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In mammals, tripartite motif 32 (TRIM32) is essential forgalating host innate immune
responses to viral infections. However, the antiviral effé of TRIM32 in birds has not
been reported. Here, we cloned the full-length duck TRIM32dUTRIM32) cDNA from
total spleen RNA of Peking duck. DUTRIM32 consists of 682 amb acids and has
95.5% similarity in amino acid sequences with chicken TRIMBand 84.9% similarity with
human TRIM32, respectively. DUTRIM32 mRNA was found to be uduitously expressed
in all tested tissues from healthy ducks. Overexpression ofluTRIM32 signi cantly
activated the IFNb promoter and upregulated the mRNA levels of IFNy; IRF7, and
Mx, which indicates that duTRIM32 is involved in the type | NFpathway. Furthermore,
duTRIM32 was found to directly interact with duck STING (duBING) and to contribute
to the expression of IFNb mediated by duSTING. The mRNA level of duTRIM32
was signi cantly upregulated in the lungs and spleens of H58 highly pathogenic
avian in uenza virus (HPAIV) infected ducks 3 days post-ieftion (DPI). Furthermore,
overexpression of duTRIM32 could inhibit the replicationfdH5N6 HPAIV in duck embryo
broblasts (DEFs). Therefore, these results indicate thatuTRIM32 is involved in the type
I IFN pathway and exhibit an antiviral effect against HSN6 H#PV infection.

Keywords: duck, TRIM32, STING, IFN- b, avian in uenza virus

INTRODUCTION

After viral infection, the host innate immune system recamgs the conserved viral components
named pathogen-associated molecular patterns (PAMPS) by gaigtrn recognition receptors
(PRRs) [). The recognition of PAMPs by PRRs activates the innate immigmasng pathway that
induces the expression of type | interferons (IFNs) and proammatory cytokines to control viral
infection (2). Various post-translational modi cations such as phosphatign, ubiquitination,
methylation, and acetylation have emerged as critical eggt8 of immunity by in uencing
the PRR-dependent pathwa$)( Protein ubiquitination is one of the major conventional §te
translational modi cations that regulate the innate immersignaling pathway by targeting
PRRs or downstream adaptor moleculé} (The ubiquitination process is a unique enzymatic
cascade reaction. First, ubiquitin-activating enzymeg @€tivates ubiquitin in an ATP-dependent
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manner and then the activated ubiquitin is transferred to E2Peking ducks were purchased from farms in Guangdong and
ubiquitin-conjugating enzymes. Finally, E3 ubiquitigditing housed in the isolators of the ABSL-3 facilities. The Pekincks
enzymes facilitate ubiquitination of the substrate. E3quitin-  were con rmed to be serologically negative for avian in wen
ligating enzymes are the center of this process that detegsnin with a hemagglutination inhibition (HI) test.
the speci city of the substratesy. ] ]

TRIM proteins are a family of E3 ubiquitin-ligating enzymes Cloning and Sequence Analysis of the
that contain a conserved N-terminal RBCC domain (RINGAUTRIM32
nger/B-box/coiled coil) ). Mammalian TRIM proteins could According to the predicted sequence of duck-TRIM32
modulate the innate immune response by ubiquitinating(duTRIM32) from the National Center for Biotechnology
the key molecules of the signaling pathway. For examplgnformation (Accession number: XP_005029948.1), primers
TRIM56 could catalyze STING for K63-linked ubiquitination were designed and used to amplify full-length coding seqeenc
to induce STING dimerization, thereby enhancing the innate(CDS) of duTRIM32 cDNA from total spleen RNA of Peking
immune response 7). TRIM31 could also interact with ducks {Table 1). Amino acid sequences of dierent species
mitochondrial antiviral-signaling protein (MAVS) and targé  TRIM32 were aligned using Clustal X2.1 software and edited
to K63-linked polyubiquitination to promote the RIG-I-MAVS- with BOXSHADE (https://embnet.vital-it.ch/software/BOX
mediated signaling pathway8)( In addition, some of the TRIM  form.html). The functional domains of duTRIM32 were
proteins have been demonstrated to inhibit viral replication b predicted using the SMART program. MEGA software (vesion
directly targeting viral proteins. For example, both TRIM14 and4.0) was also used to conduct phylogenetic analysis of TRIM32
TRIM22 have been reported to inhibit the replication of HCV amino acid sequences of 10 species.
by targeting NS5A protein for degradatio®,(10). Recently,
mammalian TRIM32 has attracted much attention for its critica EXpression Pro les of duTRIM32 in Healthy

roles in enhancing viral-triggered innate immune respor€és.  Ducks and H5N6 HPAIV Infected Ducks
TRIM32 could directly interact with PB1 toinhibit the replicati ¢ analyze the distribution of duTRIM32 in healthy ducks, three
ofthe in uenza A virus (L2). However, the role of TRIM32 in the  4.\yeek-old healthy ducks were euthanized humanely to colle
bird innate immune 3|gnaI!ng pathway has not been reported. tissyes that included livers, pancreases, hearts, braidseys,
In-mammals, the cyclic GMP-AMP synthase (CGAS) mayyngs, spleens, intestines, thymuses, bursa of Fabricis, a
sense and react to DNA viral infections via the cGAS-STING;tomachs. The lung, spleen and brains are the major targeleis
pathway (3). RIG-I like receptors could sense RNA Virusfor H5 subtype AlVs infection, and our previous study have
infection to trigger an innate immune response through the RIG gemonstrated that the host immune responses in these organs
I-MAVS pathway (4, 15). STING is reported to participate in the may in uence the outcome of the infection2§). Therefore,
RIG-I-MAVS pathways and is crucial for anti-RNA viral infection \ye have quanti ed the expression of duTRIM32 in the lungs,
(16-18). Several TRIM proteins, including TRIM29, TRIM&0  spjeens, and brains of the infected ducks to evaluate if duTRIM3

TRIM32, and TRIM56 have been reported to regulate thgnyolved in the host immune response to H5N6 infection. To
mammalian STING-mediated pathwaysl( 19, 20). DUSTING

was reported to activate the type | IFN pathway and exhibited
antiviral e ects against both DNA and RNA viruse81( 22).
However, whether duTRIM32 regulates the duSTING-mediatedABLE 1 | Primer sequences used in this study.

pathway remains unknown. o o 5 °103° o ‘
In this study, we cloned the TRIM32 coding sequence from™*"° fimer sequences (5 1o 3) urpose for

Peking duck and investigated the role of duTRIM32 in the type | trim32-r ATGGCAACCACGGCACTGAA To obtain

IFN pathway and its antiviral e ect on H5SN6 HPAIV infection. sequence
duTRIM32-R TTAAGGGGTGGAATATCT

MATERIALS AND METHODS duTRIM32-V5-F  TATGAATTCATGGCAACCACGGCA  Gene cloning

CTGAA

Viruses, Cells, and Animals dUTRIM32-V5-R  TCGCTCGAGTTACGTAGAATCGAG

The H5N6 virus A/duck/Guangdong/16873/2016 (DK16873) ACCGAGGAGAGGGTTAGGGATAG

used in this study was isolated from swabs of ducks at a live GCTTACCAGGGGTCCAATATCT

bird market in Guangdong, China in 2016. The H5N6 virus wagUTRIM32-a-F  TCGCTGTGATTATTTCCTCG GRT-PCR

isolated in 9-day-old speci c-pathogen-free (SPF) embryeda 9UTRIM32-a-R  TCACCACCTGCCCGATCTGC

hen eggs, using methods described in the literatt#®.(The  dulFN-b-a-F CAGCATCAACAAGTACTTCA qRT-PCR

50% tissue culture infective dose (TGYpof the HSN6 virus was ~ dulFNb-a-R CTTCCGAAGTGGCTGGGAGA

determined by infection of DEFs; 50% egg infective dosd3gdfl  duIRF7-a-F CCACACCTGGATGTCACCAT GRT-PCR

was determined by infection of embryonated hen eggs, anabgal dulRF7-g-R AGACGTGCTGCCCCGGLTGC

were calculated using the Reed-Muench methio§.(DEFs were  duMx-g-F CCAGACCTGACACTAATTGAT aRT-PCR

derived from 9-day-old duck embryos and cultured in Dulbesc  duMx-g-R CACATTACATGGCACCACTAC

modi ed Eagle medium (GIBCO, USA) complemented with GAPDH-g-F ATGTTCGTGATGGGTGTGAA gRT-PCR

10% fetal bovine serum (GIBCO, USA). Four-week-old healthgAPDH-g-R CTGTCTTCGTGTGTGGCTGT
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investigate the expression of duTRIM32 in H5N6 infected duckgjmes (10 min/wash), and subsequently eluted with SDS taadi
six 4-week-old ducks were inoculated intranasally withEDsg  bu er by boiling for 10 min. Proteins isolated from the beads
of DK16873 H5N6 HPAIV in a volume of 200 uL. At 12h and the cell lysates were separated by SDS-PAGE. In addition,
and 3 days post-inoculation, each of the three inoculatedsbirdthe separated proteins were electroblotted onto polyvinylae
were euthanized humanely to collect lungs, brains and spleenuoride (PVDF) membranes (Millipore, Bedford, MA, USA).
Three control ducks were treated with PBS in the same wayhe membranes was blocked with 5% BSA in phosphate bu er
and were also euthanized humanely to collect lungs, brairsolution and was then incubated for 1h with mouse anti-
and spleens. Total RNA of the collected tissues were extracteth and anti-V5 antibodies (Sigma, German) at a dilution of
using an EastepSuper Total RNA Extraction Kit (Promega, 1:2,000 and 1:3,000, respectively. The goat anti-mousedRDy
USA) according to the manufacturer's instructions. Total RKA 800 (LI-COR Biosciences, Lincoln, NE USA) was used as
mg) was reverse-transcribed into cDNA using M-MLV Reversehe secondary antibody at a 1:10,000. dilution. To deteemin
Transcriptase (Promega, USA) according to the manufactirervhether ubiquitination of duSTING can be detected after the
protocol. Quantitative real-time PCR (qRT-PCR) was conddcte interaction, the 293T cells were co-transfected with diN83H
using a GoTa§ gPCR Master Mix (Promega, USA) and was runMyc, Ub-HA, and duTRIM32-V5. The duSTING-myc and Ub-
on a Bio-Rad CFX96 ToucM Real-Time PCR Detection System HA transfected group was used as a control group. Cell lysates
(Bio-Rad, USA) with the following settings: 5min at @5 then  were immunoprecipitated with anti-Myc mADb, in conjunction

15s at 95C and 34 s at 6 for 40 cycles. with protein G Agarose beads (ThermoFisher Scienti c, USA)
) and the immunoprecipitates were analyzed by Western blot with
Luciferase Reporter Assay mouse anti-HA antibodies (Sigma, German) at a dilution of

The obtained sequence of full length duTRIM32 was subclonet:2,000. The secondary antibody was indicated before.
into the pCAGGS plasmid with specic primersTdble 1).

Other plasmids and luciferase reporter plasmids used in thié\ntiviral Effect of duTRIM32 on HS5NG6
study (duSTING-HA, pGL3-IFNs- Luc, pRL-TK, and pCAGGS- HPAIV

vector) were kept in our labatory and were constructed using\ntiviral experiments were conducted using previously

previously described methodg€). For the luciferase reporter described method<2¢). DEFs were seeded on 12-well plates and

assay, expression plasimids (duTRIM32-V5 and duSTINGcyltured until cells were 70% con uent. Expression plasmids

HA), reporter plasmids, pCAGGS-vector and pRL-TK wereduTRIM32-V5) or empty vectors was transfected into DEFs

transfected into DEFs using the FUGENE HD transfectionsing FUGENE HD transfection reagent. After 24 h, DEFs were

reagent (Promega, USA). The pRL-TK plasmid (Promeganfected with DK16873 H5N6 virus at a dose of 5 TG4DCell

Madison, W1, USA), encoding the Renilla luciferase proteins wasupernatants were collected at 12, 24, 36, and 48 HPI. DEfes wer

used as an internal control plasmid to normalize transfectionsed to determine TCIE titers.

e ciency. In addition, we also used pAc-GFP to observe the

transfection e ciency. After 24 h, DEFs were collected assted  Ethics Statement

for luciferase activities using the dual-luciferase AsSggtem All experiments with H5N6 HPAIV were conducted in Animal

(Promega, USA) according to the manufacturer's instrucsion  Biosafety Level 3 (ABSL-3) and Biosafety Level 3 (BSL-3)
) facilities. The protocol (SCAUABSL2017-011) was approved by

Overexpression of duTRIM32 and gRT-PCR the Experimental Animal Administration and Ethics Commidte

Analysis of the South China Agricultural University.

DEFs were seeded on 6-well plates and cultured until the cells . . .

were 70% con uent. DUTRIM32-V5 or pCAGGS-vector wasotatistical Analysis

then transfected into the corresponding well D 3) using the GraphPad Prism 7.0 software (GraphPad Software Inc, USA)

FUGENE HD transfection reagent (Promega, USA) and culturet/as used to perform statistical analysis. The Studetgést was

at 37 C with 5% CQ. After 24 h, DEFs were collected and theused to analyze the statistical signi cance of the dierences

mRNA of IFN-b, IRF7, and Mx were tested using gRT-PCRA p-value< 0.05 was considered to be statistically signi cant

described above. ( p<0.05 p<0.01).

Coimmunoprecipitation Analysis RESULTS

Coimmunoprecipitation (Co-IP) assays were conducted to . .

analyze the interaction between duTRIM32 and dusTINGClONing and Sequence Analysis of the

For Co-IP experiments, 293T cells were seeded on 100 maiuTRIM32

dishes (10 cells/dish) overnight. Expression plasmids or emptyBased on the predicted sequence of duTRIM32 on the National
plasmids were used to transfect 293T cells. After 24 h, cells w Center for Biotechnology Information (NCBI), primers were
lysed using cell lysis bu er (P0013, Beyotime, China) caonity  designed and used to amplify full-length duTRIM32 cDNA from

1 mM PMSF. Lysates were centrifuged at 12,000 g, for 15 min adtal duck spleen RNA. The full-length duTRIM32 contains 2,049
4 C and precipitated with anti-HA mAb, in conjunction with bp, encoding 682 amino acid&ifjure 1). Sequence alignment
protein G Agarose beads (ThermoFisher Scienti c, USA) foresults revealed that duTRIM32 shares 98.3% similarity in
at least 4h at 4C. The beads were washed with cold PBS amino acid sequences with goose TRIM32, 95.5% with chicken
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RING
duck 1 MATTALKNRTKTIGALWNKCEYRAWHRLKAASKNECEYIIMELFYES AN R ok
goose = 1 mmmmmmmm e oo LNSDALREVLECPICMESFT
chicken = 1 —---mmmm oo - LNSDALREVLECPICMESFT
human AA
mouse
duck
goose
chicken
human
mouse
duck W ARAGLGEVVGLLMCKVCGRRLPRHFCKSCGLVLCEPCKEASH\YPQGHEVIATIKEAAEERRRE
goose 87 ~GLGEVVGLLMCKVCGRRLPRHFCKSCELVLCEPCKEASH PQGHEJVIAIKEAAEERRRE

chicken 87 TGLGEVVGLLMCKVCGRRLPRHFCKSCGLVLCEPCKEESHlPQGHN IATKEAAEERRRE

human A GLEENWGLLMCEEJCGRRLPRFCEISCGLVLCEPCRHEAWNHPIEGH YN A/ KEAAEERRR)]
mouse 90 K n LCEPCKIEAWHPIIGHMIHAYKEAAEERRR)]
Coiled-Coil
duck -} FGTRLARLRELMDBLQKRKASLEGVSRDLQSRYKAVLQDYSKEERKIQEELARSRKFFTT
goose WY AFGTRLARLRELMDPBLQKRKASLEGVSRDLQSRYKAVLQDYSKEERKIQEELARSRKFFTT
3R -V Y A FGTRLARLRELMDELQKRKASLEGVSEDLQSRY[JAVLQDYSKEERKIQEELARSRKFFTT
human W ENFGESLARLRELMEELQRIRKANLEGVSISDLQI\R YRAVL QI Y[EEIEEREYOFELARSRKFFT(E
mouse iETVF GIA LR LRELIJEE LQIIRKAINLEGVSRDLQINRYRKAVLQIHY[HEERIUIQEELARSRKFFT(¢]

duck 241
goose 207
chicken 207

SLSEVEKVNNQVMEEQAYLLNLAEVQILSRCDYFLAKIKQGDIALLEEAADEEEPELT)
SLSEVEKVNNQVMEEQAYLLNLAEVQILSRCDYFLAKIKQGDIALLEEAADEEEPELT)N
SLSEVEKVNNQVMEEQAYLLNLAEVQILSRCDYFLAKIKQGDIALLEEAADEEEPELTS

human 209

mouse PRNVS LIAE VEKEINEQ VIYEE QR Y LLNMAEVQENYSRCDYFLAKR IKQIAD)

duck KN M. PRELTLQEVELLKVSHVGPLQIGQVVKKPRTVN| EERIETASSSSESVSFREPRE
goose Iy PRELTLQEVELLKVSHVGPLQIGQVVKKPRTVN EERIETAS S SERSVSFREPDA
chicken 267 LPEELEL@EVELLKVSHVGPLQIGQVVKKPRTVNL ---ETAESS--SQSFREPDL
human 269

mouse 270

duck 357
goose 322
chicken 322
human 328
mouse 330

duck ISWARADRGNYRIQVFTRKGFLKEIRRSPSGIDSFVLSFLGADLPNLTPLSVTMNCHGLIGVTDS
goose kEVIADRGNRIQVFTRKGFLKEIRRSPSGIDSFVLSFLGADLPNLTPLSVTMNCHGLIGVTDS
chicken 382 I RIQVFTRKGFLKEIRRSPSGIDSFVLSFLGADLPNLTPLSVTMNCHGLIGVTDS
human 388 Ik

mouse KENVADRGNYRIQVFNRKGFLKEIRRSPSGIDSFVLSFLGADLPNLTPLSVIEWMNCHGLIGVTDS

NHL-repeats

duck IYAMRYDNSVKVYTMDGHCVACHRSQLSKPWGIAALPSGQFVVTDVEGGKLWCFTVDRGVGVVKY|
goose Y'Y YDNSVKVYTMDGHCVACHRSQLSKPWGIAALPSGQFVVTDVEGGKLWCFTVDRGVGVVKY]
chicken 442 YDNSVKVYTMDGHCVACHRSQLSKPWGIAALPSGQFVVTDVEGGELWCFTVDRGVGVVKY

human 448 YDNSLKVYTEDGHCVACHRSQLSKPWGIT~LPSGQFVVTDVEGGKLWCFTVDRGSGVVKY
mouse LI YDNSIAKVYTMDGHCVACHRSQLSKPWGINWALPSGQFVVTDVEGGKLWCFTVDRGI\GVVKY|

NHL-repeats
duck LXWESCLCSAVRPKFVTCDAEGTIYFTQGLGLNLENRQYEHHLEGGFSIGSVGPDGQLGRQISH
goose N VASCLCSAVRPKFVTCDAEGTIYFTQGLGLNLENRQYEHHLEGGFSIGSVGPDGQLGRQISH
chicken 502
human 508
mouse LRNVISCLCSAVRPRKFVTCDAEGT\{YFTQGLGLN\ENRQNEHHLEGGFSIGSVGPDGQLGRQISH

NHL-repeats

duck L ENAFFSENEDFRCIAGMCVD\JRGDLIVADSSRKEILHFPKGGGYNILIREGLTCPVGIAITPK]
goose I VAFFSENEDFRCIAGMCVDARGDLIVADSSRKEILHFPKGGGYNILIREGLTCPVGIAITPK]
chicken Y VFFSENEDFRCIAGMCVDARGDLIVADSSRKEILHFPKGGGYNILIREGLTCPVGIAITPK]
human X FFSENEDFRCIAGMCVDARGDLIVADSSRKEILHFPKGGGYRAYLIREGLTCPVGIAMTPK]
mouse LYVFFSENEDFRCIAGMCVDARGDLIVADSSRKEILHFPKGGGYRALIREGLTCPVGIAIATPK]

FIGURE 1 | Alignment of Peking duck TRIM32 amino acid sequence with goas chicken, human, and mouse TRIM32. The sequences of TRIM32 aderived from
GenBank. The accession numbers are goose (XP_013038246.1¢hicken (XP_015135179.2), human (NP_036342.2), and moes(NP_444314.2). The predicted
motifs of duck TRIM32 (RING, a B box/coiled-coil domain and a NHdomain) were indicated on the sequences.
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TRIM32, 84.9% with human TRIM32, 84.3 % with mouse(Figure 4). Therefore, our results suggest that duTRIM32 might
TRIM32 and 61.5% with sh TRIM32, respectively. Phylogenetite involved in the host innate immune response to H5N6
analysis revealed that duTRIM32 is clustered into the birdHPAIV infection.
clade Figure 2). The SMART program and the well-understood
structure of human TRIM32 were used to predict the functionalOverexpression of duTRIM32 Activates the
domains of duTRIM32. Results indicate that duTRIM32 containsType | IFN Pathway
a conserved RING- nger domain, a BBOX domain and a coiled-To determine whether duTRIM32 functions in the type | IFN
coil domain, which are similar to those of mammalian TRIM32 pathway, we performed a luciferase reporter assay to test the
(Figure 2. ability of duTRIM32 to activate the IFN- promoter. The

) ] luciferase reporter assay was completed as described in the
Expression Pro les of duTRIM32 in Healthy
Ducks
To analyze the expression proles of duTRIM32 in health
ducks, we performed gRT-PCR to determine the expression of
duTRIM32 in di erent tissues. qRT-PCR assays were conducted
as described in the Materials and Methods. Results indicate th
highest expression of duTRIM32 is in the liver, followed by the
pancreas, heart, brain, kidney, lung, spleen, intestinenttsy
bursa of Fabricius, and stomadfigure 3). Therefore, our results
indicated that duTRIM32 is ubiquitously expressed in all the
tested tissues of healthy ducks.

Expression of duTRIM32 in Ducks Infected
With H5N6 HPAIV

To investigate if duTRIM32 is involved in the host immune
response to viral infection, we quanti ed the mRNA levels of
duTRIM32 in the lungs, spleens, and brains of HSN6 HPAIV
infected ducks using techniques described in the Matesal$
Methods. Results from these studies indicated that the mRNA
of duTRIM32 is slightly changed at 12 HPI in the lungs, spleens
and brains. Notably, duTRIM32 was found to be upregulated in FIGURE 3 | Relative expression levels of duTRIM32 in healthy ducks. The
these tissues of the H5SN6 HPAIV infected ducks at 3 days post-eal-time RT-PCR was conducted to detect the transcriptiorievels of
infection (DPI), especially in the lungs and spleens, withld fo \‘I’vg:'n'\gfri;ﬂz"eﬂ;ti‘:zs;g;iﬁzad'*;’:f‘osr f)*:r’:‘?:d?:att:‘z fﬁgt;)l gee. Data
increases of 7.23(< 0.05) and 5.29K < 0.05), respectively '

FIGURE 2 | A phylogenetic tree of duck TRIM32 and other animal TRIM32 wergenerated by MEGA 4.0 with the neighbor-joining method. Theequences are
derived from GenBank. The accession numbers are goose (XP18038246.1), chicken (XP_015135179.2), human (NP_036342), mouse (NP_444314.2), cattle
(NP_001069292.1), dog (XP_005627017.1), pig (XP_00566@38.1), zebra sh (NP_001107066.1), and grouper (AQD20583.1
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FIGURE 4 | Relative expression levels of duTRIM32 in the lungs, spleersd
brains of DK16873 H5N6 HPAIV infected ducks were quanti ed byeal-time
RT-PCR. The experimental ducks were inoculated with 70EIDs;, of DK16873
H5N6 HPAIVs. Control ducks were treated with PBS in the same wa Each
bar shows the mRNA level of the target gene relative to thosaithe control
group. All data were expressed as means SD, the Student's t-test was used

0 analyze the differences. ¢ < 0.05; *p < 0.01). FIGURE 5 | Overexpression of duTRIM32 activates the IFN-promoter. The

DEFs (24 wells) were co-transfected with pGL3-IFN»-Luc (0.1 mg/well),
PRL-TK plasmids (0.01mg/well), pPCAGGS-duSTING-HA (0.3ng/well), or
empty vector (0.3mg/well). All data were expressed as means SD, the
Student's t-test was used to analyze the differences. (f< 0.05).

L

Materials and Methods. The pCAGGS is an empty plasmi
and used as a negative control in this study. The results show

that transfection of pCAGGS could not activate the IBN-

promoter (Figure 5). These results indicate that overexpressiorBoth duTRIM32 and duSTING were correctly expressed in
of duTRIM32 can signi cantly activate the IFK-promoter 293T cells, with a molecular weight of 76 kDa and 43 kDa,
(4.34-fold,P < 0.05) Figure 5). In addition, we also quanti ed respectively Kigure 8 Supplementary Materia). These results
the mRNA of IFNb, IRF7 and Mx in the duTRIM32-transfected con rmed that duTRIM32 can directly interact with duSTING.
DEFs. Results from these studies indicate that duTRIM3Eurthermore, we found that duTRIM32 was demonstrated to
signi cantly upregulates the expression of IFN4.58-fold,P <  ubiquitinate duSTING in 293T cell$=(gure 9).

0.05), IRF7 (3.67-fold? < 0.05) and Mx (5.26-foldP < 0.05) Therefore, our results revealed that duTRIM32 can interact
(Figure 6). Therefore, these results reveal that duTRIM32 cawith duSTING and contributes to duSTING-mediated
activate the type | IFN pathway and upregulates the expressigxpression of IFNs.

of the related antiviral genes. L
Antiviral Effect of duTRIM32 on H5N6

duTRIM32 Interacts With duSTING and HPAIV Infection
Contributes to the Expression of IFN- b To investigate the antiviral e ects of duTRIM32, we transfelcte
Mediated by duSTING duTRIM32 or an empty vector in DEFs. DEFs were then infected

Mammalian TRIM32 was found to interact with STING and to With DK16873 H5N6 HPAIV at 24 h post-transfection. Samples
contribute to the expression of IFK-mediated by duSTING, Were collected at 12, 24, 36, and 48 h post-infection. The viral
thereby positively regulating the type | IFN pathwall), We titers of the collected samples were measured by the §§&ID
performed a dual luciferase reporter assay to determine veeth method in DEFs. Results indicated that the viral titers of 6N
duTRIM32 contributes to duSTING-mediated expression ofPAIV in the duTRIM32-transfected group were lower than that
IFN-b. Results from these studies showed that both duTRIM32f the empty vector transfected group. Notably, overexpressio
and duSTING can activate the IFN-promoter, with fold of duTRIM32 could signi cantly inhibit the replication of HSN6
increases of 4.34(< 0.05) and 28.63R(< 0.05), respectively. HPAIV at 24 HPI (< 0.05) and 36 HPIR < 0.05) Figure 10.
Co-transfection of JuTRIM32 and duSTING exhibited StrongerTherefore, our results revealed that duTRIM32 can inhibit the
activation of the IFNb promoter than the transfection of HSN6 HPAIV infection.
duSTING, with a fold increase of 43.03 (< 0.05). But
the increased level between duTRIM32 and duSTING cop|SCUSSION
transfection group and duSTING transfection group<ig-folds
(Figure 7). TRIM proteins are involved in various cellar physiological
In addition, we co-transfected duTRIM32 and duSTING processes, such as cell di erentiation, apoptosis, tumorigisne
expression plasmids into 293T cells and the interaction betwe and innate immunity @7). Over the last decade, more
duTRIM32 and duSTING was analyzed by Co-IP assays. Resutisd more mammalian TRIM proteins were found to be
showed that duTRIM32 directly interacted with duSTING.important immunomodulatory e ectors of the innate immunity
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FIGURE 6 | The DEFs respond to overexpression of the duTRIM32. The DEF8 ells) were transfected with pCAGGS-duTRIM32-V5 (&g/well) or empty vector (2
mg/well). The relative expression of IFby IRF7, and Mx genes were detected by real-time RT-PCR. All datwere expressed as means SD, the Student'st-test was
used to analyze the differences. (f < 0.05; **p < 0.01).

FIGURE 7 | DUTRIM32 contributes to duSTING-mediated expression of IFK- The DEFs (24 wells) were co-transfected with pGL3-IFK-Luc (0.1 mg/well), PRL-TK
plasmids (0.01mg/well), pPCAGGS-duTRIM32-V5 (0.3rg/well), and/or pPCAGGS-duSTING-HA (0.3ng/well). After 24 h, DEFs were collected and tested for lucifase
activities using the dual-luciferase Assay System. All datwvere expressed as means SD, the Student's t-test was used to analyze the differences. (< 0.01).

against viral infections. For example, TRIM5, TRIM21, Recent studies have demonstrated that mammalian TRIM32
TRIM23, TRIM31, TRIM32, TRIM56, and TRIM65 are is able to positively regulate the type | IFN pathway and cellular
reported to positively regulate the type | IFN pathwayantiviral response. Overexpression of mammalian TRIM32
(7, 8, 11, 28-31). Some TRIM proteins, like TRIM26 and could activate the IFNs promoter and upregulate the mRNA
TRIM40 are reported to act as negative regulators for innatexpression of virus-triggered IFN; so as to inhibit the
immune responses 3¢, 33. Among them, mammalian replication of VSV in infected cellsL(). In our study, we found
TRIM32 have been well-elucidated for its critical rolesthat overexpression of duTRIM32 signi cantly activates thN4F
in regulating antiviral innate immune responsesll). bpromoter and upregulates the expression of related genes in the
However, the antiviral e ect of TRIM32 in birds has not type | IFN pathway (e.g., IFN; IRF7, and Mx). Therefore, our
been reported. results suggested that duTRIM32 was involved in the actimatio
In our study, we cloned the full-length duTRIM32 cDNA from of the type I IFN pathway.
Peking duck. DUTRIM32 was ubiquitously expressed in all the Reports indicate that the mammalian STING-mediated type |
tested tissues of healthy ducks, which suggests that duTRIM32N pathway is regulated by several TRIM proteins. Mammalian
might be involved in various cellar processes. PhylogenetitRIM32 could target STING for K63-linked ubiquitination and
analysis revealed that duTRIM32 is clustered into the birdvas found to contribute to STING mediated expression of IEN-
clade and is most similar to goose TRIM32 (up to 98.3%)(11). However, TRIM29, and TRIM30a were reported to induce
and shares 84.9% similarity with mammalian TRIM32. SimilaK48-linked ubiquitination of STING, thereby degrading SIG
to human TRIM32, duTRIM32 was also found to contain aand inhibiting the innate immune responsé 4 20). A recent
conserved RING- nger domain, a BBOX domain and a coiled-study showed that duSTING is involved in the induction of IFN
coil domain, which suggested that duTRIM32 might possess thend inhibits the replication of the duck plague virimsvitro (21).
same functions of mammalian TRIM32. In addition, overexpression of duSTING was also demonstrated
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FIGURE 8 | Identi cation of the interaction between duTRIM32 and duSTING
by Co-IP assays. The 293T cells were transfected with the
pCAGGS-duTRIM32-V5 and/or pCAGGS-duSTING-HA. After 24 h, thiysates
were immunoprecipitated with anti-HA beads, followed by imunoblotting
analysis with the indicated Abs.

FIGURE 10 | DUuTRIM32 inhibits the replication of HSN6 HPAIV in DEFs. The
DEFs (12 wells) were transfected with either the pCAGGS-diRIM32-V5 (1
mg/well) or the empty vector (Img/well). At 24 h post-transfection, the
transfected cells were infected with DK16873 H5N6 HPAIVs (501Dsg). Cell
supernatants were collected at 12, 24, 36, and 48 h post-infetion and
analyzed for their TCI, titers in DEFs. Virus titers are expressed as means
standard deviation in logo TCIDso/mL, and the Student's t-test was used to

analyze the differences. ¢ < 0.05).

FIGURE 9 | Ubiquitination of duSTING by duTRIM32. The 293T cells were
co-transfected with duSTING-Myc, Ub-HA, and duTRIM32-V5. Ta
duSTING-Myc and Ub-HA transfected group was used as a controgjroup.
Cell lysates were immunoprecipitated with anti-Myc mAb, iltonjunction with
protein G Agarose beads (ThermoFisher Scienti c, USA) and ¢
immunoprecipitates were analyzed by Western blot.

to inhibit the replication of HON2 AIV @2). In this study,

positively regulate duSTING mediated by the type | IFN pathway
by directly interacting with duSTING.

Several mammalian TRIM proteins are reported to be
involved in host innate immune responses to in uenza A virus
infection. Overexpression of TRIM19 (PML) may inhibit the
replication of the in uenza virus§4). Both TRIM22 and TRIM41
have been found to inhibit the replication of in uenza A virus
by degrading NP proteins3g, 36). TRIM32 was also reported
as a restriction factor for in uenza A viral infectionlf). In
this study, we found that the expression of duTRIM32 was
signi cantly upregulated in the lungs and spleens of the H5N6
HPAIV infected ducks at 3 DPI, which suggests that duTRIM32
might be involved in the duck immune response to H5N6
HPAIV infection. Overexpression of duTRIM32 could inhibit
the replication of HSN6 HPAIV in infected cells. However, the
inhibitory e ect of duTRIM32 on H5N6 HPAIV is moderate and
not complete. These results reveal that duTRIM32 may also act
as an antiviral factor to HSN6 HPAIV infection.

Taken together, we have found that duTRIM32 can positively
regulate duSTING mediated type | IFN pathway by directly
interacting with duSTING. DUuTRIM32 was found to exhibit an
antiviral e ect against H5N6 HPAIV infection. This helps to
delineate the function of duck TRIM proteins in regulating the
type | IFN pathway and their antiviral e ect on AlV.
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