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JO! 0&(,&7&6/,*#'&TT)%),*I1,I'#\1.4),1613:/%)'1*11*4)171-"164/,()!
1,1 \[HI*412(41, 1410&(,& 786/, *#'&TT)%),*17%131*4)171-164/,()!1,!
X BIF%%1%!"/%601%):%)0), *1*4)10%/,'/%'1")9&/*& 1,11 7*4TtbAG
64/,()0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBEBBBBBBBBAE

58&(2%)1?B[I2)-/*89)!17%)<2),6&)0117!"/6%)%&/- /182 01"#1: 4#-23B1S4)10/3;-)0!
20)'171%!*4)0)!/,/-#0)01.)%)!-23&,/-161,*), <1 7%131" 1 *41%05)/*3) *!
hp*9%)/%)'qil/, 161,*%1-131')%, I"%1&-)%0Y, 1+ GC$!"&%'OH!61--)6%)'!1,!
THOIX I\ 10%  GA*64BISH))!"&1-1(&6/-1%);-&6/%)01.)%)!&,6-2')'!
&,1)/6410/3;-)BI51%!/10/3;-)01)UB);*1*4)1+GC$!61,*%61-I/#\]!
0/3;-)0H!*4)19/0*13/T1%&*#1171"/6%)%&/-10;)6&)01&, I*4)1(2+1")-1, (1*11*4)!
4#-231589%3&62 R B BBBBBBBBBBBBBBBBBBBBBBBBBBBBBRBBBBBBBBBB!

5&(2%)1?B_0)-/*89)17%)<2),6&)0117!"/6%)%8&/-1;1;2-/*& 1 IME%%6B!S4)10/3;-)0!
20)'171%!*4)0)!/,/-#0)01.)%)!-23&,/-161,*), 91 7%131" 1 *41%05)/*3) *!
hp*9%)/%)'qil/, 161,*%1-131')%, I"%1&-)%0Y, GC$!"&%'0H!61--)6*)'11,!
THOIX I N1 10%  GA*64BIS4%))!"&1-1(&6/-1%);-&6/%)01.)%)!&,6-2')'!
&,1)/6410/3;-)BIN, 13/, #1171*4)10/3;-)OH!.&*41*4))UB):*&1,1171%4)!
+GCSI/#N]I61,*%61-H!"/6%)%&/1&, 1*4)11%') %! p6-10*%&'&/-)0q!3/3)12;!
*4)13/T1%&*#1171"/6%)%&/-&):, 1*4)1-23&,/-161,), *0BIS4)%)!&0Y/-01!
N-19%(0)%;1;2-%&1,11712,3,1.,1"/6%)%&/-10:)6&) OBI$/6%)%&/1&, 1*4)! 1%") %!
R/6*1"/6&4-)013/3)12;IX@c? @r!17!*4)16 1332, &*#H&, 1*4)1*0%6)/*)' I /#]
X 131')9%,1"%1&-)%HI*4)1%06) /%) I H#N] 1+ GCSY/, 1%4)161,*%1-1/#IX !
+GC$!0/3 ;-)0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBERBBBBBBBBBB!



5&(2%)!?BaB4)!")*/1'&9)%08&*#1./016/-62-1*)'1&,|$%dB 26*&0!3)*%&60B!F/6416)--!
61,%/&,01/1$%/#G2%*&0"'&00&3&-/%&* ATHLIRYE! 171" &% '0BIS4)%)!
JOL L1:%%Y9%, 1%4/41)3)%()'1I"/0) 11, 1*06)/*3), *HI"2*1%4) 1+ G C$!"&%'0!
41'-1.)%!'&008&:3&-/%&*#1061%)0!.&*41)/6411*4)%!*4/,I'&'1%4)131) %!
"051&-)%0B!S4&01&, &6/ANI8R.6%1"&13)1171*4)1+GC$!"8&%'0!&0!
31%)!0&3&-/%!*111*4)%!+G CHFRYE4)131")%, 1"%61&-)%0M613;/%)'!
*111*4)%131)%,!"%1& J3BEBBBBBBEBBBBBBBBBBBBBBBBBEHBBBBBBBBBE

58&(2%)!?B¥@HB., 6&;-)1613;1,),*!/,/-#0&011 71*BR6%1"&/1B;108*&1,17%13!/--!
&,'8&9&'2/-1"&%'OHY/--1*06)/*3) *01/,"l/--1%&3)1; 1&,*0B!S4)1%)'16 1-1%)'!
04/;)01%):96)0),*10/3:-)017%13131')%, I"%1&-)%0B!S4)!"-2)!161-1%)'!
04/:)01%);%)0),*10/3;-)0!7%13!+ G C$!"%1&-)%0B!S4)!6&%6-)0!%);%)0),*!
0/3;-)017%13!"8%'01*M6)6)&9) 1*1&:332, 10+*&32-/*1%6#1*96)/*3),*H!
1,1%4)1:-20)01%):9%)0),*10/3;-)0! 7%131"&%'01*4/*194)6)&9)'1*4)161,*%1-H!
1, 0*&32-/*1%#1&,T)6*&1,BI5%131*480178&(2%)!&*18016-)/%*4/*1*4)%6)1&O0!/!
A&(4V)(%))11719/%8&/*&1,1&,1%4)10/3;-)017%13131')%, "% HE BRERERBBBBBBB

58(2%)!?BKXIB;/%&01, 1 17V/-;4/1'&9)%0& ")), #IX Y, 1 #1171 &77)%), *!
0*06/&,01/,'1%9%)/*3),*e61,*%1-1(%12;0B!1)'&/,01/%) | &*RG#H-&.,)0!
1,13)/,01/9%)1&,'&6/*)1"#1*%&/ (- OBBBBBBBBBBBBBBBBBBBBBEBBBBBBBBBBE

58(2%)!?BKSIB3/%#17&(2%)!&--20*%/*&, (164/,()01&, 1/6*&9/*&1,I'2) 1*1
:410;41%-/*&1,164/,()0Y/-1,("*4)16#+1J&.)19)6);*1%!/,'1&,02-&,!
96)6);*1%10&(,/-&, (1:/*4./#1&,1*4)131)%, "% 1&-)%! /#1X"16)6/-1*1,08-B!
P%)),101-&1%%1.01&,'&6/%)1/6*&9/*&1,H!(%)),/04)'1/%%1.01&,'&6/*)!
1%),*&/-1/6*89/*&1,H1%)"1-&,)01&, '&6/%)1&, 48" &*& 1, H ) RLJO4
&,'&6/%)1;1%),*&/-1&, 48" &*&1 H!/, | (Yo)#!1-&,)01&,'&6/*)/,1&, ¥ %/6*&1, 1*4/*!
&01&,91-9)'1&, 1*4)1:/*4 [#1"2*1 1%10)),1&, 1*4)1J&, 13)!/*/1/O!
0&(,&7&6/,*BIN, 1*4)0)1*&002)0H!I0&(,/-&, (1*4%12(41*4)16#*1]&.,)1%)6);*1%!&0!
"/6%89/%)'H!/01&010&(,/-&,(I'1.,0%983!171*4)1&,02-&,1%)6);*1%B!S4)!
=N\I+ JHI0&(,/-&, (1;/*4 J#1&OV)/6*&9/*) HI"2*1/-1,(1*4)I3SWC!

0&(,/-&, (1;/*4.J#1*4)%)1/%)1&,'&6/*&1,0MM*&9/*&1,BIP>V\sI&0!/6*&9)H!

1,1:1%) *&/--#1;410;41%H#-1*&, (1], 1)/6*&9/*&, (1*4) *%6/,06%&; *& 1,
7/6¥1%IM2,B!S4)!SIB}6); *1%!10&(,/-&, (!;/*4 J#1&0!, 1¥10&(,& 7 &6/, *-#!
),%&64)'1.&*48&,14)131)%, "% 1&-)%! /#IX 16)6/-1*1,08-H!&, 161, *%/0*I*1!
*4)1+GC$!'/#1X 16 )6/-1¥1,08-BIW9)%/--HI*4)10&(,/-&, (164/,()01&, 1*4)0)!
"&96'0MN6)6/-1+1,0&-01/*1*4&01+&3)1; 1&, *I/%)1&,'&6/*&9)1 1 7)[142*'1
0&(,/-&,(1/6*&9/*&1,1/-1,(16)%*/&,11)#&332,13)*/"1-&B6\:/*4.[#OH!

1, V1-1631171/6*89/*&1,11716)%*1&, 1*%/,06%8&;*&1,17/6*1Y60M)), 1&,!
+GC$!"&%'0N'/#1X16)6/-1*1,08BBBBBBBBBBBBBBBBBBBBBRRBBBBBBBBBB!

uo



58(2%)!?BKR33/%#178(2%)11710&(,/-&,(!/,1/6*89/*&1,164/,()01&, 1*4)1+GC$!
"&O6'0N'#1X 16)6/-1¥1,08-0B!P%)),101-&'1/%%1.0!&,'&6/)!/6*89/*&1,H!
(%)),1'10 4)'V/%%1.01&,'&6/%)!:1%),*&/-1/6*&9/*&1, H1%)'| &, F0B/*)!
&,4&"8&*&1,H1%)'1/04)'1-&,)01&, '&6/*)!;1%),*&/-1&,4&"&*&1,H!/, | (%6)#!-&,)O!
&,'&6/%)1/,18,%)%/6*&1,1*4/¥1801&,91-9)'1&, 1¥4)L:/*4 J#1"2*1, 1¥10)),1&,!
*4)13&,13)!'/*/1/010&(,&7&6/,*BIN,11;;108*& T 1H1/6*&9/*&1 1/,
N/6%8&9/*&1,10)),1&,1*4)131)%, "%1&-) %0 /#1X 16)6/-1¥1,08-H1*4)%)!&0!
0&(,/-&, (1/6*&I/*&1, 1*4%12(41%4) 1 NIFIO&( /- &, (1;/*4 JHHI-)/'&, (!
*11%4)1/6%&9/*&1,1171*4) %%/ 06%&;*&1,17/6*1%IM2,BIS4) "%/, 06%&;*&1,!
7/6¥1%ILE$!&0Y/-01!/6*88, 1¥4)0)1*&002)0H!.4864!.12-1%89)1*4)!
*0b/,06%&%:1171(),)01),61'&, (171%!;%18&, 7-/33/*1%#16#*1]&,)0B!
+1=VI&0!'&T7)%), *&/--#;410;41%#-1*) HI*412(41%4)183;-&6/+&1,0117!
*4801;410;41%#-1*&1,1%)12,6-)/%B!:1.,0¥%6)/31*/%()*0117!+I=VH!
41.)9)%H102(()0*+1=V!/ 6*&9/*&1,!/,1*4201&,4&"&*&1,117'3SWCH!
16)*#-0G 1+16/%" LU#-I0)H!/, 1*4) 1%/ 06%6&;*&1,17/6* 1 Y lOEF$3+!
&,4&"&*01P>V\s!/6*&9/*&1,HI/,1&,"))"1&, 1*4)0)1*&002)0!P>W\s!'1)0!
L¥U)19%1*11M)1/6*8.9/%) BI52%*4)%31%) H1*4)%)1&010&(,/-&, (1/6*&9&*#!
*49612(41%4)1S16)%)6);*1%10&(,/-&, (1;/*4.[#HY-*412(41*4)1%)/0 195
*4)10))38&, (-#1;/%*&/-1/6*&9/*&1,1*4%12(41*4&O0:/*4.[#196) 3/&,01+11")!
)-26&1*)'BIWQ)%/--1*4)10&(,/-&, (1;/*4./#01&, 1*4&01*&002)!&,'&6/%)131%)!
&332,)108&(,/-&,(1*4/,10)),1&,1*4)131%,1"%1&-)%BBBBBBBBBBBEE@BBBBBBBBB

5&(2%)\BIXBY%! (%/;41041.&, (1*4)1/9)%/().)&(4*01171)/641" 8% 1*#;)1/, "
*0p)[*3), 1)1 *1)/6410/3;-&, (1*&3)); 18, 1&, 1*4)1(%1.112*1:)%&1'BIS4)!
31')9%,1"%61&-)%O0H!/01)U:)6*)'H!(%).1-/% () TBIN%) %! *4/,1*4) -+ G CS!
"&9%6'0BISA)!'&77)%),6)!&,1.)&(4*01")*.)),4496)/*3), *1/,"16 1, *%1-!
"&96'01/013)/02%)'1"#12,;/8%)"1%/&-)'|S1¥)0*1./01 1, -#10&(, &7 &6/, *I&.,!
*4)131)%, "% 1&-)%0L'#N\1; L@4/*6410"), 1*)'1"#1%4)1/0%)%&0IH!
=|@B@iB!S4)!'&77)%),6)1&,UI&J*.)), 1*4)1*0%6)/*3),*1/,161,*061-!
+GC$!"89%'01./0!,)9)%!0&(, &7 &-#'&77)%),*17%131)/6411*4)%BIS4)!
)%%1%!"/%01&,'&6/*)1*4)10%/,'/%'")9& BEEBBBBBBBBBBBBBBBBBBBBBBBBBB

5&(2%)\B?D&(,&7&B/,*1:);*&")01&, 1*4) 1%06)/+3) *1"&%6'0MN0/3;-)016 13;/9%6) 1¥11%4)!
61,*061-1"&%'0MN0/3;-)01.) %6MR*11(),)%/*)1*4)0)10),,I'&/(%/30!
208&,(1*4)1:%1(%/3!0),,#B!S4)!8,&;%1*IN:0!71%!)/64108&(,&7&6/,*!
);*&)18,1)/641" 8% 14#;)1.)%) 1613:/%) 1+ 11&"), *& 7#I0&(,& 7 &6/,
);*&)01&,161331,").)),*4) 1*. 11"&%'*#;)0Y/,'12, &<2)I")*.)), !
*4)1* 11"€9%'1*#)0B!SA&016 1%&01, '€, 1*1%/J)1&,*11/6612, *!
'&T7)%),6)01&, 1*4)'&%)6*&1,1171*4)164/,()&,1;410;41%#-1*&1,H1.4)*4)%!
&,6%)/0)'11%!")6%)/0 B BBBBBBBBBBBBBBBBBBBBBBBBBBEEBBBBBBBBBB

U9é



5&(2%)\B\DD), , I'&/(%/301(),)%/*)'I"#10), #1613;/%&, (1*4)!1-8&0*! 1710&(,&7&6/,*!
);*&)01&, ¥4 #1X 16)6/-1%1,08-1*11*4)1-&O*0I&(, & 7&6/,*1;);*&)01&,!
*4)I'#1XZ16)6/-1¥1,08-0171%!"1+41"8&%'1*#;)01h-) 71+ G CS!"&%'OH! %6 & (4*!
31%,1"%1&-)%!"&YBEGBEBBBBBBBBBBBBBBBBBBBBBBBBBRBRBBBBBBBBE

5&(2%)JB O),,I'&/(%/30'h(),)%/*)'1&,10), #i1613;/%&, (1*4)!-&0*11710&(,&7&6/,*!
);*&)01&, A #IX 1T)T2,231%11%4)1-80%11710&(,&7&6/,*1;);*&)01&, 1*4)!
HIXZIT)T2,23171%!" 1%41"8%'1*#;)01h-) 71+ G C$!" &% '0H!%&(4*131')%,
"%%1&-)%!"&4BPEBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBHBBBBBBBBAE

5&(2%)\B ID),,I'&/(%/301613;/%&, (1*4)!-&0*I11710&(,&7&6/,*1;);*&)01&, I*4)I'/#N]!
6)6/-1¥1,08-1%11*4)1-&0*1 1 710&(, &7 &6/, *1:):*&")01&, 1*4)'/#1\"16)60&-0!
71%!"1*41"8&%'1#;)0h-) 7*1+ G C$!"&%'0H1%6&(4*131") SBQWHAIB!) %!
S4)0)!'&/(%/301.)%)1(),)%/*)'120&., (1*4)!:%1(%/3!0), #EBBBBBBBRBEBBBBBBBB

5&(2%)\BZD),,I'&/(%/301613;/%&, (1*4)!-8&0*11710&(,&7&6/,*1;);*&)01&, I*4)I'/#N]!
T)T2,231*11%4)1-&0*1 1710&(,&7&6/,*1;);*&YDI8#\ 1 T)T2,23171%!
"1*41"&Y%'14)0Ih-) 71+ G C$!"&%'0H1%&(4*131')%, I"%18-)%!"&%'0iB!S4)0)!
'&/(%/301.)%)1(),)%/*)'120&, (1*4)1:%1(%/3!0), #BBBBBBBBBBBBEBBBBBBBBBBE

5&(2%)\B[DCL+!./01&01-/%)'17%13N&, '&9& 2/-I'8%'0M6)6/-1*1,0&-1/,"T) T2,23!
*£002)10/3;-)0Y/,'120)"171%!C8GCB!+,/-#0)0!.)%)!:)%71%3)'120&, (!
96&3)%0!7 1EABHRNEHINR I/, INSL dBIS4)!'/*/1/%)!;%)0),%)'14)%)!
10171-'6B4/,()01")*.)), 1¥4)1%%6)/*3), *1"€&%'0!/, 1*4)161,*%1-H!&B) B!
23")%01(%)/*)%!*4/, 18 '&6/%)1/171-6&,6%)/0)HY/, ") (/*&9)!,23")%0!
&,'&6/%)I171-C 16%)/0)1&,1¥06)/*3) *1613;/%)'1¥1161,*%1-I"€%'0B!51-'
64/,()019/-2)01")*.)),!@/,'1X1.)%)161,9)%*)'1&, *11*4)1%6)6&;%16/-!
)(1*&9)1,23"%BIF%%1%!"/%01&, &6/%)1*4)10%/,' /%) 9&/*&1,117¢*4)1?u
00G*I71-'164/,()BI+11,) CHH+LWO+!./01;)%71%3)'1*11%)0*171%!
0&(,&BE*I'&T7)%),6)01&,1%4)171-164/,()I"#1'#171%)/64164#*1J&,)H!
1,11$1,7)%%1,8161%9%)6*&1,1./0120)'|; 10*14161.4)%)10&(,&7&6/,*!
'&77)%),6)01.)%)1&),*&7&)'BIS4)!1,-#108&(,&7&6/,*'&T7)%),6)!./01*4)!
N5La!)U:%)008&1,1&,1%4)131")%, "% 1&-) %! T) T2,23!1, I'/#1 264V 08 4H!
613;/%)'1*11/--1*4)11*4)%!*&3)!;1&, ‘BBBBBBBBBBBBBBBBBBBBBBEBBBBBBBBB!

U9&



5&(2%)\B_D233/%#17&(2%)1171:/*4./#1/6*8.98&*&)01&, 1*4)131')%, "% 1&-)%!'#!XZ!
6)6/-1*1,0&-H!&,196)0:1,0)1*11*4)1/#1X 1G;P1&, T)6*&1,B!P%)),101-&'!
1%%1.01&,'&6/%)1/6*&9/*&1,HI(%)),/04) 1 /%%1.01&, '&6/)!: 1) *&/-]
16%89/*&1,H!%)'1-&,)01&,'&6/*)1&,4&"&*&1,H1%)'1'/04)'1-&,)01&, ' &6/*)!
1%),%&/-18,4&"&*&1, HY, | (%)#1-&,)01&,'&6/%)1/,1&, *JRA/64/*1 80!
&,91-9)'1&,1%4)1;/*4.[#1"2*1 110)),1&,1¥4)1J&,13)! '/*/1/010&(,&7&6/,*B!
SA)L/*4./#01),%8&64)'1/31,(1*4)108&(,&T&6/,*1;);+&")012,8<2)1¥11*4)!
:10%8, T)6*&1,1%&3):1&,*1/%)1-/%()-#13)*/"1-&61&, ! [2%)HI-)/ &, (1*1!
[-)9%/*&1,01&,'3SWC!/6*&9/*& 1, #B)&/'&-&03H!/,14)U1J&,/0)!
:410;41%#-1*&1,10%/%201.&*412,3,1'1.,0*%)/310&(,&7&6/,6)BIN, !
*4)0)1*&002)01*4)%)!801/6*&9)10&(,/-&, (I'1.,0%%)/31171%4)!1&,02-&,!
9%)6);*1%HI3SWCI&0!&,4&"&*) HI+I=VI&O!; 1%), *&/--#1/6*&9)H!/, '
'1.,0%)/31*/%()*011 71+I=V1/;;) /%1% 1&,7-2),6)1"#1+]=V!
[6*8&9& H#BI+"&*&1,/--#H!*%/ 06%6&.;* LANRIMT-9)'1&, -&; &
3)*/"1-8&031/%)1&,4&"&*)' BIW9)%/--H!&, 1*4&01*&002)1&,196)0; 1,0) 1+ 11*4)1'/#
X1&,T)6*&1,1%4)196)0:1,0)1/;;)/%0!*11")1310%-#13)*/"1-&6!&., !, /* RGB!

58&(2%)\BabD233/%#17&(2%)10&(,/-&,(164/,()0!/31,(1*4)10&(,&7&6/,*1:);*&")0!
2,8<2)*11%4)1+GC$!"&% 0N /#IXZ16)6/-1*1,0&-B!P%)),101-&1/%%1.0!
&,'&6/%)1/6%8&9/*&1,H!(%)),/04)'1/%%1.01&, '&6/*)1;1%), *&/-1/6+&9/*&1,H!
9%)'1-&,)01&,'&6/*)1&,48"&*&1,H1%)'1'/04)'1-&,)01&, ' &6/*)!: 1%) *&/-!
§4&"&*&1,H!/, (%) #1-&,)01&,'&6/*)1/,1&,*)%/6*&1, 1*4/*1&01&,91-9)'1&, 1*4)!
¥4 J#1"2%1 1410)),18,1¥4)1J&, 13)!/*/1/0  10&(,&7&6/,*BIN,1*4)0)!
*8002)0H1&, 161, *06/0*1*11%4)131')%, "% 1&-)%!'/#1XZ16)6/-1*1,08-H!*4)%)!&0!
0&(,/-&, (1/6*&9I&*#161%9%6)0;1,'&, (*11:/YG*BIN*& 1, 1*4%12(41+4)1S16)--]
96)6);*1%!;/*4./#H1/01.)--1/016#+10J)-)*/-196)/%%/,()3),*1/,1716/-1
['4)0&1,B1S4)%)!/%011'1.,0%%)/31&, '&6/*&1,01¥4/*1+=V1&01/6*&9)H!
[-*412(410&(,&7&6/,*:410;41%#-1&1,1171+I=V1./01, 1412, &<2)1*11*4)!
:10%8, T)6*&1,1*&3)!; T8 IW9)%/--HI*4)10&( /- &, (1/6*&9&*&)012,8&<2)I*11%4)!
:10%68, T)6*&1,1*&3)!:1&,*1&, 1*4) 1+ G C$!"&%'0MN6)6/-1*1,0&-01)96)1 3
&,'&6/*89)11718332,)10&(,/-&,(H!.&*41013)!3)*/"1-&6!64/,(BBBBBGEBBBB

Uk



142 1#(

S4)131')%,1"%18-)%!64&6I) B M6)02-*1171Z @ BILTA0)-)6+&9)"%))'&, (171%!
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1*&"1'#1%)0;1,0)01%118,162-/*&1,1.&*4104));1%)'I"-11'6)--01.)%)!0&(,&7 &6/, *-#1-)00!*4/ !
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HI1714/64INSY&/-1Xi11%1/4132-*8&;-)1*&3)1: 1&, *01*4%1 2(412%1%4) *06&/-1:) % &1 HI") (&, ,&(!1,!
*A)'1#1/7%)%14/*641nS%&/-12iBIS4)&%IP+RS!/ 48, /£168.002)01.)%)!*4),10/3;-)')/, '
2*&-&M)'171%1J&,13)1/%%/#!/,/-#0&01*11/00)00!%4)1-)9)-1171&.,/0)!/6*89&*#1&,1J)#!
8&332,13)*/"1-8610&(,/-&, (!;/*4./#OBI+"&*&1 /--#HICSe=GC./01;) %7 1%3) . &*414)!
*8002)10/3;-)01*113)/02%)1*4)1)U;%)00&1,11713)#164*1)&*)0t48&332,)!%)0;1,0)0B!
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S/"-)IXBXI041.01%4))U;)%&3),*/-IN0&(,117!1*480!; %6 T)B1%) ') */&-) 1)U;-/,/+&1,117!
*4)13/%)%8&/-01/,13)*41'01/,1)U;)%&3),*/-) 0&(,171--1.1&,1G4/;%)%012!/,\B !

Day 0: day of hatch, birds

placed in houses, CpG or Day 15 post-hatch: birds

GpC injections weighed, tissue samples

administered to treatment collected from treatment and

and control birds control birds (n=5 from each

respectively group)

Day 12 feed change Day 25 feAed change
Day 3 post-hatch: birds weighed, Day 34 post-hatch: birds
tissue samples collected from weighed, tissue samples
treatment and control birds (n =5 collected from treatment
from each group) and control birds (n =5
from each group) I

Figure XBXDNV9)%/--10233/%#1171*4)1)U;)%&3),*/-)0&(,171%!*4)10&.,(-)!'10)!G;P1*06&/-B!
W,)1&,T)6*&1,1171G;P1*%)/*3),*11%!P;G!61,*%1-!./01/'3&,&0%)%)'
& %6/["13&,/--#11,14) I 1714/*64BIW,102"0)<2),*10/3;-&, (I'#OH! 1"&%'0!
7%131)/641(%12;1.)%)!0/6%&7&6)'!/,1*&002)10/3;-)01.)%)!61--)6%)'1/, !
0*1%)'1/01-&0%)'1&,1S/"-)IXBXB!5))'1./0164/,()'| 7%1G*/%*)%!*11(%1.)%!1,!
VX2 10*GA*64HY, 17%131(%1.) %! THLI7&,804)%!17))' 11, 1/#12° ;10
4/1*64B1$8&9%'01.)%)!/-0110/3;-YI)&(4)!  1,1/"&*&1,/-I'/#0V:10* G4/*64H!
"2%11 -#10/3;-)0!7%131*4)0)1*&3)1;1&,*01.)%)!20)'1 71%!/,/-#0)0B
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Day 0: Day of
hatch, birds
placed in houses

Day 1 post-hatch: birds Day 34 post hatch:
weighed & sampled pre- birds weighed &
injections, CpG and GpC Day 16 post hatch: birds sampled, CpG and GpC
injections administered weighed & sampled 24 injections given to
to remaining birds hours post-injection remaining birds
Day 14 feed change Day 28 feed change
e
v x
Day 2 post-hatch: Day 15 post hatch: birds Day 35 post hatch: birds
birds weighed & weighed & sampled, CpG weighed & sampled 24 hours
sampled 24 hours and GpC injections given to post-injection
post-injection remaining birds |

Figure XBPDN9)%/--10233/%%T1*4)1)U;)%&3),*/-)0&(,171%!*4)132:18)!G;P1*%&/-B!
W,1&, T)6*&1, I'H#OH! 1"€9%'017%131)/641(%12;1.)%)! 7&%0*10/3;-) HI/, 1*4), 1*4)!
96)3/&, &, (1"&%'01.)%)!/'3&,&0%) %) 1*4)1%06)/*3), *11%16 1, *%1-1&, T)6*&1,1/0!
1::%1;%&1%)B1S4),H12]1412%0!-/)%H!"131%) " BUSATH12;!.)%)!
0/3;-)BI>/3;-&,(1/,1%4),1&, T)6*&1,01.)%) 1/-011:)%71%3)'1 1,1 /H#X\HI?[H!
1,12al;10* GA/*64H1/,'10/3;-)01.)%)!/"&*&1,/--#161--)6*)'11,I/#OIX]H!?_H!
1,\@":10* c4/*64B1Y1.)9)%H!"/0)"11,196)02-*017%131%4)! 7 &V4Q DA
*&3)1;1&,*010411&, 1*480178&(2%)1.)%)!0)-)6*)'1*11")120) 1 71%/,/-#OF)B!
J0164/,()'17%1310%/%*)%17)) 1*11(%1.)%!7))' 11,1 /#X]1; L064/*64H!/,
7%131(%1.)%!7))'1¥117&,804)%!7))'11,1'/#?_GAP64B
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S/"-)! XBXDS&002)!0/3;-)0161--)6%)'1/,'1+4)&%!3)*41'01171:9%)0)%9/*&1120)!1 71%1/ #!
'1.,096)/3/,/-#0)01&, "1*41*4)10&,(-)'10)IG;P 1*06&/-1/,'1*4)132-*&1'10)!
G;P1*06&}-B

(>AAF;"ABID?;A"
@BP=

%;@C9:"9G"D<;A;<HB@>

39V=A@<;BI"B=B?JAA

:21"),23H! 5-/04c7%1m),1&,1-&<2&"T | V&,13)1:);*&)%%/#IhT)T2,231/,"!
T)T2,23H1&-)23H| ,&*%1(),HI0*1%) ¢ ®+!G | 6)6/-1*1,08&4i
6)6/-1*1,08-
:21"),23H! =-/6)'1& *1IXI3RI17! SI%()*)'1<=GCl.&*4!;%&3)%0!/,'!
T)T2,3H!&-)23H!| CL+-/*)%H!0*1%)"/*1]IGI7] :%1")0!71%!J)#1&, 7-/33/*1%# 641!
6)6/-1*1,08- 2]1412%0H!*%/,07) % YE\@!
GB
K41-)"-11" | >*196)1,186)12,*&-! =-/03/10);/%/*)112*HI7-/0&7%1m),!&,!
6),*06&72()'1910):/%/%)! | -&<2&",&*%1(),!g!0*1%) /B!
=$IG0I&01-/%)T | >*1%)'1,1&6)12,*&-! =96)0)%09)'1&,!3)'&/!}15$>g:[>WH!
7%13!"-11" 6),*%6&72()'1g!0):/%/*)! | 7%1m),I0-1.-#1&,11%B!5%10%#L/-(),)
64&--JH0*1%) I¢-1@¢!8120)'171%)!
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Figure 2.5: The metabolic activities of peripheral blood mononuclear cells (PBMCs) isolated from treatment and control
modern broilers and treatment and control ACRB birds on day 15 post-hatch were assessed using a Seahorse XFp
Analyzer. A) 200,000 cells/well from both CpG treated and GpC control modern broilers were used for this assay.
The two treatments separated based on both ECAR and OCR values (x and y axes). B) 600,000 cells/well from
both CpG treated and GpC control ACRB broilers were used for this assay. The two treatments did not separate
based on ECAR or OCR.



2.3.4 The qRT-PCR data support the signaling patterns seen in the kinome array
data

To confirm the patterns in immunometabolic signaling seen in the kinome data,
gRT-PCR was performed. The 28s gene was used as the housekeeping gene, and the
expression of interleukin (/L)-1p, IL-6, IFNy and IL-18 was examined in each of the
treatment birds compared to the control birds (Figure 2.6). In the modern broiler day 3
cecal tonsil, /L-1f and IL-6 showed an 8.3 and 5.4-fold increase respectively in the
treatment birds compared to the control birds. /L-18 and IFNy also showed fold increases
in the modern broiler day 3 treatment birds’ cecal tonsil compared to control, though
these fold increases were more modest (2.3 and 1.7 respectively). Interestingly, on day 15
in the modern CpG treatment birds’ cecal tonsil /L-6 and /FNy actually showed a fold-
decrease in comparison to the control birds (1.43 and 1.25-fold decrease respectively).
IL-1p and IL-18 still had higher expression in the treatment birds’ cecal tonsil than the
control birds, although the fold increase of /L-1/ expression was much lower than the
increase seen on day 3. On day 34 in the modern broiler treatment birds’ cecal tonsil
control the /L-18 expression was approximately equal compared to the control birds (1.3-
fold increase) but the expression of all the other cytokines was decreased in the treatment
birds compared to control. The fold change in /L-1/ expression was significantly
different on day 3 post-hatch compared to the fold changes on days 15 and 34.

In the modern broiler birds’ jejunum samples, there was increased /L-1f and /L-
18 expression in the treatment birds compared to the control birds on day 3, but the fold
increases were modest compared to those seen in the cecal tonsil (2.2 and 2.0
respectively). On day 3 the /FNy expression showed the largest fold increase between the

treatment birds and control birds (4.3). IL-6 expression was actually decreased in the
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jejunum of the modern broiler treatment birds on day 3 compared to the control birds
(3.33-fold decrease). On day 15 in the modern broiler jejunum there was increased
expression of /L-1f, IL-18 and IFNy. The IL-6 expression was still lower in the jejunum
of the treated birds than in the control birds’ jejunum. On day 34 in the modern broiler
birds’ jejunum the expression of all cytokines were lower in the treatment birds’ tissues
than the control birds. In the modern broiler jejunum, the fold change in expression of /L-
18 was significantly different between day 3 and 34, and day 15 and day 34.

In the ACRB birds’ cecal tonsil all of the cytokines showed elevated expression in
the treatment birds compared to the control birds, with the exception of /L-1f on day 34.
The fold-increase for all cytokines on all days except /L-1f on day 34 was between 1 and
2.3. In the ACRB birds’ jejunum there was a fold-increase in expression of /L-1/ and
IFNy on day 3, while the other two cytokines actually showed lower expression in the
treatment birds than in the control birds’ jejunum. The fold change in expression of IL-1/
on day 3 was significantly different than the fold change on day 34 post-hatch. The
expression of /F'Ny remained elevated in the treatment birds’ jejunum compared to the
control birds on day 15, but the other three cytokines actually showed lower or
approximately equal expression in the treatment birds compared to control. By day 34,

expression of all four cytokines was lower in the treatment birds than in the control birds.
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Figure 2.6:

PCR fold-change data: Raw Cr values were used for a 2-deltadeltaC
calculation to determine the fold change in expression of each cytokine in
the treatment birds’ tissue samples compared to control. A fold change value
>1 indicates a fold increase in expression in the treatment birds, and a fold
change value <1 indicates a fold decrease in expression in the treatment
birds. To show the trends in gene expression the average expression fold
change for all four genes on each day were averaged together and a
polynomial trend line was generated based on these average values, which
are represented on the secondary y-axis on the right. In the modern broiler
cecal tonsil samples (A), the fold changes in IL-1beta expression on day 3
were significantly different from the fold changes on days 15 and 34 as
determined by ANOVA, followed by a Student’s T test with Bonferroni-
corrected P values (* = P<0.05, ** = P<0.01). There were no significant
differences in cytokine expression by day in the ACRB birds’ cecal tonsils
(B). In the modern broiler jejunum samples (C), the fold changes in IL-18
expression on day 34 were significantly different from the fold changes on
day 3 and day 15. In the ACRB birds’ jejunum samples (D) the fold change
in expression of IL-1beta was significantly different on day 3 when
compared to the fold change on day 34, though not significantly different
from the fold change on day 15. Error bars represent the standard deviation
of the AACr fold changes.
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A two-way ANOVA was also conducted to examine the effects of treatment
(CpG vs. GpC) and strain (modern broiler vs. ACRB) on the ACt value for each of the
four cytokines at all time points in each of the tissue types. ACt was calculated as Cr
(housekeeping gene) - Ct (gene of interest) = ACrt, thus a greater ACt indicates greater
expression of the gene of interest. Strain had a significant effect on the ACt of IL-1p
expression in the cecal tonsil, where the mean ACr was greater in modern broilers than in
ACRBs (Prob>F = 0.0270). Treatment had a significant effect on the ACrof IL-18
expression in the cecal tonsil, where CpG treated birds had greater /L-1/8 ACrt values than
GpC control birds (Prob>F =0.0316). In the jejunum, strain had a significant impact on
the ACrvalues of IL-1p, IL-6 and IL-18 (Prob>F <0.0001, =0.0223, and <0.001
respectively). Modern broilers had greater ACt values than ACRB birds for all three
genes of interest. Treatment had a significant effect on the /L-6 ACt value in the jejunum,
where GpC control birds had greater ACt values than CpG treatment birds (Prob>F =
0.0254). Finally, the interaction of strain and treatment had a significant effect on the /L-
18 ACr values in the jejunum (Prob>F = 0.0262). Modern broilers had greater ACt values
overall than the ACRB broilers. In the ACRB broilers the control birds had greater ACt

values, whereas in the modern broilers the CpG treated birds had greater ACt values.

2.3.5 The microbiome data show high variation in the modern broilers and more
consistency in the ACRB birds

Samples from both bird strains, both treatment and control groups, and two
sampling time points (day 15 and day 34 post-hatch) were collected for microbiome
composition analysis. Microbial DNA was isolated from luminal content samples and
16S sequencing was performed using an Illumina MiSeq. Three biological replicates

were included per group, and their microbial composition data were combined for the
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relative frequency charts (Figures 2.7 and 2.8). When relative frequencies of phyla
present in the samples showed that for a majority of the samples, with the exception of
the ACRB day 34 control samples, the phylum Firmicutes constituted the largest
proportion of phyla present (Figure 2.7). When the relative frequencies of orders were
analyzed, within the phylum Firmicutes a majority of the bacterial species present
belonged to the order Clostridiales (Figure 2.8). In the treated day 15 modern broiler, the
treated day 34 ACRB and the control day 15 ACRB samples bacterial species belonging

to the order Lactobacillales constituted 10-20% of the total bacterial population.
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100 -
Bacteria; Actinobacteria
Bacteria; Bacteroidetes
Bacteria; Firmicutes
Bacteria; Proteobacteria
Bacteria; Unclassified
Bacteria; Unknown
No Hit; No Hit

0- | l

u°‘ g

8 8 8
i

Mean Phylum Abundance

8

(_ot\\(o\ oS (,0““0

‘ ﬂ
n0%°>- Pﬁ‘@

2K ared-
<c€ <se p(,‘\e

ened 2 o““o -
?\055 “055, T P‘"\\a C PL“e‘

ss

Figure 2.7: Relative frequencies of bacterial populations by phylum. The samples used
for these analyses were luminal content from both treatment (“treated”) and
control modern broilers and ACRB birds, collected on days 15 and 34 post-
hatch. Three biological replicates were included in each sample. For all
samples except the ACRB control day 34 samples, the vast majority of
bacterial species in the gut belong to the phylum Firmicutes.
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Figure 2.8: Relative frequencies of bacterial populations by order. The samples used for
these analyses were luminal content from both treatment (“treated”) and
control modern broilers and ACRB birds, collected on days 15 and 34 post-
hatch. Three biological replicates were included in each sample. In many of
the samples, with the exception of the ACRB day 34 control, bacteria in the
order “clostridiales” make up the majority of bacterial species in the luminal
contents. There is also a larger population of unknown bacterial species.
Bacteria in the order Lactobacillales make up 10-20% of the community in
the treated day 15 modern broiler, the treated day 34 ACRB and the control
day 15 ACRB samples.
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Figure 2.9: The beta diversity was calculated in Bray-Curtis metrics. Each cell contains
a Bray-Curtis dissimilarity score for a pair of birds. There was no pattern
that emerged based on treatment, but the ACRB birds had lower
dissimilarity scores with each other than did the modern broilers. This
indicates that the microbiome of the ACRB birds is more similar to other
ACRB birds than the modern broilers’ compared to other modern broilers.

Beta diversity was calculated using Bray-Curtis metrics. This analysis did not

reveal any patterns based on treatment vs. control, but it did suggest that ACRB birds’

64



microbiomes are more similar to each other than those of the modern broilers. The
principle component analysis (PCA) of these data also shows that the modern broilers’
luminal gut microbiome was more varied on an individual basis than that of the ACRB

birds’ (Figure 2.10).
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Figure 2.10: Principle component analysis of the microbial composition from all individual birds, all treatments and all time
points. The red colored shapes represent samples from modern broilers. The blue colored shapes represent
samples from ACRB broilers. The circles represent samples from birds that received the immunostimulatory
treatment, and the pluses represent samples from birds that received the control, non-stimulatory injection. From
this figure it is clear that there is a high degree of variation in the samples from modern broilers.



The ACRB birds’ samples tend to cluster together regardless of sampling time
point and treatment status. This indicates a high degree of similarity in the composition of
the microbiome. The modern broilers samples, however, were more diverse and clustered
further away from each other. There appears to be a separation based on sampling time
point, with later sampling time points clustering further away from the others. There also
appears to be separation based on treatment and control, with treatment samples
clustering more along one axis and control samples along another. There are minimal
differences in alpha diversity between time points within groups or even between groups

based on species level OTUs (Figure 2.11).
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Figure 2.11: Comparison of alpha diversity between day 15 and day 34 of different
strains and treatment/control groups. Medians are indicated by lines and
means are indicated by triangles.

2.4 Discussion
In this study, we injected newly hatched modern broiler and ACRB chicks intra-
abdominally with either the immunostimulatory synthetic oligonucleotide CpG or a

control non-stimulatory nucleotide GpC. The CpG injection affected the growth of the
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modern broiler birds but did not have a significant impact on the ACRB birds’ growth.
Generating an immune response to a pathogen is an energetically costly enterprise, and
this could contribute to the apparent decrease in growth seen in the modern broiler birds
(K. C. Klasing, 2007; Kirk C Klasing et al., 1987). The PCR data support this
observation, as seen in the fold-increase of expression of key inflammatory cytokines in
both the modern broiler birds’ jejunum and cecal tonsil on day 3. However, the
significant differences in weight are not apparent until day 18, nearly three weeks after
the initial injection, though it should be noted that until day 15 birds were weighed as
groups, so no statistics were possible. The ACRB birds’ growth, conversely, was not
significantly impacted by the CpG injection at any time point. As the ACRB birds have
not been intensively selectively bred, they may maintain more metabolic “flexibility” in
terms of even resource allocation between growth and immunity. There is also a disparity
in energy requirements between modern broilers and slow-growing broilers. Havenstein
et al. showed in a 2003 study that both modern broilers and ACRB birds weighed more
when consuming a 2001 diet, compared to modern broilers and ACRB birds fed a diet
formulated based on what a 1957 broiler diet would be (Havenstein, G. B. et al., 2003).
The increase in body weight between the ACRB birds eating the 2001 and the 1957 diets
ranged from a 7.2 to 12.6% increase. In the case of the modern broiler, however, the
increase in body weight on the 2001 diet as compared to the 1957 diet ranged from 21.4
to 32.2% increase. The difference in body weight improvement suggests that the modern
broiler has a higher baseline energy and protein requirement than the ACRB birds, as the
2001 diet had higher levels of both than the 1957 diet. As both bird strains in the current
study ate the same feed, a diet formulated for the modern broiler, it is possible that the

lack of impact on ACRB growth due to the CpG injection was caused by an excess of
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available energy and protein in the diet beyond what the bird would need for growth and
maintenance.

The CpG treatment exerted a more divergent effect on the birds’ cecal tonsil (i.e.
less similarity between strains) than the jejunum at day 15 (Figure 2.2). Pathway analysis
of the kinome data at day 15 in the cecal tonsil showed a limited immune response unique
to the modern birds (Table 2.4). This indicates that there were unique, strain specific
responses occurring in the immunometabolic signaling in the modern broiler birds at day
15, and this was not the case in the ACRB birds. Day 15 post hatch is a vulnerable time
point for modern broiler birds, as this is when disease challenges such as necrotic
enteritis begin to manifest (Cooper et al., 2013; Helmboldt & Bryant, 1971). This is also
the time point when the rate of breast muscle deposition in modern birds continues to
increase relative to other organs, whereas this deposition plateaus at this point in a
heritage bird (Schmidt et al., 2009).

Possibly the cecal tonsil was more distinctly impacted than the jejunum because
the cecal tonsil is home to a concentrated population of lymphocytes (Moral et al., 1998).
By day 15 post-hatch, germinal centers appear in the cecal tonsil and the B-cell
population increases from there with age (Olah et al., 2014). It is likely that lymphocyte
populations in the cecal tonsil are responsible for more of the divergent immune-related
signaling changes seen in the cecal tonsil tissue samples. In the ACRB birds’ cecal tonsil
on day 15, there was increased signaling activity through the PI3k-Akt pathway and the T
cell receptor signaling pathway (Table 2.4). The PI3k-Akt pathway is a key
immunometabolic pathway, and the interactions between this pathway and the mTOR
signaling pathway can determine the fate of an immune cell, such as a T lymphocyte.
Simultaneous activation through the PI3k-Akt pathway, deactivation of mTOR, and

activation of AMPK together leads to the development of regulatory T cells (Gerriets &
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Rathmell, 2012; Michalek et al., 2011). In the ACRB day 15 cecal tonsil, Akt was
phosphorylated on one of its activation sites (Table 2.4). Furthermore, mTOR is
significantly dephosphorylated on its activation sites, indicating that it was not active in
these birds’ cecal tonsil. Another indication was that the downstream phosphorylation
targets of mTOR, Ribosomal protein S6 kinase beta-1 (p70S6K) and eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1) are also significantly
dephosphorylated in the ACRB day 15 cecal tonsil. AMPK was significantly
phosphorylated, as was its downstream target Acetyl-CoA carboxylase in these birds,
although these phosphorylation sites do not have a functional annotation at this time. The
data suggest a mixed immunological response in the ACRB birds cecal tonsil at day 15;
the T cell receptor signaling pathway activation is suggestive of a T lymphocyte
response, but the metabolic data (mTOR deactivation) suggest a regulatory T
lymphocyte. This may suggest the tissue is primed for response but not actively
producing immune effector proteins. These results also suggest the bird is developing
mechanisms to mediate inflammation and maintain homeostasis.

There was also activation through the TLR signaling pathway in the ACRB birds’
day 15 cecal tonsil. The transcription factor AP-1, which is a dimeric protein composed
of Jun and Fos, has been shown to work in concert with NFAT to influence gene
transcription in cells (Macian et al., 2001). AP-1 is activated downstream of Ras and
extracellular signal-regulated kinases (ERK) / c-Jun N-terminal kinases (JNK) signaling,
which are components of the MyD88-dependent TLR signaling pathway (Kawai &
Akira, 2006; Turpaev, 2006). TLR9 signaling is MyD88 dependent, and TLR21 is
thought to be as well (Keestra et al., 2010; Takeda & Akira, 2004). The activity of the
transcription factor NFAT is controlled by a gradient of phosphorylation at different

target sites, and its phosphorylation at these different sites is controlled by kinases such
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as JNK and glycogen synthase kinase (GSK3) (Hogan et al., 2003). In the ACRB birds’
day 15 cecal tonsil there was activation of signaling through this pathway, and this
culminates in activation of Jun at key phosphorylation target sites (Table 2.4). It is
therefore possible that the transcription factors NFAT and AP-1 are working together in
the treated ACRB day 15 cecal tonsil to modulate immune cell responses.

In the modern broiler day 15 cecal tonsil, growth factor receptor-bound protein 2
(GRB2) was phosphorylated at an inhibitory site (Table 2.4). This blocks the association
of GRB2 with son of sevenless (SOS1) to which subsequently blocks Ras and MAPK
signaling (S. Li et al., 2001). This signaling pathway has a role in insulin signaling,
growth factor receptor signaling, and PI3k-Akt signaling and can also be activated by
cytokine signaling, and as well as downstream of B and T cell receptor signaling. This
pathway does not appear to be active in the modern broiler birds’ day 15 cecal tonsil. The
transcription factors that are activated in the ACRB day 15 cecal tonsil (NF-kB, Jun) are
not active in the modern broiler birds’ cecal tonsil, further highlighting a signaling shut
down in this tissue.

Interestingly, mTOR signaling was active in the modern birds as indicated by the
phosphorylation of a downstream target of mTOR activity p70S6K. The tuberin sclerosis
2 (TSC2) protein was also phosphorylated significantly in the modern broiler day 15
cecal tonsil, and this inhibits TSC2 functionality, which means it cannot inhibit mTOR
signaling (Inoki et al., 2002, p. 2). However, despite some activation along the mTOR
pathway, 4E-BP1 was not significantly phosphorylated, and its phosphorylation and
subsequent disassociation from eIF4E is necessary for the initiation of translation.
Activation of mTOR signaling has also been shown to be inhibitory of the PI3k-Akt
signaling pathway as part of a negative feedback pathway, so this may explain decreased

signaling along PI3k-Akt in the modern broiler day 15 cecal tonsil (Harrington et al.,
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2005; Tremblay & Marette, 2001). PI3k-Akt signaling is deactivated in “growth factor
withdrawal”, which is in agreement with the inhibition of signaling seen through GRB2
and is suggestive that there was a lack of growth factor signaling to these cells (H. H.
Zhang et al., 20006).

The direction of metabolic activities of an immune cell can determine its fate and
inflammatory status (C.-H. Chang et al., 2013; O’Neill & Hardie, 2013; Rodriguez-
Prados et al., 2010). Increased OCR is indicative of oxidative phosphorylation, and
increased ECAR 1is indicative of glycolysis. Immune cell fate is partially determined by
cell metabolism; effector T cells exhibit higher rates of glycolysis and depend on glucose
uptake. Regulatory T cells instead rely primarily on fatty acid oxidation for energy and
inhibit glycolytic processes (Michalek et al., 2011). The PBMCs isolated from modern
broilers that were given the CpG treatment demonstrated higher rates of both OCR and
ECAR, which suggests that the cells are more metabolically active than PBMCs from the
control birds. Conversely, in the ACRB birds one cannot distinguish between the
treatment and control birds’ PBMCs based on OCR and ECAR. The seahorse data may
indicate that the ACRB birds’ PBMCs are not impacted by the immunostimulatory
injection, and the response to the injection was localized to the gut tissues and not
systemic in these birds. The injection may have had systemic effects in the modern
broiler birds, which interestingly are suggestive of more metabolic activity in the cells
from the CpG treated birds. However, the difference in cell-seeding density between the
two bird strains may have contributed to the difference seen in cell responses from the
treatment and control birds. What the impact of these metabolic changes on PBMC fate
and function is and how that changes as the birds age remain unclear, as these samples

are representative of only one time point and lack biological replicates.

73



The PCR data also support the idea that the immune system may not be optimally
functional during periods of high growth in the modern birds. Initially on day 3 after the
CpG injection there was a large fold-increase in mRNA expression of potent
inflammatory cytokines in the modern broiler birds’ cecal tonsil as well as the jejunum to
a lesser extent. There was also activation of cell signaling seen in the kinome data, such
as Jak-Stat, TNF-receptor associated factor 2 activation, mTOR signaling, and
phosphorylation of Caspase-1, although at a site not affiliated with a specific activity.
There was also some indication of Nf-kB activity, although the proteolytic cascade
leading to its activation does not appear to be completely activated. All these signaling
events would either contribute to or be downstream of synthesis of pro-inflammatory
cytokines such as IFN-y, IL-18 and IL-1B. CpG drives Thl-type immune responses, and
this may be demonstrated by the increase in /F'N-y expression seen in the cecal tonsil and
jejunum (Zimmermann et al., 1998). By day 15 however, the signaling activity in the
modern broilers’ cecal tonsil has dropped off as seen in the kinome data, and there was
decreased mRNA expression of pro-inflammatory cytokines.

In the ACRB birds, there was activation of Nf-kB on day 3 post-hatch as well as
signaling activation through the PI3k-Akt pathway, and this continued through day 15.
However, there was not the fold-increase in proinflammatory cytokine expression seen on
day 3 post-hatch as in the modern broilers’ tissues. This may indicate that by the time of
the first sampling time point, 3 days post-hatch and post-injection, the change in cytokine
mRNA expression potentially already occurred and returned close to baseline. Indeed, in
mice injected with CpG ODNS, the expression of /F'N-y had returned to baseline levels
within 24 hours of treatment (Krieg et al., 1998). It’s possible that if birds were sampled
closer to the injection, there may be a greater difference in proinflammatory cytokine

mRNA expression between the treatment and control birds. This may also differ from the
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timeline of peak cytokine responses seen in birds treated with CpG later in life, rather
than on the day of hatch (see chapter 3). The differential activation along signaling
pathways seen in the kinome data on day 3, therefore, may be due to alterations in
developing immune cells in response to the CpG treatment. For the first two weeks of
life, before the immune system fully develops, the innate immune system is critically
important to protect broiler chickens from immune threats. There is evidence to suggest
that epigenetic modifications can occur in broiler breeders in response to stimuli, such as
variable light cycles, and feed restriction (Berghof et al., 2013). It has also been shown
that in insects, which lack an adaptive immune system, maternal exposure to a pathogenic
bacteria leads to lower infectivity of the same pathogen in the next generation (Little et
al., 2003). It is possible that similar modifications could occur in the broiler’s innate
immune cells in response to immune stimuli, which may shape their development and
function. Many of the signaling pathways that are involved in regulating immune cell
responses are also involved in regulating growth and development of said cells (Saleiro &
Platanias, 2015); this could be why protein signaling changes occurred without
concomitant cytokine mRNA expression changes.

It is interesting that the increase in /L-6 expression in both the modern broiler and
ACRB treatment birds was limited to the cecal tonsil. The 2-way ANOVA data show that
in the jejunum, the control GpC birds had significantly greater expression of /L-6 than the
CpG treated birds, regardless of bird strain. It has been shown that /L-6 can negatively
influence barrier function in the intestinal epithelial cells, so expression of this interleukin
may be limited in the jejunum to preserve the barrier integrity (Suzuki et al., 2011). It is
also interesting to note that the depression of cytokine expression on day 15 in the
modern broiler birds was limited to the cecal tonsil, and this depression was not seen to

the same extent in the jejunum. This decrease in expression of pro-inflammatory cytokine
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mRNA occurs in tandem with the decrease in signaling through key activation pathways
in the modern birds’ day 15 cecal tonsil such as the JAK-Stat pathway and PI13k-Akt
pathway. This negative impact on cecal tonsil tissues could be due to prioritization of
energy and nutrients for function of the intestinal tissues as a result of breeding for
efficient feed conversion, rather than growth and development of immune cells.

The microbiome analysis data for both the modern broilers and the ACRB birds
indicate that the bacterial species residing in the jejunum of modern broilers and the
intestinal tract of ACRB broilers primarily belong to the phylum Firmicutes.
Furthermore, the vast majority of bacterial species in this phylum belong to the class
Clostridia and the order Clostridiales. This is an ecologically diverse group of bacterial
species and includes both gram-negative and gram-positive bacteria. The most notorious
of these species in the poultry industry is the avian pathogen Clostridium perfringens (C.
perfringens); infection with C. perfringens is one of the contributing factors for the
development of necrotic enteritis. However, members of the Firmicutes phylum also
participate in metabolic processes that are important to chicken gut health, including
butyrate production via fermentation (Sergeant et al., 2014). In three of the treatment
groups (Day 15 modern broiler treatment, Day 34 ACRB treatment, and Day 15 ACRB
control) 20% of the bacterial species identified belong to the order Lactobacillales. This
order includes lactic acid producing bacteria (LAB), which have been used as probiotics
to enhance feed efficiency and immune responses in chickens (Khan et al., 2007; Koenen
et al., 2004). However, studies have shown that in broiler chicken production, certain
bacterial species in the genus Lactobacillus can have detrimental impacts on performance
(T. J. Johnson et al., 2018; Stanley et al., 2016). Positive or negative impacts of specific
bacterial species on performance are important considerations for developing probiotic

and prebiotic therapies, but future work should also consider the impact of bacteria

76



directly on immune function. Bolstering broiler performance will likely not
simultaneously bolster immune functionality, and vice versa.

The microbiome principal component analysis (PCA) data and the beta diversity
also indicate that the modern broiler birds have a less stable, less consistent microbiome
than the ACRB birds. In a similar study, the authors also found significant shifts in the
microbiome composition as chickens aged from 1 week post-hatch to 6 weeks post-hatch,
which suggests this is normal for the course of a modern broiler’s lifetime regardless of
an immune challenge (Oakley & Kogut, 2016). In another study, the authors found
significant shifts in microbiome composition as well as increased diversity indices over
time, without any feed change for the entire duration of the study (Awad et al., 2016).
This indicates that microbiome shifts appear to be an inevitability as the modern broilers
age. It has been posited that the ideal microbiome would be resistant to perturbations and
change over time (Coyte et al., 2015; Lozupone et al., 2012). Stable populations may be
advantageous for gut health as the establishment of a “beneficial” microbiome could
assist the GALT in immune functions (Abt et al., 2012). It is interesting to note that
although the ACRB broilers were eating the same feed as the modern broilers, and
undergoing the same feed changes, their microbiome compositions remained more
consistent throughout the trial period. These data suggest that part of the modern birds’
problems with immune response could be attributable to a loss of the “beneficial” stable
microbiome, something the ACRB birds are potentially able to selectively promote
within their intestinal tissue early in life.

In conclusion, these data indicate that the heritage birds exhibit a more constant
immune response to early injection with CpG, whereas in the modern birds this response
was dynamic as the birds age. Initially, in the modern broiler birds there was robust

activation through immunometabolic signaling pathways and dramatic increases in the
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expression of key inflammatory cytokine’s mRNAs in both the jejunum and the cecal
tonsil. However, at day 15 post-hatch this response seemingly drops off and there was
deactivation through immunometabolic signaling pathways. In the ACRB birds,
conversely, the level and direction of signaling activity in both the jejunum and the cecal
tonsil remains fairly constant, as does the increase in pro-inflammatory cytokine mRNA.
The immune status of modern broilers at approximately two-weeks post-hatch bears
further investigation, as this is a critical age for the birds. Similar to the immune changes
seen in the kinome data, the modern broilers’ microbiome composition was dynamic
throughout the duration of the trial, and even more so in the birds that received the
immunostimulatory treatment. The heritage broilers’ microbiome samples clustered more
closely together throughout the trial, regardless of whether they were from treatment or
control birds. Future work with diet formulations and immune modulating therapies, as
well as further clarification of microbiome’s role in immune response development, could
potentially rescue the lack of immune activation seen in the birds, and this may bolster

their response to disease challenges that manifest around this time.
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Figure 2.12: Summary figure illustrating changes in activation due to phosphorylation
changes along the cytokine receptor and insulin receptor signaling pathway
in the modern broiler day 15 cecal tonsil. Green solid arrows indicate
activation, green dashed arrows indicate potential activation, red lines
indicate inhibition, red dashed lines indicate potential inhibition, and grey
lines indicate an interaction that is involved in the pathway but not seen in
the kinome data as significant. In these tissues, signaling through the
cytokine receptor is deactivated, as is signaling downstream of the insulin
receptor. The PI3k-Akt signaling pathway is deactivated, but along the
mTOR signaling pathway there are indications of activation. GSK3 is
active, and potentially phosphorylating and deactivating the transcription
factor Jun. The T cell receptor signaling pathway is not significantly
enriched within the modern broiler day 15 cecal tonsil, in contrast to the
ACRB day 15 cecal tonsil. Overall, the signaling changes in these birds’
cecal tonsils at this time point are indicative of a shutdown of signaling
activation along certain key immunometabolic pathways, and a lack of
activation of certain transcription factors seen in the ACRB birds’ day 15
cecal tonsils.

79



Cytokine
Receptor

T/B Cell Insulin
Receptor Receptor
: JAK Iﬂ GRB2)
Cell ! 3 Neos
Membrane . 4 Vg
LCK = ITK Fes & O -
8 p 08 as
ZAP70 . N
P Raf
\ Akt €¢—————pPDPK1
p3s ~§~““--\~\\_‘ F 3 MEK
ank ¥ AMPK v
ERK
GSK3p

ACC
TSC1)(TSC2

{

[ cREB | | Jun | |SREBP-1|

Nucleus %

Figure 2.13: Summary figure of signaling and activation changes in the ACRB birds’ day
15 cecal tonsils. Green solid arrows indicate activation, green dashed arrows
indicate potential activation, red lines indicate inhibition, red dashed lines
indicate potential inhibition, and grey lines indicate an interaction that is
involved in the pathway but not seen in the kinome data as significant. In
opposition to the activation and deactivation seen in the modern broilers’
day 15 cecal tonsil, there is signaling activation through the PI3k-Akt
signaling pathway, leading to the activation of the transcription factor Jun.
The transcription factor NF-kB is also active in these tissues, which would
drive the transcription of genes encoding for proinflammatory cytokines.
AMPK is differentially phosphorylated, though the implications of this
phosphorylation are unclear. Downstream targets of AMPK, however,
suggest AMPK activation and thus inhibition of mTOR, acetyl-CoA
carboxylase, and the transcription factor SREBP-1. Akt inhibits GSK3f
activation, and indeed in these tissues GSK3[3 does not appear to be
activated. Furthermore, there is signaling activity through the T cell receptor
signaling pathway, although the reason for the seemingly partial activation
through this pathway remains to be elucidated. Overall the signaling
pathways in this tissue indicate more immune signaling than seen in the
modern broilers.
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Chapter 3

SLOW GROWING BROILER CHICKENS RESPOND TO IMMUNE
STIMULATION WITH B AND T CELL SIGNALING IN GUT PERIPHERAL
IMMUNE TISSUES; FAST-GROWING BROILER CHICKENS RESPOND WITH
INNATE AND METABOLIC SIGNALING

3.1 Introduction

The modern broiler chicken has an extremely high rate of growth, particularly
with respect to the breast muscle tissue, and is highly feed efficient. These attributes have
contributed to the expansion of the poultry industry into one of the largest animal
production industries in the United States, with an estimated value of 31.7 billion dollars
in 2018 (Poultry - Production and Value 2018 Summary 05/23/2019, 2018). In addition
to accelerated growth, however, the birds experience immune deficiencies, possibly as a
byproduct of selectively breeding only for growth (Cheema et al., 2003). Due to the
removal of growth promoting antibiotics from poultry feed formulations, broiler chickens
are now left exposed to disease challenges that the poultry industry has not had to
contend with in the last five decades (Kaldhusdal et al., 2016; Lanckriet et al., 2010). The
removal of antimicrobials from poultry production also presents a human health and
safety concern, as broiler chickens do not mount sufficient immune responses to clear
salmonella infections that would have been rescued by antimicrobial administration
(Abudabos et al., 2016; Vermeulen et al., 2017). It is necessary to understand and address
the modern broilers’ immune response to disease challenges from both an animal welfare

standpoint, as well as a human food safety standpoint.
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In this study, we again used the Athens Canadian Random Bred (ACRB) heritage
broiler breed as the standard against which the modern broiler’s immune responses can
be compared. ACRB birds show more robust antibody immune responses than modern
broilers, whereas modern broilers demonstrate more cell-mediated immune responses
(Cheema et al., 2003). ACRB birds are also better able to cope with stressors (Berrong &
Washburn, 1998). Growth rate and body weight have been shown to impact immune
parameters such as antibody responses, therefore it is interesting to observe immune
responses in a fast-growing and a slow-growing broiler (Yunis et al., 2000, 2002).

In order to study the difference in immune response between the heritage broiler
and its modern counterpart, it is informative to observe the response to a known
immunostimulatory treatment. We again used CpG oligonucleotides (ODN) as the
immunostimulatory compound. /n vitro, CpG ODNs have been shown to drive increased
mRNA expression of proinflammatory cytokines such as interleukin (/L) and
interferon (/FN) y and nitric oxide in HD-11’s, a chicken macrophage cell line (He et al.,
2003). Furthermore, chickens and mice that are treated with CpG and then given a
bacterial challenge, such as Listeria monocytogenes or Salmonella species are protected
from infections and morbidity associated with these bacterial species (He et al., 2005;
Klinman et al., 1999; Krieg et al., 1998). In the current study, modern and ACRB broilers
were injected with CpG ODNs at multiple time points throughout the experimental
period, with the first injection administered the day after hatch. Tissue samples were
collected prior to and 24-hours post-injection to track each broiler’s response to the
immunostimulant after repeated exposures.

To characterize the birds’ responses to the CpG treatment, kinome arrays were
utilized to assess kinase activity along immunometabolic signaling pathways. Kinome

arrays provide a real-time snapshot of the actual activity of kinases in the tissue of
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interest. Kinome analysis of chicken gut associated lymphoid tissue (GALT) and
intestinal tissues at different timepoints throughout the grow-out period provide a clear
picture of the birds’ immune and metabolic response to the repeated CpG treatment. qRT-
PCR was also performed to assess the mRNA expression of key inflammatory cytokines
that are known to show altered expression after stimulation with CpG. Finally, luminal
gut content samples were taken for microbiome sequencing and composition analysis. It
is well understood that the gut microbiome contributes significantly to both metabolism
and feed utilization, as well as the form and function of the gut-associated lymphatic
tissues (Arpaia et al., 2013; S.-H. Kim et al., 2017; Noverr & Huffnagle, 2004; Vrieze et
al., 2012). Furthermore, signals from the host immune system and the nutrients the host’s
tissues make available to the microbiome shape the population dynamics of the gut
microbiome (Reese et al., 2018; Vaishnava et al., 2011). Therefore, it is important to
understand how the gut microbial composition changes in the face of an immune
challenge in these two different bird breeds.

In this study, the modern broilers exhibited more innate immune signaling and
metabolic signaling shifts in response to the repeated treatment with CpG, particularly on
day 15 and day 16 post-hatch and particularly in their cecal tonsils. The heritage broilers,
conversely, exhibited initiation of adaptive immune signaling early in their cecal tonsils.
Adaptive signaling, such as T and B cell receptor signaling, was first seen 24 hours after
the first injection with CpG on day 1, and this signaling continued throughout the trial
period. Over time with repeated injections both bird breeds exhibited decreased responses
to the CpG treatment, though the modern broiler continued to be more impacted by the

CpG treatment than the heritage bird.
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3.2 Materials and Methods

3.2.1 Bird Husbandry

Embryonic day 16 modern broiler eggs were acquired from Pedigree Chicks
(Beaver Creek, PA) and were incubated in Jamesway incubators (Jamesway Incubator
Co. Inc., Cambridge, ON, Canada) at 37.5° C and 60% humidity until day of hatch.
Newly fertilized Athens Canadian Random Bred (ACRB) eggs were shipped from the
University of Georgia Poultry Science Department (Athens, GA). These eggs were
incubated in the same incubator conditions until day of hatch. On day of hatch chicks
were removed from the incubators when dry and placed into 8 small colony houses on the
University of Delaware campus farm (Newark, DE). The houses were equipped with
clean pine shavings, bell waterers, and chick feeders, and the temperature was maintained
at approximately 35° C for the first week of life. Feed and water were provided ad
libitum. Feed composition is presented in Table 5.1 in Appendix B. Birds were changed
from starter feed to grower feed on day 14 and from grower feed to withdrawal feed on

day 28.

3.2.2 Experimental design

Birds in two out of the total eight houses were assigned to one of four groups
(modern broiler CpG treatment, modern broiler GpC control, ACRB CpG treatment or
ACRB GpC control). The birds were given their first injection of either CpG or the
control GpC as a 25-pug injection in 0.2 mL of 0.01 M sterile phosphate buffered saline
(PBS, Sigma Aldrich, St. Louis, MO) 1 day post-hatch. Prior to injections, 5 birds from
each group were sacrificed via cervical dislocation and their tissues were collected for
analyses. Twenty-four hours later, 5 additional birds from each group were sacrificed and

their tissues were collected. This pattern of sampling, injecting, and sampling again was
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repeated on days 13, 14, 15, 16, 27, 28, 29, 30 and 34 and 35 post-hatch. The tissues
collected at each sampling time point included jejunal samples, cecal tonsil samples, and
digesta samples. The tissue samples reserved for kinome analysis were flash frozen in
liquid nitrogen and stored at -80° C until used for analysis. The tissue samples reserved
for RNA extraction and qRT-PCR were preserved in ~1 mL of RNAlater, stored at 4° C
overnight, then moved to -20° C until used for analysis. The digesta samples
(approximately 1 mL total volume) were taken from the jejunal intestinal segments in the
case of the modern broilers, or from the entire length of the intestines in the case of the
ACRB birds. These samples were flash frozen in liquid nitrogen and stored at -80° C

until used for analysis.

3.2.3 Kinome array analysis

Jejunum and cecal tonsil tissue samples included in the analysis were from day 2,
day 15, day 16, day 34, and day 35 post-hatch. The peptide array protocol using PepStar
peptide microarrays from JPT Peptide Technologies GmbH (Berlin, Germany) was
carried out as described previously (Arsenault, et al., 2017) and summarized below with
the following modifications. Approximately 40 mg pieces of tissue were cut and
homogenized by a Bead Ruptor homogenizer (Omni, Kennesaw GA) in 100 pL of lysis
buffer (20 mM Tris—HCI pH 7.5, 150 mM NaCl, 1 mM Ethylenediaminetetraacetic acid
(EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton X-100, 2.5 mM
sodium pyrophosphate, | mM Na3VO4, I mM NaF, 1 ug/mL leupeptin, 1 g/mL aprotinin
and 1 mM Phenylmethylsulphonyl fluoride). All chemicals were purchased from Sigma-
Aldrich, Co. (St. Louis, MO) unless specified otherwise. Arrays were then imaged using
a Tecan PowerScanner microarray scanner (Tecan Systems, San Jose, CA, USA) at 532—

560 nm with a 580 nm filter to detect dye fluorescence. The kinome array images were
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gridded using the GenePix Pro software, and the spot intensity signal was collected as the
mean of pixel intensity using local feature background intensity calculation with the

scanner saturation level set at 50%.

3.2.4 RNA isolation and qRT-PCR

RNA was isolated from the tissue samples (approximately 20mg of tissue) using
the Qiagen RNeasy MiniKit, following the “Purification of Total RNA from Animal
Tissues” protocol provided in the RNeasy mini handbook. The tissues were lysed in a
2mL vial with 1.4mm ceramic beads with 600 pul of buffer RLT in a Bead Ruptor 24
(Omni International, Kennesaw, GA) run on setting 6 for two cycles of 10 seconds. The
rest of the steps in the protocol were followed, and the isolated RNA was eluted into
ultrapure water, and stored at -80 ° C until further analysis. RNA quality was verified by
quantification on a NanoDrop 1000 Spectrophotometer (Thermo Scientific, Waltham,
MA) and gel electrophoresis of the RNA samples on an Invitrogen E-Gel EX 1%
Agarose (Invitrogen, Carlsbad, CA). The RNA was used with the Applied Biosystems
TagMan RNA-to-Ct 1-Step kit following the protocol provided. The primers and probes
for the housekeeping gene and cytokines of interest were ordered from Integrated DNA
Technologies (Coralville, IA). The primers and probes used are listed in Table 2.1. The
PCR was performed on an Applied Biosystems 7900HT Real Time PCR System with a
standard 96-well block. Each sample was run in triplicate. Microbiome extraction and
analyses

Frozen luminal gut content samples were sent overnight on dry ice to RTL
Genomics (Lubbock, TX) for DNA extraction and Illumina MiSeq sequencing. The
primers used for 16s sequencing were 515F (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT). The samples used for microbial diversity analysis
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were from three birds from each group (modern broiler treatment, modern broiler control,
ACRB treatment and ACRB control) on days 15 and 34 post-hatch.

The dataset used for the following analyses were returned from RTL Genomics,
based on samples collected on two time points (day 15 and day 34), from three chickens
for each group (modern CpG treated, modern control, ACRB CpG treated, and ACRB
control). We chose the trimmed-taxa dataset for high confidence in taxonomic
identification, and operational taxonomic units (OTUs) with low confidence were

assigned as “Unknown”.

3.2.5 Bacterial community structure

For the birds given CpG treatment, trimmed-taxa relative abundance data of each
microbiome phylum and order were used for this analysis. The records corresponding to
all the CpG treated birds were selected, where a mean was drawn on the three replicas of
each specific breed, time, and treatment (or control) group. The following analysis was
conducted using Python. The mean values were put together as a “pandas.DataFrame”
(McKinney, 2010). After removing the columns with consistently 0 abundance (meaning
these phyla did not exist in the selected birds). The remaining values were then plotted

using “matplotlib.pyplot.bar” (Hunter, 2007).

3.2.6 Diversity
Trimmed-taxa relative abundance on the species level was used to calculate alpha
diversity, using “skbio.diversity.alpha diversity” (Cock et al., 2009). The results were

visualized using “matplotlib.pyplot.boxplot” for alpha diversity (Hunter, 2007).
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3.2.7 Principal component analysis

Trimmed-Taxa microbial abundance counts at the species level were used for
PCA. Firstly, the records corresponding to all single-CpG-treated birds were selected.
Using “sklearn.StandardScaler” (Pedregosa et al., 2011), the abundance values within
these records were then standardized so that the distribution of species abundances in
each bird has a mean close to 0 and standard deviations close to 1. The standardized
result was stored as a “pandas.DataFrame” (McKinney, 2010). An
“sklearn.decomposition.PCA” (Pedregosa et al., 2011) object is then created and fitted
with the standardized data. This was used to transform the standardized dataset into lower

dimensional.

3.2.8 Statistical analyses

Ross birds’ weights were taken individually, and a one tailed unpaired T test was
used to compare the weights between the treatment and control birds and determine
significant difference, and a P value of <0.05 was considered significant. The ACRB
birds were also weighed individually, and the same analysis was performed. A three-way
ANOVA was also performed to evaluate the effects of sampling day, bird strain (ACRB
vs. modern broiler) and treatment (CpG vs. GpC). These statistical analyses were
performed in JMP (JMP®, Version 14. SAS Institute Inc., Cary, NC, 1989-2019). The
kinome data files were analyzed using the PIIKA 2 peptide array analysis software
(http://saphire.usask.ca/saphire/piika/index.html) (Trost et al., 2013). The resulting data
points were normalized to eliminate variance due to technical variation such as random
variation in staining intensity between arrays or between blocks within an array. Variance
stabilization normalization was performed. There were three biological replicates for
each sample, and the normalized fluorescence data for the three replicates were averaged

together. PIIKA 2 then performed one-tailed T tests to determine the statistical
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significance of the change in phosphorylation at each peptide fragment between the
treatment and the control tissues, generating a fold change and a p-value. Peptides with
fold changes with a P-value < 0.05 were considered statistically significantly
differentially phosphorylated between treatment birds’ samples and control. In the rest of
the chapter the phrase “significant peptides” when used in reference to kinome data will
refer to these statistically significantly differentially phosphorylated peptides. Significant
peptides/protein data was input into the protein-protein interaction database STRING
(Szklarczyk et al., 2015) for interaction analysis and KEGG pathway analysis (Kanehisa
et al., 2016).

For the PCR data analyses the raw Cr values from the qRT-PCR were used in a
AACr calculation to determine fold change of mRNA expression between treatment and
control tissue samples. A one-way ANOVA was conducted to determine if there was a
statistical difference in fold-change of each cytokine in each tissue by day. If there was a
significant difference, a Student’s T test with Bonferroni correction was performed to
identify statistically significantly different fold changes. A two-way ANOVA was also
conducted to determine if strain (modern broiler vs. ACRB) or treatment (CpG vs. GpC),
or their interaction had a significant impact on the ACr (measured as Ct of housekeeping
gene — Cr of gene of interest) for each cytokine. All time points and biological replicates
were considered for this analysis. These statistical analyses were performed in JMP

(JMP®, Version 14. SAS Institute Inc., Cary, NC, 1989-2019).
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3.3 Results

3.3.1 The modern broilers’ final weight is significantly impacted by the CpG
treatment, not the heritage birds

Through the grow-out period of 35 days, the modern birds grew more rapidly than
the ACRB birds and had higher final body weights, as expected. On day 35 post-hatch,
the control modern broilers had an average body weight of 2.18 kilograms, and the
treatment modern broilers had an average body weight of 1.91 kg. This was the only
sampling timepoint at which the difference in body weights between the treatment and
control birds was statistically significant (Figure 3.1). The ACRB birds’ average body
weights on day 35 post-hatch were 0.43 kg for both the control and treatment groups. At
no point during the grow-out period was the difference in weights between control and
treatment ACRB birds significant. A three-way ANOV A was also performed to compare
the effects of sampling day, treatment (CpG vs. GpC) and strain (modern broiler vs.
ACRB) on body weight. Day, strain, the interaction of day and strain, treatment, and the
interaction of strain and treatment all had significant effects on body weight
(Prob>F=<0.001, <0.001, <0.001, 0.0104, 0.0243 respectively). The effect of treatment
was that CpG treated birds weighed less than GpC control birds. The combined effect of
strain and treatment was that modern broilers weighed more than the ACRB birds, and
both the modern broilers and the ACRB birds treated with CpG weighed less than the

respective GpC control birds of each strain.
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Figure 3.1: Bar graph showing the average weights of each bird type and treatment type
at each sampling time point in the grow out period. The modern broilers, as
expected, grew larger and faster than the ACRB birds. The difference in
weights between the treatment and control birds as measured by unpaired 1-
tailed T test was only significant in the modern broilers at day 35 post-hatch
(denoted by the asterisk, P<0.05). The difference in weight between the
treatment and control ACRB birds was never significantly different from
each other. The error bars indicate the standard deviation.

3.3.2 The significant peptides unique to the modern broiler’s day 2 cecal tonsil
show innate signaling, heritage broiler day 2 cecal tonsil shows adaptive
signaling

To characterize the different broilers’ response to the initial CpG injection, we
compared the significant peptides in the treatment birds’ day 2 post-hatch cecal tonsils to
the control birds’ in both the ACRB and the modern birds. We also repeated this

comparison for the day 2 jejuna (Figure 3.2).
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A) ACRB CpG vs. B) Modem broiler CpG vs. C) ACRB CpG vs. D) Modern broiler CpG
GpC cecal tonsil day 2 GpC cecal tonsil day 2 GpC jejunum day 2 vs. GpC jejunum day 2

107 99
(253%) @34%)

Figure 3.2: Significant peptides in the treatment birds’ samples compared to the control birds’ samples were used to generate
these Venn diagrams using the program Venny. The Uniprot IDs for each significant peptide in each bird type
were compared to identify significant peptides in common between the two bird types and unique between the
two bird types. This comparison did not take into account differences in the direction of the change in

phosphorylation, whether increased or decreased.



When the day 2 ACRB and modern birds’ treatment and control samples were
compared, differences in the two strains’ responses to the CpG treatment were observed.
The list of significant peptides in the modern broiler day 2 cecal tonsils was compared to
the list of significant peptides in the ACRB day 2 cecal tonsil, and this comparison was
repeated for the jejuna samples. There were 58 significant peptides that were unique to
the ACRB broilers’ jejuna samples on day 2 (after the first injection) post-hatch,
compared to 199 significant peptides unique to the modern broilers’ jejuna samples
(Figure 3.2). When this analysis was performed using data from the cecal tonsil, there
was not as great a disparity in the number of significant peptides unique to the ACRB
birds’ day 2 samples and the modern broilers’ samples (107 and 99 respectively) (Figure
3.2). To better understand the difference in each tissues’ responses to the CpG treatment,
the significant peptides unique to the ACRB and modern broiler tissue samples were
analyzed using STRING (Szklarczyk et al., 2015) to identify GO Biological processes
(GO Bio) and KEGG pathways (Kanehisa et al., 2016) significantly enriched within the
set of peptides (Tables 3.1, 3.2).
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Table 3.1:

The top 10 GO biological processes and KEGG pathways enriched within

the set of significant peptides unique to the modern broiler day 2 cecal
tonsils identified via STRING analysis. These significant peptides were

found to be unique in the modern broiler day 2 cecal tonsil when compared

Modern broiler day 2 cecal tonsil — GO terms

#pathway
ID

GO0.001631
0
GO0.000716
9

GO0.000646
8

GO0.000679
3

GO0.001064
6

GO0.002305
1

GO0.004308
5

GO0.005112
8

GO0.000679
6

GO0.005124
7

pathway
description

phosphorylation

transmembrane
receptor protein
tyrosine kinase
signaling
pathway

protein
phosphorylation

phosphorus
metabolic
process
regulation of
cell
communication
regulation of
signaling

positive
regulation of
catalytic
activity

regulation of
cellular
component
organization
phosphate-
containing
compound
metabolic
process
positive
regulation of
protein
metabolic
process

to the ACRB day 2 cecal tonsils.

Modern broiler day 2 cecal tonsil - KEGG

pathways
observed false #pathway
protein discovery ID
count rate
30 3.81E-13 5200
25 5.95E-13 4152
26 8.64E-13 4010
35 9.72E-12 4015
42 1.96E-11 4014
41 1.96E-11 4620
30 7.70E-11 = 4932
36 7.70E-11 4151
33 9.70E-11 = 5206
29 2.35E- 30

10

94

pathway
description

Pathways in
cancer
AMPK
signaling
pathway

MAPK
signaling
pathway
Rapl
signaling
pathway
Ras
signaling
pathway
Toll-like
receptor
signaling
pathway
Non-
alcoholic
fatty liver
disease
(NAFLD)
PI3K-Akt
signaling
pathway

MicroRNAs
in cancer

Pentose
phosphate
pathway

observed false

protein discovery
count rate

14 5.54E-08
9 5.15E-07
11 1.83E-06
10 2.20E-06
10 3.44E-06
7 1.59E-05
8 1.59E-05
10 0.000108
7 0.000129
4 0.000159



In the list of significant peptides unique to the modern birds’ cecal tonsils, the
MAPK, Toll-like receptor, and PI3k-Akt signaling pathways are among the top ten
enriched pathways identified (Table 3.1). In the ACRB birds’ cecal tonsils, however, the
KEGG pathways enriched within the set of significant peptides unique to the ACRB day
2 cecal tonsil include more adaptive immune signaling pathways, such as the T and B cell

receptor signaling pathways (Table 3.2).
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Table 3.2:

#pathway
ID

GO0.00100
33

GO.00713
10

GO.00163
10
GO.00708
87
GO.00064
68
GO.00380

95

GO0.00714
95

The top 10 GO biological processes and KEGG pathways enriched within
the set of significant peptides unique to the ACRB broiler day 2 cecal tonsils
identified via STRING analysis. These significant peptides were found to be
unique in the ACRB broiler day 2 cecal tonsil when compared to the
modern broiler day 2 cecal tonsils.

ACRB day 2 cecal tonsil — GO terms

pathway
description

response to
organic
substance

cellular
response to
organic
substance
phosphorylat
ion

cellular
response to
chemical
stimulus
protein
phosphorylat
ion
Fc-epsilon
receptor
signaling
pathway
cellular
response to
endogenous
stimulus

observ  false

ACRB day 2 cecal tonsil - KEGG
pathways

#pathw pathway observ  false

ed discove ay ID description = ed discove
protein  ry rate protein ry rate
count count
37 1.14E- 4660 T cell 9 4.02E-
15 receptor 09
signaling
pathway
33 1.21E- 4662 B cell 8 4.02E-
15 receptor 09
signaling
pathway
24 3.08E- 4917 Prolactin 8 4.02E-
12 signaling 09
pathway
32 3.08E- 4014 Ras 11 5.34E-
12 signaling 09
pathway
21 8.16E- 4012 ErbB 8 1.10E-
12 signaling 08
pathway
13 8.16E- 5205 Proteoglyc 10 6.74E-
12 ans in 08
cancer
23 8.16E- 4722 Neurotroph 8 9.52E-
12 in 08
signaling
pathway
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Table 3.2 continued

GO0.0038093 Fc receptor 14 937E- 4919 Thyroid 8  9.52E-
signaling pathway 12 hormone 08
signaling
pathway
GO0.0045087 innate immune 22 1.02E- 4010 MAPK signaling 10 1.75E-
response 11 pathway 07
GO.0071363 cellular response 19 1.73E- 5162 Measles 8 1.90E-
to growth factor 11 07
stimulus

In looking more closely at the proteins involved in the B and T cell receptor
signaling pathways, there are indications of signaling activation or partial activation
(Table 3.3). The GO Bio terms enriched among the unique significant peptides unique to
the ACRB day 2 cecal tonsil include the cellular response to organic substance (Table
3.2). Within the peptides enriched in this biological process, there are indications of
cytoskeletal rearrangement, as well as lymphangiogenesis and in particular natural killer

(NK) and innate lymphoid cell (ILC) development.
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Table 3.3:

List of significant peptides and summary of their activation statuses unique to the day 2 ACRB cecal tonsil when
compared to the significant peptides in the modern broiler day 2 cecal tonsil and vice versa. The arrows indicate
significantly increased (up arrow) or significantly decreased (down arrow) phosphorylation at a given
phosphorylation target site on a peptide fragment corresponding to the protein indicated. Blue color indicates
inhibition or inactivation, green indicates activation.

Proteins ACRB day 2 cecal Activation status Proteins Modern bird day 2 cecal | Activation status
uniquely tonsil phosphorylation uniquely tonsil phosphorylation
significant at each site significant at each site
BTK -1 Active (Mahajan et al., 2001) CASPS8 J Not inhibited
(Alvarado-Kristensson
et al., 2004a)
FOS J Destabilized by lack of MAP2K3 J Inactive (Raingeaud et
phosphorylation here (Bakiri et al., 1996, p. 3)
al., 2011)
HRAS T Pro-apoptotic (Kinoshita et al., MAP2K4 I Not inhibited, but not
1997) activated (Park et al.,
2002; Schuringa et al.,
2000)
MAP2K2 L d Inactive, cannot interact with Akt | MAPKS J Not active (Dérijard et
(Procaccia et al., 2017) al.,, 1994, p. 1)
MAP3K7 . Inactive, possibly part of negative | RACI1 J Not inhibited (Kwon et
feedback control al., 2000)
(Singhirunnusorn et al., 2005; C.-
Y. Yang et al., 2014)
NFKBI - Stable, not targeted for proteolysis | TLR1 N No activity affiliated

(Lang et al., 2003)
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Table 3.3 continued

for active signaling (Dougherty et al., 2005)

PAK2 J | Phosphorylated transiently in stimulated neutrophils, block TLRS T | Active, response to flagellin (Ivison et al., 2007)
interaction with guanine nucleotide exchange factor (Zhan et al.,
2003)
PIK3API1 | | | No activity affiliated DUSP6 | T | Destabilized, allows for ERK signaling (Jurek et
al., 2009)
PIK3CD | { | Not inhibited, can perform lipid kinase activities CSFIR T - | Activity induced (Rohde et al., 2004)
(Vanhaesebroeck et al., 1999)
PLCG2 T | Phosphorylated downstream of BCR engagement (Y. J. Kim et PPP2CA | | | Not inhibited, could be active (Yokoyama et al.,
al., 2004) 2001)
PRKCQ | T | Active, important in T lymphocyte function (Thuille et al., 2005) | RASSF5 | | | No activity affiliated; protein involved in
lymphocyte adhesion
ZAP70 T | Partial activation (Gong et al., 2001) PFKL -1 | Active (Yugi etal., 2014)
y
FGFR1 J | Not active (Furdui et al., 2006) SIRT1 -1 | Partial activation of enzymatic function (Nasrin
J - | etal, 2009, p. 1)
FLT4 T | Active, required for kinase activity (Salameh et al., 2005) SREBF1 | T | Negative regulation by PKA (Lu & Shyy, 2006)
RABSA | | | Not active, not involved in T lymphocyte migration, would be MAP3KS | T | Active, part of innate immune signaling (Cho et
phosphorylated by ERK (Ong et al., 2014, p. 5) al., 2015)
SHC3 d | No activity affiliated RAF1 J Dephosphorylated by active PPP2CA, allows
{
y




3.3.3 Significant peptides unique to the modern broiler day 2 jejunum show anti-
apoptotic signaling, heritage birds’ day 2 jejunum shows controlled innate

immune response

In the ACRB birds’ day 2 jejunum, the phosphorylation patterns of the significant

peptides involved in the innate immune response GO Bio process and the Toll-like

receptor/PI3k-Akt/Insulin signaling pathways indicate negative feedback and control of

an immune response, specifically negative feedback of the antiviral response (Tables 3.4,

3.6). In the modern broiler’s day 2 jejunum, conversely, much of the signaling activity

corresponds to anti-apoptotic signaling, pro-survival, and immune signaling (Tables 3.5,

3.6).

Table 3.4: The top 10 GO biological processes and KEGG pathways enriched within

the set of significant peptides unique to the ACRB day 2 jejunum as

identified via STRING analysis. These significant peptides were found to be
unique in the ACRB day 2 jejunum when compared to the modern broiler

day 2 jejunum.

ACRB day 2 jejunum - GO Bio Terms

#pathway pathway
ID description
GO.00067 phosphorus
93 metabolic
process

GO.00163 phosphorylat
10 ion

observ
ed
protein
count
19

15

false
discove
ry rate

0.00013

0.00013

100

ACRB day 2 jejunum - KEGG

pathways

#pathw  pathway

ay ID descripti
on

4620 Toll-like
receptor
signaling
pathway

4910 Insulin
signaling
pathway

observ
ed
protein
count
5

false
discove
ry rate

0.00181

0.00333



Table 3.4 continued

GO.0006468 protein
phosphorylation
GO.0006796 phosphate-
containing
compound
metabolic process
GO.0006955 immune response
GO0.0009893 positive regulation
of metabolic
process
GO.0010604 positive regulation
of macromolecule
metabolic process
GO0.0042325 regulation of
phosphorylation

GO.0022407 regulation of cell-

cell adhesion

GO0.0045087 innate immune
response

13

18

15
23

20

14

12

0.000174

0.000239

0.000662
0.00173

0.00173

0.00173

0.00222

0.00222

101

20

5164

5020
1200

4014

4010

4621

5161

Citrate cycle
(TCA cycle)
Influenza A

Prion diseases
Carbon
metabolism

Ras signaling
pathway

MAPK
signaling
pathway
NOD-like
receptor
signaling
pathway
Hepatitis B

(O8]

0.00492

0.00498

0.00633
0.00676

0.0104

0.0136

0.0136

0.0136



Table 3.5:

The top 10 GO biological processes and KEGG pathways enriched within
the set of significant peptides unique to the modern broiler day 2 jejunum
identified via STRING analysis. These significant peptides were found to be
unique in the modern broiler day 2 jejunum tonsil when compared to the
ACRB day 2 jejunum.

Modern broiler day 2 jejunum — GO

Bio terms
#pathw
ay ID

GO.004
5087
GO.005

0776

GO.004
2325

GO.000
9893

GO.001
9220

pathway
descripti
on

innate
immune
response
regulati
on of
immune
response
regulati
on of
phospho
rylation

positive
regulati
on of
metaboli
c
process
regulati
on of
phospha
te
metaboli
c
process

observe
d
protein
count
55

52

61

95

65

false

discover

y rate

4.34E-
27

4.34E-
27

3.48E-
26

8.32E-
26

8.32E-
26

Modern broiler day 2 jejunum —
KEGG pathways
#pathwa pathway

y ID

5200

4010

4151

4722

5205

102

descripti
on

Pathway
s in
cancer
MAPK
signalin
g
pathway
PI3K-
Akt
signalin
g
pathway
Neurotr
ophin
signalin
g
pathway

Proteogl
ycans in
cancer

observe
d
protein
count
32

25

28

18

21

false
discover
y rate

2.19E-
21

9.20E-
17

9.20E-
17

1.82E-
15

6.52E-
14



Table 3.5 continued

GO.001
0604

GO.003
1325

GO.001
0033

GO.000
1932

GO.000
2682

positive
regulati
on of
macrom
olecule
metaboli
c
process
positive
regulati
on of
cellular
metaboli
c
process
response
to
organic
substanc
e
regulati
on of
protein
phospho
rylation
regulati
on of
immune
system
process

82

84

78

56

59

8.28E-
25

1.91E-
24

7.54E-
24

8.96E-
24

1.79E-
23

5206

4015

4014

4620

4910

103

MicroR
NAs in
cancer

Rapl
signalin
g
pathway

Ras
signalin
g
pathway

Toll-like
receptor
signalin
g
pathway
Insulin
signalin
g
pathway

20

15

16

6.52E-
14

1.89E-
13

6.49E-
13

8.92E-
13

2.86E-
12



Table 3.6:  List of significant peptides and summary of their activation statuses unique to the day 2 ACRB jejunum
when compared to the significant peptides in the modern broiler day 2 jejunum and vice versa. The arrows
indicate significantly increased (up arrow) or significantly decreased (down arrow) phosphorylation at a
given phosphorylation target site on a peptide fragment corresponding to the protein indicated. The green
color indicates activation, and the blue indicates deactivation or inhibition.

14!

Proteins ACRB day 2 Activation Proteins Modern broiler day 2 | Activation status
uniquely jejunum status uniquely jejunum
significant phosphorylation at significant phosphorylation at
each site each site
TBK1 ) Not active (X. | BRAF Lo Inhibited
Lietal., 2017) (MacNicol et al.,
2000)
NFIL3 T Inhibited CASP3 T Inhibited
(Kostrzewski et (Alvarado-
al., 2018) Kristensson et al.,
2004a)
ETSI { Not active (B. | CCNE1 l Not destabilized ,
S. Yang et al., cell cycle
1996) proceeding (Won
& Reed, 1996)
NLRP3 T No activity CDK6 I Not inhibited
affiliated (Bertero et al.,
2013, p. 25)
TOLLIP 0 No activity CRK il Inactive (Sriram
affiliated etal., 2015)
GRB2 \’ Not inhibited (S.
Lietal., 2001)
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Table 3.6 continued

Proteins ACRB day 2 Activation | Proteins Modern broiler day 2 | Activation status
uniquely jejunum status uniquely jejunum
significant phosphorylation at significant phosphorylation at

each site each site

GSK3B Tl Activation (L. Song et
al., 2002; D. Zhang et
al., 2011)

HSP90ABI ™ Active, can lead to
apoptosis (Kurokawa
et al., 2008)

IFNAR1 T Active (Kumar et al.,
2004)

IKBKE T Activated, plays a role
in controlling T cell
responses (Junjie
Zhang et al., 2016)

IL7R T Active, (Venkitaraman
& Cowling, 1994, p. 7)

MAP2K4 - Inactive (Schuringa et
al., 2000, p. 6)

MET Tl Partial activation
(Bardelli et al., 1999)

PIK3AP1 { No activity affiliated
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Table 3.6 continued

Proteins ACRB day 2 Activation | Proteins Modern broiler day 2 | Activation status
uniquely jejunum status uniquely jejunum
significant phosphorylation at significant phosphorylation at

each site each site

PIK3CD 0 Lipid kinase activity
inhibited
(Vanhaesebroeck et al.,
1999)

PLCG2 0 Phosphorylated
downstream of BCR
engagement (Y. J. Kim
et al., 2004)

PTEN T Active (Koul et al.,
2002)

TABI1 { (Singhirunnusorn et al.,
2005)

YWHAZ \’ Inhibited (J. Zhou et al.,

2009)




3.3.4 Heritage broilers have an adaptive immune response to CpG injection in
their cecal tonsils, metabolic signaling predominates in modern broilers’
cecal tonsils

Next, tissue samples were collected on days 15 and 16 post-hatch from both
treatment groups in both bird types. Five birds from each group were sampled on day 15,
then the remaining birds given another injection of either CpG or GpC control as
appropriate, and then five more birds from each group were sampled on day 16. Of the
five birds sampled from each group on each day, 3 birds’ tissues were used for the actual
analyses. The list of peptides that were significant prior to injection and the list of
peptides significant after the injection for each tissue and bird type were compared

(Figure 3.3).

A) ACRB day 15 B) ACRB day 16 C) Modern broiler D) Modern broiler
cecal tonsil (pre- cecal tonsil (post- day 15 cecal tonsil day 16 cecal tonsil
injection) injection) (pre-injection) (post-injection)

Figure 3.3: Venn diagrams generated by Venny comparing the list of significant
peptides in the day 15 cecal tonsil to the list of significant peptides in the
day 16 cecal tonsils for both bird types (left ACRB birds, right modern
broiler birds).

107



The CpG injection on day 15 led to a greater number of significant peptides in the
modern broiler day 16 cecal tonsil than in the ACRB day 16 cecal tonsil (191 vs. 83
respectively). The most striking impact of the CpG injection on day 15 is that in the
ACRB birds’ day 16 cecal tonsil, the KEGG pathways enriched within the set of
significant peptides unique to day 16 include adaptive immune signaling pathways. In the
modern birds’ day 16 cecal tonsil, conversely, the pathways enriched in the significant
peptides unique to the post-injection time frame indicate a metabolic response to the

injection (Table 3.7).

Table 3.7:  Top 10 enriched KEGG pathways in the set of significant peptides unique to
day 16 (post-injection) in the modern broiler birds’ cecal tonsils (left) and in
the significant peptides unique to day 16 (post-injection) in the ACRB birds’
cecal tonsils (right).

Top 10 KEGG pathways enriched in  Top 10 KEGG pathways enriched in the
the significant peptides unique to the significant peptides unique to the ACRB day

modern bird day 16 cecal tonsil 16 cecal tonsil
Pathw Pathway Observ False Pathway Pathway Observ  False
ay ID descripti ed gene discove ID description ed gene discove
on count  ry rate count  ry rate
hsa049 Insulin 24 3.20E- hsa0438 8 8.57E-
10 signalin 20 0 Osteoclast 06
g Q1fferentlat
pathway ton
hsa040 MAPK 25 2.23E- hsa04510  Focal 9 1.00E-
10 signalin 14 adhesion 05
g
pathway
hsa051 Epstein- 20 6.81E-  hsa04660 T cell 7 1.10E-
69 Barr 13 receptor 05
virus signaling
infection pathway
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Table 3.7 continued

hsa05200

hsa04931

hsa05161

hsa04152

hsa04922

hsa04380

hsa04211

Pathways in
cancer

Insulin
resistance

Hepatitis B

AMPK
signaling
pathway

Glucagon
signaling
pathway

Osteoclast
differentiation

Longevity
regulating
pathway

16

1.04E-
12

1.20E-
12

4.14E-
12

4.29E-
12

4.78E-
12

5.28E-
12

1.23E-
11

hsa05206

hsa04664

hsa04670

hsa05145

hsa04152

hsa04650

hsa04151

MicroRNAs in
cancer

Fc epsilon RI
signaling
pathway

Leukocyte

transendothelial

migration

Toxoplasmosis

AMPK
signaling
pathway

Natural killer
cell mediated
cytotoxicity

PI3K-Akt
signaling
pathway

10

1.10E-
05

1.28E-
05

1.28E-
05

1.28E-
05

1.48E-
05

1.62E-
05

2.23E-
05

To better understand the immune response to the CpG injection in the ACRB

birds’ cecal tonsils, the phosphorylation statuses of the peptides involved in all of the top

10 KEGG signaling pathways enriched in the set of significant peptides unique to the day

16 cecal tonsil were examined. The phosphorylation patterns suggest potential T cell

receptor signaling activation in the ACRB birds’ day 16 cecal tonsil (Table 3.8). In the
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modern birds’ day 16 cecal tonsil, however, the response to the CpG injection appears to
be metabolic in nature. There is evidence of AMPK activation, increased insulin

signaling, and mTOR inhibition in the modern birds’ day 16 cecal tonsil (Table 3.8).
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Table 3.8:

List of significant peptides and summary of their activation statuses unique to the day 16 ACRB cecal tonsil and

the day 16 modern broiler cecal tonsil. The list of significant peptides in the day 15 cecal tonsil was compared to
the list of significant peptides in the day 16 cecal tonsil to identify significant peptides unique to the post-injection
timepoint. The arrows indicate the direction of phosphorylation (up arrow, phosphorylation, down arrow,

dephosphorylation) at a given phosphorylation target site on a peptide fragment corresponding to the protein
indicated. Blue color indicates inhibition or deactivation, green color indicates activation.

Proteins uniquely | ACRB day 16 Activation status | Proteins uniquely | Modern broiler Activation status
significant cecal tonsil significant day 16 cecal
phosphorylation tonsil
at each site phosphorylation
at each site
FYN ™ Partial activation | ACACA T Inhibited
(Filipp et al., 2003; (Hunkeler et al.,
Mustelin et al., 2018)
1992)
GRB2 \’ Not inhibited (S. | ACACB R No activity
Lietal., 2001) affiliated
JAK1 -1 Active (R. Wang | AKTI Tl Partial activation

et al., 2003)

(G. Yang et al.,
2015)
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Table 3.8 continued

JAK2 -1 Active AKT3 ™ Phosphorylated
(Sathyanarayana et downstream of
al., 2012, p. 1) insulin signaling

(Nakatani et al.,
1999)

MAPK 14 1. Partial activation | BRAF 1T Partial activation
(D. Zhang et al., (MacNicol et al.,
2011) 2000)

PAK2 ) Phosphorylated EIF4EBP1 -4- Not inhibited,
transiently in repressing
stimulated translation
neutrophils, block (Lekmine et al.,
interaction with 2004, p.)
guanine nucleotide
exchange factor
(Zhan et al., 2003)

PLCG2 ) Phosphorylated GRB2 \’ Not inhibited (8.
downstream of Lietal., 2001)
BCR engagement
(Y.J. Kimetal.,

2004)
PPP2CA \s Not inhibited, GSK3B -4 Not inhibited (L.

could be active
(Yokoyama et al.,
2001)

Song et al., 2002;
D. Zhang et al.,
2011)
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Table 3.8 continued

PTK2 1 Active (H.-C. HK 1 d-- No activity
Chen et al., 1996) affiliated
SYK Tl Adhesion HK2 T1- No activity
activation, not affiliated
signaling (M.-Y.
Chang et al., 2012;
Tsang et al., 2008)
NOS2 T Inhibited (Hausel | HKDC1 0 No activity
et al., 2006) affiliated
TGFBRI1 T Active (Wieser et | INSR T Active (Roskoski,
al., 1995) 2017)
VCL 0 No activity MAPKS T Active (Dérijard et
affiliated al., 1994, p. 1)
EZR 1 Inactive (Babich & | MTOR -1 Inactive, (Soliman
Di Sole, 2015) etal., 2010)
JAM3 ) No activity PIK3CD ) Lipid kinase
affiliated inhibited,
phosphorylated
downstream of
TCR signaling
(Vanhaesebroeck
et al., 1999)
ALOX5 T Active (Hanaka et | PIK3CG ™7 Inhibited (Perino

al., 2005)

etal., 2011)
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Table 3.8 continued

CASPS8 \s Not inhibited PKLR -4 No activity
(Alvarado- affiliated
Kristensson et al.,
2004a)
CD44 1 Cell migration PPARGCIA -1 Destabilization,
deactivated (Peck deactivation
& Isacke, 1998) (Puigserver et al.,
2001)
CAPN2 \’ Not inhibited PRKAA1 T No activity
(Shiraha et al., affiliated with
2002) significant
phosphosite,

activation sites are
more
phosphorylated in
treatment than in
control, but not
significantly (P =
0.25) (Puustinen et
al., 2020)
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Table 3.8 continued

ACACB l- No activity PRKABI -1 Anchors protein in
affiliated extranuclear space,
potentially anchors
AMPK alpha
subunit as well
(Warden et al.,
2001)

CAMKK?2 ) Phosphorylated by | PRKAB2 -4 No activity
death-associated affiliated, may be
protein kinase similar to
(Schumacher et al., PRKABI (Z. Chen
2004) et al., 1999)

CPTIA 0 No activity PRKACA ™ Active (Langer et
affiliated al., 2005)

NFATC2 ) No activity PTPNI ) Active,
affiliated phosphorylation

allows for

interaction with
insulin receptor
(Bandyopadhyay
etal., 1997)
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Table 3.8 continued

PTK2B

Inactive (M.
Collins et al.,
2010)

PYGL

No activity
affiliated with
significant
phosphosite

RAF1

RPTOR

RPS6KBI

Dephosphorylated
by active PPP2CA,
allows for active
signaling
(Dougherty et al.,
2005)

Inactive, not
contributing to
mTOR activation
(Frey et al., 2014)

Not active (Feng et
al., 2008)

SOCS3

SREBF1

TSC2

Active (Qasimi et
al., 2006)

Negative
regulation by PKA
(Lu & Shyy, 2006)

Inhibited, would
not inhibit mMTOR
signaling (Inoki et
al., 2002)
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In the jejuna samples, unlike the cecal tonsils, fewer significant peptides are

unique to the day 16 post-injection time period than are common or than are unique to the
pre-injection time period (Figure 3.4). In the ACRB birds, there is an equal number of

significant peptides that are unique to the pre-injection time period and the post-injection

time period.

A) ACRB jejunum day
15 (pre-injection)

B) ACRB jejunum day

206
@156%)

16 (post-injection)

C) Modern broiler
jejunum day 15 (pre-
injection)

D) Modern broiler
jejunum day 16 (post-
injection)

Figure 3.4: Venn diagrams (generated in Venny) comparing the list of significant

peptides in the day 15 jejunum to the list of significant peptides in the day

16 jejunum for both bird types (left ACRB birds, right modern broiler

birds).

117




The top ten enriched KEGG pathways among the significant peptides unique to
the modern birds’ post-injection jejuna samples show more indications of an adaptive
immune response, however, the phosphorylation patterns show suppression of T and B
cell receptor signaling activity (Table 3.9). In the ACRB birds, the significant peptides
unique to the day 16 jejunum are more involved in metabolism and oxidative stress

signaling, though there are indications of immune signaling as well (Table 3.9).

Table 3.9:  Top 10 enriched KEGG pathways in the set of significant peptides unique to
day 16 (post-injection) in the modern broiler birds’ jejunum (left) and in the
significant peptides unique to day 16 (post-injection) in the ACRB birds’
jejunum (right).

Qlpz*;<*=>22*:06/@0A.*") (,2/7&*)*  QU:*;<*=>22*:06/@0A.*") (,2/"&*,)*6/"*
6/7*.,5),8,20)6*- " :6,&".*4) ,B4"6%*6/"*  .,5),8,20)6*: " :6,&".*4),B4"*6%*6/ "*DEFG*

3%&" )*+,(&*&0A*; C7774) 4 3* &0A*;C1"74)4 3¢
H6*(3* term observe false #term term observe false
1J* descripti  d discover ID description d discover
on protein  y rate protein  y rate
count count
/.0<KC T cell 10 3.07E-  hsa0001 Glycolysis / 8 6.71E-
C<* receptor 09 0 Gluconeogene 07
signaling sis
pathway
/.0<K;  PI3K- 14 1.31E-  hsa0401 MAPK 13 6.71E-
# Akt 08 0 signaling 07
signaling pathway
pathway
/.0<KC  Bcell 8 5.45E-  hsa0406 HIF-1 9 6.71E-
CL* receptor 08 6 signaling 07
signaling pathway
pathway
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Table 3.9 continued

/.0<KMLL* Neurotrophin 9 7.41E- hsa04662 B cell 8 6.71E-
signaling 08 receptor 07
pathway signaling

pathway

/.0<K;#L* AMPK 9 7.85E-  hsa05200 Pathways 17 6.71E-
signaling 08 in cancer 07
pathway

/.0<#lL<<* Pathwaysin 15 7.85E-  hsa00052 Galactose 6 1.33E-
cancer 08 metabolism 06

/ .0<KN;<* Insulin 9 1.39E- hsa00500 Starchand 6 1.58E-
signaling 07 sucrose 06
pathway metabolism

/.0<K#;<* Focal 10 1.97E- hsa04064 NF-kappa 8 1.68E-
adhesion 07 B signaling 06

pathway

/.0<#;C;* Hepatitis B 9 1.97E- hsa05162 Measles 9 1.68E-

07 06

/.0<KCL<* Toll-like 8 2.33E- hsa04620 Toll-like 8 2.62E-
receptor 07 receptor 06
signaling signaling
pathway pathway

"rCl 9/ (. -%) . "*6%*6/"*8,)0-*,)7"26,%)*,.*.,3,-0(*,) *+%6/*+,(&*.6(0,) .*

By the time the birds reach the end of the sampling period, days 34 and 35 post-
hatch, the response to the CpG injection decreases, as there are fewer significant peptides
that are unique to the post-injection timepoint in both the modern birds’ and ACRB birds’
cecal tonsils. There is still a larger proportion of the total significant peptides unique to

the post-injection timepoint in the modern birds than in the ACRB birds (Figure 3.5).
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A) ACRB cecal tonsil
day 34 (pre-injection)

C) Modern D) Modern
B) ACRB cecal broiler cecal broiler cecal
tonsil day 35 ) tonsil day 34 tonsil day 35
(post-injection) (pre-injection) (post-injection)

Figure 3.5:

Venn diagrams comparing the list of significant peptides in the day 34 cecal
tonsil to the list of significant peptides in the day 35 cecal tonsils for both
bird types (left ACRB birds, right modern broiler birds). These diagrams
were generated using the program Venny.

In the ACRB birds’ cecal tonsils, the significantly enriched KEGG pathways in

the list of unique significant peptides include only 3-5 proteins that are involved in each

signaling pathway (Table 3.10). Largely, the enriched pathways are involved in fatty acid

oxidation, glucose metabolism, and T and B cell growth (Table 3.11).
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Table 3.10: Top 10 enriched KEGG pathways in the set of significant peptides unique to
day 35 (post-injection) in the modern broiler birds’ cecal tonsils (left) and in
the significant peptides unique to day 35 (post-injection) in the ACRB birds’
cecal tonsil (right).

Oz ;=>4 06/@0A. ") (,2/7&*)6/™  Oh:¥;<*=>P2*:06/@0A.*")(,2/" & )6/ *
.,5),8,20)6%x " 16,&" .*4) ,BA" 66/ *3U&" ()*  .,5),8,20)6 " 16,&" .*4) B4 6/ "

+, (& &0A*1#2°20-*6%) . ,-* DEFG*+,(&*&0A*1#:2720-*6%) . ,-*
006/@0 006/ @OA* P+."(1 QO-."* 006/@0 O06/@0A* P+."(1 QO-."*
A1 J* &".2(,:6,%)* & &,.2%1"  AfJ* J".2(,:6, "& &,.2%1"
protein®  (A*(06"* %)* protein*  (A*(06"*
2%4 ) 6* 2%4 ) 6*
/.0<K;  Autophagy 9 4.73E-  hsa012  Carbon 5 0.0022
K<* — animal 07 00 metabolis
m
/.0<K!  Osteoclast 9 4.73E-  hsa049  Insulin 5 0.0022
R<* differentiati 07 10 signaling
on pathway
/.0<#; HepatitisC 9 4.73E- hsa052  Central 4 0.0022
C<* 07 30 carbon
metabolis
m in
cancer
/.0<#; Kaposi's 10 4.73E- hsa041 @ Peroxiso 4 0.0024
C sarcoma- 07 46 me
associated
herpesvirus
infection
/.0<#L  Pathwaysin 14 5.99E-  hsa005 Amino 3 0.0086
<<* cancer 07 20 sugar and
nucleotide
sugar
metabolis
m
/.0<KC Bcell 7 721E-  hsa040 FoxO 4 0.0094
CL* receptor 07 68 signaling
signaling pathway
pathway
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Table 3.10 continued

/.0<#;CL* Measles

/.0<#;CN* Epstein-Barr
virus
infection

/.0<#;C;* Hepatitis B

/.0<K<CC* HIF-1
signaling
pathway

2.17E-
06

2.35E-
06

2.73E-
06
3.42E-
06

hsa04213

hsa05206

hsa00010

hsa04920

Longevity regulating
pathway - multiple
species

MicroRNAs in cancer

Glycolysis /
Gluconeogenesis
Adipocytokine
signaling pathway

0.012

0.012

0.0127

0.0127

The significant peptides unique to the modern broiler’s day 35 (post-injection)

cecal tonsil are enriched for KEGG pathways including autophagy, osteoclast

differentiation, and viral response associated pathways (Table 3.10). The phosphorylation

patterns in these signaling pathways indicate response to unfolded protein stress. The B

cell receptor pathway is enriched within the set of peptides unique to day 35, but the

signaling patterns are suggestive of inhibition (Table 3.11).
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Table 3.11:

List of significant peptides and summary of their activation statuses unique to the day 35 ACRB cecal tonsil and
the day 35 modern broiler cecal tonsil. The list of significant peptides in the day 34 cecal tonsil was compared to
the list of significant peptides in the day 35 cecal tonsil to identify significant peptides unique to the post-injection
timepoint. The arrows indicate the direction of phosphorylation (up arrow, phosphorylation, down arrow,
dephosphorylation) at a given phosphorylation target site on a peptide fragment corresponding to the protein
indicated. Blue indicates inactivation or inhibition, green indicates activation.

Proteins ACRB day 35 Activation state Proteins Modern broiler | Activation state
uniquely cecal tonsil uniquely day 35 cecal
significant phosphorylation significant tonsil
at each site phosphorylation
at each site
ALDOB { No activity affiliated | BLNK 1 Inactive (Fu et al.,
1998)
CAT d- Inactive (Cao et al., | CAMKK2 0 Phosphorylation
2003) here inhibits
CAMKK
autophosphorylation
(Schumacher et al.,
2004)
CBL . Inactive (Thien et CASPS8 T Inhibited
al., 2010) (Alvarado-
Kristensson et al.,
2004a)
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Table 3.11 continued

CROT \’ No activity affiliated | CDK6 - Not inhibited
(Bertero et al.,
2013, p. 25)

CS 0 No activity affiliated | EIF2AK2 1 Partial enzymatic
activation (Dar et
al., 2005; Taylor et
al., 2001)

FGFR1 ™ Activated, (Furdui et | EIF2AK3 T Activation,

al., 2006, p. 1) inhibition of protein
synthesis (Kebache
etal., 2004, p. 1)

HDAC4 Tl Prevented from EIF2AK4 -1 No activity

leaving nucleus (Y. affiliated with

Zhang et al., 2017), significant

not held in phosphosite

cytoplasm (A. H.

Wang et al., 2000)

HKDCI { No activity affiliated | FOS { Destabilized by lack
of phosphorylation
here (Bakiri et al.,
2011)

HSD17B4 -t No activity affiliated | HKDC1 0 No activity
affiliated
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Table 3.11 continued

IGF2BP1 0 No activity affiliated | HRAS N Inactive, apoptosis
not induced
(Kinoshita et al.,
1997)
MARCKS { Not active, HSP90B1 { No activity
potentially has a role affiliated
in immune cell
migration/infiltration
(C.-H. Chen et al.,
2015)
NTRK]1 -1 Activation (Stephens | IKBKE N Inactive (Junjie
et al., 1994) Zhang et al., 2016)
PDK1 d- Not active (Caohuy | IL23R 0 No activity
etal., 2014) affiliated
PECR 0 No activity affiliated | MLSTS 0 No activity
affiliated
PGMI1 T Active (Gururajet | NCF2 0 No activity
al., 2004) affiliated
PGM3 { No activity affiliated | NFKB2 { Not targeted for
processing (Xiao et
al., 2001)
PRKAA2 0 No activity affiliated | NR1H3 0 No activity
affiliated with
significant
phosphosite
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Table 3.11 continued

PRKAB2 T No activity PDK1 Not active (Caohuy
affiliated, may be etal., 2014)
similar to PRKABI
(Z. Chen et al.,
1999)
PRKARIB l No activity affiliated | PFKFB3 Active, can lead to
increased glycolysis
(Bando, 2005)
STAT3 T Activation (T. L. PIK3AP1 No activity
Song et al., 2018) affiliated
SUCLG2 -1 No activity affiliated | PIK3CD Not inhibited, can
perform lipid kinase
activities
(Vanhaesebroeck et
al., 1999)
PLCG2 Phosphorylated
downstream of BCR
engagement (Y. J.
Kim et al., 2004)
PPARA Inactive (Wood et
al., 2011)
PPARG Targeted for
degradation (Floyd

& Stephens, 2002)
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Table 3.11 continued

PRKCQ

Active, able to
translocate &
participate in TCR
signaling (Thuille et
al., 2005)

RAB7A

unable to traffic to
the membrane
(Shinde & Maddika,
2016)

RHOA

Not inhibited
(Ellerbroek et al.,
2003)

RPS6KBI

Partial activation
(Feng et al., 2008)

SYK

Adhesion activated,
signaling
deactivated(M.-Y.
Chang et al., 2012;
Tsang et al., 2008)

TBK1

Inactive (S. Liu et
al., 2017)

TGFBRI1

Active (Wieser et
al., 1995)




By day 35, the signaling changes in both the ACRB and modern birds’ jejuna are
similar to each other. There were a similar number of significant peptides unique to the
post-injection time point in the ACRB birds and the modern birds (105 and 117
respectively) (Figure 3.6). Among the top 10 enriched KEGG pathways in both tissues
are the MAPK signaling pathway, the Insulin signaling pathway, Pathways in cancer, the

Hepeatitis B signaling pathway, and the PI3k-Akt signaling pathway (Table 3.12).

A) ACRB jejunum B) ACRB jejunum C) Modern broiler D) Modern broiler
day 34 (pre- day 35 (post- jejunum day 34 jejunum day 35

injection) injection) (pre-injection) (post-injection)

162 |
(409%) |

Figure 3.6: Venn diagrams comparing the list of significant peptides in the day 34
jejunum to the list of significant peptides in the day 35 jejunum for both bird
types (left ACRB birds, right modern broiler birds). These diagrams were
generated using the program Venny.
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Table 3.12: Top 10 enriched KEGG pathways in the set of significant peptides unique to
day 35 (post-injection) in the ACRB broiler birds’ jejunum (left) and in the
significant peptides unique to day 35 (post-injection) in the modern broiler
birds’ jejunum (right).

Top 10 KEGG pathways in the

significant peptides unique to ACRB
birds’ day 35 jejunum

#term
ID

hsa0401
0

hsa0438
0

hsa0523
0

hsa0516
1
hsa0493
1

hsa0520
0

hsa0401
4

term
descript
ion

MAPK
signalin
g
pathway
Osteocla
st
different
iation
Central
carbon
metaboli
sm in
cancer

Hepatiti
sB
Insulin
resistanc
e
Pathway
s in
cancer
Ras
signalin
g
pathway

observe
d
protein
count
16

10

10

16

11

false

discover

y rate

5.94E-
10

1.38E-
07

2.08E-
07

2.36E-
07
2.73E-
07

2.79E-
07

8.69E-
07

Top 10 KEGG pathways in the

significant peptides unique to modern

broiler birds’ day 35 jejunum

#term
ID

hsa0401
0

hsa0491
0

hsa0516
7

hsa0516
1
hsa0520
0

hsa0521
5

hsa0516
9

129

term
descript
ion

MAPK
signalin
g
pathway
Insulin
signalin
g
pathway
Kaposi's
sarcoma
associat
ed
herpesvi
rus
infection
Hepatiti
sB
Pathway
S in
cancer
Prostate
cancer

Epstein-
Barr
virus
infection

observe
d
protein
count
18

14

15

13

20

11

13

false
discover
y rate

1.87E-
11

1.87E-
11

2.08E-
11

1.77E-
10
591E-
10

6.95E-
10

3.90E-
09



Table 3.12 continued

hsa0415 PI3K- 13 8.69E- hsa0415 PI3K- 16 4.64E-
1 Akt 07 1 Akt 09
signalin signalin
g g
pathway pathway
hsa0491 Insulin 9 9.50E- hsa0465 IL-17 10 5.76E-
0 signalin 07 7 signalin 09
g g
pathway pathway
hsa0462 Toll-like 8 1.64E- hsa0516 Hepatiti 11 8.24E-
0 receptor 06 0 sC 09
signalin
g
pathway

3.3.7 The cytokine expression data indicate initial robust response that tapers off
In both tissues and both bird types, the expression of proinflammatory cytokines
is increased immediately following the first injection with CpG (Figure 3.7). There are
differences in which cytokines are increased in each tissue, and the degree to which the
expression increases. It is interesting that the increased cytokine expression continues to
the day 15 post-hatch time point in the modern birds’ cecal tonsil, but then following the
injection on day 15 this expression drops off below the control birds. For all other tissues
and time points in both birds the expression of each cytokine is similar to control or
below control birds’ levels. A one-way ANOVA was conducted to identify significant
changes in fold change expression by day. Among all the tissues and cytokines sampled,
only in the modern broiler jejunum was the fold change in IFN-y expression significantly
different. The IFN-y expression on day 2 post-hatch was significantly greater compared

to all other sampling time points.
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Figure 3.7: RNA was isolated from 3 individual birds’ cecal tonsil and jejunum tissue
samples and used for RT-PCR. Analyses were performed using primers for
IL-1B, IL-6, IL-18 and IFN-y. The data are presented here as fold-changes
between the treatment birds and the control, i.e. numbers greater than 1
indicate a fold-increase, and negative numbers indicate a fold-decrease in
treatment compared to control birds. Fold changes values between 0 and 1
were converted into the reciprocal negative number. Error bars indicate the
standard deviation of the 2*-AACt fold change. A one-way ANOVA was
performed to test for significant differences in the fold change by day for
each cytokine, and a Bonferroni correction was used post hoc where
significant differences were identified. The only significant difference was
the IFN-y expression in the modern broiler jejunum on day 2 post-hatch,
compared to all the other time points.
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A two-way ANOVA was also performed to determine the effect of strain (modern
vs. ACRB) and treatment (CpG vs. GpC) on the ACr values of each cytokine measured
from each biological replicate at each time point. In the cecal tonsil, the only significant
interaction was the effect strain had on the expression of /L-6 (Prob>F=0.0042). The
ACRB birds had greater ACt values for /L-6 than the modern broilers. In the jejunum
samples, strain had a significant effect on the ACt values of both /L-1f and IL-6 (Prob>F
=0.0414, <0.001 respectively). The effect of strain on /L-1 was that the ACRB birds had
a larger ACt value than the modern broilers. The effect of strain on /L-6 was the opposite,

as the modern broilers had a larger ACt value than the ACRB birds.
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Modern broiler chickens and ACRB heritage broilers were each given injections
of a synthetic immunostimulatory oligonucleotide, CpG, or a control non-stimulatory
synthetic oligonucleotide at multiple times during the trial from the day after hatch (day
1) to day 34 post-hatch. The modern broilers that received the control GpC weighed
significantly more than those that received the immunostimulatory CpG on day 35 post-
hatch; there was no significant weight difference between the treatment and control
ACRB birds. There was a significant impact of strain, treatment, and a combined effect
of strain and treatment on weight, where birds of both strains given the CpG treatment
weighed less than birds given the GpC control injection. As in the single-dose trial, both
the ACRB and modern broilers were fed a modern diet formulated with enough energy
and protein to meet modern broilers’ growth needs. This diet likely contains energy in
excess of what the ACRB birds’ requirements for growth and maintenance are, which
may be why their growth was less impacted by the CpG treatment. However, the results

of the 3-way ANOVA indicate that the CpG-treated ACRB birds did weigh significantly
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less than the control birds when all sampling time points were considered. The repeated
injections may have caused more resources to be diverted to immune responses in the
ACRB birds, which may have detrimentally impacted growth despite the energy-dense
diet. Innate immune signaling was enriched in the modern broiler cecal tonsil after the
first injection. The modern broilers’ jejunum, however, responded to the treatment with
changes to metabolic signaling pathways. In the ACRB, adaptive immune signaling was
enriched specifically in the cecal tonsils. ACRB jejuna also showed immune signaling
changes in response to the treatment, although there were additionally changes in
carbohydrate metabolism and indications of oxidative and metabolic stress signaling. The
modern broilers’ cecal tonsils showed a consistently greater magnitude of response to the
CpG treatment, with more significant peptides unique to the post-injection timepoint in
the modern birds than the ACRB birds. In the jejunum samples, there was a similar
number of significant peptides unique to the post-injection time point in both the modern
and ACRB birds. After the first injection, both modern and ACRB broilers had increased
mRNA expression of various pro-inflammatory cytokines in both their jejuna and cecal
tonsils in the treatment birds compared to the control birds. After the subsequent
injections, however, the cytokine mRNA expression did not exhibit large changes in
expression between the treatment and control birds.

The cecal tonsils are an important organ in the avian GALT and home to many
lymphocyte populations from which cell-mediated and humoral immune responses could
influence the immune system in the rest of the gastrointestinal tract. The signaling
patterns in the modern broilers’ cecal tonsils on the day after the first injection were
indicative of innate immune signaling. The Toll like receptor (TLR) pathway was
identified as one of the KEGG pathways significantly enriched among the list of

significant peptides unique to the modern broilers’ cecal tonsil on day 2 when compared
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to the ACRB broiler cecal tonsil. TLR signaling is important for generating an innate
immune response, as microbe-associated molecular patterns (MAMPS), i.e. proteins,
lipids and other molecules unique to microbes, are recognized by the TLRs, along with
other pattern recognition receptors (PRRs). In the modern birds’ day 2 cecal tonsil, there
are indications of active TLR signaling; signaling proteins such as specific MAPKs,
RACI1, and the phosphatase DUSP6 all show phosphorylation patterns that would result
downstream of TLR ligation (Table 3.3). When mononuclear cells are isolated from
commercial broiler chicks’ cecal tonsils and treated in vitro with TLR ligands, including
LPS isolated from Escherichia coli (E. coli) O111:B4 and CpG, the stimulation of the
TLRs leads to increased mRNA expression of proinflammatory cytokines such as IFN-y,
IL-1P and IL-6 (Taha-abdelaziz et al., 2016). The broilers treated with CpG in this study
showed similar increases in cytokine mRNA in their cecal tonsils at this first exposure.
There are also indications of non-TLR specific innate signaling, such as activated
receptors that would lead downstream to increased hematopoiesis of innate immune cells
such as monocytes and dendritic cells (Table 3.3). This signaling coupled with the
increased proinflammatory cytokines suggest a primarily innate response, potentially
TLR mediated, occurred in the modern birds’ cecal tonsils the day after the first treatment
with CpG.

In the ACRB birds, conversely, two of the top 10 KEGG pathways significantly
enriched among the peptides unique to the ACRB birds are the B cell receptor signaling
pathway and the T cell receptor signaling pathway, the main cell types that constitute an
adaptive immune response. While there are only 8 and 9 proteins respectively involved in
the pathways identified among the set of significant peptides unique to the ACRB birds’
day 2 cecal tonsil, some of the proteins included are highly specific for either the B or T

cell receptor signaling pathways. The zeta chain associated protein kinase (Zap70), for
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one, is a Src-family kinase that is highly characteristic of T cell receptor signaling, and it
is uniquely significant in the ACRB birds’ cecal tonsil (Fischer et al., 2010). Bruton’s
tyrosine kinase (BTK) is another significant protein unique to the ACRB birds’ cecal
tonsil that is characteristic for B cell receptor signaling. Our data would suggest that there
are populations of B and T cells in the ACRB broilers’ day 2 post-hatch cecal tonsil, as
there are indications of signaling activity that would lead to their activation and
development (Table 3.3).

There are also increases in the proinflammatory cytokine mRNA in the ACRB
birds’ day 2 cecal tonsil, although only /L-1f and IFFN-y showed fold increases. These
fold increases were statistically significantly different from the fold changes in the other
sampling time points. /F'N-y is a proinflammatory cytokine that participates in the Thl
effector cell differentiation process and immune response (Morales-Mantilla & King,
2018). The increase in /FN-y production along with T cell signaling suggest there is the
possibility for this type of response in the ACRB birds’ cecal tonsils. The pro-IL-1
protein needs to undergo cleavage by caspase 1 (Caspl) to be activated (Denes et al.,
2012). Caspl is significantly dephosphorylated in the ACRB day 2 cecal tonsil, though
this is at a site with no downstream implications of the phosphorylation yet elucidated, so
the impact of this Caspl phosphorylation is unknown (Table 3.3).

In the modern broilers’ jejunum on day 2 post-hatch, after the first injection of
CpG, the signaling patterns indicate anti-apoptotic signaling as well as cell-cycle
progression. Specifically, Caspase-3 is inhibited in the modern birds’ jejunum. This
caspase has been linked to neutrophil apoptosis during the contraction of an inflammatory
response (Alvarado-Kristensson et al., 2004b). This caspase can be inhibited by the
mitogen activated protein kinase 14 (p38A), which in the modern broilers’ jejuna is

actually significantly dephosphorylated and therefore deactivated in the treatment birds
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compared to the control (Table 3.6). There is evidence to suggest, however, that p38A is
not actually involved in triggering the neutrophil-specific caspase-3 initiated apoptosis
(Pongracz et al., 1999). Avian species have heterophils rather than neutrophils, but these
cells have a similar function and phenotype to mammalian neutrophils. Potentially, their
apoptosis processes could be controlled by a similar mechanism (Horn et al., 2012). If
that were the case, this would be indicative potentially of increased heterophil longevity
within the modern birds’ jejunum as a response to the CpG. Modern broilers have been
shown to demonstrate robust innate immune responses (Withanage et al., 2004), and the
inhibition of apoptosis and increased cell-cycle signaling potentially specific to
neutrophils may be indicative of that process. However, key parts of heterophil
functionality in response to pathogenic threats are degranulation, phagocytosis, and the
formation of heterophil extracellular trap (HET) formation, similar to neutrophil
extracellular traps (NETs) produced by neutrophils. Degranulation and phagocytosis
ultimately increase apoptosis in neutrophils, although full activation is a tightly regulated
two-step process. Formation of HETs leads to a form of cell death known as ETosis,
though evidence suggests this form of cell death is regulated through CD27-Caspase 8
signaling rather than caspase-3 (Redmond et al., 2011). In response to an injection with
both LPS and corticosterone, circulating heterophils’ morphology changes and the
numbers of immature heterophils in circulation increase, and there were no indications of
increased heterophil apoptosis based on the morphology of the cells (Shini et al., 2008). It
has also been shown in mammalian studies that exposure to corticosterone leads to
increases in the granulocytic cell compartment (Laakko & Fraker, 2002). In response to
in vivo treatment with CpG oligonucleotides, isolated heterophils then showed increased
oxidative burst ex vivo specifically in response to formalin-killed Salmonella enteritidis,

however this effect was not recapitulated when naive heterophils were treated with CpG
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alone in vitro (He et al., 2007). Additionally, polymorphonuclear neutrophils introduced
to a bacteria biofilm undergo apoptosis only after prolonged exposure to the bacterial
biofilm (Meyle et al., 2010). As there was no pathogenic challenge following the CpG
treatment in this experimental design, it is possible that the heterophils are “primed”, but
do not actually initiate the processes of degranulation, phagocytosis, and HET
production. “Primed” neutrophils are less chemotactic and less apoptotic (Cowburn et al.,
2008), but it remains to be understood if this is similar in heterophils. There are known
differences in heterophil activation in chickens of different ages, so this may also impact
signaling at the day 2 post-hatch time point (M. Kogut et al., 2002).

In the ACRB birds’ jejunum, the significant peptides unique to the day 2 ACRB
bird jejunum are suggestive of negative feedback and feedback inhibition of immune
responses. The tank binding kinase 1 (TBK1) is phosphorylated at a site that the
lymphocyte cell-specific protein tyrosine kinase (Lck) would target for phosphorylation
that would lead to inhibition of TBK1 as part of the negative feedback response (S. Liu et
al., 2017). Lck is also phosphorylated on an activation site in these tissues, so the
negative feedback signaling as part of the antiviral response may be ongoing.
Furthermore, nuclear factor interleukin-3 regulated protein (NFIL3) is phosphorylated on
an negative regulatory site (Table 3.6), and this protein is important for the development
of innate lymphoid cells (ILCs) and natural killer (NK) cells (Kostrzewski et al., 2018).
Oral tolerance in the gut immune system is established early on in life, and it is possible
that there is inhibition of hematopoiesis in the ACRB birds’ guts to avoid aberrant
hematopoiesis that could interfere with oral tolerance. It is interesting that in both the
modern and ACRB broiler’s day 2 jejunum the biggest change in cytokine expression as
a result of the injection is a fold-increase in IFN-y expression. CpG treatment is known to

induce IFN-y production in avian PBMCs, and these data raise the question of which
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cells in the avian jejunum are responding in this way to the CpG treatment (He et al.,
2003).

At the day 15/16 post-hatch experimental time point, the pattern seen earlier in the
cecal tonsils is recapitulated, where the response in the ACRB birds mostly resembles
adaptive immune signaling, however the response in the modern birds involves more
metabolic signaling. Additionally, there is a larger number of significant peptides unique
to the day 16 timepoint in the modern birds’ cecal tonsil than the heritage bird. These
data suggest that the impact of the CpG injection on day 15 was farther-reaching in the
modern birds than in the heritage birds. In the ACRB birds’ tissues in the post injection
time point, there is partial activation along the T/B cell receptor signaling pathway and
there is also activation of focal adhesion signaling pathways and cytoskeletal
rearrangement. Focal adhesion and cytoskeletal rearrangement are important for T cell
activation and signaling (Ostergaard & Lysechko, 2005). The non-receptor
protein/tyrosine kinase Pyk2 (PTK2B) is also uniquely significant in the ACRB day 16
cecal tonsil, though it is significantly dephosphorylated at an activation site (M. Collins et
al., 2010). Partial activation along the T cell receptor signaling pathway has been shown
to be a unique downstream signaling profile of regulatory T cells (Helling et al., 2015, p.
4). The phosphorylation patterns seen in the ACRB day 16 cecal tonsil may be indicative
of the development of regulatory T cells in response to the CpG injection, though more
work is needed to further characterize this cell population if present.

The metabolic state of immune cells has also been shown to directly influence
their activation and differentiation. In the case of the ACRB birds’ day 16 cecal tonsil,
mTOR is significantly dephosphorylated on its activation sites, but the ribosomal protein
S6 kinase beta-1 is significantly phosphorylated on an activation site (Table 3.8), where it

would be phosphorylated by active mTOR (Saitoh et al., 2002). However, this
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phosphorylation can be accomplished by other kinases, such as the 3-phosphoinositide
dependent protein kinase PDK1, so it is still possible that mTOR is inactivated in these
tissues. There is also evidence of the TGF-B receptor binding to its ligand in these
tissues. The combination of TGF-f ligand binding, T cell receptor activation, and mTOR
inhibition could be indicative of the generation of regulatory T cells (Tregs) (Delgoffe et
al., 2009; Ghiringhelli et al., 2005). Tregs are important modulators of inflammatory
responses, and especially so in the intestinal environment where there are large
populations of commensal bacteria and undue inflammation could be damaging to the
surrounding tissues. These data suggest that the ACRB broilers are generating regulatory
T cells to temper inflammation in response to the CpG treatment given on day 15 post-
hatch. The PCR data support the potential for a regulatory environment, as there are no
increases in expression of the pro-inflammatory cytokines in response to the day 15
injection.

In the modern birds’ cecal tonsils after the day 15 injection metabolic signaling
pathways are enriched in the significant peptides unique to the post-injection timepoint
on day 16. The B subunit of the 5’-AMP-activated protein kinase AMPK is significantly
phosphorylated on a target site that plays a role in AMPK localization and confers the
potential for activation. Acetyl-CoA carboxylase (ACC1) is also significantly
phosphorylated on an inhibitory site, which would be targeted by AMPK activity to block
energy consuming processes such as fatty acid synthesis, the rate-limiting step of which
is catalyzed by ACC1 (Table 3.8). mTOR is also inhibited in these tissues, but there is
activation of insulin signaling. These metabolic shifts indicate that there could be a need
in these cells for increased cellular energy. AMPK is a master energy sensor in cells and
is activated when cells sense a high AMP: low ATP ratio (Long & Zierath, 2006). Part of

AMPK’s response to low cellular energy is to inhibit processes that consume energy,
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such as protein synthesis, so AMPK inhibits mTOR activation. The regulatory associated
protein of mTOR (RPTOR) is a regulatory protein that controls mTOR activation and in
these tissues it is significantly dephosphorylated at a site that would be phosphorylated by
JNKI in response to oxidative stress (Table 3.8) (Kwak et al., 2012). This JNK 1
mediated phosphorylation of Raptor in response to stress would lead to mTOR activation,
and the significant dephosphorylation of Raptor in the modern birds’ day 16 cecal tonsils
could indicate further inhibition of mTOR activation. The metabolic changes seen in the
modern birds’ cecal tonsils without the context of activation of immune signaling, which
was seen in the heritage birds’ day 16 cecal tonsil, could suggest there are inadequate
energetic resources available to the immune cells residing in the cecal tonsil. Immune
responses are energetically costly enterprises, and the genetic programming of the highly
selectively bred modern broiler chicken may direct resources to growth preferentially
over immune responses (Rauw et al., 1998). The negative impact on growth suggests that
resources could have been diverted away from growth and muscle deposition in the
modern broilers given the CpG treatment. The kinome data suggest, though, that the
immune cells may still be energetically deprived. This raises the question if the delta
between the energetic demands of growth and sufficient immune responses is still quite
wide, despite the birds eating an energy-dense modern diet. The other factors to consider
are sickness behaviors the birds might exhibit as a result of activation of the HPA-axis,
which would include decreased food consumption, as well as any other stressors the birds
may have encountered such as heat stress. The cytokine mRNA expression on day 16
supports the kinome data as the expression drops off considerably compared to the data
from day 15, and actually drops below control. What remains to be understood is why
cytokine expression was still elevated on day 15 post-hatch. The birds did receive another

CpG injection on day 13 post-hatch, and Vleugels et al. observed a time delay associated
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with CpG treatment in avian species (Vleugels et al., 2002). It could be that the increased
expression on day 15 is in response to the day 13 injection.

Counter to the apparent metabolic shifts in the modern birds’ cecal tonsils in
response to the day 15 injection, in the modern birds’ jejuna there is immune signaling
enriched among the significant peptides unique to this time point (Table 3.9). This
signaling is inhibitory, however, and the cytokine data reflect that pattern as well.
Infection with Eimeria acervulina has been shown to drive initial declines in immune cell
populations in the duodenum, followed by a resurgence in cell populations, and a similar
shift in cell populations may cause the apparent inhibition or decrease of immune specific
signaling in the jejunum in response to CpG stimulation (Swinkels et al., 2007). There is
also not great disparity between the number of significant peptides unique to day 16 in
the modern birds’ jejuna and the heritage birds’ jejuna. While the CpG has a more
dynamic impact on signaling in the modern birds’ cecal tonsil than the heritage birds’,
that does not appear to be the case in the jejunum.

By the end of the experimental period, the ACRB and modern broiler’s responses
to the injection are similar, with many of the same pathways enriched specifically in the
post-injection timepoint in the jejunum samples. The modern broiler and ACRB birds’
responses to the final injection differ in the cecal tonsil. In the ACRB birds’ cecal tonsils,
there’s signaling that indicates fatty acid oxidation (Table 3.11). Fatty acid oxidation is a
key metabolic pathway of memory T cells, so this activation may suggest the generation
of memory cells in response to repeated injections of CpG (van der Windt et al., 2012).
Significant differential phosphorylation of proteins involved in fatty acid oxidation is not
observed in the modern broiler’s day 35 cecal tonsil. Rather, there is increased immune

related signaling; in the significant peptides unique to the modern broiler day 35 cecal
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tonsil the KEGG pathway “B cell receptor signaling” pathway is enriched, and so is the
GO biological process “immune system process”.

Overall, the ACRB birds’ responses to the repeated injections with CpG indicate
initiation of adaptive immune responses early on, that then mature into potential
regulatory and memory cell responses. The modern birds’ responses indicate a more
innate response initially, couple with energy deprivation in the cecal tonsil, the major
lymphoid organ of the chicken GALT. The data presented in this study showcase the
need to better understand the allocation of resources, and specifically energy in the
modern broiler, a bird that is genetically programmed for rapid growth and yet needs the
metabolic flexibility to support growth and effective immune functions. This balance is
especially important during the time in broiler chickens’ life when they are both
experiencing accelerating growth and more susceptible to disease challenges, which
coincide at approximately the two-week post-hatch mark. Better understanding of this
vulnerable time can potentially lead to therapeutic interventions to preserve bird health

and efficiency in a post-antimicrobial industry.
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Figure 3.8: Summary figure of pathway activities in the modern broiler day 16 cecal
tonsil, in response to the day 15 CpG injection. Green solid arrows indicate
activation, green dashed arrows indicate potential activation, red lines
indicate inhibition, red dashed lines indicate potential inhibition, and grey
lines indicate an interaction that is involved in the pathway but not seen in
the kinome data as significant. The pathways enriched among the significant
peptides unique to the post-injection timepoint are largely metabolic in
nature, leading to alterations in mTOR activation, lipid metabolism, and
hexokinase phosphorylation status with unknown downstream significance.
In these tissues there is active signaling downstream of the insulin receptor,
mTOR is inhibited, AMPK is potentially active, and downstream targets of
AMPK appear to be influenced by AMPK activity. Additionally,
transcription factors involved in lipid metabolism are inhibited. Overall, in
this tissue in response to the day 15 injection the response appears to be
mostly metabolic in nature.
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Figure 3.9: Summary figure of signaling changes among the significant peptides unique

to the ACRB birds’ day 16 cecal tonsil. Green solid arrows indicate
activation, green dashed arrows indicate potential activation, red lines
indicate inhibition, red dashed lines indicate potential inhibition, and grey
lines indicate an interaction that is involved in the pathway but not seen in
the kinome data as significant. In these tissues, in contrast to the modern
broiler day 16 cecal tonsil, there is signaling activity corresponding to
partial activation through the T cell receptor pathway, as well as cytoskeletal
rearrangement and focal adhesion. There are also downstream indications
that AMPK is active, although significant phosphorylation of AMPK was
not unique to the post-injection time point. Overall, the signaling activities
unique to the post-injection time point in the ACRB birds’ cecal tonsils were
more indicative of immune signaling, with some metabolic changes.
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Despite differences in the arrangement of the two trials that we conducted, there
are some similarities in the results from each. The modern broilers’ performance was
impacted by the treatment, whereas the ACRB birds’ weights were unaffected. The
results from both trials suggest that treating the birds with CpG on the day of hatch could
potentially have a greater impact than treating the birds 1 day post hatch. By day 1 post-
hatch the chicks have had access to food and have been exposing their intestinal immune
system to both food antigens and microbes. The effects of CpG oligonucleotides have
been shown to vary in specific pathogen free mice when compared to conventionally
raised mice, and a similar phenomenon could be occurring in chickens that have already
started to accumulate a microbiome versus newly hatched chickens (Krieg et al., 1998). It
is also interesting to consider why in the single dose CpG trial there were still significant
differences in the kinome data between the treatment and control birds on days 15 and 34,
much past the first injection. The birds were housed separately, so it is possible that they
were exposed to different bacterial and viral species, though every effort was taken to
ensure good biosecurity when interacting with both treatment groups. Another
explanation for the persistent differences between the treatment and control birds’
kinome data is the possibility of epigenetic modifications, as described in Chapter 2,
subsection 4. Recent work has highlighted the fact that innate immune cells may have the
ability to develop a type of memory (Netea et al., 2015; Quintin et al., 2014). It is also

understood that early in the chicken’s life the innate immune system is critically
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important to defend against disease threats, as the adaptive immune system is still
establishing itself (Alkie et al., 2019). If epigenetic modifications of innate immune cells
occur when the immune system is stimulated early in life, it would be interesting to
observe the response to a first-time CpG injection on day 15 post-hatch, rather than the
day of hatch. It is possible that the response would have included more adaptive-immune
signaling, as by two weeks post-hatch the adaptive arm of the avian immune system is
more fully developed (Beal et al., 2004). It is also possible that there may have been less
difference between the treatment and control birds’ kinome data at later time points if
first treatment was given at day 15 post-hatch, as epigenetic modifications of the innate
immune cells, if any occurred, may have had less of an impact on overall response and
the development of an already-formed immune system. In both trials, the modern broilers
show more innate immune responses in their cecal tonsil to the initial treatment, whereas
the ACRB birds have a more adaptive immune response. The modern broilers have an
exaggerated initial response to the CpG treatment, which then drops off throughout the
rest of the trial period; the heritage birds’ response is more stable throughout. By
understanding the consistent results from both the single-dose and the multi-dose trial, a
clearer picture can emerge of where the modern broilers differ from the ACRB broilers,
and where targeted interventions to improve broiler health could be focused.
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In both the single and the multi-dose trial, the modern broilers had elevated
proinflammatory cytokine expression in both the cecal tonsil and the jejunum at the
earliest sampling time point. This was three days after the CpG treatment in the single-
dose trial and 24 hours after the first CpG treatment in the multi-dose trial. The increases

in inflammatory cytokine expression seen in the single-dose trial included significantly
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elevated IL-1P and IFN-y in the cecal tonsil and jejunum respectively. Conversely, the
ACRB birds showed significantly elevated IL-1 in their jejuna, but none of the increases
in cytokine expression were significantly greater at any timepoint in the cecal tonsil
samples. In the multi-dose trial at the first sampling time point, the PCR data were
similar, although the only significantly different fold change was that of IFN-y on day 2
post-hatch (24 hours after the first injection of CpG) in the modern broiler jejunum. In the
kinome data from the multi-dose trial, the signaling changes on day 2 unique to the
modern broiler’s cecal tonsil encompass innate signaling (Toll-like receptor) pathways as
well as metabolic signaling pathways. In the heritage broilers, conversely, signaling
patterns unique to the day 2 cecal tonsil encompass adaptive immune signaling pathways,
such as the T and B cell receptor signaling pathway. In day-old White leghorn chicks, T
cells have been shown to be phenotypically mature but functionally stunted, but it is
unclear if this is also the case in broiler chickens (Lowenthal et al., 1994). In the absence
of functional T cell responses, the innate arm of the immune system comes to fore as the
primary defense of the neonatal chicken against pathogenic threats (Koutsos & Klasing,
2014). This could explain the increase in innate signaling seen in the modern broiler
chickens early in the trial period, as similar to White Leghorns, their T cells may not be
functionally mature. Modern broilers are known to demonstrate overtly inflammatory,
damaging responses to early-life infections with Salmonella species. There was no
evidence of a destructive inflammatory response in the modern broilers’ tissues, but the
CpG injection evidently did negatively impact the modern broiler birds’ performance.
These data could offer support to the idea that the modern broiler’s initial response to an
immunostimulatory treatment is inflammatory, negatively impacts performance, and is

primarily mediated by the innate arm of the immune system.
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The ACRB broilers’ initial signaling responses, however, suggest that in the 24
hours after the first injection with CpG the adaptive arm of the immune system could be
already playing a role in shaping the birds’ defenses. The early intervention and function
of the adaptive immune response may offer the heritage broilers more protection
throughout life. The heritage broilers’ adaptive immune system may start to develop
earlier than the modern broilers because of the different ways each bird type eats and
processes feed and diverts resources to different body systems. The modern broiler is a
voracious eater and is highly feed efficient; the ACRB birds eat much less and are less
feed efficient. Metabolism and feed restriction are known to influence immune
functionality in chickens, and the different eating habits and feed efficiency of these two
birds could impact the formation of the nascent immune system, or alternatively the feed
efficiency of the birds could affect the initial immune system development (Hangalapura
et al., 2005; Khajavi et al., 2003). Differences in maturation of the adaptive arm of the
immune system could also be attributed to genetic differences between the birds.
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In both the single-dose and the multi-dose trial, the day 15 post-hatch time frame
showcases important differences in the modern and ACRB birds’ immune responses to
either the initial CpG injection or to repeated injections. In the ACRB cecal tonsil in both
trials at the day 15/16 timepoint there are indications of partial T cell activation and
metabolic signaling patterns that would suggest the development of regulatory T cells.
Regulatory T cells are especially important in tissues such as the gastrointestinal tract,
which is constantly exposed to bacterial byproducts and food antigens and unregulated
inflammation in such a tissue could be disastrous (Barnes & Powrie, 2009). Avian

species have regulatory T cells that lack the FoxP3 transcription factor that regulates Treg
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development present in mammalian Tregs, but still perform the same functionality
(Selvaraj, 2013, p. 4). CpG oligonucleotides have been shown to drive regulatory T cell
development in humans, via signaling of plasmacytoid dendritic cells (Ito et al., 2007).
Whether this downstream effect of CpG signaling occurs in avian species remains to be
seen. The metabolic signaling patterns seen in the ACRB cecal tonsil within the context
of partial T cell receptor signaling activation provides evidence for regulatory T cell
development. The PCR data support this pattern, as the inflammatory cytokines assessed
do not increase in expression compared to control at this time. Conversely, in the modern
broiler day 15/day 16 cecal tonsil, the dominant signaling patterns include metabolic
shifts without the context of immune cell activation. Instead, the signaling patterns
indicate a lack of growth factors, as well as metabolic signaling changes to increase
cellular energy. Not only do the modern broilers seemingly miss out on generating an
adaptive immune response and potential regulatory T cells, but it appears as though their
secondary lymphoid tissues may not receive sufficient energy or growth factor signaling.
Again, the PCR data show no increase in proinflammatory cytokine expression; in this
case this could be due to a lack of immune cell activation. Another possible explanation
for a lack of increase in cytokine expression in both birds is a time delay in the cytokine
response to CpG. Taha-Abdelaziz et al. showed that oral administration of CpG ODNs,
which also had a phosphorothioate backbone modification, to one day old broiler chicks
induced significantly increased expression of /FN-y in cecal tonsil cells at 24 and 48
hours post-treatment, but the increase in expression was greater at 48 hours post-
treatment. They saw a similar pattern with /L-6 expression, although the increase in
expression at 48 hours post-treatment was not significant (Taha-Abdelaziz et al., 2017).
Additionally, Vleugels et al. showed that injection of CpG ODNSs at day14 in tandem

with bovine serum albumin (BSA) lead to increased BSA specific antibodies, though
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there was a time delay associated with the development of these antibodies when
compared to BSA given with a different adjuvant (Vleugels et al., 2002). It’s unclear
what sort of time delay there may be in the increase of pro-inflammatory cytokines after -
treatment with CpG at day 15 post-hatch. The kinome data highlight the possibility that
immune cell populations in the modern broiler that would be important for contending
with enteric pathogens as the birds continue to grow potentially do not develop to the
extent that these populations do in the ACRB birds. It is also possible that the modern
broiler’s immune system/immune organs do not mature on the same timeline as the
ACRB birds. The ACRB birds could have a more functional immune system earlier than
the modern birds, and potentially if one were to grow the birds out past market age, to
sexual maturity the modern broilers’ immune system would “catch up” developmentally.
It is curious that at this critical timepoint in the multi-dose trial when the modern
broilers are repeatedly treated with CpG they show increased immune cell signaling;
however, this signaling is ongoing in their jejuna as opposed to the cecal tonsil. In the
jejunum, there is gene expression associated with immune development from day 4 post-
hatch to day 21 post-hatch and beyond (Schokker et al., 2009). Bar-Shira et al. showed
that there are two waves to immune cell population development in the intestinal tissues
of broiler chickens. The second wave of development occurs at the beginning of the
second week of life, and there is a subsequent increase in /L-2 and /FFN-y mRNA
expression in the intestinal tissues, including the jejunum (Bar-Shira et al., 2003). The
population of intraepithelial lymphocytes and lamina propria lymphocytes present in
intestinal tissues may play a bigger role in shaping the modern broiler’s immune response
than they do in the ACRB birds. Selecting for feed efficiency may have also meant
inadvertent selection for a system where more resources and more energy are directed

towards maintaining gut barrier function and intestinal health. The immune cell
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populations resident within those tissues would perhaps take precedence over the immune
cell populations at more distant locations, not directly involved with feed efficiency. The
gut microbiome composition more than likely contributes to both feed efficiency and
immune response, and the immune cells resident within the intestinal tissues shape the
gut microbiome through their signaling. Feed efficiency may necessitate a varied
microbiome composition and more emphasis on local immune responses within the
intestinal tissue.
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Immune memory is advantageous to develop, because once a novel pathogen has
been recognized and “catalogued” in the immune system’s memory, if it is encountered
again the response to that pathogen will be much more efficient than a novel encounter,
or an innate non-specific response. The adaptive arm of the immune system is the
classically understood coordinator of immune memory, however recent work has
uncovered evidence of rudimentary immune memory processes in innate cells (Netea et
al., 2015). In the ACRB birds’ cecal tonsils by the end of the multi-dose trial there is
signaling suggesting fatty acid oxidation increases. Fatty acid oxidation is the preferred
fuel source of memory cells, so potentially by the end of the trial period some memory
cell populations have been generated. CpG oligonucleotides have been shown to enhance
memory cell populations when used as an adjuvant in vaccine studies (Klinman et al.,
2010). One of the challenges associated with designing a successful vaccine is ensuring
that a large enough and long-lived enough population of memory T and B cells are
generated by the vaccine to maintain protective antibody production for years. In broiler
chickens, this is less of a concern as the birds only live for about 6 weeks before heading

to market. However, broiler breeder stock lives much longer and so for this population is
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important to generate vaccines with long-lasting protectivity. This may be another area
where modern broilers differ from the ACRB broilers that bears further investigation: in

their capacity to generate memory cells.
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The results of both the single-dose and the multi-dose trial suggest that the
modern broiler struggles with certain aspects of effective immune responses. Primarily,
modern broilers did not show activation of adaptive immune signaling when repeatedly
treated with CpG, as the ACRB birds did. Instead, signaling patterns suggested a lack of
cellular energy available in their peripheral lymphoid tissues. Generally, the PCR data
from both trials show an initial increase in the inflammatory cytokine expression that
then at later sampling timepoints drops to the level of the control birds, or even below the
control birds, though the initial increase in cytokine expression is higher in the modern
broilers. Future work to better clarify the modern broiler’s immune system should include
assessment of energy distribution to the different cells and tissues of the immune,
muscular, and digestive systems. The lack of adaptive immune involvement in the
modern broiler’s responses to the CpG should also be interrogated with immune cell
functional assays to understand why adaptive immune signaling does not occur. It will
also be important to identify the timeframe of cytokine responses to repeated CpG
injections throughout the life of the birds, whether the peak of cytokine expression is
sooner than 24 hours post-injection or later. Future similar work that includes other
immune stimulants, such as a disease challenge, will also be beneficial to get a better
understanding of how the modern broiler responds to real-world enteric pathogens they
may encounter. Finally, future work can be done to assess the change in expression of

other key cytokines, such as IL-10, to clarify the role of potential Treg development in
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the ACRB birds, and to see if Treg activity is similar in the modern broiler or dissimilar.
Potential treatments to remedy the suspected energy loss in the modern broiler’s
peripheral lymphoid tissues could include assessing dietary needs during an immune
challenge rather than ideal conditions and then reformulating the energy and protein
content of diets to ensure sufficient resources for growth and immune responses.
Phenotypic assessment of adaptive cell populations, i.e. cell type-specific markers, as
well as functional assessment, i.e. measurement of hallmark cytokine production, could
help clarify the potential problems modern broiler chickens’ adaptive immune cells may
have. Through these efforts, therapeutic interventions could be designed to target faulty
pathways and recapitulate the growth-promotion and disease protection offered by

antimicrobials.
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University of Delaware
Institutional Animal Care and Use Committee RECEIVED

Application to Use Animals in Research SEP 12 2017
incuc®

(New and 3-Yr submission)

Title of Protocol: A Comparative Evaluation of the Development of the Broiler Chicken
Gut Immune System

AUP Number: 86R-2017-0 € (4 digits only — if new, leave blank)

Principal Investigator: Dr. Ryan J. Arsenault

Common Name (Strain/Breed if Appropriate): Ross 308 broiler chicken and Athens-Canadian
chicken

Genus Species: Gallus gallus

Date of Submission: September 11, 2017

Official Use Only

TACUC Approval Signature: - M

Date of Approval: [2/¢ /,(/ 2
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Principal Investigator Assurance

[ agree to abide by all applicable federal, state, and local laws and regulations, and UD policies and
procedures.

I understand that deviations from an approved protocol or violations of applicable policies,
guidelines, or laws could result in immediate suspension of the protocol and may be reportable to
the Office of Laboratory Animal Welfare (OLAW).

I understand that the Attending Veterinarian or his/her designee must be consulted in the planning
of any research or procedural changes that may cause more than momentary or slight pain or distress
to the animals.

I declare that all experiments involving live animals will be performed under my supervision or that
of another qualified scientist. All listed personnel will be trained and certified in the proper humane
methods of animal care and use prior to conducting experimentation.

I understand that emergency veterinary care will be administered to animals showing evidence of
discomfort, ailment, or illness.

I declare that the information provided in this application is accurate to the best of my knowledge.
If this project is funded by an extramural source, I certify that this application accurately reflects all
currently planned procedures involving animals described in the proposal to the funding agency.

[ assure that any modifications to the protocol will be submitted to by the UD-IACUC and I
understand that they must be approved by the IACUC prior to initiation of such changes.

I understand that the approval of this project is for a maximum of one year from the date of UD-
IACUC approval and that I must re-apply to continue the project beyond that period.

I understand that any unanticipated adverse events, morbidity, or mortality must be reported to the
UD-IACUC immediately.

- I assure that the experimental design has been developed with consideration of the three Rs:

reduction, refinement, and replacement, to reduce animal pain and/or distress and the number of
animals used in the laboratory.

Ll

I assure that the proposed research does not unnecessarily duplicate previous experiments.
(Teaching Protocols, including cooperative extension demonstrations, Exempt)

12.

[ understand that by signing, [ agree to these assurances.

(o = 17

Signature of Principal Investigator Date
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NAMES OF ALL PERSONS WORKING ON THIS PROTOCOL

I certify that I have read this protocol, accept my responsibility and will
perform only those procedures that have been approved by the IACUC.

Name Signature

1. Ryan Arsenault @ Mﬁ

2. Bridget Aylward -’@w.)%«x Qéc"""’/\/\l

3. Casey Johnson //W

\ 7
4. Mark Parcells V

10.

If after hours participation is required by students on project involving agricultural animals, please describe how
this is handled and the times and days that students may be on site

The after hours days and times when students may be participating are weekdays after 5pm and
weekends. The Pl will be available during all after hours should students need assistance.
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TRR$+34.M4,6>42

Table 5.1:  Feed composition
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Table 5.2:

,-MM5R.R2>/01+>/B5R,
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Supplemental data from single dose CpG trial. Fold change and p-value data
for the differentially phosphorylated peptides involved in the Toll Like
Receptor (TLR) signaling pathway in both the modern broiler day 15 cecal
tonsil tissue samples and the ACRB day 15 cecal tonsil samples. P-values of
significant peptides are bolded.

>50+,%N*8?%*N+M8:AS8C JA;<*+X<)%7?;<+A8( /30B+A8C+=J+
=J+','87+:)*&%? ''87+:)*& %R

*+ -*069<):+| M7)&97)<C?8:%)*| T)?A+ MHS8?(+] T)?A+ MMH8?(H
28D; + 65+ :8<N;:+&%:; '"78*N; + '"78*N; +
AKTI P31749 | T308 -1.16816 | Z+ 1.05985 | 2272774
AKTI P31749 | T479 1.03361 0.18249 1-1.0332 | 0.05965
AKT3 Q9Y243 | T305 -1.11399 | 2"z2ZZZ+] 1.00507 | 0.39657
AKT3 Q9Y243 | S476 1.01672 0.33589 | 1.07321 | Z"Z=J[
CASPS Q14790 | S347 1.45009 7+ 1.02354 | 0.3619
CHUK 015111 | T23 1.0142 0.32802 | -1.02552 | 0.05276
CHUK 015111 | S180 -1.01473 | 0.26293 | -1.03333 | Z"ZI#X+
FOS P01100 | S362 1.13131 Z"Z=\[J+| -1.017 0.23644
IFNAR1 | P17181 |S535 -1.13919 | Z"Z=ZI#] 1.05945 | Z"ZZ##
IKBKE Q14164 | S172 -1.15717 | Z"Z=II' +| -1.08812 | Z+
JUN P05412 | S63 -1.02037 | 0.2186 1.04356 | Z"Z\[Z=+
JUN P05412 | S73 -1.20485 | Z+ 1.23697 | Z2"ZZ774
MAP2K1 | Q02750 | S222 -1.07213 | Z"ZIL# | 1.06133 | Z"ZZZ[H
MAP2K1 | Q02750 | S298 1.01407 0.2945 -1.0186 | 0.24319
MAP2K2 | P36507 | S222 -1.09044 | Z"Z=1"1 +| -1.0946 | Z+
MAP2K2 | P36507 | S306 1.05049 0.05274 11.01151 |0.27301
MAP2K3 | P46734 | S218 1.09657 Z"ZZJJW| -1.02152 | Z"Z#J[]+
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Table 5.2 continued

MAP2K4 P45985 S80 1.07722 Z"ZZ=[[+ | 1.03737 Z"ZZ\ +
MAP2K4 P45985 T261 1.0446 Z"ZI=[+ | 1.06612 2"7Z7[I+
MAP3K7 043318 T187 -1.04093 0.12281 -1.05264 2"77273%
MAP3K7 043318 S439 1.00353 0.44639 -1.06657 2"7777%
MAP3K38 P41279 T290 -1.08958 2"Z7\# | -1.02315 0.07954
MAP3K38 P41279 S400 -1.10181 2"7Z=« |-1.09776 2"7177#%
MAPK1 P28482 T185 -1.05431 0.07212 1.05774 Z"ZILZI+
MAPK14 Q16539 Y182 1.03844 0.12639 -1.0209 0.11856
MAPK14 Q16539 Y323 1.01394 0.28751 -1.06468 2"777=
MAPKS P45983 T183 1.08524 2"Z773k | 1.07977 1"7777«
NFKBI P19838 S337 1.02164 0.21289 1.05993 Z"ZI[[J +
NFKBI P19838 S932 -1.03717 0.05437 1.11821 Z+
NFKBIA P25963 Y42 -1.04526 Z"Z#]|[L+ | -1.00654 0.38467
PIK3CB P42338 Y425 1.31752 Z+ -1.00938 0.43887
PIK3CB P42338 Y962 -1.01628 0.34321 1.11019 Z+
PIK3CB P42338 S1070 | 1.33045 Z+ -1.01668 0.41514
PIK3CD 000329 S1039 | 1.0703 0.07487 1.10099 2"77="\+
PIK3R1 P27986 Y467 -1.01402 0.33937 -1.0415 VAVVAE S
PIK3R1 P27986 Y556 1.05832 0.12622 1.0612 0.18735
PIK3R1 P27986 S608 -1.03358 0.07285 -1.07128 1"777=«
PIK3R2 000459 Y365 1.05901 Z"ZZ\|l + | 1.15775 Z+
PIK3R2 000459 Y605 -1.05904 Z"Z=\\ + | -1.04563 Z"772J)=+
STATI1 P42224 Y701 1.02495 0.21697 -1.06627 1"7777«
TABI Q15750 S423 -1.00718 0.39383 -1.06434 2"7777%
TBK1 Q9UHD2 S172 -1.11608 2"77=7% |-1.04511 2"Z771l
TIRAP P58753 Y86 -1.05824 0.17441 1.24167 Z+

TLR3 015455 Y759 -1.08377 2"Z773F | 1.06813 VAVIVAL .
TLR3 015455 Y858 -1.13388 Z2"Z=#33F | 1.26585 Z+

TLRS 060602 Y798 1.51403 Z+ 1.14538 0.06007
TLR7 QINYKI1 S610 -1.01058 0.30521 -1.05035 2"77)'\=
TLRS QI9NR97 S939 1.00273 0.4668 -1.04885 2" Z==H##
TOLLIP Q9HOE2 Y68 1.0171 0.33113 1.11183 2"7727=¢
TRAF6 Q9Y4K3 Y353 -1.06752 Z"ZZIL¥ | -1.05005 Z"ZZ|\! +
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Table 5.3:

Supplemental data from single dose CpG trial. Fold change and p-value data
for the differentially phosphorylated peptides involved in the T cell receptor
signaling pathway in both the Ross 308 day 15 cecal tonsil tissue samples
and the ACRB day 15 cecal tonsil samples. P-values of significant peptides

are bolded.
>+3;?7+0;";9:)<+,%N*8?%*N+M8:#S8C | 0)&&+!Z]+A8C+=J4 /30B+A8C+=J+
''87+:)*& %R "'87+:)*&%R

*+ -*069<):+ | M7)&97)<C?8:%)*] T)?A+ MHS8?(+| T)?A+ MH8?(+
*8D; + 65+ :8<N;:+&%:; '"78*N; + '"78*N; +
AKTI P31749 T308 -1.16816 | Z+ 1.05985 | 2272774
AKTI P31749 T479 1.03361 | 0.18249 |-1.0332 | 0.05965
AKT3 Q9Y243 | T305 -1.11399 | 2"Z2ZZZ7+ 1.00507 | 0.39657
AKT3 Q9Y243 | S476 1.01672 | 0.33589 | 1.07321 | Z"Z=J[#
BCL10 095999 S136 -1.11755 | Z"ZZ=#%] -1.12194 | Z+
CARDI11 | Q9BXL7 | Sl116 -1.02863 | 0.18903 | -1.06631 | Z2"ZZ7ZJH
CD28 P10747 Y191 1.15119 | Z2"ZZZ7Z8] -1.05164 | 0.08607
CHUK 015111 T23 1.0142 0.32802 ] -1.02552 | 0.05276
CHUK 015111 S180 -1.01473 | 0.26293 | -1.03333 | Z"ZI#H
FOS P0O1100 S362 1.13131 | Z"Z=\[J+] -1.017 0.23644
FYN P06241 Y420 -1.02409 | 0.18485 | 1.05705 | Z"ZZ\]|[ +
FYN P06241 Y531 -1.01224 | 0.29199 | -1.04784 | Z"ZZ[=#
GRB2 P62993 Y209 1.19358 | Z2"2Z7Z74 1.01236 | 0.38331
GSK3B P49841 Y216 1.36604 | Z"ZZZ=}+| -1.00081 | 0.49515
GSK3B P49841 S219 1.0568 Z2"7ZNMJ+) 1.12925 | 2"Z27277H
GSK3B P49841 S389 1.02043 | 0.31718 | -1.10312 | Z+
HRAS PO1112 T35 -1.19761 | Z2"ZZ=#|1.01779 | 0.13098
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Table 5.3 continued

ITK Q08881 Y512 |-1.0168 0.31147 -1.04448 2"Z7]I+
JUN P05412 S63 -1.02037 0.2186 1.04356 2"\ Z=+
JUN P05412 S73 -1.20485 Z+ 1.23697 1"7777«
LCK P06239 Y394 |1-1.02614 0.1886 -1.02838 YAVA:N
LCK P06239 Y505 |-1.01382 0.29244 -1.08621 Z+
MAP2K1 Q02750 S222 -1.07213 2"\ # 1.06133 2"777[¥x
MAP2K1 Q02750 S298 1.01407 0.2945 -1.0186 0.24319
MAP2K2 P36507 S222 -1.09044 Z"Z=1"+ ] -1.0946 Z+
MAP2K2 P36507 S306 1.05049 0.05274 1.01151 0.27301
MAP3K14 Q99558 T559 1.05077 0.10707 -1.07248 2"7777«
MAP3K7 043318 T187 ]-1.04093 0.12281 -1.05264 2"77273%
MAP3K7 043318 S439 1.00353 0.44639 -1.06657 2"7777%
MAP3K38 P41279 T290 ]-1.08958 VAVVAL o -1.02315 0.07954
MAP3K38 P41279 S400 -1.10181 2"77=% -1.09776 2"7177#
MAPK1 P28482 T185 -1.05431 0.07212 1.05774 Z"ZILZI+
MAPK14 Q16539 Y182 |1.03844 0.12639 -1.0209 0.11856
MAPK14 Q16539 Y323 |1.01394 0.28751 -1.06468 2"777=
NFATCI1 095644 S245 -1.08803 Z7"7Z#7Z} | -1.08909 Z+
NFATCI1 095644 S269 1.31721 Z+ 1.05302 0.14271
NFATCI1 095644 S294 -1.03985 Z"Z#\Z= ] -1.08643 Z+
NFATC2 Q13469 S759 -1.03372 0.1497 1.08834 7"7727%
NFATC3 Q12968 S163 1.03636 0.19401 -1.07875 Z+
NFATC3 Q12968 S344 -1.03775 0.07119 1.01429 0.13852
NFKBI P19838 S337 1.02164 0.21289 1.05993 Z"ZI[[J +
NFKBI P19838 S932 -1.03717 0.05437 1.11821 Z+
NFKBIA P25963 Y42 -1.04526 Z"Z#|[L+ | -1.00654 0.38467
PAK1 QI3153 S199 1.13801 Z"ZI1J=\+ | 1.06627 2"Z=3%
PAK1 QI3153 T423 -1.03589 0.10735 1.04884 0.05917
PAK2 Q13177 S197 1.06479 Z'Z=[]] + | -1.01111 0.09651
PAK4 096013 S474 1.3326 2"7777+ | -1.00807 0.47111
PDPK1 015530 S241 -1.02865 0.15721 -1.07144 Z+
PDPK1 015530 Y376 |-1.1465 2"7777«= | 1.06244 Z"Z=]]3+
PIK3CB P42338 Y425 | 1.31752 Z+ -1.00938 0.43887
PIK3CB P42338 Y962 |-1.01628 0.34321 1.11019 Z+
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Table 5.3 continued

PIK3CB P42338 S1070 1.33045 Z+ -1.01668 0.41514
PIK3CD 000329 S1039 1.0703 0.07487 1.10099 2"77="\+
PIK3R1 P27986 Y467 -1.01402 0.33937 -1.0415 VAVVAE S
PIK3R1 P27986 Y556 1.05832 0.12622 1.0612 0.18735
PIK3R1 P27986 S608 -1.03358 0.07285 -1.07128 1"777=«
PIK3R2 000459 Y365 1.05901 Z"ZZ\|l + | 1.15775 Z+
PIK3R2 000459 Y605 -1.05904 Z"Z=\\ + | -1.04563 2"7Z7J)=+
PLCG1 P19174 Y771 -1.12086 2"777#f | -1.03785 Z"Z]] +
PLCG1 P19174 Y783 1.0075 0.39437 -1.08054 2"7777%
PRKCQ Q04759 T219 1.08219 Z2"ZZ71. 7t | 1.03693 0.05444
PTPRC P08575 Y1216 -1.13392 Z"ZZ=l+ ]-1.0661 27777+
RAF1 P04049 S43 -1.00579 0.43032 1.07446 2"7771\+
RAF1 P04049 S259 1.07137 Z"ZIH + | -1.11154 2"Z71'+
RAF1 P04049 S338 1.00951 0.3707 -1.00324 0.43804
RHOA P61586 S188 1.4224 Z+ 1.02539 0.33801
SOSI Q07889 S1167 -1.03579 0.17048 -1.0935 Z+

SOSI Q07889 S1193 -1.02274 0.31958 1.0183 0.21209
ZAP70 P43403 Y319 -1.17312 Z"Z/77J3¢ ] 1.00001 0.49984
ZAP70 P43403 Y493 -1.00384 0.44259 1.07886 Z2"ZZ\[ +
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