]. Furthermore, owing to its alkalinizing
properties, HCQ impairs lysosomal-induced autophagy, a process based
on acidic degradation of cellular components, and subsequent antigenic
presentation to antibody-producing cells. Concerning patients with
APS, HCQ treatment has been associated with reduced IFN-I scores in
patients with PAPS as indicated by the study of van den Hoogen et al.
[21]. Consistent results were described in the study of Palli et al., where
type I IFN expression was negatively correlated with HCQ use (b-
coefficient=−0.51, p=0.027), a phenomenon attributed to a com-
bination of TLR inhibition and neutrophil swarming and extracellular
trap formation impairment, with the latter being an important facil-
itator of thrombotic events occurrence [27]. Ugolini-Lopes et al. re-
ported no correlation between HCQ administration and IFN-I signature,
a result attributed to the fact that the majority of the study sample was
receiving HCQ (58%), not allowing for satisfactory subgroup analysis
[25]. Ongoing trials are currently investigating the role of HCQ for the
secondary prevention of thrombotic and obstetric complications in
PAPS [43].

3.2. Anti-IFN treatments

As the evidence concerning the role of type I IFN signature in the
pathogenesis of APS is continually increasing, targeting of type I IFN
could be considered as a viable therapeutic option. In SLE, therapeutic

approaches included direct IFN-α or IFΝ receptor targeting and a
therapeutic vaccine composed of IFNα2b in combination with a carrier
protein, named IFN-α-kinoid (IFN–K) [44].

Currently, three anti–IFN–αmonoclonal antibodies have been tested
in clinical trials of SLE patients. Rontalizumab, an IgG1 humanized
monoclonal anti–IFN–α monoclonal antibody was tested in a phase I
and phase II trials with limited clinical efficacy [45–47]. Sifalimumab,
another anti–IFN–α monoclonal antibody tested in two small phase I
trials induced an attenuation of type I IFN signature and Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) score [48–50]. Larger
sample trials of both agents did not detect a larger difference with the
control groups probably due to the involvement of a wider group of
type I IFN family members or also of type II or III IFNs [46]. An IgG4
anti–IFN–α antibody named AGS-009 was tested in a phase I trial, in-
ducing a dose-dependent decrease of IFN-α scores [51].

Anifrolumab (formerly MEDI-546), a fully human monoclonal an-
tibody that binds to subunit 1 of type I interferon receptor (IFNAR1)
acts in a wider spectrum of type I IFNs including IFN-α, IFN-β and IFN-
ω, producing a dose-dependent reduction of IFN expression and clinical
remission as defined by SRI response measurement in phase IIb trial,
effects more prominent in patients with high baseline IFN-I levels.
Although the TULIP 1 phase III trial did not reach its primary endpoint,
the results of ongoing long-term extension phase III trials are pending
[47].

In a different approach, active immunization with IFN α Kinoid
(IFN–K), a therapeutic vaccine consisting of a carrier protein coupled
with IFNα2b, was associated with higher anti-IFNα titers in IFN sig-
nature-positive SLE patients and with a significantly reduced expression
of IFN-induced genes in a phase I/II dose-escalation study [52].

3.3. Therapeutic approaches targeting other type I IFN production and
signaling pathway components

Given the pivotal role of pDCs in IFN expression in PAPS, antibodies

Fig. 1. Potential therapeutic approaches targeting type I IFN production and signaling pathway components in antiphospholipid syndrome.
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directly targeting cell type and/or components of the TLR-mediated
innate inflammatory response could be of use in reducing IFN scores in
this group of patients. Such an approach is supported by the fact that
pDC-targeting therapies have emerged for autoimmune diseases and the
interdependence between TLR signaling and IFN expression in PAPS
described in several patient cohorts [21,23,28]. BDCA2 is a pDC-spe-
cific receptor whose binding results in hindering of IFN-response gene
expression. BIIB059, a humanized monoclonal antibody that binds a
pDC-specific receptor, the dendritic cell antigen 2, is currently being
evaluated for the treatment of SLE [53].

The potential of anti-TLR-7 and anti-TLR-9 antibody treatment is
also of high importance given the role of the two receptors as initiators
in the cascade of pDC-induced IFN expression (Fig. 1). While TLR-7 and
TLR-9 are localized intracellularly in lysosomal surface deeming their
targeting difficult, researchers have suggested the concomitant ex-
istence of cell-surface receptor molecules, allowing for binding of re-
ceptor-specific antibodies [54]. Rather than direct inhibition of the
receptors, impeding the action of accessory molecules facilitating their
activation could lead to similar in vivo effects. An example of such
molecules is miRNAs acting as epigenetic modifiers of mRNA tran-
scripts modulating the TLR-mediated IFN production cascade. MiRNA-
155 has been identified as an inflammatory response driver in rheu-
matoid arthritis patients, with two counteracting strands both pro-
moting (miRNA-155-5p) and halting (miRNA-155-3p) type I IFN pro-
duction from pDCs, regulated by the TLR family [55]. As it was shown
by van den Hoogen et al., other miRNAS related to pDC activation are
miRNA-361-5p, -128-3p and −181a-2-3p with an inverse relationship
with IFN-scores, harboring immunomodulatory potential [23].

Considering that circulating nucleic acid molecules can activate IFN
signaling mediated through TLR pattern recognition, the use of en-
zymes capable of mitigating these inflammatory signals could aid in
attenuating IFN expression. In a multicenter phase 1b, randomized
placebo-controlled study, RSLV-132, an RNase-Fc fusion protein, was
tested in SLE patients but without any notable effect on IFN signature, a
finding attributed to small sample size, variation among patients, and
the short duration of treatment [56].

NETosis, a regulated form of neutrophil cell death characterized by
the secretion of networks of extracellular fibers composed of DNA
(NETs), is a major inducer of type I IFN production. Previous studies
have shown the role of neutrophils and NETosis in APS suggesting that
they might represent emerging therapeutic targets. Neutrophils display
β2GPI on their surface, and can be triggered to release NETs in TLR4-
dependent fashion by exposure to anti-β2GPI [11] (Fig. 1). It has been
recently shown that adenosine A2A receptor agonism protects against
NETosis in vitro and venous thrombosis in APS mice [57] and the effect
of agents with adenosine-amplifying properties such as dipyridamole,
dilazep and defibrotide should be further investigated in patients with
APS.

In addition, a pathway associated with type I IFN upregulation is the
recently observed TLR7-mediated plasmablast differentiation via IFN
signature [29]. Given that plasmablasts represent a major source of aPL
production, targeting plasmablasts might represent a novel therapeutic
approach in APS.

Well-designed studies are needed to further assess the im-
munomodulatory potential and clinical outcomes of the aforemen-
tioned treatment targets.

4. Conclusions

Several studies have demonstrated a type I IFN signature in patients
with APS and its association with several demographic, clinical and
laboratory characteristics of patients including age, gender, eclampsia,
anti-β2GPI antibodies as well as a negative relationship with HCQ and/
or statin use. The upregulated expression of type I IFN-inducible genes
in patients with SLE and PAPS is considered to be an important driver of
both clinical and subclinical disease, deeming the blockade of related

pathways a prime therapeutic target. While several IFN targeting
therapies have been described in SLE, there is lack of data about their
safety and efficacy in patients with PAPS, underlining the need for well-
designed randomized controlled trials. Another interesting prospect
concerning the implementation of type I IFN gene expression in man-
agement strategies of patients with APS would be as an index of
treatment response or disease severity marker. Correlation of high IFN
scores to a more aggressive disease course could allow for a prompt
treatment in high-risk patients, facilitating thrombosis prevention.
Lastly, shortcomings such as the difficulty of implementing type I IFN
signature in routine clinical practice could be overcome by the use of
easily measured biomarkers that can accurately reflect aberrant IFN-I
gene expression.
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