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Background: Interferon (IFN)-γ is a proinflammatory cytokine with a crucial role in intercellular communication during innate
and acquired immune responses. IFN-γ interacts with various cell types, including endothelial cells. Here, we investigated the
effects of pharmacological or low doses of IFN-γ in cultured endothelial cells.
Methods: Human endothelial cells were cultured in the presence of pharmacological or low-dose concentrations of IFN-γ. Signal
transducer and activator of transcription (STAT) and Extracellular signal-regulated kinase (ERK) phosphorylation were investi-
gated by enzyme linked immunosorbent assay (ELISA). Western blot for ERKwas also performed. Transient ERK silencing was
obtained by short interfering RNA (siRNA). Cell proliferation and migration were analysed by cell counting and wound assay,
respectively.
Results: At pharmacological concentrations, IFN-γ activates the Janus kinases (JAK)/STAT pathway, leading to the overexpres-
sion of the cyclin-dependent kinase inhibitor 1A/p21 (CDKN1A/p21), which inhibits cell growth. In contrast, low-dose activated
IFN-γ does not trigger the canonical JAK/STAT pathway and induces the phosphorylation of ERK. ERK activation is responsible
for endothelial cell migration induced by low-dose activated IFN-γ.
Conclusions: We demonstrate that pharmacological and low-dose activated IFN-γ exert distinct effects on endothelial cells by
triggering different signal transduction pathways. These findings shed light on the intricate signalling pathways employed by
IFN-γ, and suggest that low-doses of IFN-γ might play a homeostatic role in endothelial cell during innate and acquired immune
responses.
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Introduction

The endothelium is a dynamic, disseminated organ
which performs essential functions. In addition to acting
as a physical barrier between the blood and the tissues, vas-
cular endothelial cells (EC) modulate metabolic homeosta-
sis, control coagulation and vascular tone. Moreover, EC
play a central role in the regulation of local immune and in-
flammatory reactions. Vascular EC synthesize and release
components of the complement cascade [1]. Moreover, EC
are a source and a target of chemokines and cytokines, and,
when activated, express both Toll-like receptors (TLRs) and
nucleotide-binding oligomerization domain (NOD)-like re-
ceptors (NLRs) as well as adhesion molecules for leuko-
cytes [2], thus regulating immune cell recruitment to spe-
cific inflammatory sites. For this reason, ECwere proposed
as conditional innate immune cells [2]. Because of their lo-
cation, EC are one of the first targets of cytokines circulat-
ing in the blood stream. They respond to interferon (IFN)-γ,
a pro-inflammatory cytokine crucial in intercellular com-

munication during innate and acquired immune responses
[3]. Indeed, like most cells in the body, EC express the IFN-
γ receptor (IFN-γR) [3]. Similarly to several other cytokine
receptors, IFN-γR primarily signals through the engage-
ment of the Janus kinase/Signal transducer and activator
of transcription (JAK/STAT) pathway. In brief, STAT-1 is
phosphorylated by the JAK-2, forms homodimers, translo-
cates to the nucleus and binds to the γ-activated sequence
elements (GAS elements) within the promoters of IFN-γ-
responsive genes [3,4]. STAT-1 also interacts with other
transcription factors, such as STAT-2 and interferon reg-
ulatory factor (IRF)-9, to form heterodimers and modu-
late transcription [5,6]. Moreover, since IFN-γ stimulates
gene expression in STAT-1-/- macrophages [7], noncanoni-
cal IFN-γ signalling pathways have been described. The ac-
tivation of these alternative pathways, which include small
G proteins andMitogen-activated protein kinases (MAPK),
requires long duration treatments (hours rather than min-
utes) with IFN-γ [8].
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In EC, IFN-γ modulates the expression of hundreds
of genes [9], among which TNF-related apoptosis-inducing
ligand (TRAIL), guanylate binding protein (GBP)1, and the
chemokines CXCL10 and 11 [9]. This transcriptional pro-
gram induced by IFN-γ might account for the widely re-
ported inhibition of endothelial proliferation in vitro [10–
12] as well as for its angiostatic effects in vivo [13]. It
has been shown that IFN-γ induces non apoptotic blood
vessel regression in development and wound healing, and
has a role in remodelling of uterine vessels during preg-
nancy [14–16] as well as in experimental models of cancer
[13]. The activation of the STAT-1 signalling is required
for growth inhibition, as short interfering RNA (siRNA)
targeting STAT-1 abrogated IFN-γ-induced inhibition of
EC growth [17]. STAT-1 activation also mediates the in-
crease of endothelial permeability by redistributing junc-
tional proteins and stimulates the transmigration of lym-
phocytes through the endothelial barrier [18]. Of interest,
24 hour treatment with IFN-γ is necessary to activate p38
MAPK in EC and rearrange the cytoskeleton [19].

In these experimental settings the concentrations of
IFN-γ utilized are much higher than the ones detected in
vivo [20–22]. Evidence is accumulating that ligand con-
centrations from 10−18 M to 10−24 M induce biological re-
sponses in various biological systems [23]. However, the
quantitative insight into the number of cytokine molecules
needed to activate a target cell has been overlooked. A re-
cent report demonstrates that interleukin (IL)-6 signalling
requires only few IL-6 molecules [24]. This is likely to be
true for most cytokines, including IFN-γ, in physiological
conditions. It should also be recalled that, in spite of its
enormous therapeutic potential in immune diseases and in
cancer, the use of IFN-γ is limited by its dose-dependent
side effects [25]. We have previously shown that very low-
doses of IFN-γ exert an immunomodulatory action in Jurkat
cells [26]. Here we compare the effects of different concen-
trations of IFN-γ on the behaviour of human EC.

Materials and Methods

Cell Culture
Primary Human Umbilical Vein Endothelial Cells

(HUVEC) were from Lonza (Catalogue no. C2519A,
Lonza, Basilea, Switzerland) and cultured in EBMTM

Basal Medium supplemented with EGMTM Endothelial
Cell Growth Medium SingleQuotsTM (Catalogue no. 3162,
Lonza, Basilea, Switzerland) on 2% collagen-coated dishes.
Cells used in this study are free of contamination by STR
and mycoplasma testing. HUVEC were treated with two
different formulations of IFN-γ (Catalogue no. C-60724,
PromoCell, Heidelberg, Germany) as previously reported:
an activated solution and a non-activated solution. After se-
quential serial dilution (1:100) in 30% hydroalcoholic so-
lution, on the basis of previous knowledge on activated
blends [27,28] the activation was attained by a shaking

procedure (vertical shaking; 10 cm motion range; shak-
ing speed corresponding to 100 oscillations in 10 seconds).
IFN-γ activated (A-IFN-γ) or not (IFN-γ) was used at
pharmacological (10 ng/mL) or low-dose (10 pg/mL) con-
centrations [28]. For proliferation experiment, 20 × 103
cells/cm2 were seeded in 24-well plates and treated with
pharmacological or low-dose concentrations of the acti-
vated and non-activated formulations of IFN-γ. After dif-
ferent time points, the cells were stained with Trypan blue
solution (0.4%) (Catalogue no. T8154, Sigma Aldrich, St.
Louis, MO, USA), and the viable cells were counted using
a cell counter. Nifuroxazide (Catalogue no. 481984, Cal-
biochem, St. Louis, MO, USA) (3 µM for 16 h) was used to
inhibit STAT-1 [29]. The concentration of 3 µMwas chosen
because it exerts no cytotoxicity in HUVEC (not shown).
The experiments were performed three times in triplicate.

qRT-PCR
Total RNA was extracted by the PureLinkRNA

MiniKit (Catalogue no. 12183018A, Thermo Fisher Sci-
entific, Waltham, MA, USA). Single-stranded cDNA was
synthesized from 1 µg RNA in a 20 µL final volume using
the High-Capacity cDNA Reverse Transcription Kit (Cat-
alogue no. 4368814, Thermo Fisher Scientific, Waltham,
MA, USA), according to the manufacturer’s instructions.
Real-time Quantitative Reverse Transcription PCR (qRT-
PCR) was performed three times in triplicate using the
CFX96 Touch Real-time Quantitative Reverse Transcrip-
tion PCR Detection System (Bio-Rad, Hercules, CA, USA)
instrument utilizing the TaqMan Gene Expression As-
say (Catalogue no. 4351370, Life Technologies, Monza,
Italy). The following primers were used: Hs00355782_m1
cyclin-dependent kinase inhibitor 1A/p21 (CDKN1A/p21)
and Hs99999905_m1 Glyceraldehyde-3-Phosphate Dehy-
drogenase (GAPDH) was used as an internal reference
gene. Relative changes in gene expression were analysed
by the 2−∆∆Ct method.

Western Blot Analysis
HUVEC were lysed in lysis buffer (50 mM Tris-HCl

pH 8.0, 150 mMNaCl, 1 mMEDTA, 1%Nonidet P40 Sub-
stitute). Protein concentration was determined using the
Bradford reagent (Catalogue no. B6916, SigmaAldrich, St.
Louis, MO, USA). Equal amounts of proteins were sepa-
rated by SDS-PAGE and transferred to nitrocellulose mem-
branes by using Trans-Blot TurboTM Transfer Pack (Cata-
logue no. 1704158, Bio-Rad, Hercules, CA, USA). West-
ern blot analysis was performed using primary antibodies
against p-Extracellular signal-regulated kinase (ERK) (di-
lution 1:1000, Catalogue no. sc-7383, Cell Signaling Tech-
nologies Danvers, MA, USA), ERK1/2 (dilution 1:200,
Catalogue no. sc-154, Santa Cruz Biotechnology, Dal-
las, TX, USA) and β-actin (dilution 1:1000, Catalogue no.
sc-47778, Santa Cruz Biotechnology, Dallas, TX, USA).
Secondary antibodies conjugated with horseradish perox-
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Fig. 1. Pharmacological concentrations of interferon (IFN)-γ activates the Signal transducer and activator of transcription
(STAT) pathway. Human Umbilical Vein Endothelial Cells (HUVEC) were treated for 30 min with pharmacological (10 ng/mL) or
low (10 pg/mL) concentrations of IFN-γ, subjected or not to activation. (A) The total amounts of STAT-1 were measured by enzyme
linked immunosorbent assay (ELISA). (B) The phosphorylation of STAT-1 (p-STAT-1) was evaluated by ELISA. The experiment was
performed three times in triplicate± standard deviation (SD). The data were analysed using two-way one-way analysis of variance (one-
way ANOVA). *** p≤ 0.001. CTR: physiological solution; CTR-A: activated physiological solution; 10 ng-A-IFN-γ: pharmacological
concentration of activated IFN-γ; 10 pg-A-IFN-γ: low dose activated IFN-γ.
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idase (dilution 1:4000, anti-rabbit Catalogue no. NA934,
anti-mouse Catalogue no. NXA931, Amersham Pharmacia
Biotech Italia, ColognoMonzese, Italy) were used. The im-
munoreactive proteins were detected with ClarityTM West-
ern ECL substrate (Catalogue no. 1705060, Bio-Rad, Her-
cules, CA, USA) and images were captured with a Chemi-
Doc MP Imaging System (Bio-Rad, Hercules, CA, USA).
Densitometry of the bands was performed with the soft-
ware ImageJ (version 1.54d, National Institute of Health,
Bethesda, MD, USA). The Western blots shown are repre-
sentative and the densitometric analysis was performed on
three independent experiments ± standard deviation (SD).

ELISA
The PathScan® PHOSPHO-STAT-1 (Tyr701) (Cat-

alogue no. 7234, Cell Signaling, Pero, MI, Italy) and
PathScan® RP Total STAT-1 Sandwich enzyme linked im-
munosorbent assay (ELISA) Kits (Catalogue no. 25253,
Cell Signaling, Pero, MI, Italy) were used to measure the
activation of STAT-1 according to the manufacturer’s in-
structions. InstantOne ELISA ERK1/2 (Total/Phospho)
(Catalogue no. 85-86013-11, Thermo Fisher Scientific,
Waltham, MA, USA) was used to analyse ERK1/2 phos-
phorylation according to the manufacturer’s instructions.
All ELISAs were performed three times, and each sample
was measured in triplicate.

Migration Assay
Cell migration was determined using an in vitromodel

of wound repair as previously described [30]. 10× 104 HU-
VEC were cultured in 24-well plates to confluence. After
16 h of starvation in medium without fetal bovine serum
and endothelial cell growth factor (ECGF), the monolayer
was wounded and treated with pharmacological or low-
dose concentrations of IFN-γ for 24 h. Vascular endothe-
lial growth factor (VEGF) (10 ng/mL, 100-20, PeproTech,
London, UK) was used as positive control. The cells were
stained with crystal violet to visualize the width of the
wound, and images were captured with a 4× objective us-
ing a phase contrast microscope [26]. The wound area
was calculated by ImageJ software and expressed using an
arbitrary value scale. The cells were also fixed in phos-
phate buffered saline containing 4% paraformaldehyde and
2% sucrose (pH 7.6) and stained with rhodamine-labelled
phalloidin (Catalogue no. R415, Thermo Fisher Scientific,
Waltham, MA, USA) and 4′,6-diamidino-2-phenylindole
(DAPI) (Catalogue no. D1306, Thermo Fisher Scientific,
Waltham, MA, USA) to visualize the cytoskeleton and the
nuclei, respectively. The images were acquired using 20×
objective by EVOS Floid Cell Imaging Station (Catalog no.
4471136, Thermo Fisher Scientific, Waltham, MA, USA).
In some experiments, after starvation for 15 h, HUVEC
were exposed to 30 µM ERK inhibitor III (Calbiochem,
San Diego, CA, USA) for 1 h before performing the wound
and the treatment with IFN-γ for additional 24 h. To ob-

Table 1. The sequences of the siRNAs used are reported.
GENE SEQUENCES 3′ −→ 5′

MAPK1/ERK2 AAGTTCGAGTAGCTATCAAGA
AACACTTGTCAAGAAGCGTTA
AATGACATTATTCGAGCACCA
ATCATGGTAGTCACTAACATA

MAPK3/ERK1 CTCCCTGACCCGTCTAATATA
CCCGTCTAATATATAAATATA
CAAGACTCGCGTGGCCATCAA
TGGACCGGATGTTAACCTTTA

MAPK, Mitogen-activated protein kinase; ERK, Extra-
cellular signal-regulated kinase; siRNA, short interfer-
ing RNA.

tain a transient downregulation of ERK1/2 in HUVEC, we
used Lipofectamine RNAiMAX (Catalogue no. 13778075,
Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s recommendations in combination
with the stealth siRNAs for ERK1/2 (MAPK1/ERK2 Cata-
logue no. 1027416; MAPK3/ERK1Catalogue no.1027416,
Qiagen, Hilden, Germany). The sequences used are re-
ported in Table 1. Non-silencing, scrambled sequences
were used as controls. Transfection with siRNAs was per-
formed in starvation medium for 16 h before wounding and
treating with IFN-γ for 24 h. At the end of the experiment,
the wound area was calculated by ImageJ software (version
1.54d, National Institute of Health, Bethesda, MD, USA)
on crystal violet - stained cells and expressed using an ar-
bitrary value scale. The experiments were performed three
times in triplicate. Data are shown as the mean ± SD.

Statistical Analysis
Data are expressed as the mean ± SD. In the experi-

ments in which the cells were treated only with the differ-
ent concentrations of IFN-γ, the data were analysed using
one-way analysis of variance (one-wayANOVA).When the
cells were treated with different concentrations of IFN-γ in
the presence of other experimental conditions (3 µM Ni-
furoxazide; siRNA ERK; ERK III inhibitor), the data were
analysed using two-way ANOVA. The p-values deriving
from multiple pairwise comparisons were corrected using
the Bonferroni method. Statistical significance was defined
as p-value ≤ 0.05. In the figures, ** p ≤ 0.01; *** p ≤
0.001. The graph containing the complete statistical analy-
sis is available in the supplementary.

Results

Low-Dose A-IFN-γ Does Not Phosphorylate STAT-1
Initially, we evaluated STAT-1 in HUVEC exposed to

pharmacological or low-dose concentrations of IFN-γ, both
activated and non-activated, for 30 min. No modulation
of the total amounts of STAT-1 was detected by ELISA
(Fig. 1A). Fig. 1B shows that 30 min of treatment with
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Fig. 2. Pharmacological concentrations of IFN-γ inhibit HUVEC proliferation. HUVEC were treated with pharmacological (10
ng/mL) or low (10 pg/mL) concentrations of IFN-γ, subjected or not to activation. (A) The cells were counted after 48 and 72 h. The
results are the mean of four separate experiments performed in triplicate. (B) After 16 h of treatment, Real-time Quantitative Reverse
Transcription PCR (qRT-PCR) was performed on RNA extracted from the cells as described in the methods. The experiments were
performed three times in triplicate ± SD. The y axis refers to the method used in order to calculate the relative fold gene expression of
sample (2−∆∆Ct method). The data were analysed using two-way ANOVA. ** p ≤ 0.01; *** p ≤ 0.001. CTR: physiological solution;
CTR-A: activated physiological solution; 10 ng-A-IFN-γ: pharmacological concentration of activated IFN-γ; 10 pg-A-IFN-γ: low dose
activated IFN-γ.

10 ng/mL non-activated or activated IFN-γ (10 ng/mL or
10 ng-A-IFN-γ) induced STAT-1 phosphorylation, an event
that was prevented when the cells were pre-treated for 16 h
with the STAT inhibitor nifuroxazide (3 µM). Conversely,
no phosphorylation of STAT-1 was observed after treating

HUVEC with non-activated or activated low-dose IFN-γ
(10 pg/mL or 10 pg-A-IFN-γ) (Fig. 1B). Similar results
were obtained with (activated physiological solution (CTR-
A)) and non activated physiological solutions (CTR).
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Fig. 3. Low-dose A-IFN-γ induces HUVECmigration. HUVEC were grown in 24-well plates to confluence. After 16 h of starvation,
the monolayer was wounded and the cells were treated with pharmacological (10 ng/mL) or low (10 pg IFN-γ) concentrations of IFN-γ,
subjected or not to activation. Vascular endothelial growth factor (VEGF) (10 ng/mL) was used as a positive control. (A) After 24 h, the
cells were stained with crystal violet and images acquired with a 4× objective using a phase contrast microscope (upper panel). Scale bar:
250 µm. Cytoskeleton was visualized after staining with fluorescein-labeled phalloidin and nuclei with 4′,6-diamidino-2-phenylindole
(DAPI). The images were acquired using the 20× objective of Floid imaging Station (lower panel). Scale bar: 100 µm. A representative
experiment is shown. The white arrows indicate the cells with a migratory phenotype, which are magnified (zoom 2.5×) in the lower
box. Scale bar: 100 µm. (B) The wound area was calculated by ImageJ software using images with cells stained with crystal violet. Data
are shown as the mean of three experiments± SD. The data were analysed using one-way ANOVA. *** p≤ 0.001. CTR: physiological
solution; CTR-A: activated physiological solution; 10 ng-A-IFN-γ: pharmacological concentration of activated IFN-γ; 10 pg-A-IFN-γ:
low dose activated IFN-γ.

Low-Dose A-IFN-γ Does Not Affect HUVEC
Proliferation

We compared the proliferative response of HUVEC
exposed either to pharmacological (10 ng/mL) or low
(10 pg/mL) concentrations of IFN-γ, activated or not.
While 10 pg/mL IFN-γ or A-IFN-γ exerted no effects
(Fig. 2A), 10 ng/mL IFN-γ, both activated or not, inhib-
ited HUVEC proliferation and induced the expression of the
cyclin-dependent kinase inhibitor 1A/p21 (CDKN1A/p21),

which codes for p21, as detected by qRT-PCR (Fig. 2B).
Nifuroxazide (3 µM) prevented growth inhibition and
CDKN1A/p21 expression in HUVEC treated with 10 ng/mL
IFN-γ, subjected or not to activation (Fig. 2A,B).

Low-Dose A-IFN-γ Increases HUVEC Migration
We then analysed endothelial migration in HUVEC

cultured in the presence of pharmacological or low-dose
concentrations of IFN-γ for 24 h. VEGF (10 ng/mL) was
used as positive control [31]. Fig. 3A shows a representa-
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Fig. 4. Low-dose A-IFN-γ activates Extracellular signal-regulated kinase (ERK) signalling. After 16 h of starvation, HUVEC were
treated for 30 min with the different concentrations of IFN-γ. Then the cells were lysed and the phosphorylation of ERK1/2 was analyzed
by western blot (A) and ELISA (B). Actin was used as a control of loading. A representative blot and densitometry obtained by ImageJ
on three independent experiments± SD are shown. The data were analysed using one-way ANOVA. The ELISA results are the mean of
three experiments in triplicates± SD. The data were analysed using two-way ANOVA. ** p≤ 0.01; *** p≤ 0.001. CTR: physiological
solution; CTR-A: activated physiological solution; 10 ng-A-IFN-γ: pharmacological concentration of activated IFN-γ; 10 pg-A-IFN-γ:
low dose activated IFN-γ.

tive experiment after staining the cells with crystal violet.
The cells were also stained with rhodamine-labelled phal-
loidin to detect the cytoskeleton and DAPI to visualize the
nuclei. 10 pg-A-IFN-γ and VEGF induced polarized cell
elongation (highlighted by the white arrows and magnified
in the lower box), which is typical of the endothelial migra-
tory phenotype [30,32]. Quantification of the wound width

is reported in Fig. 3B, which shows that 10 pg-A-IFN-γ in-
creased HUVEC migration. Interestingly, HUVEC migra-
tion was not modulated by non activated low-dose IFN-γ
or pharmacological concentrations of IFN-γ.

https://www.biolifesas.org/
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Fig. 5. ERK inhibition blocks HUVECmigration induced by low-dose A-IFN-γ. HUVECwere grown in 24-well plates to confluence
and wound assay was performed in HUVEC treated with the ERK inhibitor III (30 µM) or silenced for ERK as described in the methods.
(A) The silencing of ERK1/2 was evaluated by western blot (left panel). Actin was used as a control of loading. A representative blot
and densitometry obtained by ImageJ on three independent experiments ± SD are shown. (B) Cells were stained with crystal violet and
the images were acquired with a 4× objective using a phase contrast microscope (upper panel). Scale bar: 250 µm. The wound area
was calculated by ImageJ software (lower panel). The experiments were performed in triplicate. Data are shown as the mean± SD. The
data were analysed using two-way ANOVA. *** p ≤ 0.001. CTR: physiological solution; CTR-A: activated physiological solution; 10
ng-A-IFN-γ: pharmacological concentration of activated IFN-γ; 10 pg-A-IFN-γ: low dose activated IFN-γ.

Low-Dose A-IFN-γ Activates ERK

We analysed whether ERK was activated in HUVEC
treated with 10 pg/mL IFN-γ or A-IFN-γ. Both western

blot and ELISA demonstrate that only 10 pg/mL of A-
IFN-γ induced ERK phosphorylation (Fig. 4 A,B). VEGF
(10 ng/mL) was used as a positive control. ERK was not
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Fig. 6. The mechanisms of action of pharmacological vs low-dose A- IFN-γ. The cartoon is created by Biorender.com to summarize
the findings of our work.

phosphorylated neither by pharmacological concentration
of IFN-γ nor by 10 pg/mL non activated IFN-γ. As ex-
pected, Nifuroxazide had no effects on ERK phosphoryla-
tion of the samples (Fig. 4B).

ERK Mediates the Increase of Endothelial Migration
after Treatment with Low-Dose A-IFN-γ

To understand the role of ERK in mediating low-dose
A-IFN-γ-induced HUVECmigration, we inhibited ERK by
using a specific pharmacological inhibitor, i.e., ERK in-
hibitor III, and by silencing ERK using specific siRNA. The
efficiency of siRNA ERK was evaluated by western blot,
demonstrating the marked downregulation of the proteins
(Fig. 5A). We then analysed cell migration in the presence
of pharmacological or low-dose concentrations of IFN-γ
in HUVEC treated with ERK inhibitor III or silenced with
siRNA. ERK inhibition prevented the increase of HUVEC
migration induced by low-dose A-IFN-γ (Fig. 5B).

Discussion

The use of low-dose activated cytokines is taking its
first steps in in vitro studies as well as in clinical settings
[33,34]. In vivo, the principal aim is the harmonization of
cellular function to maintain or restore homeostasis. Dif-
ferent activated cytokines have yielded promising results
in patients with psoriasis [35], atopic dermatitis [36] and
rheumatoid arthritis [37]. Concerning IFN-γ, low-doses of
A-IFN-γ potentiated the activity of natural killer cells iso-
lated from patients with early-stage colon cancer [38]. In
Jurkat cells, low-dose A-IFN-γ exerted an immunomodula-
tory action by tuning signal transduction and gene expres-
sion [26].

Here we compare the effects of pharmacological and
low-dose IFN-γ, activated or not, in cultured EC. We show
that pharmacological and low-dose A-IFN-γ exert differ-
ent effects in HUVEC by activating distinct signal trans-
duction pathways (Fig. 6). 10 ng/mL IFN-γ, subjected or
not to activation, inhibited cell growth by upregulating the
CDKN1A/p21, in agreement with previous results obtained
in HUVEC [17] and other cell types [39]. It is known that
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activated STAT-1 specifically binds the conserved STAT-
responsive elements in the promoter of the gene encod-
ing CDKN1A/p21, resulting in the overexpression of its
RNA. In brief, it is STAT-1 activation that mediates IFN-γ-
dependent growth inhibition, as demonstrated in HUVEC
exposed to siRNA targeting STAT-1 [17]. This result is in
agreement with our data showing that the STAT inhibitor
prevents the effects of 10 ng/mL IFN-γ in HUVEC. Addi-
tionally, the evidence that 10 pg/mL of IFN-γ, which did
not activate STAT-1, had no impact on cell proliferation or
the expression of CDKN1A/p21, further supports this find-
ing. Intriguingly, only low-dose A-IFN-γ stimulates HU-
VEC migration, and this happens through the activation of
ERK. Indeed, siRNA targeting ERK as well as the ERK in-
hibitor III prevent the stimulation of cell migration induced
by low-dose A-IFN-γ. It is noteworthy that ERK is central
in endothelial migration, as shown in primary endothelial
cells derived from ERK knock out mice [40].

Two main questions arise at this point. The first
question pertains to the involvement of ERK in the sig-
nal cascade, and the second one concerns the need for
kinetic activation of the low-dose cytokine to potentiate
its action. Although STAT-1 is essential in cell response
to IFN-γ, several studies have also demonstrated the ex-
istence of STAT-1 independent pathways, often in a cell
type specific fashion [41]. As examples, we recall that
ERK is rapidly activated in IFN-γ treated neurons [41]
and ERK-dependent STAT-1 phosphorylation maximizes
STAT-1 activity in macrophages [42]. In EC long treat-
ments with IFN-γ activate p38 Mitogen-activated protein
kinase (MAPK), with consequent effects on cytoskeletal
reorganization [18,43]. Therefore, it is known that ERK
contributes to the signalling activated by pharmacological
concentrations of IFN-γ. The novelty of our results lies in
the evidence that low-dose A-IFN-γ rapidly activates ERK,
mediating the stimulation of endothelial migration, rather
than relying on the canonical STAT-1 pathway. We hypoth-
esize that low-doses of A-IFN-γ unveil the involvement of
the ERK pathway, which is otherwise overshadowed by the
dominance of STAT-1 signalling.

Since pharmacological concentrations of IFN-γ not
only inhibit growth but also stimulate apoptosis of HUVEC
[44], while low concentrations guarantee normal prolifer-
ation rate and increase migration, we propose that these
apparently conflicting results might be framed in the per-
spective of the hormetic dose responses, which means that
low concentrations of potentially harmful molecules exert
beneficial effects [45]. Hormesis is now envisioned as an
adaptive cellular response which contributes to the mainte-
nance of homeostasis by enhancing biologic plasticity [46].
Since the exceptional sensitivity to low concentrations of
ligands is maintained from unicellular to mammalian or-
ganisms, hormesis might have played an important role in
evolution as a survival strategy [23].

It should be noted that most of the experimental stud-
ies are conducted using concentrations much higher than
those detected in vivo [20–22]. Regarding IFN-γ, the aver-
age serum concentration in healthy adults ranges from 2 to
10 pg/mL [47,48]. In experimental studies, nanograms of
IFN-γ are generally utilized. The quantitative insight into
the number of molecules needed to activate a target cell has
not attracted much attention until recently, and evidence is
beginning to accumulate about the effects of low-doses of
biological active compounds [23]. An example comes from
studies on relaxin, which has been shown to be active in a
wide range of doses, spanning from attomolar to millimolar
concentrations [49]. This phenomenon might be attributed
to the relaxin receptor, a G-protein coupled receptor, which
preassembles into a large signalling complex, thereby facil-
itating its activation by very low concentrations of relaxin
[49]. On these bases, we speculate that low-dose A-IFN-γ
might stimulate ERK phosphorylation by binding to partic-
ular domains of the plasma membrane enriched in IFN-γ
receptors. Also cytokines trigger cellular responses [23,48]
at femto to picomolar concentrations. IL-6 signalling re-
quires only a few IL-6 molecules to exert its biological ac-
tivity in B9 hybridoma cells [24]. A recent study suggests
that picograms of IFN-γ stimulate the proliferation, the acti-
vation and the secretion of cytokines by immune cells [48].

It remains unclear and challenging to explainwhy only
low-dose A-IFN-γ activates ERK and stimulates HUVEC
migration. These results are consistent with the findings of
Gariboldi et al. [28], who were the first to observe differ-
ences in the activity of activated vs not-activated low dose
cytokine solutions in a murine model of asthma. It has
been shown that mechanical exposure alters the physical-
chemical characteristics of water with consequences on the
infrared emission spectra of ultra-high diluted IFN-γ solu-
tions [50]. Based on these findings, we hypothesize that
mechanical forces might induce conformational changes of
IFN-γ itself, optimizing its binding to its receptor and max-
imizing cell response. Further studies are warranted to elu-
cidate the mechanisms involved in this intriguing, yet mys-
teriousmodel of immunological stimulation, which is yield-
ing promising results also in clinical settings [33,35,36,51].

Conclusions

In conclusion, in HUVEC, STAT-1 serves as the prin-
cipal intracellular signal activated by nanograms of IFN-γ,
independently of mechanical stimulation, whereas the acti-
vation of ERK mediates the increase of endothelial migra-
tion in response to low-dose A-IFN-γ (Fig. 6).
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