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52 W 1Z%mi RNA LA (R HEALV-TH F /EFH,  HDUSP6 /& H AR FE Rl . HJF 55 4R DUSP6 A 38 3 49| ERK g 7%
PEIRPEERKAS Sl %, TMERK(S 5@ %5 2 Moi 2 1) H 2R AR UM OC . i T IX Bemf e Al AT 5
BRAHTFEALV-miRNA-p19-0 {2 iE  ALV-JH ZEAOIRFELE], R 1 1Z%mi RNARE [[]DUSP6XFALV-J H 25 ) 5%
M, DA Kz iZ%mi RNARE [ DUSP6 1835 ERKAS 518 B WFALV-T HL 2E (R 820,  #) BALV-miRNA-p19-0134%5DUSP6/
ERKAS 5 il B (R HEALV-JHH 2F 1943 AL o AT H I 78 BSR0T JSE3E & 11 1M05 A B 45 28 2 X B A 5
BE

Abstract:

Avian leukosis subgroup J is an immunosuppressive oncogenic infectious disease caused by
avian leukosis virus subgroup J (ALV-J), which is responsible for serious harm to
poultry industry. Our team firstly found that exosomes derived from seminal plasma of
rooster infected with ALV-]J contain a microRNA encoded by ALV-] pl9 gene and named it as
ALV-miRNA-p19-01. Our previous study has demonstrated that this miRNA can promote the
budding of ALV-]J and its target gene is DUSP6. Previous studies have demonstrated DUSP6
can inhibit the activity of ERK, whereby regulating the function of ERK signaling
pathway, which is closely related to the budding and release of a variety of viruses
Based on these research results, the aim of our project is to further study the
regulatory mechanism of ALV-miRNA-p19-01 promoting ALV-J budding. We will investigate
the effect of this miRNA targeting DUSP6 on ALV-]J budding, and further investigate the
effect of this miRNA targeted DUSP6 regulating ERK signaling pathway on ALV-J budding,
and finally elucidate the molecular mechanism of ALV-miRNA-p19-01 promoting ALV-J
budding through regulating DUSP6/ERK signaling pathway. The research results of this
project will definitely have an important theoretical and practical significance for the
prevention and control of avian leukosis subgroup J.

KRR (AASHIF) « AEiURNA: S FHLE] JXEREE (i 5
ALV-miRNA-p19-01; i

Keywords (separated by;): non—coding RNA; molecular mechanism; Avian
leukosis virus subgroup J; ALV-miRNA-p19-01; budding
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AT H T AFERIRNE T, B SE R T RAESS, M 7KF LB T ALV-miRNA-p19-01id i
WH#EDUSP6/ERK2(55 5 8 B AR HEALV-JRE UM 2 F-HLik o U REN: (1) 58 7 —F8i, HALV-J%
Bi%h (995 #Emi RNA——ALV-miRNA-p19-01, FRGM A T HAEY K EEFEGRER DR . (2) B
7 ALV-miRNA-p19-013d it $i | B RIDUSPO I8 MR EALV-JHE ZE I ThRe R AL . (3) b 178 £ 4k
FIDUSP6E i 1 45 ERK 28 B A i3t i 52 M ALV-J HH 2R AR AL . (4D 18 T ALV-miRNA-p19-0 138 it i
$2DUSP6/ERK2(5 5 il MR HEALV-JH ZE I 20 P AL o AHSCHF 7R #ECell Death & DiseaseZE[H PRk
EARMPI R RZARW L3R, By RAIAN. LR A3 N PR R A B TR FEARALV-]
A i R BT R AR AR S, XPALV-T OB 6 B B S .

Abstract (Brief description of research background, main methods,
contributions, and research data):

This project has been successfully completed after four years of in—-depth research,
elucidating the molecular mechanism by which ALV-miRNA-p19-01 promotes the release of
ALV-]J by regulating the DUSP6/ERK2 signaling pathway. The findings include: (1)
Identification of a novel viral miRNA encoded by ALV-]J, ALV-miRNA-p19-01, and systematic
study of its biogenesis and target gene function analysis. (2) Demonstration that
ALV-miRNA-p19-01 promotes ALV-] budding by inhibiting the expression of its target gene,
DUSP6. (3) Elucidation of the mechanism by which the host protein DUSP6 regulates ALV-J
budding through modulation of ERK2 phosphorylation. (4) Clarification of the molecular
mechanism by which ALV-miRNA-p19-01 promotes ALV-] budding by regulating the DUSP6/ERK2
signaling pathway. Thirteen academic papers related to this research have been published
in international professional journals such as Cell Death & Disease, and one doctoral
student and three master’s students have been trained. These findings contribute to a
deeper understanding of the new regulatory mechanisms in the life cycle of ALV-] and
have significant theoretical value for the prevention and treatment of ALV—].

x&E (ASSHTF) o JURSEAMERT:  JF95RNA;  DUSP6; ERK2; HIZF

Keywords (separated by;): ALV-J; miRNA: DUSP6; ERK2: virus budding
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1. BEFRRIPATERBR
(D) FRIBATELR.

AIHES 4 FIRNBTE, BEHTERR T TS, BEGER 7o B s,
M3 TR B T ALV-] 93 1% 8 miRNA——ALV-miRNA-p19-01 %
DUSP6/ERK2 {5 il B e it ALV-J B 70 7L . ZETUH AT AR, R
T1EFHEH DUSP6 X ALV-J HZFRIAE/ER . M 7 DUSP6 4% ERK BERR L
MR AR, T ERK (F5 @Bt ALV-] HEZFMEm, HE& R
ALV-miRNA-p19-01 BT 4% DUSP6/ERK2 15 5@ BHAE HE ALV-T &K 2 THL
Hilo AW IS L FF Veterinary Microbiology. Poultry Science. Cell Death &
Disease 5 [E &Mk ARIAT & R W0 13 FH o

(2) B BFRTERIE.
WEHPATERE S, MRIEITHE BT H AR U A, EASE R U BT LRSS, B
B FC H AR BT 70 8 25 1 R 2

2. IATAEEEN R, SRMEM.
(1D FEHAAE.

AT H RN AL I ALV-miRNA-p19-01 520 ALV-J H 2E 1
Pll. BAETFARAAD T : OB DUSP6 X ALV-J H 2RI . 11745 DUSP6
BRI ER DUSP6 ik, B 740l DUSP6 25 [ 875 028 J5 4 ALV-T H 2 5200,
%] W] DUSP6 1E 112 ALV-J tH 2 1 F2 o 4% 1) A= 777 Ty g . @B 5T DUSP6 % ERK
5 S BERAARE R .. W90 DUSP6 %t ERK {5 5l ¢4 5 11 M2 ERK 15 5
N TR B RIS LR A KT B 520, BIEG DUSP6 Xf ERK 15 5 i@ B i
YR IRTEIER, 8B DUSP6 4% ERK 15 5@ M/E LS . @FF S ERK 55
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(2) PAMEEHARE. EELER. REHIES KRR M AR
o

@ HFFE DUSP6 5T ALV-J HZEHIEM .

RIRFTIL L DUSP6 X ALV-1 B IR0 , A0 7E# % T pRKS-flag-DUSP6
HAZRIEFRL, JFH Y% DF-1 4088, F rSCAU1903-mut J& %k DF-1 4iiffd, LN
RS 4 3%, FH RT-PCR Kl B3 o 245 D%, B 1 wf LR, i3RIk
DUSP6 H 5 AL, EIFHmaess IR (p < 0.0 R TR . [Fi,
TCIDso 45 5 7 it KI5 DUSP6 L4HH i i E8 BE 22 (p <0.0D) IR T- X

H(E 2,
Bl Mock
Bl SCAU1903-mut
B rSCAU1903-mut+pRKS-flag-DUSP6
10°7 @ rSCAU1903-mut+pRKS-flag

dk *k ke

]07' k|

106

* &

10°

Ex3

ALV-J copy number(copies/uL)

1d 2d 3d 4d 5d 6d
Days Post-infection

K 1 i3k DUSP6 X4 _EiE ALV-J Ji a8 DR 52
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Mock

rSCAU1903-mut
rSCAU1903-mut+pRK 5-flag-DUSP6
rSCAU1903-mut+pRK5-flag

=Y
]

dk
* i

(95 ]
1

[a

Log,  TCID_/100pL
L]
1

1d 2d 3d 4d 5d 6d
Days Post-infe ction

K 2 iK1k DUSP6 X 4 fg b i/ Hh s 25 1 5 14 52 M)

DF-1 id3R1E pRK5-flag-DUSP6 J&, XJAMMIREAT X d . W SE4n i _Big
M AAMIEE 1, FFFH Western Blot filll . HH & 3 W &0, 5o HAAAHEL, 1 %8 DUSP6
FAZRILRLIG , DF-1 419 DUSP6 25 (A # ik &1 £, ERK B 1K BRI
IR, b p27 SRS p27 SEEM T A, g hgRRW, o
ik DUSP6 1] 1 ALV-J KR

rSCAU1903-mut - + + +
pRKS5-flag-DUSP6 - - +
pRKS5-flag - -
p27

p27
DUSP6
p-ERK2
ERK2
ACTB

Cell lysate
Kl 3 1 3RIA DUSP6 X9 5 B iU ERK2 S5 4 1 52 i

N T 35 DUSP6 %} ALV-J BEALH 2, A SRR NCBI XS JE )
DUSP6 [FAI it T 4 25T RNA, F4 4% DF-1 418, iEid RT-PCR 458 1] LA
EH, AP si-RNA 7] LLF#K DF-1 429 DUSP6 mRNA Fik/KF (K 4),
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RYE TR, BT = AT JE 8500

Bl Mock
B si-NC
3 si-DUSP6(1)
EE i-DUSP6(2)
s B i DUSP6(3)
71 B si-DUSP6(4)
¥
—_hk
= 104
5
=
£ —
w
2 0.5
0.0 T

Kl 4 si-DUSP6 (1 T-Ht 2k 4 i

KT IR I =) si-DUSP6 44 DF-1 41 384 rSCAU1903-mut, %E4L
ARSI E3E o KIS 35 A RT-PCR 7 VENE Bl ALV-T k&84
T, ME S il LLAEH, Y si-DUSP6 Jo, it ALV-T i ## IEEZE (p
<0.01) T AR . [\, TCIDso 25 R KB, si-DUSP6 % 44 40 fi b3 a5
WMERE (p<0.0D mTXHA (E6).

Bl Mock

Bl rSCAU1903-mut

B SCAU1903-mut+si-DUSP6
10°7 Ml rSCAU1903-mut+si-NC

103-

107_

106-

105-

ALV-J copy number(copies/pL)

104

1d 2d 3d 4d Sd 6d

Days Post-infection

K5 Tt DUSP6 FikX4fi FiErh ALV-T 95 7532 UL EUR 52
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B Mock

mE SCAUI903-mut

B rSCAU1903-mut+si-DUSP6
6 mm SCAUIS03-muttsi-NC
4 - ek

*%

ke

Log, TCID /100pL

1d 2d 3d 4d 5d 6d
Days Post-infection

K 6 T-#t DUSP6 ik %4 b 13 b 7558 12 (1 B2 i

A, AT 8 FH 325 55 FL B U 5 B RS 0 o EH ) 7 TR, A B TR IR A,
si-DUSP6 ZHIEA IS BE 2 MR FEAL T M LB I Hh AT LA R Ik 2 P 0 49
R E MR b 25 B4R, T4 DF-1 4ifi) DUSP6 FRi&H 1)
T ALV-J JiEE IR

ALV-J+si-NC

7 BHT BSR4 DUSP6 1A 0] 2 BRI 5

©@ W7t DUSP6 Xt ERK {5 S @M HIH#AERA .

DF-1 40 /0% 4% si-DUSP6 F-xf Mt A7 BOEE « WO BCEE 40 i ) _E3 A 4 i £
F, F£H Western Blot farill. tHE 8 "I, SXIHEZHAHLL, si-DUSP6 AI A 254l
DF-1 4iiffirh DUSP6 5 [13Kik, ERK BERI/KFBE T, [FR LiES p27 &
EHAMM T p27 &5 i LA T R
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rSCAU1903-mut - + + +
si-DUSP6 - - + -
si-NC . _ - +
p27 EEnm e
rions
27
DUSP6 | — — —
p-ERK2 | —— — _|
ERK2 | — — ——
ACTB | — — — —
Cell lysate

Kl 8 T4 DUSP6 ik 5 B . ERK2 P e vis 4 1 52 il

@ FFF ERK {5 S @EN ALV-J H SR .

R FT ERK2 5t ALV-J B R, AHF 78 AR 4 NCBI 38 () ERK2(MAPK3)
LT HBET 4 % si-RNA. ¥ 4 % si-RNA #£% DF-1 41/, IFER% si-RNA
FFHRcE. dRmE 9 Fr.

Mock
si-NC
s1-FRK2(1)
si-ERK2(2)
s1-ERK2(3)

b si-ERK2(4)

(AN RinE

*k

>
1

ERK2/Actin

=
th
1

0.0-

K 9 si-ERK2 HJ TP A

WP T PR A = ) si-ERK2 4 DF-1 40, ¥ rSCAU1903-mut. &
RUCE AT 37, S 6 K, JH RT-PCR Al by mi a4 0%k, MK 10
FRTLLE H, STRRZLAREL, 4400y ERK2 Rk T30, _B3E o 845 D15
2 (p<0.01) FFMK. [, XU FiE#EAT TCIDso e, 45 RE W] si-ERK2

B8
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Ha EEPIRRREEE (p<0.0D) KFXBAHANE 11).

Mock
rSCAU1903-mut
rSCAU1903-mut+si-ERK2

108+ )
rSCAU1903-mut+si-NC

107' kK

10°4

10°4

ALV-J copy number(copies/pL)

104-

1d 2d 3d 4d 5d 6d
Days Post-infection

K 10 T3t ERK2 FaEXT 400 & F ALV-J 58 35 4% DUE A 520

mm Mock
]
(]
|

rSCAU1903-mut
rSCAU1903-mut+si-ERK 2
rSCAU1903-mut+si-NC

=
1

W
1

Log, TCID_/100pL

3d 4d
Days Post-infection

K11 -9 ERK2 20 4 i L 3 oo 2515 X2 2 i

Ay, A SR WL Gt si-ERK Jo BUEE A0 ) 35 A i, IR ek &5
1, 31T Western Blot fill . HHIE 4.7 I &1, S5XFREZHAHLL, %% %% si-ERK2 /5 DF-1
A ERK2 & RIS R G, FRF L35+ p27 2544 p27 S &M
EACT XA Z7E 0L B4R, RT3 ERK2 AT ALV-J i 3878
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rSCAUI903-mut - + + +
si-ERK2 - - + _
si-NC - - - +
p27 — s s—

Virions
p27
ERK2 — — ——
A
Cell lysate

K 12 3t ERK2 FRIA X 2R AT 5200

B ARG R AR, M40 ERK2 5 A RIABFERE %] ALV-J Rkt
JB AT ED, ERK2 /2410 A =200 & e, s LUE OB AR EDIRE. T
Pt ERK2 FIAFTRERZM | ERK2 VGG, 0 175 B0 SR SO 4k . o 7 IE
Jox—fRis, AL MK-8353, 125952 ERK2 H4MHIF, wI#f] ERK2
WS

Western Blot 45 %W, KN 25 nM ) MK-8353 4b¥E DF-1 4k,
M ERK2 MBS PE L E (p<0.0D) K TXHEA (K 13), HtkFRE N
25 nM ] MK-8353 #HT Je 425256
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RN
d“é\ el '\'\:}.\N @3.?
SRR
&0 & Jb ey
QN D
p-ERK2| — — —l
ERKD [w e o e e |
ACTB | -———-—|
3 DMSO
mm MK-8353 5nM
 MK-8353 25nM
1.5- EE MK-8353 1250M
1 MK-8353 625nM
o~ ke
E Lo —— T
S
4
=4
7 054
0.0

K 13 AS[EIUE MK-8353 4bFE DF-1 i ERK2 5 i 12k 52 i

FHV N 25 nM ] MK-8353 4b3E DF-1 4l 3£/ 4% rSCAU1903-mut, #4:
N WCIAR A 35 AT v A . AN 14 W0, ARSI AR MK-8353 Xf
ERK?2 VBEE VEA B 140 8OR . R A RT-PCR XA FIE 7548 DL BOH AT
Mo g5REIR, MK-8353 AbFRAA AN M s s DIALE 2 (p <0.01) (RTXFHE
H (B 15), [FIRy, MK-8353 AhHZHAM FiGmEHERELRE (p < 00D K
T4l (E 16D,

11 3T
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K 14 MK-8353 4bFE DF-1 41 g% ERK2 3 i 1

ALV-J copy number(copies/pL)

1d 2d 3d 4d 5d od

o 5
N O & & P e F
FF FFFHI Qé* ,\& Qv“ & FF

p-ERK2 | T — v — — — —  — N — |

7
ooa

FRK2 | ) ._..------_———|

ACTB | -——-—-—-——--_ q

B DMSO
Bl MK-8353

104

p-ERK2/ERK2
s

Mock
rSCAU1903-mut
rSCAU1903-mut+MK8353

10%4 rSCAU1903-mut+DMSO

107-

106-

o

=
n
]

—

=
re
L

1d 2d 3d 4d 5d 6d
Days Post-infection

g/
HZHH

M

K] 15 MK-8353 AbFEXT 2 it EiEH ALV-T Ji 82 8% DI A5

Log;, TCIDg,/100pL

B Mock
49 mm SCAUI903-mut
Bl SCAU1903-mut+MK 8353
34 mm rSCAU1903-mut+DMSO . s
2-
1_
0_

1d 2d 3d 4d 5d 6d
Days Post-infection

K 16 MK-8353 AbFE X 41 A _E 375 H 5 2530 2 152 1

12 11
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Western Blot #3illl MK-8353 4bH 5 S Mg 40 fu i) B3 4 dE 5. &l
17 w750, X HEAAARLE, MK-8353 Ab34H A 24| 7 DF-1 40+ ERK2 HIBERL
o I, B3 p27 S S a0 p27 & R LU AT X AL 454 UL RS IR,
W] MK-8353 A4t ALV-J BRI, HHILAT D, SN ERK2 BlE 132
BHIHIET, ALV-J BRI 22 52 230 .

rSCAU1903-mut —  + n +
MK-8353 —_ = e
DMSO - - -
p27 [ "= o
Virions
p27 [ - —
p-ERK2 |-"" — -—-rl
ERK?2 |—— ——— . — |
ACTB [ —— — — |
Cell lysate

K 17 MK-8353 AbFE )75 53 B i S ERK2 3% 4 1 52 Mg

@ HH5 ALV-miRNA-p19-01 #&#E DUSP6/ERK 15 58T ALV-J HZEH)
Fm

¥ ALV-miRNA-p19-01 mimic %% DF-1 ZHif, % H rSCAU1903-mut 4
YR, FESENRUCHUAAR g . A RT-PCR %2 A _E 37 v 55 3% DB 4740000,
M 18 Fr %, SxHELAAHEL, 7E DF-1 400 F %% 4% ALV-miRNA-p19-01 mimic
Jo, A EETPRR SR T REEE (p<0.01) #E (K 18).  TCIDs &
Y IR R A LLR I, ALV-miRNA-p19-01 mimic %% 420 17 7500 15 2. 2

(p<0.01) FTFXHEA (K 19).
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Mock

rSCAU1903-mut
rSCAU1903-mut+ALV-miR-p19-01
rSCAU1903-mut+miR-NC
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=
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S % o

et
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]
1
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—

=
-1
1

%

ot

-
=
1

* e

ALV-J copy number(copies/uL)
=

=)

=
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I

Id 2d 3d 4d 5d 6d
Days Post-infection

K] 18 i FIE ALV-miRNA-p19-01 XF 4 _EE Fh ALV-T i #538 UL AL 520

B Mock
R rSCAUIT903-mut
B SCAUI903-muttALV-miR-pl9-01
59 BEE rSCAUL903-muttmiR-NC
=
=
=
=
éﬁ
o
2l
0
[=]
|

1d 2d 3d 4d 5d 6d
Days Post-infection

K 19 ik ALV-miRNA-p19-01 St 2 7 s 75 5 B 1) 5 0
[F), ASHF RIS G ALV-miRNA-p19-01 J& TBCa5 40 it i) 75 A 40 e,

T S & (1, 3E4T Western Blot #:i « HH & 20 AT, # 4% ALV-miRNA-p19-01
2 3E R p27 S-S p27 & HE A T R A

14 11
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rSCAUT903-mut

+ + +
ALV-miRNA-p19-01 . .
miRNA-NC - N o
p27 —
Virions

p7 [ -
AcTE

Cell lysate
20 ik ALV-miRNA-p19-01 X955 25 & J5U 52

FH 3% S FL B WL 285 Rk ALV-miRNA-p19-01 mimic J& 575 FIB U,
21 WTLEH, MEETXIEA, Rk ALV-miRNA-p19-01 ZHAEH AN G £
R ERL T 8. a0l B4R E ALV-miRNA-p19-01 A {3 ALV-J 5k #Hi
TR

Mock ALV-J ALV-J+ALV-miRNA-p19-01 ALV-J+miRNA-NC

K21 BB 2 %A ALV-miRNA-p19-01 X955 2B 1) 52 i

N T HE— 5 ALV-miRNA-p19-01 X 7 25 B i s2 . FR AT 4 A
ALV-miRNA-p19-01 7 7 14 i UFEAZH R ASO-ALV-miRNA-p19-01. M RT-PCR
ZERTTLIE Y, Y ASO-ALV-miRNA-p19-01 A &% H ALV-J SCAU1903
AL ALV-miRNA-p19-01 /KF (& 22).
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ASO-NC+Mock
ASO-ALV-mIRNA-p19-01+Mock
ASO-NC+SCAUT903
ASO-ALV-miRNA-p19-01+SCAU1903

*

104 T

0.5+

0.0 IIIII_

& 22 RT-PCR #: I ASO-ALV-miRNA-p19-01 % ALV-miRNA-p19-01 fj3s 2%

1.5 4

1000

Relative expression level of ALV-miRNA-p19-01

F ALV-J SCAU1903 J#& %% DF-1 4 3% 4% ASO-ALV-miRNA-p19-01, JE4E
AR AL 3% . F RT-PCR WA 35 oo 895 DI EGEEAT R, AT 23
ATHN, SXFREZHARLE, 7E DF-1 A% % ASO-ALV-miRNA-p19-01 J&, 4HfE I
EHRRER THEZE (p<0.0D) FFEIK (B 23). H TCIDso Ml & 40 iE i &
WA AR I, ASO-ALV-miRNA-p19-01 # 4L 4H (R E R B3 (p<0.01) LT
SRR (& 24D,

Bl Mock

Il SCAU1903

Bl SCAUI903+ASO-ALV-miR-p19-01
Bl SCAU1903+ASO-NC

Fk

loﬁ_

—

=
o
1

ALV-J copy number(copies/pL)
[
=
-
L

1d 2d 3d 4d 5d 6d
Days Post-infection

23 ASO-ALV-miRNA-p19-01 X4 EiEh ALV-J 6 854 DU 5200
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mEm Mock
mm SCAUI903
Bl SCAUI903+ASO-ALV-miR-pl9-01
47 mm SCAUI903+ASO-NC » e =

Log,, TCIDg,/100pL
s

1d 2d 3d 4d 5d 6d
Days Post-infection

P 24 ASO-ALV-miRNA-p19-01 X} 2 ffa b 375 w9 25 17 B 10 B2

DF-1 /&%t ALV-J SCAU1903 F£#£ 4 ASO-ALV-miRNA-p19-01. YHX A #:40
i) By A A, JFH Western Blot il o B 25 w40, %5 4
ASO-ALV-miRNA-p19-01 J&, i p27 S8 54 p27 & &0 AT
M. 28 45858, DF-1 4iff% % ASO-ALV-miRNA-p19-01 J5, ALV-J
SCAU1903 % 1% 1 ALV-miRNA-p19-01 #% & 4> 8 #6 , b1 ek 585 7
ALV-miRNA-p19-01 {i 35 25 B U 20

SCAU1903 - 4 + +
ASO-ALV-miRNA-p19-01 - - . +
ASO-NC = - e
Virions
p27
ACTB —_— .
Cell lysate

25 ASO-ALV-miRNA-p19-01 575 5 R Ji ) 5]
N TP UE ALV-miRNA-p19-01 o] )i $L 3L K DUSP6 IR, AR
7t DF-1 403t %15 ALV-miRNA-p19-01 mimic, FFi& 7 0HEAL, SR 5 ka4

Hiurh DUSP6 2 (A (3, 1181 26 T LURBL, SxTRAUA L, Manpurid ik

17 1T
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ALV-miRNA-p19-01 mimic J5, DUSP6 & [RIAZE|HH]. RN &I, 24 DF-1
MM G ALV-] SCAU1903 i, 4 ffd A DUSP6 &5 [ KA [FIAE 52 2

> o
A9 C X
R

s | ——

] 26 Western Blot &l DF-1 4H g § DUSP6 & [ /K F

¥ ALV-miRNA-p19-01 ¥ 4% DF-1 4015, H rSCAU1903-mut 441,
WSCE A AL E 38 S 4, FEar AUSER SR BT, #EAT Western Blot £l #H ] 27 W] %1,
5wt HEZHAH L3 4 ALV-miRNA-p19-01 mimic J5, 4Hd DUSP6 & £k &%
1%, ERK2 & [ABBRACFT R, RN BT p27 & 540 p27 ity
ET AR, R ALV-miRNA-p19-01 it #ifi] DUSP6 & [13Rik, $85% T 40
H1 ERK2 BB HEYE, 2Em 2 ALV-J R BRI

rSCAU1903-mut — + +
ALV-miRNA-p19-01 — — —
miRNA-NC —_— +
p27 | — —
Virions
p27 | — ——
DUSP6 |- — — --—-|
p-ERK2 |— —— _l
ERK2 [ — — ]
ACTB | |

Cell lysate

& 27 ALV-miRNA-p19-01 %f DUSP6 & [ 318 7K1 ERK2 W 14 L0 5 BRI
Al

F ALV-J SCAU1903 /%4% DF-1 4liffi)5, %4« ASO-ALV-miRNA-p19-01, Y&
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HUanffs B35 A dnffe, o mlEEEH, #E4T Western Blot kel HFE 28 AT PAK
M, ASO-ALV-miRNA-p19-01 Ff K B ALV-J SCAU1903 % 5 1)
ALV-miRNA-p19-01 J&, Ziffi 4 DUSP6 Fik/K VT4 iR4L, [FR ERK2
BRAKTPREIE, EiET p27 SES540M p27 SEMIE BRI, 2R U0H
ASO-ALV-miRNA-p19-01 & & [ fik ALV-J] SCAUI903 % 3 1
ALV-miRNA-p19-01 /K*F, k55T ALV-miRNA-p19-01 X} DUSP6 FI#H| R,
FEAMMLA DUSP6 /KN, #0H] 7 ERK2 WlgiEE, FEAC 1R RIIaL

SCAU1903 — +
ASO-ALV-miRNA-p19-01 — - —N +
miRNA-NC — €& + —
p27 | - — |
Virions
p27 | — — —|
DUSP6 [— — — e
p-ERK2 [ — — |
ERK?2 [— . c— c— |
ACTB — —— — = ——]
Cell lysate

28 ASO-ALV-miRNA-p19-01 Xt DUSP6 & [ #IAE /KT ERK2 Wl 14 5 5 B
Al

¥ ALV-miRNA-p19-01mimic 15 pRK5-flag-DUSP6 Jifi ¥ 3% [ %% 4% DF-1 412
J&, H rSCAU1903-mut FEGL2HM, WA B &g, FanllcsEsn, i
1T Western Blot £l . B &1 29 RJ 1, SL4%40 DUSP6 & 7K i T R 4H o [RII,
LA ERK2 SRR AL KPR TR AL, 136 p27 S E 5400t p27 S RAE
AT A, g5 LU m T4 %iE DUSP6 E A, Mk T
ALV-miRNA-p19-01 XF 41 DUSP6 BT RR . PRk, %40 DUSP6 & K
P TR . HLE 2 DUSP6 25 /K (135 N B 3 5 50 ERK2 SIS M PG,
HBEAR TR R R « 22 UL EEE R, ALV-miRNA-p19-01 /23 i 1% DUSP6
HE RIS HETII 5 ERK2 S5 L 77 sUE8E ALV-J R 2RI
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rSCAU1903-mut - + + +

ALV-miR-p19-01  _ L g i

pRKS5-flag-DUSP6 - - + -

pRK5-flag - _ - +
p27 | — e —

Virions
p27 | —_— -]
DUSP6 | — e — e |
p-ERK2 |— — _l
ERK?2 | — — ——|
ACTB | — — — —
Cell lysate

& 29 ALV-miRNA-p19-01 mimic 5 pRK5-flag-DUSP6 3445t DUSP6 & [ %%k 7K
. ERK2 B & M S0 B RE T3 52 )

AT IEIE RS ALV-T BAPEA XS RGBSR FEAT RNA-seq, TERHPEA XS RE R
AW AR R R B R E I, B ALV-T 4% 6% 19 9% B miRNA , f 4N
ALV-miRNA-p19-01, JF RGEMIT | HAEY) R AR E AL DEe . 25 ,
AL E T ALV-miRNA-p19-01 7 ALV-J A= iy B A 2 95 25 HY 28 1 i 1
RE, FRiE B T B ] DUSP6 & A Fk 7 i3 5k ERK2 SleE M2 ik ALV-J
TR 2> T AL DF AR AT RN ALV-T AR A EEER L, A
ALV-J B T BR K

3. MAANRKIEES S L.

UIEME, Za%, BHEREA, FET0E B o A .

OO, B, WHBTRE T, hBhSE SRRt

BRABIE, Sgskgnn, BHME T, AT B 5 EIE T

FIEEE, PRI, WHEBCE T, 5T ALV-T 5 5NBAR IR ST T

SOBHT, M1, WHBARE T, 5T ALV-J 5 R OCRT AT

g, WA, BEBRE T, RTINS : ALV-miRNA-p19-01
4% DUSP6/ERK {5 Sl B80T ALV-J tH 27 [ 5200

BSLAR, A, BIHTE T, RAERTTHTIR NS = ERK (5 5 EEX)

ALV-] HZF 520
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N

BEZ, A, THRET, RAEATTHIR AR = DUSP6 X ERK 15
S B R A

sHT, A, WHEBRE T, BRI A —: DUSP6 Xf ALV-J
H R

ot

4. EASEREEZRERH .

(1) 2020 4F 12 H, ZM0<2020 FHEAFVIRIZ", Mo 3RS XS &
I B AR LM S BUs e & B R AR A5 R .

(2) 2021 8 H, <2021 s EEN RSB 30 i) KBS ERHER
27, ROBH S WR 5 A Yo SOV R BRHTIRUAT 16 0 S i 1

(3) 2022 4F 8 F1, ZIN“2022 &R, RO S Bk & < RIS
TAT T 5 B4 6

(4) 2023 4F 3 H, S8 Jmis kGl S8 RTIHHAR T llE 2, B
e R T R A Gtk SV R IIRAT AR S 5T

(5) 2023 45 H, e H &S 2 & 2 0 2 8 IR EEAR Y
27, POBH S WR 0 8 1 ML AL IR i 7 AR ARl 37 RS F 7 A 4R
“ALV-J i1 GADD45B/MEKK4/P38MAPK 15 5 8 4% 4111 £ o, 5 e .

(6) 2023 4 11 H, S+ 8 RKKE KL (APPC 2023) », Mg
SRS <GB T A R R S

5. FFAER AR B AR T BB L.
I H ERENA, AR T AT TURRCR, e A A

(=) BRARED

1. 35 B BUS R K SR IE I o

AT H AR SE UL FE PR T —RUREBIERI B R . D% T T,
ALV-J 45 )% % miRNA——ALV-miRNA-p19-01, 3+ R4t 50 7 HAY K4k
R SEIERNEE M. @B T ALV-miRNA-p19-01 83 #0#| ¥E 5 K DUSP6 %
B ALV-T HZF I D RER MY . OfNT 1 15 22 5 DUSP6 Il 4% ERK2 B2
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Abstract: In recent years, superinfections of avian leukosis virus subgroup J (ALV-]) and infectious
bursal disease virus (IBDV) have been frequently observed in nature, which has led to the increasing
virulence in infected chickens. However, the reason for the enhanced pathogenicity has remained
unclear. In this study, we demonstrated an effective candidate model for studying the outcome
of superinfections with ALV-] and IBDV in cells and specific-pathogen-free (SPF) chicks. Through
in vitro experiments, we found that ALV-J and IBDV can establish the superinfection models and
synergistically promote the expression of IL-6, IL-10, IFN-«, and IFN-y in DF-1 and CEF cells.
In vivo, the weight loss, survival rate, and histopathological observations showed that more severe
pathogenicity was present in the superinfected chickens. In addition, we found that superinfections
of ALV-] and IBDV synergistically increased the viral replication of the two viruses and inflammatory
mediator secretions in vitro and in vivo. Moreover, by measuring the immune organ indexes and
blood proportions of CD3*, CD4*, and CD8«x* cells, our results showed that the more severe instances
of immunosuppression were observed in the superinfected chickens. In the present study, we
concluded that the more severe immunosuppression induced by the synergistic viral replication of
ALV-] and IBDV is responsible for the enhanced pathogenicity.

Keywords: Avian Leukosis Virus Subgroup ] (ALV-]); Infectious Bursal Disease Virus (IBDV);
superinfection; pathogenicity; immunosuppression; lymphocyte subsets

1. Introduction

Complex infections, which occur when at least two different pathogens establish an
infection, have broad implications for the evolution of virulence, genetic diversity, epi-
demiology, and control strategies. Coinfections and superinfections refer to how complex
infections develop before or after the development of an adaptive immune response [1,2].
In some studies, however, this semantic point causes confusion and sometimes complicates
comparisons between studies [3]. The outcome of any coinfection or superinfection is com-
plicated and affected by the interactions between the infectious agents, the characteristics
of the host, the microorganism community, and the triggered immune response [4]. Thus,
different scenarios can be observed, including the first pathogen promoting a more virulent
infection of the second, reducing its severity, or completely suppressing it [5]. Conversely,
the second pathogen may also directly or indirectly influence the first. It is this complexity
that makes the common reductionist approach of host—pathogen interactions unsuitable
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for the study of single infections [6]. On a special note, when the first pathogen can cause
immunosuppression in the host, the second one usually causes stronger progress of the
disease. For instance, people with human immunodeficiency virus (HIV) superinfections
have a lower CD4* cell count, which leads to faster disease progression [7,8]. There are,
however, a number of fundamental knowledge gaps to be filled, including how virulence
changes in hosts, especially in superinfection.

Superinfection is not only an important infection model in medicine but also a serious
threat to the development of the poultry industry. Several studies have demonstrated that
chickens are often infected by several pathogens simultaneously, which usually cause more
severe clinical symptoms and mortality [2,9-11]. For example, chicks dually infected with
chicken anemia virus (CAV) and reovirus demonstrated the synergism of lower weight gain
and more severe tissue damage [12]. Marek’s disease virus (MDV) and reticuloendotheliosis
virus (REV) superinfections significantly increased disease severity and reduced vaccine
efficacy [11]. These results indicate that the effect of a superinfection is greater than the
mere sum of its parts. Among them, ALV-J in particular is more likely to induce complex
infections due to its viral characteristics.

ALV-] can cause neoplastic disease and immunosuppression in infected chickens,
resulting in huge economic losses for the poultry industry worldwide. A remarkable
property of ALV-J is its vertical transmission, which is responsible for persistent and
complex infections [13,14]. For this reason, one-day-old chickens are often infected with
ALV-], and it makes these flocks more susceptible to secondary viruses, a process known as
superinfection, which causes immunosuppression, growth retardation, and tissue tumors
in the infected chickens [15,16]. Several reports have reported that ALV-] superinfections
with REV or MDYV caused more severe growth arrest and immunosuppression than single
infections [2,10]. IBDV, like ALV-], leads to severe immunosuppression in young chickens.
At 3-6 weeks of age, chickens are most susceptible to IBDV due to this period’s coincidence
with the stage of Bursa Fabricii development. Therefore, ALV-] and IBDV are often cause
superinfections in poultry production [17]. However, the cellular and animal models of
ALV-] and IBDV superinfections have not been established. In addition, the changes in
virulence and the degree of immunosuppression of superinfection are still unclear.

In this research, we present a systematic and in-depth analysis of the pathogenicity
and immunosuppression activity of superinfections with ALV-J and IBDV in vitro and vivo.
The purpose of the present work was to establish superinfection models and examine the
effects of superinfections with ALV-] and IBDV.

2. Materials and Methods
2.1. Viruses, Cells, and Animals

ALV-] strain SCAU-HNO06 was a generous gift from Professor Liao of South China
Agricultural University. IBDV strain 801 (cell-adapted strain) was stored in our laboratory.
Virus titers were calculated using Reed—-Muench formula to calculate 50% tissue-cultural-
infective dose (TCIDsp)/mL. DF-1 cells were stored in our laboratory and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific, Waltham, MA,
USA), supplemented with 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA), and
maintained at 37 °C and 5% CO;. Chicken embryo fibroblasts (CEF) cells were prepared as
previously described [18].

2.2. Cell Experimental Design

DF-1 and CEF cells were divided into 4 groups in 6-well dishes, which included
experimental treatment groups ALV-], IBDV, ALV-J+IBDV, and control. In ALV-] and ALV-
J+IBDV groups, cells were infected with ALV-J at a multiplicity of infection (MOI) of 1.
After 24 h post-ALV-] infection, cells were infected with IBDV at MOI of 0.1. The cells from
control group were treated with equal amount PBS. Samples were collected at 12, 24, 36,
and 48 h post-IBDV infection. To determine the viral proliferation, total cell samples were
collected for RT-qPCR and protein samples for Western Blot detection. Cell supernatants
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were collected to measure the concentrations of cytokines by ELISA. Specific groups and
treatments are shown in Figure 1A.

A
| | | | | |
‘l‘ O Samples for Downstream Test
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I T I 1
L 1 | 1 1 1 >
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Infection Infection ¢ ¢
Dissection Dissection

Figure 1. Time course diagram. (A) Time course of superinfection of ALV-J and IBDV in DF-1 and
CEF cells. The cultured monolayer cells were infected with ALV-] firstly and IBDV 24 h later. After
12, 24, 36, and 48 h of IBDV infection, cell samples were collected for downstream testing. All the
experiments were performed independently at least three times. Hpi—hours post-IBDV infection.
(B) Time course of superinfection of ALV-] and IBDV in SPF chickens. The SPF chickens were infected
with ALV-] firstly and IBDV 14 days later. After 3, 7, 14, and 21 days of IBDV infection, venous
blood samples of 6 chickens in each group were collected to detect viral load. At 7 and 21 days of
IBDV infection, samples of the immune organs including Bursa Fabricii and spleen were excised
and weighed for 6 chickens in each group. Weight loss and mortality were continuously monitored
throughout the experimental period. Dpi—days post-IBDV infection.

2.3. ELISA for Cytokines

A 5 mL supernatant was collected from samples at 12, 24, 36, and 48 hpi and then
centrifuged at 1000 rpm for 20 min. To measure the expression levels of IL-6, IL-10, IFN-c,
and IFN-y in the sample, ELISA tests were carried out using commercial kits (CUSABIO,
Houston, TX, USA) according to the manufacturer’s instructions.

2.4. Quantitative Reverse Transcription-PCR

Quantitative reverse transcription-PCR (RT-qPCR) was used to detect viral loads and
expression levels of cytokine genes. The total RNA of samples was extracted by Trizol
Reagent (Invitrogen, Waltham, MA, USA), while qPCR experiments were performed using
Taq Pro Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) according to the
manufacture’s instruction. Results were analyzed using the 2722Ct method. The primer
sequences used for amplifications are listed in Table 1.

Table 1. Primer used for RT-qPCR.

Primer Sequence (5'-3")

Env-F TGCGTGCGTGGTITATTATTTC
Env-R AATGGTGAGGTCGCTGACTGT
VP2-F ATGACAAACCTGCAAGATCA
VP2-R ATCGAACTTGTAGTTCCCAT
IL-6-F AATCCCTCCTCGCCTTTCTG

IL-6-R GCCCTCACGGTCTTCTCCAT
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Table 1. Cont.

Primer Sequence (5'-3")
IL-10-F GCTCTGAGCACAGTCGTTTG
IL-10-R CAGATGGGGACGTGGTTACG
IFN-o-F CAACGACACCATCCTGGACA
IFN-«-R ATCCGGTTGAGGAGGCTTTG
IFN-y-F GAGCCAGATTGTTTCGATGTACTTG
IFN-y-R CATCAGGAAGGTTGTTTTTCAGAG
GAPDH-F GAACATCATCCCAGCGTCCA
GAPDH-R CGGCAGGTCAGGTCAACAAC

2.5. Immunofluorescence and Confocal Microscopy

DF-1 and CEEF cell monolayers were fixed using 4% paraformaldehyde (Python Bio,
Guangzhou, China) for 15 min at room temperature. Then, cells were permeabilized with
0.1% Triton-X 100 (Python Bio, Guangzhou, China) for 15 min at room temperature. After-
wards, cells were blocked with 5% skimmed milk powder for 30 min at room temperature.
Next, cells were incubated with ALV-] Env antibody (JE9) (generous gift from Professor
Qin of Yangzhou University) and IBDV-VP2 antibody (stored in our lab) for 1 h and then
fluorochrome-conjugated secondary antibodies (Alexa fluor 488 for ALV-] Env and Alexa
fluor 594 for IBDV VP2) (Abcam, Cambridge, UK) for 1 h in the dark. For nuclear staining,
cells were incubated with DAPI (Beyotime, Shanghai, China). The fluorescence signals
were visualized with a TCS SP8 confocal fluorescence microscope (Leica Microsystems
GmbH, Wetzlar, Germany).

2.6. Animal Experimental Design

A total of 220 one-day-old SPF chicks were randomly divided into 4 groups, which
included experimental treatment groups ALV-], IBDV, and ALV-] + IBDV, and control.
At 1 day of age, chicks in the ALV-] and IBDV+ALV-] groups were inoculated via intra-
abdominal injection with ALV-J at 100 uL 1037 TCIDsy. At 14 days of age, chicks in the
IBDV and IBDV + ALV-] groups were inoculated intra-abdominally with IBDV at 100 pL
103® ELDs. The chicks from control group were inoculated with 100 pL PBS at 1 day of age
and 14 days of age. Weight loss and mortality were recorded throughout the experimental
period. At 3,7, 14, and 21 days post-infection (dpi), venous blood samples were collected
from three chickens of each group and virus titers were detected by RT-qPCR. Considering
the accidental death caused by inoculation in abdomen, chicks dead in the first 3 days were
subtracted from total number of birds. The animal experiment was repeated to test the
consistency and the reliability between two independent experiments. Specific groups and
treatments are shown in Figure 1B.

2.7. Index of Immune Organ

At 7 and 21 dpi, samples of the immune organs including Bursa Fabricii and spleen
from 6 chickens in each group were excised and weighed. A measurement of the immune
organs’ indecies can be obtained by comparing the weight of the immune organ to the
weight of the body.

2.8. Histopathological and Examination

At 21 dpi, the immune organs (including spleen, Bursa Fabricii, and thymus) and other
organs (including heart, liver, and kidneys) were stained by standard hematoxylin-eosin
procedure for histological observation under light microscope. After collecting the tissues
and fixing them in 10% formalin for 120 h, paraffin sections with a thickness of 5 mm were
cut. Hematoxylin and eosin staining was performed after deparaffinization and hydration
of slides.
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2.9. Fluorescent Cell Sorting Analysis of Peripheral Blood Lymphocyte Subpopulations

At 21 dpi, lymphocytes from three chickens from each group were isolated using
lymphocyte separation kit (TBD science, Tianjin, China) according to the manufacturer’s
protocol. A total of 10° lymphocytes were incubated with 3 uL of PE-CD3 antibody (1:100)
(MA5-28697, Invitrogen, USA), 2 uL of FITC-CD4 antibody (1:100) (MA5-28685, Invitrogen,
USA), and 1 pL of APC-CDS8 antibody (1:100) (MA5-28718, Invitrogen, USA). After mixing,
the samples were incubated in the dark for 30 min at room temperature. A total of 1 mL of
PBS was added to each tube, and the cells were collected by centrifugation at 400 x g for
5 min. Then, the supernatant was discarded, and the cell pellet was washed twice with PBS.
A total of 300 uL of PBS was added to each tube for flow analysis. The data were analyzed
by flow cytometry using a fluorescence-activated-cell-sorting (FACS) BD AccuriCé6 cell
sorter (Becton, Dickinson and Company, New Jersey, NJ, USA).

2.10. Statistical Analysis

The statistical analysis was conducted using GraphPad Prism version 8.0 (San Diego,
CA, USA). Statistically significant differences between multiple experiment groups were
determined using one-way analysis of variance (ANOVA) and Tukey’s test. Different
lowercase letters indicate significant differences between different groups. Comparisons
of the viral-titer and viral-load data between two groups were performed using Student’s
t-test. Survival curves between two groups were compared using a log-rank test (Mantel—
Cox). Differences were considered statistically significant at p < 0.05.

3. Results
3.1. ALV-] and IBDV Synergistically Increase Viral Replication In Vitro

The DF-1 cell line is widely accepted as a common cell line used for avian virus
studies and both ALV-] and IBDV can infect DF-1 alone. CEF, as primary culture cells, can
better reflect the interaction between the pathogen and host. To investigate the synergistic
effects of ALV-] and IBDV, monolayer CEF and DF-1 cells were inoculated with PBS,
ALV-], IBDV, and both viruses (ALV-] + IBDV). The time course of the superinfection is
shown in Figure 1A. Firstly, before measuring the viral replication, we used laser-confocal
microscopy to determine whether the two viruses could cause a superinfection. As shown
in Figure 2A, ALV-] and IBDV showed obvious colocalization in both DF-1 and CEEF cells,
indicating the successful formation of a superinfection. Since the level of infection varies,
the accumulation level of ALV-] and IBDV was significantly higher in the superinfection
group than that in the single-virus-infected group at 12 hpi to 36 hpi. However, after
48 hpi, the viral titers in the IBDV-infected group and the superinfection group suddenly
decreased to a very low level due to accelerated cell death (Figure 2B—E). We next evaluated
the protein level of the two viruses via Western blotting at 36 hpi (Figure 2F,G). The results
showed that both the ALV-] and IBDV protein expressions were significantly increased in
the superinfected group at 36 hpi, whether in DF-1 or CEF cells (Figure 2L]). In addition, the
immunofluorescence assay was also consistent with the above results (Figure 2H). Taken
together, the superinfection of ALV-J and IBDV synergistically increased viral replication
in vitro.
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Figure 2. ALV-] and IBDV synergistically increase viral replication in vitro. (A) Protein expression

and localization of ALV-] and IBDV examined in DF-1 and CEF cells by confocal laser microscope.
Alexa fluor 488 (green for ALV-] Env) and Alexa fluor 594 (red for IBDV VP2) were used as the
secondary antibodies in the assay. DAPI (blue) was used to stain the nuclear DNA. Scale bar: 10 pm.
(B,C) ALV-] virus titers in CEF and DF-1 cells were determined from 12 hpi to 48 hpi by Reed—-Muench
methods, respectively. Data were expressed as mean + SE and analyzed by One-way ANOVA test.
(D,E) IBDV virus titers in CEF and DF-1 cells were determined from 12 hpi to 48 hpi by Reed—-Muench
methods, respectively. Data were expressed as mean + SE and analyzed by One-way ANOVA test.
(F,G) Protein expression levels of ALV-J env and IBDV VP2 in CEF and DF-1 cells, respectively,
were examined by Western Blot at 36 hpi. (H) The protein expression of ALV-] env and IBDV
VP2 were detected by immunofluorescence (magnification, x10). Scale bar: 250 pm. (I) Densitometric
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ALV-J/ACTB ratios in CEF and DF-1 cells at 36 hpi are shown. (J) Densitometric IBDV /ACTB ratios
in CEF and DF-1 cells at 36 hpi are shown. Data are expressed as mean + SE and analyzed by
Student’s t-test. These experiments were performed independently at least three times with similar
results. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significant.

3.2. ALV-] and IBDV Synergistically Induce Inflammatory Mediator Secretion In Vitro

The balance of inflammatory factors is also an important index to evaluate the level
of cellular immunity. To further understand whether a superinfection of ALV-J and IBDV
could synergistically induce inflammatory mediator secretion in vitro, we tested the dy-
namic changes of several inflammatory mediators using ELISA. The results showed that
the superinfected cells were found to have significantly higher levels of IL-6, IL-10, IFN-c,
and IFN-y compared to the single-virus-infected group or the controls (Figure 3). These
results showed that the superinfection of ALV-] and IBDV indeed induces inflammatory
mediator secretion in vitro.
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Figure 3. ALV-] and IBDV synergistically induce inflammatory mediator secretion in vitro. The
secretion activities of inflammatory mediators IFN-a« (A), IFN-y (B), IL-6 (C), and IL-10 (D) were
determined by ELISA in CEF cells from 12 hpi to 36 hpi. These experiments were performed
independently at least three times with similar results. Data were expressed as mean £ SE and
analyzed by One-way ANOVA test. Different lowercase letters indicate significant differences
between different groups.

3.3. ALV-] and IBDV Synergistically Enhance Pathogenicity in SPF Chickens

To further determine the synergistic effects of a superinfection of ALV-] and IBDV
in vivo, we performed animal experiments on the SPF chickens as documented in Figure 1B.
No chickens showed clinical symptoms and mortality in the control group. The survival
period of the chickens in the superinfection group of ALV-] and IBDV was generally shorter
than that of the chickens in the ALV-] or IBDV singly infected groups, as shown by the
survival curves in Figure 4A. The overall mortality rate of the ALV-]- and IBDV-infected
chickens was 16% and 44%, respectively, while that of the superinfection group was 72%.
By continuously measuring the weight gain of chickens for 49 days, we found that chickens
in the superinfection group gained weight more slowly, weighing only 253.57 &+ 15.9 g at
49 days, much less than the 463.48 4 22.56 g of the control group. The body weights of
the ALV-]J- or IBDV-infected groups at 49 days were 328.29 £ 26.11 g and 301.12 £ 15.59 g,
respectively (Figure 4B). Our histopathological results have also confirmed an enhanced
pathogenicity. In the superinfection group, a more severe inflammatory cell infiltration was
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observed in the heart, liver, kidneys, and Bursa Fabricii; additionally, the heterophilic gran-
ulocyte levels had increased and connective tissue hyperplasia was observed (Figure 4C).
These results showed that the severity of the pathogenicity, including weight loss and
mortality, caused by the superinfection was more serious than that caused by ALV-] or
IBDV alone.

. 6007 @ ek
100 a
I ;:—.—‘_-_. @ Aanva :
Sy ] }
3 2 o o o b
T '_l_-_l—. o] ® ALV-HRDY
3 ~+~ Mock 3
= Rl YRt 5
§ o] i T 2004
4 —— ALV--IBDY L
o T T T T T T 1
0 7 14 21 28 35 42 49 0=
Days 7 14 21 28 35 42 49
Days
C Mock ALV-J 1BDV ALV-J+1BDV

Figure 4. ALV-] and IBDV synergistically enhance pathogenicity in SPF chickens. (A) Survival curves
for the Mock, ALV-], IBDV, and ALV-J+IBDV groups. (B) Body weights of SPF chickens for each
group from day 1 to day 49. Data are expressed as mean + SE and analyzed by one-way ANOVA test.
Different lowercase letters indicate significant differences between different groups. (C) Histological
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lesions of each group (hematoxylin-eosin, 200x). Spleen: lymphocytic depletion (black arrow),
malignant reticulosis (red arrow), and polycythemia (yellow arrow). Bursa Fabricii: proliferation
of undifferentiated epithelial cells (black arrow), connective tissue proliferation (red arrow), and
inflammatory cell infiltration (yellow arrow). Thymus: vascular congestion (black arrow) and
eosinophilic protein-like fluid exudates (red arrow). Heart: inflammatory cell infiltration (black
arrow). Liver: inflammatory cell infiltration (black arrow) and heterophile leukocyte infiltration
(yellow arrow). Kidney: inflammatory cell infiltration (black arrow), cytoplasmic loose (red arrow),
and mild vascular congestion (blue arrow). The visual examinations of the histological lesions were
controlled in a double-blind manner. *, p < 0.05; ***, p < 0.001.

3.4. ALV-] and IBDV Synergistically Increase Viral Replication In Vivo

Although we have a clear understanding of superinfection synergistically increasing
viral replication in vitro, the nature of viral proliferation in vivo is unclear. To further
analyze the viral titers in the tissues and blood of infected chickens, the samples were tested
at 3,7, 14, and 21 dpi by RT-qPCR. The results showed that the viral load of ALV-]J or IBDV
in the blood of the superinfection group was significantly increased far more than in the
single-virus-infected chickens from 3 dpi to 21 dpi (Figure 5A,B). Similarly, in different
tissues, the viral loads of both ALV-J and IBDV in the superinfection group were also far
more than the single virus-infected group (Figure 5C,D). Most interestingly, the synergistic
viral replication of ALV-] and IBDV in the superinfected chickens is much higher than those
in the CEF and DF-1 cells. Based on these results, ALV-J infection is capable of affecting
IBDV replication in vivo.
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Figure 5. ALV-] and IBDV synergistically increase viral replication In Vivo. (A) ALV-] loads in blood
from 3 dpi to 21 dpi. (B) IBDV loads in blood from 3 dpi to 21 dpi. (C) ALV-] loads in spleen, bursa,
thymus, heart, liver, and kidneys at 21 dpi. (D) IBDV loads in spleen, bursa, thymus, heart, liver,
and kidneys at 21 dpi. Data were expressed as mean + SE and analyzed by One-way ANOVA test.
*,p <0.05; **, p < 0.01; ***, p < 0.001; ns, no significant.

3.5. ALV-] and IBDV Synergistically Induce Immunosuppression in SPF Chickens

Both ALV-]J and IBDV are immunosuppressive viruses, and an infection of either one
can cause severe immunosuppression in chickens. To determine whether a superinfec-
tion of ALV-] and IBDV can synergistically induce more severe immunosuppression in
chickens, we evaluated the index of the immune organs, the differentiation of lymphocyte
subsets, and the secretion of inflammatory factors. The anatomical results showed that
the superinfection of ALV-J and IBDV induced the atrophy of immune organs (Figure 6A).
The immune organ index results showed that the index of the spleen in the superinfec-
tion group exhibited no significant change at 7 dpi, while the index of Bursa Fabricii
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decreased significantly (Figure 6B). However, at 21 dpi, the indexes of the spleen and Bursa
Fabricii in the superinfection group were much lower than those in the single virus-infected
group (Figure 6C).
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Figure 6. ALV-] and IBDV synergistically induce immune organ atrophy in SPF chickens.
(A) Anatomical picture of spleen and bursa for the Mock, ALV-], IBDV, and ALV-J+IBDV groups
at 7 dpi (left) and 21 dpi (right). The top row is the spleen, and the bottom is the bursa fabricii.
Six replicates of each group are shown. (B) Immune organ indexes of spleen and bursa at 7 dpi.
(C) Immune organ indexes of spleen and bursa at 21 dpi. The immune organ indexes are expressed
as the weight of immune organ relative to body weight. Data are expressed as mean £ SE and ana-
lyzed by One-way ANOVA test. Different lowercase letters indicate significant differences between
different groups.

Next, we investigated the cellular immune responses by measuring the proportions of
CD3*, CD4*, and CD8«™ cells in the blood (Figure 7A). Our results showed that the CD3*,
CD4*, and CD8«* cell proportions slightly decreased in the ALV-] single virus-infected
group, but not significantly, while those in the IBDV single virus-infected group showed
a significant decrease compared to the control group. In the superinfection group, the
lymphocyte cells exhibited a more drastic decline than that of the control group, which
was not significant compared to that of the IBDV single virus-infected group. However,
when compared with the controls, the CD4*/CD8" ratios were similar in all the infected
groups. In addition, by detecting the expression levelss of IL-6, IL-10, IFN-, and IFN-y in
several immune organs, including the spleen, thymus, and Bursa Fabricii, we found that the
inflammatory factors were significantly increased in all the infected groups. Moreover, the
expression level of inflammatory factors in the superinfection group showed a significant
increase compared to that of the single virus-infected group, indicating a more severe degree
of immunosuppression induced by the superinfection. In addition, the results in vivo were
also consistent with those in vitro. These results showed that the superinfection of ALV-]
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and IBDV induces more severe immunosuppression than that in a single virus-infected
group in chickens.
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Figure 7. ALV-] and IBDV synergistically induce lymphocyte apoptosis and inflammatory mediator

secretion in vivo. (A) Representative FACS scatter diagrams showing the percentages of CD3*, CD4",
and CD8" cells in peripheral blood mono-nuclear cells from treatment groups ALV-], IBDV, ALV-
J+IBDV, and empty control. The proportion of lymphocyte sub-groups CD3* (B), CD3*CD4* (C),
CD3*CD8" (D), and the ratio of CD3*CD4*/CD3"CD8" (E) were summarized in the diagram on
the right. The secretions of inflammatory mediators IFN-« (F), IFN-y (G), IL-6 (H), and IL-10 (I)
were determined by RT-qPCR for the spleen, thymus, and bursa at 21 dpi. Data were expressed as
mean =+ SE and analyzed by One-way ANOVA test. Different lowercase letters indicate significant
differences between different groups.
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4. Discussion

In recent years, although the eradication of ALV-] has been continuously carried out,
the outlook regarding the prevention and control of ALV-] is still pessimistic due to many
problems such as complex genetic resources, the serious contamination of commercial vac-
cines, and poor breeding environments [18,19]. An important feature of an ALV-] infection
is that it causes severe immunosuppression in infected chickens [20]. Moreover, due to
ALV-] being easily transmitted vertically, it is likely to induce superinfections. Therefore, it
is currently accepted that a superinfection of ALV-] ultimately leads to increased virulence
and reduced vaccine efficacy in infected chickens [21,22]. As mentioned above, ALV-]
is often mixed with homologous viruses such as ALV-A, ALV-B, and ALV-K as well as
heterologous viruses such as REV [23], MDYV [2], CAV [22], and IBDV. There are many
natural examples of ALV-] superinfections with different viruses; however, the direct cause
for the enhanced pathogenicity and tumorigenesis remains obscured.

In the present study, we demonstrated a synergism in the viral replication of a heterol-
ogous superinfection of ALV-] and IBDV in vitro and in vivo. Notably, our results showed
that chickens superinfected with ALV-] and IBDV not only caused much more severe growth
retardation and mortality, but also more severe immunosuppression (Figures 6 and 7). In
viral synergistic interactions, a specific crosstalk among different viral proteins modulates
the natural history, the immune response, and life cycle of both viruses in mixed-infected
individuals [24,25]. These effects are mediated by immune mechanisms and crosstalk
between the two viruses, which can interfere with host defense mechanisms [2,26]. In
particular, when one or both viruses are immunosuppressive, more severe immunological
defects are observed. For instance, several studies have shown that HIV worsens the course
of a hepatitis C virus (HCV) infection, increasing the risk of disease. In addition, HCV may
increase immunological defects due to HIV [26].

To verify the hypothesis that the more severe immunosuppression induced by the syn-
ergistic viral replication of ALV-J and IBDV is the direct cause of the enhanced pathogenicity,
we tested the host immune responses in vivo in ALV-] and IBDV dually infected chickens.
First, immune organ indexes are the most commonly used measures of immunity in poultry.
In the present study, we found that the Bursa Fabricii of the group superinfected with
ALV-] and IBDV exhibited significantly greater atrophy and dehydration than the control
group or any single virus-infected group. The original feature of IBDV infection is bursal
necrosis, which causes severe damage to the immune system [27]. These results suggest
that the superinfection of IBDV induced by ALV-] may aggravate the damage to the Bursa
Fabricii and cause more severe immunosuppression. A previous study has shown that
bursal lesions are associated with the degree of B cell depletion [28,29]. Moreover, ALV-J
infection could cause the developmental arrest and dysfunction of B cell progenitors in the
Bursa Fabricii [30], which may be synergistic with IBDV-induced bursal injury, resulting in
more severe immunosuppression in superinfected chickens. On the other hand, it is well
known that ALV-] infection causes splenomegaly in chickens [31], while IBDV infection
causes spleen atrophy [32]. In the superinfection group, the spleen showed significantly
greater atrophy compared to the ALV-] infected group at 21 dpi, which illustrates the role of
IBDV in the superinfection group. Thus, both ALV-] and IBDV can induce immune organ
injury in SPF chickens, while additive effects were also observed.

With respect to inflammatory mediator secretion, both ALV-] and IBDV dramatically
upregulated IL-6, IL-10, IFN-«, and IFN-y expressions in the spleen, Bursa Fabricii, and
thymus. The balance of inflammatory factors is also an important index to evaluate the
level of cellular immunity. The superinfection of ALV-] and IBDV promotes the secretion of
inflammatory factors in vitro and vivo, which is also a manifestation of the synergistically
enhanced pathogenicity of both viruses. These results were consistent with those of
previous studies [9,33,34], and our histopathology results confirmed this. We observed
necrosis and the depletion of lymphoid cells of the Bursa Fabricii, inflammatory cell
infiltration, and fibroplasias in the superinfection group and single virus-infected groups,
which was consistent with the expression of pro-inflammatory cytokines. It is worth noting
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that the expression level of cytokines in the superinfection group significantly increased not
only in the Bursa Fabricii but also in the thymus, and was more pronounced in the latter.
This suggests that a superinfection with ALV-] and IBDV may induce a different pattern of
immune injury than a single infection.

We assessed cellular immune responses by measuring the blood proportions of CD3*,
CD4*, and CD8«x* cells. Previous studies have shown that ALV-J could induce lymphocyte
apoptosis in immune organs, especially in young chickens [35]. Our results showed both
ALV-J and IBDV infections induce the decline in the blood proportions of CD3", CD4", and
CD8«™" at 21 dpi, and IBDV induced this effect more significantly. These results indicate that
IBDV induces more severe lymphocyte apoptosis in peripheral blood. In the superinfection
group, the proportions of lymphocytes exhibited a more severe decrease, although it was
not more significant than the IBDV single virus-infected group. However, the ratio of
CD4*/CD8* was similar in the superinfection group when compared to the control. These
results indicate that the superinfection of ALV-J and IBDV induces overall CD3"-positive
lymphocyte apoptosis but does not change the ratio of CD4*/CD8".

Our research demonstrates the effectiveness of a candidate model for studying the
outcome of a superinfection with ALV-] and IBDV in SPF chickens. Using the infection
model, we elucidated synergistic pathogenic effects between ALV-] and IBDV. In addition,
we found that the immunosuppression induced by ALV-] infection combined with the
immunosuppression and pathogenicity induced by IBDV infection can seriously impair the
host’s immune resistance to both viruses’ infections, inevitably resulting in a more serious
illness in the superinfected chickens. However, further studies are needed to elucidate the
deeper mechanisms by which a superinfection of ALV-] and IBDV cooperates to induce
more severe immunosuppression.
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WE: (BRI HRE va ZHEREBFI TR (tva c.3G>A) XM AGRYY A TF B (G (075 % B (Avian leukemia
virus subgroup A, ALV-A) {10 . (7% 15 F] Sanger #/F#1 RT-PCR 36iF3R [ 3 F WIS TF{E va ¢.3G>A R
. FARABEARRR va c.3G>A AT (A SME Y RCASBP(A)-GFP 53R S #E1iLm . iBid ALV-A
FHABEIRLE, HR va c.3G>A A (KPS ALV-A BI5E0E. FIH EE0TF 4 2ot B 3 H A& & va
c3G>A RN SHEITHE SR, [£55] Sanger I/ H RT-PCR 45 F 4 & 3 (5 HF PITS & R rva ZEE 4515 X5
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¢.3A/A CEF #i RCASBP(A)-GFP &, £ tva c.3G>A T4 FHY k4 RCASBP(A)-GFP [f/##. ALV-
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virus subgroup A, ALV-A) [F52M . [755 17| H Sanger #ll 71 RT-PCR % ik 3 B 3P R XS AELE tva ¢.3G>A R
Ao R AR tva c.3G>A FRAEXF G ASME G RCASBP(A)-GFP % M4 &5 9% S 50 . 3@t ALV-A
RN IR, TRFT tva c.3G>A RSN IG 1A P IRGE ALV-A (IS0 . A B0 Fr 7 o0t 3 3B A RS 5 & va
c.3G>A AN EHATIR 3L, (45 5] Sanger Pl FF AT RT-PCR 45 5 % 5 3¢ H HOF XS 2R tva 5 DR 4 [X 55
3B R G RAEN A, ZRAEGIIE tva FRRIGFED TP 5 ATG RN ATA. I G0 HAK 4 R EoR
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¢.3G>A) on resistance of chickens to infection by avian leukemia virus subgroup A (ALV-A). [Method]

Sanger sequencing and RT-PCR were used to verify the presence of tva ¢.3G>A mutation in Chinese yellow-
feathered broilers. The effect of fva ¢.3G>A mutation on infection of chickens by RCASBP(A)-GFP
fluorescence reporter virus in vitro was detected using flow cytometry. The effect of tva ¢.3G>A mutation on
infection of chickens by ALV-A was investigated using ALV-A challenge test in vivo. Direct sequencing was
used to genotype tva ¢.3G>A mutation site within Chinese yellow-feathered broiler lines. [Result] The results
of Sanger sequencing and RT-PCR identified the mutation from G to A on the third base in the coding region of
tva gene of Chinese yellow-feathered broilers, which caused the mutation from ATG to ATA in the initial codon
sequence of tva gene. The result of flow cytometry showed that chicken embryo fibroblasts (CEFs) of wild-type
tva ¢.3G/G were susceptible to infection by RCASBP(A)-GFP, while the homozygous mutant tva c.3A/A CEFs
were resistant to infection by RCASBP(A)-GFP, indicating that rva ¢.3G>A mutation led to chicken resistance to
infection by RCASBP(A)-EGFP in vitro. The results of ALV-A challenge test in vivo also indicated that tva
¢.3G>A mutation led to chicken resistance to infection by ALV-A. Genotyping of tva ¢.3G>A revealed that
homozygous resistance genotype tva c.3A/A was present in lines CB01, CB08, CB10 and CB15, with the
frequencies of 0.10, 0.15, 0.23 and 0.08, respectively. [ Conclusion] The #va ¢.3G>A mutation causes chicken

resistance to infection by ALV-A in vitro and in vivo, and the tva ¢.3G>A mutation site can be used as the

44 3%

genetic resistance site of ALV-A.

Key words: Avian leukemia virus subgroup A; fva receptor gene; Initiation codon; Mutation; Genetic

resistance; Yellow-feathered broiler

B A M 2 & A %9 3 (Avian leukemia
virus, ALV) 5172 ) — &5 G B 400l 12 S e 1 4%
o T SRR G X B 1) & 1 I v BE LS AL V-
A~E. J MK 7 ANIERE, Ho ALV-A 2 51 [E RS
TR A8 A I Y 2 20 JR 2. ALV-A AT G
XOHE P A S d b APV RE R B, D A K AR
PERPIR I AE TS, 45 7R 8k i BRI & B4 kB
H BT, 120 8 B A i A SR T T, E
S o A b RN A ) 2 A A AT T 4R
T, 30T 4 Sk & B I (0 AT 9 5 U 2 6 98 B,
ALV-A 7538 [ Hb 77 3R 5 i RSS! &
B Az 5 K000 dh R A7 AE . B L, BUE S IR ANRE TS
2P A RS A s 78 B8R AR S 3AT,
O A B 3 I FE MY (G H A2 Pl m] F 2 fi
R B E REIR —. B, Rk EEEER
A VRS H I B SR g COB e S . B AT
AW FAESE, $EmfE B0 A RS s s & i
PE, JFRE A S E 5 500 B M BCA B 45 1%
T A R g

ALV-A H tva 52k PR 2 15 (1) 480 i 35 100 RF =
PESZ AR Tva IR NG E40, 48 R A2 B gt
tva ZARFE R B RAT 2 33 Tva 2R E ) 58
AR R EEITE —ANAEHAE N ALV-A ZARH R
B Tva ZAREH, W5 ERE EHMXT ALV-A K

RGP A AR U AR B A E SR MR A A R
tva SZRIER P EALLEE T tva's tva®s tva” F tva™
4/ ALV-A BAEPUIEAL U Chen S5 F XM
R EXS R R I E T tva® Rl tva™ 2 A~ ALV-A i3
FEPUIEAL o T340, FATRT AT CR K 3R) K I+
XS T fva 5244 KA 788 ) H AR RASAL S5 : tva Fk
R gmhth X 56 3 Armdd i G RAZ N A, HENNZRA S
i tva FE RIS T ¥ 5 H ATG RAZN ATA,
1% tva F K B IR R A %A tva ¢.3G>A, HIH XS
T F G A LS 008 08 B 152 e 1 AN I 2 .
Rk, AR PGET ALV-A /K40 G R 56 AR
Beagilae, MRS, fE N 2 AN ETHERE tva ¢.3G>
A RABRE SRS FX ALV-A G = A 8L 5
P, DUHASE 8T ALV-A AL BT 5.

1 MRERE

1.1 R, RE. WKL

HOP A i & CBO1~CB15!" it e E T
K ERERRG A RA A, A R
36~60 3 IMLFE, 3t 670 43 MR . 1 HE TR €
Jii (Specific pathogen free, SPF) ¥ H ™ 7R K4E
KA AT . ALV-A GDO8 #%. DF-1 I &N ARE
B A g R S AR B S0 = fR A . RCASBP
(A)-GFP A RN RE & BRI E ST 5
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i) B A S 2 A A A S IR AR
1.2 FZRLHF

I /240 B/ 2H 2R 2L TR 4H DNA 18 G F & W H
RIAEE 650 A RA A BRI & BB
& TN EE R ORR = EUAT G, B DNA [E11i
BG40 H OMEGA /A #]; ReverTra Ace"qPCR
RT Kit. KOD-FX JJ H Toyobo /A #; FastStart
SYBR Green Master(Rox) 4 H Roche A f); Jx Fisx%
RF &~ pMD19-T. PrimeScript® One Step RT-PCR
Kit J § Takara A #; Opti-DMEM ¢ IfiL i £% 77
%&£, DMEM 40 0 35 77 2 G20 i | AR g 75
B8 # W H Gibco 7] ; TRIZOL reagent.
Lipofectamine 3000 % 44774 [ Invitrogen 2 ] .

1.3 EPRABEER tvva EEMIRET RSO

Z:7% NCBI #0452 3 tva 5 [K ¥ DNA J7 51
(GenBank 3¢5 : AY531262.1), N Primer 5.0 %
T 3 6514, o 3 N B (1.2 F1 3 BOPCR ¥
¥ tva FER 4K FF] 3 607 bp, 511E B LK 1. #2
B P A RS 5 22 CBO1~CB15 L3 ARE il f 3 PR 20
DNA, 1% 3 X} 514 PCR ¥ 1 tva 3£ 4K 751 .
¥ PCR ¥ 873k 48 TAY TR (1) I A IR
T, WA DNAstar il Mutation Surveyor 2 [A]
750 43 BT 3 A L X eva FEDR 7 B0 F0 D0 1 7 41 9 AT
P RIS i R tva BRI RIS E AR R, X tva ¢.3G>
A G AT IR R 431

®1 wa THEEZKFT PCR I HE5MER

Table 1 Primers used to amplify the whole sequence of 7va receptor gene
FB GlEYEZR N S (5'—3") KR BE/C J R/ bp

Fragment Primer name Primer sequence Annealing temperature Segment size
1 P1-F GTTCAGCAGATCCTCATCTCCCG 62 1308
P1-R GGCCATTGTGCGATCTAAGAGGG
2 P2-F AGCCCTCTTAGATCGCACAA 60 1253
P2-R GTGACACCGAGCACAAAATG
3 P3-F GTTGGAGCTGGATGAGCACT 60 1132
P3-R TGAGGGAATTCCTGTCACCT

1.4 tva #[F mRNA A RT-PCR #/ 1%

K Trizol {5320 tva ¢.3G>A RAMNL 25 4
H tva ¢.3G/G FEEE TRAZR tva ¢ 3A/A PRSI )
& RNA, 2% i 506 500 &0 B 45 & )
cDNA. 2% ik [18] 11514 F 511 F1 PCR Jx B%
K&, P &M, FIH KOD-FX E &£ E B RT-
PCR 4" rva ZEDRI A G /7 51 o [E1W L 4l Ak 11
RT-PCR =¥ 5N pMD19-T, 164 T4 T
(i) et BR 2~ w] Iy, e 45 5 8 H Lasergene
7.1 AT M
1.5 SRR T4 B 515

KA 10 HXSMHEE, HEFH AR EM
FoN, JeE XS, FHARELEY IR T Bk RS &
SKFT I E, FEXSIRZH S E TP IR, A PBS S
Ve BRIy o KB PEUT A ZIHN 5 mL &0
B, FIRFLEY T8 2 P BEIR, H 0.25%(w) FIJRRGTE
37 C /KIBFEFIHAL 15~20 min, JIE T /N4 1L
TE& IR . 1 200 H 4088 3 B € 5, 1000
r/min B50> 5 min, FFE4 EIEW, 56 A IR A0 4
Mt AT R, N TC R R IR LR, SRELAL S
WA 4E 41 g (Chicken embryo fibroblast, CEF), 4H

I E T CO, IR DHUN 5%, 37 C RSN E TR
1.6 SRR RCASBP(A)-GFP R &EHS

+ B 4H 5 ki RCASBP(A)-EGFP #£ 3 \ DF-1
YR, a5 7 R, REOFIREE DF-1 40 i
W I 2kt % G B I E 4% B RCASBP(A)-
GFP, Wl 52 #3 YL B (TU) J&, 43 254847 T80 C
#H . PR ERFE tva ¢.3G>A RN U AR tva
¢.3G/G\ AR tva ¢.3G/A M4 R tva
c.3A/A CEF, 7r Al T 24 LR+, B FLEF
5x10* ANgH A, £539% 24 h J5, AR 5x10°
IU/mL ) RCASBP(A)-GFP Ji # k. & 2 h )&,
TR S 1%(p) I 24 M35 1 4 RR R 4k 2 85
Fro BEYLJEEE 1. 24 3.7 K, A Cytomics FC 500
314X (Beckman Coulter, USA) 8 id %¢ ' S 4 iy
/7i% (Fluorescence-activated cell sorting, FACS) &
& tva ¢.3G>A RN fiANFIEE KA CEF 1) GFP [H
PR 53 E
1.7 ALV-A {RRRGERRIE

BT AR 78 KB tva ¢.3G>A R FEAFAET
CBO06 it 7. M CBO6 i REAHLPRIE 75 K 1 Hig4H
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SOBEHLZY N 3 4H, 4 25 HEE A 3 H SPE XY
TEXTHR, T35 T 3 AR a4, JFBE =4 gkl A
Ko 1 HEI, & X AEXS E Bt ALV-A GDOS #
FWREF (S/P=2.1)0.2 mL, 5 H#&HF, FHIEE 1 K. I
BE 1, RER RAES Ut R, B4 5L R 4
DNA, 83t BB 5 7 32555 RS tva ¢ 3G>A 5
AL AT IR . WS 1A, RIS T
A%, R Trizol 7 & 42 MAE L RNA, F|H
ALV-A GDOS8 FR4: 57 MR 514, RT-PCR Al
W AERS 99 B MURE S 0, %€ tva ¢.3G>A RAEARA
BRI RUAENS XS ALV-A GDO8 BRI EGLIR AN,
1.8 Seitordn

F 8 B4 348 FHl GraphPad Prism 7.0 #EiE4T
25 B RBUE Gi it o0, 2 B0 b A SR B B S R A
¢ Kr 36 53 M, U 45 R DL B bR i 2 R o o
Popgene B3 HT tva ¢.3G>A FRARNL AR E TP
PRI X it 28 5 (R AR A

2 FERE55H

2.1 BEPABRZED tvac3GA RTMNEWETE

T HITH E SR RIS SR tva SRR 138
AR, 4 3 A B PCR ¥ 3843 3G tva 52 R EE A
IR X 3. anl& 1 s, PCR 47 38 H tva ZE[A
(1) 1.2 F03 Fy B B B 560, i BOR/N S i 25 R
FIFF o % PCR P24 iE47 Sanger W, & B [ 3%
PIAAE & tva LK DNA FEBI S5 260 £ B e 1778
H G RAHN A FHRRAE (K 2), idt—2 5 4l
ZRARHAE tva FEK gAY X 28 3 ALAg 2Lt G RAZ
N A, Gl tva FERRIGHERS F 75 ATG AR
N ATA, ¥1% tva FER H IR R B %N tva ¢.3G>
Ao N TIESEA &R tva ¢ 3A/A B AKAFAE
G>A RAZ, RT-PCR ¥ #4821 tva ¢.3G/G R4l &

M 1 2 3

bp

2000

1000
750

500

250

100

M: DL2000 marker; 1~3: tva SEFE ) 1. 2 1 3 J7 B
M: DL2000 marker; 1-3: Fragment 1, 2 and 3 of tva gene

BEl1 tva&E 3 MR PCR B4R
Fig.1 PCR amplified results of three fragments of tva gene

GCCGGCATGGTGCGGT

Ligeceit]
Wild type

GCCGGCATGGTGCGGT

Tt A
Heterozygous
mutant

U £ 5T
Homozygous
mutant

s

LR va 2L DNA R85 260 frfid st th G RAEH A
The positions of the mutates from G to A at 260th base of tva gene are
underlined in red bold

B2 tvac.3G>A RER LA EEEENFE

Fig. 2 Sequence traces for #va c.3G>A mutation sites of
different genotypes

KA tya c.3A/A MWK tva FERBEANGiiS 751 . 45
Tl 3 FioR, tva ¢.3G/G F tva ¢.3A/A FER A i
FEIY1E H 566 F1 420 bp F15%745, KB tva ¢.3G>
A FEARNT FAEAN A (R R AR v 38 1 va SEIA
Koo 4 2 MESEA . RT-PCR P24 1 5 e I 45
=W, 584 tva ¢.3G/G L, A& KA tva
c.3A/A FEH A 2 A tva cDNA JF51) 5 3 Arhig 3k 2
H G RN A, 5l Tva 26 E AR IER T 558
1 ANRFERR IR ZR (M) 88 TR (D).

M 1 2

bp

2 000
1000 KA (566 bp)
750

Long isoform
500

250
100

RIS (420 bp)
Short isoform

M: DL2000 marker; 1: #7471 tva ¢.3G/G: 2: A& KRR tva c.3A/A
M: DL2000 marker; 1: Wild type tva ¢.3G/G; 2: Homozygous mutant fva
c.3A/A

B3 tvac3GA REBMNRAFEFBMBELEK tva RS
FF5I#9 RT-PCR # #4458
Fig.3 RT-PCR amplified results of the full-length tva
coding sequences for blood samples from different
genotypes of fva ¢.3G>A mutation site

2.2 tvac3G>A REETEEAIMA ALV-A R
RCASBP(A)-EGFP 21 Jii ¥ %% 4% DF-1 41l Jiiy
48 h J5, 3 E %Ot B 58 W 5 B GFP % )t b
WEHRE, RHPBINIEK T RCASBP(A)-
GFP 2 e 5 2 (B 4). NIR K tva c.3G>A %
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[15% White light

£ Green light

fili& Merged

I RFRIL GFP IHHM: #7X=250 pm
Green fluorescence represent cells expressing GFP; Scale =250 pm
4 RCASBP(A)-EGFP Fifiss# DF-1 4HR 48 h EHFERAEARIE
Fig. 4 Expression of green fluorescent protein in DF-1 cells after transfection with RCASBP(A)-EGFP plasmid for 48 h

A5 55t 1 35 40 AR AN B G ALV-A 52 R, I 4%
) RCASBP(A)-GFP % % 1 5 95 7 40 1) Ja e
tva ¢.3G/G. tva ¢.3G/A 1 tva c.3A/A CEF, E )5
AN T8 8] s ) O =X 4 i R A I RCASBP(A)-
GFP X} tva ¢.3G>A RAZAL mi A [F & K B CEF 1)
TG B, 45 B 5 A6 FTon . B AR tva
¢.3G/G CEF M7 & R M tva ¢.3G/A CEF X}
RCASBP(A)-GFP i # 5 l&, 1fi 46 & AL & tva
¢.3A/A CEF #i RCASBP(A)-GFP [f] /& 4%, & tva
c.3G>A KA 5845 ¥ 44 7 it RCASBP(A)-GFP 1)
G,

A: %5 1 %f IE Blank control B: tva ¢.3G/G
g 300 GFP g 300 GFP
2 0.029% 2 96.80
Q 200 1 © 200
i i
# 100 # 100

GFP 9SG GFP %Gk i

GFP fluorescence intensity

0 0
10° 10" 10> 10° 10* 10° 10" 10> 10° 10¢

GFP fluorescence intensity

100 ¢
< 280
g
2360}
= o
N>
Esain=
=240t
' & tva ¢.3G/G
= 90t ¥ tva c.3A/A
NG
4 tva ¢.3G/A
0 * ¥ ¥ ¥
1 2 3 4

Lgye/d
Days post-infection
5 tvac.3G/G. tva c.3G/A 1 tva c.3A/A CEF R
RCASBP(A)-EGFP Hid 72
Fig. 5 Time course of infection of tva ¢.3G/G, tva ¢.3G/A
and tva c.3A/A CEFs with RCASBP(A)-EGFP

C: tva c.3G/A D: tva c.3A/A
200 300
2150l E GFP
g 150 2500 | 0.010%
@] O —_—
it 100 t ]ﬂg
5ol 2= 100

0

10° 10" 10> 10° 10*
GFP $L5m Az

GFP fluorescence intensity

0

10° 10" 10> 10° 10*
GFP i iE

GFP fluorescence intensity

6 RNMBEARIN tva c.3G>A REML S FREIEEE! CEF B # RCASBP(A)-GFP 7 d f5#) GFP PRIt 4RA0ZE
Fig. 6 GFP positive cell rates for CEFs of different genotypes of fva ¢.3G>A mutation site seven days after infection with

RCASBP(A)-GFP detected by flow cytometry

23 tvac3G>A REHEE AR ALV-A BB
RERF tva ¢.3G>A FAZK 15 LR P EYE ALV-
A HI5Z, R ALV-A B8 &Y tva ¢.3G>A KA
PP IR AR Al AR AERS . {E N BH
PR, 9 U SPF 4#XS I ALV-A #7858 ALV-
A BHE, BB ALV-A R W858 % 7. ALV-
AWERKERER, A tva ¢.3G/G 4N
(25 R) W ALV-A B8 /58 ALV-A BT, Z4E 5
A tva ¢.3G/A 4G (28 W) B ALV-A BF 8 )5 i
MLAE FHPEZE N 75%, Miaia R tva c.3A/A HEXS
(22 H) B ALV-A B8 )58 ALV-A P (3 2).

ZEREKH, tva c.3G>A RAZFEE ERHN L ALV-
A HERGE, ALV-A A BRI 4 RS ALV-A 14
ARSI 45 B — 2 UESE tva ¢.3G>A RARNL AT
N ALV-A [P BT A
24  tvac3G>A MMM S AR EPALRZRN
ANFE PPN R tva ¢ 3G>A Pk A 3
R f gk B ansk 3 Bras. CBO1. CB08. CB10 fl
CBI15 i 2K E] tva ¢.3G>A HilEAL S 24 &
IR tva ¢.3G/A, HAZ 55124 0.05. 0.05. 0.10 F
0.14, 7 CB01. CB08. CB10 Al CB15 i % H 46 il 5]



372 w5 (https:/xuebao.scau.edu.cn/zr/hnny _zr/home)

i 44 25

2 ALV-A WERHEGHEMIEMMEZE
Positive infection rate of viremia in chicks
infected by ALV-A

Table 2

FHAERE GO B S A PR/ %

Xy R No. of positive Positive
Chick  Genotype samples/Total infection
No. of samples rate
SPF  tva c.3G/G 9/9 100
tva ¢.3G/G 25/25 100
CB06 tva c.3G/A 21/28 75
tva c.3A/A 0/22 0

3 REEPABRR tva c.3G>A NS HERE BT
Table3 Genotypic frequency of tva ¢.3G>A resistance
locus in Chinese yellow-feathered broiler lines

oz P AU H H KM Genotype
Line No-of va ¢.3G/G tva c3G/A tva c.3A/A
samples
CBO01 60 0.85 0.05 0.10
CB02 50 1 0 0
CBO03 36 1 0 0
CB04 30 1 0 0
CBO05 48 1 0 0
CB06 60 1 0 0
CBO07 30 1 0 0
CBO08 60 0.80 0.05 0.15
CB09 30 1 0 0
CB10 60 0.67 0.10 0.23
CB11 35 1 0 0
CBI12 45 1 0 0
CBI13 60 1 0 0
CB14 30 1 0 0
CB15 36 0.78 0.14 0.08

ai S P REE A tva ¢ 3A/A, HAE 2518 0.10.
0.15. 0.23 A1 0.08, H AR PIAIRG i R TR FE A
B4R fva ¢.3G/Go

3 Wig5%ER

AREFYEEE T H ES RIS R tva ZARFER
HRAEAE 1 Rl E AR RAR AT 55, B tva FE K 40 00 [X 2R
3IHRFEH G RAEN A, S tva TR E LG HE S T
FHIH ATG R38N ATA, #ffifE F 4 ALV-A 1K
Ab\ A A B G AR BAE B, UESE tva ¢ 3G>A R

AL N ALV-A BB AE UL i 4 AT 50,
AT IRIRAE T 52 A DR U B R 1 A R AR
Af LS RTE R B PR e ALV TR R, 1X
BE5E T IRATNT ALV-A 15 3 L [F AL A EE A

JRUAE b X T Y A SRS R A A 22 4 S e L ok
2 i B I P, HX e G 05 R IR AN R SE AT R
B A A E RN 2R O R O AR S AT
ALV TEXSHE R AT, BUER R T ALV 15 £ 00
BE 232 BIEFEME R 27X ALV B GL =28 58 441
PEEEE Z D FEAC T X ALV G 5 M . tva.
tvb tve M1 chNEH1 ZAKRIE R 53 3 9a i Tvas Tvb.
Tve f1 NHE1 24K & H, 75 /- 515 32 40 f xF
ALV-A. ALV-B/D/E. ALV-C Fl ALV-J f{]/gjel+ 2],
AR FE R ()38 A% AR 22 S EUZ AR R I S A sk
BR A — AN PR Y 2 AR B T, AT 5 S T 3R X
ALV [ Ge = R gt btk . Hal, e E L A
KA AZ i Z A A [ RIS R R e T Bl
YHHEXT ALV-A. ALV-B/D/E Fll ALV-C JE L7 A4 it
FEUVE I 32 A4 L R g AL SR AR #4290, Elleder 25 7
FIRA A 2R C R tva FER S 619 B3k C A%
N G(tva™), 5l &GS LR B Cys 4N Trp,
KR ALV-A BIEFEE H 5 Tva ARG
J1, X ALV -A KRG = A 8845 Bk .
Elleder 5" 7£ FIRAT A R 7, ORI tva J: R B S
¥ 515 305—306 7 fiddi A CTCG 4 PMJE (1va™),
T Tva 2R E A BRI, NI~ AEX ALV-
A BT Chen 51 55 K I b [E XS FHAEAE tva®,
tva™. tva” F tva™® ALV-A A& TS 5, NPT
tva ZARFERI N & T 1 RS AS S AR XA 4 Fb
TR RAR, tva™ R tva BRI 507—516 Bl2E ()75
N ACCCCGCCCC) #t k. tva™ A tva B 5
507—511 2 (7518 ACCCC) SRk, tva™ N
tva FE R 5 502—511 T ()7 418 CGCTCACC
CC) K. tva™ N tva F:H 5 502—516 Bl (7741
A CGCTCACCCCGCCCC) #h, iX 4 F tva 24K
S RLBE RAZ I FEN tva [ mRNA [FEIL], FEAG
T ALV-A BEWEE A5 Tva ZIRE (45515
77, M BEARAE EA X ALV-A 19 5 M. At
FUAE TR TP ARG it 3 R I rva S AT DR 4R % R
TFHIH ATG 35N ATA, 5]#2 Tva 2 E AR
BT A 1 NRER B RER (M) S8R R
SRR (1), HENZRAR T30 Tva 2R E A MRIE T
AR, AT 51218 EHT ALV-A [FEGL,

Ui B T FE HE B 95 1 A 2850 5K e A
BAR, NVPAL AR B P ARG 5 R ALV-A 8%
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utk, AT 15 DO R tva ¢.3G>A T
PEAL AT T 2R 8, g5 5 R UL CBO1. CBOS.
CB10 fil CB15 /i RAFAE tva ¢.3G>A PrrEAL s, H
A TR A tva c.3A/A BISRZE 254 0.10.
0.15. 0.23 1 0.08, FE/~iX L8 P RIS R B A RIF
IPT ALV-A 184E 2 R 77, n] MK L3S 5 5 A i
HEHEEE P ALV-A BRERKEMEM, AT
ALV-A BAEHIMXS AR S, NN A WHEE
ML BT B Fh e (LR AR I R AR 3%
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ARTICLE INFO ABSTRACT

Keywords:

Semen extracellular vesicles (SE)
Subgroup J avian leukosis virus (ALV-J)
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Vertical transmission

Subgroup J avian leukosis virus (ALV-J) is a highly oncogenic retrovirus that has been devastating the global
poultry industry since the late 1990s. The major infection model of ALV-J is vertical transmission, which is
responsible for the congenital infection of progeny from generation to generation. Increasing evidence has sug-
gested that extracellular vesicles (EVs) derived from virus-infected cells or biological fluids have been thought to
be vehicles of transmission for viruses. However, the role of EVs in infection and transmission of ALV-J remains
obscure. In the present study, semen extracellular vesicles (SE) were isolated and purified from ALV-J-infected
rooster seminal plasma (SE-ALV-J), which was shown to contain ALV-J genomic RNA and partial viral pro-
teins, as determined by RNA sequencing, reverse transcription-quantitative PCR and Western blotting. Further-
more, SE-ALV-J was proved to be able to transmit ALV-J infection to host cells and establish productive infection.
More importantly, artificial insemination experiments showed that SE-ALV-J transmitted ALV-J infection to SPF
hens, and subsequently mediated vertical transmission of ALV-J from the SPF hens to the progeny chicks. Taken
together, the results of the present study suggested that ALV-J utilized host semen extracellular vesicles as a novel
means for vertical transmission, enhancing our understanding on mechanisms underlying ALV-J transmission.

1. Introduction effects on poultry flocks in the world (FadlyandSmith, 1999; Landman

et al., 2002; Li et al., 2020). Indeed, ALV-J infection remains pervasive

Subgroup J avian leukosis virus (ALV-J) is a positive sense, single-
stranded RNA virus, which belongs to the Alpharetrovirus genus of fam-
ily Retroviridae (Neoplastic Diseases, 2013). ALV-J genome is 7.6 kb in
length and mainly consists of gag, pol, and env genes, which encode Gag
(including capsid protein p27), reverse transcriptase as well as integrase,
and envelope glycoproteins consisting of protein gp85 and gp37,
respectively (Payne et al., 1993; Venugopal et al., 1997; Bai et al., 1998).
Since its discovery in the United Kingdom (Payne et al., 1991), ALV-J has
been in the news media spotlight due to its global spread and devastating
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throughout China and in other Asian countries (F. Meng et al., 2018; F.
Meng et al., 2018; P Wang et al., 2018; Wang et al., 2020). Furthermore,
the epidemic strains of ALV-J are not only capable to induce hemangi-
omas, myelocytomatosis and visceral neoplasms, but also to cause poor
production performance and severe immunosuppression (Payne and
Nair, 2012; Malhotra et al., 2015; Zhou et al., 2019). These evidences
indicate that ALV-J may have been responsible for the tremendously
economic losses within worldwide poultry industry (Wang et al., 2012;
Shen et al., 2014).

1995-820X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
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ALV-J can be readily transmitted vertically from hen to chicks via
fertile eggs or horizontally from bird to bird by early contact (Rubin et al.,
1962). Notably, vertical transmission of ALV-J is the major route of
ALV-J infection and is more deleterious than horizontal route due to
higher efficiency of transmission from eggs to progenies and higher ef-
ficiency of virus shedding. (Lin et al., 2013). Vertical transmission of
ALV-J may occur through the venereal route resulted from mating of
infected roosters and healthy hens (Smith and Fadly, 1994), which im-
plies that ALV-J-infected roosters play a pivotal role in transmission of
ALV-J and may be responsible for the congenital infection of chicks
during reproduction from one generation to the next. Once the breeding
flocks, particularly breeder roosters, are infected by ALV-J, it is reason-
ably assumed that a large number of commercial chickens would be
infected by ALV-J as a result of vertical transmission. Therefore, an
improved understanding of the mechanisms underlying vertical trans-
mission of ALV-J is required to enable the development of novel thera-
pies for control and elimination of the ALV-J infection.

The primary vector for vertical transmission of ALV-J is semen, a
complex bodily fluid mainly composed of spermatozoa cells and seminal
plasma (Dhama et al., 2014). In addition to the soluble constituents, a
variety of semen extracellular vesicles (SE) are contained in the plasma
(Vojtech et al., 2014; Welch et al., 2017). Extracellular vesicles (EVs),
including SE, are double membraned vesicles derived from multi-
vesicular bodies during the maturation of endosomes (Thery et al., 2002).
Extracellular vesicles have been shown to contain a variety of biological
materials, including proteins, lipids, and genetic material such as DNA,
RNA and microRNA, which deliver their cargo to recipient cells,
reportedly mediating intercellular communications and thus partici-
pating in various biological and pathological processes (Kalluri and
LeBleu, 2020; Kumar et al., 2020). Over the past decade, a growing body
of literature has shown that EVs play pivotal roles in viral pathogenesis
and serve as vector for the transmission of a variety of viruses (Chahar
et al.,, 2015; Urbanelli et al., 2019). For instance, EVs released from
porcine reproductive and respiratory syndrome virus (PRRSV)-infected
cells contain PRRSV RNA and proteins, which can mediate the trans-
mission of PRRSV in both susceptible and non-susceptible naive cells (T
Wang et al., 2018). EVs have also been shown to play dual roles in
mediating the transmission of hepatitis A Virus (HAV) and hepatitis C
Virus (HCV), thereby avoiding immune surveillance (Longatti, 2015).
Intriguingly, several studies have shown that EVs serve as a novel mode
of flavivirus transmission from arthropod to human cells (Vora et al.,
2018; Zhou et al., 2018). Langat virus (LGTV)-infected tick cell-derived
exosomes have been shown to contain infectious virus RNA and pro-
tein, which facilitate transmission of LGTV from tick to vertebrate host
cells (Zhou et al.,, 2018). Dengue virus (DENV)-infected mosquito
cell-derived exosomes contain infectious DENV RNA and proteins, which
can serve as a means for DENV transmission from mosquito to mamma-
lian cells (Vora et al., 2018). These studies highlighted the crucial role of
EVs in viral life cycle. On the other hand, some viruses are reportedly
evolved in hijacking cellular EVs pathways, such that to mediate viral
infection and transmission (Urbanelli et al., 2019). One earlier study
reported that ALV-J infection can promote the production of exosomes,
and partial viral proteins were observed in ALV-J-infected DF-1
cell-derived exosomes (Wang et al., 2017), but the roles of EVs in ALV-J
infection and transmission still largely need to be elucidated.

In this study, we aimed to understand the composition and function-
ality of extracellular vesicles from ALV-J-infected rooster seminal plasma
(SE-ALV-J) in relation to ALV-J transmission and infection in chicken.

2. Materials and methods
2.1. Cell culture and viruses
Chicken embryo fibroblasts (CEFs) were prepared from 10-day-old

Specific Pathogen Free (SPF) chicken embryos, which were obtained
from Guangdong Wen's DaHuaNong Biotechnology Co., Ltd., as described
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previously (Federspiel and Hughes, 1997). CEFs and DF-1 cells (immor-
talized chicken embryo fibroblast cells) were cultured in DMEM (Thermo
Fisher Scientific, Inc., USA) supplemented with 10% exosome-depleted
FBS (System Biosciences, Inc.) and 1% penicillin-streptomycin at 37 °C
with 5% CO,. The ALV-J strain GD1109 (GenBank: accession no.
JX254901.1) used throughout this study was associated with hemangioma
and stored in our lab following propagation and titration in DF-1 cells.

2.2. Animal challenge experiments

A total of 15 one-day-old SPF male chicks were inoculated with 0.3
mL 1x10°/mL TCIDsq of ALV-J strain GD1109 virus stock per chick intra-
abdominally and inoculated once again when they were 5 days old. Anti-
coagulated blood samples were collected from all the inoculated SPF
male chickens every 4 weeks starting from the 4th week until the 24th
week post-infection, and tested for ALV-J infection status by viral isola-
tion as previously described (Fanfeng Meng et al., 2018). Another 15
one-day-old SPF male chicks and 30 one-day-old SPF female chicks were
not infected and used as the healthy chick controls. All SPF White
Leghorn chicks were purchased from Guangdong Wen's DaHuaNong
Biotechnology Co., Ltd. and were raised in negative-pressure-filtered air
isolators under quarantined conditions. All experimental protocols were
approved by the Animal Ethics Committee at the South China Agricul-
tural University (approval ID: SYXK-2019-0136).

2.3. Isolation and purification of semen EVs and free ALV-J

Semen samples were collected from experimentally ALV-J infected
SPF White Leghorn roosters (n = 15) and healthy SPF White Leghorn
roosters (n = 15), respectively. ALV-J-infected and uninfected rooster
semen samples were pooled with every 5 roosters, respectively, and
stored at —80 °C. The procedure for isolation and purification of SE-ALV-
J and SE from mock-infected rooster semen samples (SE-Mock), as well as
free ALV-J particles was as described previously (Bukong et al., 2014)
with minor modifications. Briefly, ALV-J-infected and mock-infected
rooster semen samples were thawed on ice and centrifuged (300xg,
10 min, 4 °C; 2,400xg, 10 min, 4 °C; 10,000xg, 30 min, 4 °C) to remove
cellular debris. The seminal plasma was filtered through a 0.22-pm PVDF
(EMD Millipore) and subsequently mixed with Exo-Quick reagent (Sys-
tem Biosciences, Inc., USA) at a ratio of 4:1 (seminal plasma: Exo-Quick),
and incubated at 4 °C overnight according to the manufacturer's protocol.
The mixture was then centrifuged at 1,500xg for 30 min at 4 °C to
remove the supernatant. The resulting SE-ALV-J, free ALV-J and SE-Mock
pellets were resuspended in PBS in 1/5 of the original volume of semen.
Then, the SE-ALV-J, ALV-J and SE-Mock pellets were further purified
using Exosome-human CD63 Isolation kit CD63-labeled-Dynabeads
(Invitrogen; Thermo Fisher Scientific, Inc., USA) according to the man-
ufacturer's protocol. After the isolation, SE-ALV-Js (the pellet) were
separated from ALV-J virion (the supernatant). And among SE-ALV-J,
SE-Mock and free ALV-J were used for downstream experiments.
Finally, SE-ALV-J and SE-Mock were eluted from the Dyna-beads with
100 mmol/L ice-cold Glycine-HCI (pH 3.0) and neutralized to pH 7.4
using 1 mol/L Tris-HCI buffer (pH 8.5).

2.4. Electron microscopy and immunogold labeling

The purified SE-ALV-J, and purified ALV-J free particles were resus-
pended in PBS and then spotted onto Formvar-coated 400-mesh copper
grids. Subsequently, the adsorbed SE-ALV-J, SE-Mock or virions were
fixed in 4% paraformaldehyde at room temperature for 30 min. Excess
liquid was removed using filter paper. The grids were negatively stained
with uranyl acetate for 1 min and then observed using a transmission
electron microscope (TEM; Talos F200S; Thermo Fisher Scientific, Inc.,
USA). For immunogold labeling, the SE-ALV-J or viral suspensions were
deposited on Formvar-coated nickel grids and fixed with 4% para-
formaldehyde for 10 min. After washing with PBS, the grids were blocked
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with PBS containing 5% BSA for 30 min and incubated with primary
antibody against CD63 (System Biosciences, Inc., USA) and gp85 (made
in our laboratory), and then with 10-nm colloidal gold-conjugated sec-
ondary antibody (goat anti-rabbit IgG). Finally, the grids were washed
five times with blocking buffer, rinsed in deionized water, and then
negatively stained and visualized as indicated above.

2.5. Nanoparticle tracking analysis (NTA)

NTA was performed using a Nano-sight LM-10 instrument (Nano-
Sight) according to the manufacturer's protocol. For each sample of SE-
ALV-J and SE-Mock, NTA was performed for 1 min and measured three
times. Size distributions and concentrations of each sample were ob-
tained by analyzing 1 min videos of data collection using the NTA soft-
ware (version 2.3). The results represent the mean + standard deviation
of SE-ALV-J and SE-Mock isolations.

2.6. RNA sequencing analysis

To exclude the contamination of RNA, the EVs were firstly treated
with RNase to eliminate non-vesicular RNA. Total RNA was isolated from
SE-ALV-J samples and SE-Mock samples using TRIzol® reagent (Thermo
Fisher Scientific, Inc., USA) according to the manufacturer's protocol. The
RNA samples from SE-ALV-J or SE-Mock were pooled (respectively) in
equal amounts, and total RNA yield was determined using electropho-
resis (Agilent Bioanalyzer 2100; Agilent Technologies, Inc., USA). The
resulting RNAs from SE-ALV-J and SE-Mock samples were used to pre-
pare the RNA sequencing library as previously described (Zhang et al.,
2016). RNA sequencing was performed on an Illumina NextSeq 500
platform (Illumina, Inc.). The raw FASTQ files for each sample from the
RNA-Seq were trimmed three times using Cutadapt software (Kechin
et al.,, 2017). The trimmed reads were mapped to the Gallus gallus
reference genome (galGal6), ALV-J strain GD1109 genomic sequences
(GenBank accession no. JX254901.1), as well as its gag, pol and env
coding region sequences (CDS) using Bowtie2 version 2.1.0 (Langmead
and Salzberg, 2012).

2.7. SE labeling and uptake

The SE-ALV-J or SE-Mock were labeled with the red dye Dil (1,1’-
Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate; Sigma-
Aldrich; Merck KGaA, USA) according to the manufacturer's protocol.
Briefly, Dil was diluted with PBS to a working concentration of 5 pmol/L,
and added to SE-ALV-J-PBS or SE-Mock-PBS suspensions (v/v, 1:5). The
dye solution and the SE-ALV-J-PBS or SE-Mock-PBS suspensions were
mixed and incubated for 20 min. The labeled SE-ALV-J or SE-Mock were
centrifuged and washed to remove the excess dye. DF-1 cells (2 x 10*) were
seeded in a Laser confocal petri dish and cultured overnight in DMEM with
10% FBS. Dil labeled SE-ALV-J or SE-Mock (25 mg/mL) were added to
60-70% confluent DF-1 cells in 5% CO5 at 37 °C for 2 h. The cells were
washed three times with PBS and labeled using a green fluorescent DiO (3,
3'-Dioctadecyloxacarbocyanine Perchlorate; Sigma-Aldrich; Merck KGaA,
USA) to stain the plasma membranes of the cells. The cells were fixed with
4% paraformaldehyde, permeabilized, blocked in 5% BSA solution, and
subsequently incubated with an anti-gp85 antibody (made in our labora-
tory), followed by immunofluorescence staining with Alexa Fluor 594-con-
jugated anti-mouse IgG or Alexa Fluor 488-conjugated anti-mouse IgG
secondary antibody (Thermo Fisher Scientific, Inc., USA). The cell nuclei
were stained with DAPI. Imaging was performed using a confocal laser-
scanning microscope (Leica X, Leica Microsystems, Inc., Germany) to
detect the uptake of SE by DF-1 cells for 2 h and 4 h.

2.8. SE-ALV-J infection assays in vitro

RNase (sigma) was added to purified EVs and incubation for 1 h at 37
°C before infection. For Fifty-percent tissue culture infective dose
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(TCIDsy) assays, purified ALV-J free particles or SE-ALV-J (diluted from
107" to 10 with DMEM) were added into 96-well plate (seeded with 5 x
10* DF-1 cells or CEFs per well) and TCIDs, was analyzed with
Spearman-Karber fomula. For infection assays, DF-1 cells or CEFs were
seeded at a density of 5 x 10° cells per well in a 12-well plate. Approx-
imately 5x10° TCIDs of free ALV-J particles and SE-ALV-J were added
to the cells. After 2 h of incubation, the medium was replaced with fresh
maintenance medium and incubated at 37 °C with 5% CO- for 72 h. At
12, 24, 36, 48, or 72 h post-infection, cell samples were collected, and
total RNA were extracted to determine ALV-J RNA copy numbers by
using reverse transcription-quantitative RT-qPCR. At the same time, the
collected cell samples were lysated and subjected to analyze ALV-J gp85
protein expression by Western blotting.

2.9. Western blotting

Cells and SE were lysed in RIPA lysis buffer (Santa Cruz Biotech-
nology, Inc.,USA), loaded on a 10% SDS gel, resolved using SDS-PAGE
and transferred to PVDF membranes (EMD Millipore). Membranes
were blocked in 5% skimmed milk, 0.05% Tween 20 in PBS, and sub-
sequently incubated with the primary antibodies at 4 °C overnight, fol-
lowed by incubation with horseradish peroxidase-conjugated secondary
antibodies against goat anti-rabbit IgG or goat anti-mouse IgG (Beyotime
Institute of Biotechnology, China) at room temperature for 1 h. Signals
were visualized using an ECL Advance western blotting detection kit (CW
Biotechnology, China). Bands were imaged using an Azure c300 digital
imager system (Azure Biosystems), CD81 (System Biosciences, Inc.,
USA), CD63 (System Biosciences, Inc., USA), tumor susceptibility gene
101 (TSG101; Absin Biotechnology, China), GPR78 (Abcam, UK), p-actin
(CW Biotechnology, China), and ALV-J p27, gp37 and gp85 (made in our
laboratory) were used primary antibodies.

2.10. Analysis and quantification of ALV-J RNA

To detect ALV-J RNA, total RNA was extracted from seminal EVs
(RNase treated) using TRIzol® reagent (Thermo Fisher Scientific, Inc.,
USA) and reverse transcribed into cDNA using a Prime-Script™ cDNA
synthesis kit (Takara Bio, Inc., China). The full-length ALV-J genome was
divided into three overlapping fragments (A, B and C) to be amplified,
and the primers for each fragment are prensent in Supplementary
Table S1. For quantification of the RNA copies of ALV-J in ALV-J-infected
or SE-ALV-J treated cells, total RNAs were isolated from cultured cells
and reverse transcribed into ¢cDNA as described above. RT-qPCR was
performed using a CFX96 system (Bio-Rad Laboratories, Inc, USA) using
Power SYBR Green PCR Master Mix (Roche Diagnostic) according to the
manufacturer's protocol. To construct a standard plasmid, a 148 bp
fragment of ALV-J gp85 gene was amplified with the primer pairs J-F and
J-R (Supplementary Table S1), and then cloned into the pMD-19T vector
(Takara Bio, Inc., China). The copy number of viral RNA was calculated
based on the results for the standard plasmid diluted 10-fold (1 x 10?
copies/pL to 1 x 10° copies/jL). Each sample was analyzed in triplicate.
For analysis of the homology of ALV-J, total RNAs were extracted form
ALV-J strain GD1109, SE-ALV-J, and ALV-J isolated from the progeny
chicks, and reverse transcribed into cDNA as described above. The gp85
coding sequence (924 bp) was amplified using the primer pair gp85-F
and gp85-R (Supplementary Table S1) with the FOD-FX (Toyobo Life
Science, China). The purified RT-PCR products were cloned into the
pMD-19T vector for sequencing. Sequence alignment was performed
using Lasergene version 7.1 (DNAStar, Inc.)

2.11. Transmission of ALV-J infection via SE-ALV-J

A total of 18 SPF hens were randomly selected from 24 weeks old
laying SPF hens that were prepared in advance as described above and
divided into 3 groups, with 6 SPF laying hens per group. Semen samples
were collected from 5 healthy roosters with no ALV-J infection and
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mixed with SE or free ALV-J for artificial insemination of different groups
of SPF hens. For detection of infection and transmission of ALV-J medi-
ated by SE-ALV-J, 3 groups of artificial insemination experiments were
performed. Group A hens were artificially inseminated with 40 pL of
semen from healthy roosters mixed with 40 pL of SE-Mock and used as
the mock control. Group B and C hens were artificially inseminated with
40 pL of semen from healthy roosters mixed with equal viral titers (0.5 x
10% TCIDsg) of SE-ALV-J and free ALV-J, respectively. Whole blood
samples from all the hens in all 3 groups were collected at 1, 2, 3, and 4
week post-insemination. Blood plasma prepared from each individual
hen was inoculated into DF-1 cells for ALV-J isolation as previously
described (Wang et al., 2020), and the serum samples were assessed for
the presence of ALV-J antibody using ELISA detection kits (IDEXX Lab-
oratories). The eggs were collected from the different groups of SPF hens
and tested for p27 antigen in egg albumin with an Avian Leukosis Virus
Antigen Test Kit (IDEXX Laboratories, USA). Fertilized eggs from the 3
different groups of SPF hens were collected for hatching. Whole blood
samples of hatched progeny chicks from the 3 different groups of SPF
hens were collected at an age of 1 day, as well as at subsequent 1-3 weeks
of age, and assessed for ALV-J infection status through viral isolation as
described above. Meconiums were sampled from hatched progeny chicks

ALV-J-infected rooster
semen samples

Pellet (germ cells) S 300 g, 10 min;
2400 g, 10 min
Supermnatant of ALV-J-infected

rooster seminal plasma

Pellet (floating cells/dead
cells/ cell debris) A—

4
Supernatant

0.22um filters

EXO-QUICK — e——

CD83-labeled-

10000g, 30 min
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and tested for p27 antigen using a direct p27 ELISA kit. All samples
collected were analyzed in duplicate.

2.12. Statistical analysis

Statistical analysis was perfomed using GraphPad Prism version 7.0
(GraphPad Software, Inc.). Results are presented as the mean =+ standard
error of the mean. Differences were compared using an unpaired Stu-
dent's t-test. P < 0.05 was considered to indicate a statistically significant
difference.

3. Results

3.1. Isolation and characterization of SE from ALV-J-infected rooster
semen

To ensure the purity of the SE-ALV-J, we optimized a two-step
isolation method to extract and purify SE from ALV-J-infected rooster
semen by using Exo-Quick-TC™ in combination with CD63-

immunomagnetic beads affinity purification. After Exo-Quick centri-
fugation, the free ALV-J particles (Free ALV-J) were present in the

Y CD63-labeled-Dynabeads

. SE-ALV-J particles

. Free ALV-J particles

Supernatant of Free
ALV-J particles

SE-ALV-J particles

Dynabeads

[
>

CDB3-immuno-
selection

Fig. 1. Schematic presentation of Exo-Quick + CD63 immuno-magnetic selection for SE-ALV-J purification. SE-ALV-Js were separated from free ALV-J particles by
binding to CD63 immuno-magnetic beads, and then purified SE-ALV-Js were eluted from Dyna-beads.
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supernatant and flow through following CD63 immuno-magnetic
isolation (Fig. 1). The morphology of the isolated SE-ALV-J was veri-
fied by using transmission electron microscopy (TEM) examination and
nanoparticle tracking analysis (NTA). TEM showed that the purified SE-
ALV-J exhibit a classical cup-shaped appearance with a lipid bilayer
membrane, while the purified ALV-J particles display a spherical
appearance with an enveloped structure (Fig. 2A). The results of NTA
showed that the size distribution patterns were similar between SE-
ALV-J and SE-Mock, over 85% and 80% of SE were observed with
sizes ranging from 50 to 200 nm, respectively (Fig. 2B). Next, the pu-
rified SEs were characterized through an analysis of EV-specific

b SE-ALV-J

SE-ALV-J
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s

o 258
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Mean:
Concentration:
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markers by Western blotting. Both SE-Mock and SE-ALV-J expressed
the marker proteins CD81, CD63, and tumor susceptibility gene 101
(TSG101) but lack of expression of GRP78 (endoplasmic reticulum
marker) (Fig. 2C), suggesting that there was no contamination with
endoplasmic vesicles in the purified SE. Subsequently, the purified SE-
ALV-J was further characterized by immunogold labeling with anti-
bodies against the marker CD63 and ALV-J envelope protein gp85. The
results showed that the CD63 marker protein but not the viral gp85
protein could be probed in the SE-ALV-J (Fig. 2D). Collectively, these
results showed that there was no cellular and free ALV-J particles
contamination in the purified SE-ALV-J.

= ALV-J
50
E
£
é 30
£ SE-Mock
E 0
5
o 10
L]  —
o 100 0 300 400 sﬁ;‘l [nm?'.l) To0 8O0 800 1000
Mean: 149.94/- 4.9 nm
Concentration: 3.04e+008 +/- 8.43e+006 particles/mL
CD63 gp85 control

SE-Mock SE-ALV-J g *;;\) SE-ALV-J :’”“\t
kDa
cDsf 2
cD63 -
TSG101 ‘ 5
CREEE 78 ALV-J [
gp8s a4

Fig. 2. Isolation and characterization of SE from ALV-J-infected rooster seminal plasma. A Transmission electron microscopy observations of negatively stained SE
derived from ALV-J-infected rooster semen (SE-ALV-J) and purified virions (free ALV-J). Representative images of purified SE-ALV-J and ALV-J are shown. B Size
distribution and concentration of SE-ALV-J and SE-Mock were determined by NTA. Results are represented as the average distribution of three independent isolations
of SE-ALV-J and SE-Mock. C Western blot analysis on SE derived from three different mock- or ALV-J-infected rooster seminal plasmas samples using antibodies
against the common exosome markers CD81, CD63 and TSG101, and the endoplasmic reticulum marker GRP78. Purified virions and ALV-J-infected rooster seminal
plasma were used as the controls. D Inmunoelectron microscopy of purified SE-ALV-J or virions from ALV-J infected rooster seminal plasma. Immunogold labeling
was performed using antibodies against exosome marker protein CD63 and viral protein gp85. The antibody staining with gold particles is indicated by arrows. One

representative experiment of three is shown.
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3.2. SE derived from ALV-J-infected rooster semen contained ALV-J
components

In order to characterize the contents of SE purified from ALV-J-
infected rooster seminal plasmas, we performed RNA sequencing on
pooled SE-ALV-J and pooled SE-Mock. A total of 43,074,934 and
22,983,798 reads was identified for SE-ALV-J and SE-Mock, respectively.
These reads were then mapped to the chicken reference genome (gal-
Gal6) using Bowtie2 version 2.1.0 (Langmead and Salzberg, 2012). As
shown in supplementary Table S2, the percentage of mapped reads was
54.13% and 40.39% for SE-ALV-J and SE-Mock, respectively, indicating
that both SE-ALV-J and SE-Mock are derived from the cells of the
chickens. The reads were further mapped to the ALV-J strain GD1109
genomic RNA sequences, as well as its Gag, Pol and Env coding region
sequence (CDS) of ALV-J strain GD1109. The total mapped reads and
fractions to GD1109 genomic RNA, mapped reads and percentages to
Gag, Pol and Env CDS are listed in supplementary Table S3. The per-
centages of the total mapped reads of SE-ALV-J and SE-Mock to ALV-J
strain GD1109 genomic RNA sequences were 22.59% and 0.45%,
respectively. Furthermore, the mapped reads of SE-ALV-J to Gag, Pol and
Env CDS were much higher than the mapped reads of SE-Mock (sup-
plementary Table S3). To further validate whether ALV-J RNAs were
present in SE-ALV-J, we designed RT-PCR primers to amplify the entire
genomic RNA of ALV-J in three overlapping fragments (A, B, and C) as
depicted in Fig. 3 (top chart). As shown in Fig. 3 (bottom gel image), all
three overlapped fragments were amplified successfully from SE-ALV-J,
which indicated that SE-ALV-J contained the complete ALV-J RNA
genome. Taking together, the above data demonstrated that SE-ALV-J
contained ALV-J genomic RNA.

3.3. SE-ALV-J can transfer ALV-J components to uninfected naive cells

Giving that ALV-J components were present in the purified SE-ALV-J,
it prompted us to investigate if SE-ALV-J can transfer ALV-J components
to uninfected naive cells. To this end, DiO-labeled DF-1 cells were
incubated with Dil-labeled SE-ALV-J and Dil-labeled SE-Mock, respec-
tively, and confocal fluorescence microscopy was employed to visualize
the contour of the cells. As shown in Fig. 4A, both SE-ALV-J and SE-Mock
were observed being colocalized with the plasma membrane, which
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signified that both SE-ALV-J and SE-Mock were uptaken by the DF-1
cells. Notably, Alexa Fluor-594 labeled viral protein gp85 was detected in
the cytoplasm of DF-1 cells exposed to SE-ALV-J, but not detected in the
cytoplasm of DF-1 cells co-incubated with SE-Mock (Fig. 4B). Further-
more, Alexa Fluor-488 dye labeled viral protein gp85 was co-localized
with SE-ALV-J within the cytoplasm of DF-1 cells, as shown in Fig. 4C,
indicating that SE-ALV-J contains ALV-J envelope protein gp85. More-
over, much more SE-ALV-J were uptaken by DF-1 cells after incubation
between DiO-labeled DF-1 cells and Dil-labeled SE-ALV-J for 4 h than
that of 2 h, as indicated by confocal fluorescence microscopy, as shown in
Fig. 4D, confirming that the uptake of SE-ALV-J by DF-1 cells was an
active process. This experimental evidence indicated that SE-ALV-J could
be taken up by DF-1 cells and subsequently transferred ALV-J compo-
nents to the DF-1 cells.

3.4. SE-ALV-J transmits ALV-J and establishes productive infection in host
cells

Since the purified SE-ALV-J can carry and deliver ALV-J components
into recipient cells, it prompted us to further understand whether SE-
ALV-J can transmit ALV-J infection to uninfected naive cells. For this
purpose, the purified SE-ALV-J was incubated with DF-1 cells and pri-
mary chicken embryo fibroblasts (CEFs), respectively, and TCIDs assays
were performed to determine the viral titers in the SE-ALV-J-treated DF-
1 cells and CEFs. Cells infected with free ALV-J were used as the positive
control. As shown by the results in Fig. 5A, the purified SE-ALV-J
generated high viral titers in both DF-1 cells and CEFs, which were
similar to the levels determined in cells infected with free ALV-J. To
further characterize SE-ALV-J in vitro, DF-1 cells were incubated with the
purified SE-ALV-J, and real-time qPCR (RT-qPCR) designed for detection
of viral RNA contents and Western blotting for viral gp85 protein
expression levels were performed at 12, 24, 36, 48, and 72 h post
treatment. Cells infected with free ALV-J with equal viral titers were used
as the positive control, while cells incubated with SE-Mock were used as
the negative control. As shown in Fig. 5B, RT-qPCR data indicated that
the levels of viral RNA in SE-ALV-J treated cells showed a continuous
increment trend over the time points, but replicating slower than the free
ALV-J. At the same time, the results of Western blotting showed that the
expression levels of gp85 protein between the SE-ALV-J and free ALV-J

2631 5274 7398
225 2778 4964
R-U5 Gag Pol Env U3-R
B: 2643 bp
A: 2553 bp C: 2364 bp
A B c
psooo M c M J ¢ ™ C
5000—
3000—
2000— :
1500— M: SE-Mock
1000—
750— J: SE-ALV-J
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Fig. 3. Components of SE derived from ALV-J-infected rooster seminal plasma. ALV-J genomic RNA in SE-ALV-J was detected using reverse transcription-PCR. Three
overlapping fragments (A, B, and C) were designed based on the genome sequence of the ALV-J strain GD1109. SE-Mock and purified free ALV-J particles were used as

the controls.
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C Alexa Fluor 488 Dil-labeled DAPI-stained
labeled gp85 SE nuclei Merge
D DAPI-stained Dil-labeled
nuclei SE-ALV-J Merge
2h

Fig. 4. SE-ALV-J can transmit ALV-J components to DF-1 cells. A Both SE-ALV-J and SE-Mock can be uptaken into DF-1 cells. Purified SE-ALV-J or SE-Mock were
firstly stained with the red fluorescent dye Dil for 20 min, and then were added to DF-1 cells. After 2 h of incubation at 37 °C, the cells were fixed and stained with the
green fluorescent dye DiO. The cell nuclei were stained with DAPI (blue) and observed under a confocal microscopy. Scale bar, 20 pm. (B, C) SE-ALV-J contained ALV-
J envelope protein gp85. After being incubated with purified SE-ALV-J or SE-Mock for 2 h, DF-1 cells were incubated with an anti-gp85 antibody and then stained with
Alexa Fluor 594-conjugated anti-mouse IgG (red) or Alexa Fluor 488-conjugated anti-mouse IgG (green). Confocal co-localization analysis of SE-ALV-J or SE-Mock and
viral protein gp85 were performed. The cell nuclei were stained with DAPI (blue). Scale bar, 20 pm. D The confocal image shows the co-localization of DiO-labeled DF-
1 cells incubated with Dil-labeled SE-ALV-J (red) for 2 h and 4 h, respectively. The cell nuclei were stained with DAPI (blue). Scale bar, 20 pm.

groups at all tested time points remained consistent (Fig. 5D and E). As
expected, ALV-J viral RNA and viral protein gp85 were not detected in
the cells treated with SE-Mock (Fig. 5B-E). These experimental data
confirmed that a productive infection was established in DF-1 cells
inoculated with SE-ALV-J. Furthermore, it was shown that ALV-J RNA
and viral protein gp85 were clearly detectable in the lysates of CEFs co-
cultured with SE-ALV-J by Real-time qPCR and Western blot, respectively
(Fig. 5C and E), confirming a similar productive infection was established
in CEFs after treatment with SE-ALV-J. The expression of the ALV-J viral
proteins p27, gp85, and gp37 can also be detected by Western blotting in
DF-1 cells and CEFs treated with SE-ALV-J (Fig. 5F), further confirming
the establishment of productive infections. These observations taken
together suggested that SE-ALV-J had the same efficiency as free ALV-J in
infection of naive cells and could establish productive infections in host
cells.

3.5. Vertical transmission of ALV-J infection can be mediated by SE-ALV-J
in vivo

Given that SE-ALV-J are capable of transmitting infection and
establishing productive infection in vitro, which prompted a question on
SE-ALV-J mediating infection of ALV-J in vivo. First, whether SE-ALV-J
could transmit infection of ALV-J to specific pathogen-free (SPF) hens
through a series of artificial insemination was determined. SPF hens were
artificially inseminated with healthy roosters' semen mixed with SE-
Mock (Group A, used as a mock control group). SPF hens were artifi-
cially inseminated with healthy roosters’ semen mixed with equal viral
titers of SE-ALV-J (group B) or free ALV-J (group C). ALV-J infection
status of the SPF hens in all three groups was subjected to test for the
presence of virus and ALV-J antibody in blood plasma and serum indi-
vidually at 1-, 2-, 3-, and 4-week post insemination. The control group
hens at 1-4 weeks post insemination were all tested negative for virus
and antibody response. However, all group B hens at 1-4 weeks post
insemination were positive both on virus and antibody response. The
group C hens at 1-4 weeks post insemination were also tested negative
for ALV-J and ALV-J antibody response (Table 1). Furthermore, eggs
were collected for 4 weeks after artificial insemination from the hens in

groups A, B and C to determine the vertical infection of ALV-J using an
ALV p27 ELISA kit. All 23 eggs collected from the control group hens and
20 eggs from hens in group C were negative for p27 antigen. In contrast,
the p27 antigen was present in egg albumin of all 25 eggs collected from
the hens in group B (Table 2). These results suggest that the infection of
SPF hens by ALV-J can be mediated via SE-ALV-J and the infected hens
shed ALV-J antigens into their egg albumin.

To further investigate whether SE-ALV-J was capable of transmitting
infection of ALV-J from hen to progeny, the eggs were also collected from
group A, B and C SPF hens and tested for presence of p27 antigen in
meconium as well as for virus to hatch chicks. Consistent with the results
in egg albumin, p27 antigens were detected in meconium samples of all
1-day-old chicks of the group B hens, while none of chicks hatched from
the group A and C hens was positive for p27 antigen (Table 1).
Furthermore, ALV-J was isolated from all 16 chicks of the group B hens at
one-day-old of age up to three weeks of age, while no virus viremia was
detected in any of chicks of the group A and C hens (Table 1). Subse-
quently, we compared the homology of ALV-J gp85 gene nucleotide se-
quences isolated from the group B progeny chicks, SE-ALV-J and original
GD1109 challenge virus. As shown in Table 3, gp85 gene of the ALV-J
isolated from the group B progeny chicks exhibited a 99.1%-99.5%
and a 98.9%-99.3% nucleotide sequence identity with the ALV-J isolated
from five SE-ALV-J samples and the original GD1109 ALV-J strain of
viruses, respectively. Furthermore, the gp85 of ALV-J isolated from five
SE-ALV-J samples shared 98.8%-99.4% nucleotide sequence identity
with the original challenge virus GD1109. These data provided key evi-
dence that the ALV-J isolated from the group B progeny chicks came from
the original challenge virus, whilst further supporting the notion that SE-
ALV-J but not ALV-J variation mediates vertical transmission of ALV-J
infection from hen to progeny.

4. Discussion

Extracellular vesicles were initially hypothesized to serve as vehicles
to discard cellular waste (Muller, 2020), however, they have then been
emerged as vital mediators of cell-to-cell communication by shuttling
biologically active proteins, lipids and RNAs between cells, which serving
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Fig. 5. SE-ALV-J transmits ALV-J and establishes productive infections in host cells. A DF-1 cells and CEFs were treated with purified SE-ALV-J or infected with ALV-J,
respectively, and the viral titers were determined with TCID50 assay. (B to E) Real-time qPCR and western blot analysis demonstrated productive infection of DF-1
cells and CEFs after treatment with SE-ALV-J. DF-1 cells and CEFs were cocultured with purified SE-ALV-J or infected with free ALV-J at an approximate MOI of 1.0. At
12, 24, 36, 48, and 72 h post treatment or infection, total RNA from DF-1 cells(B) and CEFs (C) was extracted and RT-qPCR was performed for detection of viral RNA
contents, cell lysates from DF-1 cells (D) and CEFs (E) were collected and subjected to Western blot test with the antibody against ALV-J gp85 protein. F Western blot
analysis of ALV-J p27, gp85 and gp37 protein expression in DF-1 cells and CEFs treated with purified SE-ALV-J or infected with free ALV-J for 72 h.

an important role in an array of key pathophysiological processes in
literature (Johnstone et al., 1987; Colombo et al., 2014). EVs have also
been hypothesized to serve as crucial constituents involved in the path-
ogenesis of viral infection and serve an important role in life cycle of
viruses (Alenquer and Amorim, 2015; Gurunathan et al., 2019). Indeed,
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numerous studies have shown that EVs derived from virally-infected cells
or bodily fluids are responsible for transmission of viral information, and
the cargos of EVs may be involved in both viral infection and trans-
mission (Urbanelli et al., 2019). In the present study, it was shown that
SE-ALV-J contains viral RNAs and viral proteins, which can be
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Table 1
The viremia results of meconium test of one-day-old chicks and virus isolation
results of chicks of the group A-C hens at one-day up to three weeks of age.

Day/week post-hatch Group” Virus isolation Meconium
1 day A 0/13° 0/13
B 16/16 16/16
C 0/18 0/18
1 week A 0/13 /
B 16/16 /
C 0/18 /
2 week A 0/13 /
B 16/16 /
C 0/18 /
3 week A 0/13 /
B 16/16 /
C 0/18 /

@ Group A = SPF hens were artificially inseminated with 40 pL healthy roosters'
semen mixed with 40 pL SE-Mock; Group B and C = SPF hens were artificially
inseminated with 40 pL healthy roosters' semen mixed with equal viral titers
(0.5%10° TCIDs) of SE-ALV-J and free ALV-J, respectively.

b No.of positive samples/total no. of samples.

Table 2
The infection status of SPF hens and eggs post artificial insemination with
different pre-treated semen.

Week post- Group”  Virus ALV-J antibody P27 antigen
insemination isolation response of eggs
1 week A 0/6" 0/6 0/23¢
B 6/6 6/6 25/25
C 0/6 0/6 0/20
2 week A 0/6 0/6
B 6/6 6/6
C 0/6 0/6
3 week A 0/6 0/6
B 6/6 6/6
C 0/6 0/6
4 week A 0/6 0/6
B 6/6 6/6
C 0/6 0/6

# Group A = SPF hens were artificially inseminated with 40 pL healthy roosters'
semen mixed with 40 pL SE-Mock; Group B and C = SPF hens were artificially
inseminated with 40 pL healthy roosters' semen mixed with equal viral titers
(0.5x10° TCID50) of SE-ALV-J and free ALV-J, respectively.

b No. of positive hens/total no. of hens.

¢ No. of positive eggs/total no. of eggs.

Table 3

ALV-J gp85 gene nucleotide sequence identity comparisons among ALV-J iso-
lates of the progeny chicks of the SE-ALV-J pretreated SPF hens, the SE-ALV-J,
and the original GD1109 challenging virus.

GD1109" SE-ALV-J progeny chicks
GD1109 - 98.8%-99.4% 98.9%-99.3%
SE-ALV-J 98.8%-99.4% - 99.1%-99.5%

progeny chicks 98.9%-99.3% 99.1%-99.5% -

# GD1109 = original challenging virus.

transmitted to naive cells and establish a productive infection. Our data
also demonstrated that SE-ALV-J is capable of mediating vertical trans-
mission of ALV-J from hen to progeny.

As ALV-J virions and SE share significant similarities including size,
buoyancy densities and sedimentation velocities, conventional sucrose
gradient differential ultracentrifugation cannot efficiently extract SE-ALV-
J free of cellular and viral contamination. In order to overcome these
limitations, a CD63 immunomagnetic bead isolation method was opti-
mized to further purify SE-ALV-J isolated from ALV-J-infected rooster
semen. This two-step purification method appeared more stringent and
ensured the SE-ALV-J separation without carryover of free viruses, thereby
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further underscoring the capacity of SE-ALV-J to transmit ALV-J infection
(Zhou et al., 2020). TEM analysis showed that both SE-ALV-J and SE-Mock
displayed the classical morphological characteristics of EVs (Fig. 2A),
which confirmed the purity of SE-ALV-J and SE-Mock. NTA showed that SE
contained majority of the EVs size ranging from 50 to 200 nm (Fig. 2B),
which suggested the feasibility of the isolation methods in obtaining the
highly pure SE-ALV-J and SE-Mock. Although the size distribution of SE
particles between SE-ALV-J and SE-Mock is different, they both resembled
to that described in previous studies (Colombo et al., 2014; van Niel et al.,
2018). Since retrovirus and exosomes share the same secretion pathway
(Thery et al., 2002), the reason why SE-Mock is larger than SE-ALV-J is
probably that SE-Mock is mostly composed of microvesicles (~100-1000
nm), but SE-ALV-J is mostly exosomes (<150 nm). Exosomes and micro-
vesicles both are one of the three major types of extracellular vesicles,
which have been studied and discussed by a number of groups. The pu-
rified SE-Mock and SE-ALV-J also expressed the EV-marker proteins CD81,
CD63 and TSG101, and did not express the endoplasmic reticulum marker
protein GRP78 (Fig. 2C), which suggesting that both SE-ALV-J and
SE-Mock came from non-endoplasmic reticulum sources. Inmune-electron
microscopy analysis confirmed that there were no free ALV-J virions in the
purified SE-ALV-J (Fig. 2D). These results suggest that both the purified
SE-ALV-J and SE-Mock were free of viral and no cellular contamination.

Recent studies have shown that the constituents of EVs can be altered
following viral infection (Crenshaw et al., 2018)(49). The results of the
present study showed the enrichment of ALV-J viral RNAs in the purified
SE-ALV-J, including the complete ALV-J genomic RNA (Fig. 3). In addi-
tion to packaging viral genomes, EVs can also incorporate a set of
viral-encoded proteins that promote viral spread. Indeed, three structural
proteins, p27, gp37 and gp85, were identified in the purified SE-ALV-J
using Western blotting (Fig. 5F). These results demonstrated that the
contents of SE-ALV-J were altered compared with SE-Mock, and the
contents of SE-ALV-J reflected the pathological state of the host cells.
Upon exposure to DF-1 cells, both SE-ALV-J and SE-Mock were uptaken
by DF-1 cells (Fig. 4A). Furthermore, the intact SE-ALV-J taken up by
DF-1 cells was capable of transferring ALV-J components to non-infected
cells (Fig. 4B and C). Based on our findings, we speculate that if viral
components were packaged into EVs, they were exported and subse-
quently transmitted to the neighboring cells, thereby regulating host
cellular behavior and producing productive infections. In recent years,
increasing evidence suggested that EVs derived from virally infected cells
or bodily fluids can carry and deliver viral genomes, mRNAs, microRNAs,
proteins, and/or even virions into recipient cells, thereby facilitating
viral infection and transmission, as shown for PRRSV, HCV and many
other animal viruses (Madison et al., 2014; Longatti, 2015; Vora et al.,
2018; T Wang et al., 2018; Zhou et al., 2018; Sadri et al., 2019; Slonchak
etal., 2019). For example, PRRSV-infected cell derived-exosomes contain
viral genomic RNA and partial viral proteins, which can transfer PRRSV
to susceptible and non-susceptible cells and establish a productive
infection (T Wang et al., 2018). Exosomes released from HCV-infected
cells containing infectious viral RNA and proteins were also shown
capable of mediating HCV transmission between hepatocyte-like cells
(Bukong et al., 2014). In the present study, SE-ALV-J transmitted ALV-J
RNA and viral protein to uninfected naive cells and functioned effectively
as free ALV-J virus, but exhibited different replication capability within
recipient cells. Infection of naive DF-1 and CEFs with infectious SE-ALV-J
increased viral RNA content and viral protein levels within the recipient
host cells, which confirmed the establishment of productive infections
and further suggested an important role for SE-ALV-J as ALV-J viral RNA
and protein transporters. These results strongly suggested that ALV-J also
took advantage of the seminal exosomal pathway to transfer virus to
naive cells and establish a productive infection.

A significant finding of this study is that SPF hens were infected by
ALV-J through artificial insemination of semen from healthy roosters
mixed with SE-ALV-J, which for the first time revealed that SE-ALV-J is
capable of mediating ALV-J infection in SPF hens. Since our data have
demonstrated that SE-ALV-J carries and delivers viral RNA and protein
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into recipient cells, which subsequently is capable of establishing pro-
ductive infection in vitro, the SE-ALV-J mediating ALV-J infection of SPF
hens could be resulted from two plausible events. One would be that
ALV-J infection changes the immunosuppressive properties of SE-ALV-J
by hijacking the exosomal pathways, thereby allowing SE-ALV-J to
promote ALV-J infection and to impair the protective immune response
against the infectious virus. The other would be that ALV-J infection
triggers alterations in the composition and signal transduction of SE-ALV-
J, which may promote a series of functional effects, such as increased
target cell activation and cytokine expression, therefore, compromising
the protective immune response, and thereby enhancing ALV-J entry into
target cells. Another significant finding from the present study is that SE-
ALV-J further mediated the infection and transmission of ALV-J from hen
to progeny. Although the underlying mechanistic events are heretofore
unknown, several plausible explanations might somewhat light up the
vertical transmission of ALV-J infection event from hen to progeny via
SE-ALV-J. Since the ALV-J viral RNA and viral proteins were present
inside of SE-ALV-J, one possible explanation that reconciles these find-
ings is that SE-ALV-J provided a suitable environment for ALV-J viral
RNA and viral proteins, thereby it contributed to the protection of these
ALV-J-related molecules from enzymatic degradation and transportation
of the cargos from ALV-J infected-hen to the progeny through over-
coming biological barriers and eluding immune recognition. Another
possible explanation is that the SE-ALV-J mediated transmission of ALV-J
through endocytic uptake of infectious SE-ALV-J into host cells, which
were not restricted by the cellular surface receptors, thus the spread of
ALV-J from infected-hen to progeny is very fast and efficient. Notably,
SPF hens cannot be infected by ALV-J through artificial insemination of
semen from healthy roosters mixed with free ALV-J virus. Therefore, it is
possible that SE derived from the semen of healthy roosters would inhibit
ALV-J infection and/or potently block viral transmission, thereby
limiting disease progression in SPF hens. Consistent with this hypothesis,
previous studies have showed that healthy human semen-derived SE can
inhibit infection and transmission of HIV-1 in vitro (Madison et al. 2014,
2015). Healthy human semen-derived SE inhibits the binding and
recruitment of host transcription factors components, such as NF-kB, SP1
and RNA Pol I, to the promoter of HIV-1 and also inhibits the interaction
between Tat proteins, explaining the SE-mediated inhibition of HIV-1
infection and transmission (Welch et al., 2018). However, the exact
role of SE in HIV-1 transmission is not fully understood yet. Therefore,
the results of the present and previous studies demonstrated that SE can
influence viral infection and transmission by either facilitating or
blocking it, dependent on the nature of the cells releasing the vesicles, the
target cells and many other factors packed in the EVs.

5. Conclusions

In summary, the present study for the first time demonstrated that
seminal plasma from ALV-J-infected roosters secreted SE, which trans-
mitted ALV-J infection to SPF hens, and subsequently mediated trans-
mission of ALV-J from the SPF hens to the progeny chicks. Our findings of
this study provided experimental evidence on semen extracellular vesi-
cles in relation to ALV-J transmission and infection, which shed valuable
insights into the importance of semen extracellular vesicles in mediating
vertical transmission of ALV-J.
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Abstract: Subgroup J avian leukemia virus (ALV-]) and chicken infectious anemia virus (CIAV) are
widely acknowledged as significant immunosuppressive pathogens that commonly co-infect chickens,
causing substantial economic losses in the poultry industry. However, whether co-infection of ALV-]
and CIAV have synergistic pathogenicity remains uncertain. To explore their synergistic pathogenesis,
we established a co-infection model of ALV-] and CIAV in HD11 cells and specific-pathogen-free
(SPF) chickens. We discovered that ALV-] and CIAV can synergistically promote the secretion of
IL-6, IL-10, IFN-«, and IFN-y and apoptosis in HD11 cells. In vivo, compared to the ALV-] and CIAV
check for mono-infected group, the mortality increased significantly by 27% (20 to 47%) and 14% (33 to 47%) in
updates the co-infected group, respectively. We also discovered that ALV-] and CIAV synergistically inhibited
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weight gain and exhibited more severe organ damage in co-infected chickens. Furthermore, we
found that CIAV can promote the replication of ALV-J in HD11 cells and significantly enhance ALV-]
viral load in blood and tissues of co-infected chickens, but ALV-] cannot promote the replication of
CIAV. Moreover, by measuring the immune organ indexes and proportions of blood CD3*CD4" and
CD3*CD8* lymphocytes, more serious instances of immunosuppression were observed in ALV-J and
CIAV co-infected chickens than in mono-infected chickens. Taken together, our findings demonstrate
that ALV-] and CIAV synergistically enhance pathogenicity and immunosuppression.

Keywords: subgroup ] avian leukosis virus; chicken infectious anemia virus; synergistic pathogenicity

1. Introduction

Immunosuppressive viral diseases cause increased susceptibility to secondary infec-
tions and sub-optimal response to vaccinations in chickens, posing a significant threat to
the global poultry industry [1,2]. Subgroup ] avian leukosis virus (ALV-]J) and chicken
infectious anemia virus (CIAV) are classical immunosuppressive viral pathogens in chick-
ens [3]. ALV-] infection mainly causes tumor mortality, growth retardation, and serious
immunosuppression in chickens [4]. Clinical manifestations of ALV-] infection include hep-
atomegaly and splenomegaly [5]. Additionally, research studies have indicated a tendency
of ALV-J to target the bone marrow, the central immune organ. Early infection with ALV-J
triggers lymphocyte apoptosis, leading to dysplasia in the thymus and Fabricius [6].

CIAV infection generally results in host aplastic anemia, systemic lymphoid tissue
atrophy and severe immunosuppression [7]. The illness predominantly impacts chicks aged
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1 to 3 weeks, and is characterized by symptoms of intramuscular bleeding, thymus atrophy,
weight loss, and myelodysplasia, whereas adult chickens typically exhibit subclinical
infection [8-11]. Owing to its nonspecific symptoms, this disease is frequently overlooked.
Nonetheless, it is noteworthy that outbreaks of CIAV infection have been documented in
20-week-old laying hens, especially in instances of co-infection where immunosuppressive
factors could be significant [12]. In vitro infection and proliferation experiments revealed
that CIAV replicated in chicken embryos and lymphoblastic cell lines, but not in chicken
embryo fibroblasts (CEFs), chicken kidney cells, or other primary cell types [13]. Chicken
macrophages are crucial immune cells when combating diverse viral infections and serve
as susceptible targets for both ALV-J and CIAV [14].

A growing body of evidence indicates that co-infection of immunosuppressive viruses
is ubiquitous in poultry, resulting in more severe pathogenic effects [15]. For instance, our
recent study has demonstrated that the synergistic viral replication of ALV-J and infectious
bursal disease virus (IBDV) induces more severe immunosuppression in chickens and
enhanced the pathogenicity as a result [16]. In addition, the synergistic pathogenic effect of
ALV-] and avian reticuloendotheliosis virus (REV) co-infection leads to more serious growth
retardation, immunosuppression, and secondary E. coli infection in broiler chickens [17].
Previous studies have also indicated that the co-infection of ALV-] with Marek’s disease
virus (MDV) or E. tenella caused more severe pathogenicity, growth inhibition, mortality,
and immunosuppression than mono-infections [18,19]. Additionally, CIAV chickens co-
infected with avian reovirus or Gyrovirus homsa 1 have exhibited synergism in promoting
viral replication, immunosuppression, and more serious tissue damage [20,21].

Since ALV-J and CIAV are mainly transmitted vertically through eggs, and could be
transmitted horizontally through other media, too, these two viruses are highly contagious
in chickens [22,23], leading to the prevalence of CIAV and ALV-] infections [24-28], which
are responsible for huge economic losses to the poultry industry worldwide. In addition
to the ALV-] or CIAV infection alone, several recent reports have described clinical cases
of co-infection of ALV-] and CIAV in Chinese chicken flocks [29]. However, the synergy
of ALV-] and CIAV remains inadequately elucidated. In this study, we established a co-
infection cellular model and animal model of ALV-] and CIAV to investigate the synergistic
pathogenicity in vitro and in vivo.

2. Materials and Methods
2.1. Viruses, Cells, and Animals

The SCAU-HNO6 strain of ALV-] and the GD-101 strain of CIAV were stored in our
laboratory. The 50% tissue culture infectious dose (TCID5) of the SCAU-HNO06 strain of
ALV-] was titrated by limiting dilution in the DF-1 culture. The GD-101 strain of CIAV
was propagated in the MSB1 cells and titrated as previously described [30]. The chicken
macrophage-like cells HD11 (stored in our laboratory), as well as DF-1 and MSB1 cells were
cultured in Dulbecco’s modified Eagle’s medium (Life Technologies, Carlsbad, CA, USA)
and supplemented with 10% fetal bovine serum (Life Technologies) and 1% penicillin—
streptomycin (Life Technologies) at 37 °C in a 5% CO, incubator. One-day-old SPF chicks
(White Leghorn), including both hen chicks and cock chicks, were purchased from Xinxing
Dahuanong Poultry Eggs Co., Ltd. (Yunfu, China).

2.2. Real-Time Quantitative PCR (qPCR) for the Detection of CIAV

Viral DNA was extracted from HD11 cells or tissues by using the HiPure Tissue
DNA Mini Kit (Magen, Guangzhou, China) according to the manufacturer’s instruc-
tions. The primers (forward: 5-GGACCATCAACGGTGTTCAGG-3' and reverse: 5'-
GTCGCAGGATCGCTTCTTCGA-3') for detecting the VP3 of CIAV were designed based
on the sequence of the GD-101 strain of CIAV. The viral load of CIAV was detected by qPCR
with SYBR Green qPCR Master Mix (Glpbio, Montclair, CA, USA). The samples were am-
plified and analyzed in a Bio-Rad Laboratories CFX96 real-time fluorescence quantitative
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PCR apparatus (Shanghai, China) with the following program: 95 °C for 30 s, 40 cycles of
95 °C for 5's, 60 °C for 35 s. The results were analyzed using the 2~#4T method.

2.3. Cell Infection and Sampling Design

HD11 cells were infected with ALV-], CIAV, and ALV-] + CIAV in 12-well plates at a
multiplicity of infection (MOI) of 1 of ALV-J or 1 x 10° copy numbers of CIAV per well.
The cells treated with equal amounts of phosphate-buffered saline (PBS) were used as
mock-infected controls. The designated time course of infection and sampling is shown
in Figure 1A.
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Figure 1. A time course diagram showing that in vitro and CIAV can increase the replication of
ALV-]. (A) Time course of simultaneous co-infection of ALV-J] and CIAV in HD11 cells. The cultured
monolayer cells were infected with ALV-J and CIAV. At 12, 24, 48,72, and 96 hpi, cell samples were
collected for downstream testing. All the experiments were performed independently at least three
times (hpi, hours post infection) (B,C). ALV-] and CIAV virus titers in HD11 cells were determined
from 12 to 96 hpi by qPCR. Data were expressed as mean =+ SE and analyzed by a one-way ANOVA
Test. These experiments were performed independently at least three times with similar results.
*,p <0.05; **, p < 0.01; ***, p < 0.001; ns—not significant.

2.4. Testing Indices of Cell Infection Experiments

At 12,24, 48,72, and 96 h post-infection (hpi), HD11 cell supernatants were collected
to test the viral load of ALV-] or CIAV and the concentrations of cytokines. The ALV-] and
CIAV viral load were quantified by using the published qPCR method [16] and the gPCR
method as described above, respectively. The concentrations of IL-6, IL-10, IFN-«, and
IFN-v in the cell supernatants were measured through ELISA as previously described [16].
At 12, 24, and 96 hpi, HD11 cells were collected to test the apoptosis using a Dead Cell
Apoptosis Kit with annexin V-fluorescein isothiocyanate and propidium iodide (Beyotime).
The percentage of apoptotic cells was quantitated by using a fluorescence-activated cell-
sorting (FACS) BD AccuriCé cell sorter (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA).

2.5. Animal Infection Experiments

A total of 160 one-day-old SPF chickens were randomly divided into 4 groups (40 chicks
per group) and were housed in four separate negative-pressure-filtered air isolators. ALV-]
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mono-infected chickens were inoculated with 10%° TCID50 of the ALV-J strain SCAU-HN06
in 0.2 mL PBS through intraabdominal injection. CIAV mono-infected chickens were in-
oculated with 1 x 10° copy numbers of the CIAV strain GD-101 in 0.2 mL PBS by leg
muscle injection. Co-infected chickens were inoculated with 104> TCID50 of the ALV-J and
1 x 10° copy numbers of the CIAV in 0.2 mL PBS. Mock-infected chickens were inoculated
with 0.2 mL PBS. All animal experiments were performed following the guidelines of the
South China Agricultural University Animal Care and Use Committee (permit no. SCAU
2021b020). At the end of the experiment, all the chickens were euthanized with CO?.

2.6. Testing Indices of Animal Experiments

The chickens in each group were clinically inspected daily after infection, and their
weights and mortality were recorded each week throughout the experimental period.
Venous blood samples from three chickens randomly selected from each group were
collected in vacuum tubes at one-week intervals and then utilized for the ALV-] and
CIAV viral load tests by qPCR. Three chickens selected randomly from each group were
euthanized humanely and necropsied at 7, 21, and 42 days post-infection (dpi), and tissues
from the spleen, thymus, Fabricius, liver, and kidney were collected to determine the viral
load of ALV-] or CIAV in different organs by qPCR, as described above. At 21 and 42 dpi,
samples of the immune organs, including the spleen, thymus, and Fabricius, were excised
from 6 chickens in each group and weighed. The immune organ indices were calculated
as organ weight (mg) /body weight (g) x 100%. At 21 dpi, 3 chickens selected randomly
from each group were euthanized humanely, and necropsy tissue samples from the spleen,
thymus, bursa of the Fabricius, liver, and kidney were collected for histopathological
examination. At 7 dpi, anticoagulant-treated blood samples were collected from three
chicks in each group and then utilized for analysis of peripheral blood lymphocyte subsets
by fluorescence-activated cell-sorting (FACS) as previously described [16].

2.7. Statistical Analysis

The statistical analyses in this study were performed using the GraphPad Prism ver-
sion 8.0 (San Diego, CA, USA). Survival curves between the two groups were compared
using a log-rank test (Mantel-Cox). Comparisons of the viral load, cytokines expres-
sion, immune organ indices, and peripheral blood lymphocyte subsets data between
two groups at different time points or tissues were performed using multiple ¢-tests
(such as the Holm-Sidak method) and one-way analysis of variance (ANOVA). Different
lowercase letters indicate significant differences between different groups. Differences
were considered statistically significant at p < 0.05. p values of less than 0.05, 0.01, and 0.001
are indicated with *, ** and ***, respectively.

3. Results
3.1. CIAV Can Increase the Replication of ALV-] In Vitro

To investigate the synergistic effects of the replication of ALV-J and CIAV in vitro,
HD11 cells were infected with phosphate buffer (Mock), ALV-], CIAV, and both viruses
(ALV-] + CIAV), respectively. The time course of infection and sampling is shown in
Figure 1A. As expected, the ALV-] RNA could not be detected in CIAV mono-infected and
mock-infected HD11 cells; on the other hand, the ALV-] viral load of co-infected HD11 cells
was higher than that of ALV-] mono-infected HD11 cells at 12 hpi, and this difference was
extremely significant from 24 hpi to 96 hpi (Figure 1B). However, the CIAV copy number
in CIAV mono-infected and co-infected HD11 cells did not differ significantly in any time
detected with regard to the stage of infection (Figure 1C). These results demonstrate that
CIAV can significantly promote the ALV-] replication in chicken macrophage cells but
ALV-] cannot enhance the CIAV replication in vitro.
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3.2. ALV-] and CIAV Synergistically Induce Inflammatory Mediator Secretion and Apoptosis

To explore whether the two viruses, ALV-] and CIAV, could synergically promote the
secretion of cytokines, we tested the dynamic changes in IL-6, IL-10, IFN-« and IFN-y
secretion in HD11 cells by ELISA. The results showed that the levels of IL-6, IL-10, IFN-
o, and IFN-y (from 12 hpi to 96 hpi) in the co-infection cells were significantly higher
compared to the ALV-] and CIAV mono-infected cells or the controls (Figure 2). The
data indicated that ALV-] and CIAV synergistically induce the secretion of inflammatory
mediators in vitro.
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Figure 2. ALV-] and CIAV synergistically induce inflammatory mediator secretion in vitro. (A) IL-6
(B) IL-10 (C) IFN-oc and (D) IFN-y in cells at 12, 24, 48, 72 and 96 dpi were detected by enzyme-linked
immunosorbent assay (ELISA). Data were expressed as mean £ SE and analyzed by a one-way
ANOVA test. Different lowercase letters indicate significant differences between different groups.

Next, we collected HD11 cells to evaluate the effect of ALV-] or CIAV mono-infection
and co-infection on apoptosis. As shown in Figure 3, there was no significant difference
in the apoptosis rate between ALV-] and CIAV mono-infected cells, but both of them had
significantly higher rates than that of mock-infected cells at 12 hpi. Notably, the apoptosis
rate of the co-infected cells was significantly higher than that of mono-infected cells at
12 hpi. The apoptosis rate of CIAV mono-infected cells was significantly higher than that of
ALV-] mono-infected or mock-infected cells at 24 hpi and 96 hpi, while the ALV-] and CIAV
co-infected cells had significantly higher apoptosis rates than ALV-] or CIAV mono-infected
cells at 24 hpi and 96 hpi. These results revealed that ALV-] and CIAV indeed synergistically
promote apoptosis and cause more serious harm to HD11cells.
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Figure 3. ALV-] and CIAV synergistically induced apoptosis of HD11 cells. (A). Statistics of cell
apoptosis rate in each group. Data were expressed as mean + SE and analyzed by a one-way ANOVA
test. Different lowercase letters indicate significant differences between different groups. (B). Scatter

plots of apoptosis detected by flow cytometry in each group.

3.3. ALV-] and CIAV Synergistically Increase the Pathogenicity in SPF Chickens

To further understand the co-pathogenicity of ALV-] and CIAV in vivo, we performed
animal infection experiments on one-day-old SPF chicks and the experimental process
is illustrated in Figure 4A. As shown by the survival curves in Figure 4B, none of the
uninfected chickens showed clinical symptoms and mortality, while the overall mortality of
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co-infected chickens was significantly higher than that of mono-infected chickens. The ALV-
J and CIAV mono-infected chickens had an overall mortality of 20% and 33%, respectively,
while the co-infected chickens had 47%. The average body weight of ALV-] and CIAV
co-infected chickens was significantly lower than that of ALV-J and CIAV mono-infected
chickens or uninfected chickens from 14 dpi to 49 dpi. The average body weight of co-
infected, ALV-J, CIAV mono-infected, and uninfected chickens was 267.5 g, 322.8 g, 359.3 g,
and 506.6 g at 49 dpi, respectively (Figure 4C).
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Figure 4. ALV-] and CIAV synergistically increase the pathogenicity in SPF chickens. (A). Time course
of simultaneous co-infection of ALV-] and CIAV in SPF chickens. After infection, venous blood from
3 chickens was collected from each group weekly to detect the virus load. At 21 and 42 dpi, samples
of the immune organs, including the thymus, Fabricius, and spleen, from 3 chickens in each group
were excised and weighed. Weight loss and mortality were continuously monitored throughout
the experimental period. (dpi—days post infection). (B). Survival curves for each group. (C). Body
weight of SPF chickens for each group from day 1 to day 49. Data were expressed as mean + SE
and analyzed by one-way ANOVA Test. Different lowercase letters indicate significant differences

between different groups. These experiments were performed independently at least three times
with similar results. *, p < 0.05; ns—not significant.

To better understand the functional damage of organs caused by co-infection with
ALV-] and CIAV, the spleen, thymus, Fabricius, liver, and kidney were collected and
examined histologically. Compared to the ALV-] and CIAV mono-infected chickens, the
histopathological observation results presented that ALV-] and CIAV co-infected chickens
had the most severe lymphocyte loss in their immune organs, and more severe damage
in liver and kidney manifested in more severe inflammatory cell infiltration (Figure 5).
Taken together, these results clearly demonstrated that ALV-] and CIAV co-infection causes
increased mortality, severe growth retardation, and tissue damage.
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Figure 5. The histological examination of co-infection of ALV-] and CIAV. The thymus, Fabricius,
spleen, liver, and kidney tissues were stained by HE (200x). The thymus tissue volume showed
obvious atrophy, cortical thinning (black arrow), and necrosis of cells within the reticular structure
occurred occasionally, along with cytoplasmic eosinophilic enhancement (red arrow). The Fabricius
had an unclear boundary, with epithelial cells proliferation and a densely layered arrangement
(black arrow), with a large amount of connective tissue hyperplasia in the follicular interstitium (red
arrow) and inflammatory cell infiltration (yellow arrow). The spleen showed signs of lymphopenia
(black arrow), reticulum cells proliferation (red arrow), and erythrocytoses (yellow arrow). The liver
showed myeloma cells accumulation, 1 argernuclei, obvious eosinophilic granules in the cytoplasm
(black arrow), and inflammatory cell infiltration (red arrow). The kidney exhibited inflammatory cell
infiltration (black arrow).

3.4. CIAV Can Promote the Replication of ALV-] In Vivo

To further investigate whether ALV-] and CIAV could regulate the replication of each
other in vivo, the viral loads of ALV-] and CIAV in venous blood and organs of infected
chicken were detected using qPCR. The viral load of ALV-] in the venous blood of co-
infected chickens was significantly higher than that of ALV-] mono-infected chickens at
7 dpi and 42 dpi, and this difference was extremely significant from 14 dpi to 35 dpi
(Figure 6A). However, the viral load of CIAV in the venous blood of chickens in the co-
infected group was not significantly different from that in the CIAV mono-infected group
at all time points tested (Figure 6B). The viral load of ALV-] in the spleen, thymus, and
liver from ALV-J and CIAV co-infected chickens was extremely significantly higher than
that of ALV-] mono-infected chickens at 7 dpi, 21 dpi, and 42 dpi (Figure 6C-E). The ALV-J
viral load in the Fabricius of co-infected chickens was significantly higher than that of
ALV-] mono-infected chickens at 7 dpi, and this difference was extremely significant at
21 dpi, while this difference was not significant at 42 dpi. Additionally, the kidneys of
co-infected chickens had significantly higher ALV-] viral loads than those of ALV-] mono-
infected chickens at 7 dpi, and this difference was extremely significant at 21 dpi and 42 dpi
(Figure 6C-E). However, the viral load of CIAV in the spleen, thymus, Fabricius, liver, and
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kidney of chickens in the co-infected group was not significantly different from that in
the CIAV mono-infected group at 7 dpi, 21 dpi, and 42 dpi (Figure 6F-H). These results
demonstrate that CIAV can promote the replication of ALV-] in chicken peripheral blood
and major organs, but ALV-J has no significant effects on the replication of CIAV in vivo.
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Figure 6. CIAV can promote the replication of ALV-J in vivo. (A). ALV-] viral load in blood of different
groups of SPF chickens from 7 to 42 dpi. (B). CIAV viral load in blood of different groups of SPF
chickens. (C-E). The viral load of ALV-] mono-infected groups and CIAV co-infected groups in the
thymus, bursa, spleen, liver, and kidneys at 7 dpi, 21 dpi, and 42 dpi according to qPCR. (F—H). The
viral load of CIAV mono-infected groups and ALV-] co-infected groups in thymus, bursa, spleen, liver,
and kidneys at 7 dpi, 21 dpi and 42 dpi by qPCR. Data were expressed as mean £ SE and analyzed
by One-way ANOV A Test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significant.

3.5. ALV-] and CIAV Synergistically Enhances the Immunosuppression in SPF Chickens

To determine whether co-infection of ALV-J and CIAV could synergistically promote
more severe immunosuppression in chickens, we further evaluated the immune organ
indexes and the differentiation of lymphocyte subsets. As described in Figure 7A,B, the
spleen index was significantly higher in co-infected chickens than that in ALV-J or CIAV
mono-infected chickens at 21 dpi and 42 dpi, indicating that co-infection can cause more
serious splenomegaly. The thymus index was significantly lower in co-infected chickens
than that in ALV-J or CIAV mono-infected chickens at 21 dpi and 42 dpi, indicating that
co-infection caused more severe atrophy of the thymus gland (Figure 7A,B). At 21 dpi,
the Fabricius index of ALV-] mono-infected chickens was significantly higher than that of
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co-infected chickens, CIAV mono-infected chickens, or uninfected chickens, and that of
co-infected chickens was significantly higher than that of CIAV mono-infected chickens
or uninfected chickens (Figure 7A). At 42 dpi, there was no significant difference in the
Fabricius index among all groups (Figure 7B). Next, we measured the proportions of CD3*,
CD4%, and CD8" cells in the blood to assess the cellular immune responses after infection.
Compared to the controls, the proportion of CD3*, CD3*CD4*, and CD3*CD8" cells in
the blood of co-infected chickens and mono-infected chickens significantly decreased.
Furthermore, the proportion of CD3*, CD3*CD4*, and CD3*CD8" cells in the blood of
CIAV mono-infected chickens were significantly lower than that of ALV-] mono-infected
chickens, while the proportion of CD3*, CD3*CD4*, and CD3*CD8* cells in the blood of
co-infected chickens was even more significantly lower than that of CIAV mono-infected
chickens. Moreover, when compared to the controls, the ratio of CD4*/CD8" in the blood
of co-infected and mono-infected chickens was significantly lower. These data demonstrate
that co-infection of ALV-] and CIAV can promote more severe immunosuppression in
chickens than the single infection with either ALV-] or CIAV.
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Figure 7. ALV-] and CIAV synergistically enhance the immunosuppression in SPF chickens.
(A,B) Immune organ indexes of thymus spleen and bursa at 21 dpi and 42 dpi. (C-F) The pro-
portion of lymphocyte subpopulation CD3*, CD3*CD4*, CD3*CD8*, and the ratio of CD4* /CD8"
are summarized in the diagram on the left. Data are expressed as mean £ SE and analyzed by a
one-way ANOVA Test. Different lowercase letters indicate significant differences between different
groups. (G) Representative FACS scatter diagrams showing the percentages of CD3*, CD4*, and
CD8* cells in peripheral blood mono-nuclear cells from treatment groups ALV-], CIAV, ALV-] + CIAV,
and empty control.
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4. Discussion

ALV-] and CIAV co-infected chickens manifested greater disease severity and higher
mortality than ALV-] or CIAV mono-infected chickens. However, the synergistic pathogenic-
ity of ALV-] and CIAV in chicken is still incompletely elusive. Thus, a full comprehension
of the synergistic pathogenic effects of ALV-] and CIAV co-infection is critical for providing
efficient strategies to solve such production problems in the poultry industry.

4.1. Co-Infection of ALV-] and CIAV Can Significantly Aggravate the Severity of Illness In Vitro
and In Vivo

Co-infection of viruses in chicken flocks is common in nature, and often alters the
biological properties of viruses and cells, such as viral pathogenicity and cell apoptosis [31,32].
The outcome of any co-infection of viruses is complex and contributes significantly to disease
severity and epidemiology. In this study, we established the cellular and animal co-infection
model of ALV-J and CIAV to further understand the synergistic pathogenicity of ALV-J
and CIAV in vitro and in vivo. Cytokines, such as IL-6, IL-10, IFN-«, and IFN-y, have been
shown to be involved in the progression of disease [16]. Thus, our study is concerned
with the secretion of IL-6, IL-10, IFN-«, and IFN-y in ALV-] and CIAV co-infected HD11
cells, which can be employed as target cells both for ALV-J and CIAV [14,33]. Consistent
with previous studies [34,35], co-infected cells were found to have significantly higher
levels of IL-6, IL-10, IFN-«, and IFN-y at different time points (Figure 2), manifesting
synergistically enhanced pathogenicity of both ALV-] and CIAV. Additionally, the apoptosis
rate of the co-infected HD11cells was significantly higher than that of mono-infected or
mock-infected cells at the different time points tested (Figure 3), revealing that ALV-] and
CIAV can synergistically promote apoptosis and cause more serious harm to HD11 cells.
Furthermore, we found that co-infection with ALV-] and CIAV significantly increased
mortality and caused more severe growth retardation in chickens when compared to the
ALV-] or CIAV mono-infection (Figure 4). Moreover, our histopathological examination
revealed more serious tissue damage in the ALV-] and CIAV co-infected chickens (Figure 5).
These results have consistently demonstrated that co-infection with ALV-J and CIAV could
significantly aggravate the severity of illness in vitro and in vivo.

4.2. CIAV Can Efficiently Promote the Replication Ability of ALV-]

The most common outcome of co-infection is the effect of one virus on the replication
of another, which is known as viral interference, whereby one virus can competitively
constrain or promote the replication of the other virus within the host cell. Recent studies
have shown that synergistic replication of ALV-] and MDV or ALV-J and REV is essential
for boosting viral pathogenicity in chickens [17,19]. In the present study, we found that the
ALV-] viral load was significantly higher in co-infected HD11 cells than in ALV-] mono-
infected HD11 cells at all the detection time points (Figure 1B), indicating that CIAV can
significantly promote ALV-] replication in vitro. However, the CIAV load in co-infected
and CIAV mono-infected HD11 was not significantly different at any time detected at the
stage of infection (Figure 1C), suggesting that ALV-] cannot enhance the CIAV replication
in vitro. Notably, co-infected chickens had significantly higher ALV-] loads than ALV-]
mono-infected chickens in the peripheral blood and in each organ at all the detection
time points, which was consistent with the in vitro data and indicated that CIAV could
significantly enhance ALV-] replication in vivo, while ALV-] still could not promote the
replication of CIAV in vivo, according to the results of the CIAV viral load between the co-
infected and CIAV mono-infected chickens. Various factors can influence viral synergistic
interactions in co-infection, such as specific crosstalk between the two viruses and the
induced immune response [36,37]. Viruses may hijack the host factors for their replication
and meet the requirements associated with virus replication [38,39]. For example, miR-155
facilitates the synergistic replication between ALV-] and REV by targeting the PRKCI-
MAPKS and TIMP3-MMP2 dual-pathway [40]. Thus, it is reasonable to speculate that there
is a competitive relationship between ALV-J and CIAV replication during the co-infection.
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The underlying reason for the interesting phenomenon that CIAV can enhance ALV-J
replication in vitro and in vivo, but not vice versa, requires further investigation. Taking our
findings together, the synergistic pathogenicity of ALV-] and CIAV co-infection revealed
that CIAV can efficiently promote the replication ability of ALV-J, which may result in more
serious immunosuppression in chickens.

4.3. Co-Infection of ALV-] and CIAV Can Aggravate Immunosuppression

Previous studies have consistently confirmed that the severity of immunodeficiency
increases when one or both immunosuppressive viruses infect the same host. Co-infection
of ALV-] with REV, IBDV, or MDYV in chickens can result in more severe immune organ
damage and T and B lymphocyte exhaustion [17,19,41]. In our study, the spleen index
was significantly higher in ALV-] and CIAV co-infected chickens than in mono-infected
chickens, which intuitively reflected that co-infection can cause more serious splenomegaly.
Furthermore, the decrease in the thymus index in ALV-] and CIAV co-infected chickens
indicated that co-infection caused more severe atrophy of the thymus gland (Figure 7A,B).
T cells play a pivotal role in the defense against viral invasions, immune surveillance, and
antiviral immunity [42]. CD4* T cell activation, following differentiation into Th1 and Th2
subsets, is involved in both cellular and humoral immunity [43]. CD8* T cells are primarily
induced by the apoptosis of target cells resulting from direct damage or viral infection,
contributing to cellular immunity [44,45]. Changes in the proportion of CD4" and CD8*
T cells directly impact the immune status of the organism. Our results showed that the
proportion of CD3*, CD3*CD4*, and CD3*CD8" cells in the blood of CIAV mono-infected
chickens was significantly lower than that of ALV-] mono-infected chickens or uninfected
chickens, indicating that CIAV induces severe lymphocyte apoptosis in peripheral blood.
Furthermore, the proportions of lymphocytes exhibited more severe decreases in the blood
of co-infected chickens compared to that of CIAV mono-infected chickens, revealing that
ALV-] and CIAV co-infection may exacerbate immunosuppression.

In summary, this study demonstrates a synergy between ALV-] and CIAV in co-infected
cells and chickens, as reflected by the fact that ALV-] and CIAV co-infection induced a more
severe pathogenicity and worsened the immunosuppression of chickens. It provides a
warning for the prevention and control of ALV-J and CIAV and the necessity of eradicating
ALV-] or CIAV in large-scale chicken farms.
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Simple Summary: Viral superinfections in poultry can seriously impact chicken health and cause
major financial losses. Two viruses, avian leukosis virus subgroup J (ALV-]) and infectious bursal
disease virus (IBDV), are especially concerning because they often infect chickens together, leading to
worsened health issues and reduced productivity. Previous research has studied these effects, but
the specific genes and pathways driving this problem were unknown. In this study, we analyzed
immune organ samples from chickens infected with either ALV-], IBDV, or both. Using these data, we
mapped out complex networks among the RNA molecules to reveal how these viruses interact both
by working together and through individual responses. We identified the key genes and pathways
involved in these processes. This insight could support new methods to control these infections,
enhancing poultry health and lowering economic losses.

Abstract: In the realm of poultry production, viral superinfections pose significant challenges, caus-
ing substantial economic losses worldwide. Among these, avian leukosis virus subgroup J (ALV-])
and infectious bursal disease virus (IBDV) are particularly concerning as they frequently lead to
superinfections in chicken, further exacerbating production losses and health complications. Our
previous research delved into the pathogenicity and immunosuppressive effects of these superinfec-
tions through in vitro and in vivo analyses. Yet, the underlying key genes and pathways governing
this phenomenon remained elusive. In this study, we randomly selected three chickens at 21 days
post infection from each treatment group (ALV-], IBDV, ALV-J+IBDV, and control group) to collect
the bursa of Fabricius samples for full transcriptome analysis. Utilizing these data, we constructed a
comprehensive circRNA /IncRNA-miRNA-mRNA network which elucidated both synergistic and
specific activations during the superinfection. Notably, three pivotal genes (FILIP1L, DCX, and
MYPN) were pinpointed in datasets reflecting synergistic activations. Conversely, four other genes
(STAP, HKR6, XKR4, and TLR5) emerged in datasets associated with specific activations. Further
exploration revealed diverse significant GO terms and pathways associated with both synergistic
and distinct activation processes. These ceRNA network and core genes potentially wield substantial
influence over the synergistic or specific activation of tumorigenesis and pathogenesis induced by
ALV-] and IBDV. These findings could help develop targeted therapies and improve disease control
in poultry, reducing economic losses.
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1. Introduction

Superinfection, characterized by at least two distinct pathogens simultaneously infect-
ing a host, holds significant implications for various aspects, such as virulence evolution,
genetic diversity, epidemiological understanding, and the development of control strate-
gies [1,2]. Superinfections have become widespread in various animal groups in recent
decades [3,4]. This multifaceted nature renders the traditional reductionist approach to
host—pathogen interactions ill-suited for studying singular infections [5]. At present, the
majority of superinfection studies remain at the phenotypic research level [6]. The task of
pinpointing crucial differentially expressed genes during superinfection events is compli-
cated by the synergistic effects of multiple factors. We have developed a novel strategy
which characterizes the pathogenic effects of superinfection by studying both synergistic
and specific activations during the superinfection process. Synergistic activation refers
to genes or pathways which can be activated by either virus individually, with super-
infection significantly enhancing their expression levels. In contrast, specific activation
pertains to genes or pathways which are uniquely activated only in the presence of both
viruses simultaneously. Both models reveal the infection of pathogenic characteristics from
different angles.

In the poultry industry, avian leukosis virus subgroup J (ALV-]) can induce tumori-
genesis and immunosuppression in infected chickens, leading to substantial financial
setbacks [7]. Similar to ALV-], infectious bursal disease virus (IBDV) is also known to
trigger tumor development in young chicks [8]. Notably, ALV-] and IBDV often cause
superinfections in poultry production [9]. In a previous study, we conducted a compre-
hensive analysis of the pathogenicity and immunosuppressive activity of superinfections
with ALV-J and IBDV in vitro and in vivo [10]. The findings indicated that superinfection
synergistically enhances tumorigenesis and disease progression. However, the key genes
or pathways regulating this process remain unclear.

Competing endogenous RNAs (ceRNAs) are a class of non-coding RNAs which in-
teract with microRNAs (miRNAs) to regulate gene expression. According to the ceRNA
hypothesis, various RNA species can compete for binding to shared miRNAs, thereby
influencing the levels of target mRNAs [11,12]. This interaction can modulate a range
of biological processes, including cell differentiation, proliferation, and apoptosis. The
construction of a ceRNA network is based on three principal criteria: (1) a targeting rela-
tionship between miRNAs and potential ceRNAs, accompanied by a negative correlation
in their expression patterns; (2) a positive correlation in the expression levels among candi-
date ceRNAs; and (3) the degree of enrichment of candidate ceRNAs binding to a specific
miRNA. In the context of viral infections, cceRNAs may play a critical role in regulating the
host’s response to pathogens, potentially affecting the viral life cycle and the pathogenesis
of related diseases [13]. Given their regulatory capabilities, ccRNAs may significantly
influence the synergistic and specific activation of tumorigenesis and pathogenesis induced
by ALV-] and IBDV.

This study aims to investigate the regulatory networks involved in ALV-] and IBDV
superinfection by analyzing full transcriptome data to identify the key hub genes and
associated pathways. To achieve this, a citcRNA /IncRNA-miRNA-mRNA network is
constructed through comprehensive analysis of the synergistic and specific activations
during the superinfection process. Three hub genes (FILIP1L, DCX, and MYPN) are
identified in synergistic activation datasets, while four hub genes (STAP, HKR6, XKR4,
and TLR5) are identified in specific activation datasets. Additionally, different significantly
enriched GO terms and pathways are identified during the processes of synergistic and
characteristic activation. We further validate the differential expression of key hub genes
and their targeted relationships with miRNAs. These hub genes may have a significant
influence on the synergistic or specific activation of tumorigenesis and pathogenesis by
ALV-] and IBDV.



Animals 2024, 14, 3449

3o0f14

2. Materials and Methods
2.1. Ethics Statement

Institutional and national guidelines for the use and care of laboratory animals were
closely followed. All animal experiments were performed following the guidelines of
the South China Agricultural University Animal Care and Use Committee (permit no.
SCAU2021b020). This study was performed in positive pressure, high-efficiency, particulate
air-filtered stainless steel isolators with an enclosed and ventilated environment, and feed
and water were provided ad libitum.

2.2. Virus and Animals

The ALV-] strain SCAU-HNO06 was a generous gift from Professor Liao of South China
Agricultural University. IBDV strain 801 (cell-adapted strain) was stored in our laboratory.
Virus titers were calculated using the Reed-Muench formula to calculate the 50% tissue
cultural infective dose (TCIDsp) per milliliter. One-day-old SPF chicks (White Leghorn),
including both hen chicks and cock chicks, were purchased from Xinxing Dahuanong
Poultry Eggs Co., Ltd. (Yunfu, China).

2.3. Animal Experimental Design and Sample Collection

A total of 220 one-day-old SPF chicks were randomly assigned to four groups: ALV-],
IBDV, ALV-J+IBDV, and a control group. At 1 day of age, the chicks in the ALV-] and
ALV-J+IBDV groups were inoculated via intra-abdominal injection with 100 pL of ALV-]
at a dose of 1037 TCID50. At 14 days of age, the chicks in the IBDV and ALV-J+IBDV
groups were similarly inoculated with 100 pL of IBDV at a dose of 10> ELD50. The control
group was given 100 pL of PBS at both day 1 and day 14, following the protocol described
in a previous study [10]. At 21 days post infection (35 days of age), three chickens from
each group were randomly selected for the collection of bursa of Fabricius, which were
then sent to Guangzhou Genedenovo Biotechnology Co., Ltd. (Guangzhou, China) for
full transcriptome high-throughput sequencing. The specific groups and treatments are
detailed in Figure 1.

2.4. Differentially Expressed mRNA, miRNA, circRNA, and IncRNA

To detect differentially expressed transcripts among the samples, the edgeR package
(http:/ /www.bioconductor.org/packages/release /bioc/html/edgeR.html, accessed on 18
November 2024) was utilized, where mRNAs, IncRNAs, and circRNAs with a fold change
>2 and an FDR <0.05 were deemed significant DEGs, while miRNAs required a fold change
>2 and p < 0.05 for significance.

2.5. miRNA Target Prediction

For the samples, a triad of computational tools—mireap, miRanda, and TargetScan—
was harnessed to discern the miRNA targets. Information pertaining to miRNA sequences
and their respective families was gleaned from the TargetScan online repository (accessible
at http:/ /www.targetscan.org/, accessed on 18 November 2024).

2.6. Construction of ccRNA Network

In the context of ceRNAs being communally regulated by miRNAs, ascertaining
the target genes for differentially expressed miRNAs represents an integral preliminary
step in exploring ceRNA regulatory networks. The Spearman Rank correlation coefficient
(SCC) was employed to assess the expression correlation between mRNA-miRNA, IncRNA-
miRNA, or circRNA-miRNA pairs. Pairs exhibiting an SCC of less than —0.7 were deemed
to be negatively co-expressed IncRNA-miRNA pairs, mRINA-miRNA pairs, or circRNA-
miRNA pairs, with mRNA, IncRNA, and circRNA identified as miRNA target genes and
all RNAs demonstrating differential expression.

The Pearson correlation coefficient (PCC) was utilized to evaluate the expression
correlation between IncRNA-mRNA or circRNA-mRNA pairs. Pairs characterized by a
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PCC exceeding 0.9 were recognized as co-expressed IncRNA-mRNA pairs or circRNA-
mRNA pairs. In these pairs, both mRNA and IncRNA or both mRNA and circRNA were
targeted and exhibited negative co-expression with a shared miRNA.
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Figure 1. Workflow of bioinformatics analysis.

2.7. Visualization of cceRNA Network

The assembly of the IncRNA-miRNA-mRNA network was accomplished by amalga-
mating all previously identified co-expression competing triplets, which were subsequently
visualized using Cytoscape software version 3.6.0, available at http:/ /www.cytoscape.org/,
accessed on 18 November 2024.
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2.8. ceRNA Connectivity Analysis

Within the ceRNA network, RNA connectivity was defined by the count of co-
expressed targeted miRNAs. Consequently, ceRNAs exhibiting the highest connectivity
were considered hub genes, which are deemed more crucial within biological networks.

2.9. Functional Enrichment Analysis

To evaluate functional enrichment, Gene Ontology (GO) biological processes term
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of mRNAs
within the ceRNA network were conducted using Cytoscape. GO enrichment analysis
reveals all GO terms which are significantly enriched in ceRNAs compared with the
genome background and filters the ceRNAs associated with specific biological functions.
Initially, all ceRNAs were mapped to GO terms in the Gene Ontology database (accessible
at http://www.geneontology.org/, accessed on 18 November 2024). The gene counts
were tallied for each term, and GO terms significantly enriched in ceRNAs relative to the
genomic background were determined using the hypergeometric test.

Genes typically interact to execute certain biological functions. Pathway-based analy-
sis aids in the deeper understanding of gene functions. KEGG is a principal public database
related to pathways (available at http:/ /www.kegg jp/kegg/, accessed on 18 November
2024). Pathway enrichment analysis pinpointed the metabolic pathways or signal trans-
duction pathways which were significantly enriched in ceRNAs when contrasted with the
entire genome background.

2.10. Reverse Transcription and Quantitative PCR (qRT-PCR)

The total RNA was reverse transcribed into cDNA using a Prime-Script™ ¢cDNA
synthesis kit (Takara Bio, Inc., Shanghai, China), while miRNAs were extracted using an
miRNA Isolation Kit (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s
protocol. The relative expression of IncRNAs, miRNAs, and mRNAs was evaluated using
gRT-PCR. The primers mentioned above for qRT-PCR are listed in Supplementary Table S1.
Then, qRT-PCR was performed on a CFX96 system (Bio-Rad Laboratories, Inc., Berkeley,
CA, USA) using Power SYBR Green PCR Master Mix (Roche Diagnostic, Indianapolis, IN,
USA) according to the manufacturer’s protocol. Relative gene expression was calculated
using the 2724CT method.

2.11. Statistical Analysis

GraphPad Prism version 8.1 (GraphPad Software, Inc., San Diego, CA, USA) was
used for statistical analysis. The values reported in each graph are expressed as the
mean = standard error of the mean (S.E.M.) of at least three independent experiments.
One-way ANOVA was used to test the differences between different groups. We considered
p < 0.05 to be statistically significant. (* p < 0.05; ** p < 0.01; *** p < 0.001).

3. Results
3.1. Identification of Differentially Expressed circRNAs (DEcircRNAs), IncRNAs (DEIncRNAs),
miRNAs (DEmiRNAs), and mRNAs (DEmRNAs) in Superinfection of ALV-] and IBDV

Our previous research results indicated that superinfection with ALV-] and IBDV
synergistically causes pathogenicity by mutually enhancing viral replication, leading to
more severe immunosuppression than infections with ALV-] or IBDV alone [10]. However,
the molecular mechanisms underlying this outcome are still unclear. Consequently, we
randomly selected three chickens at 21 days post infection from each group (ALV-], IBDV,
ALV-J+IBDV, and control group) to collect bursa of Fabricius samples for full transcriptome
analysis using high-throughput sequencing.

As illustrated in Figure 1, this strategy was employed to analyze the competing en-
dogenous RNA (ceRNA) regulatory network during the superinfection process with ALV-]
and IBDV, focusing on both synergistic and specific activations (Figure 1). In addressing
synergistic activation, we filtered differentially expressed mRNAs, miRNAs, IncRNAs,
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and circRNAs which exhibited synergistic activation for integrative analysis, subsequently
constructing a circRNA /IncRNA-miRNA-mRNA hub gene network. For specific activation,
differentially expressed RNAs which were characteristically activated were selected, and a
similar gene network analysis was conducted.

To ensure data quality, it was essential to perform data filtering on the raw data before
information analysis to minimize interference from invalid data. We utilized FastP for
quality control on the raw reads generated from sequencing, filtering out low-quality
data to obtain clean reads (Supplementary Table S2). Subsequently, we used the short
read alignment tool Bowtie2 to align the clean reads with the ribosomal database of the
species, removing reads which mapped to ribosomes without allowing for mismatches. The
unmapped reads which remained were then used for subsequent transcriptomic analysis
(Supplementary Table S2).

For the differential expression analysis of various RNA types based on expression
levels, we selected mRNAs, IncRNAs, and circRNAs with an FDR < 0.05 and [1og2FC| >1
and miRNAs with p < 0.05 and 110g2FC| > 1 as significantly differentially expressed RNAs.
In terms of differential mMRNAs, compared with the mock group, the ALV-J group had a total
of 70 genes downregulated and 378 genes upregulated, and the IBDV group had 87 genes
downregulated and 361 genes upregulated, while the superinfection group had 90 genes
downregulated and 358 genes upregulated (Figure S1A and Supplementary Table S3). The
differential miRNAs are presented in Figure S1B and Supplementary Table S3, the differen-
tial IncRNAs are shown in Figure S1C and Supplementary Table S3, and the differential
circRNAs are shown in Figure S1D and Supplementary Table S3.

To identify genes which play a pivotal role during the superinfection process, the
strategy delineated above was employed to analyze differentially expressed genes across the
comparison groups (Figure 2). Among these, there were 448 mRNAs, 15 miRNAs, 70 IncRNAs,
and 6 circRNAs synergistically activated during superinfection (Supplementary Table S4). For
signature activation in superinfection, there were 295 mRNAs, 57 miRNAs, 110 IncRNAs,
and 18 circRNAs (Supplementary Table S5). Tailored circRNA /IncRNA-miRNA-mRNA
interaction networks were constructed for both the synergistic and signature activation
processes observed in superinfection, followed by subsequent functional analysis.

3.2. Construction of ceRNA Network During Superinfection with Synergistic Activation

In accordance with the ceRNA hypothesis, circRNAs or IncRNAs can inhibit miRNAs,
which themselves repress mRNAs. Thus, after filtering out mismatched RNA interaction
pairs, a circRNA /IncRNA-miRNA hub gene network was formed, consisting of 1 circRNA,
23 IncRNAs, 8 miRNAs, and 40 mRNAs (Figure 3).

In regulatory networks, nodes with high connectivity often hold significant biological
importance; these genes are referred to as hub genes. In the ceRNA regulatory network,
the connectivity of an RNA molecule (IncRNA /mRNA /circRNA) is defined as the number
of miRNA molecules with which it has a targeting regulatory relationship. RNA molecules
with higher connectivity possess a greater potential regulatory capability. For the top
10 mRNA /IncRNA /circRNA paths in terms of connectivity, a Sankey diagram was created
to illustrate their targeting regulatory relationships with miRNAs (Figure 4). Among them,
three hub genes of significant biological importance were identified, including FILIP1L
(ncbi_769163), DCX (ncbi_374242), and MYPN (ncbi_423684). These hub genes may play
an important role in the synergetic activation of tumorigenesis and pathogenesis by ALV-]
and IBDV.
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Figure 2. Venn diagram of differentially expressed RNAs. (A) mRNAs. (B) miRNAs. (C) IncRNAs.
(D) circRNAs.

. circRNA
@ IncRNA
@ miRNA

 mRNA

&

Figure 3. The circRNA /IncRNA-miRNA hub gene network. Construction of ceRNA network during
superinfection with synergistic activation. (A) Interaction network showing the regulatory relation-
ships among circRNAs, IncRNAs, miRNAs, and mRNAs; (B) Key regulatory network highlighting
miRNA-mediated IncRNA and mRNA interactions; (C) Subnetwork emphasizing the regulation of
specific miRNA hubs connecting IncRNAs and mRNAs.
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Figure 4. A ceRNA connectivity Sankey diagram during superinfection with synergistic activation.
We created a Sankey diagram of the top 10 mRNA /IncRNA /circRNA paths with the highest connec-
tivity, illustrating their targeting regulatory relationships with miRNAs. The diagram visualizes the
interactions between circRNAs, IncRNAs, miRNAs, and mRNAs, showing the flow of regulatory
relationships. Each node represents a specific RNA molecule, with the width of the connecting lines
indicating the strength or frequency of interactions. The left side displays circRNAs and IncRNAs,
which act as potential ceRNAs, while miRNAs are placed in the center, mediating the regulatory
interactions. The right side shows the target mRNAs influenced by ceRNA interactions. The diagram
highlights how different RNA species compete for shared miRNAs, affecting gene expression. The
colors correspond to different RNA types, and the thickness of the connections reflects the enrichment
level of the interaction.

3.3. Biological Functions of DEmRNASs in the ccRNA Network During Superinfection with
Synergistic Activation

GO annotation and KEGG functional enrichment analyses were performed on the
mRNAs in the ceRNA regulatory network, revealing significantly enriched gene func-
tions and pathways within the ceRNA regulatory network. This provides clues for se-
lecting the target genes in the next step. The GO analysis results show that the most
enriched biological processes (BPs) mainly included cellular process and biological reg-
ulation. The cell, cell part, and organelle were the most enriched cellular components
(CCs). According to the molecular function (MF), these DEmRNAs were mainly enriched
in terms of binding, catalytic activity, and the molecular function regulator (Figure 5A and
Supplementary Table S6). In KEGG pathway enrichment analysis, these DEmRNAs are
mainly involved in the cholesterol metabolism, glycerolipid metabolism, PPAR signaling
pathway, and glycerophospholipid metabolism (Figure 5B and Supplementary Table S7).

3.4. Construction of cceRNA Network During Superinfection with Specific Activation

In response to the uniquely activated genes observed during the superinfection process,
a ceRNA regulatory network was also established. This network was composed of 9
circRNAs, 63 IncRNAs, 40 miRNAs, and 108 mRNAs (Figure 6). A Sankey diagram was
similarly employed to depict their targeting regulatory interactions with miRNAs (Figure 7).
Notably, the hub genes exhibiting the highest connectivity includeed STAP (ncbi_428761),
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HTR6 (ncbi_430019), XKR4 (ncbi_100858171), and TLR5 (ncbi_554217). The hub genes likely
had a significant influence on the specific activation of tumorigenesis and pathogenesis by

ALV-] and IBDV.
A B
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Figure 5. Biological functions of DEmRNAs in the ceRNA network during superinfection with
synergistic activation. (A) GO terms. (B) KEGG pathway. The top 20 GO and KEGG terms with the
smallest Q-values are presented. The y axis represents the GO and KEGG terms, and the x axis shows
the enrichment factor (the ratio of the number of differentially expressed genes in a GO or KEGG
term to the total number of genes in that term). The size of the dots indicates the number of genes,
and the color gradient from red to yellow reflects the Q-value, with red indicating smaller Q-values.

;@y
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Figure 6. The circRNA /IncRNA-miRNA hub gene network. Construction of ceRNA network during
superinfection with specific activation. (A) Interaction network showing the regulatory relationships
among circRNAs, IncRNAs, miRNAs, and mRNAs; (B) Key regulatory network highlighting miRNA-
mediated IncRNA and mRNA interactions; (C) Subnetwork emphasizing the regulation of specific
miRNA hubs connecting IncRNAs and mRNAs.
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Figure 7. ceRNA connectivity Sankey diagram during superinfection with specific activation. The
diagram visualizes the interactions between circRNAs, IncRNAs, miRNAs, and mRNAs, showing the
flow of regulatory relationships. Each node represents a specific RNA molecule, with the width of the
connecting lines indicating the strength or frequency of interactions. The left side displays circRNAs
and IncRNAs, which act as potential ceRNAs, while miRNAs are placed in the center, mediating the
regulatory interactions. The right side shows the target mRNAs influenced by ceRNA interactions.
The diagram highlights how different RNA species compete for shared miRNAs, affecting gene
expression. The colors correspond to different RNA types, and the thickness of the connections
reflects the enrichment level of the interaction.

3.5. Biological Functions of DEmRNASs in the cceRNA Network During Superinfection with
Specific Activation

The GO analysis outcomes indicate that the most significantly enriched BPs primarily
encompassed cellular processes, single-organism processes, and biological regulation. As
for the CCs, cells, cell parts, and organelles were found to be the most enriched categories.
Regarding MFs, these DEmRNAs were predominantly associated with binding, catalytic
activity, and molecular function regulator activity (Figure 8A and Supplementary Table S8).
In the KEGG pathway enrichment analysis, these DEmRNAs were mainly implicated in
neuroactive ligand-receptor interaction, the calcium signaling pathway, and axon guidance
(Figure 8B and Supplementary Table S9).

3.6. Verification of Hub Genes, miRNAs, and circRNAs in the ceRNA Network

To validate the sequencing results, we employed a rigorous approach which involved
the random selection of four differentially expressed transcripts from the ceRNA network
for gPCR analysis. As illustrated in Figure 9, the gene expression patterns of the differ-
entially expressed genes, miRNAs, and IncRNAs chosen from each group were not only
statistically significant but also exhibited trends which aligned with the sequencing data.
This congruence between the qPCR validation and sequencing outcomes underscores
the reliability and precision of our findings. In addition, we also used the miRNA tar-
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get prediction database to predict the targeting relationship between candidate miRNAs
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Figure 8. Biological functions of DEmRNAs in the ceRNA network during superinfection with
specific activation. (A) GO terms. (B) KEGG pathway. The top 20 GO and KEGG terms with the
smallest Q-values are presented. The y axis represents the GO and KEGG terms, and the x axis shows
the enrichment factor (the ratio of the number of differentially expressed genes in a GO or KEGG
term to the total number of genes in that term). The size of the dots indicates the number of genes,
and the color gradient from red to yellow reflects the Q-value, with red indicating smaller Q-values.
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database. * p < 0.05; ** p < 0.01; ** p < 0.001; ns p > 0.05.
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4. Discussion

Our findings provide novel insights into the molecular mechanisms underlying the
superinfection of ALV-] and IBDV. Through transcriptome analysis of bursae of Fabricius
collected from SPF chickens (21 days post infection), we identified both synergistic and spe-
cific activation patterns within the constructed circRNA /IncRNA-miRNA-mRNA network.
These networks revealed key regulatory elements which potentially drive the pathogenesis
and immune response during superinfection.

During the process of synergistic activation by ALV-J and IBDV superinfection, three
key hub genes were identified. Filamin A interacting protein 1-llike (FILIP1L) is a novel
tumor suppressor-like protein which has its expression downregulated in various cancers,
like colorectal cancer [14], ovarian cancer [15], and lung cancer [16]. FILIP1L-mediated cell
apoptosis, epithelial-mesenchymal transition, and extracellular matrix synthesis aggravate
multiple tumorigenesis [17]. Importantly, the function of FILIP1L’s decrease in enhancing
tumor invasion and metastasis is mainly achieved by promoting the Wnt/3-catenin sig-
naling pathway [18]. It is interesting to note that ALV-] induced Wnt signaling activation,
which is reported to have caused tumor generation [19,20]. In this study, we found that sep-
arate ALV-] infections or IBDV infections can induce a decrease in FILIP1L expression, two
kinds of virus superinfection more significantly lowered FILIP1L expression and prompt
FILIP1L cutting, and repeated infection-induced tumor enhancement is closely related to
the formation. Doublecortin (DCX) is a key regulatory protein in the JNK signaling pathway
and closely associated with cell survival and apoptotic processes [21]. Doublecortin-like
kinase 1 is an important target in various virus infection and tumorgenesis processes [22].
Importantly, Doublecortin-like kinase 1 was identified as a cancer stem cell marker in
ALV-J-infected cells, which interacts with the surface protein of ALV-] to promote virus
replication, activate the epithelial-mesenchymal transition, and accelerate cell proliferation,
enabling ALV-J to obtain metastatic ability [23]. These reports further suggest that DCX
may play an important role in the synergistic tumorigenesis of ALV-] and IBDV. MYPN,
with TTN (MSTRG_13833), another identified significantly different mRNA, may have a
common function which has been reported in both human disease and porcine growth and
development [24,25].

A total of four key hub genes were identified in the process of specific activation
of ALV-] and IBDV superinfection, including STAP, HTR6, XKR4, and TLR5. The signal-
transducing adaptor protein (STAP) family, particularly STAP-2, is known to interact
with key components of immune signaling pathways, such as the IKK complex, STAT3,
STATS, and MyDS8S8, a critical adaptor in TLR signaling [26,27]. This interaction promotes
inflammatory cytokine production and regulates immune responses. In our study, STAP
was specifically upregulated during the superinfection of ALV-J and IBDV, suggesting its
potential role in amplifying immunosuppressive effects, creating a favorable environment
for persistent viral infection and tumorigenic processes. Additionally, our data show
that miR-106-3p, a key regulator upstream of TLR5, was significantly downregulated
during superinfection. This suggests that TLR signaling may be activated in response
to superinfection, as TLR5 plays a pivotal role in pathogen recognition and immune
activation [28]. The simultaneous activation of STAP and TLR5 signaling pathways may
reflect a complex immune regulatory strategy during superinfection, where initial immune
responses are activated but are subsequently modulated to suppress effective immunity;,
facilitating viral persistence and potential tumorigenesis. These findings provide new
insights into how viral infections manipulate immune signaling pathways to enhance
pathogenesis and may guide future studies in identifying therapeutic targets for mitigating
the effects of such superinfections in poultry.

5. Conclusions

In conclusion, our study successfully constructed a comprehensive circRNA /IncRNA-
miRNA-mRNA network which revealed the complex interplay of RNA molecules during
the superinfection of ALV-] and IBDV. This network elucidated both synergistic and specific
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activation processes, providing new insights into the molecular mechanisms underlying
these viral infections. Notably, we identified three pivotal genes (FILIP1L, DCX, and MYPN)
linked to synergistic activation, suggesting their potential roles in enhancing viral patho-
genesis. In contrast, four other genes (STAP, HKR6, XKR4, and TLR5) were specifically
activated, indicating their involvement in modulating immune responses during super-
infection. Our findings highlight significant GO terms and pathways which may drive
tumorigenesis and immunosuppression associated with ALV-] and IBDV. These results un-
derscore the importance of further investigation into these key regulatory pathways, which
may offer therapeutic targets for mitigating the adverse effects of viral superinfections
in poultry.
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Abstract: Viral co-infections pose significant challenges, causing substantial economic losses
worldwide in the poultry industry. Among these, avian 1Leukosis virus subgroup J (ALV-]) and
chicken infectious anemia virus (CIAV) are particularly concerning, as they frequently lead to co-
infections in chickens, further compromising their immune defenses, increasing susceptibility to
secondary infections and diminishing vaccine efficacy. While our previous studies have examined
the pathogenicity and immunosuppressive effects of these co-infections in vitro and in vivo, the
key genes and molecular pathways involved remain largely unexplored. This study investigates
the synergistic effects of co-infection with ALV-] and CIAV through comprehensive transcriptome
analysis using high-throughput sequencing. We identified 1007 differentially expressed mRNAs
(DEmRNAs) and 62 differentially expressed miRNAs (DEmiRNAs) associated with the synergistic
activation effects of co-infection, along with 331 DEmRNAs and 62 DEmiRNAs linked to specific
activation processes. Notably, the immune suppression observed in co-infected chickens may be
influenced by the enhanced utilization of reactive oxygen species (ROS) and oxidative stress pathways,
which impact host immune responses. Furthermore, co-infection appears to employ distinct immune
evasion strategies through the modulation of rRNA metabolism, differing from single infections.
These insights provide a deeper understanding of the molecular mechanisms underlying immune
suppression during viral co-infections and help develop targeted therapies and improve disease
control in poultry, reducing economic losses.

Keywords: avian leukosis virus subgroup ] (ALV-]); chicken infectious anemia virus (CIAV);
co-infection; miRNA-mRNA

1. Introduction

Immunosuppressive viral diseases weaken chickens” immune defenses, making them
more prone to secondary infections and less responsive to vaccines, which poses a se-
rious challenge to the global poultry industry [1,2]. Studies increasingly indicate that
co-infections with immunosuppressive viruses are widespread in poultry and often result
in more-severe disease manifestations [3,4]. For instance, our recent findings revealed
that superinfection with avian leukosis virus subgroup ] (ALV-]) and infectious bursal
disease virus (IBDV) exacerbate immunosuppression and increase disease severity in chick-
ens [5]. Similarly, both our research and studies by other groups have highlighted the
detrimental effects of co-infection with ALV-] and chicken infectious anemia virus (CIAV)
in amplifying immunosuppression, facilitating viral replication, and worsening pathogenic
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outcomes [6-8]. Despite these insights, the specific genes and molecular pathways driving
the aggravated disease processes during co-infection remain largely unexplored.

The identification of key differentially expressed genes during co-infection is compli-
cated by the intricate interplay of multiple factors [9,10]. To overcome this challenge, we
established a novel approach that analyzes both synergistic and specific gene activation
patterns in co-infected hosts. Synergistic activation involves genes or pathways that can be
stimulated by either virus individually but exhibit markedly increased expression when
both viruses co-occur. In contrast, specific activation refers to genes or pathways that are
exclusively induced in the presence of both viruses. These two analytical frameworks offer
complementary perspectives, providing deeper insights into the molecular mechanisms
underlying the pathogenic processes of co-infection.

In this study, we performed a comprehensive miRNA-mRNA enrichment analysis
to reveal both synergistic and specific activation patterns during the co-infection of ALV-]
and CIAV. Our results suggest that the observed immunosuppression may be attributed to
the intensified activation of reactive oxygen species (ROS) and oxidative stress pathways,
which interfere with the host’s immune regulation. Furthermore, compared to individ-
ual infections, co-infection appears to leverage unique immune evasion mechanisms by
modulating rRNA metabolism. These findings offer novel insights into the molecular
mechanisms underlying immune suppression in viral co-infections.

2. Materials and Methods
2.1. Ethics Statement

Institutional and national guidelines for the use and care of laboratory animals were
closely followed. All animal experiments were performed following the guidelines of
the South China Agricultural University Animal Care and Use Committee (permit no.
SCAU2021b020). The study was performed in positive-pressure high-efficiency particulate
air-filtered stainless-steel isolators with an enclosed and ventilated environment, and feed
and water were provided ad libitum.

2.2. Virus and Animals

ALV-] strain SCAU-HNO6 was a generous gift from Professor Liao of the South China
Agricultural University. The GD-101 strain of CIAV was stored in our laboratory. One-day-
old SPF chicks (White Leghorn), including both hen chicks and cock chicks, were purchased
from Xinxing Dahuanong Poultry Eggs Co., Ltd. (Yunfu, China).

2.3. Animal Experimental Design and Sample Collection

A total of 160 one-day-old SPF chicks were randomly divided into four groups
(40 chicks per group): ALV-J, CIAV, ALV-J+CIAYV, and a control group. Each group was
housed in separate negative-pressure isolators equipped with filtered air systems. ALV-]
mono-infected chickens were inoculated with 10*° TCIDs of the ALV-] strain SCAU-HN06
in 0.2 mL PBS through intraabdominal injection. CIAV mono-infected chickens were in-
oculated with 1 x 10° copy numbers of the CIAV strain GD-101 in 0.2 mL PBS by leg
muscle injection. Co-infected chickens were inoculated with 10%5 TCID5( of ALV-J and
1 x 10° copy numbers of CIAV in 0.2 mL PBS. Mock-infected chickens were inoculated
with 0.2 mL PBS. At 7 days post-infection, three chicks from each group were randomly
selected for the collection of spleens, which were then sent to Genedenovo Biotechnology
Co., Ltd. (Guangzhou, China) for full transcriptome high-throughput sequencing. The
specific treatments are detailed in Figure 1.

2.4. Differentially Expressed mRNA and miRNA

To identify differentially expressed transcripts across samples or groups, the edgeR
package (http://www.bioconductor.org/packages/release/bioc/html/edgeR.html accessed
on 26 November 2024) was used. We identified mRNA and IncRNA with a fold change
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of >2 and a false discovery rate (FDR) of <0.05 in a comparison as significant DEGs, and
miRNA with a fold change of >2 and p < 0.05.
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Figure 1. Workflow of bioinformatics analysis.

2.5. MiRNA Target Prediction

For samples, a triad of computational tools—mireap, miRanda, and TargetScan—were
harnessed to discern miRNA targets. Information pertaining to miRNA sequences and
their respective families was gleaned from the TargetScan online repository (accessible at
http:/ /www.targetscan.org/ accessed on 26 November 2024).

2.6. Construction of the miRNA-Target Network

Expression correlation between the miRNA and target was evaluated using the Pear-
son correlation coefficient (PCC). For the multi-group, pairs with a PCC < —0.7 and p < 0.05
were selected as negatively co-expressed miRNA-target pairs, and all RNAs were differen-
tially expressed.

2.7. Visualization of the miRNA-Target Network

The miRNA-target network was constructed as above, and then visualized using
Cytoscape software (v3.6.0) (http://www.cytoscape.org/).

2.8. Functional Enrichment Analysis

To assess functional enrichment, the Gene Ontology (GO) Biological Processes term
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of mRNAs
in the network were conducted. For circRNA, we performed the functional enrichment
analysis of source genes to study the main functions of these source genes of circRNAs.
GO enrichment analysis provides all GO terms that are significantly enriched in genes
compared to the genome background, and filters the genes that correspond to biological
functions. Firstly, all genes were mapped to GO terms in the Gene Ontology database
(http:/ /www.geneontology.org/), gene numbers were calculated for every term, and
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significantly enriched GO terms in genes compared to the genome background were
defined by a hypergeometric test. Genes usually interact with each other to play roles
in certain biological functions. Pathway-based analysis helps to further understand gene
biological functions. KEGG is the major public pathway-related database (http://www.
kegg.jp/kegg/). Pathway enrichment analysis identified significantly enriched metabolic
pathways or signal transduction pathways in genes compared with the whole genome
background.

3. Results
3.1. Identification of Differentially Expressed miRNAs (DEmiRNAs) and mRNAs (DEmRNASs) in
the Co-Infection of ALV-] and CIAV

Our previous research results indicated that co-infection with ALV-] and CIAV syn-
ergistically causes pathogenicity by enhancing viral replication, resulting in more-severe
immunosuppression than infections with either virus alone [6]. However, the precise molec-
ular mechanisms driving this synergistic effect remain unknown. To investigate further, we
randomly selected three chickens from each experimental group (ALV-], CIAV, ALV-]+CIAV,
and control) at 7 days post-infection and collected spleen samples for comprehensive
transcriptome analysis using high-throughput sequencing.

As illustrated in Figure 1, this strategy was employed to analyze the miRNA-mRNA
target network during the co-infection process with ALV-] and CIAV, with an emphasis
on both synergistic and specific activations. In addressing synergistic activation, we
filtered differentially expressed mRNAs and miRNAs that exhibit synergistic activation
for integrative analysis. For specific activation, differentially expressed, characteristically
activated RN As were selected, and a similar gene network analysis was conducted.

To ensure high-quality data for analysis, it is crucial to filter raw sequencing data to re-
duce noise from invalid entries. In this study, we employed FastP for quality control, remov-
ing low-quality reads to generate clean data for further processing (Supplementary Table S1).
The clean reads were then aligned to the species’ ribosomal database using Bowtie2, with
only perfect matches allowed to eliminate ribosomal sequences. Reads that did not align
were retained for subsequent transcriptomic analysis. Principal component analysis (PCA)
revealed distinct clusters for both single-infection and co-infection groups, confirming that
the miRNA and mRNA data obtained are robust and suitable for downstream analyses
(Figure 2A,D).
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Figure 2. Statistical analysis of differentially expressed RNAs. (A) Principal components analysis
of mRNAs. (B) Differentially expressed mRNAs. (C) Venn diagram of mRNAs. (D) Principal
components analysis of miRNAs. (E) Differentially expressed miRNAs. (F) Venn diagram of miRNAs.


http://www.kegg.jp/kegg/
http://www.kegg.jp/kegg/

Microorganisms 2024, 12, 2453

50f 11

For the differential expression analysis across different RNA types, we identified
significantly differentially expressed mRNAs with an FDR < 0.05 and |1log2FC| > 1, and
miRNAs with p < 0.05 and 1og2FC| > 1. Regarding mRNAs, a total of 749 genes were
downregulated and 507 were upregulated in the ALV-] group compared to the control group.
In the CIAV group, 1342 genes showed downregulation, while 1274 were upregulated.
Meanwhile, the co-infection group exhibited 477 downregulated and 454 upregulated
genes (Figure 2B and Supplementary Table S2). The corresponding results for differentially
expressed miRNAs are illustrated in Figure 2E and Supplementary Table S3.

To identify genes that play a pivotal role during the co-infection process, the strategy
delineated above was employed to analyze differentially expressed genes across com-
parison groups (Figure 2C,F). Among these, there were 1007 mRNAs and 62 miRNAs
synergistically activated during co-infection (Supplementary Table S4). Additionally, 331
mRNAs and 62 miRNAs were found to be specifically activated under co-infection condi-
tions (Supplementary Table S5). To further explore the mechanisms behind these synergistic
and specific activation patterns, miRNA-mRNA interaction networks were constructed,
and functional enrichment analysis was conducted on the overlapping mRNAs.

3.2. Biological Functions of DEmRNAs During Co-Infection with Synergistic Activation

A Sankey diagram was generated to visualize the regulatory interactions between
miRNAs and the top 10 differentially expressed mRNAs (Figure 3A). In addition, we
explored the metabolic pathways associated with the differentially enriched genes. The
analysis revealed that co-infection with ALV-] and CIAV synergistically activates metabolic
pathways linked to the production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in phagocytes (Figure 3B and Supplementary Table S6). Notably, Several
genes, such as FASLG, MX1, and GBP, exhibit notable upregulation under co-infection
conditions, suggesting a heightened oxidative stress response or immune activation. Addi-
tionally, inflammatory markers such as IL18 and IFNG demonstrate differential expression,
with increased activity in certain infection states, reflecting their role in modulating inflam-
mation in response to ROS (Figure 3C).
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Figure 3. Biological functions analysis of DEmiRNAs and DEmRNAs during co-infection with
synergistic activation. (A). Sankey diagram of the top 10 miRNA-mRNA pairs with the highest
significance. (B). Bubble chart of the significantly enriched metabolic processes. (C). Heatmap of key
genes involved in ROS.

GO annotation further identified key functional roles associated with the synergis-
tic activation during co-infection (Supplementary Table S7). The GO analysis indicated
that the most enriched biological processes (BPs) involve biological adhesion and the
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transport of monovalent inorganic cations (Figure 4A). For cellular components (CCs),
membrane-related categories, such as membrane parts and intrinsic components of mem-
branes, were highly enriched (Figure 4B). In terms of molecular function (MF), the differen-
tially expressed mRNAs were primarily involved in transmembrane transporter activities,
including cation, ion, and substrate-specific transmembrane transport (Figure 4C).
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Figure 4. GO analysis of DEmiRNAs and DEmRNAs during co-infection with synergistic activation.
(A). Biological Process. (B). Cellular Component. (C). Molecular Function.

In the KEGG pathway enrichment analysis, we first obtained an overview of the
KEGG pathways enriched with differentially expressed genes. The results revealed that
these genes were primarily concentrated in immune-system-related pathways. Additional
enriched pathways involved amino acid metabolism, transport, and degradation, as well
as signal transduction processes (Supplementary Table S8 and Figure 5A). Further analysis
of specific pathways showed that co-infection with ALV-]J and CIAV significantly enhanced
processes such as protein digestion, absorption, and phagosome formation (Figure 5B).
Pathway correlation analysis identified the phagosome pathway (ko04145) as the most
interconnected with other KEGG pathways (Figure 5C). Overall, these findings suggest
that ALV-] and CIAV co-infection intensifies host immune responses, with the phagosome
pathway playing a particularly prominent role.
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Figure 5. KEGG pathway analysis of DEmiRNAs and DEmRNAs during co-infection with synergistic
activation. (A). Bar chart of the number of KEGG pathways. (B). Bubble chart of KEGG enrichment
results. (C). Network diagram of KEGG pathway correlations.
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3.3. Biological Functions of DEmRNAs During Co-Infection with Specific Activation

Similarly, a Sankey diagram was constructed to depict the regulatory interactions
between the top 10 differentially expressed mRNAs and their corresponding miRNA tar-
gets (Figure 6A). Additionally, we investigated the metabolic pathways associated with
these enriched genes (Supplementary Table S9). The analysis revealed that co-infection
with ALV-] and CIAV specifically activated pathways linked to CoA oxidative metabolism
(Figure 6B). GO annotation further identified key gene functions triggered during co-
infection (Supplementary Table S10). Among the biological processes (BPs), rRNA process-
ing and rRNA metabolic activity were the most significantly enriched (Figure 6C). For
cellular components (CCs), the spliceosomal complex, intracellular ribonucleoprotein com-
plex, and ribonucleoprotein complex exhibited the highest enrichment levels (Figure 6D). In
terms of molecular function (MF), the differentially expressed mRNAs were predominantly
associated with nucleotide phosphodiesterase activity (Figure 6E).
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Figure 6. Biological function analysis of DEmiRNAs and DEmRNAs during co-infection with specific
activation. (A). Sankey diagram of the top 10 miRNA-mRNA pairs with the highest significance.
(B). Bubble chart of the significantly enriched metabolic processes. (C). Biological Process.
(D). Cellular Component. (E). Molecular Function.

In the KEGG pathway enrichment analysis, we first provided an overview of the
KEGG pathways enriched with differentially expressed genes (Supplementary Table S11).
The results showed that miRNAs and mRNAs uniquely activated during co-infection were
also predominantly enriched in immune system pathways. Other significant pathways
included nucleotide metabolism, translation, and signal transduction (Figure 7A). Fur-
ther examination revealed that co-infection with ALV-] and CIAV strongly activated the
hematopoietic cell lineage pathway (Figure 7B). Pathway correlation analysis identified
the metabolic pathway (ko01100) as the most interconnected with other KEGG pathways
(Figure 7C). These findings suggest that ALV-] and CIAV co-infection selectively enhances
host immune responses, with a notable emphasis on metabolic pathways.
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Figure 7. KEGG pathway analysis of DEmiRNAs and DEmRNAs during co-infection with specific
activation. (A). Bar chart of the number of KEGG pathways. (B). Bubble chart of KEGG enrichment
results. (C). Network diagram of KEGG pathway correlations.

4. Discussion

Viral co-infections pose significant challenges, causing substantial economic losses
worldwide in the poultry industry. Recent studies have demonstrated that co-infection
with ALV-] and Marek’s disease virus (MDV) significantly promotes tumor initiation and
metastasis, highlighting its critical role in the pathogenesis of avian diseases [11]. Our
previous studies investigated the pathogenicity and immunosuppressive effects of ALV-]
and CIAV co-infections through both in vitro and in vivo experiments [6]. However, the
key genes and molecular pathways driving these effects remain unclear. In this study, we
collect spleen samples for comprehensive transcriptome analysis using high-throughput
sequencing. To uncover the synergistic and specific activation mechanisms of co-infection,
we analyzed the sequencing data, predicted miRNA-mRNA interactions, and performed
an enrichment analysis on the overlapping mRNAs. The observed synergistic activation
during co-infection implies that while individual viruses can initiate these functions, their
presence together leads to a significant enhancement. Notably, co-infection significantly
influences metabolic pathways associated with reactive oxygen species (ROS) and reactive
nitrogen species (RNS) production in macrophages, activating the differential expression
of related metabolic genes. This finding suggests that the observed synergistic activation
in ALV-] and CIAV co-infection may play a role in immune response regulation through
mechanisms involving oxidative stress.

Viruses exploit ROS and oxidative metabolic pathways to manipulate host immune
responses, significantly influencing infection dynamics [12]. ROS are generated as by-
products of oxidative metabolism in immune cells and serve as signaling molecules
that modulate immune functions [13]. ROS are generated as by-products of oxidative
metabolism in immune cells and serve as signaling molecules that modulate immune func-
tions [14,15]. Numerous studies indicate that increased ROS levels can regulate immune
responses by activating key signaling pathways critical for both innate and adaptive immu-
nity. For instance, viruses like hepatitis B virus (HBV) and other pathogens stimulate ROS
production through mechanisms such as mitochondrial dysfunction and p53 activation,
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thereby affecting immune cell activity and survival [16]. HBV’s manipulation of ROS path-
ways is associated with persistent infections, as it alters the effector functions of immune
cells, including cytotoxicity and cytokine production, which are vital during infections
and cancer development [17]. Additionally, CIAV enhances intracellular ROS through the
apoptin protein, leading to the aggregation of the mitochondrial membrane protein Tom?20
and ultimately triggering pyroptosis [18]. However, research on the role of ROS in ALV-]
infection remains lacking. Furthermore, oxidative metabolism influences the functionality
of key immune cells, such as macrophages and natural killer (NK) cells, which depend on
ROS for activities like phagocytosis and cytotoxic responses [19,20]. The interplay between
ROS and immune pathways, including the metabolic networks associated with phagosomal
processes, underscores the complexity of immune regulation during viral co-infections
involving ALV-J and CIAV.

The specific activation observed during co-infection pertains to functions that are not
induced by either virus independently but are significantly enhanced when both viruses
are present, underscoring the unique effects of co-infection. Our results indicate that
the GO terms enriched by this specific activation include biological processes related to
rRNA metabolism, cellular components associated with ribonucleoprotein complexes,
and molecular functions involving RNA binding, highlighting the importance of rRNA
metabolism in the context of co-infection.

Viral infections can strategically manipulate host ribosomal RNA (rRNA) metabolism
to influence immune responses, promoting both viral replication and evasion of the host
immune system [21,22]. Viral infections can strategically manipulate host ribosomal RNA
(rRNA) metabolism to influence immune responses, promoting both viral replication and
evasion of the host immune system [23,24]. This increased rRNA production supports
the cellular machinery required for synthesizing viral proteins, while simultaneously
compromising the host’s capacity to mount effective immune responses by reallocating
resources toward ribosome production rather than essential immune signaling molecules,
such as interferons [25,26]. To date, no prior research has established a connection between
immune regulation and the modulation of rRNA metabolism in the context of ALV-] and
CIAV infections. Our results suggest that co-infection with ALV-] and CIAV may specifically
activate this process, thereby regulating immune responses through modifications in rRNA
metabolism. This finding offers new insights into the mechanisms underlying the severe
immunosuppression linked to these co-infections and proposes a novel perspective for
understanding how viral interference with ribosomal functions affects host immunity.

5. Conclusions

In conclusion, we conducted a thorough miRNA-mRNA enrichment analysis that
clarified both synergistic and specific activations during the co-infection of ALV-] and CIAV.
Our results suggest that the immune suppression observed in co-infected subjects may be
influenced by increased utilization of ROS and oxidative stress pathways, which affect the
host’s immune responses. Furthermore, co-infection appears to adopt distinct immune
evasion mechanisms through the modulation of rRNA metabolism, in contrast to single
infections. These findings offer novel insights into the molecular underpinnings of immune
suppression during viral co-infection and may help to develop targeted therapies and
improve disease control in poultry, reducing economic losses.
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