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The Effect of Type 1 IFN on Human Aortic
Endothelial Cell Function In Vitro:

Relevance to Systemic Lupus Erythematosus

John A. Reynolds,1 David W. Ray,2 Leo A.H. Zeef,3 Terence O’Neill,1

Ian N. Bruce,1,4 and M. Yvonne Alexander5

Cardiovascular disease (CVD) is an important cause of morbidity and mortality in patients with systemic lupus
erythematosus. The etiopathogenesis of premature CVD is not fully understood, but recently interferon-alpha
(IFNa) has been implicated as a contributing factor. Since IFNa has been associated with both disease activity
and endothelial dysfunction in lupus patients, we aimed to determine whether IFNa has direct effects on human
aortic endothelial cell (HAoEC) function in vitro. We studied the function of IFNa2b-treated HAoECs in terms
of cell proliferation, capillary-like network formation, and nitric oxide (NO) generation. Changes in gene
expression were also analyzed using an exon gene array. IFNa2b regulated the expression of 198 genes,
including recognized interferon-stimulated genes (ISGs). Gene ontology analysis showed over-representation of
genes involved in antigen presentation and host response to virus but no significant changes in clusters of genes
recognized as important in endothelial cell activation or dysfunction. HAoEC proliferation, tubule formation,
and NO bioavailability were unchanged, suggesting that IFNa in isolation does not have a direct impact on
aortic endothelial cell function.

Introduction

Patients with systemic lupus erythematosus (SLE)
have a significantly increased risk of premature cardio-

vascular disease (CVD), which is not fully explained by
traditional cardiovascular risk factors (Ward 1999). In ad-
dition to clinical cardiovascular events, there is an increased
prevalence of subclinical CVD. We have previously dem-
onstrated that lupus patients have endothelial dysfunction,
when compared to age- and sex-matched healthy controls,
even in the absence of clinical CVD (El-Magadmi and
others 2004).

Interferon-alpha (IFNa) is an important pro-inflammatory
cytokine in SLE, produced by activated plasmacytoid den-
dritic cells and neutrophils (Denny and others 2010;
Trinchieri 2010). The expression of IFN-stimulated genes
(ISGs) within blood mononuclear cells from lupus patients
is associated with disease activity (Feng and others 2006;

Hua and others 2006). The combination of genes reported
as forming this ‘‘interferon-signature’’ is variable, but com-
monly contains MX1, PRKR, IFIT1, and IFI44. The ex-
pression of MX1 directly correlates with endothelial
dysfunction in SLE, as measured by peripheral arterial to-
nometry (Lee and others 2007). Recently, in a principal
component analysis of 5 commonly used ISGs, specific in-
dividual genes were associated with the different measures of
subclinical CVD in lupus patients (Somers and others 2012).

The mechanism by which IFNa induces endothelial
dysfunction is unknown. Pharmacological doses of IFNa2b
rapidly result in the development of endothelial dysfunction
and reduced exercise tolerance in patients with hepatitis C
(Takase and others 2001). A direct effect of IFN on the
endothelium is supported by the observation that endothelial
cell biopsies from lupus patients strongly express ISGs
(IFIT3, IFI44L, IFI6, MX2, IFIT1, OAS1, and OAS2)
(Goldenberg and others 2011). This suggests a functioning
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IFN receptor in the endothelium, which is able to respond to
circulating IFNa. Previous in vitro studies have demon-
strated that IFNa induces cytokine expression, impairs
tubule network formation and increases sensitivity to apo-
ptosis in human venous endothelial cells (HUVECs) (Kaiser
and others 2004; Tissari and others 2005; Cheng and others
2012). However, endothelial cell heterogeneity makes it
difficult to extrapolate these results to cells derived from
other vascular beds (Aird 2007). In terms of cellular pro-
liferation, for example, IFNa has been shown to inhibit
growth in dermal microvascular cells, while either increas-
ing proliferation, or having no effect in HUVECs (Ruszczak
and others 1990; Gomez and Reich 2003; Erdmann and
others 2011). In studying the pathogenesis of CVD, the use
of carotid, coronary, or aortic cells may be preferable as
atherosclerosis develops in the arterial system in human
subjects. Patients with SLE have a markedly increased
prevalence of aortic atherosclerosis compared with healthy
controls (Roldan and others 2010). Therefore, the aim of this
study was to identify the effects of IFNa on arterial endo-
thelial cells to determine whether IFN can directly con-
tribute to endothelial dysfunction in patients with SLE.

Materials and Methods

Human aortic endothelial cells (HAoECs) from 2 indi-
vidual donors (Promocell) were cultured in a humidified
environment at 37�C, 5% CO2 in EGM-MV2 (Promocell)
supplemented with 5% foetal bovine serum (FBS), 100 U/mL
penicillin, and 100mg/mL streptomycin (Sigma-Aldrich). All
proliferation and tubule formation experiments were carried
out using HAoEC from > 2 individuals. HUVEC (Promo-
cell) from pooled donors [cultured in EGM (Promocell)
supplemented with 5% (FBS) and antibiotics as above] were
used as a comparator cell type in the proliferation/tubule
formation studies. Experiments were conducted with cells
at passages 3–9.

Reverse-transcription polymerase chain reaction
and microarray analysis

Confluent HAoECs were serum-starved for 4 h and then
fresh media ( – 10 ng/mL IFNa2b or vehicle) added for 6 h.
Cells were lysed using TRI Reagent� (Sigma-Aldrich) and
RNA was extracted according to the manufacturer’s proto-
col followed by treatment with DNase I (Ambion) at 37�C
for 30 min, to ensure removal of residual genomic DNA.
The RNA pellet was precipitated and quantified using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies). Reverse transcription of 1 mg RNA was carried
out using a Precision NanoScript Reverse Transcription kit
(PrimerDesign) in a total volume of 20 mL.

Expression of the IFN-stimulated gene IFI44 and GAPDH
(reference gene) was determined using 1mL cDNA accord-
ing to the following protocol: Denature at 94�C for 5 min,
followed by 30 cycles of 94�C for 20 s, 59�C for 40 s, 72�C
for 40 s; and a final elongation step at 72�C for 7 min. Pri-
mers used were IFI44 (Sense 5¢-TTGGAGGGAAGCGGCT
TAGCCT-3¢; anti-sense 5¢-TGGACCCAGCAGCAGAATT
CGT-3¢) and GAPDH (Sense 5¢-CCACCCATGGCAAATT
CCATG-3¢; anti-sense 5¢-TCTAGACGGCAGGTCAGGTC
CACC-3¢). Polymerase chain reaction products were run on a
1% agarose gel containing 0.05% (w/v) ethidium bromide at
100 V for 40 min. The result of this was used to identify a

suitable concentration of IFNa2b for the genome wide
analysis below.

For the exon gene array, the integrity and purity of the RNA
was confirmed by RNA 6000 NanoAssay on an Agilent 2100
Bioanalyzer. All RNA samples had a RNA integrity number
> 9.90. An Affymetrix GeneChip Human Exon 1.0 ST Array
(version 2.0) was performed using 50 ng RNA from IFN-
treated (10 ng/mL IFNa2b for 6 h) or vehicle-treated HAoECs
from 2 independent experiments. Microarray data quality,
normalization, and expression analysis were assessed using
Affymetrix GCOS software, dChip, and RMA (Li and others
2001). Further statistical analysis of the dataset, including
Principal Components Analysis and t-tests, were performed
using maxdView (available from http://bioinf.man.ac.uk/mi-
croarray/maxd/). Differentially expressed genes were defined
as those with a fold-change ‡ 2 and a mean fluorescence
signal intensity of > 50 for at least 1 of the treatment groups.
Significance was defined as a q £ 0.2 (with Bonferroni cor-
rection to adjust for the effect of multiple comparisons). Gene
ontology (GO) analysis was performed using the online DA-
VID Functional Annotation Tool (Huang and others 2009).
Normalized data files are available on the ArrayExpress
Website under the reference E-MEXP-3746 (www.ebi.ac.uk/
arrayexpress/experiments/E-MEXP-3746/).

Proliferation studies

HAoECs were seeded at 1 · 104/cm2 into 24-well culture
plates containing 9 mm diameter glass coverslips (Nunc) and
allowed to adhere overnight. Cells were serum-starved for
4 h (EGM-MV2 with no FBS) and then cultured for up to
72 h in the presence of 10 ng/mL IFNa2b (Promokine) or
vehicle control, in triplicate, in EGM-MV2 5% FBS. At
each time point (0, 24, 48, and 72 h) triplicate coverslips
were removed, fixed in 5% trichloracetic acid for 30 min,
stained with Mayer’s hematoxylin for 5 min, and rinsed for a
further 5 min in running tap water. Coverslips were then
mounted onto glass slides and 3 random fields per coverslip
were visualized at · 100 magnification using a Leica CTR
5000 microscope and Leica DFC320 color camera. The
number of nuclei per field was counted using ImageJ soft-
ware (http://rsb.info.nih.goc/ij).

Cell proliferation and mitochondrial activity was also
measured using Cell Proliferation Kit 1 (MTT) (Roche) ac-
cording to the manufacturer’s instructions. Briefly, 1 · 104/cm2

HAoECs or HUVECs were cultured in 96-well plates in the
presence of IFNa2b (0.1–10 ng/mL) for up to 72 h. At each
24 h time point, triplicate wells were incubated with 50mg
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromine
(MTT) for 4 h at 37�C, and the resulting purple formazan
crystals solubilized with 10% sodium dodecyl sulfate (SDS) in
0.01 M HCl overnight. Plates were then read at wavelength
570 and 750 nm (referent) using a BioTek EL800 plate reader
running Gen5 software (BioTek Instruments). Vascular en-
dothelial growth factor A (VEGF-A; 20 ng/mL) (Promokine)
and the nitric oxide (NO) scavenger PTIO (as carboxy-PTIO
potassium salt) (10mM) (Sigma-Aldrich) were used as positive
and negative controls respectively.

NO bioavailability

HAoECs were plated at 2.5 · 104 cells/cm2 in 24-well
plates and cultured until 90% confluent. The media (500mL)
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was replaced with fresh EGM-MV2 containing 0.1–10 ng/m
IFNa2b in triplicate, and then removed at 6 or 24 h. Total
nitrite concentration was determined using the nitrate/nitrite
colorimetric assay kit (Cayman Chemical Company) ac-
cording to the manufacturer’s protocol and read at 550 nm.
This assay contains nitrate reductase, which converts all
available nitrate to nitrite and can detect nitrite concentra-
tion of 2.5 mM, providing an indirect measure of NO bio-
availability.

Tubule formation assays

The ability of endothelial cells to form tubule networks
on a gel matrix forms the basis of numerous in vitro an-
giogenesis assays. It is well recognized that the formation of
these networks is dependent, at least in part, on the matrix
used. It is recommended, therefore, that the effect of test
substances is determined on more than 1 matrix (Staton and
others 2009). We therefore investigated the effects of IF-
Na2b in both Matrigel [two-dimensional (2D) networks]
and type 1 collagen [three-dimensional (3D) networks].

To assess 2D tubule formation, initially 6 · 103 HAoECs
in 100 mL EGM-MV2 – 10 ng/mL IFNa2b were placed onto
30 mL Matrigel� (BD Biosciences), which had been al-
lowed to polymerize in 96-well culture plates at 37�C for
30 min. Subsequent experiments used 3.5 · 103 HAoEC or
5 · 103 HUVEC in 50 mL media placed onto 10mL Matrigel
in Angiogenesis m-Slides (IBIDI). Tubule network formation
was observed at 16 h using an Olympus CKX41 microscope
and Olympus C-7070 camera. Images were imported into
ImageJ software and the density of the network was deter-
mined by the number of branch points/junctions in 3 random
fields per well.

To examine 3D tubule formation, a collagen gel was
prepared using a method adapted from Abaci and others
(2011). Briefly, an alkaline solution [102.225 mL DMEM
(1 · ), 9.75 mL DMEM (10 · ), and 0.525 mL 5 N NaOH] was
carefully mixed with a gel solution [72.2 mL type 1 rat tail
collagen (BD Biosciences) and 15.25 mL 0.1% acetic acid]
on ice. HAoECs were resuspended in DMEM (1 · ) and
added to the gel solution to make a final cell concentration
of 1.1 · 106 cells/mL and collagen concentration of 1.4 mg/
mL. The cell suspension was added to 96-well plates
(53.8 mL/well), incubated at 37�C for 10 min, and then
100 mL EGM-MV2 – 10 ng/mL IFNa2b added and tubule
formation assessed at 48 h.

Statistical analysis

Data were analyzed using GraphPad Prism version 6.00.
Differences in the functional assays were compared using
paired t-tests (proliferation and tubule formation) and one-
way ANOVA (NO assay).

Results

Transcriptional analysis of IFNa2b in HAoECs

Exposure of HAoECs to IFNa2b (0.1–10 ng/mL), but not
tumor necrosis factor-alpha (TNFa) (10 ng/mL), for 6 h re-
sulted in increased expression of the ISG IFI44 (Fig. 1A, B).
The genome wide analysis by Affymetrix GeneChip Exon
array showed that IFNa2b had a significant effect on gene
expression in HAoECs. A total of 198 genes were signifi-

cantly regulated by IFN (fold change ‡ 2; q < 0.2) although
of these only 5/198 (2.5%) were downregulated.

GO analysis was performed to classify the 198 genes
according to their biological function. The largest group of
transcripts regulated by IFNa2b were those involved in
immune system function (62 genes) followed by genes re-
lated to transcription and translation (26 genes) and intra-
cellular signaling pathways (24 genes) (Fig. 1C). Within the
immune-related group, 14 genes were involved in inhibition
of viral replication (Fig. 1D).

The ISGs IFIT1 and IFI44L were among the upregulated
genes and expression was increased by 122.4- and 93.1-fold
respectively. Genes upregulated by ‡ 15-fold are presented
in Figure 1E and include recognized ISGs (IFIT1, IFI44L,
IFIT3, MX1, MX2, OAS1, and OAS2).

To demonstrate that this endothelial model was robust an
identical exon array was also performed using TNFa (10 ng/
mL) (Heathfield and others 2012). In contrast to IFNa2b,
TNFa differentially regulated 11,327 genes (q £ 0.2) with
‡ 2-fold changes in 206 genes (Fig. 2A). Only 20 genes were
upregulated by both TNFa and IFNa2b by ‡ 2-fold in-
cluding recognized ISGs; MX1, IFIT3, and IFI30 (Fig. 2B).

Effect of IFNa2b on endothelial cell
proliferation and NO availability

The number of HAoECs in random fields increased over
the time course, demonstrating that the cell culture condi-
tions were adequate for cellular proliferation. IFNa2b
(10 ng/mL) had no effect on the number of cells counted at
24, 48, or 72 h (Fig. 3A), indicating no effect on HAoEC
proliferation.

The effect of IFNa2b on HAoEC proliferation was also
measured using an MTT assay. HUVECs were used as a
comparator cell population. VEGF-A (20 ng/mL) and car-
boxy-PTIO (10mM) were used as positive and negative
control treatments respectively. After 24 h, in both HAoEC
and HUVEC there was a significant increase in proliferation
in VEGF-A-treated cells (P = 0.022 for both cell types) and a
significant decrease in PTIO-treated cells (P = 0.002 and
P = 0.007, respectively) (Fig. 3B). IFNa2b (10 ng/mL) had
no effect on HAoEC proliferation at 24 h (P = 0.210) but
resulted in a small but significant increase in HUVEC pro-
liferation (P = 0.047) at this time point. However, at 48 and
72 h IFNa2b had no significant effect on proliferation in
either cell type (Fig. 3C, D), although the trend toward in-
creased HUVEC proliferation was seen at 48 h.

NO bioavailability was measured in the cell culture su-
pernatant from HAoECs treated with either IFNa2b (0.1–
10 ng/mL) or vehicle control. IFNa2b had no effect on the
total nitrate and nitrite concentration at either 6 or 24 h
(P = 0.217 and P = 2.78 respectively) (Fig. 3E).

Effect of IFNa2b on endothelial
tubule network formation

Both HAoECs and HUVEC spontaneously formed cap-
illary-like tubule networks in Matrigel. The addition of
IFNa2b (10 ng/mL) to the media did not have any signifi-
cant effect on the density of HAoEC tubule network
(P = 0.371) (Fig. 4A, B). Similar to the proliferation studies
above, VEGF-A significantly increased the network density
(P = 0.026) while carboxy-PTIO markedly impaired tubule
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FIG. 1. Gene expression in human aortic endothelial cell (HAoEC) in response to IFNa2b. (A) IFNa2b (0.1–100 ng/mL)
but not tumor necrosis factor-alpha (TNFa) (10 ng/mL) increases expression of the interferon-sensitive gene IFI44. Reverse
transcription-PCR products shown for IFI44 and the reference gene GAPDH. (B) The fold change in IFI44 was similar across doses
of IFN. (C) Gene ontology (GO) analysis of 198 differentially expressed transcripts by IFNa2b (fold ‡ 2, q £ 0.2) according to
biological function reveals over-representation of genes with immunoregulatory function. (D) A more detailed GO analysis of the
63 genes initially assigned to immune function group shows marked expression of genes involved in viral replication and antigen
presentation. (E) Tabulation of genes upregulated by IFNa2b by ‡ 15-fold includes the recognized ISGs IFIT1, IFI44L, and MX1.
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formation by > 50% (P = 0.001) (Fig. 4B). IFNa2b also had
no effect on the tubule-forming capacity of HUVEC
(P = 0.339) (Fig. 4C). HAoEC formed smaller, less well-
connected tubules in a type 1 collagen matrix (Fig. 4D).
These networks are more difficult to accurately quantify,
although no effect of IFNa2b was seen.

Discussion

IFNa induced the expression of known ISGs in aortic en-
dothelial cells. This interferon signature was comparable to
that seen in endothelial biopsies of lupus patients (Goldenberg
and others 2011), in peripheral blood cells (Baechler 2003),
and in epithelial cell lines following treatment with lupus
patient serum (Hua and others 2006). The gene expression
profile is dominated by genes involved in immune system
regulation; particularly viral replication (IFIT1, OAS2, and
OAS1), leukocyte chemotaxis (CXCL10 and CXCL11), and
intracellular signaling (IFIT3, MX2, and IFIT2). These ob-
servations support the role of IFNa2b in the host response to
viral infection. The principal component analysis by Somers
and others (2012) showed that PRKR expression alone was
associated with endothelial dysfunction, while components
including IFIT1, IFI4, and MX1 were more strongly associ-
ated with carotid intima medial thickness and coronary cal-
cification. Our transcriptional analysis did not show any direct
regulation of PRKR expression in aortic endothelial cells.
Similarly, lupus patient endothelial biopsies had down-
regulated genes in the TGFb pathway, which again were not
seen in our array. Our results suggest that these changes are
not due to the direct effect of IFN on endothelial cells and may
represent the effects of other cytokines.

Interestingly, some of the ISGs were also regulated by
TNFa, although the fold expression changes were lower.
The ‘‘IFN signature’’ itself may therefore not be exclusive
to type 1 interferon and may be influenced by other in-
flammatory cytokines. In contrast to the effect of TNFa on
HAoECs (Heathfield and others 2012), within the 198 genes
significantly regulated by IFN, those associated with endo-
thelial cell activation (eg, vascular cell adhesion molecules)
were notably absent.

We found that despite significant upregulated expression
of ISGs in HAoECs, IFNa had no significant effect on
HAoEC function in an isolated culture system. We per-
formed a comprehensive assessment of endothelial function
in terms of proliferation, NO production and tubule forming
capacity using multiple methodologies. It is possible that
cellular response to IFNa is determined by the origin of the
endothelial cell. For example, the induction of ISGs by IF-
Na2b, differs between lymphatic- and blood vessel-derived
endothelial cells (Moll and others 2011). Previous studies in
human cells have primarily focused on dermal microvas-
cular cells (Ruszczak and others 1990; Sgonc and others
1998) or HUVECs (Eguchi and others 1992; da Silva and
others 2002; Gomez and Reich 2003; Tissari and others
2005); however, these may be less relevant to models of
endothelial dysfunction and atherosclerosis.

The effects of IFNa on HUVECs remains unclear; we
found a small increase in proliferation at 24 h that persisted
(although not significantly) at 48 h. This is consistent with a
previous study (Gomez and Reich 2003), although others
have shown no effect (Erdmann and others 2011), or even
inhibition of proliferation (Wang and others 2008; Wada
and others 2009). More intriguingly, our proliferation assay

FIG. 2. HAoEC gene expression in response to IFNa2b and TNFa. (A) Venn diagram to show number of genes
significantly upregulated by both IFNa2b and TNFa in the exon gene arrays. (B) The expression of 20 genes is significantly
upregulated by both cytokines.
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FIG. 3. The effect of IFNa2b on endothelial cell proliferation and nitric oxide (NO) bioavailability. (A) IFNa2b had no
effect on the number of HAoECs at 24, 48, or 72 h compared to vehicle control. Bars represent the mean and SE of the
mean; combined results from n = 3 independent experiments. (B) Cellular proliferation as measured by MTT assay shows a
positive effect of vascular endothelial growth factor (VEGF) (20 ng/mL) and a negative effect of the NO scavenger PTIO
(10 mM) on proliferation in both HAoEC and human venous endothelial cell (HUVEC) after 24 h. The absorbance values
were normalized to vehicle-treated cells. (C) IFNa2b (10 ng/mL) had no effect on proliferation compared to vehicle control
in HAoEC at 24, 48, or 72 h. (D) In contrast, IFNa2b significantly increased HUVEC proliferation at 24 h (P = 0.047). This
effect persisted to 48 h but was not statistically significant (P = 0.134) at this time point. (E) The NO bioavailability (as
measured by supernatant nitrite concentration) was not changed by IFNa2b (0.1–10 ng/mL) at either 6 or 24 h.
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shows a difference in response to IFNa2b between HAoEC
and HUVEC, while the effects of VEGF-A and PTIO were
similar. It is well recognized that cells from different vas-
cular beds exhibit marked differences in terms of function
and gene expression in vitro (Craig and others 1998; Ait-
sebaomo and others 2008). Complicating matters further,
molecular profiles may also differ between regions of the
same vessel (Passerini and others 2004). Further discre-
pancies may be due to the use of fetal (HUVEC) and adult
(HAoEC) cells. Transcriptomic analysis reveals differences
in the expression profile between foetal and mature cells
from the same vascular bed (Chen and others 2013). Our
studies utilized HAoEC as this cell type is both arterial and
mature adult is thus likely to most closely resemble those
cells in which atherosclerosis develops in vivo.

Only the study by Gomez and Reich (2003) has inves-
tigated the effect of IFNa on human aortic cells. In these
experiments IFNaA/D (*4 ng/mL) increased HAoEC
proliferation by around 3-fold after 72 h. However, in our
experiments we did not see any effect on proliferation at
concentrations of up to 10 ng/mL over the same time

period. Possible explanations for this discrepancy include
differences due to the splice variant of IFN used (IFNa2b
versus IFNa2a), a potential interaction between IFNa and
the components of FBS, or in the measurement of pro-
liferation (MTT versus 3[H]-thymidine incorporation).
Our studies used IFNa2b as it is considered the most
pluripotent of the IFNa family and is associated with
endothelial dysfunction at pharmacological doses in vivo
(Takase and others 2001). In the studies by Gomez and
Reich (2003), HAoECs were cultured in basic media
containing high concentrations of FBS (20% compared to
only 5% in our studies). Components of FBS are known to
interact with test agents in experimental culture systems
and so may positively modulate IFNa signaling when high
concentrations of FBS are used (Ribereau-Gayon and others
1995; Ueyama and others 1995). Additionally, it is rec-
ognized that formazan-based assays (ie, MTT) reflect mi-
tochondrial activity, while 3[H]-thymidine incorporation
assays measure DNA replication, and that these 2 measures
do not directly correlate with each other (Wittstock and
others 2001).

FIG. 4. The effect of IFNa2b on endothelial cell tubule network formation. (A) HAoEC formed tubule networks in
Matrigel with clear branches (arrowheads) and branch points/junctions (star). Network density was determined by the
number of junctions in 3 random fields. Each experimental condition was conducted in triplicate and each graph represents
n > 3 independent experiments. Bars represent the mean (SE) number of junctions. (B) The density of the HAoEC network
was significantly increased by 10 ng/mL VEGF-A (P = 0.026) and decreased by 10 mM carboxy-PTIO (P = 0.001). IFNa2b
(10 ng/mL) had no effect on the HAoEC network density. (C) Similarly, the network density was not changed in HUVEC.
Similar positive and negative effects of VEGF-A and PITO were seen in HUVEC (data not shown). (D-i) HAoEC tubule
networks in three-dimensional (3D) type 1 collagen matrix were less complex than those on Matrigel. Representative image
to show branch points/junctions (star) and branches (arrowheads). (D-ii, iii) Representative images of HAoEC networks in
the presence of IFNa2b (10 ng/mL) or vehicle control show no difference in tubule network structure or density.
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Recently, others have shown that IFNb but not IFNa
impairs proliferation of microvascular lung endothelial cells
and HUVECs by causing cell cycle arrest (Erdmann and
others 2011).

We propose therefore that type 1 interferons can impair
endothelial function via different mechanisms; either direct
endothelial toxicity (IFNb) or by inhibiting endothelial repair
mechanisms (IFNa). Circulating angiogenic cells (CACs)
and endothelial progenitor cells (EPCs) have important roles
in the repair of damaged vasculature and participate in an-
giogenesis both in vitro and in vivo. The first observation
was that early-EPC colony forming units (CFUs) were fewer
in patients with SLE compared to healthy controls (Lee and
others 2007) supported by data from our group (Haque and
others 2009). This phenomenon was associated with the in-
creased expression of the ISG MX1 and replicated by the
addition of IFNa2b in vitro. Mixed CAC/EPC populations
underwent apoptosis in the presence of IFNa and were dri-
ven toward a non-angiogenic phenotype (Denny and others
2007). Further, abnormal EPC function in lupus-prone NZB/
NZW mice was replicated in control animals (BALB/c) by
the addition of IFNa in vitro (Thacker and others 2010). The
detrimental effects of IFNa on EPC function have recently
been investigated in vivo by the generation of lupus-prone
IFNab-receptor knockout mice. These animals have in-
creased numbers of EPCs and improved endothelial function
compared with lupus-prone mice with a functioning IFN
pathway (Thacker and others 2012).

In summary, the effects of IFNa on the development of
vascular dysfunction and CVD in patients with SLE do not
appear to be due to a direct effect upon the mature endo-
thelium. Further work should focus on the role of IFNa in
vascular repair mechanisms and the development of relevant
in vitro models should instead be based upon CAC/EPC
function.
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