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HIGHLIGHTS

« [L-28A enhances angiogenesis via use
of in vitro and animal models.

« [L-28A increases angiogeneic
responses via eNOS/AKT/ERK1/2
signaling.

« [L-28A promotes angiogenesis
through induction of AP-1/NF-xB/
MMP-2 network.

o [L-28A/HSP70-1 axis leads
angiogenesis via eNOS/AKT and AP-1/
NF-kB/MMP-2 cascade.

o [L-28A/IL-10Rp dyad extends
angiogenesis via eNOS/AKT and AP-1/
NF-kB/MMP-2 network.
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ABSTRACT

Introduction: Angiogenesis plays a significant role in the development of tumor progression and inflam-
matory diseases. The role of IL-28A in angiogenesis and its precise regulatory mechanisms remain rarely
elucidated.

Objectives: We report the novel regulatory role of IL-28A in physiological angiogenesis. The study aimed
to elucidate the regulatory mechanisms involved in IL-28A-mediated angiogenesis and identify key genes
associated with IL-28A-induced angiogenic responses.

Methods: To know the effect of IL-28A on angiogenesis, HUVECs were applied to perform proliferation,
migration, invasion, tube formation, immunoblot, and EMSA. Gene expression changes in HUVECs follow-
ing IL-28A treatment were analyzed by NGS. The functional role of HSP70-1 and IL-10Rp in IL-28A-
induced angiogenic responses was evaluated using PCR and siRNA knockdown. Animal studies were con-
ducted by aortic ring ex vivo assays, Matrigel plug in vivo assays, and immunochemistry using HSP70-1
knockout and transgenic mice models. The efficacy of IL-28A in angiogenesis was confirmed in a hind-
limb ischemia model.
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Results: Autocrine/paracrine actions in HUVECs regulated IL-28A protein expression. Exogenous IL-28A
increased the proliferation of HUVECs via eNOS/AKT and ERK1/2 signaling. IL-28A treatment promoted
migration, invasion, and capillary tube formation of HUVECs through induction of the AP-1/NF-xB/
MMP-2 network, which was associated with eNOS/AKT and ERK1/2 signaling. The efficacy of IL-28A-
induced angiogenic potential was confirmed by aortic ring and Matrigel plug assay. HSP70-1 was iden-
tified as an IL-28A-mediated angiogenic effector gene using bioinformatics. Knockdown of HSP70-1 abol-
ished angiogenic responses and eNOS/AKT signaling in IL-28A-treated HUVECs. IL-28A-induced
microvessel sprouting formation was testified in HSP70-1-deficient and HSP70-1 transgenic mice. Flow
recovery in hind-limb ischemia mice was accelerated by IL-28A injection. Finally, ablation of the IL-
10RB gene impeded the angiogenic responses and eNOS/AKT signaling stimulated by IL-28A in HUVECs.
Conclusion: HSP70-1 drives the progression of angiogenesis by the IL-28A/IL-10Rp axis via eNOS/AKT sig-
naling and the AP-1/NF-xB/MMP-2 network.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Angiogenesis, the neovessel formation process, is a prominent
step in the development of tumor progression and inflammatory
diseases [1]. The exquisite network communication between
proangiogenic factors and complicated signaling pathways in the
intricate microenvironment regulates the promotion of neovessel
formation [2,3]. Angiogenic factors, such as growth factors and
cytokines released from endothelial cells as well as inflammatory
cells and cancer cells, are the main contributors to the progression
of angiogenesis [1-5]. Angiogenesis also necessitates the migra-
tion, tube formation, and proliferation of endothelial cells via mul-
tiple signaling pathways in response to angiogenic factors [2-6].
Human interferon (IFN)-As, class II cytokine receptor ligands or
Type III IFNs, have antiviral activities and antitumor effects [7-
11]. IFN-A1, -2, —and —3 were initially denoted as interleukin
(IL)-29, IL-28A, and IL-28B that were highly similar to the several
IL-10-related cytokines (IL-10, IL-19, IL-20, IL-22, IL-24, and IL-
26) on the basis of sequence and structure of gene and protein
[7-9]. Three cytokines, namely IL-29, IL-28A, and IL-28B, interact
with an apparent heterodimeric receptor system composed of IL-
28 receptor o (IL-28Rat) chain in charge of unique ligand specificity
and IL-10 receptor B (IL-10RB) chain shared with the other IL-10
family members (IL-10, IL-22, and IL-26) [7-9]. Although IL-10RB
expression is ubiquitously distributed in most cells, expression of
IL-28Ra is restricted to, epithelial cells, B cells, plasmacytoid den-
dritic cells, macrophages, and hepatocytes [12,13]. Engagement of
IL-28A with its receptors induced activation of AKT, MAPK, and
JAK/STAT signaling involved in the antitumor and antiviral effects
[7,14]. By contrast, we have previously demonstrated that IL-
28A-induced migration was associated with the induction of the
MAPKs/NF-kB/MMP-9 signaling cascade in bladder cancer cells
[15]. IL-28 produced by canine myeloid-derived suppressor cells
(MDSCs) induced tumor angiogenesis, EMT, and invasion and
migration of tumor cells via stimulation of STAT3 [16]. However,
the exact regulatory mechanism of IL-28A in the promotion of
angiogenesis is rarely elucidated.

Heat shock protein 70 (HSP70) functions as a molecular chaper-
one to rescue cells from harmful effects in response to stressors
[17,18]. HSP70 maintains physiological homeostasis regulating
proliferation, cell cycle, cell death, migration, and cell signaling
[17,18]. The HSP70 family is divided into stress-induced (HSP70-
1, HSP70-2, HSP70-3, and HSPA6) and non-stress-induced mem-
bers (HSPA1L, HSPA2, HSPA5, HSPA13, and HSPA14) [19]. The
HSP70-1 and HSP70-3 genes, which are referred to together as
HSP70-1 due to high homology in their gene locus, are induced
by environmental stress [20]. HSP70-2 is a spermatid-specific
HSP70 gene in mice. HSP70-2 knockout mice are male-sterile
because of the enlargement of apoptotic testis cells [21]. HSPA6
is expressed in the human genome and lacking in mice and rats
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[22]. Evidence from our group demonstrated that IL-5-induced
HSP70-1 is involved in the progression of angiogenesis through
eNOS signaling [23].

The various members of the cytokine family are reported to reg-
ulate both negative and positive angiogenic responses [4,23-30].
However, whether the IL-28 family regulates the angiogenic pro-
gression involved in HSP70 expression remains to be investigated.
In this study, we examined the novel regulatory mechanism of IL-
28A as an angiogenic factor using in vitro experiments and an ani-
mal model. Furthermore, we also report the potential role of
molecular chaperone HSP70-1 in IL-28A/IL-10RB axis-promoted
angiogenesis through modulating eNOS/AKT signaling and the
AP-1/NF-xB/MMP-2 network using in vitro experiments and a
genetic mouse model.

Results

IL-28A expression is promoted in human muscle-invasive bladder
cancer (MIBC) tissues

Previously, we addressed that IL-28A mRNA levels were ele-
vated in MIBC tissues in comparison to the adjacent normal blad-
der tissues [31,32]. Our subsequent data suggested that IL-28A
induced invasion and migration of bladder cancer cells [15]. In
the present study, we conducted an immunohistochemistry (IHC)
experiment to verify the expression level of IL-28A between MIBC
and surrounding bladder tissues. IL-28A expression was signifi-
cantly upregulated in MIBC (Fig. 1A), suggesting that IL-28A might
be participated in the progression and development of bladder
cancer. To establish the relationship between IL and 28A expres-
sion and angiogenesis in MIBC tissue, we performed IHC staining
for CD31. Our findings indicated that CD31 expression was mark-
edly higher in MIBC tissues compared to surrounding bladder tis-
sues (Fig. 1B). This observation supports our hypothesis that the
upregulation of IL-28A in MIBC tissues is associated with enhanced
angiogenesis. These results led us to investigate whether IL-28A
functions as an angiogenic activator during tumor occurrence or
progression.

IL-28A stimulates the proliferation of HUVECs by inducing eNOS/AKT/
ERK1/2 signaling

We examined the level of IL-28A protein expression in HUVECs.
While a low level of endogenous IL-28A expression was observed
in HUVECs, the level was significantly induced in IL-28A-treated
cells (Fig. 1C and D). These data indicated that autocrine/paracrine
actions in HUVECs mediated IL-28A expression. To investigate
whether IL-28A induces angiogenic responses, we first assessed
the proliferation ability of HUVECs using the MTT assay. The prolif-
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Fig. 1. IL-28A induced proliferation of HUVECs via eNOS/AKT/ERK1/2 signaling. A Immunofluorescence staining of IL-28A in surrounding bladder and muscle-invasive
bladder cancer (MIBC) tissues. The images show DAPI staining for nuclei (blue), IL-28A staining (red), and merged images to indicate co-localization. Differential interference
contrast (DIC) images provide detailed structural context. The merged images combine DAPI, IL-28A, and DIC to show the overall localization and expression of IL-28A. The
scale bar represents 50 pm. B Immunohistochemical (IHC) staining for CD31 in surrounding bladder and MIBC tissues. The scale bar represents 50 pum. C RT-PCR analysis was
performed to measure IL-28A mRNA expression in HUVECs treated with IL-28A compared to control. D IL-28A treatment induced production of IL-28A in HUVECs. E MTT
assay was performed in IL-28A-treated HUVECs. F Phosphorylation level of eNOS, AKT, and ERK1/2 was examined using immunoblot analysis. The non-phosphorylation level
of each protein was used as an internal control. G Inhibition of IL-28A-induced proliferation of HUVECs in the presence of specific signaling inhibitors, such as L-NAME (eNOS),
LY294002 (AKT), and U0126 (ERK1/2). Data are presented as mean values + SE from three independent experiments. *P<0.05 compared with control, #P<0.05 compared with
IL-28A treatment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

eration of HUVECs was increased by IL-28A treatment (Fig. 1E).
Next, the signaling molecules involved in the IL-28A-indued prolif-
eration of HUVECs were determined. The eNOS enzyme plays a
crucial role in the production of nitric oxide (NO), a key mediator
in endothelial cell proliferation, migration, and angiogenesis
[33,34]. NO enhances vascular permeability and blood vessel for-
mation, thereby facilitating angiogenesis [29,35]. Similarly, the
activation of AKT and ERK1/2 leads to increased endothelial cell
proliferation and migration, which are vital processes for angio-
genesis [14,29,36]. The immunoblot result showed that IL-28A pro-
moted eNOS, AKT, and ERK1/2 phosphorylation (Fig. 1F). To
explore the specificity of the signaling molecules in IL-28A-
treated HUVECs, their specific inhibitors L-NAME (eNOS),
LY294002 (AKT), and U0126 (ERK1/2) were tested. The phosphory-
lation level of eNOS, AKT, and ERK1/2 induced by IL-28A was sup-
pressed in the addition of its specific inhibitors (Fig. 4B). To know
the direct correlation between cell proliferation and signaling
molecules, the HUVECs were treated with specific inhibitors, fol-
lowed by IL-28A treatment. Treatment of the specific inhibitors
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in HUVECs led to a significant decline in the IL-28A-stimulated cell
proliferation (Fig. 1G). Our results indicate that IL-28A stimulates
HUVEC proliferation through induction of eNOS/AKT/ERK1/2
signaling.

IL-28A induces the migration, invasion, and tube formation of HUVECs
by upregulating AP-1/NF-kB/MMP-2 axis through stimulation of
eNOS/AKT/ERK1/2 signaling

We next examined the mobility and tube formation of HUVECs
after treatment with IL-28A. Wound closure of scratched HUVEC
monolayers was promoted in the presence of IL-28A (Fig. 2A). Fur-
thermore, IL-28A elevated the number of invaded cells across the
membrane (Fig. 2B) and enhanced the tube formation by HUVECs
(Fig. 2C and Supplemental Fig. S2A). Transcription factors, such
as AP-1 and NF-xB, are known to regulate the expression of
MMP-2 and MMP-9, which play a crucial role in extracellular
matrix remodeling and are vital for angiogenesis [15,37,38]. We
subsequently explored the expression level of MMPs and their
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Fig. 2. IL-28A promoted migration, invasion, and tube formation via transcription factor-mediated MMP-2 expression in HUVECs. A Wound-healing assay was performed to
determine the wound closure ability of HUVECs after IL-28A treatment for 24 h. The scale bar represents 200 pm. B Result of invasive potential induced by IL-28-A in HUVECs
for 24 h. The scale bar represents 200 um. C Colony tube formation assay in HUVECs treated with IL-28A for 24 h. The scale bar represents 200 pm. D, E MMP-2 level was
examined in IL-28A-treated HUVECs using gelatin zymography and immunoblot analysis. F [L-28A-promoted binding ability of AP-1 and NF-kB was determined from the
nuclear extract. G HUVECs were transfected with AP-1 siRNA or scrambled siRNA and then exposed to IL-28A for the analysis of MMP-2 levels through immunoblot. H
Analysis of MMP-2 protein levels through immunoblot in HUVECs transfected with NF-kB siRNA or scrambled siRNA following IL-28A treatment. Data are presented as mean

values + SE from three independent experiments. *P<0.05 compared with control.

related transcription factors in IL-28A-treated HUVECs. IL-28A

treatment notably increased the expression and activity level of

MMP-2, as evidenced by immunoblot and zymography assay
(Fig. 2D and E). Moreover, the electrophoretic mobility shift assay
(EMSA) analysis revealed that IL-28A upregulated the binding abil-

ity of AP-1 and NF-kB motif (Fig. 2F). To provide direct evidence for

the involvement of AP-1 and NF-kB in IL-28A-induced MMP-2
expression, we used siRNA to silence AP-1 and NF-kB in HUVECs
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(Supplemental Fig. S1A, B). Our results showed that silencing AP-
1 and NF-xB significantly reduced the upregulation of MMP-2 pro-
tein levels in response to IL-28A treatment (Fig. 2G and H). Addi-
tionally, we assessed the regulatory role of eNOS/AKT/ERK1/2
signaling in the IL-28A-mediated mobility and tube formation of
HUVECs. The L-NAME treatment significantly inhibited the capac-
ity of IL-28A to induce migration, invasion, and tube formation of
HUVECs (Fig. 3A-F and Supplemental Fig. S2B). Similar results
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Fig. 3. Enos/akt/erk1/2 signaling is involved in migration, invasion, and tube formation in il-28a-treated huvecs. cells were treated with il-28a for 24 h in the presence or
absence of L-NAME, LY294002, and U0126. A, D Wound-healing migration, B, e invasion, and C, F colony tube forming assay was performed in HUVECs. All scale bars represent
200 pm. Data are presented as mean values * SE from three independent experiments. *P<0.05 compared with control, #P<0.05 compared with IL-28A treatment.

were obtained in the presence of LY294002 and U0126 (Fig. 3A-F
and Supplemental Fig. S2B). The elevated level of MMP-2 in IL-
28A-treated HUVECs was also suppressed by treatment with each
of the three inhibitors (Fig. 4A and B). The IL-28A-induced binding
activity of AP-1 and NF-xB was abolished by blockade of eNOS,
AKT, and ERK1/2 signaling (Fig. 4C). Our findings demonstrate that
IL-28A-mediated tube formation and mobility of HUVECs are
linked to up-regulation of the AP-1/NF-xB/MMP-2 axis through
increased phosphorylation levels of the eNOS/AKT/ERK1/2
signaling.

IL-28A promotes microvessel formation ex vivo and in vivo

To examine the angiogenic responsive effect of IL-28A using an
animal model, an aortic ring ex vivo assay was performed. IL-28A
treatment increased the total length of micro-neovessels emerging
from the isolated aortic ring compared with the control (Fig. 5A
and B). Further evidence supporting IL-28A-mediated angiogenesis
was obtained by performing a Matrigel plug in vivo assay.
Implanted Matrigel plugs infused with IL-28A retained better ves-
sel perfusion and contained more hemoglobin (an indicator of
neovessel formation) compared to control plugs containing PBS
buffer (Fig. 5C and D). The formation of micro-neovessels in the
capillary tubes was certified through immunostaining experiment
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with the endothelial cell marker CD31 (Fig. 5E). Furthermore, IL-
28A-stimulated neovessel formation was verified with the addition
of IL-28A antibody under both animal experiments (Fig. 5F-]).
These data strongly demonstrated the potent angiogenic potential
of IL-28A in vivo and ex vivo.

Selection of HSP70-1 in IL-28A-treated HUVECs under gene expression
file

We carried out a NGS analysis to identify the IL-28A-mediated
angiogenic effector genes. After treatment of HUVECs with or with-
out IL-28A for 6, 12, and 24 h, a data analysis technique was
applied to analyze the differentially expressed gene (DEG) expres-
sion profiles. Twenty-eight genes were significantly upregulated,
and 22 genes were downregulated among the genes changed by
more than + 1.5-fold when comparing between HUVECs treated
with IL-28A at any time and control cells (Supplemental
Table S1). Hierarchical clustering of genes and gene ontology
(GO) analysis revealed the molecular functions of the genes repre-
sented in the sets of DEGs in the two groups (Fig. 6A and B). Both
analyses revealed 7 clusters associated with biological functions
(Fig. 6B). These clusters belonged to the functional categories of
response to stress, response to stimulus, response to biotic stimu-
lus, response to unfolded protein, response to protein stimulus,
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performed using EMSA. Data are presented as mean values + SE from three independent experiments. *P<0.05 compared with control, *P<0.05 compared with IL-28A

treatment.

interferon-mediated immunity, and protein complex assembly
(Fig. 6B). Interestingly, the HSP family genes, such as HSP70-1,
HSPAG6, and HSP70-2, were the most upregulated genes in cells
treated with IL-28A; they displayed a maximal fold-change at
24 h (Fig. 6A and Supplemental Table S1), whereas the most down-
regulated genes in HUVECs stimulated by IL-28A were GPKOW and
DYRK?2 at 24 h (Fig. 6A and Supplemental Table S1). In addition, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis and the gene network diagram of gene interaction analyzed by
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Ingenuity Pathway Analysis (IPA) based on the genes upregulated
by more than 1.5-fold revealed a set of candidate hub genes that
included HSP70-1, HSPA6, and HSP70-2, which are mainly
enriched in the legionellosis, longevity regulating pathway, and
antigen processing and presentation (Fig. 6C and Supplemental
Table S2). Because of the deficient reproductive ability of HSP70-
2 and the non-expression pattern of HSPA6 in mice [21,22], our
subsequent experiments focused on the HSP70-1 gene as a novel
angiogenic factor that responds to IL-28A.



J.-H. Song, B. Hwang, S. Lyea Park et al.

A.
Aortic ring
C.
In vivo plug
E.
CD31
F.
Aortic ring
H.
In vivo plug
J.

Control

VEGF (50 ng/mL)
N

Control IL-28A (25 ng/mL) IL-28A (50 ng/mL) VEGF (50 ng/mL)
-~
Control IL-28A (25 ng/mL)

IL-28A (50 ng/mL)

IL-28A (50 ng/mL)

+ IL-28A antibody

IL-28A (50 ng/mL)

VEGF (50 ng/mL)

ﬂ' ’w

Control IL-28A (50 ng/mL) + IL-28A antibody IL-28A antibody
\
 ® &
IL-28A (50 ng/mL)
Control IL-28A (50 ng/mL)

Wy Jo)

Journal of Advanced Research 73 (2025) 247-263

o
N
o

o

Total microvessel
length (mm)

0 + T T ]
Control IL-28A VEGF
(50 ng/mL) (50 ng/mL)

oﬁilﬂ

o

N W Ao

-

Hemoglobin content
(g/dL)

control IL-28A IL-28A VEGF
(25 ng/mL) (50 ng/mL) (50 ng/mL)
G. 3 15 .
§ T 12
8E 9
9O c
ED 6
R
E - # #
0
IL-28A (50 ng/mL) - + + -
IL-28A antibody - - + +
I. z 3
2
§
co? .
sl
s =2
g d # #
g 0 W @\ M
IL-28A (50 ng/mL) - + + .
IL-28A antibody - - + +

Fig. 5. IL-28A induced microvessel outgrowth of angiogenesis ex vivo and in vivo. A Image of microvessel formation, followed by IL-28A treatment using aortic ring assay
ex vivo. B Quantification of the number of vessels sprouting after IL-28A treatment. C Angiogenic effect of IL-28A in Matrigel plug in vivo assay. D Quantitative analysis of
hemoglobin content. E Image of CD31 immunostaining in Matrigel plug. Effect of IL-28A antibody in IL-28A-mediated angiogenesis was examined via F, G aortic ring assay
ex vivo, H, I Matrigel plug in vivo assay, and ] immunostaining of CD31 antibody. The aortic ring assay ex vivo has a scale bar of 100 pm. The immunostaining of the CD31
antibody has a scale bar of 50 pum. Data are presented as mean values + SE from three independent experiments. *P<0.05 compared with control, #P<0.05 compared with IL-

28A treatment.



J.-H. Song, B. Hwang, S. Lyea Park et al.

A. ‘

—
H \

HSPA6

LOC100133095
EXOSC8
HS.565314
DDX60
XAGE1B
MGC13005

LOC100130960
RSAD2

HS.318976
ATP6VOB
DHRS2

TTR
LOC100131831
TELO2
LOC646533
LOC729390
LOC100127893
LOC283155
LOC100133272
MIP
LOC100132234
LOC729372
HS.542265
FGA

DYRK2

OAZ2
LOC100129905
GPKOW
XAGE1
CCDC88C
LOC441087
MIR658
LOC646198
LOC643595
LOC642843
HS.563969
UBE2E3
RALYL

ZNF407
LOC651289

1.5-fold changed genes

Expression index

12h
24 h

Ratio value

D

IL-28A (ng/mL) - 100

HSP70-1

HSP70-1/Actin
(% of control)
o =~ N W

Actin 100

0
IL-28A (ng/mL)

HSPA1B [HSP70-2]

QRFPR
HSPA1A [HSP70-1]
NMI

E

Journal of Advanced Research 73 (2025) 247-263

response to stimulus ]
response to stress I I |
response to biotic stimulus I |
response to protein stimulus R
response to unfolded protein N
protein complex assembly I
interferon-mediated immunity | NN

0 2 4 6 8 10
C . ﬁ\rELoz
— ZNF407 v
M : N /\
&4 o/ \
/
/.

BLOC1S1

IL-28A (ng/mL) - 100 KDa  £= o .
o 2
<
HSP70-1 | = 70 soft
)
0 R 0
28
Actin [ —| 47 0 100
IL-28A (ng/mL)

Fig. 6. Identification of HSP70-1 as a potential target gene in IL-28A-mediated angiogenesis. A Hierarchical clustering of RNA-seq expression data for IL-28A-induced genes.
Red areas represent 1.5-fold upregulated DEGs, and green areas represent 1.5-fold downregulated DEGs between nontreated- and IL-28A-treated HUVECs. B Gene ontology
annotations of upregulated DEGs. C Gene network analysis of 1.5-fold upregulated DEGs in IL-28A-induced HUVECs. The most significant modules of DEGs represent top three
genes (red color), which were identified as HSP70-1, HSPA6, and HSP70-2. D, E Expression level of HSP70-1 was confirmed by RT-PCR and immunoblot analysis in IL-28A-
treated HUVECs. Data are presented as mean values + SE from three independent experiments. *P<0.05 compared with control. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

HSP70-1 regulates the IL-28A-stimulated proliferation of HUVECs
through phosphorylation of eNOS/AKT signaling

The expression level of HSP70-1 in IL-28A-treated HUVECs was
validated by reverse transcriptase-polymerase chain reaction (RT-
PCR). Addition of IL-28A elevated the level of HSP70-1 mRNA in
HUVECs at 24 h (Fig. 6D). Up-regulation of HSP70-1 protein was
observed by immunoblot in HUVECs treated with IL-28A using
HSP70 antibody, which designed to bind specific epitope for
HSP70-1 (Fig. 6E). To further comprehend the functional role of
HSP70-1 in the angiogenic responses induced by IL-28A, we used
a small-interfering RNA (siRNA)-specific HSP70-1 (si-HSP70-1) or
a scrambled siRNA (scramble) (Supplemental Fig. S1C). Knockdown
of HSP70-1 reduced the IL-28A-induced proliferation of HUVECs
(Fig. 7A). Next, we explored whether HSP70-1 regulates the signal-
ing pathways in IL-28A-treated HUVECs. The increased phosphory-
lation of eNOS and AKT stimulated by IL28-A was suppressed in the
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HUVECs transfected with si-HSP70-1 (Fig. 7B). However, IL-28A-
stimulated ERK1/2 phosphorylation was not affected by si-
HSP70-1 transfection (Fig. 7B). To investigate the potential affinity
of HSP70-1 for signaling molecules eNOS and AKT in IL-28A-
treated HUVECs, an immunoprecipitation assay was performed.
IL-28A treatment significantly induced the association between
HSP70-1 and eNOS as well as AKT in HUVECs (Fig. 7C). Our results
suggest that HSP70-1 is a crucial effector in the IL-28A-induced
proliferation of HUVECs via upregulation of eNOS/AKT
phosphorylation.

HSP70-1 modulates IL-28A-mediated mobility and tube formation of
HUVECs by enhancing the AP-1/NF-kB/MMP-2 axis

To elucidate the role of HSP70-1 in motility and tube formation
of HUVECs following IL-28A treatment, we performed a wound-
healing assay, invasion assay, and colony tube formation assay.
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Down-regulation of HSP70-1 suppressed the ability of wound clo-
sure rate, invasiveness, and capillary-like tube formation in IL-28A-
induced HUVECs (Fig. 7D-F and Supplemental Fig S2C). In addition,
the IL-28A-promoted MMP-2 level was abrogated in the presence
of si-HSP70-1, as evidenced by immunoblot and zymographic
studies (Fig. 7G and H). HSP70-1 knockdown inhibited the binding
ability to AP-1 and NF-kB motifs stimulated by IL-28A in HUVECs
(Fig. 71). Our results indicate that HSP70-1 expression is correlated
with IL-28A-induced mobility and tube formation of HUVECs via
increased MMP-2 expression by upregulating both AP-1 and NF-
B transcription factors.

HSP70-1 is an indispensable factor for IL-28A-mediated angiogenesis
ex vivo and in vivo

To confirm the direct regulatory role of HSP70-1 in IL-28A-
stimulated angiogenesis derived from ex vivo and in vivo, we used
both HSP70-1 knockout and transgenic mice models. In the aortic
ring experiments, IL-28A induced the ability of neovessel sprouting
in wild-type (WT) mice (Fig. 8A and B). In addition, the IL-28A-
stimulated induction of neovessel sprouting was impaired in
HSP70-1 knockout mice (Fig. 8A and B). Moreover, comparing the
mice models, the increased neovessel formation stimulated by IL-
28A in implanted Matrigel plugs was attenuated in HSP70-1
knockout mice using a Matrigel plug assay (Fig. 8C and D). The
intensity of neovessel formation was verified by immunostaining
using the CD31 antibody (Fig. 8E). As suggested by our previous
report [23], VEGF treatment enhanced the capacity of neovessel
sprouting in both WT and HSP70-1~/~ mice via use of aortic ring
explant assay and subcutaneous Matrigel plug assay (Fig. 8A-E).
Our data also showed that no alterations were observed in the
mRNA and protein expression levels of VEGF-A in HUVECs treated
with IL-28A (Supplemental Fig. S1D). We next examined whether
overexpression of HSP70-1 can affect the IL-28A-induced angio-
genesis using HSP70-1 transgenic mice. HSP70-1 overexpression
did not affect on the angiogenic potential in both aortic ring and
Matrigel plug experiments (Fig. 8F and ]). However, it is notable
that the IL-28A-induced ability of neovessel sprouting was pro-
moted in the HSP70-1 transgenic mice in comparison with WT
mice (Fig. 8F and G). Similarly, the increased neovessel formation
of implanted Matrigel plugs in response to IL-28A was also pro-
moted in HSP70-1-overexpressing mice (Fig. 8H and I). Similar
results for CD31 immunostaining were detected in Matrigel plugs
derived from the HSP70-1 transgenic mouse model (Fig. 8]). Our
findings exhibit that HSP70-1 is an indispensable regulator of the
IL-28A-mediated angiogenesis, but VEGF-stimulated angiogenesis
is independent of HSP70-1 expression.

IL-28A modulates HSP70-1 expression through ERK1/2 and AP-1
signaling

HUVECs were treated with IL-28A, which resulted in significant
phosphorylation of AKT and ERK1/2 (Fig. 1F). To determine
whether IL-28A-induced HSP70-1 is involved in the AKT and
ERK1/2 pathways, we used inhibitors to block the phosphorylation
of AKT and ERK1/2 in HUVECs. IL-28A-induced HSP70-1 expression
was suppressed by ERK1/2 inhibitor U0126 (Supplemental
Fig. S3B). However, inhibition of AKT did not significantly affect
HSP70-1 levels in IL-28A-treated cells (Supplemental Fig. S3A).
Our previous study identified the transcription factor AP-1 as a
key regulator of HSP70-1 expression [23]. To further confirm the
regulatory role of IL-28A on HSP70-1 expression, HUVECs were
treated with siRNA specific to AP-1, which effectively silenced its
expression (Supplemental Fig. S1A). Knockdown of AP-1 signifi-
cantly reduced IL-28A-induced HSP70-1 expression (Supplemental
Fig. S3C). The findings suggest that IL-28A regulates HSP70-1
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expression through phosphorylation of ERK1/2 and activation of
AP-1.

IL-28A/IL-10Rp axis promotes angiogenic responses via eNOS/AKT
signaling and AP-1/NF-kB/MMP-2 network

The receptor complex of IL-28A is consisted of IL-28Ra and IL-
10RB [7-9]. Because no IL-28Ra expression was observed in
endothelial cells [12,13], we subsequently examined the role of
IL-10RpB on IL-28A-mediated angiogenic responses in HUVECs. To
this end, IL-10RB-specific siRNA (si-IL-10RB) was used in HUVECs,
and the results were compared with scrambled siRNA (Supplemen-
tal Fig. S1E). Blockade of IL-10Rp inhibited the proliferation of
HUVECs in respose to IL-28A (Fig. 9A). IL-28A-induced phosphory-
lation of eNOS and AKT was abrogated in HUVECs transfected with
si-IL-10RpB (Fig. 9B). However, the phosphorylated level of ERK1/2
stimulated by IL-28A was not affected by the exposure of si-IL-
10RB (Fig. 9B). The expression of HSP70-1 was significantly
reduced in HUVECs transfected with si-IL-10RB upon IL-28A treat-
ment (Fig. 9B). We found a significant decline in the ability of IL-
28A-stimulated wound-healing migration, invasion, and tube for-
mation in IL-10RB-silenced HUVECs compared to scrambled
siRNA-transfected cells (Fig. 9C-E and Supplemental Fig S2D). In
addition, IL-10Rp silencing impaired the IL-28A-promoted MMP-
2 level in HUVECs (Fig. 9F and G). Moreover, IL-10RB knockdown
attenuated the binding affinity of NF-xB and AP-1 motifs in IL-
28A-treated HUVECs (Fig. 9H). Our findings indicate that IL-10RB
is required for the IL-28A-induced angiogenic responses in
HUVECs.

IL-28A induces the ischemia-driven angiogenesis in vivo

To provide more convincing evidence of the angiogenic function
of IL-28A, a surgically induced hind-limb ischemia model was eval-
uated using laser Doppler blood flowmetry (LDBF). After right
hind-limb ischemia, the ischemic/normal limb LDBF ratio was per-
sistently higher in mice injected with IL-28A over 21 days com-
pared with PBS-treated mice (Supplemental Fig S4A and B). Our
results provided the first demonstration that ischemia-induced
angiogenesis is significantly enhanced in the presence of IL-28A.
These findings from the hind-limb ischemia model strongly sup-
port the role of IL-28A in promoting angiogenesis.

Discussion

Angiogenesis is precisely regulated by the exquisite balance
between various angiogenic activators and several angiogenic inhi-
bitors [1-5]. Angiogenic activators, including VEGF members, FGF
families, and various growth factors contributing to vascular
remodeling, have been depicted [1-5]. It has also been previously
demonstrated that some pro-inflammatory cytokines, such as IL-
1o, IL-1, IL-5, IL-17, IL-18, IL-32, IL-33, and IL-37, are closely asso-
ciated with the promotion of angiogenesis [4,23-30]. Here, we sug-
gest the functional study of IL-28A and its molecular regulation in
physiological angiogenesis. IL-28A has previously been described
as an antiviral and antitumor activator and also as a regulator of
adaptive immunity and allergic airway diseases, including asthma
[7-11,14]. However, our group found a high expression level of IL-
28A mRNA in patients with MIBC in comparison with bladder tis-
sues from control patients using microarray analysis [31,32]. In
addition, we suggested that IL-28A induced the migratory and
invasive ability of bladder cancer cells [15]. Subsequently, some
report revealed that IL-28A-induced tumor induction was depen-
dent on cell type, such as MDSCs [16]. The above results led us
to investigate the potential of IL-28A as a proangiogenic activator
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and its regulatory mechanism using an in vitro system and several
types of animal models. First, based on the result from microarray
assay [31], we confirmed the up-regulation of IL-28A and CD31
protein expression in MIBC tissues by an [HC staining experiment.
Next, we examined whether IL-28A induces angiogenesis in
HUVECs. The present results uncovered that IL-28A induced the
proliferation of HUVECs. Results from the signaling pathway anal-
ysis indicated that IL-28A increased HUVEC proliferation through
ERK1/2, eNOS, and AKT signaling. Furthermore, IL-28A promoted
the ability of capillary tube formation, wound-healing closure,
and invasive potential of HUVECs. Previous studies have shown
that endothelium-derived NO plays a pivotal role in modulating
angiogenic responses by triggering smooth muscle relaxation and
altering cytoskeleton organization through the cGMP-AKT and
MAPK pathways [39-41]. VEGF contributes to angiogenesis in
endothelial cells by stimulating NO production through the upreg-
ulation and phosphorylation of eNOS [39-41]. Moreover, eNOS
regulates the activity and function of MMPs, including MMP-2
and MMP-9 [42,43]. There is a strong correlation between the level
of MMPs and the migration and capillary tube formation [1-
4,6,37]. Our study indicated that IL-28A exposure boosted the
up-regulation of MMP-2 levels in HUVECs. Moreover, IL-28A
showed strong transcriptional binding affinity to AP-1 and NF-xB
motifs, which are the main elements in the MMP-2 promoter.
The blockade of eNOS, AKT, and ERK1/2 signaling suppressed the
IL-28A-mediated migration, invasion, and capillary tube formation.
Inhibition of eNOS, AKT, and ERK1/2 signaling also impeded tran-
scription factor (AP-1 and NF-xB)-mediated MMP-2 expression.
The efficacy of IL-28A-mediated angiogenesis in an animal model
was confirmed by an aortic ring ex vivo assay, a Matrigel plug
in vivo assay, and a hind-limb ischemia model. Our results demon-
strate that eNOS/AKT/ERK1/2 signaling might be associated with
the IL-28A-stimulated angiogenesis, most likely by promoting the
proliferative capacity and enhancing the capillary tube formation,
migration, and invasion relevant to the AP-1/NF-kB/MMP-2 axis
in HUVECs.

To further investigate the molecular mechanism of IL-28A-
induced angiogenesis, we performed a NGS analysis. Based on
the comprehensive list of genes changed by more than 1.5-fold
in HUVECs, 28 genes were upregulated in HUVECs treated with
IL-28A. The genes were divided into seven major gene clusters by
GO analysis. Interestingly, we found that, among the NGS analysis,
the most upregulated genes (by more than 2-fold) by IL-28A were
the HSP70 family, such as HSP70-1, HSPA6, and HSP70-2. These
three HSP70 family members were functionally associated with
response to stimulus, response to stress, response to biotic stimu-
lus, response to unfolded protein, response to protein stimulus,
protein complex assembly, and interferon-mediated immunity as
the six major functional categories. Finally, the enrichment results
from KEGG analysis and gene network analysis identified three hub
genes: HSP70-1, HSPA6, and HSP70-2. These genes were signifi-
cantly enriched in legionellosis, the longevity-regulating pathway,
and antigen processing and presentation. Therefore, we focused on
the three HSP70 family members to elucidate the role and function
of novel target genes in response to IL-28 A-promoted angiogenesis.

The molecular chaperone HSP70 acts as a cellular repair agent
to protect cells under stressful conditions induced by damage from
external environmental stimuli [17-19]. Conversely, some studies
have suggested that HSP70 expression leads to tumor progression
and metastasis [44-47]. Several studies have reported that mice
lacking HSP70-1 are susceptible to radio-sensitivity, osmotic
stress, neuroprotective effects after cardiac dysfunction, and spinal
cord and acute focal cerebral ischemia, while abundant HSP70-1
gene expression in mice and cells provided a protective effect
against myocardial ischemia and UVB irradiation [48-53]. It was
not possible to obtain sufficient HSP70-2~/~ mice because disrup-
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tion of HSP70-2 in mice leads to male infertility during spermato-
genesis [21]. Moreover, gene expression of HSPA6 was detected in
humans, goats, and swine but not in rats and mice [22]. Therefore,
we focused on HSP70-1, and then the role and function of HSP70-1
in IL-28A-induced angiogenesis were investigated using a siRNA
technique and animal models, including knockout mice and trans-
genic mice. Molecular chaperones, such as HSP27, HSP16, HSP70,
and mtHSP70, have a contradictory dual function, regulating the
signal between cell survival and cell death [54,55]. Cumulated
studies have suggested the role of HSP members during angiogen-
esis [37,56,57]. In EC, Akt-FOX03a-induced apoptosis was rescued
by HSP70 [58]. HSP induced angiogenesis by up-regulation of AKT/
eNOS signaling [59]. Heat shock cognate protein 70 (HSC70) is
essential for the VEGF-induced EC responses through the phospho-
rylation of AKT [60]. HSP70-1 has been reported to be involved in
angiogenesis through the phosphorylation of ERK1/2 [61]. Extra-
cellular HSP70-1, secreted from tumor cells, binds to C-type lectin
domain family 14 member (CLEC14a) on tumor vessels via a C-type
lectin-like domain of CLEC14a [62]. This interaction promotes
endothelial cell — cell contacts and stimulates angiogenic functions
[62]. Despite the link between molecular chaperone HSP members
and angiogenic responses [56-63], the pivotal role of HSP members
in the IL-28A-mediated progression of angiogenesis remains unre-
ported. Our results from siRNA knockdown of HSP70-1 indicated
that HSP70-1 regulated IL-28A-induced proliferation of HUVECs.
In addition, HSP70-1 was essential for IL-28 A-mediated migration,
invasion, and capillary tube formation by inducing the AP-1/NF-
kB/MMP-2 axis. Moreover, eNOS/AKT signaling appears to be con-
nected with the HSP70-1-dependent IL-28A-associated angiogene-
sis cascade in HUVECs, but not ERK1/2 signaling. The efficacy of
HSP70-1 in IL-28A-mediated angiogenesis was verified in both
HSP70-1-deficient mice and HSP70-1 transgenic mice. Unexpect-
edly, our data from HSP70-1 knockout mice demonstrated that
HSP70-1 was not involved in VEGF-promoted angiogenesis. These
findings reveal that HSP70-1 might be an essential regulator in
IL-28A-mediated angiogenesis but is independent of the action of
VEGF. Given our data, IL-28A-induced angiogenesis is likely to be
mediated by direct HSP70-1 gene expression.

Our study demonstrated that IL-28 A-mediated HSP70-1 expres-
sion is involved in the ERK1/2 signaling and AP-1 activation in
HUVECs. AKT signaling is not affected by IL-28A-stimulated
HSP70-1. Both ERK1/2 and AP-1 may be the primary targets of
HSP70-1, which is stimulated by IL-28A in HUVECs. It is possible
that ERK1/2 signaling might be responsible for IL-28A-induced
HSP70-1 expression through activation of AP-1 in HUVECs. Other
studies have demonstrated similar molecular mechanisms. IL-5
has been shown to induce HSP70-1 expression in HUVECs via the
ERK1/2 and AKT signaling pathways, with AP-1 playing a pivotal
role [23]. Previous research has also revealed the involvement of
AP-1 in the regulation of HSP70 expression in HepG2 cells exposed
to cadmium [64]. Additionally, IL-17A has been found to induce
HSP47 expression in intestinal fibrosis associated with Crohn’s dis-
ease through the JNK signaling pathway [65]. Our findings suggest
that IL-28A regulates HSP70-1 expression through the phosphory-
lation of ERK1/2 and the involvement of AP-1 signaling. However,
further studies are required to clarify the detailed regulatory
mechanism of HSP70-1 expression mediated by IL-28A.

The binding of inflammatory cytokines to their receptors gener-
ates signals that modulate immune responses [7-9]. Previous stud-
ies have shown that IL-28A binds to IL-28Ra as well as IL-10Rp [7-
9]. Because IL-28Ra expression is rarely detected in EC [12,13], we
used siRNA knockdown of IL-10RB (si-IL-10RB) to investigate the
angiogenic responsive signaling in HUVECs treated with IL-28A.
In this study, IL-28A-induced proliferation of HUVECs was blocked
by the inhibition of IL-10Rp. In addition, IL-10RB knockdown
diminished the migration, invasion, and tube formation by sup-
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pressing the AP-1/NF-kB/MMP-2 axis in IL-28A-treated HUVECs.
eNOS/AKT signaling was involved in IL-28A/IL-10RB dyad-
mediated angiogenic responses, whereas ERK1/2 signaling did
not affect the angiogenic responses stimulated by IL-28A in the
presence of IL-10RB gene silencing. IL-28A-stimulated HSP70-1
expression was suppressed in the absence of IL-10RB. Our present
data revealed that the binding of IL-28A to IL-10RB might induce
angiogenic responses by activating survival signals relevant to
the eNOS/AKT pathway via upregulation of HSP70-1.

IL-28A mediates antiviral and antitumor effects at intestinal
surfaces and some immune cells, such as neutrophils, dendritic
cells, and B cells [7-11,14]. In addition, our group and another
group have suggested that IL-28A induces tumor progression in
bladder cancer cells and MDSCs [15,16]. Many studies have shown
that inflammatory cytokines act as angiogenic regulators, which
have a dual function by promoting direct angiogenic responses in
HUVECs or by recruiting inflammatory cells that indirectly guide
the secretion of EC mitogen [4,23-30]. In the present study, we
found a low level of IL-28A expression in HUVECs and, interest-
ingly, the level was significantly induced by external treatment
with IL-28A, suggesting that IL-28A might be produced in both
an autocrine and a paracrine fashion. The low level of IL-28A
released by endogenous HUVECs had no effect on angiogenic func-
tion. However, the exogenous addition of IL-28A stimulated strong
angiogenic signaling and function. The addition of IL-28A antibody
or knockdown of IL-10Rp abolished IL-28A-stimulated angiogenic
responses. The present studies represent that IL-28A produced by
viruses, immune cells, and HUVECs functions as a potent regulator
for proangiogenic signaling and function. Our data demonstrated
that the binding of IL-28A to IL-10Rp leads to strong angiogenic
responses by exerting autocrine/paracrine actions in HUVECs.

Clinical trials of antitumor agents that suppress the function
and signaling of VEGF and its receptors led to the failure of cancer
therapy due to resistance to anti-angiogenic drugs [6,66,67].
Therefore, other regulators that cooperate with VEGF-
independent angiogenesis need to be clarified. Although many
studies have suggested FGF, IL-32, and IL-33 as VEGF-
independent angiogenesis regulators, their exact molecular mech-
anisms have not yet been determined [28,29,68]. We recently
reported that HSP70-1 is involved in the VEGF-independent angio-
genic effects of IL-5 [23]. In the present study, our data indicate
that HSP70-1 regulated the IL-28A-induced angiogenic responses
in vitro and in vivo through a VEGF-independent action. Consider-
ing the VEGF-independent angiogenic effect of IL-28A and IL-5,
HSP70-1 is thought to play a vital role in the development of effec-
tive therapeutics targeting anti-angiogenesis. In light of our data, it
may be worth exploring whether other types of angiogenic mito-
gens and cytokines could regulate angiogenesis through HSP70-1
expression.

Collectively, the present results demonstrate that the IL-28A/IL-
10RB axis induced the elevation of both eNOS/AKT signaling and
the AP-1/NF-xB/MMP-2 network by regulating HSP70-1 expres-
sion, which resulted in the progression of angiogenesis. These find-
ings might be the first direct evidence of the correlation between
molecular chaperone HSP70-1 and cytokine IL-28A during VEGF-
independent angiogenesis. Our results suggest that IL-28A and
HSP70-1 may be effective potential therapeutic targets to suppress
angiogenesis-mediated diseases.

Materials and methods

Materials

Recombinant human IL-28A was purchased from R&D Systems
(Minneapolis, MN). Polyclonal antibodies specific to AP-1, NF-kB,
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p-eNOS (S1177), eNOS, p-AKT, AKT, p-ERK1/2, and ERK1/2 were
obtained from Cell Signaling (Danvers, MA). Polyclonal antibodies
specific to MMP-2, IL-28A, HSP70-1, IL-10RB, VEGF-A, CD31, and
actin were obtained from Sigma-Aldrich (St Louis, MO, USA).

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Animal Care
and Use Committee of Chung-Ang University (EBOA-2017-12
and 202401030008).

Cell culture

The primary HUVECs were purchased from the American Type
Culture Collection (ATCC, Manassas, VA). The cells were cultured
in endothelial basic medium (EBM) containing components of
EGM™-2 Bulletkit™ (Lonza, Walkersville, MD) on plates coated with
0.1 % gelatin (Sigma, San Diego, CA). The cells were incubated at a
precise temperature of 37 °C in a humidified incubator featuring
5 % CO,. All experimental procedures were conducted during pas-
sages 2 — 5.

Genetic mice

The HSP70-1 knockout mice were provided by Dr. Jeongseon
Seo at Seoul National University, and HSP70-1-transgenic (Tg-
(Hspala-luc,-EGFP)2Chco/]) mice were purchased from Jackson
Laboratory. Methods for generating HSP70-1 knockout mice and
HSP70-1-transgenic (Tg-(Hspala-luc,-EGFP)2Chco/]) mice were
performed as previously described [23]. The mice were maintained
in a regulated environment and monitored daily, including a con-
stant humidity of 60 + 10 %, temperature of 25 + 2 °C, and given
a standard pellet diet and access to drinking water. The mice were
anesthetized intraperitoneally with ketamine and xylazine
(100 mg/kg and 10 mg/kg; Yuhan Corp., Seoul, Korea) before
surgery.

Immunoblot assay

Protein extraction was performed using RIPA lysis buffer, and
the concentration of extracted protein was determined by the
use of a BCA Protein Assay Reagent Kit (Thermo Fisher Scientific,
Waltham, MA). A polyacrylamide gel containing SDS (0.1 %) was
loaded with 20 pg of protein per well, followed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). The elec-
trophoresed proteins were moved onto a nitrocellulose membrane
and then blocked with 5 % skim milk. The primary antibodies were
applied for 24 h, followed by the secondary antibodies for 2 h. Pro-
tein expression was performed using an electrochemiluminescent
(ECL) reagent (SuperSignal® West Pico Chemiluminescent Sub-
strate, Thermo Fisher Scientific) and quantified utilizing Image]
software.

Immunoprecipitation

The cell lysates (500 pg) were reacted with HSP70-1 antibody
(1:200) for18 h at 4 °C. Protein G Plus/Protein A Agarose was
gently added to the immunocomplexes for 4 h at 4 °C, then cen-
trifuged at 2000g for 2 min. The pellet was mixed with 5X protein
loading buffer and immunoblot assay was performed.

Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis

Total RNA extraction was performed using TRIzol (Sigma-
Aldrich). The extracted RNA was measured for RNA quantity and
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quality using an Epoch microplate spectrophotometer (BioTek
Instruments, Winooski, VT), and cDNA synthesis was performed
using the Bioneer cDNA synthesis kit according to the instructions.
The primers used had the following sequences: IL-28A (391 bp), 5'-
TCGCTTCTGCTGAAGGACTGCA-3' (sense) and 5'-CCTCCAGAACCTT
CAGCGTCAG-3' (antisense); HSP70-1 (447 bp), 5-TTTCGAGAGT
GACTCCCGTT-3' (sense) and 5-AAGGCCAGTGCTTCATGTC-3' (an-
tisense); VEGF-A (233 bp), 5'-TGTCTATCAGCGCAGCTACTGCCAT-3’
(sense) and 5'-GGAAGCTCATCTCTCCTATGTGCTG (antisense); and
actin (235 bp), 5'-CCCAGATCATGTTTGAGACCT-3’ (sense) and 5'-A
TGTCACGCACGATTTCCC-3' (antisense).

Invasion assay

Transwell® chambers coated with BD Matrigel Basement Mem-
brane Matrix (BD Biosciences, San Diego, CA) were used, and
HUVECs were incubated for 3 h in EBM containing 1 % FBS prior
to experimentation. EBM containing 0.1 % FBS was used as the
medium for the upper and lower chambers, and the cells
(5 x 10* cells/well) and IL-28A were inoculated into the upper
chamber. After 24 h, the cells were fixed on the upper chamber
membrane using a 4 % paraformaldehyde solution. The fixed cells
were stained with a 0.01 % crystal violet solution. Image] was used
to measure Invading cells.

Wound healing migration assay

HUVECs were seeded at a density of 4 x 10° cells per well in a 6-
well plate. Upon reaching 90 % confluence, the cells were subjected
to a 3 h incubation in EBM supplemented with 1 % FBS. Subse-
quently, to create injury lines, the cell surface area was gently
scratched using a 200 pL pipette tip. The cells were then exposed
to IL-28A in EBM containing 0.1 % FBS for a duration of 24 h. The
progress of wound closure was observed under an inverted micro-
scope at x 40 magnification.

Colony tube formation assay

HUVECs were pre-incubated for 3 h in EBM containing 1 % FBS.
The cells were seeded (1.2 x 10° cells/well) with EBM medium
containing 0.1 % FBS in BD Matrigel matrix growth factor
reduction-coated 24-well plate. After treatment with IL-28A by
concentration, tube formation was observed 24 h later using a
microscope (x40 magnification). The tube length was measured
using Image] software.

Aortic ring assay

C57BL/6 mice were euthanized by using carbon dioxide inhala-
tion. Aortas from the mice, sectioned into rings with a length of
1 — 1.5 mm, were embedded in Matrigel-coated wells. Embedded
aortic rings were incubated with media containing IL-28A and
VEGF (50 ng/mL) for 9 days. The overall length of microvascular
germination was quantified using CS Analyzer 4 software (ATTO,
Tokyo, Japan).

Plug in vivo assay

A mixture containing Matrigel, heparin (10 U/mL), IL-28A, and
VEGF (50 ng/mL) was administered subcutaneously at 0.5 mL in
8-week-old C57BL/6 mice. After 7 days, the mice were euthanized
by using carbon dioxide inhalation, and the Matrigel plugs were
removed. Angiogenesis quantification was determined by measur-
ing hemoglobin levels via the Drabkin method. Immunochemistry
was performed to identify a CD-31 antibody in the infiltrating
endothelial cells.
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Small-interfering RNA transfection

G-Fectin transfection reagent (Genolution, Seoul, Korea) was
used in accordance with the manufacturer’s instructions for siRNA
transfection. After 24 h of siRNA transfection, the transfected cells
were harvested for subsequent analyses. The siRNA used had the
following sequences: HSP70-1, 5’-GUUUGUCAGUUCU
CAAUUUUU-3' (sense) and 5-AAAUUGAGAACUGACAAACUU-3'
(antisense); IL-10RB, 5'-GAAUGAAUUCUGUUAAUUUUU-3' (sense)
and 5'-AAAUUAACAGAAUUCAUUCUU-3' (antisense); and scramble
(scrambled siRNA), 5'-CCUCGUGCCGUUCCAUCAGGUAGUU-3'
(sense) and 5'-CUACCUGAUGGAACGGCACGAGGUU-3' (antisense).
AP-1 (#6203) and NF-kB (#6261) siRNAs were obtained from Cell
Signaling Technology (Danvers, MA, USA).

Statistical analysis

Statistical analyses for the study were conducted using the SPSS
20.0 statistical software package (SPSS Inc., Chicago, IL). Each
experiment was carried out independently at least three times.
The data obtained were presented as the mean + standard error
of the mean (SEM). A significance threshold of P-value < 0.05
was employed to determine statistical significance in all tests.
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