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Abstract

The interaction between viral components and cellular proteins plays a crucial role in viral replication. In a previ-

ous study, we showed that the 3'—untranslated region (3'—UTR) is an essential element for the replication of duck
hepatitis A virus type 1 (DHAV-1). However, the underlying mechanism is still unclear. To gain a deeper understand-
ing of this mechanism, we used an RNA pull-down and a matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry assay to identify new host factors that interact with the 3'—UTR. We selected interleukin-2
enhancer binding factor 2 (ILF2) for further analysis. We showed that ILF2 interacts specifically with both the 3'—
UTR and the 3D polymerase (3D°°) of DHAV-1 through in vitro RNA pull-down and co-immunoprecipitation assays,
respectively. We showed that ILF2 negatively regulates viral replication in duck embryo fibroblasts (DEFs), and that its
overexpression in DEFs markedly suppresses DHAV-1 replication. Conversely, ILF2 silencing resulted in a significant
increase in viral replication. In addition, the RNA-dependent RNA polymerase (RARP) activity of 3DP facilitated viral
replication by enhancing viral RNA translation efficiency, whereas ILF2 disrupted the role of RdRP in viral RNA transla-
tion efficiency to suppress DHAV-1 replication. At last, DHAV-1 replication markedly suppressed the expression of ILF2
in DEFs, duck embryo hepatocytes, and different tissues of 1 day-old ducklings. A negative correlation was observed
between ILF2 expression and the viral load in primary cells and different organs of young ducklings, suggesting

that ILF2 may affect the viral load both in vitro and in vivo.
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Introduction
Duck viral hepatitis (DVH) is an acute, rapidly spreading,
Handling editor: Marie Galloux. fatal disease of young ducklings characterized primarily
*C , by liver necrosis, hemorrhage, and high mortality. DVH
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type 3 (DHV-3) [2, 3]. DHV-1 was initially classified as
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an enterovirus based on the virion’s observed morphol-
ogy and physicochemical properties [4]. It was then clas-
sified as a member of the new genus Avihepatovirus in
the family Picornaviridae and renamed duck hepatitis A
virus (DHAV) in Virus Taxonomy: the Ninth Report of
the International Committee on Taxonomy of Viruses
(ICTV) [5]. Based on phylogenetic analyses and neu-
tralization tests, DHAV was then genetically divided into
three distinct types: DHAV-1 (the original serotype 1) [6],
DHAV-2 (a serotype isolated in Taiwan) [7], and DHAV-3
(a serotype isolated in South Korea and China) [8].

The complete genome of DHV-1 consists of approxi-
mately 7000 nucleotides in a positive, single-stranded,
uncapped RNA with a 3"-poly(A) tail. The genome struc-
ture of DHAV-1 is similar to that of other members of
the Picornaviridae family, ie., with an open reading
frame flanked by 5’- and 3’-untranslated regions (UTRs).
The open reading frame encodes three structural pro-
teins (VPO, VP1, and VP3) and nine nonstructural pro-
teins (2A1, 2A2, 2A3, 2B, 2C, 3A, 3B, 3C, and 3D) [6].
The 3’-UTR plays an important role in regulating viral
replication and internal ribosome entry site-mediated
translation efficiency of DHAV-1 [9]. The 3D polymer-
ase (3DP°)), which has RNA-dependent RNA polymerase
(RARP) activity, is also a crucial determinant of DHAV-1
viral replication [10]. In addition, the 3DP°! specifically
interacts with the 3'-UTR of positive viral strands to syn-
thesize negative strands, which are then used to produce
numerous positive-stranded RNAs [11, 12].

The cellular protein interleukin-2 enhancer binding
factor 2 (ILF2), also known as nuclear factor 45 (NF45)
in humans and mice, is a constitutively expressed pro-
tein that interacts with chromatin. ILF2 is a nuclear fac-
tor of activated T cells that regulates the transcription of
the IL2 gene in the nucleus during T cell activation by
forming a stable heterodimer with interleukin enhancer
binding factor 3 (ILF3, also known as NF90) [13]. The
ILF2/ILF3 complex is a crucial regulatory factor involved
in apoptosis [14], DNA repair [15], gene transcription
[16], microRNA processing [17, 18], mRNA translation
[19], and host defense [20]. In addition, the ILF2/ILF3
heterodimer was reported to regulate the replication
process of numerous viruses, such as hepatitis C virus
[21], infectious bursal disease virus (IBDV) [22], poliovi-
rus [23], influenza virus [24], dengue virus [25], human
immunodeficiency virus type 1 [26], human T-cell leu-
kemia virus [27], porcine reproductive and respiratory
syndrome virus (PRRSV) [28], and Japanese encephalitis
virus [29]. Interestingly, ILF2 functions as both a negative
regulator [28, 29] and a positive regulator [26] in the viral
replication process. The full-length cDNA of duck ILF2
(XM_038167928.1) consisted of a 1173 bp open read-
ing frame encoding a protein composed of 391 amino
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acid residues, with a predicted molecular weight of
42.9 kDa. Comparing the duck ILF2 nucleotide to human
ILF2 (NM_004515.4) and mouse ILF2 (NM_026374.3)
revealed identities of 76.1% and 82.3%, respectively. In
terms of amino acid sequence, duck ILF2 shared 96.4%
similarity with both human and mouse ILF2. However,
to the best of our knowledge, its specific role during the
DHAV-1 infection has yet to be elucidated.

Viral replication requires a series of protein—RNA and
protein—protein interactions. Currently, little is known
about virus—host interactions during the replication of
DHAV-1. In this study, we identified ILF2 as a regula-
tor of the viral tissue tropism of DHAV-1 by negatively
regulating viral replication through disrupting the RdRP-
mediated promotion of viral RNA translation efficiency.
Elucidation of this regulatory mechanism provides new
insights into the potential role of the cellular component
ILF2 in regulating viral replication by interacting with
viral genome RNA and viral nonstructural proteins.

Materials and methods

Plasmid construction

Total RNA was extracted from 1 g of kidney tissue of
1-day-old ducklings using an E.Z.N.A.™ Total RNA
Kit (Omega Bio-Tek, Norcross, GA, USA) and then
used for reverse transcription using a RevertAid" First
Strand c¢DNA Synthesis Kit (Fermentas, Burlington,
Canada). The generated cDNA of ILF2 was then used
for PCR amplification using the corresponding prim-
ers (Table 1). The PCR products obtained were inserted
into a pcDNA3.1/V5-His B vector, a pET-32a(+) vec-
tor, and a pCMV-myc vector (Clontech, Palo Alto, CA,
USA) to generate the recombinant plasmids pCDNA3.1-
ILF2, pET32-ILF2, and pCMV-myc-ILF2, respectively,
after digestion with the appropriate restriction enzymes.
The viral RNA of DHAV-1 strain WF1107 (GenBank no.
MW462237) was used for PCR amplification to generate
3D and VPO gene using the corresponding primers listed
in Table 1. The 3D gene was inserted into the pCMV-
HA vector (Clontech) or pBudCE 4.1 vector to generate
pCMV-HA-3D or pBudCE-3D after digestion with the
appropriate restriction enzymes. The 3D and ILF2 genes
were inserted into the pBudCE 4.1 vector to generate the
recombinant plasmid pBudCE-3D-ILF2. The VPO gene
was inserted into the pET-32a(+) vector to express the
VPO-His fusion protein, which was then used to produce
antisera against DHAV-1. The methods for purifica-
tion of the His-tagged proteins and generation of mouse
polyclonal antisera are described below. All recombinant
plasmids were sequenced by Sangon Biotech Co., Ltd.,
Shanghai, China. All primers used in this study are listed
in Table 1.
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Table 1 Primers used in this research.
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Primers Sequence (5'—3)?

Purpose Genebank Access No.”

Primers for reverse transcription

RT-PCR for ILF2 XM_038167928

RT-ILF2-R CTCCTGAGTCTCCATGCTCTCCTCTT

Primers for plasmids construction
ILF2-EcoRI-F CccgGAATTCGGATGGCTTTCCCGCGGGTTA
ILF2-Xhol-R ccgCTCGAGTCACTCCTGAGTCTCCATGCTCT
ILF2-Hindlll-F cccAAGCTTGCCACCATGGCTTTCCCGCGGGTTA
ILF2-BamHI-R CcgcGGATCCTCACTCCTGAGTCTCCATGCTCT
ILF2-BamHI-F cgcGGATCCATGGCTTTCCCGCGGGTTA
ILF2-HindIlI-R CCCAAGCTTTCACTCCTGAGTCTCCATGCTCT
3D-Bglll-F ggaAGATCTGGGAAAGTAGTAAGCAAGCAATA
3D-Notl-R aagGCGGCCGCTTAGATCATCATGCAAGC
3D-Notl-F 2agGCGGCCGCGGGAAAGTAGTAAGCAAGCAATA
3D-BglllR 9gaAGATCTTTAGATCATCATGCAAGC
VPO-BamHI-F CgCGGATCCATGGATACTCTTACCAAAAAC
VPO-Xhol-R ccgCTCGAGCTGATTGTCAAATGGTCGGGGACAC
3UTR-F ACTGTTGGTCCGCAGGTACCATAAA
3UTR-R AGGTAGGGTAGGGAATAGTAAA

3UTR-reverse-F
3UTR-reverse-R
Primers for gRT-PCR
ILF2-gRTPCR-F
ILF2-gRTPCR-R
DHAV-gRT-PCR-F
DHAV-gRT-PCR-R
GAPDH-F
GAPDH-R
Primers for RNA interference
SilLF2 (sence)

AGGTAGGGTAGGGAATAGTAAAG
ACTGTTGGTCCGCAGGTACCATAAACC

GCAGACGCTTGTCCGCATCC
GGTTCCTCCTGGTTCTCCTCTTCC
AAACACCCACTGGCTTTGGA
GGTCCTCACGGAAAGTGGAG
ATGTTCZGTGATGGGTGTGAA
CTGTCTTCGTGTGTGGCTGT

UCAAUUUGCACCUCGAAAGUU

pCMV-myc-ILF2
pCDNA3.1-ILF2
PBudCE-3D-ILF2
pET32-ILF2
pCMV-HA-3D
PBudCE-3D

pET32-vp0

3" UTR of DHAV-1

Reverse sequence of 3' UTR
of DHAV-1

gRT-PCR for ILF2

gRT-PCR for DHAV-1

gRT-PCR for GAPDH

RNAi against ILF2

XM_038167928

XM_038167928

XM_038167928

MW462237

MW462237

MW462237

MW462237

MW462237

XM_038167928

MW462237

XM_061080759.1

XM_038167928

GGUAGCAGAACGUCCCACAGC
UUCUCCGAACGUGUCACUUtt
ACGUGACACGUUCGGAGAALt

silLF2 (antisence)
NC siRNA (sence)
NC siRNA (antisence)

Negative control siRNA XM_038167928

2 Lowercase letters represent protective bases; Restriction sites are underlined.
b The primers used in this research were designed based on the relevant genes.

Cells and viruses

The duck embryo hepatocytes (DEH) were prepared
using 14-to-16-day-old duck embryos. The liver tissue
was generated from duck embryos and then washed
three times with D-Hank’s (H1040, Solarbio, Beijing,
China). The liver tissue was minced with scissors and
then washed three times with D-Hank’s, followed by
digestion with a solution of 0.2% trypsin at 37 °C for 4
to 6 min. The tissue was then rinsed three times with
D-Hank’s to generate DEH cells. Human embryonic
kidney 293 T (HEK 293 T) cells (ATCC CRL-11268),
DEH and duck embryo fibroblasts (DEFs, ATCC® CCL-
141) were cultured at 37 °C in 5% CO, in Dulbecco’s
modified Eagle medium (DMEM; Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS;

Gibco), 100 U/mL penicillin, and 100 pg/mL of strep-
tomycin sulfate. The virulent DHAV-1 strain WF1107
(GenBank no. MW462237) was obtained from an out-
break of severe DVH in Weifang city, Shandong Prov-
ince, China.

Purification of his-tagged fusion proteins

The collected HEK 293 T cells or Escherichia coli Rosetta
(DE3) cells that expressing His-tagged proteins were col-
lected and sonicated on ice. The insoluble fraction and
cell debris were removed via centrifugation at 12 000 X g
at 4 °C for 1 min. The supernatant was collected and
used for ILF2-His purification via gravity chromatog-
raphy using a Ni*" affinity chromatography His-bind
resin (Novagen, Madison, WI, USA) according to the
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manufacturer’s instructions. In brief, the supernatant was
placed in a gravity flow column packed with 3 mL of a
Ni?*-NTA resin slurry (Novagen), and the His-tagged
proteins were eluted with 50 mM NaH,PO,, 300 mM
NaCl, and 300 mM imidazole (pH 8.0). The purified
ILF2-His (44 kDa, 1.49 mg/mL) and VPO-His (29 kDa,
2.37 mg/mL) were used to produce polyclonal antisera.

Antibodies

The monoclonal antibodies anti-His (ab154063) and
horseradish peroxidase (HRP)-conjugated goat anti-
mouse antibodies (ab6789) were purchased from Abcam
(Cambridge, MA, USA). The rabbit HA tag polyclonal
antibody (Cat No: 51064-2-AP), mouse MYC tag mono-
clonal antibody (Cat No: 60003), and HRP-conjugated
affinipure goat anti-rabbit IgG(H+L) (Cat No: SA00001-
2) were purchased from Proteintech Group Inc (Wuhan,
China). The anti-p-Actin (4970S) monoclonal antibodies
were purchased from Cell Signaling Technology (Bev-
erly, MA, USA). The anti-GAPDH monoclonal antibody
(Cat No. 60004-1-Ig) was purchased from Proteintech
Group Inc. The FITC-labeled goat anti-rabbit IgG (H+L)
(A0562, Beyotime Biotech, Beijing, China) and Cy3-
labeled goat anti-mouse IgG (H+L) (A0521, Beyo-
time Biotech) were used in the laser scanning confocal
microscopy assay. The polyclonal antisera against ILF2
or DHAV-1 were produced using Balb/c mice. In brief,
ILF2-His and VPO-His fusion proteins were expressed in
Escherichia coli Rosetta (DE3) cells (Transgen Biotech,
Beijing, China) after induction with 1 mM IPTG at 37 °C
for 8 h and then used to produce the polyclonal antibod-
ies. The six-week-old Balb/c mice were separately primed
subcutaneously with 100 mg of purified ILF2-His or VPO-
His fusion proteins emulsified with an equal volume of
Freund’s complete adjuvant (Sigma-Aldrich, St. Louis,
MO, USA). Two booster immunizations with 100 mg of
the fusion protein in Freund’s incomplete adjuvant were
administered 2 weeks apart. Finally, the 100 mg of puri-
fied fusion protein were administered without adjuvant,
and the polyclonal antisera against duck ILF2 (named
anti-ILF2) or VPO of DHAV-1 (named anti-DHAV-1 anti-
sera) were collected 72 h later.

In vitro RNA pull-down assay

The in vitro RNA pull-down assay was performed as
described previously [30]. In brief, the Pierce magnetic
RNA-protein pull-down kit (Thermo Fisher Scientific,
Waltham, MA, USA) was used to perform the in vitro
RNA pull-down assay. The fragment of DHAV-1 3’-UTR
or its reverse sequence were amplified using the cor-
responding primers and then were purified using a gel
purification kit (D1200, Solarbio, Beijing, China). The
generated PCR fragments were then used to produce
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the in vitro transcribed RNA samples of the DHAV-1
3’-UTR or its reverse sequence using a T7 RiboMAX
Express large-scale RNA production system (Promega,
Madison, W1, USA). The RNA samples were then labeled
with biotin using a Pierce RNA 3’-end dethiobiotinyla-
tion kit (Thermo Fisher Scientific) according to the man-
ufacturer’s instructions and combined with magnetic
beads. The magnetic beads-RNA-biotin mixture was then
incubated with 50 mg of purified ILF2-His fusion protein,
and the isolated proteins were subjected to Western blot
analysis using anti-His monoclonal antibody (1:3000).

SDS-PAGE and western blot

For SDS-PAGE analysis, the separated proteins were
mixed with a 5XSDS-PAGE sample buffer (Beyotime
Biotech), and the mixture was boiled for 5 min. The sam-
ples were then subjected to electrophoresis in 10% acryla-
mide gels (Beyotime Biotech). For Western blot analysis,
protein bands were electroblotted onto a polyvinylidene
fluoride (PVDF) membrane (Thermo Fisher Scientific)
using an MT transfer buffer (25 mM Tris, 0.19 M gly-
cine, 20% methanol pH 8.0). The PVDF membrane was
blocked with 5% non-fat milk in TBST (500 mL NaCl,
0.05% Tween 20, 10 mM TRIS-HCI, pH 7.5) for 1 h, and
incubated with primary antibodies at 4 °C for 8 h. The
membrane was then washed five times with TBST and
incubated with the corresponding secondary antibod-
ies at 25 °C for 2 h. After incubation, the PVDF mem-
brane was washed five times with TBST, incubated with
a mixture of hydrogen peroxide and 3,3’ -diaminobenzi-
dine tetrahydrochloride (Sigma-Aldrich), and visualized
using an enhanced chemiluminescence system (Bio-Rad,
Hercules, CA, USA). Images were captured by the BIO-
RAD ChemiDoc™ Imaging System (Bio-Rad, Redmond,
WA, USA). The band density was quantified using Image
] Software (version 1.8.0, National Institutes of Health
(NIH), Bethesda, MD, USA) with normalization to the
B-actin or GAPDH signal.

Laser scanning confocal microscopy

To measure the co-localization of 3D and ILF2, the DEFs
in glass bottom cell culture dish (MatTek Corporation,
MA, USA) were co-transfected with pCMV-myc-ILF2
and pCMV-HA-3D recombinant plasmids. At 12 and
24 h post-transfection (hpt), DEFs were washed with
PBS five times and treated with Triton X-100 (ST797,
Beyotime Biotech) for five min at 25 °C. The DEFs were
then incubated with primary antibodies (anti-HA or
anti-MYC, 1:3000) at 37 °C for 2 h, and then were incu-
bated with the corresponding secondary antibodies
(FITC-labeled Goat Anti-Rabbit IgG (H+L) and Cy3-
labeled Goat Anti-Mouse IgG (H+L), 1:3000) at 37 °C
for 2 h. After incubation, the DEFs were stained with
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4/ ,6-diamidino-2-phenylindole (DAPI) for 10 min. The
DEFs were washed with PBS five times and then imaged
using a laser confocal microscope (Leica AF6000). The
FITC signal was measured at 480 nm excitation and
520 nm emission wavelengths, while the cy3 signal was
measured at 550 nm excitation and 570 nm emission
wavelengths.

CO-IP assay

The co-immunoprecipitation (CO-IP) assay was per-
formed using a Pierce” Classic Magnetic IP/Co-IP Kit
(Thermo Fisher Scientific) according to the manufac-
turer’s instructions. To determine whether the 3DP°! of
DHAV-1 specifically interacts with ILF2, equal copies of
three groups of plasmids (pCMV-myc-ILF2 and pCMV-
HA-3D, pCMV-myc-ILF2 and pCMV-HA vector, and
pCMV-myc vector and pCMV-HA-3D) were separately
co-transfected into HEK 293 T cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). At 48 hpt, the
cells were gently washed once with PBS, and ice-cold IP
Lysis/Wash Buffer mixed with a protease inhibitor was
added to the pellet. The lysate was incubated on ice for
5 min and then centrifuged at approximately 13 000 X g
for 10 min, and the supernatant was collected. The sam-
ples that used for measuring the expression level of ILF2-
myc and 3D-HA in the three co-transfection groups were
named “input group’; the supernatant was used for West-
ern blot analysis using anti-MYC (1:3000) and anti-HA
mAbs (1:3000). Samples that used for CO-IP assay were
named “IH group” and were precleared via treatment
with protein A/G-Sepharose beads (Pierce Biotechnol-
ogy, Waltham, MA, USA) at 4 °C for 2 h. Then, anti-HA
mAbs (1:3000) and protein A/G-Sepharose beads were
added to the supernatant to capture the cellular proteins.
The isolated proteins from CO-IP assay were then ana-
lyzed through Western blot using anti-MYC (1:3000).

To determine whether 3DP interacts with endogenous
ILF2 in DEFs, 4 pg of the recombinant plasmid pCMV-
HA-3D was transfected into DEFs. At 60 hpt, the cells
were harvested, and a CO-IP assay with anti-HA mAbs
(1:3000) was performed, followed by Western blot analy-
sis using anti-ILF2 (1:100).

Luciferase activity measurement

The recombinant plasmid pDHAV-3'UTR-A,; con-
taining the T7 promoter, the 5'—UTR of DHAV-1, the
Firefly luciferase gene, and the 3°—UTR and poly(A),;
tail of DHAV-1 was constructed [30]. The recombinant
plasmid pDHAV-3’'UTR-A,; was digested with restric-
tion enzyme Xhol (TaKaRa, Dalian, China) and gel puri-
fied, and then used for in vitro transcription using the T7
RiboMAX Express large-scale RNA production system
(TaKaRa). The generated RNA was then transfected into
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DEFs according to manufacturer instruction. To meas-
ure luciferase activity, the DEFs were washed three times
with PBS and then treated with 100 pL of passive lysis
buffer (Promega) for 5 min at 25 °C. The cell lysates were
then collected and centrifuged at 13 000 X g for 5 min at
4 °C, the pellet was discarded, and the supernatant was
then used to measure luciferase activity using a dual
luciferase assay system (Promega) and a Berthold lumi-
nometer (GloMax 20/20; Promega).

RNAi

DEFs (approximately 5x 10° cells in DMEM without FBS
and antibiotics) were transfected with 1.25 pL siRNA
against ILF2 (20 pM) using riboFECT" CP reagent
(RIBOBIO, Guangzhou, China) according to the manu-
facturer’s recommendations. The DEFs in the control
group were transfected with the same amount of nega-
tive control siRNA (Table 1). The siRNA against ILF2 and
negative control siRNA were designed based on Anas
platyrhynchos ILF2 mRNA sequence (XM _038167928).
Cell lysates from both groups were collected 24 to 72 hpt
and then lysed in RIPA buffer (50 mM Tris—HCI at pH
7.5, 150 mM NaCl, 1% IPEGAL, 0.5% sodium deoxycho-
late, protease inhibitors) on ice for 15 min followed by
centrifugation at 10 000 X g at 4 °C for 10 min. Protein
concentration was then determined using a BCA assay
(Thermo Fisher Scientific), and ILF2 expression levels in
both groups were then measured through Western blot
using anti-ILF2 (1:100).

Overexpression of ILF2

To upregulate the expression of ILF2, DEFs were seeded
into 6-well plates, cultured until they reached 80%
confluency, and transfected with Lipofectamine 2000
(Invitrogen). In brief, 4 pg of recombinant plasmids
pCDNA3.1-ILF2 or 8 pL of Lipofectamine 2000 (Invit-
rogen) were diluted separately in 250 pL of Opti-MEM
media (Thermo Fisher Scientific), and then mixed at a
final volume of 500 pL after incubation for 5 min at 25 °C.
The mixture was then incubated at 25 °C for 25 min and
added to six-well plates. At 48 hpt, the expression level
of ILF2 in both groups were measured by Western blot
using anti-ILF2 (1:100).

gRT-PCR
qRT-PCR was performed as described previously [31].
Using the primers DHAV-qRT-PCR-F/R (Table 1), a
SYBR Green real-time RT-PCR assay was performed for
the quantitative detection of DHAV-1 replication. Viral
RNA copies were calculated according to the formula
y=—3.2178x+ 38.268, where x represents a standard for
viral copies, and y represents a standard for values from
one-step real-time PCR. The transcription level of ILF2
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was detected using a SYBR Green real-time method.
Total RNA was extracted using an E.ZN.A.TM Total
RNA Kit (Omega Bio-Tek) according to the manufac-
turer’s instructions. Subsequently, 1.0 ug of total RNA
was used for RNA transcription using a RevertAid'" First
Strand cDNA Synthesis Kit (Fermentas) according to the
manufacturer’s instructions. The reverse transcription
product (1.0 pM) was then used for qRT-PCR measure-
ment using ILF2-qRTPCR-F and ILF2-qRTPCR-R prim-
ers (Table 1). The GAPDH levels were measured using
GAPDH-F/R (Table 1). The PCR conditions were as fol-
lows: one cycle at 95 °C for 30 s, 40 cycles of denaturation
at 95 °C for 5 s and extension at 60 °C for 34 s, followed
by a dissociation curve analysis step.

Experimental animals and sample collection

A total of twelve 1-day-old cherry valley ducklings were
purchased from a local commercial poultry farm (Wei-
fang, Shandong, China). A total of ten six-week-old
Balb/c mice were purchased from a local experimental
animal company (Jinan, Shandong, China). The treat-
ment procedures of ducklings and mice were approved
by the Experimental Animal Ethics Committee of Wei-
fang Medical University (approval no. 2020SDL043) and
performed in accordance with the guidelines of the Eth-
ics Committee for Laboratory Animal Welfare of Wei-
fang Medical University. The experimental animals were
provided a basal diet and water ad libitum and managed
under the recommended humidity and temperature.

To measure the impact of DHAV-1 infection on ILF2
expression, the ducklings were divided into two groups:
the experimental group was injected intramuscularly
with approximately 10* copies of DHAV-1 viral particles,
while the control group was injected intramuscularly
with the same volume of PBS. The ducklings in control
group or DHAV-1-infected group were housed sepa-
rately. The ducklings were euthanized by carbon dioxide
asphyxiation at 48 h post-infection (hpi), 1 g of the liver,
kidney, heart, spleen, and bursa of Fabricius (BF) tissue
were collected and used for subsequent qRT-PCR meas-
urement. To amplify the cDNA sequence of ILF2, 1 g of
the kidney tissue was collected and used for total RNA
extraction and the subsequent PCR amplification. The
immunized mice, which were used to produce antisera,
were euthanized by carbon dioxide asphyxiation, fol-
lowed by cervical dislocation. The blood samples were
collected from the eyeballs, stored at 25 °C for 2 h, and
then were centrifuged at 5000 g rpm/min to produce
antisera.

Statistical analysis
All experiments were performed at least three times with
at least three biological replicates. Statistical significance
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was determined using SPSS software (version 20.0, SPSS
Inc., Chicago, IL, USA) evaluated using one-way ANOVA
(three or more groups of data) and independent-sample t
test (two groups of data). *P<0.05, **P<0.01, ***P<0.001.

Results

ILF2 Interacts with the 3’-UTR of DHAV-1

To search for novel host factors that interact with the
3’-UTR of DHAV-1, an RNA pull-down assay was per-
formed using the biotin-labeled RNA probe of the
3-UTR. The isolated products were analyzed using
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS). The MALDI-
TOF-MS results indicated numerous cellular proteins
that might interact with 3’-UTR of DHAV-1, and ILF2
was chosen for further analysis due to its high index [30].
Next, an in vitro RNA pull-down assay was performed
using the biotin-labeled RNA probe of the 3’-UTR
and the purified ILF2-His fusion protein to investigate
whether ILF2 specifically interacted with the 3’-UTR
of DHAV-1, as described in a previous study [30]. The
biotin-labeled RNA probe of the reverse sequence of the
3’-UTR and purified ILF2-His fusion protein were used as
the negative control. Western blot analysis of the isolated
products showed that ILF2 was immunoprecipitated in
the group with the 3'-UTR probe but not in the group
with the reverse 3’-UTR probe (Figure 1), indicating that
ILF2 directly interacted with the 3’-UTR of DHAV-1,
further confirming the results of the MALDI-TOF-MS.

ILF2 specifically interacts with the 3D.P°! of DHAV-1

A previous study showed that ILF2 interacted with
other RNA binding proteins through binding to the
RNA [26]. Therefore, we sought to investigate whether
ILF2 interacts with 3DP°! using a CO-IP assay. Equal
copies of three groups of plasmids (pCMV-myc-ILF2
and pCMV-HA-3D, pCMV-myc-ILF2 and pCMV-HA
vector, and pCMV-myc vector and pCMV-HA-3D)
were separately co-transfected into HEK 293 T cells,
and ILF2-myc and 3D-HA were highly expressed in

RNA pull down

Reverse 3' UTR

+ -+ -
44 kDaF .- ILF2-His
44 kDa | - 0

Figure 1 ILF2 interacts with the 3’-UTR of DHAV-1. Western blot
analysis of the isolated products from the in vitro RNA pull-down
assay. The anti-His (1:3000) and HRP-conjugated affinipure goat
anti-rabbit IgG(H+L) (1:3000) were used in this assay.
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input group. Next, the CO-IP assay was conducted
using anti-HA mAb, and ILF2 was immunoprecipi-
tated in the pCMV-myc-ILF2 and pCMV-HA-3D co-
transfection groups (Figure 2A), indicating that ILF2
interacted with the 3D protein in vitro. In addition,
we investigated whether the 3DP°! of DHAV-1 inter-
acts with endogenous ILF2. The DEFs were transfected
with pCMV-HA-3D to express 3D-HA fusion protein
(Figure 2B), the DEFs in control group were trans-
fected with pCMV-HA vector. Next, the DEFs in both
groups were collected at 60 hpt to perform an IP assay,
followed by Western blot analysis. The results showed
that endogenous ILF2 was immunoprecipitated in the
3D-expressing group but not in the control group, indi-
cating that 3DP° specifically interacted with endog-
enous ILF2 (Figure 2C).

Moreover, the co-localization of 3D and ILF2 was
measured by transfecting the recombinant plasmids
pCMV-myc-ILF2 and pCMV-HA-3D into DEFs. At 12
and 24 hpt, the co-immunolabeling results revealed
that ILF2 was co-localized with 3D (Figure 2D), render-
ing a physical basis for their interaction.

A HEK 293T cell

Input IP: HA
pCMV-HA - + - - + =
pCMV-HA-3D + - + + -+
pCMV-myc - - + - - +
pCMV-mye-ILF2  + + - + + -
53 kDa |fie - o -5 A
44.2 kDa | g S - ILF2-myc

C

DEFs cell
Input IP:HA
pCMV-HA + +
pCMV-HA-3D - -
53 kDa

+ +
. q 3D-HA
- p—

ILF2

42 kDa -
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3DP°! facilitates DHAV-1 replication by enhancing viral RNA
translation efficiency

As demonstrated previously, 3DP exhibited RARP activ-
ity through interacting with the 3’-UTR of DHAV-1 [10];
however, the effects of RARP activity on DHAV-1 viral
replication was still unclear. To identify the specific role of
3ppol during DHAV-1 replication, DEFs were transfected
with the pBudCE-3D or pBudCE4.1 vector, respectively.
At 48 hpt, the DEFs in both groups were inoculated with
approximately 10* copies of DHAV-1, and the growth
characteristics were then measured at 12, 24, and 48 hpi
through Western blotting and qRT-PCR. The overexpres-
sion of 3DP°' prominently increased the viral replication
level at all detection points (Figures 3A-C).

Next, we investigated whether 3DP°! could enhance
viral replication by facilitating viral RNA translation. The
DEFs were transfected with the recombinant plasmids
pBudCE-3D or pBudCE4.1 vector. At 48 hpt, the transla-
tion reporter system 5'-UTR_FLUC_3’-UTR was trans-
fected into both groups, and the firefly luciferase (FLUC)
activity was measured at different hours post-transfec-
tion. The FLUC activity in DEFs transfected with pCMV-
HA-3D was highly higher compared to that in the control

DEFs cell

53 kDa

36 kDa

Figure 2 ILF2 interacts with 3DP° both in vitro and in vivo. A The cells in the HA group were collected for CO-IP assay using anti-HA,

and the isolated proteins from the CO-IP assay were then detected by Western blot assay using anti-MYC and anti-HA were used in this assay
(1:3000). The cells in the input group were lysed and subjected to Western blot analysis using anti-MYC and anti-HA. B The DEFs cells were
transfected with 4 ug of recombinant plasmids pCMV-HA-3D, the expression level of 3D-HA at 24, 48, and 72 hpt were measured by Western blot
using anti-HA mAb (1:3000). GAPDH was detected using anti-GAPDH (1:3000). C The cells in the HA group were collected for CO-IP assay using
anti-HA mAb, and the isolated proteins from the CO-IP assay were then detected by Western blot assay using anti-ILF2 (1:100) and anti-HA (1:3000).
The cells in the input group were lysed and subjected to Western blot analysis using anti-HA mAb (1:3000) and anti-ILF2 (1:100). D The laser
confocal microscopy result of the co-localization result of 3D and ILF2 in DEFs at 12 and 24 hpt. The anti-ILF2 (1:50) were used to detect the cellular
localization of endogenous ILF2 (red) in Mock DEFs (non-transfected DEFs) and DEFs transfecting with pCMV-HA-3D, while the anti-HA (1:3000)
were used to measure the cellular localization of 3D-HA (green). The Mock group indicated blank DEFs, the DAPI channel indicated staining of DEFs
nucleus, the Merge images represent single stack of 3D-HA (green), endogenous ILF2 (red), and DAPI (blue). Bar represents 10 um.
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Figure 3. 3DP° facilitates DHAV-1 replication by enhancing viral RNA translation efficiency. A DEFs cells were transfected with 4 ug

of pBudCE-3D or pBudCE4.1 vector, and then were inoculated with 10* copies of DHAV-1 at 48 hpt. The viral replication levels in both group

were analyzed by Western blot using anti-DHAV-1 antiserum (1:100). B Viral protein levels in both groups were measured using Image)J

software, and the grayscale values corresponding to the bands of each protein between groups were conducted. The y-axis represents the ratio

of the grayscale value of the viral protein to that of 3-actin, whereas the x-axis represents the time, in hours post-infection. C gRT-PCR results
indicating the number of viral copies in DEFs transfected with the pBudCE-3D or pBudCE4.1 vector. D Comparison of FLUC activities in DEFs
transfected with the pBudCE-3D or pBudCE4.1 vector. *P<0.05, ** P<0.01, *** P<0.001. Bars show the mean £ SD of three independent experiments

(n=3).

group at all detection points (Figure 3D), indicating that
3DP°! enhanced DHAV-1 replication by increasing viral
RNA translation efficiency.

ILF2 negatively regulates the viral replication of DHAV-1

To identify the specific role of ILF2 during DHAV-1
replication, the expression of ILF2 was downregulated
in DEFs using RNAI, and the silencing effect was meas-
ured using Western blot. At 60 hpt, the expression of
ILF2 was highly reduced in the siRNA transfection group
(named silLF2) compared with the control group (Fig-
ure 4A). Next, DEFs in the silLF2 and control groups

were inoculated with approximately 10* copies of DHAV-
1. Viral growth characteristics in both groups were meas-
ured using qRT-PCR and Western blot. The qRT-PCR
results showed that the viral copies in the silLF2 group
increased 2.43-, 1.96-, 1.41-, and 1.47-fold between 24
and 60 hpt compared with the control group, while a
1.64-, 1.48-, 1.55-, and 1.61-fold increase of the grayscale
value was observed in the silLF2 group compared with
the control group (Figures 4B-D).

Next, the recombinant plasmids pCDNA3.1-ILF2
were transfected into DEFs (named EXILF2) to upregu-
late ILF2 expression. Equal copies of the pCDNA3.1
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Figure 4 ILF2 negatively regulates DHAV-1 replication. A The silencing effect of ILF2 in DEFs at 60 hpt were measured through Western blot
using anti-ILF2 antiserum (1:100). The Mock group indicated blank DEFs, the Control group indicated DEFs transfecting with negative control

siRNA, and the silLF2 group indicated DEFs transfecting with silLF2. B gRT-PCR results of viral copies of DHAV-1 in control group and silLF2 group

at 24, 36, 48, and 60 hpi. C Western blot analysis of the viral protein level of DHAV-1 in the silLF2 group and control group at 24, 36, 48, and 60

hpi. The anti-DHAV-1 antiserum (1:100) was used in this assay, and the gray scale value of each band was indicated D. E The expression levels

of ILF2 in control group and EXILF2 group were detected by Western blot using anti-ILF2 antiserum (1:100) 48 h later. The Mock group indicated
blank DEFs, the Control group indicated DEFs transfecting with pcDNA3.1/V5-His B vector, and the EXILF2 group indicated DEFs transfecting

with pCDNA3.1-ILF2. F gRT-PCR results of viral copies of DHAV-1 in control group and EXILF2 group at 24, 36, 48, and 60 hpi. G The viral protein
levels of DHAV-1 in the EXILF2 group and control group at 24, 36, 48, and 60 hpi were measured through Western blot using anti-DHAV-1 antiserum
(1:100). H The grayscale value of each protein band in both groups was measured using Image)J software. The y-axis represents the ratio of the gray
value of the viral proteins to $-actin, while the x-axis represents the hours post-infection. * P<0.05, ** P<0.01, *** P<0.001. Bars show the mean+SD

of three independent experiments (n=3).

vectors were used as the control group. At 48 hpt, the
Western blot results showed that ILF2 expression was
highly increased in the EXILF2 group (Figure 4E). Subse-
quently, approximately 10* copies of DHAV-1 were used
to infect DEFs in the control and EXILF2 groups, and
the viral load in both groups was compared. Both West-
ern blot and qRT-PCR results showed that overexpres-
sion of ILF2 resulted in a sharp decrease in virus yield at
each detection point. The number of viral copies in the
EXILF2 group decreased by 5.28%, 32.29%, 46.22%, and
19.5% at 24 to 60 hpi compared with that in the control
group. In comparison, a significant decrease of 21.51%,
41.01%, 25.13%, and 40.50% of the grayscale values was
observed in the EXILF2 group at 24 to 60 hpi compared
with that in the control group (Figures 4F-H). These
results indicate that ILF2 negatively affects the replica-
tion of DHAV-1.

ILF2 suppressed DHAV-1 replication through disrupting
the RARP activity of 3DP°'

It is apparent that the antiviral effect of ILF2 occurs
through its binding to 3’-UTR of DHAV-1; however, ILF2
also binds 3DP°., Based on the aforementioned results,
indicating that both ILF2 and 3DP® interact with the
3’-UTR of DHAV-1, we hypothesized that ILF2 might

suppress DHAV-1 replication by disrupting the RARP
activity of 3DP°, To confirm this hypothesis, DEFs were
separately transfected with pBudCE4.1 vector, pBudCE-
3D, or pBudCE-3D-ILF2 (Figure 5A). At 48 hpt, the DEFs
in the three groups were inoculated with approximately
10* copies of DHAV-1, and the numbers of viral copies in
the three groups were compared through Western blot-
ting at 12, 24, and 48 hpi. The results showed that the
number of viral copies in the pBudCE-3D-ILF2-trans-
fected group was highly suppressed compared to that in
the pBudCE-3D-transfected group (Figures 5B-D), indi-
cating that ILF2 disrupts 3DP°-mediated promotion of
viral proliferation.

Next, we investigated whether ILF2 inhibits DHAV-1
replication by interfering with RARP-mediated viral RNA
translation efficiency. DEFs were separately transfected
with the pBudCE4.1 vector, pBudCE-3D, or pBudCE-3D-
ILF2. At 48 hpt, the DEFs in the three groups were then
transfected with the translation reporter system 5 -UTR_
FLUC_3'-UTR, and the FLUC activity was measured at
6, 12, and 24 hpt. FLUC activity in the pBudCE-3D group
was highly higher compared to that in the pBudCE4.1
vector group, whereas FLUC activity in the pBudCE-3D-
ILF2 group was highly suppressed compared to that in
the pBudCE-3D group (Figure 5E), indicating that ILF2
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Figure 5 ILF2 suppresses DHAV-1 replication by disrupting the RRP activity of 3DP°'. A Western blot results of the expression level of 3D
and ILF2 in DEFs transfected with pBudCE-3D or pBudCE-3D-ILF2 using an anti-MYC (1:3000) or anti-ILF2 (1:100) antibody. B Western blot analysis
of DHAV-1 viral replication levels in DEFs transfected with the pBudCE4.1 vector, pBudCE-3D, or pBudCE-3D-ILF2 using anti-DHAV-1 antiserum
(1:100); the grayscale value of each band C. D The growth characteristics of DHAV-1 in DEFs transfected with the pBudCE4.1 vector, pBudCE-3D,
or pBudCE-3D-ILF2 measured using gRT-PCR. E Comparison of FLUC activities in DEFs transfected with the pBudCE4.1 vector, pBudCE-3D,

or pBudCE-3D-ILF2. * P<0.05, ** P<0.01, *** P<0.001. Bars show the mean +SD of three independent experiments (n=3).

suppressed DHAV-1 replication by decreasing the RARP-
mediated promotion of viral RNA translation efficiency.

DHAV-1 infection suppresses ILF2 expression in vitro

The changes a cellular protein undergoes upon viral
infection provide a crucial indicator of the protein’s
biological function. ILF2 was found to be differently
expressed after DHAV infection [32]; however, the spe-
cific change trend remains unknown. Therefore, DEFs
were infected with approximately 10* copies of DHAV-1
to investigate the effect of DHAV-1 infection on ILF2
expression. The cell lysates were collected at 4, 6, and 12
hpi to perform qRT-PCR or Western blot analysis. Com-
pared with that in the control group, the expression of
ILF2 sharply decreased at all test points (Figures 6A, B)
according to Western blot result; the qRT-PCR analysis
also showed that the expression of ILF2 was strongly sup-
pressed (Figure 6C). In addition, the variation in ILF2
expression in the DEHs was also measured using qRT-
PCR and Western blot under the same conditions. The
results showed that the expression of ILF2 was strongly
suppressed after DHAV-1 infection (Figures 6D—F).

DHAV-1 infection suppresses ILF2 expression in vivo

We first measured the tissue distribution of ILF2 in
1-day-old ducklings using qRT-PCR. The highest
expression of ILF2 was observed in the BF, followed by
the spleen, kidney, heart, and liver (Figure 7A). Notably,
the expression of ILF2 was higher in immune organs,
including the BF and spleen, than in other tissues (Fig-
ure 7A). Next, the impact of DHAV-1 infection on ILF2
expression was investigated. The 1-day-old ducklings
were inoculated intramuscularly with approximately
10* copies of DHAV-1 particles. The ducklings in the
control group were inoculated with the same amount
of PBS, and the expression of ILF2 in different tissues
was measured at 4, 6, and 12 hpi. Compared with the
control group, ILF2 expression in all tissues decreased
sharply after DHAV-1 infection (Figures 7B-F). The
decrease in ILF2 expression varied greatly in the differ-
ent organs: the liver showed the highest decrease at all
measurement points, whereas the heart (at 4 hpi) and
the spleen (at 6 and 12 hpi) showed the lowest decrease
(Figure 7G). In addition, the liver showed the lowest
ILF2 expression levels throughout the infection pro-
cess (Figure 7H). In contrast, the expression of ILF2
in immune organs, including the BF and spleen, was
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Figure 6 Suppression of the expression of ILF2 by the replication of DHAV-1 in vitro. A The expression levels of ILF2 in DEFs at 4, 6,and 12 hpi
were measured through Western blot analysis using anti-ILF2 antiserum (1:100). B The grayscale value of each protein band was measured using
Image] software. The y-axis represents the ratio of the ILF2 grayscale value to that of GAPDH, the x-axis represents the time post-infection (hours). C
The gRT-PCR results show the expression level of ILF2 at 4, 6, and 12 hpi in DEFs. D Western blot analysis of ILF2 expression in DEH at 4, 6, and 12 hpi.
The anti-ILF2 antiserum (1:100) was used. E The grayscale value of ILF2 in the DEH at different times post-infection. F The gRT-PCR results showed
the expression level of ILF2 at 4, 6, and 12 hpi in DEH. Bars show the mean +SD of three independent experiments (n=3).

highly higher compared with that in other tissues dur-
ing the whole infection process (Figure 7H).

Expression of ILF2 correlates with the proliferation

of DHAV-1 in both DEFs and DEH

Because both the tissue distribution of ILF2 and the
viral load of DHAV-1 vary widely in different organs, we
investigated whether the expression of ILF2 correlated
with viral load in vitro. DEFs and DEH were infected
with approximately 10* viral particles, and the cell lysates
were collected at different times post-infection for meas-
urement using qRT-PCR. The results showed that the
expression of ILF2 was negatively correlated with viral
load (Figure 8A). In addition, the expression of ILF2 was

consistently higher in DEFs than in DEH (Figure 8B). In
contrast, the viral load was highly lower in DEFs than
in DEH at all-time points tested (Figure 8C), indicating
that the expression of ILF2 was negatively correlated with
viral load in vitro.

Expression of ILF2 correlates with the proliferation

of DHAV-1 in vivo

Finally, we investigated whether the expression of ILF2
was correlated with viral load in different tissues of
young ducklings after DHAV-1 infection, i.e., whether
ILF2 affected viral tissue tropism. 1-day-old ducklings
were injected intramuscularly with approximately 10*
copies of DHAV-1 particles. The viral load in the liver,
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Figure 7 Suppression of ILF2 expression by the replication of DHAV-1 in vivo. A Expression levels of ILF2 in healthy ducklings'liver, kidney,
heart, spleen, and BF. B-F The expression levels of ILF2 in various tissues were measured through gqRT-PCR at 4, 6, and 12 hpi. G Percentage decrease

of ILF2 expression in each organ. H The transcription level of ILF2 in different tissues at different times post-infection. * P<0.05, ** P<0.01,

P<0.001. Bars show the mean+SD of three independent experiments (n=3).

kidney, spleen, heart, and BF was measured at 4, 6, and
12 hpi, and the relationship between viral load and the
expression of ILF2 was compared. Notably, there was
a positive correlation between the expression of ILF2

XK

and DHAV-1 replication in various tissues at all detec-
tion time points (Figures 9A—C). In addition, the histo-
gram results showed that the transcription level of ILF2
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Figure 8 Influence of ILF2 in the DHAV-1 viral load in vitro. A Relationship between the expression of ILF2 and DHAV-1 viral load in DEFs
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Comparison between the relative RNA level of ILF2 in the DEFs and DEH groups. C Viral load of DHAV-1 in the DEFs and DEH groups were
compared. *** P<0.001. Bars show the mean £ SD of three independent experiments (n=3).

was inversely proportional to the proliferation level of
DHAV-1 in all tissues examined (Figure 9D).

Discussion

The infection cycles of DHAV-1 in host cells are a com-
plex process involving a series of protein—-RNA and pro-
tein—protein interactions. The interaction between virus
and host factors is a key determinant of viral translation,
viral genome replication, and post-translational modi-
fications, aiding in our understanding of the molecular
mechanism of viral pathogenesis and the development
of antiviral drugs. Some cellular proteins may interact
with viral RNA or proteins and affect replication cycles,
while viral replication in the host cell could inversely
alter the expression of cellular proteins. Currently, little
is known about whether these host proteins interact with
viral genome structures or viral proteins of DHAV-1, par-
ticularly with the host replication machinery, to regulate
viral infection. In this study, we showed that ILF2 spe-
cifically interacted with the 3'—UTR of DHAV-1 through
an in vitro RNA pull-down assay (Figure 1). ILF2 and
ILF3 are distinct proteins that shared a common domain
known as domain associated with zinc fingers. ILF2 and

ILF3 could dimerize through this common domain and
affect viral replication by interacting with viral RNA [33].
However, the details of the interaction between the ILF2/
ILF3 complex and viral RNA, such as what motifs are
recognized by the complex and what the molecular con-
sequences are of the complex association with viral RNA,
are not yet well understood [33].

Our results also showed that ILF2 negatively regulated
DHAV-1 replication (Figure 4), suggesting that ILF2 may
act as a restriction factor for DHAV-1 replication by
interfering with viral genome replication or viral protein
expression. This is consistent with previous studies show-
ing that silencing of ILF2 facilitates replication of IBDV
[22], PRRSV [28], stomatitis virus [20], and influenza
virus [24]. Interestingly, it has also been shown that ILF2
can specifically interact with RdRp, such as the viral VP1
of IBDV [22] and nsp9 of PRRSV [28], to prevent viral
replication. The 3DP®' of DHAV-1, which also binds to
the 3’-UTR to exert RARP activity, is an important deter-
minant of viral replication [9]. In the present study, we
showed that ILF2 interacted with the 3DP°' of DHAV-1
both in vitro and in vivo (Figure 2). Because both 3DP!
and ILF2 specifically bound to the viral 3-UTR, we
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Figure 9 Influence of ILF2 in the DHAV-1 viral load in vivo. A-C Relationship between the percentage decrease in ILF2 expression and DHAV-1
viral load in various tissues at each detection point. The x-axis represents the different tissues, the left y-axis represents the viral load of DHAV-1,

and the right y-axis represents the average percentage decrease in ILF2 expression (%). D Relationship between ILF2 expression and DHAV-1 viral
load in various tissues at each detection point. The right y-axis represents the logarithm of DHAV-1 copies, and the left y-axis represents the average
expression level of ILF2 (%). Bars show the mean +SD of three independent experiments (n=3).

hypothesize that 3DP and ILF2 might competitively
bond to the 3-UTR, and the competitive combina-
tion of ILF2 and 3DP° might prevent 3DP°' from exert-
ing the biological activity of RdRp (Figure 3), leading to a
decrease in DHAV replication (Figure 5). Moreover, ILF2
might regulate viral replication through mediating the
immune system. For example, ILF2 interacts with NOD-
like receptor thermal protein domain associated pro-
tein 3 (NLRP3) and inhibits the activation of the NLRP3
inflammasome [34]. In the present study, we showed
that ILF2 sharply decreased following DHAV-1 infection
(Figures 6, 7). We hypothesize that the decrease in ILF2
expression might alleviate its inhibition of NLRP3 acti-
vation, resulting in high production of the downstream
product of the NLRP3 signaling pathway, such as IL-1f,
to negatively regulate DHAV-1 replication.

At last, we investigated the relationship between the
DHAV-1 proliferation level and ILF2 expression level.
Firstly, we noticed that the replication of DHAV strongly
suppressed the expression of ILF2 (Figures 6, 7). There-
fore, we hypothesized that DHAV-1 might facilitate viral
replication by downregulating the expression of ILF2
based on the conclusion that ILF2 negatively regulated
the replication of DHAV-1 (Figure 4). The cytopathic

nature of DHAV-1 infection might directly suppress ILF2
expression, while the decrease of ILF2 might also due
to the apoptosis or cell death. In addition, some micro-
RNA, such as MicroRNA-7 (miR-7), might contribute
to the decrease of ILF2 [35, 36]. Secondly, we speculated
that the organs of healthy ducklings with low levels of
ILF2 might be preferentially infected with DHAV-1 since
ILF2 inhibits DHAV-1 replication. Previous studies have
shown that DHAV-1 preferentially infects liver tissue
since the viral genome could only be detected in liver as
early as 1 hpi [37]. Therefore, the highly low initial tran-
scription levels of ILF2 in liver tissue (Figure 7A) might
contribute to the hepatotropism of DHAV-1. Thirdly, we
showed a correlation between the expression of ILF2 and
viral load in primary cells (Figure 8). The expression of
ILF2 was higher in the DEF group than in the DEH group
at all-time points (Figure 8D). The opposite was observed
with the viral load in the DEF group, which was consist-
ently lower than that in the DEH group (Figure 8E), sug-
gesting that the higher expression of ILF2 may lead to
more effective inhibition of DHAV-1 replication in vitro.
Finally, the expression of ILF2 might affect the viral load
of DHAV-1 in different tissues of ducklings (Figure 9).
For example, the expression of ILF2 was highly higher in
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immune organs, such as the spleen and BE, than in the
liver (Figure 7A), whereas the viral load was lower in
immune organs than in the liver tissue [31], indicated
that the higher expression of ILF2 in immune organs was
more effective in preventing viral replication. Moreover,
liver tissue, which had the lowest expression of ILF2 at
all test time points (Figure 7H), showed the highest viral
load throughout the infection process [37], suggesting
that DHAV-1 may replicate more effectively in organs
with lower ILF2 expression. To sum up, the viral load in
primary cells and various tissues of young ducklings was
negatively correlated with ILF2 expression (Figures 8, 9),
suggesting that ILF2 may influence the viral tissue tro-
pism of DHAV-1.

In conclusion, ILF2 suppressed viral proliferation of
DHAV-1 by disrupting the RARP-mediated promotion of
viral RNA translation efficiency. In addition, viral repli-
cation strongly inhibits the expression of ILF2, which is
beneficial for virus reproduction in host cells. At last, the
ILF2 expression level negatively correlated with the viral
proliferation level in various organs, indicating a possible
role of ILF2 on regulating tissue tropism.
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