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1 I ntr o d u cti o n

F e e d a d diti v es, s u c h as pr o bi oti cs ( 1 ), h a v e t h e p ot e nti al t o

i m pr o v e t h e h e alt h of a ni m als a n d h u m a ns a n d, t h us,  m a y h el p t o

pr e v e nt a n d r e d u c e t h e us a g e of a nti mi cr o bi als. S u p pl e m e nt al

pr o bi oti cs c o m pris e  m ai nl y vit al b a ct eri a, f u n gi, a n d y e ast t h at

c o ntri b ut e t o a h e alt h y di g esti v e s yst e m. Pr o bi oti cs h a v e v ar yi n g

a n d str ai n-s p e ci fi c b e n e fi ci al eff e cts o n t h e h ost ( 2 ).  T h es e r a n g e

fr o m i m pr o vi n g t h e i nt esti n al e pit h eli al b arri er a n d e x cl u di n g

p at h o g e ni c b a ct e ri a t o  m o d ul ati n g t h e i m m u n e s y st e m ( 3 ).

I m m u n e- m o d ul ati n g pr o bi oti cs, s o- c all e d i m m u n o bi oti cs, h a v e

b e e n d e m o nstr at e d t o pr o m ot e h e alt h b y a cti v ati n g a nti g e n-

p r e s e nti n g c ell s ( A P C s) a n d  m o d ul ati n g i m m u n e r e s p o n s e s

t hr o u g h t h e e x pr essi o n of i m m u n e- c ell-s p e cifi c g e n es ( 4 ).  T his

p ot e nti all y r es ults i n a  m or e r o b ust d ef e ns e a g ai nst i nf e cti o ns a n d

a b al a n c e d i m m u n e r es p o ns e.

A P Cs, i n cl u di n g  m a cr o p h a g es a n d d e n driti c c ells, i nt er a ct  wit h

pr o bi oti c b a ct eri a b y p att er n r e c o g niti o n r e c e pt ors ( P R Rs) s u c h as

T oll-li k e r e c e pt ors o n t h e s urf a c e of  A P Cs.  T h es e r e c e pt ors ar e c a p a bl e

of r e c o g ni zi n g  mi cr o b e- ass o ci at e d  m ol e c ul ar p att er ns ( M A M Ps)

w hi c h ar e pr es e nt o n pr o bi oti cs.  A cti v at e d  A P Cs i n fl u e n c e t h e

diff er e nti ati o n of t h e i m m u n e r es p o ns e a n d r e g ul at e t h e pr o d u cti o n

of pr o- a n d a nti-i n fl a m m at or y c yt o ki n es. I n  m a m m als, pr o bi otic

b a ct eri a  w er e s h o w n t o  m o d ul at e t h e b al a n c e b et w e e n diff er e nt

T- h el p er c ell t y p es a n d t h eir ass o ci at e d c yt o ki n es ( 5 ).  C o ns e q u e ntl y,

A P Cs c a n a cti v at e n ai v e  T c ells a n d dir e ct  T- h el p er c ell r es p o ns es

t o w ar ds  T- h el p er c ell t y p e 1 ( T h 1),  T h 2,  T h 1 7 or r e g ul at or y p att er ns

i n v ol vi n g r e g ul at or y  T c ells ( Tr e gs) (6 ). I n  m a m m als, t h e  T h 1 i m m u n e

r es p o ns e is pri m aril y c h ar a ct eri z e d b y i nt erf er o n-g (I F N-g) pr o d u cti o n,

w h er e as t h e T h 2 r es p o ns e is disti n g ui s h e d b y t h e r el e as e of i nt erl e u ki n

4 (I L- 4) a n d I L- 5 ( 6 ). T h e T h 1 7 r es p o ns e is c h ar a ct eri z e d b y t h e

pr o d u cti o n of I L- 1 7,  w h er e as t h e i n d u cti o n of  Tr e gs is pri m aril y

f a cilit at e d b y tr a nsf or mi n g gr o wt h f a ct or b ( T G F-b ) a n d ass o ci at e d

wit h I L- 1 0 or  T G F- b pr o d u cti o n ( 6 , 7 ).  A d diti o n all y, pr o bi oti cs h a v e

b e e n d e m o nstr at e d t o f a cilit at e t h e  m at ur ati o n of B c ells i nt o

i m m u n o gl o b uli n  A- pr o d u ci n g pl as m a c ells (6 ).

M or e o v er, pr o bi oti cs  w er e s h o w n t o e n h a n c e t h e pr o d u cti o n

a n d s e cr eti o n of h ost d ef e ns e p e pti d es ( H D P), als o k n o w n as

a nti mi cr o bi al p e pti d es ( A M Ps) ( 8 ).

A M Ps r e pr es e nt criti c al c o m p o n e nts li n ki n g t h e i n n at e  wit h t h e

a d a pti v e i m m u n e r es p o ns e ( 9 ). I n c hi c k e ns,  A M Ps i n cl u d e a t ot al of 1 4

a vi a n b - d ef e nsi ns ( A v B Ds) a n d f o ur c at h eli ci di ns ( C A T Hs) (1 0 ).

A M Ps ar e e x pr ess e d i n a  wi d e r a n g e of tiss u es.  T h e y p oss ess a br o a d

s p e ctr u m of a nti micr o bi al a cti vities a g ai nst v ari o us i nf e cti o us a g e nts,

i n cl u di n g b a ct eri a, pr otoz o a, vir us es a n d f u n gi ( 1 0 ). I n c hi c k e ns, s o m e

of t h es e  A M Ps, s u c h as t h e l e u k o c yt e- d eri v e d  A v B D 1 a n d  A v B D 2, h a v e

b e e n s h o w n t o h a v e dir e ct n e g ati v e eff e cts o n  mi cr o or g a nis ms,

i n cl u di n g Esc h eric hi a c oli , List eri a  m o n oc yt o g e n es , a n d C a n di d a

al bic a ns (1 1 ).  Ot h er e x p eri m e nts pr o vi d e d e vi d e n c e f or t h e i n d u cti o n

of  A M P pr o d u cti o n b y f e e d a d diti v es s u c h as b ut yr at e, p ol y p he n ols,

a n d p e pti d o gl y c a n d eri v e d fr o m L act o b acill us r h a m n os us M L G A ( 1 2 –

1 4 ). S el e ct e d B acill us s p e ci es r e pr es e nt  wi d el y a n d oft e n us e d

pr o bi oti cs,  w hi c h ar e g e n er all y c o nsi d er e d as bi ol o gi c all y s afe f or t he

us e i n t h e p o ultr y i n d ustr y ( 1 5 ).  R e c e ntl y,  w e h a v e r e p orte d  T c ell

sti m ul ati o n aft er i n vitr o e x p os ur e of c hi c k e n p eri p h er al bl o o d

m o n o n u cl e ar cells ( P B M Cs) t o t w o c o m m er ci all y a v ail a bl e i n-f e e d
Fr o nti er s i n I m m u n ol o g y 0 2
pr o bi oti cs: B. s u btilis D S M 3 2 3 1 5 ( B S) a n d B. vele ze nsis C E C T 5 9 4 0

( B V, f or m erl y k n o w n as B. a m yl oli q uef acie ns C E C T 5 9 4 0) ( 1 6 ). I n t h e

pr e vi o us st u d y,  w e e x a mi n e d t h e i m p a ct of b ot h B acill us str ai ns o n

P B M Cs,  wit h a p arti c ul ar f o c us o n t h e pr o p orti o ns of cr u ci al  T c ell

s urf a c e  m ar k ers, i n cl u di n g cl ust er of diff er e nti ati o n 4 ( C D 4),  C D 8, a n d

C D 2 5,  w hi c h  w er e q u a nti fi e d usi n g fl o w c yt o m etr y.

T o g ai n  m or e i nsi g hts i nt o t h e  m o d e of a cti o n of t h e B acill us

str ai ns us e d, t h e c urr e nt st u d y ai m e d t o ass ess t h e eff e cts of vit al B S

or B V o n c hi c k e n P B M Cs o n tr a ns cri pt a n d pr ot ei n e x pr essi o n

usi n g  R N A s e q u e n ci n g a n d a c hi c k e n c yt o ki n e arr a y.  M or e o v er,  w e

r a n  K y ot o E n c y cl o p e di a of  G e n es a n d  G e n o m es ( K E G G)- b as e d

p at h w a y a n al ysis ( 1 7 ) t o i d e ntif y p arti c ul arl y aff e ct e d a n d e nri c h e d

p at h w a ys u p o n pr o bi oti c tr e at m e nt.

T hi s i n vitr o st u d y e n h a n c es o ur u n d e rst a n di n g of h o w

pr o bi oti cs i n fl u e n c e i m m u n e c ells, p a vi n g t h e  w a y f or t ar g et e d

a d mi nistr ati o n of pr o bi oti cs i n a ni m al f e e d t o e n h a n c e c hi c k e n

h e alt h a n d c o m b at i nf e cti o u s di s e a s e s. It al s o e st a bli s h e s a

f o u n d ati o n f o r f ut u r e r e s e a r c h e x pl o ri n g o pti m al p r o bi oti c

f or m ul ati o ns a n d a p pli c ati o n str at e gi es i n p o ultr y f ar mi n g, ai m e d

at r e d u ci n g t h e n e e d f o r s u bt h e r a p e uti c a nti mi c r o bi al s a n d

miti g ati n g ris ks ass o ci at e d  wit h  mi cr o bi al r esist a n c e.
2  M at eri al s a n d  m et h o d s

2. 1  A ni m al s,  h o u si n g, f e e di n g, a n d
ti s s u e c oll e cti o n

I n t ot al, s e v e n f o ur- t o si x- w e e k- ol d br oil er c hi c k e ns of t h e

c o m merci al bree d  C o b b 5 0 0 ( C o b b  Ger m a n y  A vi me x  G m b H)  were

use d. Br oiler c hic ke ns  were fe d a st arter diet fr o m d a y 1 t o d a y 1 4

p ost h atc h, a n d a gr o wer diet after w ar ds ( H.  Wil hel m Sc h a u m a n n

G m b H, Pi n ne ber g,  Ger m a n y). T he a ni m als  were fe d a d li bit u m a n d

w ater  w as al w a ys a v ail a ble. F or e x peri me nts, t he bir ds  were st u n ne d a n d

dec a pit ate d. T he bl o o d  w as s a m ple d i n s o di u m citr ate ( N a-citr ate) pre-

fi ll e d p ol y st y r e n e t u b e s ( V A C U E T T E® ,  G r ei n e r  Bi o - O n e,

Kre ms m ü nster,  A ustri a). T he st u d y  w as a p pr o ve d b y t he l oc al st ate

of fi c e of o c c u p ati o n al h e alt h a n d t e c h ni c al s af et y “L a n d es a mt f ür

Ges u n d heit u n d S ozi ales Berli n ” ( L a Ge S o Re g. T 0 1 5 1/ 1 9, T- H U- 0 7/ 2 1).
2. 2  P B M C i s ol ati o n a n d c ult ur e

P B M Cs  w er e is ol at e d usi n g c o m bi n e d d e xtr a n- fi c oll is ol ati o n as

d es cri b e d pr e vi o usl y ( 1 8 ). I n bri ef, bl o o d  w as dil ut e d  wit h  D ul b e c c o’s

p h o s p h at e - b uff e r e d s ali n e ( D P B S,  Gi b c o ™ ,  T h e r m o Fi s h e r

S ci e nti fi c,  W alt h a m,  M ass a c h us etts,  U S A) c o nt ai ni n g 2  m M

et h yl e n e di a mi n et etr a a c eti c a c i d ( E D T A,  C arl  R ot h,  K arlsr u h e,

G er m a n y) 1: 1,  mi x e d  wit h 3 % d e xtr a n ( C arl  R ot h) i n a r ati o of

1: 0. 4, a n d c e ntrif u g e d at 5 0 x g f or 2 0  mi n.  T h er e aft er, t h e u p p er

p h as e  w as c oll e ct e d, l a y er e d o nt o a n e q u al v ol u m e of  Hist o p a q u e- 1 0 7 7

( Si g m a- Al dri c h, St. L o uis,  Miss o uri,  U S A), a n d c e ntrif u g e d at 9 0 0 x g

f or 3 0  mi n.  T h e P B M Cs at t h e i nt er p h as e  w er e c oll e ct e d,  w as h e d t wi c e

wit h  D P B S/ E D T A i n a n e w 5 0  ml t u b e, a n d c e ntrif u g e d at 4 0 0 x g f or

1 0  mi n. Is ol at e d P B M Cs  w er e a dj ust e d t o 5 x 1 0 6 c ells/ ml vit al c ells

usi n g  T ali ™ i m a g e- b as e d c yt o m et er ( T h er m o Fis h er S ci e ntifi c)  wit h
fr o nti er si n. or g
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pr o pi di u m i o di d e ( PI,  T h er m o Fis h er S ci e nti fi c) as a vi a bilit y  m ar k er.

P B M C s  w e r e c ult u r e d i n  R P MI 1 6 4 0  m e di u m ( Gi b c o ™ ,

T h er m o Fis h er S ci e nti fi c)  wit h 1 0 % c hi c k e n s er u m ( Gi b c o ™ ,

T h e r m o Fi s h e r S ci e nti fi c) a n d 1 % p e ni cilli n ( 1 0 0 0 0  U/ ml)-

str e pt o m y ci n ( 1 0 0 0 0 µ g/ ml) ( P e n/ Str e p,  Gi b c o ™ ,  T h er m o Fis h er

S ci e nti fi c) at 4 1° C  wit h 5 %  C O 2 .  T h e n e xt d a y, f urt h er e x p eri m e nts,

as f or e x a m pl e t h e c o- c ult ur e of P B M Cs  wit h B acill us str ai ns,

w er e p erf or m e d.
2. 3  B a ct eri al str ai n s a n d c ult ur e

R P MI 1 6 4 0  me di u m  w as i n oc ul ate d  wit h eit her B. s u btilis D S M

3 2 3 1 5 ( B S) or B. veleze nsis C E C T 5 9 4 0 ( B V). B acteri a  were c ult ure d

o ver ni g ht at 3 7° C a n d 1 2 0 r p m. T o de fi ne t he act u al c ol o n y f or mi n g

u nits per  milliliter (cf u/ ml), t he b a cteri al gr o wt h ( O D 6 0 0)  w as  me as ure d

o n a Tec a n I n fi nite ® M 2 0 0 Pr o pl ate re a der  wit h  M a gell a n ™ v. 7. 1

s oft w are ( Tec a n  Gr o u p  A G,  M ä n ne d orf, Switzerl a n d). B acteri al c ult ures

were pl ate d o n tr y ptic-s o y a g ar ( T S A,  C arl R ot h) o n petri dis hes ( Grei ner

Bi o- O ne, Fric ke n h a use n,  Ger m a n y) a n d c o u nte d t he ne xt d a y.
2. 4  Pr o bi oti c tr e at m e nt / c o - c ult ur e

C o- c ult ur e e x p eri m e nts  w er e c o n d u ct e d usi n g pr o bi oti c b a ct eri al

str ai ns a n d 1 x 1 06 P B M Cs  wit h eit h er B S or B V i n a r ati o of 1: 3

( P B M C: B acill us ).  T his r ati o  w as f o u n d t o b e o pti m al i n pr e vi o us

e x p eri m e nts ( 1 6 ).  T h e e x p eri m e nts  w er e c arri e d o ut i n 2 4- w ell pl at es

( E p p e n d orf,  H a m b ur g,  G er m a n y) f or 2 4 h.  All e x p eri m e nts  w er e

p erf or m e d i n  R P MI 1 6 4 0  m e di u m c o nt ai ni n g 1 0 % c hi c k e n s er u m

wit h o ut P e n/ Str e p at 4 1° C  wit h 5 %  C O 2 . F or all c o- c ult ur e

e x p eri m e nts, c o n c a n a v ali n  A ( c o n A,  V e ct or L a b or at ori es,  N e w ar k,

C alif or ni a,  U S A)  w as us e d as a p ositi v e c o ntr ol f or c ell pr olif er ati o n.

P B M Cs  w er e tr e at e d i n a c o n c e ntr ati o n of 1 0 µ g/ ml c o n A.  Aft er 2 4 h,

c ells  w er e h ar v est e d a n d c e ntrif u g e d at 4 0 0 x g f or 1 0  mi n.  T h e c o-

c ult ur e s u p er n at a nts  w er e tr a nsf err e d t o cr y o g e nic vi als ( C or ni n g ® ,

V W R I nt er n ati o n al,  R a d n or, P e n ns yl v a ni a,  U S A).  T h e c o- c ult ur e

s u p er n at a nts a n d t he c ell p ell ets  w er e st or e d at - 8 0° C f or c hi c k e n

c yt o ki n e arr a y a n al ys es a n d  R N A is ol ati o n, r es p e cti v el y.

2. 5  C yt o ki n e  m e a s ur e m e nt

T h e  Q u a nti b o d y ® c hi c k e n c yt o ki n e arr a y  Q 1 ( R a y Bi ot e c h,

P e a c htr e e  C or n ers,  G A,  U S A)  w as us e d t o d et e ct a s el e cti o n of

c yt o ki n es a n d c h e m o ki n es (I L- 6, I L- 1 0, I L- 1 2, I L- 1 6, I L- 2 1,  C C L 5),

w hi c h ar e r el at e d t o i n fl a m m at or y pr o c ess es, i n t h e s u p er n at a nts of

t h e c o- c ult ur e of c hi c k e n P B M Cs  wit h B S or B V (s e e 2. 4). S a m pl e

pr e p ar ati o n as  w ell as d at a a c q uisiti o n a n d a n al ysis  w er e p erf or m e d

b y  R a y Bi ot e c h fr o m c o- c ult ur e s u p er n at a nts  w hi c h  w er e s e nt t o t h e

c o m p a n y o n dr y i c e.
2. 6  R N A i s ol ati o n

T ot al  R N A  w as is ol at e d fr o m  P B M Cs fr o m si x diff er e nt

c hi c k e ns ( bi ol o gi c al r e pli c at es) of p o ol e d e x p eri m e nt al (t e c h ni c al)
Fr o nti er s i n I m m u n ol o g y 0 3
d u pli c at es fr o m e a c h c hi c k e n aft er tr e at m e nt  wit h eit h er B S, B V

o r c o n A o r u nt r e at e d s a m pl e s ( m e di u m) a c c o r di n g t o t h e

m a n uf a ct ur er ’s t ot al  R N A is ol ati o n pr ot o c ol ( N u cl e o S pi n  R N A

Pl us  X S,  M a c h er e y- N a g el,  D ür e n,  G er m a n y).  Q u a nti fi c ati o n of

R N A  w as p erf or m e d usi n g a  N a n o Dr o p i nstr u m e nt ( N D- 1 0 0 0,

T h er m o Fis h er S ci e nti fi c).  Q u alit y  w as f urt h er c o ntr oll e d b y a

fl u or es c e n c e- b as e d q u a nti fi c ati o n  m et h o d a n d fr a g m e nt l e n gt h

a n al ysis b y  C e G a T  G m b H. F or t ot al  R N A s e q u e n ci n g ( R N A- S e q),

t h e i nt e grit y n u m b er ( RI N) of t h e  R N A h a d t o b e > 4.
2. 7  R N A s e q u e n ci n g a n d  bi oi nf or m ati c s

T ot al  R N A s e q u e n ci n g usi n g a 1 0 0- b as e p air e d- e n d a p pr o a c h

w as c arri e d o ut o n a n Ill u mi n a  N o v a S e q 6 0 0 0 pl atf or m (Ill u mi n a,

S a n  Di e g o,  C A,  U S A) b y  C e G at  G m b H ( T ü bi n g e n,  G er m a n y).

Li br ari es  w er e pr e p ar e d fr o m 1 0 n g of t ot al  R N A usi n g t h e S M A R T-

S e q St r a n d e d  Kit ( T a k a r a  Bi o I n c.,  K u s at s u, S hi g a, J a p a n).

D e m ulti pl e xi n g of s e q u e n ci n g r e a ds of diff er e nt s a m pl es  w as

p erf or m e d  wit h Ill u mi n a b cl 2f ast q ( v ersi o n 2. 2 0).  A d a pt ors  w er e

tri m m e d  wit h S k e w er ( v ersi o n 0. 2. 2).  Tri m m e d r a w r e a ds  w er e

ali g n e d t o  G R C g 6 a ( G C A _ 0 0 0 0 0 2 3 1 5. 5) usi n g S T A R ( v ersi o n

2. 7. 3).  T h e q u alit y of t h e F A S T Q fi l es  w as a n al y z e d  wit h F ast Q C

( v ersi o n 0. 1 1. 5).  Diff er e nti al g e n e e x pr essi o n b et w e e n tr e at m e nt a n d

c o ntr ol gr o u ps  w as a n al y z e d usi n g  D E S e q 2 ( v ersi o n 1. 2 4. 0) i n  R

( v ersi o n 3. 6. 1).  T h e r a w c o u nts d eri v e d fr o m t h e  m a p pi n g c o nt ai n

t h e n u m b er of r e a ds t h at  m a p t o e a c h g e n eI D. B as e d o n t h es e

n u m b ers t h e n or m ali z e d r e a d c o u nts  w er e c al c ul at e d. I n t h e fi rst

st e p of t h e n or m ali z ati o n,  D E S e q 2 c al c ul at es a fi cti v e “ r ef er e n c e

s a m pl e” w hi c h is d e fi n e d as t h e g e o m etri c  m e a n f or e a c h g e n e

a cr oss all s a m pl es r e g ar dl ess of gr o u p af fi li ati o n.  T h e c o u nts f or

e a c h g e n e a n d s a m pl e ar e aft er w ar ds di vi d e d b y t his r ef er e n c e v al u e.

I n t h e n e xt st e p, t h e si z e f a ct or is esti m at e d f or e a c h s a m pl e b y

c al c ul ati n g t h e  m e di a n of t h es e r ati os.  T o g et t h e n or m ali z e d r e a d

c o u nts f or e a c h g e n e a n d s a m pl e, t h e r a w c o u nts  w er e di vi d e d b y t h e

s a m pl e’s si z e f a ct or.  T his n or m ali z ati o n a c c o u nts f or diff er e nt

li br ar y si z es a n d f or bi as es.  G e n es  wit h l ess t h a n t w o r e a ds o v er

all s a m pl es  w er e r e m o v e d.  Usi n g t h e n or m ali z e d r e a d c o u nts, t h e

L o g 2 f ol d c h a n g e ( F C)  w as c al c ul at e d a n d t est e d f or st atisti c al

si g nifi c a n c e b y  W al d t est. B e nj a mi ni- H o c h b er g c orr e cti o n  w as

us e d t o c orr e ct f or  m ulti pl e t esti n g.  G e n es  wit h a L o g 2 F C > | 1. 5|

a n d a dj ust e d p- v al u e ( p a dj) < 0. 0 5  w er e c o nsi d er e d as si g ni fi c a ntl y

diff er e nti all y e x pr ess e d.

I n a d diti o n t o t h e gl o b al a n al ys es,  w e s p e cifi c all y a n al y z e d t h e

n or m ali z e d r e a d c o u nts of i m m u n e c ell r e c e pt or g e n es  w hi c h  w er e

o bt ai n e d b y  D E S e q 2  wit h a p a dj > 0. 0 5, s u c h as C D 4 , C D 8 , C D 2 5 , a n d

C D 2 8 .  T h e r el at e d c ell s urf a c e r e c e pt ors  w er e s h o w n t o b e aff e cte d o n  T

c ells i n c hi c k e n P B M Cs u p o n tr e at m e nt  wit h pr o bi oti c B S a n d B V i n a

pr e vi o us st u d y ( 1 6 ).  M or e o v er,  w e i n v esti g ate d t he n or m ali ze d r e a d

c o u nts of c yt o ki n es  wit h a p a dj > 0. 0 5 a n d c o m p ar e d t he m  wit h t h e

r es ults of t h e pr ot ei n c o n c e ntr ati o ns i n c o- c ult ur e s u p er n at a nts

o bt ai n e d b y t h e c yt o ki n e arr a y.  T h e n or m alit y of t h e d at a  w as

ass ess e d usi n g t h e S h a pir o- Wil k t est.  D e p e n di n g o n t h e distri b uti o n,

a p air e d t-t est or  Wil c o x o n r a n k-s u m test  w as p erf or m e d t o c o m p ar e

t h e eff e cts of pr o bi oti c tr e at me nt  wit h t h e u ntr e at e d c o ntr ol. Sc att er d ot

pl ots s h o wi n g t h e  m e a n  wit h st a n d ar d d e vi ati o n ( S D)  w er e c h os e n f or
fr o nti er si n. or g
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gr a p hi c al r e pr es e nt ati o n of t he g e n e e x pr essi o n d at a a n d pr ot ei n

c o n c e nt r ati o n s i n c o - c ult u r e s u p e r n at a nt s.  T h e g r a p hi c al

r e pr es e nt ati o ns a n d a n al ys es  w er e c o n d u ct e d usi n g  Gr a p h P a d Pris m

8. 0. 2 ( Gr a p h P a d S oft w ar e, S a n  Di e g o,  C A,  U S A). St atistic al si g ni fi c a n ce

w as c o nsi d er e d at p < 0. 0 5,  wit h t he f oll o wi n g s y m b ols i n di c ati n g t he

l e v el of si g nifi c a n c e: * = p < 0. 0 5, ** = p < 0. 0 1. St atisti c al t e n d e n ci es

w er e n ot e d at p < 0. 1, i n di c at e d b y +.  T h e  R N A-s e q u e n ci n g d at a us e d

i n t his st u d y c a n b e f o u n d i n t h e  G e n e E x pr essi o n  O m ni b us ( G E O)

u n d er a c c essi o n n o.  G S E 2 7 2 2 2 5.
2. 8  G e n e s et e nri c h m e nt a n al y si s

G e n e cl ust er c o m p aris o ns a n d vis u ali z ati o ns  w er e a c hi e v e d  wit h

t h e  R p a c k a g e cl ust er Pr ofi l er ( v ersi o n 4. 8. 1) (1 9 ).  G e n e s y m b ols

w er e c o n v ert e d t o e ns e m bl e I Ds  wit h t h e cl ust er Pr o fi l er Bi ol o gi c al

I d  Tr a nsl at or ( bitr).  K E G G p at h w a y a n al ysis  w as d o n e  wit h

e nri c h K E G G (s etti n gs: p v al u e C ut off = 1, p A dj ust M et h o d = “ B H ” ,

mi n G S Si z e  = 1 0,  m a x G S Si z e  = 5 0 0, q v al u e C ut off  = 0. 2 5,

us e _i nt er n al _ d at a = F A L S E).  G e n es  wit h p < 0. 0 5 a n d a n a bs ol ut e

L o g 2 F C > 0. 5  w er e us e d as i n p ut. Pl ots  w er e dr a w n  wit h t h e

d ot pl ot f u n cti o n.
Fr o nti er s i n I m m u n ol o g y 0 4
3  R e s ult s

3. 1  Diff er e nti all y e x pr e s s e d g e n e s a n d
diff er e nti all y r e g ul at e d  p at h w a y s  b et w e e n
B S -  or  B V -tr e at e d a n d  u ntr e at e d  P B M C s

T h e c o m p ar ati v e a n al ysis of P B M Cs c ult ur e d as a n e g ati v e

c o ntr ol a n d P B M Cs tr e at e d  wit h t h e pr o bi oti cs B S or B V r e v e al e d

t w el v e diff er e nti all y r e g ul at e d g e n es t h at  w er e aff e ct e d b y  B S

tr e at m e nt a n d ei g ht g e n es aft er  B V tr e at m e nt. S e v e n of t h e

si g nifi c a ntl y diff er e nti all y e x pr ess e d g e n es ( D E Gs)  w er e o v erl a p pi n g

b et w e e n b ot h gr o u ps of pr o bi oti c tr e at m e nts ( Fi g ur es 1 A – C ).

I n B S-tr e at e d P B M Cs, el e v e n  D E Gs ( L o g2 F C > 1. 5, p a dj < 0. 0 5)

were u p-r e g ul ate d ( I L 1 R 2, D E N N D 5 B , E N S G A L G 0 0 0 0 0 0 4 5 5 9 6, I L 8 L 1,

C D 7 2,  C D 7 2 A G,  A V D,  A C T A 2, L A M P 3 , E N S G A L G 0 0 0 0 0 0 2 3 4 7 2,

E P S 8 L 3 ) a n d o n e  w as d o w nr e g ul at e d ( E N S G A L G 0 0 0 0 0 0 3 8 5 8 4)

(Fi g ur es 1 A , C ).  Hi er ar c hi c al cl ust eri n g cl e arl y r e v e al e d t w o disti nct

gr o u ps o n e f or t h e u ntr e at e d c o ntr ol s a m pl es a n d o n e f or t h e B S-

tr e at e d P B M Cs (Fi g ur e 1 A ).  K E G G p at h w a y a n al ysis  w as p erf or m e d

wit h 2 5 2 diff er e nti all y e x pr ess e d g e nes ( L o g 2 F C > 0. 5, p < 0. 0 5) i n B S-

tr e at e d P B M Cs. F o ur si g nifi c a ntl y e nri c he d  K E G G p at h w a ys ( p a dj <

0. 0 5)  w er e i d e nti fi e d, n a mel y c yt o ki ne- c yt o ki ne r e ce pt or i nter a cti o n,
B

C D

A

FI G U R E 1

Diff er e nti all y e x pr e s s e d g e n e s i n c hi c k e n  P B M C s aft er e x p o s ur e t o vit al B . s u btili s D S M 3 2 3 1 5 ( B S) a n d B . v el e z e n si s C E C T 5 9 4 0 ( B V). ( A) B S a n d ( B)

B V:  H e at m a p  of t h e diff er e nti all y e x pr e s s e d g e n e s b et w e e n  B S  or  B V tr e at m e nt a n d t h e c o ntr ol. T h e hi er ar c hi c al cl u st eri n g s h o w s t w o  m ai n gr o u p s.

R e d til e s r e pr e s e nt u p -r e g ul at e d g e n e s  wit h a dj u st e d p - v al u e s ( p a dj) b el o w  0. 0 5.  Bl u e til e s r e pr e s e nt d o w n -r e g ul at e d g e n e s  wit h p a dj b el o w  0. 0 5.

D ar k er c ol or s c orr e s p o n d t o hi g h er v al u e s (r a n g e b et w e e n - 1. 5 a n d 1. 5). ( C) V e n n di a gr a m s h o wi n g t h e n u m b er  of  o v erl a p pi n g diff er e nti all y

e x pr e s s e d g e n e s b et w e e n  B S -tr e at e d a n d  B V -tr e at e d  P B M C s. ( D) K E G G e nri c h m e nt f or diff er e nti all y e x pr e s s e d g e n e s ( L o g 2 F C >  0. 5,  p <  0. 0 5) i n

t w o cl u st er s, n a m el y  B S a n d  B V. T h e si z e  of e a c h cir cl e s h o w s t h e g e n e r ati o, r e pr e s e nti n g t h e p er c e nt a g e  of si g ni fi c a nt g e n e s  o v er t h e t ot al g e n e s

i n a gi v e n p at h w a y.  Diff er e nt c ol or s  of e a c h cir cl e i n di c at e t h e a dj u st e d p - v al u e ( p. a dj u st) a s f al s e di s c o v er y r at e ( F D R). T h e si g nifi c a ntl y e nri c h e d

K E G G p at h w a y s ar e s h o w n.  D at a r e pr e s e nt t h e r e s ult s  of si x bi ol o gi c al r e pli c at e s aft er tr e at m e nt  wit h  B S  or  B V.
fr o nti er si n. or g
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t oll-li k e r e c e pt or ( T L R) si g n ali n g p at h w a y, c yt os oli c  D N A-s e nsi n g

p at h w a y, a n d p er o xis o m e pr olif er at or- a cti v at e d r e c e pt or ( P P A R)

si g n ali n g p at h w a y (Fi g ur e 1 D a n d S u p pl e m e nt ar y  T a bl e 1 ).  A m o n g

t h os e, t h e c yt o ki ne- c yt o ki ne r e c e ptor i nt er a cti o n p at h w a y dis pl a y e d t he

hi g h est l e v el of e nri c h m e nt.

F or P B M Cs tr e at e d  wit h B V, ei g ht  D E Gs ( L o g 2 F C > 1. 5, p a dj <

0. 0 5)  w er e f o u n d of  w hi c h s e v e n  w er e u pr e g ul at e d ( I L 1 R 2, I L 8 L 1,

C D 7 2,  C D 7 2 A G,  A V D,  A C T A 2, L A M P 3 ) a n d o ne w as d o w nr e g ul ate d

(H M G B 2 ) (Fi g ur es 1 B , C ).  K E G G p at h w a y a n al ysis of 1 5 4 diff er e nti all y

e x pr ess e d g e nes ( L o g 2 F C > 0. 5, p < 0. 0 5) i d e nti fi e d fi v e p at h w a ys b ei n g

si g nifi c a ntl y e nri c h e d ( p a dj < 0. 0 5).  T h es e p at h w a ys  w er e c yt o ki n e-

c yt o ki n e r ec e pt or i nt er a cti o n,  T L R s i g n ali n g, c yt os olic  D N A-s e nsi n g,

n u cl e oti d e- bi n di n g oli g o m eri z ati o n d o m ai n-li k e r e c e pt or si g n ali n g,

a n d i n fl u e n z a  A ( Fi g ur e 1 D a n d S u p pl e m e nt ar y  T a bl e 2 ).
3. 2 Eff e ct s  of  B S a n d  B V  o n i m m u n e c ell
r e c e pt or  g e n e e x pr e s si o n i n  P B M C s

I n a pr e vi o us st u d y,  w e r e p ort e d t h e a cti v ati o n a n d pr olif er ati o n

of disti n ct  T c ell p o p ul ati o ns as a r es p o ns e of c hi c k e n P B M Cs t o B S

a n d B V.  W e e v al u at e d t h e eff e cts of B S or B V o n  C D 4 +  T- h el p er

c ells,  C D 4 + C D 2 5 + a cti v at e d  T- h el p er c ells,  C D 8 + c yt ot o xi c  T c ells,

C D 8 + C D 2 5 + a cti v at e d c yt ot o xi c  T c ells, a n d  C D 2 8 +  T c ells b y
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m e a ns of t h e pr o p orti o ns of t h e c ell s urf a c e  m ar k ers b y fl o w

c yt o m etr y a n d o bs er v e d a n el e v at e d  T c ell i m m u n e r es p o ns e i n

c hi c k e n P B M Cs ( 1 6 ). I n t h e pr es e nt st u d y,  w e i n v esti g at e d t h e

e x pr essi o n of t h e r el at e d i m m u n e c ell s urf a c e  m ar k er g e n es aft er

tr e at m e nt of P B M Cs  wit h B S or B V (Fi g ur e 2 ).  A d diti o n all y,  w e

a n al y z e d t h e e x pr essi o n of tr a ns cri pti o n f a ct ors t h at  w er e pr e vi o usl y

i d e ntifi e d as b ei n g r es p o nsi bl e f or t h e diff er e nti ati o n of  T h 1 a n d

T h 2 c ells. S p e ci fi c all y,  w e e x a mi n e d t h e g e n e e x pr essi o n of  G A T A-

bi n di n g pr ot ei n 3 ( G A T A 3 ) a n d  T- b o x tr a ns cri pti o n f a ct or 2 1

(T B X 2 1 ) (S u p pl e m e nt ar y Fi g ur e 1 ).

O n g e n e e x pr essi o n l e v el, t h e tr e at m e nt of P B M Cs  wit h B S

r e v e al e d a n i n cr e as e of t h e e x pr essi o n l e v el of t h e  C D 4 r e c e pt or g e n e

(C D 4 ) b y a  m e a n v al u e of 4 7 6 c o u nts ( p < 0. 0 5, Fi g ur e 2 A )

c o m p ar e d t o t h e u ntr e at e d c o ntr ol. F urt h er m or e, t h e e x pr essi o n

l e v el of t h e i m m u n e c ell a cti v ati o n  m ar k er g e n es C D 2 8 a n d C D 2 5

w er e el e v at e d b y a  m e a n v al u e of 5 6 4. 7 ( p < 0. 1, Fi g ur e 2 C ) a n d

2 5 4. 9 c o u nts ( p < 0. 0 5, Fi g ur e 2 D ), r es p e cti v el y, i n t h e pr es e n c e of

B S c o m p ar e d t o t h e n e g ati v e c o ntr ol.  T h e e x pr essi o n l e v el of t h e

C D 8 r e c e pt o r g e n e r e m ai n e d u n c h a n g e d ( Fi g u r e 2 B ).  T h e

e x pr essi o n of G A T A 3 a n d T B X 2 1 di d n ot c h a n g e aft er tr e at m e nt

wit h B S ( S u p pl e m e nt ar y Fi g ur e 1 ).

T h e tr e at m e nt of P B M Cs  wit h B V als o i n cr e as e d t he e x pr essi o n

l e v el of t h e C D 4 r e c e pt or g e n e b y 5 8 8. 8 c o u nts ( p < 0. 0 5, Fi g ur e 2 A ).

M or e o v er, t h e e x pr essi o n l e v els of t h e a cti v ati o n  m ar k er g e n es C D 2 8
B

C D

A

FI G U R E 2

I nfl u e n c e  of vit al B . s u btili s D S M 3 2 3 1 5 ( B S) a n d B . v el e z e n si s C E C T 5 9 4 0 ( B V)  o n t h e e x pr e s si o n  of i m m u n e c ell s urf a c e  m ar k er g e n e s i n c hi c k e n

P B M C s. ( A) C D 4 r e c e pt or g e n e; ( B) C D 8 r e c e pt or g e n e; ( C) C D 2 8 r e c e pt or g e n e; ( D) C D 2 5 r e c e pt or g e n e.  D at a r e pr e s e nt n or m ali z e d r e a d c o u nt s  of

si x bi ol o gi c al r e pli c at e s aft er tr e at m e nt  wit h  B S  or  B V.  R e s ult s ar e pr e s e nt e d a s s c att er d ot pl ot s s h o wi n g t h e  m e a n  wit h S D. I n di vi d u al v al u e s

r e pr e s e nt t h e  m e a n  of t h e t e c h ni c al r e pli c at e s p er bi ol o gi c al r e pli c at e a n d ar e s h o w n a s cir cl e s ( C o ntr ol), s q u ar e s ( B S), a n d tri a n gl e s ( B V). T h e s a m e

c ol or r ef er s t o t h e s a m e i n di vi d u al f or c o ntr ol a n d  B S  or  B V tr e at m e nt.  A p air e d t -t e st ( C D 4 , C D 8, C D 2 8 )  or a  Wil c o x o n r a n k - s u m t e st (C D 2 5 )  w a s

p erf or m e d. Si g ni fi c a n c e i s s h o w n a s  +, p <  0. 1; *, p <  0. 0 5.
fr o nti er si n. or g
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a n d C D 2 5 w er e el e v at e d b y a  m e a n v al u e of 6 7 0. 1 ( p < 0. 0 5, Fi g ur e 2 C )

a n d 2 7 6. 6 c o u nts ( p < 0. 0 5, Fi g ur e 2 D ), r es p e cti v el y, c o m p ar e d t o t h e

u ntr e at e d ne g ati v e c o ntr ol.  T h e e x pr essi o n l e v el of t h e C D 8 r e c e pt or

g e n e r e m ai n e d als o u n c h a n g e d ( Fi g ur e 2 B ). Si mil ar t o t h e tr e at m e nt

wit h B S, t h e e x pr essi o n of G A T A 3 a n d T B X 2 1 r e m ai n e d u nc h a n g e d

aft er tr e at m e nt  wit h B V ( S u p pl e m e nt ar y Fi g ur e 1 ).

T h es e r es ults c orr o b or at e o ur pr e vi o us fi n di n gs o bt ai n e d b y fl o w

c yt o m etr y,  w hi c h i n di c at e d a n el e v at e d n u m b er of  C D 4 +  T- h el p er

c ells,  C D 4 + C D 2 5 + a cti v at e d  T- h el p er c ells, a n d  C D 2 8 +  T c ells. I n

c o ntr ast, t h e u n alt er e d g e n e e x pr essi o n l e v el of t h e C D 8 r e c e pt or g e n e

(Fi g ur e 2 B ) d o es n ot ali g n  wit h t h e el e v at e d n u m b er of  C D 8 +

c yt ot o xi c  T c ells a n d  C D 8 + C D 2 5 + a cti v at e d c yt ot o xi c  T c ells

o bs er v e d i n t h e pr e c e di n g fl o w c yt o m etri c ass ess m e nts f oll o wi n g

tr e at m e nt  wit h B S.  H o w e v er, it is ess e nti al t o a c k n o wl e d g e t h at t he

r e c e pt or g e n es ar e n ot e x cl usi v e t o  T c ells, b ut als o e x pr ess t he

ass o ci at e d r e c e pt ors o n ot h er i m m u n e c ell t y p es.
3. 3 E x pr e s si o n  of g e n e s e n c o di n g
c yt o ki n e s i n  B S - a n d  B V -tr e at e d  P B M C s

I n or der t o assess t he eff e cts of B S a n d B V o n P B M Cs,  w e f urt her

e v al u at e d t h e c yt o ki n e e x pr essi o n l e v els ( Fi g ur es 3 A – F , 4 A – F ).  Aft er

tre at m e nt  wit h B S,  w e o bs er ve d i n cr e as e d e x pr essi o n l e v els of t he a nti-

i nfl a m m at or y c yt o ki n e g e n e I L 1 0 b y a  m e a n v al ue of 2. 7 2 8 ( p < 0. 0 1,

Fi g ur e 3 B ) a n d t he  C- C  m otif c h e m o ki n e li g a n d 5 (C C L 5 ) b y 1 5 6. 1

c o u nts ( p < 0. 0 5, Fi g ur e 3 F ), b ut r e d u c e d e x pr essi o n l e v el of t he pr o-

i nfl a m m at or y c yt o ki n e g e n e I L 1 6 b y 1 0 0 4 c o u nts ( p < 0. 0 1, Fi g ur e 3 D )
Fr o nti er s i n I m m u n ol o g y 0 6
c o m p ar e d t o t h e u ntr e at e d c o ntr ols.  T h e pr o-i n fl a m m at or y c yt o ki n e

g e n es I L 1 2 (Fi g ure 3 C ) a n d I L 6 (Fi g ur e 3 A ), a n d t he r e g ul at or y

c yt o ki n e g e n e I L 2 1 (Fi g ur e 3 E ) r e m ai n e d u n aff e ct e d b y B S. I n

c o ntr ast, t h e pr o-i n fl a m m at or y c yt o ki n e g e n es I L 1 B ( p < 0. 0 5,

S u p pl e m e nt ar y Fi g ur e 2 A ) a n d I L 8 ( p < 0. 0 5, S u p pl e m e nt ar y

Fi g ure 2 B )  w er e i n cr e ase d aft er tr e at m e nt  wit h B S b y 3 9. 3 5 a n d

1 2 2. 2 c o u nts, r es pe cti v el y.  T h e e x pr essi o n l e v el of t he r e g ul at or y

c yt o ki n e g e n e T G F B 1 d e cr e as e d b y 1 8 1. 4 c o u nts ( p < 0. 0 5,

S u p pl e m e nt ar y Fi g ur e 3 A ),  w hil e t h e  m e a n e x pr essi o n l e v el of

T G F B 2 e x hi bit e d a sli g ht i n cr e as e, alt h o u g h t his r es ult  w as n ot

st atistic all y si g nifi c a nt ( S u p pl e m e nt ar y Fi g ur e 3 B ).

I n P B M Cs tr e at e d  wit h B V,  w e o bs er v e d a n i n cr e as e i n g e n e

e x pr essi o n of C C L 5 b y a  m e a n v al u e of 1 4 6. 1 c o u nts ( p < 0. 0 5,

Fi g ur e 3 F ) a n d a d e cr e as e i n e x pr essi o n of I L 1 6 b y 9 2 0. 2 c o u nts

( p < 0. 0 1, Fi g ur e 3 D ) c o m p ar e d t o t h e u ntr e at e d c o ntr ols, si mil ar t o

w h at  w as o bs er v e d i n B S-tr e at e d P B M Cs.  T h e tr e at m e nt of P B M Cs

wit h  B V h a d n o eff e ct o n t h e e x pr essi o n l e v els of t h e pr o-

i nfl a m m at o r y c yt o ki n e g e n e s I L 6 ( Fi g u r e 3 A ) a n d I L 1 2

( Fi g u r e 3 C ), t h e a nti -i n fl a m m at o r y c yt o ki n e g e n e I L 1 0

(Fi g ur e 3 B ), a n d t h e r e g ul at or y c yt o ki n e g e n e I L 2 1 (Fi g ur e 3 E ).

A d diti o n all y, f oll o wi n g tr e at m e nt  wit h B V, t h e e x pr essi o n of t h e

pr o-i n fl a m m at or y c yt o ki n e g e n es I L 1 B a n d I L 8 w as f o u n d t o b e

si g ni fi c a ntl y i n c r e a s e d b y 3 8. 7 6 ( p < 0. 0 5, ( S u p pl e m e nt a r y

Fi g u r e 2 A ) a n d 1 2 6. 7 c o u nt s ( p  < 0. 0 5, S u p pl e m e nt a r y

Fi g u r e 2 B ), r e s p e cti v el y.  T h e e x p r e s si o n l e v el of T G F B 1

si g nifi c a ntl y d e cr e as e d b y 2 1 4. 0 c o u nts ( p < 0. 0 5, S u p pl e m e nt ar y

Fi g ur e 3 A ),  w hil e t h e e x pr essi o n l e v el of T G F B 2 di d n ot c h a n g e

c o m p ar e d t o t h e c o ntr ol ( S u p pl e m e nt ar y Fi g ur e 3 B ).
B C

D E F

A

FI G U R E 3

I nfl u e n c e  of vit al B . s u btili s D S M 3 2 3 1 5 ( B S) a n d B . v el e z e n si s C E C T 5 9 4 0 ( B V)  o n t h e pr o fi l e  of c yt o ki n e g e n e s i n c hi c k e n  P B M C s. ( A) I L 6; ( B) I L 1 0;

( C) I L 1 2; ( D) I L 1 6; ( E) I L 2 1; ( F) C C L 5 .  D at a r e pr e s e nt n or m ali z e d r e a d c o u nt s  of si x bi ol o gi c al r e pli c at e s aft er tr e at m e nt  wit h  B S  or  B V.  R e s ult s ar e

pr e s e nt e d a s s c att er d ot pl ot s s h o wi n g t h e  m e a n  wit h S D. I n di vi d u al v al u e s r e pr e s e nt t h e  m e a n  of t h e t e c h ni c al r e pli c at e s p er bi ol o gi c al r e pli c at e

a n d ar e s h o w n a s cir cl e s ( C o ntr ol), s q u ar e s ( B S), a n d tri a n gl e s ( B V). T h e s a m e c ol or r ef er s t o t h e s a m e i n di vi d u al f or c o ntr ol a n d  B S  or  B V tr e at m e nt.

A p air e d t -t e st ( B S: I L 1 0, I L 1 2, I L 1 6, C C L 5 ;  B V: I L 1 2, I L 1 6)  or a  Wil c o x o n r a n k - s u m t e st ( B S: I L 6, I L 2 1;  B V: I L 6, I L 1 0, I L 2 1, C C L 5 )  w a s p erf or m e d.

Si g ni fi c a n c e i s s h o w n a s *, p <  0. 0 5; * *, p <  0. 0 1.
fr o nti er si n. or g
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3. 4  C yt o ki n e c o n c e ntr ati o n s i n c o - c ult ur e
s u p er n at a nt s  of  P B M C s tr e at e d
wit h  B S a n d  B V

Si n c e c yt o ki n es  w er e e x p e ct e d t o b e r el e as e d b y diff er e nt

i m m u n e c ell p o p ul ati o ns d uri n g t h e c o- c ult ur e of pr o bi oti cs a n d

P B M Cs,  w e i n v esti g at e d t h e c o n c e ntr ati o ns of p ot e nti all y f u n cti o n al

c yt o ki n e s. I n o u r e x p e ri m e nt s, c yt o ki n e c o n c e nt r ati o n s i n

c o- c ult ur e s u p er n at a nts of P B M Cs tr e at e d  wit h B S or B V  w er e

n ot si g ni fi c a ntl y alt er e d.  N o diff er e n c es i n c o n c e ntr ati o ns of

p r o-i n fl a m m at or y I L- 6, I L- 1 2, a n d I L- 1 6, a nti-i n fl a m m at or y

I L- 1 0, r e g ul at or y I L- 2 1, a n d  C C L 5  w er e d et e ct e d aft er tr e at m e nt

wit h eit h er B S or B V c o m p ar e d t o t h e u ntr e at e d c o ntr ol ( Fi g ur e 4 ).
3. 5 Eff e ct s  of  B S a n d  B V  o n g e n e
e x pr e s si o n  of a nti mi cr o bi al  p e pti d e s
i n  P B M C s

I n a d diti o n t o c yt o ki n e g e n e e x pr essi o n,  w e a n al y z e d t h e

e x pr essi o n l e v els of a nti mi cr o bi al p e pti d es ( A M Ps)  w hi c h i n fl u e n c e

t h e e x pr essi o n of c yt o ki n es a n d vice vers a .  W e i n v esti g at e d t h e c h a n g es

i n t h e g e n e e x pr essi o n of t he a vi a n b - d ef e nsi ns A v B D 1 , A v B D 4,

A v B D 5,  A v B D 9,  A v B D 1 3 , a n d A v B D 1 4 (Fi g ur e 5 ) as w ell as t h e

c a t h eli ci di n s C A T H 1,  C A T H 2,  C A T H 3 , a n d C A T H B 1

(S u p pl e m e nt ar y Fi g ur e 4 ) i n P B M Cs aft er tr e at m e nt  wit h B S or B V

c o m p ar e d t o t h e u ntr e at e d c o ntr ols.

T h e eff e cts of B S a n d B V o n t h e e x pr essi o n of t h e i n v esti g at e d

A M Ps i n P B M Cs  w er e si mil ar.  Aft er B S tr e at m e nt of P B M Cs,  w e
Fr o nti er s i n I m m u n ol o g y 0 7
o bs er v e d a hi g h er e x pr essi o n l e v el of A v B D 1 b y a  m e a n v al u e of

2 3. 9 3 c o u nts ( p < 0. 0 5, Fi g ur e 5 A ).  T h e b - d ef e nsi n g e n es A v B D 4 ,

A v B D 5 , A v B D 9 , A v B D 1 3 , a n d A v B D 1 4 r e m ai n e d u n aff e ct e d aft er

tr e at m e nt  wit h B S (Fi g ur e 5 ).  Aft er B V tr e at m e nt, t h e e x pr essi o n

l e v el of A v B D 1 als o i n cr e as e d i n a si mil ar  m a g nit u d e as aft er B S

tr e at m e nt, b y a  m e a n v al u e of 2 6. 2 7 c o u nts ( p < 0. 0 5, Fi g ur e 5 A ),

a n d t h e b - d ef e nsi n g e n es A v B D 4 , A v B D 5 , A v B D 9 , A v B D 1 3 , a n d

A v B D 1 4 di d n ot c h a n g e ( Fi g ur e 5 ).

T h e e x pr essi o n of t h e s e c o n d  m aj or gr o u p of  A M Ps, t h e

c at h eli ci di ns, i n p arti c ul ar C A T H 1,  C A T H 2,  C A T H 3 , a n d C A T H B 1 ,

di d n ot c h a n g e aft er tr e at m e nt  wit h B S or B V c o m p ar e d t o t h e

u ntr e at e d c o ntr ols ( S u p pl e m e nt ar y Fi g ur es 4 A – D ).
4  Di s c u s si o n

W e d et e ct e d t w el v e diff er e nti all y e x pr ess e d g e n es ( D E Gs) i n

P B M Cs tr e at e d  wit h B S a n d ei g ht i n P B M Cs tr e at e d  wit h B V

c o m p ar e d t o t he u ntr e at e d c o ntr ols.  T h e s e v e n o v erl a p pi n g  D E Gs

ar e I L 1 R 2, I L 8 L 1,  C D 7 2,  C D 7 2 A G, A V D , A C T A 2 , a n d L A M P 3 . T h es e

g e n es e n c o d e t h e I L- 1 r e c e pt or 2 (I L- 1 R 2), I L- 8-li k e 1 (I L- 8 L 1),  C D 7 2

m ol e c ul e ( C D 7 2),  C D 7 2 a nti g e n ( C D 7 2 A G, als o k n o w n as  C D 7 2

m ol e c ul e li k e 1 ( C D 7 2 L 1)), a vi di n ( A V D), a cti n- a 2 ( A C T A 2), a n d

l ys os o m al- ass o ci at e d pr ot ei n 3 ( L A M P 3).  R e m ar k a bl y, all of t h os e

g e n es ar e i n v ol v e d i n i m m u n e r e g ul ati o n.  T o i d e ntif y t h e e nri c h e d

p at h w a ys f or t h e r e g ul at e d g e n es u p o n B S a n d B V tr e at m e nt of

P B M Cs,  K E G G p at h w a y a n al ysis  w as p erf or m e d. I m m u n e-r el at e d

p at h w a ys, n a m el y c yt o ki n e- c yt o ki n e r e c e pt or i nt er acti o n,  T oll-li k e

r e c e pt or ( T L R) si g n ali n g p at h w a y, a n d c yt os oli c  D N A-s e nsi n g
B C

D E F

A

FI G U R E  4

I nfl u e n c e  of vit al B . s u btili s D S M 3 2 3 1 5 ( B S) a n d B . v el e z e n si s C E C T 5 9 4 0 ( B V)  o n t h e c yt o ki n e pr o fi l e i n c o - c ult ur e s u p er n at a nt s.  C yt o ki n e

c o n c e ntr ati o n s  of ( A) I L - 6, ( B) I L - 1 0, ( C) I L - 1 2, ( D) I L - 1 6, ( E) I L - 2 1, a n d ( F) C C L 5.  D at a r e pr e s e nt n or m ali z e d r e a d c o u nt s  of s e v e n bi ol o gi c al r e pli c at e s

aft er tr e at m e nt  wit h  B S  or  B V.  R e s ult s ar e pr e s e nt e d a s s c att er d ot pl ot s s h o wi n g t h e  m e a n  wit h S D. I n di vi d u al v al u e s r e pr e s e nt t h e  m e a n  of t h e

t e c h ni c al r e pli c at e s p er bi ol o gi c al r e pli c at e a n d ar e s h o w n a s cir cl e s ( C o ntr ol), s q u ar e s ( B S), a n d tri a n gl e s ( B V). T h e s a m e c ol or r ef er s t o t h e s a m e

i n di vi d u al f or c o ntr ol a n d  B S  or  B V tr e at m e nt.  A p air e d t -t e st ( B S: I L - 6;  B V: I L - 6, I L - 1 6)  or a  Wil c o x o n r a n k - s u m t e st ( B S: I L - 1 0, I L - 1 2, I L - 1 6, I L - 2 1,

C C L 5;  B V: I L - 1 0, I L - 1 2, I L - 2 1,  C C L 5)  w a s p erf or m e d.
fr o nti er si n. or g
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p at h w a y  w er e si g ni fi c a ntl y e nri c h e d.  T h es e r es ults s u g g est str o n g

i nt er a cti o ns of i n n at e as  w ell as a d a pti v e i m m u n e c ells i n r es p o ns e t o

a n a cti v ati n g or  m o d ul ati n g sti m ul us,  w hi c h i n c as e of B S or B V c o ul d

i n v ol v e s e c r et e d  m ol e c ul e s or s u rf a c e  m ol e c ul e s, s u c h a s

p e pti d o gl y c a ns ( 2 0 ).  M or e o v er, t he r es ults i n di c at e t h e i n v ol v e m e nt

of s p e ci fi c p atter n r e c o g niti o n r e c e pt ors, n a m el y  T L Rs or c yt os oli c

n u cl e oti d e s e ns ors s u c h as n u cl e oti d e- bi n di n g oli g o m eri z ati o n

d o m ai n li k e ( N O D-li k e) r e c e pt ors,  w hi c h r es p o n d t o diff er e nt

c o m p o n e nts of  mi cr o or g a nis m s b y i n d u ci n g i n n at e i m m u n e

r es p o ns es.  T h e i n v ol v e m e nt of  T L Rs a n d  N O D-li k e r e c e pt ors

u n d erli n es t h e pr o-i n fl a m m at or y r es p o ns e u p o n tr e at m e nt of

P B M Cs  wit h B S a n d B V a n d s u g g ests a str e n gt h e n e d i m m u n e

r es p o ns e c a p a cit y. I n a r e c e nt i n vi v o st u d y, si mil ar p at h w a ys,

i n cl u di n g t h e  T L R si g n ali n g p at h w a y,  N O D-li k e r e c e pt or si g n ali n g

p at h w a y, a n d c yt o ki n e - c yt o ki n e r e c e pt o r i nt e r a cti o n,  w e r e

si g nifi c a ntl y e nri c h e d i n t h e c e c u m of c hi c k e ns t h at  w er e f e d B.

s u btilis t hr o u g h o ut t h e e x p eri m e nt al tri al ( d a y 1 t o d a y 2 8 of a g e) a n d

si m ult a n e o usl y c h all e n g e d  wit h Ei meri a t e n ell a o n d a y 2 1 of a g e

c o m p ar e d t o c hi c k e ns f e d a n or m al di et ( wit h o ut t h e pr o bi oti c) a n d

c h alle n g e d  wit h E. t e n ell a o n d a y 2 1 ( 2 1 ).

I L- 1 R 2,  w h os e g e n e e x pr essi o n  w as r e g ul at e d b y b ot h b a ct eri al

str ai ns, is a pr of o u n d  m e di at or i n i n fl a m m at or y a n d i m m u n e

r es p o ns es t o v ari o us dis or d ers ( 2 2 ). I n  m a m m als, I L- 1 R 2 is

e x pr ess e d i n  m o n oc yt es a n d  m a cr o p h a g es, n e utr o p hils, a n d B c ells

(2 3 ). T h er e, t he e x pr essi o n of I L- 1 R 2 is el e v at e d u p o n e x p os ur e t o

a nti -i n fl a m m at o r y o r i m m u n o s u p p r e s si v e a g e nt s, s u c h a s

pr ost a gl a n di ns ( 2 4 ) or as piri n (2 5 ). T h e f u n cti o n al r ol e of I L- 1 R 2 i n

c hi c k e ns is n ot  w ell u n derst o o d. Si mil ar t o h u m a ns, I L- 2 R 1 h as b e e n

s h o w n t o s pe cifi c all y bi n d I L- 1 b i n c hi c k e ns, t h er e b y i n hi biti n g its

a cti vit y ( 2 6 , 2 7 ). I n t his st u d y, hi g h er I L 1 R 2 g e n e e x pr essi o n  w as
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i n d u c e d i n c hi c k e n P B M Cs aft er tre at me nt  wit h b ot h b a ct eri al str ai ns,

B S a n d B V.  T his s u g g ests t h e pr es e n c e of a nti-i n fl a m m at or y a g e nts

s e cr et e d b y t h e b a ct eri a or a n o v er e x pr essi o n of I L- 1b .  T h es e r es ults

ar e f urt her c o nsist e nt  wit h a n ot her st u d y r e p orti n g t h e u pr e g ul ati o n of

t h e I L 1 R 2 g e n e f oll o wi n g  T c ell r e c e pt or ( T C R) sti m ul ati o n of

r e g ul at or y  T c ells ( Tr e gs) a n d o ur pr e vi o us r es ults  w hi c h i n di c at e d

el e v at e d c o u nts of  C D 4 + C D 2 5 +  T c ells,  w hi c h  w er e s u g g est e d t o

r e pr es e nt a  T c ell p o p ul ati o n  wit h r e g ul at or y f u n cti o ns i n c hi c k e ns,

f oll o wi n g tre at m e nt of c hi c k e n P B M Cs  wit h B S a n d B V (1 6 , 2 8 ).

T h e  m a m m ali a n c yt o ki n e I L- 8 a n d t h e c hi c k e n h o m ol o g o us I L-

8 L 1 ar e  m e m b ers of t h e  C X C f a mil y of c h e m o ki n es, a cti n g  m ai nl y

o n n e utr o p hils as  w ell as o n  T a n d B c ells ( 2 9 ). I n o ur st u d y, t h e

e x pr essi o n of t h e I L 8 g e n e  w as si g ni fi c a ntl y el e v at e d u p o n tr e at m e nt

wit h b ot h b a ct eri al str ai ns. I n a r e c e nt st u d y, h u m a n P B M Cs  w er e

c o- c ult u r e d  wit h Str e pt o c o c c us t h er m o p hil us 2 8 5,  w hi c h als o

r e s ult e d i n el e v at e d I L - 8 p r ot ei n e x p r e s si o n.  T h e a ut h o r s

s u g g est e d t h at I L- 8 al o n e  m a y i n di c at e i n fl a m m ati o n, b ut i n t h e

c o nt e xt of ot h er u pr e g ul at e d a nti-i n fl a m m at or y c yt o ki n es a n d

m e di at ors f o u n d i n t h eir st u d y, u pr e g ul ati o n of I L- 8  m a y b e

i nt er pr et e d as a r e q uir e m e nt f or t h e i niti al sti m ul at or y eff e ct of

S. t h er m o p hil us 2 8 5 t o a cti v at e t h e i m m u n e r es p o ns e b y i niti ati n g

i n n at e i m m u nity ,  w hi c h i n t ur n i nfl u e n c es a d a pti v e i m m u n e

r e s p o n s e s ( 3 0 ).  T h u s, t h e i niti al p r o-i n fl a m m at o r y i m m u n e

r es p o ns e o bs er v e d i n o ur st u d y, c h ar a ct eri z e d b y t h e u pr e g ul ati o n

of g e n es li k e I L 1 R 2 a n d I L 8 L 1 i n P B M Cs tr e at e d  wit h B S a n d B V,

m a y s er v e as a pr e c urs or t o t h e i n v ol v e m e nt of  Tr e gs, as s u g g est e d

i n pr e vi o us r es e ar c h, p arti c ul arl y f oll o wi n g tr e at m e nt  wit h B S (1 6 ).

T h e  m a m m ali a n B c ell diff er e nti ati o n a nti g e n  C D 7 2 a n d t h e

m o st  h o m ol o g o u s c hi c k e n p r ot ei n  C D 7 2 A G a r e t y p e I I

tr a ns m e m br a n e pr ot ei ns of t h e  C-t y p e l e cti n f a mil y a n d ar e
B C

D E F

A

FI G U R E 5

E x pr e s si o n  of a vi a n b - d ef e n si n g e n e s i n c hi c k e n  P B M C s aft er tr e at m e nt  wit h vit al B . s u btili s D S M 3 2 3 1 5 ( B S) a n d B . v el e z e n si s C E C T 5 9 4 0 ( B V).

E x pr e s si o n l e v el s  of ( A) A v B D 1 , ( B) A v B D 4 , ( C) A v B D 5 , ( D) A v B D 9 , ( E) A v B D 1 3 , a n d ( F) A v B D 1 4 .  D at a r e pr e s e nt n or m ali z e d r e a d c o u nt s  of si x bi ol o gi c al

r e pli c at e s aft er tr e at m e nt  wit h  B S  or  B V.  R e s ult s ar e pr e s e nt e d a s s c att er d ot pl ot s s h o wi n g t h e  m e a n  wit h S D. I n di vi d u al v al u e s r e pr e s e nt t h e  m e a n

of t h e t e c h ni c al r e pli c at e s p er bi ol o gi c al r e pli c at e a n d ar e s h o w n a s cir cl e s ( C o ntr ol), s q u ar e s ( B S), a n d tri a n gl e s ( B V). T h e s a m e c ol or r ef er s t o t h e

s a m e i n di vi d u al f or c o ntr ol a n d  B S  or  B V tr e at m e nt.  A  Wil c o x o n r a n k - s u m t e st  w a s p erf or m e d. Si g ni fi c a n c e i s s h o w n a s *, p <  0. 0 5.
fr o nti er si n. or g
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m ai nl y e x pr ess e d o n t h e B c ell li n a g e e x c e pt f or pl as m a c ells ( 3 1 ).

T h er e, t h e  C D 7 2 pr ot ei n f u n cti o ns as a B c ell a nti g e n r e c e pt or

( B C R)- m e di at e d si g n ali n g i n hi bit or (3 2 ).  T h us, hi g h er e x pr essi o n of

t h e C D 7 2 g e n e aft er tr e at m e nt  wit h B S a n d B V i n di c at es B C R-

m e di at e d si g n ali n g i n hi biti o n.  A c c or di n gl y,  w e c o ul d n ot o bs er v e a n

eff e ct o n t h e n u m b er of B c ells aft er tr e at m e nt  wit h B S or B V b y fl o w

c yt o m etr y i n a pr e vi o us st u d y ( 1 6 ).

A V D is a t etr a m eri c pr ot ei n  wit h a nti mi cr o bi al pr o perti es f o u n d

i n e g g  w hit es of all o vi p ar o us v ert e br at es. E a c h  A V D  m o n o m er c a n

r e v ersi bl y bi n d bi oti n ( vit a mi n  H)  wit h hi g h affi nit y a n d s p e ci fi cit y.

T h e bi n di n g  m a k es bi oti n u n a v ail a bl e f or  mi cr o or g a nis ms a n d

pr e v e nts t h eir pr olif er ati o n.  T h er ef or e,  A V D c a n b e c o nsi d er e d

b a ct eri ost atic ( 3 3 ). I n o ur e x p eri m e nts, it  w as hi g h er e x pr ess e d i n

B acill us -tr e at e d P B M Cs c o m p ar e d t o t h e u ntr e at e d c o ntr ols.  T h e

hi g h er e x pr essi o n of t h e A V D g e n e i n B acill us -tr e at e d P B M Cs i n o ur

st u d y s u g g ests a pr o bi oti c b a ct eri ost ati c eff e ct of B S a n d B V.

T h e e x pr essi o n of  A C T A 2 is l ar g el y r estri ct e d t o s m o ot h  m us cl e

c ells, p eri c yt es, a n d  m y o fi br o bl asts.  H o w e v er,  A C T A 2  w as r e p ort e d

t o b e u pr e g ul at e d i n P B M Cs fr o m d o gs  wit h h e art f ail ur e (3 4 ) or i n

c hil dr e n i m m u ni z e d  wit h i n a cti v at e d i n fl u e n z a v a c ci n e ( 3 5 ). I n o ur

st u d y, t h e g e n e e n c o di n g  A C T A 2  w as u pr e g ul at e d f oll o wi n g

tr e at m e nt  wit h b ot h B acill us str ai ns, i n di c ati n g i n cr e as e d a cti n

c yt os k el et o n a n d i nt e gri n si g n ali n g as it  w as s u g g est e d i n a n ot h er

st u d y (3 5 ).

T h e l ys os o m al- ass o ci at e d pr ot e i n 3 ( L A M P 3) is a tr a ns m e m br a ne

l ys os o m al gl y c o pr otei n a n d a r eli a ble a cti v ati o n  m ar k er f or b as o p hils

(3 6 ). I n h u m a ns, L A M P 3 is e nri c h e d i n d e n driti c c ells a n d  T c ells (3 7 ),

w hi c h is i n li ne  wit h t h e el e v ate d  T c ell i m m u ne r es p o ns e i n o ur

pr e vi o us st u d y ( 1 6 ).

T h e st u d y s u g g ests t h at b ot h pr o bi oti cs i n d u c e a n a nti-

i nfl a m m at or y a n d b a ct eri ost ati c eff e ct c h ar a ct eri z e d b y a n i n cr e as e i n

t h e g e n e e x pr essi o n of I L 1 R 2 a n d A V D , a n d t h e i n v ol v e m e nt of  T c ells,

p artic ul arl y  Tre gs.  T h e i n cr e as e d e x pr essi o n of pr o-i n fl a m m at or y

c yt o ki n e g e n es s u c h as I L 1 B a n d I L 8 i n dic at es si g nifi c a nt i nt er acti o ns

b et w e e n i n n at e a n d a d a pti v e i m m u n e cells i n r es p o ns e t o a n a cti v ati n g

or  m o d ul ati n g sti m ul us, i n v ol vi n g s p e ci fi c p att er n r e c o g niti o n

r e c e pt ors, i ncl u di n g  T L Rs a n d  N O D-li k e r e ce pt ors.

I n a d diti o n t o i n v e sti g at e g e n e r e g ul ati o n gl o b all y aft e r

tr e at m e nt of P B M Cs  wit h B S or B V,  w e s p e cifi c all y e x a mi n e d t h e

e x pr essi o n of i m m u n e c ell s urf a c e  m a r k er g e n es,  w hi c h a r e

ass o ci at e d  wit h t h e pr e vi o usl y s u g g est e d el e v at e d  T c ell i m m u n e

r es p o ns e i n c hi c k e n P B M Cs u p o n tr e at m e nt  wit h B S or B V ( 1 6 ). I n

t h e pr e vi o us st u d y, el e v at e d l e v els of  C D 4,  C D 8,  C D 2 5, a n d  C D 2 8

c ell s urf a c e  m ar k ers  w er e f o u n d usi n g fl o w c yt o m etr y ( 1 6 ).  T h es e

r es ults  w er e u n d erli n e d t hr o u g h  R N A s e q u e n ci n g a n al ysis,  w hi c h

s h o w e d hi g h er e x pr essi o n l e v els of t h e i m m u n e c ell s urf a c e  m ar k er

g e n es C D 4 , C D 2 5 , a n d C D 2 8 aft er tr e at m e nt  wit h t h e t est e d B acill us

str ai ns.  H o w e v er, t h e a n al ysis of diff er e nti al g e n e e x pr essi o n of

t h os e g e n es di d n ot r es ult i n si g nifi c a nt diff er e n c es o n a gl o b al g e n e

e x pr essi o n l e v el.  T h e o bs er v e d eff e cts o n t h e g e n e e x pr essi o n of c ell

s urf a c e  m ar k ers of i n di vi d u al c ell p o p ul ati o ns  m a y b e l o w d u e t o t h e

h et er o g e n eit y of t h e P B M C p o p ul ati o n. P B M Cs c o nt ai n diff er e nt

p o p ul ati o ns of i m m u n e c ells,  w hi c h  m a y hi d e s p e ci fi c eff e cts o n

i n di vi d u al c ell p o p ul ati o ns.

F urt h er m or e, it is i m p ort a nt t o n ot e t h at t h e hi g h er g e n e

e x pr essi o n of t h os e c ell s urf a c e  m ar k ers d oes n ot n e c ess aril y r e fl e ct
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t he pr e vi o usl y r e p ort e d el e v at e d  T c ell i m m u n e r es p o ns e b y fl o w

c yt o m etr y  m e as ur e m e nt of i m p ort a nt  T c ell r e c e pt or s.  T h e

af or e m e nti o n e d g e n es, s p e ci fi c all y C D 4 , C D 8 , a n d C D 2 5 , als o

e n c o d e t h e c ell s urf a c e  m ar k ers of ot h er c ell t y p es pr es e nt i n t h e

P B M C p o p ul ati o n, i n cl u di n g n at ur al kill er ( N K) c ells a n d  m o n o c yt es.

H o w e v er, t h es e ar e f o u n d t o a l ess er e xt e nt c o m p ar e d t o, e. g.  T c ells,

i n t h e p eri p h er al bl o o d (3 8 ).  Alt h o u g h als o ot h er i m m u n e c ell

p o p ul ati o ns  wit hi n P B M Cs e x pr ess si mil ar c ell s urf a c e r e c e pt ors,

t he u pr e g ul ati o n of t h e s urf a c e r e c e pt or  m ar k er g e n es a n d t h e  T c ell-

ass o ci at e d C C L 5 , as  w ell as t h e hi g h er e x pr essi o n of t h e B c ell

pr olif er ati o n i n hi bit or g e n e C D 7 2 aft er P B M C tr e at m e nt  wit h B S

a n d B V,  m a y i n di c at e a p ot e nti al sti m ul ati o n of t he  T c ell i m m u n e

r es p o ns e, b ut n ot t h e B c ell r es p o ns e.

I n c o ntr ast t o pr e vi o us fi n di n gs o n pr ot ei n l e v els o bt ai n e d b y fl o w

c yt o m etr y, t h e e x pr essi o n of t he c ell s urf a c e  m ar k er g e n e C D 8 w as

n ot el e v at e d.  T his c o ul d b e a r es ult of diff er e nt c ell t y p es e x pr essi n g

C D 8 r e c e pt ors, i n cl u di n g  N K c ells ( 3 8 ).  O n e h y p ot h esis f or t h e

u n c h a n g e d e x pr essi o n of C D 8 u p o n tr e at m e nt  wit h B S or B V c o ul d

als o i n v ol v e a d o w nr e g ul ati o n of t he C D 8 g e n e i n r es p o ns e t o a

r e g ul at or y i m m u n e r e a cti o n i n v ol vi n g a  C D 4 + C D 2 5 +  T- h el p er c ell

p o p ul ati o n  wit h r e g ul at or y pr o p erti es t h at p oss ess si mil ar f u n cti o ns

t o t h os e of  m a m m ali a n  Tr e gs, as pr e vi o usl y s u g g est e d (1 6 , 3 9 ).  T his

h y p ot h esis is s u p p ort e d b y t h e i n cr e as e d e x pr essi o n l e v el of t h e

r e g ul at or y c yt o ki n e g e n e I L 1 0 w hi c h p oi nts t o w ar ds a n i n v ol v e m e nt

of  T r e g s.  H o w e v e r,  w e c o ul d n ot d et e ct diff e r e n c e s i n t h e

c o n c e ntr ati o ns of t h e I L- 1 0 pr ot ei n, a t y pi c al  Tr e g t y p e c yt o ki n e, i n

t he c o- c ult ur e s u p er n at a nts. It h as t o b e n ot e d t h at t he  C D 4 + C D 2 5 +

T c ell p o p ul ati o n als o i n cl u d es ot h er s u bs ets t h a n j ust  Tr e gs.  R e c e ntl y,

a c hi c k e n ort h ol o g of t he  m a m m ali a n F o x p 3  w as i d e nti fi e d ( 4 0 ). I n

t he f ut ur e, t h e pr o d u cti o n of c hi c k e n F o x p 3 a nti b o di es c o ul d gi v e

b ett er o p p ort u niti es f or st u d yi n g  Tr e g s u bs ets.

Ot h er c yt o ki n es i n v ol v e d i n a  T r e g dri v e n i m m u n e r es p o ns e ar e

T G F- b a n d I L- 2.  W hil e t h e T G F B 2 g e n e  w as o nl y sli g htl y b ut n ot

si g nifi c a ntl y i n cr e as e d aft er tr e at me nt  wit h B S i n t his st u d y, t h e T G F B 1

g e n e  w as si g ni fi c a ntl y d o w nr e g ul at e d aft er tr e at m e nt of P B M Cs  wit h

b ot h B acill us str ai ns.  T his is i n li n e  wit h t h e fi n di n gs of a r e c e nt st u d y

w hi c h c o ul d s h o w t h at,  w hil e g e n e e x pr essi o n l e v els of t h e c yt o ki n es I L-

1 0 a n d I L- 2 i n c hi c k e n  T c ell s u bs ets g e n er all y r es e m bl e t h eir

m a m m ali a n c o u nt er p arts, t h e e x pr essi o n of t h e c yt o ki ne  T G F- b w as

n ot ass o ci at e d  wit h ot her t y pi c al  Tr e g pr ot ei ns ( 4 0 ).  C orr es p o n di n gl y,

w e c o ul d o nl y d et e ct a l o w e x pr essi o n l e v el of t h e I L 2 g e n e,  w h os e

e x pr essi o n is n or m all y s u p pr ess e d b y  Tr e gs (4 1 ), s u g g esti n g a v er y l o w

e x pr essi o n ( d at a n ot s h o w n).  T h os e r es ults s u g g est a n i n cr e as e of  Tr e gs

aft er c hi c k e n P B M C tr e at m e nt wit h B S or B V. A n ot her st u d y h as

i de ntifi e d  T G F- b as a p ot e nti al s u bstit ut e  m ar k er f or c hi c k e n  Tr e gs i n

M ar e k ’s dis e as e, d efi ni n g a Tr e g s u bs et t h at is l ar g el y disti n ct fr o m C D 4

+ C D 2 5 +  T cells ( 4 2 ).  T he a ut h ors of t his st u d y h a v e pr o p os e d t h at

T G F- b m a y s er v e as a  m ar k er f or p eri p h er all y i n d u c e d c hi c k e n  Tr e gs.

T h e e x pr essi o n of  T G F- b w as i n v esti g at e d usi n g a n a nti- T G F- b et a 1, 2, 3

a nti b o d y.  T h e utiliz ati o n of a n a nti b o d y a g ai nst  T G F- b i n f ort h c o mi n g

e x p eri me nts  m a y f a cilit ate a  m or e pr ecis e d eli n e ati o n of t h e  Tr e g

p o p ul ati o n p osit e d i n t h e pr es e nt st u d y.

T o f urt h er e x cl u d e a  T h 1 or  T h 2 i m m u n e r es p o ns e,  w e a n al y z e d

t h e g e n e e x pr essi o ns of t h e  G A T A- bi n di n g pr ot ei n 3 (G A T A 3 ),

e n c o di n g t h e tr a ns cri pti o n f a ct or r es p o nsi bl e f or t h e diff er e nti ati o n

of  T h 2 c ells ( 4 3 , 4 4 ), a n d t h e  T- b o x tr a ns cri pti o n f a ct or 2 1 (T B X 2 1 ),
fr o nti er si n. or g

https://doi.org/10.3389/fimmu.2024.1415009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


L ar s b er g et al. 1 0. 3 3 8 9 /fi m m u. 2 0 2 4. 1 4 1 5 0 0 9
e n c o di n g a ‘m ast er r e g ul at or ’ of c ell- m e di at e d i m m u nit y.  T h e l att er

is c a p a bl e of c o ntr olli n g t h e e x pr essi o n of g e n es e n c o di n g eff e ct or

m ol e c ul es, s u c h as  C D 4 +  T h 1 c ells a n d  C D 8 + c yt ot o xi c  T c ells ( 4 5 ,

4 6 ).  W hil e t h e  m e a n of t h e G A T A 3 e x pr essi o n sli g htl y, b ut n ot

si g nifi c a ntl y, i n cr e as e d, t h e T B X 2 1 e x pr essi o n di d n ot c h a n g e.

H o w e v e r, t hi s r e s ult d o e s n ot all o w f o r s u g g e sti o n s o r t h e

e x cl usi o n of a  T h 1 or  T h 2 i m m u n e r es p o ns e.

T h e e x pr essi o n of g e n es e n c o di n g t h e pr o-i n fl a m m at or y a n d

r e g ul at or y c yt o ki n es I L- 6, I L- 1 2, a n d I L- 2 1 r e m ai n e d u n c h a n g e d

aft er P B M C tr e at m e nt  wit h eit h er B S or B V. I n c o ntr ast, t h e g e n e

e n c o di n g t h e pr o-i n fl a m m at or y c yt o ki n e I L- 1 6  w as d o w nr e g ul at e d,

w hil e t h e g e n e e n c o di n g  C C L 5  w as u pr e g ul at e d aft er tr e at m e nt  wit h

b ot h b a ct eri al str ai ns. F urt h er m or e, tr e at m e nt  wit h  B S l e d t o

el e v at e d e x pr essi o n of t h e g e n e e n c o di n g I L- 1 0. I L- 1 6  w as i niti all y

d e s c ri b e d a s a l y m p h o c yt e c h e m o att r a ct a nt f a ct o r  m ai nl y

s y nt h esi z e d b y  T c ells, i n p arti c ul ar  C D 4 + a n d  C D 8 +  T c ells, i n

r es p o ns e t o a nti g e ns,  mit o g e ns, hist a mi n e, a n d s er ot o ni n ( 4 7 ).

C orr es p o n di n gl y, its e x pr essi o n  w as el e v at e d aft er tr e at m e nt of

c hi c k e n P B M Cs  wit h c o n A i n t h e c urr e nt st u d y ( d at a n ot s h o w n).

T h us, t h e d o w nr e g ul ati o n of t h e I L 1 6 g e n e u p o n tr e at m e nt s u g g ests

a n a nti-i n fl a m m at or y eff e ct of b ot h b a ct eri al str ai ns.  T his r es ult is

c o nsist e nt  wit h t h e i n cr e as e d e x pr essi o n of t h e c yt o ki n e g e n es I L 1 0

a n d C C L 5 , i n di c ati n g  T c ell i n v ol v e m e nt, s p e cifi c all y t h at of  Tr e gs.

I n t his st u d y, t h e g e n e e x pr essi o n of I L 6, I L 1 0, I L 1 2, I L 1 6, I L 2 1, a n d

C C L 5 di d n ot c orr el at e  wit h t h e a b u n d a n c e of t h es e c yt o ki n es i n t h e

s u p er n at a nts of t h e c o- c ult ur e e x p eri m e nts.  T his fi n di n g s u g g ests

v ar yi n g d e gr e es of c orr el ati o n b et w e e n g e n e e x pr essi o n a n d s e cr et e d

pr ot ei ns,  w hi c h  w as als o r e p ort e d i n a pr e vi o us st u d y ( 4 8 ).

T h e e x pr essi o n of  A v B D a n d  C A T H g e n es,  w hi c h e n c o d e

i m p ort a nt  A M Ps, di d n ot c h a n g e aft er tr e at m e nt  wit h B S a n d B V,

e x c e pt f or t h e A v B D 1 g e n e. I n a r e c e nt st u d y, i n o v o a d mi nistr ati o n of

A B D 1 si g ni fi c a ntl y pr ot e ct e d c hi c ks fr o m e arl y  m ort alit y c a us e d b y

e x p eri m e nt al y ol k s a c i nf e cti o n  wit h a vi a n p at h o g e ni c E. c oli ,

s u g g esti n g its i m m u n o m o d ul at or y a n d a nti-i nfe cti o n a cti vit y ( 4 9 ).

F urt h er m or e, a pr ot e cti v e a n d a nti mi cr o bi al eff e ct of  A v B D 1  w as

r e p ort e d a g ai nst E. c oli , L.  m o n oc yt o g e nes , a n d C. al bic a ns i n c hi c k e n

l e u k o c yt es (1 1 ). I n o ur st u d y it r e m ai ns t o b e el u ci d at e d if t h e el e v at e d

e x pr essi o n l e v els of A v B D 1 i n P B M Cs u p o n tr e at m e nt  wit h B S or B V

off ers pr ot e cti o n t o e x p eri m e nt al i nf e cti o ns.  T L R- 2,  w hi c h c o m m o nl y

r ec o g ni z es t h e p att er n  m ol e c ul es of gr a m- p ositi v e b a ct eri a ( 5 0 ) di d

n ot s e e m t o b e i n v ol v e d i n t h e c h a n g es i n A v B D 1 e x pr essi o n as t he

e x pr essi o n of T L R 2 di d n ot c h a n g e aft er tr e at m e nt  wit h b ot h, B S a n d

B V ( d at a n ot s h o w n).  T h er ef or e, a d diti o n al ot h er f a ct ors as s h ort-

c h ai n or g a ni c a ci ds pr o d u c e d b y t h e b a ct eri a  m a y b e i n v ol v e d i n

c h a n g es i n t h e e x pr essi o n of  A M Ps as it  w as s h o w n pr e vi o usl y i n t he

j ej u n u m a n d c e c u m of c hi c k e ns (5 1 ).
5  C o n cl u si o n s

O ur r es ults i n di c at e a n a nti-i n fl a m m at or y a n d b a ct eri ost ati c

eff e ct of b ot h pr o bi oti cs, B S a n d B V. E vi d e n c e is pr o vi d e d b y

i n cr e as e d e x pr essi o n of I L 1 R 2 a n d A V D ,  w hil e at t he s a m e ti m e

t h e e x pr essi o n of pr o-i nfl a m m at or y c yt o ki n e g e n es s u c h as I L 1 B a n d

I L 8 w as als o i n cr e as e d.  A d diti o n all y,  w e o bs er v e d alt er e d e x pr essi o n

of i m m u n e c ell s urf a c e  m ar k er g e n es, i n cl u di n g C D 4 , C D 2 8 , a n d
Fr o nti er s i n I m m u n ol o g y 1 0
C D 2 5 aft er tr e at m e nt  wit h b ot h t est e d pr o bi otic B acill us str ai ns i n o ur

c ell c ult ur e s yst e m. F urt h er m or e,  w e o bs er v e d a  m o d ul ati o n of t h e

e x pr essi o n p att er ns of g e n es e n c o di n g pr o-i n fl a m m at or y a n d a nti-

i nfl a m m at or y c yt o ki n es, as  w ell as pr ot e cti v e c o m p o u n ds s u c h as I L-

1 b , I L- 8, I L- 1 0, I L- 1 R 2,  A V D, a n d  A v B D 1 b y b ot h B acill us str ai ns.

M or e o v er,  w e i d e nti fi e d si g ni fi c a ntl y e nri c h e d  K E G G p at h w a ys

c o m prisi n g i n n at e a n d a d a pti v e i m m u n e r es p o ns es.  T h e fi n di n gs of

t his i n vitr o st u d y pr o vi d e a f o u n d ati o n f or f ut ur e r es e ar c h a n d

e vi d e n ce t h at B. s u btilis D S M 3 2 3 1 5 a n d B. v ele ze nsis C E C T 5 9 4 0

c o ul d p ot e nti all y e n h a n c e t h e i m m u n e s yst e m ’s a bilit y t o d ef e n d

a g ai nst i nf e cti o n b y  m o d ul ati n g i m m u n e r es p o ns es a n d c yt o ki n e

e x pr essi o n.  T his c o ul d h el p t o pr e v e nt a n d r e d u c e t h e us e of

a nti mi cr o bi als i n c hi c k e n f ar mi n g.
D at a a v ail a bilit y st at e m e nt

T h e d at as ets pr es e nt e d i n t his st u d y c a n b e f o u n d i n o nli n e

r e p osit ori es.  T h e n a m es of t h e r e p osit or y/r e p osit ori es a n d a c c essi o n

n u m b er(s) c a n b e f o u n d h er e: htt ps:// w w w. n c bi. nl m. ni h. g o v/ g e o ,

a c c essi o n n u m b er:  G S E 2 7 2 2 2 5.
Et hi c s st at e m e nt

T he a ni m al st u d y  w as a p pr o v e d b y l o c al st at e of fi c e of oc c u p ati o n al

he alt h a n d te c h ni c al s af et y “L a n d es a mt f ür  G es u n d h eit u n d S o zi al es

B erli n ” ( L a G e S o  R e g.  T 0 1 5 1/ 1 9,  T- H U- 0 7/ 2 1).  T h e st u d y  w as

c o n d u ct e d i n a c c o r d a n c e  wit h t h e l o c al l e gi sl ati o n a n d

i nstit uti o n al r e q uir e m e nts.
A ut h or c o ntri b uti o n s

F L:  D at a c ur ati o n, F or m al a n al ysis, I n v esti g ati o n,  Vis u ali z ati o n,

W riti n g – o ri gi n al d r aft,  W riti n g – r e vi e w  & e diti n g.  M S:

I n v esti g ati o n,  Writi n g – r e vi e w  & e diti n g.  D H: S u p er visi o n,

Writi n g – r e vie w  & e diti n g.  C F- G: F or m al a n al ysis,  Vis u ali z ati o n,

Writi n g – r e vie w  & e diti n g.  G L:  Writi n g – r e vi e w  & e diti n g.  G B:

C o n c e pt u ali z ati o n, S u p er visi o n,  Writi n g – r e vie w  & e diti n g. S K- R:

C o n c e pt u ali z ati o n, S u p er visi o n,  Writi n g – r e vi e w  & e diti n g.
F u n di n g

T h e a ut h or(s) d e cl ar e fi n a n ci al s u p p ort  w as r e c ei v e d f or t h e

r es e ar c h, a ut h ors hi p, a n d/ or p u bli c ati o n of t his arti cl e.  T his

r es e ar c h  w as f u n d e d b y t h e F e d er al  Mi nistr y of E d u c ati o n a n d

R es e ar c h, B u n d es mi nist eri u m f ür Bil d u n g u n d F ors c h u n g ( B M B F,

F K Z 0 3 1 B 0 7 4 3).
A c k n o wl e d g m e nt s

W e t h a n k t h e E v o ni k  O p er ati o ns  G m b H ( H all e ( W estf al e n),

G er m a n y) f or pr o vi di n g t h e b a ct eri al str ai ns, a n d  Mi c h a el  M o dr o w,
fr o nti er si n. or g
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A n n ett  K a n n e gi e ß er, a n d J e ns F u c hs f or t a ki n g c ar e of t h e a ni m als

a n d c oll e cti n g s a m pl es.
C o n fl i ct  of i nt er e st

A ut h or  G L  w as e m pl o ye d b y t he c o m p a n y E v o ni k  O per ati o ns  G m b H.

T h e r e m ai ni n g a ut h ors d e cl ar e t h at t h e r es e ar c h  w as c o n d u ct e d

i n t h e a bs e n c e of a n y c o m m er ci al or fi n a n ci al r el ati o ns hi ps t h at

c o ul d b e c o nstr u e d as a p ot e nti al c o n fl i ct of i nt er est.

T h e a ut h or(s) d e cl ar e d t h at t h e y  w er e a n e dit ori al b o ar d

m e m b er of Fr o nti ers, at t h e ti m e of s u b missi o n.  T his h a d n o

i m p a ct o n t h e p e er r e vi e w pr o c ess a n d t h e fi n al d e cisi o n.
Fr o nti er s i n I m m u n ol o g y 1 1
P u bli s h er ’s  n ot e

All cl ai ms e x pr ess e d i n t his arti cl e ar e s ol el y t h os e of t he a ut h ors

a n d d o n ot n e c ess aril y r e pr es e nt t h os e of t h eir af fi li at e d or g a ni z ati o ns,

or t h os e of t h e p u blis h er, t h e e dit ors a n d t h e r e vie w ers.  A n y pr o d u ct

t h at  m a y b e e v al u at e d i n t his articl e, or cl ai m t h at  m a y b e  m a d e b y its

m a n uf a ct ur er, is n ot g u ar a nt e e d or e n d ors e d b y t h e p u blis h er.
S u p pl e m e nt ar y  m at eri al

T h e S u p pl e m e nt ar y  M at eri al f or t his arti cl e c a n b e f o u n d o nli n e

at: htt p s:// w w w.f r o nti e r s i n. o r g/ a rti cl e s/ 1 0. 3 3 8 9/fi m m u. 2 0 2 4.

1 4 1 5 0 0 9/f ull #s u p pl e m e nt ar y- m at eri al
R ef er e n c e s
1.  All o ui  M N, S z c z ur e k  W, S  wi a t̨ ki e wi c z S.  T h e  Us ef ul n ess of Pr e bi oti cs a n d
Pr o bi oti cs i n  M o d er n P o ultr y  N utriti o n: a  R e vi e w / Pr z y d at n os  c pr e bi ot y k o  w i
pr o bi ot y k o  w  w n o w o c z es n y m z ẏ wi e ni u dr o bi u – pr z e gl a d̨. A n n  A ni m Sci . ( 2 0 1 3)
1 3: 1 7 – 3 2. d oi: 1 0. 2 4 7 8/ v 1 0 2 2 0- 0 1 2- 0 0 5 5- x

2. J h a  R,  D as  R,  O a k S,  Mis hr a P. Pr o bi oti cs ( Dir e ct-f e d  mi cr o bi als) i n p o ultr y
n utriti o n a n d t h eir eff e cts o n n utri e nt utili z ati o n, gr o wt h a n d l a yi n g p erf or m a n c e, a n d
g ut h e alt h:  A s yst e m ati c r e vi e w. A ni m als . ( 2 0 2 0) 1 0: 1 8 6 3. d oi: 1 0. 3 3 9 0/ a ni 1 0 1 0 1 8 6 3

3. B ai S P,  W u  A M,  Di n g  X M, L ei  Y, B ai J,  Z h a n g  K Y, et al. Eff e cts of pr o bi oti c-
s u p pl e m e nt e d di ets o n gr o wt h p erf or m a n c e a n d i nt esti n al i m m u n e c h ar a ct eristi cs of
br oil er c hi c k e ns. P o ult Sci . ( 2 0 1 3) 9 2: 6 6 3– 7 0. d oi: 1 0. 3 3 8 2/ ps. 2 0 1 2- 0 2 8 1 3

4.  Cl a n c y  R. I m m u n o bi oti cs a n d t h e pr o bi oti c e v ol uti o n. F E M S I m m u n ol  M e d
Micr o bi ol . ( 2 0 0 3) 3 8: 9– 1 2. d oi: 1 0. 1 0 1 6/ S 0 9 2 8- 8 2 4 4( 0 3) 0 0 1 4 7- 0

5. Bris bi n J T,  G o n g J, P ar vi zi P, S h arif S. Eff e cts of l a ct o b a cilli o n c yt o ki n e e x pr essi o n
b y c hi c k e n s pl e e n a n d c e c al t o nsil c ells. Cli n  V acci n e I m m u n ol . ( 2 0 1 0) 1 7: 1 3 3 7– 4 3.
d oi: 1 0. 1 1 2 8/ C VI. 0 0 1 4 3- 1 0

6.  M a z zi ott a  C,  T o g n o n  M,  M arti ni F,  T orr e g gi a ni E,  R ot o n d o J C. Pr o bi oti cs
m e c h a nis m of a cti o n o n i m m u n e c ells a n d b e n e fi ci al eff e cts o n h u m a n h e alt h. C ells .
( 2 0 2 3) 1 2: 1 8 4. d oi: 1 0. 3 3 9 0/ c ells 1 2 0 1 0 1 8 4

7.  Hs u P, S a nt n er- N a n a n B,  H u  M, S k arr att  K, L e e  C H, St or m o n  M, et al. I L- 1 0
p ot e nti at es diff er e nti ati o n of h u m a n i n d u c e d r e g ul at or y  T c ells vi a S T A T 3 a n d f o x o 1. J
I m m u n ol. ( 2 0 1 5) 1 9 5: 3 6 6 5– 7 4. d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 4 0 2 8 9 8

8. Sl a wi ns k a  A,  D u nisl a ws k a  A, Pl o wiec  A,  G o nc a̧l ves J, Si we k  M.  T L R- me di ate d c yt o ki ne
ge ne e x pressi o n i n c hic ke n peri p her al bl o o d  m o n o n ucle ar cells as a  me as ure t o c h ar acterize
i m m u n o bi otics. Ge nes ( B asel) . ( 2 0 2 1) 1 2: 1 9 5. d oi: 1 0. 3 3 9 0/ ge nes 1 2 0 2 0 1 9 5

9. L e hr er  RI. Pri m at e d ef e nsi ns. N at  R e v  Micr o bi ol . ( 2 0 0 4) 2: 7 2 7– 3 8. d oi: 1 0. 1 0 3 8/
nr mi cr o 9 7 6

1 0. Li  Z,  A h m e d I,  X u  Z, S u n S, Li  T,  G u  D, et al. Pr o fi l es of e x pr essi o n p att er n a n d
tiss u e distri b uti o n of h ost d ef e ns e p e pti d es g e n es i n diff er e nt c hi c k e n ( G all us g all us)
b r e e d s r el at e d t o b o d y  w ei g ht. P L o S  O n e . ( 2 0 2 0) 1 5: e 0 2 3 8 6 7 5. d oi: 1 0. 1 3 7 1/
j o ur n al. p o n e. 0 2 3 8 6 7 5

1 1.  H ar wi g S S, S wi d er e k  K M,  K o kr y a k o v  V N,  T a n L, L e e  T D, P a n y uti c h E A, et al.
G alli n a ci ns: c yst ei n e-ri c h a nti mi cr o bi al p e pti d es of c hi c k e n l e u k o c yt es. F E B S L ett .
( 1 9 9 4) 3 4 2: 2 8 1– 5. d oi: 1 0. 1 0 1 6/ 0 0 1 4- 5 7 9 3( 9 4) 8 0 5 1 7- 2

1 2. H u a n g  Z, F a n g  D, L v P, Bi a n  X,  R u a n  X,  Y a n  Y, et al.  Diff er e nti al c ell ul ar
i m m u n e r es p o ns es b et w e e n c hi c k e ns a n d d u c ks t o  H 9 N 2 a vi a n i nfl u e n z a vir us
i nf e cti o n. V et I m m u n ol I m m u n o p at h ol . ( 2 0 1 2 ) 1 5 0: 1 6 9– 8 0. d oi: 1 0. 1 0 1 6/
j. v eti m m. 2 0 1 2. 0 9. 0 1 0

1 3. S u n k ar a L T, A c h a nt a M, Sc hr ei ber N B, B o m mi n e ni Y R, D ai G, Ji a n g W, et al.
B ut yr ate e n h a nces dise ase resist a nce of c hic k e ns b y i n d uci n g a nti micr o bi al h ost defe nse
pe pti de ge ne e x pressi o n. P L o S  O ne . ( 2 0 1 1) 6:e 2 7 2 2 5. d oi: 1 0. 1 3 7 1/j o ur n al. p o ne. 0 0 2 7 2 2 5

1 4.  T o bi n I,  Z h a n g  G.  R e g ul ati o n of h ost d ef e ns e p e pti d e s y nt h esis b y p ol y p h e n ols.
A nti bi otics ( B as el) . ( 2 0 2 3) 1 2: 6 6 0. d oi: 1 0. 3 3 9 0/ a nti bi oti cs 1 2 0 4 0 6 6 0

1 5. P e n al o z a- V a z q u e z  A,  M a L M,  R a y as- D u art e P. Is ol ati o n a n d c h ar a ct eri z ati o n of
B a cill us s p p. str ai ns as p ot e nti al pr o bi oti cs f or p o ultr y. C a n J  Micr o bi ol . ( 2 0 1 9) 6 5: 7 6 2–
7 4. d oi: 1 0. 1 1 3 9/ cj m- 2 0 1 9- 0 0 1 9

1 6. L ars b er g F, S pr e c h ert  M,  H ess e  D, L o h  G, Br o c k m a n n  G A,  Kr e u z er- R e d m er S.
Pr o bi oti c b a cill us str ai ns e n h a n c e  T c ell r es p o ns es i n c hi c k e n. Micr o or g a nis ms . ( 2 0 2 3)
1 1: 2 6 9. d oi: 1 0. 3 3 9 0/ mi cr o or g a nis ms 1 1 0 2 0 2 6 9

1 7.  K a n e his a  M,  G ot o S.  K E G G: k y ot o e n c y cl o p e di a of g e n es a n d g e n o m es. N ucl eic
Aci ds  R es . ( 2 0 0 0) 2 8: 2 7– 3 0. d oi: 1 0. 1 0 9 3/ n ar/ 2 8. 1. 2 7
1 8. L ars b er g F, S pr e c h ert  M,  H ess e  D, Br o c k m a n n  G A,  Kr e u z er- R e d m er S.  C hi c k e n
i m m u n e c ell ass a y t o  m o d el a d a pti v e i m m u n e r es p o ns es i n vitr o. A ni m als . ( 2 0 2 1)
1 1: 3 6 0 0. d oi: 1 0. 3 3 9 0/ a ni 1 1 1 2 3 6 0 0

1 9.  Y u  G,  W a n g L- G,  H a n  Y,  H e  Q- Y. cl ust er Pr o fi l er: a n  R p a c k a g e f or c o m p ari n g
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