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Summary. - Antimicrobial peptides produced by epithelial and immune cells protect tissues from various
infections. Whether enterovirus infection leads to stimulation of antimicrobial peptide expression is unknown.
We examined antimicrobial peptide mRNA and protein production in HT-29 colon adenocarcinoma cells in-
fected with picornaviruses. The antiviral activity of increased antimicrobial peptide production was evaluated
by using a recombinant peptide and corresponding gene overexpression. Enterovirus infection enhanced both
the mRNA expression and secretion of human -defensin (hBD) 3 in intestinal epithelial cells but did not in-
crease expression of human neutrophil peptide 1-3 (HNP 1-3), HNP4, human defensin 5 (HD5), HD6, hBD1,
hBD2, and hBD5. The recombinant but not the intracellularly overexpressed hBD3 inhibited enterovirus (EV)
71, coxsackievirus A16 (CVA16), CVB5 and poliovirus 1 (PV1) infecting HT-29 cells. Our results suggest that
enterovirus infection induces hBD3 production in human intestinal epithelial cells and that hBD3 can exert

extracellular anti-enterovirus activity.
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Introduction

Defensins are small, cysteine-rich, cationic peptides with
B-pleated sheet structures found in mammalian tissues. They
are active against bacteria, fungi and many viruses as host de-
fense peptides. Defensins consist of 18-45 amino acids includ-
ing six (in vertebrates) to eight conserved cysteine residues.
There are three subfamilies in mammalian cells: a-, p- and
0-defensins. They differ in disulfide bonds between the six
conserved cysteine residues (Klotman and Chang, 2006).

Human a-defensin 1-, a-defensin 2-, a-defensin 3-
and a-defensin 4-designated human neutrophil peptides
(HNP1, HNP2, HNP3 and HNP4) are mainly expressed by
neutrophils. They are also expressed constitutively by other
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Abbreviations: CVA16 = coxsackievirus A16; CVB5 = coxsackie-
virus AB5; EV = enterovirus; hBD = human p-defensin; HD = hu-
man defensin; HFMD = hand, foot and mouth disease; HNP = hu-
man neutrophil peptide; PV = poliovirus

immune cells, such as monocytes, macrophages, natural
killer cells, B cells and y§ T cells. HNP1, HNP2 and HNP3
differ only in the first amino acid, while human a-defensins
HD5 and HD6 are constitutively or inductively expressed
in intestinal tract, female genital tract and other organs
(Klotman and Chang, 2006). Human B-defensin 1 (hBD1),
hBD2, hBD3, hBD4, hBD5 and hBD6 are expressed mainly
by epithelial cells (Ganz, 2003; Yang et al., 2004). The hBD1
is constitutively expressed by epithelial cells. However, ex-
pression of hBD2 and hBD3 can be induced by microbes
and their products such as endotoxins (Duits et al., 2003;
Sorensen et al., 2005).

It has been reported that some defensins either inhibit
or enhance enveloped viruses (HIV, HSV, IAV, RSV, P1V,
VSV, CMYV, etc.) when participating at attachment, fusion
or entry, and they can even block viral nuclear import as
well as transcription within infected cells (Ding et al., 2009).
Virus replication of non-enveloped viruses, such as BK
virus, human adenovirus and papilloma virus is inhibited
by HNP1, HD5 and hBD1 (Ding et al., 2009). Human rhi-
novirus induces hBD2 expression in the infected respiratory
tract and increases hBD2 and hBD3 mRNA expression in
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cultured bronchial epithelial cells (Duits et al., 2003; Proud
et al., 2004). Mouse B-defensin 3 was reported to possess
anti-coxsackievirus B3 (CVB3) activity in HeLa cells and to
protect mice from myocarditis induced by CVB3 infection
(Jiang et al., 2015). However, whether human enteroviruses
increase human defensin expression in intestinal epithe-
lial cells and whether defensins affect enterovirus infection
remains unclear. Here, we report that hBD3 is induced,
expressed and secreted in HT-29 cells infected with en-
terovirus coxsackievirus CVA16, CVB5 and enterovirus 71
(EV71), the main etiological agents of hand, foot and mouth
disease (HFMD), and poliovirus 1 (PV1). The extracellular
activity of hBD3 against enterovirus infection demonstrated
extracellular antiviral activity.

Materials and Methods

Cells, viruses and reagents. HT-29 colon adenocarcinoma cells
(ATCC°HTB-38™) were maintained in DMEM (GIBCO, UK) con-
taining 10% fetal bovine serum (FBS, GIBCO). Enterovirus type 71
(EV71), coxsackievirus A16 (CVA16) and B5 (CVB5) were isolated
from the clinical stool samples of patients with HMFD. Poliovirus
type 1 (PV1) was purchased from the China Center for Type Culture
Collection (CCTCC, China). The recombinant hBD3 (ab200245),
the anti-hBD3 antibody (ab109572) and the anti-GAPDH antibody
(ab8245) were purchased from Abcam (China).

RNA extraction, RT-PCR. Total RNA was extracted using Mini
BEST universal RNA extraction kit (TAKARA, China) and reverse-
transcribed into first strand cDNA using the PrimeScript reverse-
transcriptase (TAKARA). Primers for RT-PCR of defensin genes
are shown in Table 1 (Erhart et al., 2011; Hsu et al., 2011).

Construction of recombinant vectors and transfection. The hBD3
c¢DNA with or without its signal sequence was amplified using
primers in Table 1. The genes were cloned into pcDNA3.1 and
designated as pcDNA3.1-shBD3 (with signal peptide), pcDNA3.1-
hBD3 (without signal peptide) and validated by DNA sequencing.
Transfection of the plasmids into HT-29 cells was performed
using polyethylenimine (PEI) (Polysciences, USA) following the
manufacturer's instructions.

ELISA and Western blot. For hBD3 quantification, 5 ml of cell
culture supernatants were collected, lyophilized and then resolved
in 0.5 ml of PBS. The hBD3 production was measured by the
Human BD-3 mini ABTS ELISA development kit (PEPROTECT,
USA) in accordance with the manufacturer's instructions. For
Western blot analysis, cell lysates were resolved by 10% SDS-PAGE
and then transferred onto PVDF membranes by electrophoretic
transfer (Sangon Biotech, China). Membranes were blocked
using 5% non-fat milk in TPBS (pH 7.2) and incubated with an-
tibodies against hBD3 and GAPDH. The proteins were detected
by reaction with anti-mouse HRP conjugate (Abcam) followed

Tablel. The Primers for PCR of defensin genes

Genes  Primers (5'-3') (forward/reverse) Sizes
5-GCAGCGGACATCCCAGAAGT-3'

HNP1-3 266 bp
5'-AAGGAAATTGAGCAGAAGGTACAG GA-3'
5'-ATGAGGATTATCGCCCTCC-3'

HNP4 294 bp
5-TTAATCGACACGCGTGC-3'

5'- GCCATCCCTGCTGCCATTC-3'

HD5 , , 241 bp
5-AGATTTCACACCCCGGAG-3
5-ATGAGAACCCTCACCATCC-3'

HD6 , , 303 bp
5-TCAGAGGCAGCAGAATC-3

hBD1 5-TTGTCTGAGATGGCCTCAGGTGGTAAC-3' 253 b
5'-ATACTTCAAAAGCAATTTTCCTTTAT-3' P
5'-ATCAGCCATGAGGGTCTTGT-3'

hBD2 , 173 bp
5-GAGACCACAGGTGCCAATTT-3
5'-ATGAGGATCCATTATCTTC-3'

hBD3 192 bp
5-TCGGCAGCATTTTCGGCC-3'
5-ATGGCCCTGATCAGGAAGAC-3'

hBD5 237 bp
5'-TCAGATCCTCTGTCTGC-3'
5'-CCATGGCACCGTCAAGGCTGA-3'

GAPDH . , 533bp
5-TTG GCAGTGGGGACACGGAA-3

hBD3 P1 (sense), 5-GGGGTACCATGAGGATCCAT-

TATCTTCT-3'

(with signal sequence, Kpn i site underlined)

P3 (sense), 5-GGGGTACCACCATGGCTAGAG
GATCCATTATCTT-3' (without signal sequence,
Kpn i site underlined)

P2 (anti-sense): 5-CGGAATTCTTAGTGGTGG
GGTGGTGGTIGTTTCTTTCTTCGGCAGCAT-3
(EcoR i site underlined and 6HIS-tag)

by ECL substrate (Merck Millipore, USA) and signal detection
using X-ray film.

Infection, growth and titration of infectious enterovirus. HT-29
cells were grown in DMEM medium supplemented with 10%
FBS. When the cells were approximately at 80% confluence, the
virus, hBD3 alone, or a mixture of both was added to HT-29 cells
for 2 h. Cells were washed twice with PBS, and then fresh DMEM
supplemented with 2% FBS was added and the cells were further
cultured at 37°C with 5% CO, for 72 h. To evaluate hBD3 inhibi-
tion of intracellular viral replication, we cloned the hBD3 gene
with or without the signal sequence into plasmid pcDNA3.1 and
extracellularly or intracellularly expressed hBD3 protein in HT-
29 cells. HT-29 cells were transfected with pcDNA3.1-shBD3 or
pcDNA3.1-hBD3 and after 48 h infected with EV71.

To determine infectious titer of viruses, HT-29 cells were plated
onto 96-well plates (5x10° cells/well). Diluted viral stock (107! to
107%0.1 ml) was added to each well and incubated for 2 h, followed
by replacement with 0.1 ml of fresh DMEM supplemented with
2% FBS, and cultured for an additional 7 days. The viral titer was
calculated as TCID, /ml using the Reed-Muench formula.
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Fig. 1

Induction of hBD3 expression by picornaviruses
(a) RT-PCR for hBD5, hBD3, hBD2, hBD1, HD6, HD5, HNP4, HNP1-3, and human GAPDH mRNA of HT-29 cells after 48 h infection (top) or without
(low) EV71 at MOI of 0.01; (b) RT-PCR for hBD3 and human GAPDH mRNA from HT-29 cells inoculated with EV71 at MOI of 0.01 after 12, 24, 48,
72 h; (c) ELISA analysis of extracellular hBD3 from HT-29 cells infected with 0.01 MOI of EV71 after 12, 24, 36, 48 and 72 h; (d) ELISA of hBD3 in
supernatant of HT-29 cells inoculated with CVA16, CVB5, PV1, and EV71 at MOI of 0.01 after 48 h.

Results

Picornaviruses induce hBD3 expression and secretion in
HT-29 cells

To investigate whether picornaviruses induce defensins
production, we inoculated HT-29 cells with EV71. Three
days later, the cells were harvested and tested for transcript
expression of HNP1-3, HNP4, HD5, HD6, hBD1, hBD2,
hBD3 and hBD5 by RT-PCR. EV71 only induced hBD3 in
HT-29 cells (Fig. 1a and 1d). Also, other viruses, CVA16,

CVB5 and PV1 induced the production of hBD3 as was
proved by ELISA (Fig. 1d). The constitutively expressed
hBD1 was expressed in both the experimental and control
groups (Kaiser and Diamond, 2000). The rest of defensins
were not expressed in EV71-infected HT-29 cells (Fig. 1a).
Furthermore, the hBD3 was detected only after 48 h post-
infection at MOI of 0.01 (Fig. 1b). ELISA showed that
hBD3 was presented extracellularly after 24 h of EV71
infection (Fig. 1c). These results suggest that picornavirus
infection could induce hBD3 production in intestinal
epithelial cells.
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The hBD3 suppressed picornaviruses replication
HT-29 cells (1x10° cells/well) were inoculated with EV71 at MOI of 0.01 in the presence of 0, 1, 2,4, 8, 16 and 32 ug/ml hBD3; (a) or EV71, CVA1l6, CVB5,
and PV1 at MOI of 0.01 in the presence of 16 pg/ml hBD3 for 2 h; (b) HT-29 cells were harvested after 48 h post infection and the viral infective titers
were determined (TCID, /ml). Data are from three independent experiments. Results are expressed as means + SD. **p <0.01.

The hBD3 suppresses virus growth

To examine whether hBD3 possesses antiviral properties
against picornaviruses, we studied the ability of hBD3 to
inhibit picornavirus infection. The experimental results are
shown in Fig. 2. In the control, the highest dose of 32 pug/ml
hBD3 was not cytotoxic to HT-29 cells (data not shown).
The infectious titer of EV71 was decreased with increasing
concentration of hBD3 treatment (Fig. 2a). Also, hBD3 in-
hibited infectious titers of CVA16, CVB5 and PV1 (Fig. 2b).
These results indicate that hBD3 possesses potent antiviral
activity against picornaviruses.

The hBD3 extracellularly inhibits viral infection

The previous study reported that hBD3 suppresses cellular
entry of vesicular stomatitis virus (VSV) (Mausumi Basu
and Amiya K Banerjee, 2010). It is not clear whether hBD3
blocks picornavirus cellular entry or inhibits viral replication
intracellularly. As shown in Fig. 3, by using the ORF vec-
tor without the signal domain, overexpressed intracellular
hBD3 did not suppress EV71 replication. In contrast, EV71
infective titer decreased when the virus was pre-treated with
recombinant hBD3 or after transfection of the hBD3 gene
containing signal sequence. The results show that hBD3
blocked EV71 entry into host cells.

Discussion

The hBD3 is a peptide of 45 amino acids with a molecular
mass of 5 kDa, and a conserved six-Cys motif (Garcia et al.,
2001a; Harder et al., 2001). hBD3 can be expressed in the
respiratory, gastrointestinal and genitourinary tracts, in skin
and tonsils (Harder ef al., 2001). The hBD3 can be expressed
in Staphylococcus aureus, by induction with TNF-a, EGE and
phorbol 1,2-myristate 1,3-acetate (PMA) (Garcia et al., 2001a;
Harder et al., 2001; Jia et al., 2001; Kawsar et al., 2009). Here,
we report that picornaviruses, including EV71, CVA16, CVB5
and PV1 can induce only hBD3 expression in HT-29 cells, but
not HNP1-3, HNP4, HD5, HD6, hBD1, hBD2, and hBD5.
A previous study showed that HNP1-3 and HNP4 are ex-
pressed constitutively in lymphocytes, but not epithelial cells
(Ding et al., 2009). The HD5 and HD6 may constitutively or
inductively be expressed in intestinal Paneth cells and vaginal
epithelial cells (Ding et al., 2009). However, the expression of
HD5 and HD6 were not induced in HT-29 cells by EV71 infec-
tion in our study. Human {-defensins are expressed mainly
by epithelial cells (Yang et al., 2004). The hBD1 expression is
constitutive in epithelial and blood cells (Kaiser and Diamond,
2000; Klotman and Chang, 2006). The hBD2 expression can
be induced by pathogens and pro-inflammatory cytokines
(Ding et al., 2009). Expression of hBD4 and hBD5 is induced
in testes, gastric antrum, keratinocytes, osteoarthritic knee
meniscus, and respiratory epithelial cells (Garcia et al., 2001b;
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The hBD3 extracellularly inhibits picornavirus infection
(a) The hBD3 gene without signal sequence was cloned into pcDNA3.1 and transfected into HT-29 cells. The expression was analyzed by western blot
at 48 h after transfection; (b) 10° cells HT-29 transfected with 10 ug of pcDNA3.1-shBD3, pcDNA3.1-hBD3 and pcDNA3.1 were inoculated with EV71.
(*a) represents pre-treatment of 10> TCID, /ml EV71 with 3 pug/ml hBD3 for 2 h before the mixture was added to HT-29 cells. (*b) represents HT-29
cells with both 10* TCID, /ml EV71 and 3 pg/ml hBD3. The viral infective titers were measured at 24 h after infection. Data are from three independent

experiments and shown as means + SD. *p >0.05, **p <0.05, ***p <0.01.

Musumeci et al., 2012; Noronha et al., 2014; Pierson et al.,
2013; Yamaguchi et al., 2002). In the present study, expression
of hBD2 and hBD5 was not induced in EV71-infected HT-
29 cells. This suggests that different defensins are induced in
tissues by different pathogens.

In pathogenic infections, Toll-like receptors (TLR2, TLR3,
TLR4, TLR5) were reported to be involved in the induction
of human defensins expression (Chalifour et al., 2004; Duits
et al., 2003; Nagy et al., 2005; Pivarcsi et al., 2005; Proud et
al., 2004; Schaefer et al., 2005). Poly I:C, the agonist of TLR3,
can also induce the production of hBD3 (Proud et al., 2004).
Activated nucleotide-binding and oligomerization domain
(NOD)-like receptors (NLRs) induce the expression of hBD3
(Ebersole et al., 2015). Analysis of the upstream region of
the hBD3 promoter showed that there are no NF-kB consen-
sus elements, but several consensus sequences of response
elements for activator proteinl (AP-1), gamma interferon,
GM-CSE and NF-IL-6 (Jia et al., 2001). This suggested that
inflammatory cytokines produced by innate immune cells
after viral infection may lead to hBD3 induction. It was re-
ported that the increased cytokine production of IL-1, IL-6
and TNF-a also up-regulated mRNA expression of TLR2,
TLR7 and TLR8 in EV71-infected cells (Gong et al., 2012).
Therefore, we postulate that increased hBD3 expression in
the enterovirus infection may be mediated by proinflam-
matory cytokines, which are induced by interactions of
picornaviruses with TLRs.

The hBD3 possess a broad spectrum of antimicrobial
activity against many pathogenic microbes, including Gram-
positive and Gram-negative bacteria, fungi (Batoni et al.,
2006), and different viruses such as HIV, IAV, VSV, HBV,
HPV, HSV, CVB3 and vaccinia virus (Ding et al., 2009;
Hazrati et al., 2006; Jiang et al., 2015; Wilson et al., 2013). It
is involved in different infectious diseases progress and im-
mune regulations (Bian et al., 2016; Li et al., 2016; Szekeres
et al., 2016; Wanke et al., 2016; Xu et al., 2016). It has been
reported that hBD3 can block IAV, HSV, and HIV entry into
cells by cross linking and immobilizing viral surface proteins
(Hazrati et al., 2006; Leikina et al., 2005; Quinones-Mateu
et al., 2003). In this study, the antiviral activity of hBD3 was
examined. Our results demonstrate that hBD3 displayed
potent extracellular antiviral activity against picornaviruses.
These data indicate that hBD3 blocks picornavirus entry into
host cells and may play a crucial role in the initial defense
reaction of intestinal cells against invading enteroviruses.

In conclusion, we here demonstrate that hBD3 expression
is induced by picornavirus infection in intestinal epithelial
cells, which in turn may inhibit viral infection extracellularly.
Our findings provide a new direction for further develop-
ment toward an anti-enterovirus infection approach in the
intestinal tract.
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