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1 D e p art m e nt of  P h ar m a c ol o g y,  P h y si ol o g y a n d  Mi cr o bi ol o g y,  Di vi si o n  P h ar m a c ol o g y,  K arl L a n d st ei n er  U ni v er sit y of  H e alt h

S ci e n c e s,  Kr e m s,  A u stri a, 2 I n stit ut e of  P h ar m a c ol o g y a n d T o xi c ol o g y,  U ni v er sit y of V et eri n ar y  M e di ci n e, Vi e n n a,  A u stri a

Si g n al tr a n s d u c er a n d a cti v at or of tr a n s cri pti o n 3 ( S T A T 3) i s a  m e m b er of t h e J a n u s ki n a s e

( J A K)- S T A T p at h w a y,  w hi c h i s o n e of t h e k e y p at h w a y s c o ntri b uti n g t o c a n c er.  S T A T 3

r e g ul at e s tr a n s cri pti o n d o w n str e a m of  m a n y c yt o ki n e s i n cl u di n g i nt erl e u ki n (I L)- 6 a n d I L-

1 0. I n c a n c er,  S T A T 3 i s  m ai nl y d e s cri b e d a s a t u m or pr o m ot er dri vi n g t u m or c ell

pr olif er ati o n, r e si st a n c e t o a p o pt o si s, a n gi o g e n e si s a n d  m et a st a si s a n d a b err a nt

a cti v ati o n of  S T A T 3 i s a s s o ci at e d  wit h p o or pr o g n o si s.  S T A T 3 i s al s o a n i m p ort a nt

dri v er of i m m u n e e v a si o n.  A m o n g  m a n y ot h er i m m u n o s u p pr e s si v e  m e c h a ni s m s,  S T A T 3

ai d s t u m or c ell s t o e s c a p e n at ur al kill er ( N K) c ell- m e di at e d i m m u n e s ur v eill a n c e.  N K c ell s

ar e i n n at e l y m p h o c yt e s,  w hi c h c a n dir e ctl y kill  m ali g n a nt c ell s b ut al s o r e g ul at e a d a pti v e

i m m u n e r e s p o n s e s a n d c o ntri b ut e t o t h e c o m p o siti o n of t h e t u m or  mi cr o e n vir o n m e nt.

T h e i n b or n a bilit y t o l y s e tr a n sf or m e d c ell s r e n d er s  N K c ell s a n attr a cti v e t o ol f or c a n c er

i m m u n ot h er a p y.  H er e,  w e pr o vi d e a n o v er vi e w of t h e r ol e of  S T A T 3 i n t h e d y n a mi c

i nt er pl a y b et w e e n  N K c ell s a n d t u m or c ell s.  O n t h e o n e h a n d,  w e s u m m ari z e t h e c urr e nt

k n o wl e d g e o n h o w t u m or c ell-i ntri n si c  S T A T 3 dri v e s t h e e v a si o n fr o m  N K c ell s.  O n t h e

ot h er h a n d,  w e d e s cri b e t h e  m ulti pl e f u n cti o n s of  S T A T 3 i n r e g ul ati n g  N K- c ell c yt ot o xi cit y,

c yt o ki n e pr o d u cti o n a n d t h eir a nti-t u m or r e s p o n s e s i n vi v o. I n li g ht of t h e o n g oi n g r e s e ar c h

o n  S T A T 3 i n hi bit or s,  w e al s o di s c u s s h o w t ar g eti n g  S T A T 3  w o ul d aff e ct t h e t w o ar m s of

S T A T 3- d e p e n d e nt r e g ul ati o n of  N K c ell- m e di at e d a nti-t u m or i m m u nit y.  U n d er st a n di n g

t h e c o m pl e xit y of t hi s i nt er pl a y i n t h e t u m or  mi cr o e n vir o n m e nt i s cr u ci al f or f ut ur e

i m pl e m e nt ati o n of  N K c ell- b a s e d i m m u n ot h er a pi e s.

K e y w or d s:  S T A T 3,  N K c ell s, t u m or i m m u n e s ur v eill a n c e, J A K - S T A T, i m m u n ot h er a p y
I N T R O D U C TI O N

N at ur al kill er ( N K) c ells b el o n g t o t h e gr o u p 1 i n n at e l y m p h oi d c ells a n d ar e c h ar a ct eri z e d b y t h e
a bilit y t o kill vir all y i nf e ct e d a n d  m ali g n a nt c ells. I n c o ntr ast t o  T c ells,  N K c ells d o n ot r e q uir e  m aj or
hist o c o m p ati bilit y c o m pl e x ( M H C)- d e p e n d e nt pri mi n g b y a nti g e n pr es e nti n g c ells.  T h e a cti vit y of  N K
c ells is r e g ul at e d b y a d eli c at e b al a n c e of g er m-li n e e n c o d e d a cti v ati n g a n d i n hi bit or y r e c e pt ors.  U p o n
r e c o g niti o n of t h e t ar g et c ell, a n  N K c ell r el e as es c yt ot o xi c gr a n ul es f or dir e ct c ell l ysis as  w ell as
pr o d u c es i m m u n o m o d ul at or y c yt o ki n es ( 1 , 2 ). I n h u m a ns, t h es e t as ks ar e f ulfi ll e d b y diff er e nt
s u bt y p es of  N K c ells:  C D 5 6bri g ht C D 1 6 l o/- N K c ells ar e  m ai n pr o d u c ers of c yt o ki n es s u c h as i nt erf er o n
(I F N) g . I n c o ntr ast, C D 5 6di m C D 1 6 + N K c ells ar e hi g hl y c yt ot o xi c, b ut d o n ot pr o d u c e s u bst a nti al
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Wit ali s z- Si e pr a c k a et al. S T A T 3 i n  N K- C ell T u m or  S ur v eill a n c e
a m o u nts of I F N g (3 ).  T h e i n b or n a bilit y t o l ys e tr a nsf or m e d c ells
r e n d ers  N K c ells a n attr a cti v e t o ol f or c a n c er i m m u n ot h er a p y  wit h
a p ot e nti all y b ett er s af et y pr o fi l e c o m p ar e d t o  T c ells (4 , 5 ).
Diff er e nt a p pr o a c h es t o e x pl oit  N K c ells i n i m m u n ot h er a p y ar e
b ei n g i n v esti g at e d.  T h es e i n cl u d e a d o pti v e tr a nsf er of c yt o ki n e-
i n d u c e d  m e m or y-li k e  N K c ells or c hi m eri c a nti g e n r e c e pt or  N K
( C A R- N K) c ells.  C urr e ntl y, n u m er o us cli ni c al tri als usi n g s u c h
a p pr o a c h es ar e o n g oi n g, b ut t h e ef fi c a c y of t h es e tr e at m e nts still
n e e ds t o b e e v al u at e d ( 5 , 6 ). I n t his c o nt e xt, u n d erst a n di n g t h e
c o m pl e x pr o c ess es e m pl o y e d b y t u m or c ells t o e v a d e  N K- c ell
i m m u nit y i s c r u ci al.  T h e s e e s c a p e  m e c h a ni s m s i n cl u d e
tr a ns cri pti o n al d o w nr e g ul ati o n a n d s h e d di n g of li g a n ds f or  N K-
c ell a cti v ati n g r e c e pt ors, u pr e g ul ati o n of i n hi bit or y li g a n ds, as
w ell a s i m m u n e s u p p r e s si v e si g n al s d e ri v e d f r o m t h e
mi cr o e n vir o n m e nt ( 7 – 1 1 ). Si g n al tr a ns d u c er a n d a cti v at or of
tr a ns cri pti o n 3 ( S T A T 3) is c o nstit uti v el y a cti v at e d i n v ari o us
c a n c ers a n d pl a ys a pi v ot al r ol e i n r e g ul ati n g all of t h es e
pr o c ess es a n d t h er e b y  m e di at es t h e cr osst al k b et w e e n t h e t u m or
mi cr o e n vir o n m e nt a n d i m m u n e c ells ( 1 2 ).

S T A T 3 is a  m e m b er of t h e J a n us ki n as e (J A K)- S T A T si g n ali n g
p at h w a y,  w hi c h c o or di n at es c e ntr al c ell ul ar  m e c h a nis ms i n cl u di n g
diff er e nti ati o n, d e v el o p m e nt, pr olif er ati o n, i m m u n e f u n cti o n, or
a p o pt osis ( 1 3 , 1 4 ).  T h e alt er n ati v el y s pli c e d S T A T 3 is of or ms, f ull-
l e n gt h S T A T 3a a n d  C-t er mi n all y-tr u n c at e d S T A T 3 b , h a v e
o p p osi n g f u n cti o n d uri n g t u m or d e v el o p m e nt.  W hil e S T A T 3 a
pr o m ot es t u m or gr o wt h, S T A T 3 b w as i d e nti fi e d as a t u m or
s u p pr ess or a n d f a v or a bl e pr o g n osti c  m ar k er i n c a n c ers of
diff er e nt ori gi n ( 1 5 , 1 6 ).  M e c h a nisti c all y, J A K- S T A T 3 si g n ali n g
is a cti v at e d b y di v ers e gr o wt h f a ct ors, p e pti d e h or m o n es a n d all
i nt erl e u ki n (I L)- 6-t y p e c yt o ki n es i n cl u di n g I L- 6, I L- 1 1, I L- 2 7, I L-
3 1, l e u k e mi a i n hi bit or y f a ct or ( LI F), o n c ost ati n  M ( O S M), cili ar y
n e ur otr o p hi c f a ct or ( C N T F) n e ur o p oi eti n ( N P), c ar di otr o p hi n- 1
( C T- 1) a n d c ar di otr o p hi n-li k e c yt o ki n e ( C L C) (1 7 – 1 9 ). I L- 6
f a mil y c yt o ki n es, e x c e pt f or I L- 3 1  w hi c h e x erts its eff e cts
t hr o u g h I L- 3 1 r e c e pt or a , i n d u c e si g n ali n g vi a bi n di n g t o eit h er
a gl y c o pr ot ei n 1 3 0 ( g p 1 3 0) r e c e pt or b - s u b u nit h et er o- or
h o m o di m er ( 1 9 , 2 0 ). Li g a n ds bi n d t o t h eir c o g n at e r e c e pt ors,
w hi c h u n d er g o a c o nf or m ati o n al c h a n g e, a n d i n d u c e s u bs e q u e nt
a cti v ati o n of r e c e pt or ass o ci at e d J A Ks (J A K 1, J A K 2, J A K 3
a n d t y r o si n e ki n a s e 2 ( T Y K 2)) b y a ut o p h o s p h o r yl ati o n
a n d/ o r t r a n s p h o s p h o r yl ati o n.  T h e J A K -i n d u c e d t y r o si n e
p h os p h or yl ati o n of t h e r e c e pt or pr o vi d es a d o c ki n g-sit e f or t h e
S H 2 d o m ai n of S T A T 3,  w hi c h i n t ur n g ets p h os p h or yl at e d o n
t yr osi n e 7 0 5 b y J A Ks (2 1 ).  A cti v at e d S T A T 3 f or ms a nti- p ar all el t o
p ar all el h o m o- or h et er o di m ers  wit h ot h er S T A Ts, is r el e as e d fr o m
t h e r e c e pt or a n d tr a nsl o c at es i nt o t h e n u cl e us t hr o u g h i nt er a cti o n
wit h i m p orti n- b 1 ( 2 2 , 2 3 ).  T o c o ntr ol g e n e e x pr essi o n, a cti v at e d
S T A Ts t ar g et p ali n dr o mi c c o ns e ns us s e q u e n c es l o c at e d i n
pr o m ot er a n d e n h a n c er r e gi o ns a n d i n t h e fi rst i ntr o ns of t ar g et
g e n es ( 2 4 ).  N e g ati v e r e g ul ati o n of S T A T 3 o c c urs i n t h e n u cl e us
t hr o u g h a nt a g o ni z ati o n b y PI A S ( pr ot ei n i n hi bit or of a cti v at e d
S T A T), a n E 3 S U M O- pr ot ei n li g as e, or at t h e r e c e pt or b y S O C S
(s u p pr ess or of c yt o ki n e si g n ali n g) E 3 u bi q uiti n li g as es (2 5 , 2 6 )
(Fi g u r e 1 ).  T h e tr a ns cri pti o n al a cti vit y of S T A T 3 c a n b e f urt h er
r e g ul at e d b y p h os p h or yl ati o n at s eri n e 7 2 7 ( S er 7 2 7)  m e di at e d b y
m T O R, p 3 8, E R K a n d ot h er s eri n e/t hr e o ni n e ki n as es.  H o w e v er,
Fr o nti er s i n I m m u n ol o g y |  w w w.fr o nti er si n. or g 2
t h e e x a ct eff e cts of S er 7 2 7 p h os p h or yl ati o n h a v e t o b e p ut i n a
c ell ul ar a n d/ or pr o m ot er d e p e n d e nt c o nt e xt. P h os p h or yl at e d
S er 7 2 7 pr o m ot es ass o ci ati o n  wit h diff er e nt tr a ns cri pti o n c o-
f a ct o r s a n d t h u s a cti v at e s o r di mi ni s h e s t r a n s c ri pti o n al
r es p o ns es of S T A T 3 ( 2 7 ).  M or e o v er, it c a n als o dri v e t h e
mit o c h o n dri al  m et a b oli c a cti vit y of S T A T 3 a n d a u g m e nt t h e
el e ctr o n tr a ns p ort c h ai n ( 2 8 ).  A cti v at e d S T A T 3 i n c a n c er c ells
c o ntri b ut es t o o xi d ati v e a n d gl y c ol yti c p h os p h or yl ati o n, s ur vi v al,
e pit h eli al-t o- m es e n c h y m al tr a nsiti o n, pr olif er ati o n,  m et ast asis,
a n d r a di ati o n- a n d c h e m ot h er a p y r esist a n c e ( 2 9 , 3 0 ).  D u e t o its
c e ntr al c o ntri b uti o n t o s e v er al h all m ar ks of c a n c er a n d its
ass o ci ati o n  wit h p o or cli ni c al pr o g n osis, S T A T 3 r e pr es e nts a
pr o misi n g t h er a p e utic t ar g et f or c a n c er t h er a p y ( 1 4 , 3 1 , 3 2 ).

I n hi biti o n of S T A T 3 si g n ali n g is c urr e ntl y e x pl or e d i n  m a n y
cli ni c al tri als f or s oli d a n d h e m at o p oi eti c t u m ors.  T h e dir e ct
a p pr o a c h es t o s p e ci fi c all y i n hi bit S T A T 3 i n cl u d e s m all  m ol e c ul es
a n d d e c o y oli g o n u cl e oti d es ( 3 3 ).  T h e  m ost s u c c essf ul s m all
m ol e c ul e S T A T 3 i n hi bit o r  N a p a b u c asi n ( B BI- 6 0 8),  w hi c h
s el e cti v el y bi n ds t o t h e  D N A- bi n di n g d o m ai n of S T A T 3, h as
r e a c h e d p h as e III tri als f or a d v a n c e d c ol or e ct al c a n c er a n d
pr o vi d e d e x c ell e nt r es ults as  m o n ot h er a p y ( 3 4 ).  A n ot h er s m all
m ol e c ul e,  T TI- 1 0 1, t ar g ets t h e r e c e pt or bi n di n g sit e  wit hi n t h e
S H 2 d o m ai n of S T A T 3 t o bl o c k its r e cr uit m e nt a n d a cti v ati o n
FI G U R E 1 | T h e J A K- S T A T 3 si g n ali n g p at h w a y.  Si g n al tr a n s d u c er a n d

a cti v at or of tr a n s cri pti o n 3 ( S T A T 3) i s a cti v at e d u p o n bi n di n g of di v er s e

c yt o ki n e s, h or m o n e s, or gr o wt h f a ct or s t o t h eir c o g n at e r e c e pt or s. Li g a n d-

b o u n d r e c e pt or s u n d er g o c o nf or m ati o n al c h a n g e s l e a di n g t o t h e a cti v ati o n of

t h e J a n u s ki n a s e s ( J A K).  A cti v at e d J A K s tr a n s- a n d/ or a ut o- p h o s p h or yl at e

e a c h ot h er a n d t h e c yt o pl a s mi c d o m ai n of t h e r e c e pt or, e n a bli n g  S T A T 3 t o

bi n d vi a it s  S R C h o m ol o g y 2 ( S H 2) d o m ai n. J A K- m e di at e d p h o s p h or yl ati o n of

a c o n s er v e d  C-t er mi n al t yr o si n e r e si d u e of  S T A T 3 i n d u c e s di m eri z ati o n of

p h o s p h or yl at e d  S T A T 3 a n d t h e s u b s e q u e nt tr a n sl o c ati o n t o t h e n u cl e u s t o

r e g ul at e g e n e tr a n s cri pti o n.  S T A T 3 i n d u c e s tr a n s cri pti o n of s u p pr e s s or of

c yt o ki n e si g n ali n g 3 ( S O C S 3 ),  w hi c h c a n a ct a s a n e g ati v e r e g ul at or b y

i nt er a cti n g c o m p etiti v el y  wit h t h e r e c e pt or.
J ul y 2 0 2 2 | V ol u m e 1 3 |  Arti cl e 9 4 7 5 6 8
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Wit ali s z- Si e pr a c k a et al. S T A T 3 i n  N K- C ell T u m or  S ur v eill a n c e
(3 5 ). P h as e I cli ni c al tri als i n a d v a n c e d s oli d c a n c ers i n cl u di n g
br e ast c a n c er ar e o n g oi n g ( N C T 0 3 1 9 5 6 9 9,  N C T 0 5 3 8 4 1 1 9).  T h e
S H 2 d o m ai n is als o t ar g et e d b y ot h er s m all  m ol e c ul es,  O P B-
5 1 6 0 2,  O P B- 3 1 1 2 1,  O P B- 1 1 1 0 7 7,  w hi c h ar e u n d er g oi n g p h as e I/
II cli ni c al tri als f or s oli d a n d i n c as e of  O P B- 5 1 6 0 2 als o
h e m at o p oi eti c t u m o r s ( r e vi e w e d i n ( 3 6 )).  T h e a nti s e n s e
oli g o n u cl e oti d e,  A Z D 9 1 5 0,  w hi c h is d esi g n e d t o t ar g et S T A T 3
m R N A ( 3 7 ), h as u ntil n o w r e a c h e d p h as e I/II tri als f or diff er e nt
a d v a n c e d s oli d c a n c ers ( e. g.  N C T 0 1 8 3 9 6 0 4;  N C T 0 1 8 3 9 6 0 4) ( 3 3 ).
Alt h o u g h t h e s p e ci fi cit y a n d p ot e n c y of s u c h a nti s e n s e
oli g o n u cl e oti d es is v er y pr o misi n g, t h e y f a c e pr o bl e ms of
ef fi ci e nt p e n etr ati o n of s oli d t u m ors a n d f ast d e gr a d ati o n ( 3 3 ).
T o t h e b est of o ur k n o wl e d g e, t h e S T A T 3 i n hi bit ors c urr e ntl y
t est e d i n cli ni c al tri als h a v e n ot b e e n t h or o u g hl y st u di e d i n t h e
c o nt e xt of  N K c ell a nti-t u m or r es p o ns es.  H er e,  w e s u m m ari z e
t h e c urr e nt k n o wl e d g e o n h o w S T A T 3 c o ntri b ut es t o  N K- c ell
fi t n ess a n d t u m or c ell e v asi o n fr o m  N K c ells, a n d s p e c ul at e o n
h o w t ar g eti n g S T A T 3  m a y aff e ct  N K- c ell t u m or s ur v eill a n c e.
S T A T 3 I N  T U M O R  C E L L S – T H E  D RI V E R
O F I M M U N E  E V A SI O N F R O M  N K  C E L L S

R e g ul ati o n  of  N K - C ell  R e c e pt or Li g a n d s
N K c ells e x hi bit c yt ol yti c a cti vit y t o w ar ds c ells t h at o v er e x pr ess
li g a n ds f or a cti v ati n g r e c e pt ors a n d/ or l a c k t h e e x pr essi o n of
M H C cl ass I a n d ot h er li g a n ds, r e c o g ni z e d b y i n hi bit or y
r e c e pt ors. I n h e alt h y c ells, t h e li g a n ds f or a cti v ati n g r e c e pt ors
ar e a bs e nt or e x pr ess e d at v er y l o w l e v els.  Tr a nsf or m e d c ells
u pr e g ul at e t h es e li g a n ds a n d b e c o m e s e ns e d b y  N K c ells as
‘d a n g er ’ (1 , 3 8 ).  T h e a cti v ati n g  N K- c ell r e c e pt or n at ur al kill er
gr o u p 2 D ( N K G 2 D) s er v e d as a p ar a di g m i n st u d yi n g t his
m e c h a ni s m. I n h u m a n s,  N K G 2 D bi n d s t o  M H C cl a s s I
p ol y p e pti d e-r el at e d s e q u e n c e  A ( MI C A) a n d B ( MI C B) a n d
U L 1 6- bi n di n g pr ot ei ns ( U L B P 1- 6) ( 3 9 – 4 2 ). I n  mi c e,  N K G 2 D
li g a n ds c o m pris e of t h e  R A E 1 f a mil y (a -ϵ ),  H 6 0 ( a - c), a n d
M U L T 1 ( 4 3 – 4 5 ).  U p o n bi n di n g of a li g a n d t o  N K G 2 D, t h e c o-
sti m ul at or y  m ol e c ul e  D A P 1 0 is a cti v at e d a n d t h e r el e as e of
c yt ot o xi c g r a n ul e s i s i n d u c e d ( 4 0 ).  N at u r al c yt ot o xi cit y
r e c e pt or ( N C R)  N K p 3 0 r e c o g ni z es t h e  B 7- H 6  m ol e c ul e o n
tr a nsf or m e d c ells a n d i n d u c es  N K- c ell a cti v ati o n (4 6 ).  Ot h er
r e c e pt ors of t his f a mil y ar e  N K p 4 4 a n d  N K p 4 6,  w hi c h r e c o g ni z e
h et er o g e n o us li g a n ds i n cl u di n g vir al a n d b a ct eri al pr ot ei ns ( 4 7 ).
F urt h er a cti v ati n g  N K- c ell r e c e pt ors f u n cti o n  m or e as a m pli fi ers
of  N K- c ell a cti v ati o n tri g g er e d b y  N K G 2 D or  N C Rs ( 4 8 ).  A n
i m p ort a nt e x a m pl e is  D N A M- 1 a n d its c orr es p o n di n g li g a n ds
C D 1 1 2 a n d  C D 1 5 5 oft e n o v er e x pr ess e d o n t u m or c ells ( 4 9 , 5 0 ).

N K G 2 D is cr u ci all y i n v ol v e d i n  N K c ell- m e di at e d t u m or
s ur v eill a n c e a n d is o n e of t h e b est st u di e d r e c e pt ors i n t his
c o nt e xt.  Mi c e d e fi ci e nt i n  N K G 2 D s h o w str o n g d ef e cts i n
i m m u n e s ur v eill a n c e of e pit h eli al a n d l y m p h oi d t u m ors (5 1 ).
I n li n e, hi g h e x pr essi o n of  N K G 2 D li g a n ds i n l e u k e mi c p ati e nts
c orr el at es  wit h b ett er s ur vi v al ( 5 2 ).  A bs e n c e of  N K G 2 D li g a n ds is
als o a f e at ur e of l e u k e mi c st e m c ells,  w hi c h all o ws t h e m t o es c a p e
N K- c ell s ur v eill a n c e i n a c ut e  m y el oi d l e u k e mi a ( A M L) i n vi v o
m o d els ( 5 3 ).  T u m or c ells e v a d e  N K G 2 D- m e di at e d r e c o g niti o n
Fr o nti er s i n I m m u n ol o g y |  w w w.fr o nti er si n. or g 3
b y d o w nr e g ul ati o n or s h e d di n g of t h e li g a n ds.  N ot o nl y d o es it
all o w t o hi d e fr o m  N K- c ell c yt ot o xi cit y, b ut als o l e a ds t o
d es e nsiti z ati o n of  N K G 2 D- m e di at e d  N K- c ell a cti v ati o n.  Hi g h
l e v els of s h e d  N K G 2 D li g a n ds r es ult i n d o w nr e g ul ati o n of
N K G 2 D- m e di at e d si g n ali n g ( 5 4 , 5 5 ).

S T A T 3 h a s b e e n i m pli c at e d i n di r e ct t r a n s c ri pti o n al
r e pr e ssi o n of  N K G 2 D li g a n ds.  B e d el et al., r e v e al e d t h at
i n hi biti o n or k n o c k d o w n of S T A T 3 i n t h e c ol or e ct al c a n c er
c ell li n e  H T 2 9 l e a ds t o str o n g er a cti v ati o n of  N K c ells a n d
t h e r ef or e killi n g of t u m or c ells i n a n  N K G 2 D- d e p e n d e nt
m a n n er. F urt h er, t h e y c o ul d s h o w t h at S T A T 3 dir e ctl y bi n ds
t o t h e MI C A pr o m ot er, r e pr essi n g its tr a ns cri pti o n ( 5 6 ).  A
si mil ar  m e c h a nis m h as b e e n d es cri b e d i n  m ulti pl e  m y el o m a
( M M) c ell li n es.  U p o n tr e at m e nt  wit h gl y c o g e n s y nt h as e ki n as e
3 ( G S K- 3) i n hi bit or,  M M c ell li n es s h o w e d d e cr e as e d S T A T 3
a cti v ati o n a n d r e d u c e d S T A T 3 bi n di n g t o t h e MI C A pr o m ot er.
T h e eff e cts c orr es p o n d e d t o e n h a n c e d s e nsiti vit y of tr e at e d c ell
li n es t o  N K c ell- m e di at e d l ysis. I m p ort a ntl y,  G S K- 3 i n hi biti o n
h a d n o eff e ct o n MI C A e x pr essi o n i n c ell li n es  wit h c o nstit uti v el y
a cti v e S T A T 3. I n li n e, t h e  G S K- 3 i n hi bit or  w as n ot a bl e t o r e d u c e
t h e a cti v ati o n l e v el of c o nstit uti v el y a cti v e S T A T 3.  T his str o n gl y
s u g g ests t h at  G S K- 3-i n d u c e d s us c e pti bilit y of  M M c ells t o  N K
c ells is gr e atl y d e p e n d e nt o n i n hi biti n g S T A T 3 a cti v ati o n ( 5 7 ). I n
a n ot h er st u d y usi n g c ol or e ct al c a n c er c ells,  G S K- 3 i n hi biti o n
si g nifi c a ntl y u pr e g ul at e d  N K G 2 D li g a n ds a n d i n cr e as e d t h eir
s e nsiti vit y t o  N K c ells.  H o w e v er, i n t his c o nt e xt t h e d e p e n d e n c e
o n S T A T 3 r e m ai ns t o b e el u ci d at e d ( 5 8 ).

T h e c orr el ati v e o bs er v ati o ns of l o w S T A T 3 a cti vit y a n d/ or
e x pr essi o n a n d hi g h  N K G 2 D li g a n ds s urf a c e l e v els h a v e als o
b e e n  m a d e i n ot h er c a n c er e ntiti es.  T h e a dri a m y ci n-r esist a nt
c hr o ni c  m y el oi d l e u k e mi a ( C M L) c ell li n e  K 5 6 2 is kill e d  m or e
effi ci e ntl y b y  N K c ells u p o n tr e at m e nt  wit h a S T A T 3 i n hi bit or
a n d s h o ws a n u pr e g ul ati o n of  MI C A a n d  U L B P 2 ( 5 9 ). S T A T 3
i n hi biti o n or sil e n ci n g als o e n h a n c es  U L B P 2 e x pr essi o n i n
p a r e nt al  K 5 6 2 c ell s ( 6 0 ). I n  A M L c ell li n e s, a n i n v e r s e
c orr el ati o n b et w e e n p h os p h or yl at e d S T A T 3 ( p S T A T 3) l e v els
a n d  MI C A e x pr essi o n  w as o bs er v e d aft er r a p a m y ci n ( 6 1 ) or
d e cit a bi n e tr e at m e nt ( 6 2 ) b ut t h e  m e c h a nis m b e hi n d it r e m ai ns
u n cl e ar. I n h e p at o c ell ul ar c ar ci n o m a c ell li n es, a S T A T 3 d e c o y
r es ult e d i n u pr e g ul ati o n of  N K G 2 D li g a n ds a n d i n cr e as e of  N K
c ell- m e di at e d killi n g ( 6 3 ).  A l a y er of c o m pl e xit y is a d d e d b y t h e
f a ct t h at i n h u m a n g astri c a d e n o c ar ci n o m a c ell li n es i n hi biti o n of
S T A T 3 r es ults i n u pr e g ul ati o n of  MI C B o n t h e c ell s urf a c e as  w ell
as of t h e s ol u bl e li g a n ds.  T his i m pli es a p ot e nti al d es e nsiti z ati o n
of  N K c ells dri v e n b y i n hi biti o n of S T A T 3 ( 6 4 ).  Alt h o u g h all t h e
m e nti o n e d st u di es p oi nt t o w ar ds a si mil ar eff e ct of S T A T 3
i n hi biti o n or sil e n ci n g, t h e i nt er pr et ati o n is li mit e d, as all of
t h e e x p eri m e nts  w h er e o nl y p erf or m e d i n vitr o.  A r o b ust i n vi v o
x e n o gr aft  m o d el of S T A T 3- d e fi ci e nt t u m or c ell li n es  wit h
a d o pti v e t r a n sf e r of h u m a n p ri m a r y  N K c ell s  w o ul d b e
n e c e s s a r y t o f u rt h e r el u ci d at e t h e i m p a ct of S T A T 3 o n
N K G 2 D- m e di at e d  N K- c ell s ur v eill a n c e.

T h e  missi n g-s elf h y p ot h esis, f or m ul at e d i n t h e 1 9 8 0s, st at es t h at
N K c ells kill t h os e c ells t h at d o n ot e x pr ess s uf fi ci e nt l e v els of  M H C
I. I n li n e, s e v er al cl ass es of i n hi bit or y r e c e pt ors  w er e dis c o v er e d,
w hi c h u nl e as h  N K- c ell c yt ot o xi cit y u p o n d o w nr e g ul ati o n of  M H C
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Wit ali s z- Si e pr a c k a et al. S T A T 3 i n  N K- C ell T u m or  S ur v eill a n c e
I o n t h e t ar g et c ells (6 5 , 6 6 ). T h ese i n cl u d e t h e L y 4 9 f a mil y i n mi c e
a n d t h e  KI R f a mil y i n h u m a ns ( 6 7 – 6 9 ). L y 4 9 a n d  KI Rs s e ns e t h e
l e v els of c o n v e nti o n al  M H C I, t h er ef or e, t u m or c ells t h at
d o w nr e g ul at e  M H C I  m ol e c ul es t o es c a p e  T c ell r es p o ns es
b e c o m e t ar g ets f or  N K c ells ( 7 0 , 7 1 ). I n a  m o us e  m o d el of
c ar ci n o g e n-i n d u c e d  N o n- S m all  C ell L u n g  C a n c er ( N S C L C),
e pit h eli al c ell-s p e ci fi c k n o c k o ut of St at 3 l e d t o d o w nr e g ul ati o n of
M H C I o n tr a nsf or m e d e pit h eli al c ells.  T his r e n d er e d t h e e m er gi n g
c a n c er c ells  m or e s us c e pti bl e t o  N K c ell- m e di at e d l ysis ( 7 2 ).

R e g ul ati o n  of  T u m or  Mi cr o e n vir o n m e nt
S T A T 3 is c o nsi d er e d as a dri v er of a n i m m u n e s u p pr essi v e t u m or
mi cr o e n vir o n m e nt. S T A T 3 a cti v ati o n is ass o ci at e d  wit h hi g h
e x pr essi o n of t u m or pr o m oti n g c yt o ki n es a n d gr o wt h f a ct ors
s u c h as I L- 1 0, tr a nsf or mi n g gr o wt h f a ct or ( T G F)- b a n d v as c ul ar
e n d ot h eli al gr o wt h f a ct or ( V E G F)- A.  T h e  m aj orit y of S T A T 3-
d e p e n d e nt eff e cts i n t h e t u m or  mi cr o e n vir o n m e nt ar e d es cri b e d
i n t h e c o nt e xt of  T c ells,  m a cr o p h a g es or d e n driti c c ells t h at h a v e
b e e n e xt e nsi v el y r e vi e w e d b y ot h ers ( 1 2 , 7 3 ).  H o w e v er, t h e
s ol u bl e i m m u n e s u p pr essi v e  m o d ul at ors pr es e nt i n t u m or
mi cr o e n vir o n m e nt n ot o nl y s u p pr ess t h e f u n cti o n of  N K c ells,
b ut als o i m p air t h eir i n fi ltr ati o n i nt o t h e t u m or (1 3 ) or e v e n
c o nf er a s wit c h t o w ar ds pr o-t u m ori g e ni c,  V E G F- A- pr o d u ci n g
N K c ells ( 7 4 – 7 7 ).  T h e I L- 1 0/ S T A T 3 a xis dir e ctl y dri v es  V E G F- A
e x pr essi o n i n t h es e c ells ( 7 7 ).  T G F-b i n t h e  mi cr o e n vir o n m e nt
als o dri v es t h e c o n v ersi o n of c yt ot o xi c  N K c ells ( C D 4 9 a -

C D 4 9 b + E O M E S + ) i nt o I L C 1 ( C D 4 9 a + C D 4 9 b -E O M E S i nt),
w hi c h l os e t h e a bilit y t o c o ntr ol t h e t u m or gr o wt h ( 7 8 ).

I n t h e pr e vi o usl y  m e nti o n e d, c ar ci n o g e n-i n d u c e d  N S C L C
m o d el  wit h e pit h eli al c ell-s p e ci fi c St at 3 k n o c k o ut, t h e t u m or
mi cr o e n vir o n m e nt is e nri c h e d f or pr oi n fl a m m at or y c yt o ki n es
w hi c h  mi g ht c o ntri b ut e t o e n h a n c e d  N K- c ell r es p o ns es a g ai nst
t h e t u m or (7 2 ). I n s u p p ort of t his fi n di n g, h e p at o c ell ul ar
c ar ci n o m a c ells tr e at e d  wit h S T A T 3 d e c o y s e cr et e hi g h er l e v els
of I F Ns a n d l o w er l e v els of i m m u n e s u p pr essi v e  T G F- b .  U p o n
c ult ur e i n c o n diti o n e d  m e di u m d eri v e d fr o m h e p at o c ell ul ar
c a r ci n o m a c ell s p r e-t r e at e d  wit h S T A T 3 d e c o y,  N K c ell s
s h o w e d a  m or e a cti v at e d p h e n ot y p e  wit h hi g h er e x pr essi o n of
I F Ng , gr a n z y m e a n d p erf ori n (6 3 ). I n li n e, S T A T 3 i n a  m uri n e
m el a n o m a c ell li n e  w as s h o w n t o i n hi bit t h e e x pr essi o n of
pr oi n fl a m m at or y c yt o ki n es s u c h as  T N F a a n d I L- 1 2 a n d t h e
c h e m o ki n e  C C L 5. I n hi biti o n of S T A T 3 si g n ali n g  w as ass o ci at e d
wit h i n cr e as e d l e v els of  C C L 5 a n d t h er e b y e n h a n c e d l y m p h o c yt e
i nfi ltr ati o n i nt o t h e t u m or (7 9 ). I m p ort a ntl y, t h e c o n cl usi o ns
w er e  m a d e i n  m el a n o m a  m o d el o v er e x pr essi n g t h e alt er n ati v el y
s pli c e d, tr u n c at e d is of or m of S T A T 3 – S T A T 3 b ,  w hi c h  w as
b eli e v e d t o h a v e d o mi n a nt n e g ati v e f u n cti o ns o v er t h e f ull
l e n gt h is of or m (8 0 ).  H o w e v er, s e v er al st u di es h a v e s h o w n t h at
S T A T 3 b is tr a ns cri pti o n all y a cti v e a n d dri v es e x pr essi o n of its
u ni q u e t ar g et g e n es ( 8 1 – 8 3 ).  T h e p ot e nti al of S T A T 3b t o dri v e
c yt o ki n es a n d c h e m o ki n es t h at s u p p ort t h e i m m u n e s yst e m is i n
a c c or d a n c e  wit h t h e t u m or s u p pr essi v e p ot e nti al of S T A T 3 b -
o v er e x pr essi n g  m a cr o p h a g es i n br e ast c a n c er ( 8 4 ).

I nt er esti n gl y, i n B C R- A B L- dri v e n l y m p h o m a, t h e d el eti o n of
S T A T 3 h as o p p osit e eff e cts t o t h os e d es cri b e d a b o v e. S T A T 3-
d e fi ci e nt  B c ell l y m p h o m a s h o ws d e cr e as e d e x pr essi o n of
pr oi n fl a m m at or y c yt o ki n es, e. g.  T N F a a n d c h e m o ki n e  C C L 5.
Fr o nti er s i n I m m u n ol o g y |  w w w.fr o nti er si n. or g 4
T his is p ar all el e d b y a l o w er a b u n d a n c e of  N K c ells i n t h e t u m ors.
Tr a ns pl a nt ati o n of t h e l y m p h o m a c ells l a c ki n g S T A T 3 i nt o  mi c e
h ar b ori n g  N K c ells r es ults i n a c c el er at e d t u m or gr o wt h, b ut t h e
diff er e n c e is l ost i n i m m u n e- d e fi ci e nt  mi c e.  T h e st u d y p ost ul at es
t h at t ar g eti n g S T A T 3 i n B C R- A B L- dri v e n  m ali g n a n ci es  mi g ht
i m p air  N K- c ell s ur v eill a n c e (8 5 ).

I n s u m m ar y, S T A T 3 a cti vit y is criti c all y i m pli c at e d i n
d et er mi ni n g t h e o ut c o m e of c a n c er i m m u nit y b y or c h estr ati n g
t h e r el e as e of i m m u n o m o d ul ati n g c yt o ki n es. I n t h e  m aj orit y of
c a s e s, i n hi biti o n of S T A T 3 si g n ali n g s wit c h e s t h e t u m o r
mi cr o e n vir o n m e nt t o w ar ds i m m u n e a cti v ati o n ( Fi g u r e 2 , ri g ht).
S T A T 3 I N  N K  C E L L S – T H E  V E R S A TI L E
M O D U L A T O R  O F  N K  C E L L  R E S P O N S E S

S T A T 3 is a cti v at e d i n  N K c ells b y a v ari et y of c yt o ki n es,
i n cl u di n g t y p e I I F Ns, I L- 2, I L- 6, I L- 1 0, I L- 1 2, I L- 1 5, I L- 2 1
FI G U R E 2 |  S T A T 3 c o ntri b uti o n t o  N K c ell- m e di at e d t u m or i m m u n e

s ur v eill a n c e.  N K c ell-i ntri n si c  S T A T 3 ( l eft) i n hi bit s e x pr e s si o n of gr a n z y m e  B

a n d  D N A M- 1 ( ), i n cr e a s e s I F Ng s e cr eti o n ( ) a n d s e e m s t o u pr e g ul at e

TI GI T a n d L A G- 3 ( ),  w hil e t h e eff e ct o n  N C R s a n d  N K G 2 D e x pr e s si o n

r e m ai n c o nt e xt d e p e n d e nt ( ). T u m or c ell-i ntri n si c  S T A T 3 (ri g ht ) i n hi bit s

e x pr e s si o n of  N K G 2 D li g a n d s ( MI C A/ B,  U L B P s) a n d  N K- c ell attr a cti n g

c h e m o ki n e  C C L 5 ( ).  S T A T 3 i n t u m or c ell s u pr e g ul at e s s urf a c e e x pr e s si o n

of  M H C I a n d  P D- L 1  m ol e c ul e s a n d s e cr eti o n of i m m u n e s u p pr e s si v e T G F- b

( ).  N K, n at ur al kill er; I F N, i nt erf er o n;  D N A M- 1,  D N A X a c c e s s or y  m ol e c ul e;

N K G 2 D,  N K- c ell r e c e pt or n at ur al kill er gr o u p 2 D;  N C R, n at ur al c yt ot o xi cit y

r e c e pt or;  KI R, kill er- c ell i m m u n o gl o b uli n-li k e r e c e pt or;  C C L 5,  C- C  m otif

c h e m o ki n e li g a n d 5;  C D, cl u st er of diff er e nti ati o n;  MI C A/ B,  m aj or

hi st o c o m p ati bilit y c o m pl e x cl a s s I-r el at e d s e q u e n c e  A/ B;  U L B P,  U L 1 6- bi n di n g

pr ot ei n;  M H C I,  m aj or hi st o c o m p ati bilit y c o m pl e x I; T G F- b , tr a n sf or mi n g

gr o wt h f a ct or b ,  S T A T, si g n al tr a n s d u c er a n d a cti v at or of tr a n s cri pti o n. TI GI T,

T c ell i m m u n or e c e pt or  wit h I g a n d I TI M d o m ai n s; L A G- 3, l y m p h o c yt e-

a cti v ati o n g e n e 3;  P D-( L) 1, pr o gr a m m e d c ell d e at h li g a n d/ pr ot ei n 1.
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Wit ali s z- Si e pr a c k a et al. S T A T 3 i n  N K- C ell T u m or  S ur v eill a n c e
a n d I L- 2 7,  wit h di v ers e eff e cts o n  N K- c ell a cti v ati o n ( 8 6 – 9 1 ).  N K
c ell-i ntri nsi c r ol es of S T A T 3 h a v e b e e n a n al y z e d i n St at 3 fl /fl Ncr 1-
i Cr e mi c e l a c ki n g S T A T 3 i n  N K p 4 6 + c ells. St at 3 d el eti o n d o es
n ot aff e ct  N K- c ell d e v el o p m e nt, n u m b ers a n d  m at ur ati o n.
F urt h er m or e,  N K c ell-i ntri nsi c l oss of S T A T 3 d o es n ot i m p a ct
o n pr olif er ati o n of  N K c ells i n St at 3 fl /fl Ncr 1 -i Cr e  mi c e (8 7 ).
H o w e v er, k n o c k d o w n of S T A T 3 i n t h e h u m a n  N K- c ell li n e  N K-
9 2 is ass o ci at e d  wit h a d e cr e as e d pr olif er ati o n r at e, c orr el ati n g
wit h r e d u c e d c ycli n  D 1 e x pr essi o n, a n d o v er e x pr essi o n of S T A T 3
e n h a n c es h u m a n  N K- c ell e x p a nsi o n ( 9 2 ). I n li n e, I L- 2 1,  w hi c h
pri m aril y a cti v at es S T A T 3 i n  N K c ells, pr o m ot es h u m a n  N K- c ell
e x p a nsi o n ass o ci at e d  wit h a n i n cr e as e d t el o m er e l e n gt h ( 9 3 – 9 5 ).

Eff e cts of c a n c er c ell- e xtri nsi c S T A T 3 d e fi ci e n c y o n a nti-t u m or
i m m u nit y h a v e i niti all y b e e n r e p ort e d i n a n i n d u ci bl e S T A T 3
k n o c k o ut  m o us e  m o d el ( St at 3 fl /fl M x 1 - Cr e  mi c e) (9 6 ). B ot h St at 3 fl /

fl M x 1 - Cr e a n d St at 3 fl /fl Ncr 1 -i Cr e  mi c e d e m o nstr at e d t h at l a c k of
S T A T 3 e n h a n c es  N K c ell- m e di at e d s ur v eill a n c e i n diff er e nt
tr a ns pl a nt a bl e t u m or  m o d els (8 7 , 9 6 ).  Tr e at m e nt  wit h t h e s m all-
m ol e c ul e S T A T 3 i n hi bit or  C P A 7 b o osts a nti-t u m or r es p o ns es
a g ai nst t h e s u b c ut a n e o usl y i nj e ct e d ur ot h eli al c ar ci n o m a c ell li n e
M B 4 9,  w hi c h is l ar g el y d e p e n d e nt o n  T c ells  wit h a p arti al
i n v ol v e m e nt of  N K c ell s (9 6 ).  N K c ell -i nt ri n si c S T A T 3
d e fi ci e n c y is s uffi ci e nt t o i n cr e as e s ur v eill a n c e of  m el a n o m a a n d
l e u k e mi a c ell li n es (8 7 ).  O v er all, t h es e d at a pr o vi d e e vi d e n c e t h at
S T A T 3 s u p pr ess es t h e a nti-t u m or a cti vit y of  N K c ells ( 1 3 , 8 7 , 9 6 ).
T h e e n h a n c e d c yt ot o xi cit y of  N K c ells u p o n l oss of S T A T 3 g o es
al o n g  wit h i n cr e as e d l e v els of t h e c yt ot o xi c eff e ct or  m ol e c ul es
p erf ori n a n d gr a n z y m e B ( 8 7 , 8 8 ).

S T A T 3 is als o i n v ol v e d i n r e g ul ati n g e x pr essi o n of a cti v ati n g
N K- c ell r e c e pt ors. S T A T 3 d e cr e as es  D N A M- 1 e x pr essi o n o n  N K
c ells. El e v at e d  D N A M- 1 l e v els u p o n St at 3 d el eti o n c o ntri b ut e t o
e n h a n c e d killi n g of  D N A M- 1 li g a n d- e x pr essi n g t u m or c ells, e. g.
B 1 6 F 1 0  m el a n o m a c ells ( 8 7 ).  N K c ells s h o w a S T A T 3- d e p e n d e nt
u pr e g ul ati o n of  N K G 2 D s urf a c e l e v els i n r es p o ns e t o I L- 1 0 a n d
I L - 2 1 sti m ul ati o n, a s s o ci at e d  wit h e n h a n c e d  N K - c ell
d e gr a n ul ati o n ( 8 8 , 9 5 , 9 7 ).  W hil e  N K c ell-i ntri nsi c l oss of
S T A T 3 d o es n ot s uf fi c e t o i m p a ct o n  N K G 2 D e x pr essi o n,
S T A T 3- d e fi ci e n c y i n t h e e ntir e h e m at o p oi eti c s yst e m ( St at 3 fl /fl

Ti e 2 - Cr e  mi c e) c a us es a r e d u cti o n of  N K G 2 D l e v els ( 8 7 , 9 5 ). I n
c o ntr ast t o a p ot e nti al n e g ati v e r e g ul at or y r ol e of S T A T 3 o n
D N A M- 1 e x pr essi o n i n  m uri n e  N K c ells ( 8 7 ), t h es e r es ults
i n di c at e t h at S T A T 3 e n h a n c e s  N K G 2 D e x p r e s si o n (9 5 ).
H o w e v er, a n ot h er r e p ort d e m o nstr at e d t h at I L- 2- a cti v at e d
h u m a n  N K c ells dis pl a y d e cr e as e d  N K G 2 D l e v els u p o n I L- 2 1
sti m ul ati o n (9 8 ). I n a d diti o n, S T A T 3 a cti v ati o n b y I L- 6 a n d I L- 8
pr o d u c e d b y t u m or c ells h as b e e n r e p ort e d t o d e cr e as e l e v els of
N K G 2 D a n d  N K p 3 0 o n  N K c ells ( 9 1 ).  T h er ef or e, t h e i m p a ct of
S T A T 3 o n t h e r e g ul ati o n of  N K G 2 D  mi g ht v ar y d e p e n di n g o n
t h e s p e cifi c u pstr e a m sti m uli, si g n ali n g p at h w a ys a n d a d diti o n al
S T A T pr ot ei ns i n v ol v e d ( 1 3 , 8 8 ). Si mil ar t o  N K G 2 D, S T A T 3 h as
als o b e e n r e p ort e d t o bi n d t o t h e pr o m ot er a n d dri v e t h e
tr a ns cri pti o n of  NC R 1 g e n e e n c o di n g  N K p 4 6 ( 9 2 , 9 5 ).

I n li n e  wit h t h e s u p pr essi v e eff e ct of S T A T 3 o n  N K- c ell
f u ncti o n alit y re p orte d i n t he  m uri ne s yste m (8 7 ), t u m or- deri ve d
c yt o ki nes, s uc h as I L- 6 a n d I L- 8, i m p air h u m a n  N K-cell f u ncti o n i n a
S T A T 3- de pe n de nt  m a n ner ( 9 1 ).  O n t he c o ntr ar y, a n ot her st u d y
Fr o nti er s i n I m m u n ol o g y |  w w w.fr o nti er si n. or g 5
f o u n d a p ositi ve c orrel ati o n b et wee n S T A T 3 l e vels a n d e x pressi o n of
c yt ot o xic effect or  m olec ules a n d c yt o ki nes i n h u m a n  N K cells ( 9 2 ).
S T A T 3 le vels are re d uce d i n  N K cells fr o m c hr o nic he p atitis B vir us
( H B V) p atie nts,  w hic h is ass oci ate d  wit h l o wer de gr a n ul ati o n a n d
I F Ng pr o d ucti o n ( 9 2 ). E arl y c yt o ki ne pr o d ucti o n, i ncl u di n g I F Ng, i n
I L- 1 5 pri m e d h u m a n  N K c ells als o r e q uires S T A T 3 (9 9 ).  A n
i n v ol ve me nt of S T A T 3 i n t he r e g ul ati o n of I F Ng pr o d ucti o n h as
als o bee n descri be d i n  m uri ne  N K cells,  w here S T A T 3 directl y bi n ds
t o t he If ng pr o m oter a n d c o ntri b utes t o c yt o ki ne-i n d uce d I F N g
pr o d u cti o n ( 8 7 ). B esi d es c yt ot o xi c a cti vit y a n d pr o d u cti o n of
p r oi n fl a m m a t o r y c y t o ki n e s,  N K c ell s al s o  p r o d u c e
i m m u n os u p pr essi v e c yt o ki n es a n d h a v e i m m u n or e g ul at or y
f u ncti o ns (1 0 0 , 1 0 1 ). S T A T 3 als o i m p acts o n t hese f u ncti o ns. F or
e x a m ple, t he i m m u n os u p pr essi ve c yt o ki nes I L- 1 0 a n d  T G F- b are
u pre g ul ate d i n a S T A T 3- de pe n de nt  m a n ner i n t u m or-i n fi ltr ati n g  N K
cells t h at ar e p ositi ve f or t h e i m m u ne c h ec k p oi nt C D 7 3 ( 1 2 , 1 0 2 ).

H y p o xi a is a n i m p ort a nt f e at ur e of s oli d t u m ors t h at is
ass o ci at e d  wit h i m m u n e s u p pr essi o n a n d es c a p e ( 1 0 3 ). I n d e e d,
h y p o xi a r e pr ess es  N K- c ell c yt ot o xi cit y b y i n d u cti o n of S H P- 1
e x pr essi o n,  w hi c h i n t ur n r e d u c es S T A T 3 a cti v ati o n ( 1 0 4 ).
S T A T 3 als o i nt er a cts  wit h o n e of t h e  m ai n pl a y ers dri vi n g
h y p o xi c r es p o ns e - h y p o xi a i n d u ci bl e f a ct or 1 a ( HI F- 1a )
(1 0 5 ). I n I L- 1 5 pri m e d h u m a n  N K c ells,  HI F- 1a r es p o ns es r el y
o n S T A T 3 ( 9 9 ). I n li n e, S T A T 3 i n d u c es  HI F- 1a - m e di at e d
u p r e g ul ati o n of  mi R- 2 2 4,  w hi c h i s p a r all el e d b y r e d u c e d
N K p 4 6 e x pr essi o n a n d a d a m p e n e d  N K c ell- m e di at e d killi n g
of pr ost at e c a n c er c ells ( 1 2 , 1 0 6 , 1 0 7 ).  T h e e x a ct u n d erl yi n g
m e c h a nis ms h o w S T A T 3 a cti vit y c o ntri b ut es t o h y p o xi a- dri v e n
eff e cts o n  N K- c ell c yt ot o xi cit y r e m ai n t o b e d et er mi n e d.

Alt o g et h er, S T A T 3 h as c o m pl e x eff e cts o n  N K- c ell a cti vit y,
i n cl u di n g t h e e x pr essi o n of c yt ot o xi c gr a n ul e pr ot ei ns, c yt o ki n es
a n d  N K- c ell r e c e pt ors ( Fi g u r e 2 , l eft).  W h et h er S T A T 3 h as a n
o v er all b e n e fi ci al or d etri m e nt al eff e ct o n  N K- c ell f u n cti o n a p p e ars
t o b e c o nt e xt- d e p e n d e nt (1 3 , 8 7 , 9 2 , 9 5 ). S T A T 3 i n d u c es its o w n
n e g ati v e f e e d b a c k r e g ul ati o n, i n cl u di n g t h e u pr e g ul ati o n of S O C S 3
(Fi g u r e 1 ). S O C S 3 s u p pr ess es  N K c ells, as l oss of S O C S 3 e n h a n c es
N K- c ell pr olif er ati o n a n d c yt ot o xi cit y ( 1 0 8 ).  T h e eff e cts of S O C S 3
o n S T A T 3 a cti v ati o n  mi g ht d e p e n d o n t h e u pstr e a m sti m uli,
w hi c h ar e li k el y t o b e diff er e ntl y s us c e pti bl e t o S O C S 3- m e di at e d
i n hi biti o n (1 0 9 , 1 1 0 ).  T his c o ul d c o ntri b ut e t o t h e c o nt e xt-
d e p e n d e nt eff e cts of S T A T 3 i n  N K c ells.  As  m e nti o n e d a b o v e,
c a n c er c ell-i ntri nsi c alt er n ati v el y s pli c e d S T A T 3 is of or ms h a v e
o p p osit e r ol es i n dri vi n g t u m or pr o gr essi o n. Si n c e S T A T 1
is of or ms diff er e nti all y aff e ct  N K- c ell f u n cti o n alit y (1 1 1 ), it is
attr a cti v e t o s p e c ul at e t h at als o S T A T 3 a a n d b h a v e n o n-
r e d u n d a nt f u n cti o ns i n r e g ul ati n g  N K c ells.  A n al y zi n g t h e
c o ns e q u e n c es of S T A T 3 a or b d e fi ci e n c y i n  N K c ells  mi g ht
i m pr o v e o ur u n d erst a n di n g of S T A T 3- d e p e n d e nt eff e cts.
S T A T 3  M U T A TI O N S I N  N K  C E L L S –
I N SI G H T S F R O M  P A TI E N T S

A n ot h er l e v el of e vi d e n c e f or a cr u ci al r ol e of S T A T 3 i n  N K- c ell
bi ol o g y st e ms fr o m st u di es a n al y zi n g  N K c ells i n p ati e nts  wit h
S T A T 3  m ut ati o ns.  H et er o z y g o us g er mli n e S T A T 3 l oss- of-
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Wit ali s z- Si e pr a c k a et al. S T A T 3 i n  N K- C ell T u m or  S ur v eill a n c e
f u n cti o n ( L O F)  m ut ati o ns ar e f o u n d i n a ut os o m al d o mi n a nt
h y p e r I g E s y n d r o m e ( H I E S )  p ati e nt s,  w hi c h  di s pl a y
i m m u n ol o gi c al d efi ci e n ci es  wit h i n cr e as e d s us c e pti bilit y t o
i nf e cti o ns li n k e d t o i m p air e d S T A T 3-r e g ul at e d  T h el p er 1 7
( T h 1 7)- m e di at e d i m m u n e r es p o ns es a n d B c ell f u n cti o n ( 1 1 2 –
1 1 6 ).  N K c ells fr o m  HI E S p ati e nts h ar b ori n g S T A T 3 L O F
m ut ati o ns h a v e d e cr e as e d  N K G 2 D l e v els ( 9 5 ).  T his  mi g ht b e
ass o ci at e d  wit h i m p air e d  N K c ell f u n cti o n, h o w e v er a t h or o u g h
f u n cti o n al c h ar a ct eri z ati o n of  N K c ells fr o m  HI E S p ati e nts h as
n ot b e e n p u blis h e d.  A p art fr o m L O F  m ut ati o ns, g er mli n e a n d
s o m ati c a cti v ati n g  m ut ati o ns of S T A T 3 h a v e b e e n d es cri b e d i n
h u m a ns  wit h diff er e nt dis e as e c h ar a ct eristi cs ( 1 1 2 – 1 1 5 , 1 1 7 ).
G e r mli n e S T A T 3 g ai n - of -f u n cti o n ( G O F)  m ut ati o n s a r e
a s s o ci at e d  wit h di v e r s e cli ni c al  m a nif e st ati o n s, i n cl u di n g
i m m u n o d efi ci e n ci es a n d a ut oi m m u n e dis e as es ( 1 1 2 , 1 1 8 – 1 2 2 ).
H a a p a ni e mi et al. r e p ort e d t h at  N K- c ell n u m b ers ar e r e d u c e d i n
p ati e nts  wit h g er mli n e S T A T 3  G O F  m ut ati o ns,  w hil e  m at ur ati o n
a n d f u n cti o n alit y of  N K c ells ar e u n aff e ct e d ( 1 2 0 ).  H o w e v er,
a n ot h er st u d y di d n ot fi n d r e d u c e d  N K- c ell n u m b ers ( 1 2 3 ),
i n di c ati n g t h at t h e i m p a ct of S T A T 3  G O F  m ut ati o ns o n
i m m u n e c ells, i n cl u di n g  N K c ells, v ari es b et w e e n p ati e nts (1 2 2 ).

A n o nc o ge nic p ote nti al of S T A T 3 i n  N K cells h as bee n i n dic ate d
b y t he disc o ver y of s o m atic S T A T 3  G O F  m ut ati o ns, pre d o mi n a ntl y
wit hi n t he S H 2 d o m ai n, i n a s u bset of p atie nts  wit h differe nt  N K-cell
m ali g n a ncies, i ncl u di n g c hr o nic l y m p h o pr olifer ati ve dis or der of  N K
c ells ( C L P D- N K), a g gr essi v e  N K- c ell l e u k e mi a ( A N K L) a n d
e xtr a n o d al  N K/ T-cell l y m p h o m as of n as al t y pe ( N K T C L) ( 1 2 4 –
1 3 5 ).  A p art fr o m S T A T 3  G O F  m ut ati o ns, e n h a n c e d S T A T 3
p h os p h or yl ati o n c a n als o be o bser v e d i n  N K-cell  m ali g n a ncies b y
ot her  me a ns, i ncl u di n g acti v ati o n of u pstre a m J A Ks or re d uce d
e x pressi o n of ne g ati ve re g ul at ors of S T A T 3 ( 1 2 4 , 1 2 7 , 1 3 1 – 1 3 3 , 1 3 6 –
1 3 9 ). Pr o-t u m ori ge nic effe cts of S T A T 3 o n  N K cells are li n ke d t o its
r ole i n pr olifer ati o n a n d s ur vi v al (1 3 3 , 1 3 6 , 1 4 0 – 1 4 2 ). I L- 1 0  me di ate d
S T A T 3 acti v ati o n as  well as s o m atic S T A T 3  G O F  m ut ati o ns i ncre ase
e x pressi o n of  M Y C a n d t here b y dri ve  met a b olic acti v ati o n of  A N K L
cells, f ueli n g le u ke mi a cell s ur vi v al a n d pr olifer ati o n ( 1 3 1 ).  T o t he
best of o ur k n o wle d ge, t he effects of s o m atic S T A T 3  G O F  m ut ati o ns
o n t he f u ncti o n alit y of  m ali g n a nt  N K cells h a ve n ot bee n directl y
teste d. I nteresti n gl y, S T A T 3  G O F  m ut ati o ns i n  C L P D- N K p atie nts
c orr el at e  wit h a c yt ot o xi c  C D 1 6 hi C D 5 7- p h e n ot y p e a n d a  m or e
s y m pt o m ati c dis e as e, c h ar a ct eri z e d b y a n e mi a a n d s e v er e
ne utr o pe ni a ( 1 2 7 , 1 3 4 , 1 3 5 , 1 4 3 ).
S T A T 3 – A  P O T E N TI A L  T A R G E T  T O
E N H A N C E I M M U N E  C H E C K P OI N T
I N HI BI T O R  T H E R A P Y ?

I m m u n e c h e c k p oi nt i n hi bit ors ar e o n e of t h e  m ost s u c c essf ul
a p pr o a c h es of i m m u n ot h er a p y.  B y t ar g eti n g t h e i n hi bit or y
li g a n d s ( p r o g r a m m e d c ell d e at h li g a n d 1 -  P D - L 1 ) o r
i n hi bit or y r e c e pt ors ( pr o gr a m m e d c ell d e at h pr ot ei n 1 - P D- 1,
c yt ot o xi c  T-l y m p h o c yt e- ass o ci at e d pr ot ei n 4 -  C T L A- 4)  wit h
m o n o cl o n al a nti b o di es, t h e i m m u n e r es p o ns e a g ai nst t u m ors c a n
b e u nl e as h e d ( 1 4 4 ). It is cl e ar t h at  T c ells ar e t h e  m ai n dri v ers of
i m m u n e c h e c k p oi nt i n hi bit or r es p o ns es, b ut a r ol e of  N K c ells
Fr o nti er s i n I m m u n ol o g y |  w w w.fr o nti er si n. or g 6
h er ei n h as b e e n pr o p os e d ( 1 4 5 ). S e v er al r e p orts fi n d P D- 1-
d e p e n d e nt eff e cts of  N K c ells i n s p e ci fi c t u m ors i n cl u di n g  M M
(1 4 6 ),  K a p osi s ar c o m a (1 4 7 ),  H o d g ki n l y m p h o m a (1 4 8 ) a n d
h e a d a n d n e c k c a n c er ( 1 4 9 ).  Ot h er st u di es i n di c at e t h at t h e
e x pr essi o n of P D- 1 i n  N K c ells is  mi n or or n e gl e ct a bl e ( 1 5 0 ) a n d
t h e e x a ct f u n cti o n of  N K c ells i n a nti- P D- 1/ P D- L 1 t h er a p y
r e m ai ns a  m att er of d e b at e ( 1 5 1 ). I m p ort a ntl y, v ast e vi d e n c e
i n di c at es t h e dir e ct i n v ol v e m e nt of S T A T 3 i n dri vi n g P D- L 1 a n d
P D- L 2 e x pr essi o n i n t u m or c ells ( 1 3 2 , 1 5 2 – 1 5 4 ). F or e x a m pl e, i n
T c ell l y m p h o m a S T A T 3 is r e q uir e d f or i n d u cti o n of P D- L 1
tr a ns cri pti o n b y dir e ctl y bi n di n g its pr o m ot er (1 5 3 ).  T h er ef or e,
c o m bi n at ori al i n hi biti o n of S T A T 3 a n d P D- L 1/ P D- 1 a xis h as
b e e n e x pl or e d as a n attr a cti v e a p pr o a c h. E n c o ur a gi n g r es ults
fr o m pr e cli ni c al st u di es (3 3 , 1 5 5 , 1 5 6 ) l e d t o fi rst cli ni c al tri als
c o m bi ni n g S T A T 3 i n hi bit o r ( B BI - 6 0 8)  wit h a nti - P D - L 1
t h er a pi es i n  m et ast ati c c ol or e ct al c ar ci n o m a ( N C T 0 3 6 4 7 8 3 9,
N C T 0 2 8 5 1 0 0 4) or S T A T 3 t ar g eti n g a ntis e ns e oli g o n u cl e oti d e
( A Z D 9 1 5 0)  wit h a nti- P D- L 1 t h er a p y i n  N S C L C ( N C T 0 3 3 3 4 6 1 7)
a n d ot h er s oli d t u m ors. It r e m ai ns u n cl e ar  w h et h er  N K c ells
c o ntri b ut e t o t his c o m bi n ati o n t h er a p y o ut c o m e.  X u et al.
s u g g est e d t h at i n vitr o c o m bi n ati o n of P D- L 1 a n d S T A T 3
i n hi biti o n e n h a n c e s  N K- c ell cyt ot o xi cit y a g ai n st p r o st at e
c a n c er c ell li n es, b ut t h e i n vi v o r el e v a n c e still n e e ds t o b e
el u ci d at e d ( 1 5 7 ).

N o v el i m m u n e c h e c k p oi nt  m ol e c ul es ar e c urr e ntl y e m er gi n g
a n d s o m e h a v e e nt er e d cli ni c al tri als or h a v e r e c e ntl y b e e n
a p pr o v e d. I n c o ntr ast t o t h e a b o v e d es cri b e d P D- 1 a n d  C T L A- 4,
t h e e x pr essi o n of n o v el c h e c k p oi nts:  T c ell i m m u n or e c e pt or  wit h
I g a n d I TI M d o m ai ns ( TI GI T), l y m p h o c yt e- a cti v ati o n g e n e 3
( L A G- 3) a n d  T c ell i m m u n o gl o b uli n a n d  m u ci n- d o m ai n-
c o nt ai ni n g- 3 ( TI M- 3) is cl e arl y s h ar e d b et w e e n  T a n d  N K c ells
(1 5 8 – 1 6 1 ).  T h e e x a ct r ol e of S T A T 3 i n t h e r e g ul ati o n of t h es e
c h e c k p oi nts h as n ot b e e n a d dr ess e d i n  N K c ells. I n  T r e g ul at or y
c ells,  TI M- 3 is str o n gl y d o w nr e g ul at e d u p o n S T A T 3 i n hi biti o n
s u g g esti n g a p ot e nti al d e p e n d e n c y of  TI M- 3 e x pr essi o n o n S T A T 3
i n ot h er l y m p h o c yt es (1 6 2 ). It is attr a cti v e t o s p e c ul at e t h at L A G- 3
e x pr essi o n i n  N K c ells  mi g ht b e e n h a n c e d b y S T A T 3 si g n ali n g. I L-
1 2,  w hi c h pr e d o mi n a ntl y si g n als vi a S T A T 4 a n d S T A T 3,  w as
s h o w n t o u pr e g ul at e L A G- 3 e x pr essi o n i n  N K c ells ( 1 6 3 ). I n li n e,
S T A T 3 i n hi biti o n t o g et h er  wit h bl o c k a g e of t h e S T A T 3- a cti v ati n g
c yt o ki n e I L- 6, d o w nr e g ul at e d  TI GI T e x pr essi o n i n t h e h u m a n
N K 9 2 c ell li n e.  C o m bi n ati o n of  TI GI T c h e c k p oi nt i n hi bit or  wit h
bl o c k a g e of I L- 6 R a n d S T A T 3 e n h a n c e d c yt ot o xi cit y of  N K 9 2 c ells
t o w a r d s p r o st at e c a n c e r c ell s (1 6 4 ).  Alt h o u g h f u rt h e r
i n v esti g ati o ns ar e ess e nti al, b ot h st u di es s u g g est a p ot e nti al
s y n er gis m b et w e e n S T A T 3 t ar g eti n g  m ol e c ul es a n d n o v el
c h e c k p oi nt i n hi bit ors i n dri vi n g  N K r es p o ns es.
C O N C L U SI O N  A N D  O U T L O O K

S T A T 3 r e g ul at es i m m u n e e v asi o n fr o m  N K c ells o n s e v er al
diff er e nt l e v els. It h el ps t u m or c ells t o hi d e fr o m  N K c ells b y
d o w nr e g ul ati n g a cti v ati n g li g a n ds, dri v es a n i m m u n e s u p pr essi v e
e n vir o n m e nt,  w hi c h i n t ur n li mits t h e c h e m o attr a cti o n a n d
a cti vit y of  N K c ells, a n d i ntri nsi c all y r e g ul at es  N K- c ell r es p o ns es
J ul y 2 0 2 2 | V ol u m e 1 3 |  Arti cl e 9 4 7 5 6 8
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Wit ali s z- Si e pr a c k a et al. S T A T 3 i n  N K- C ell T u m or  S ur v eill a n c e
(Fi g u r e 2 ). S o m ati c  G O F  m ut ati o ns i n S T A T 3 h a v e a n o n c o g e ni c
p ot e nti al i n  N K c ells u n d erli ni n g its k e y r ol e i n  N K- c ell bi ol o g y. It
r e m ai ns u n cl e ar  w h y t h e eff e cts of S T A T 3 o n  N K- c ell bi ol o g y ar e
s o c o m pl e x a n d c o nt e xt d e p e n d e nt.  T h e dis cr e p a n c y b et w e e n
s o m e fi n di n gs i n h u m a n a n d  m o us e  N K c ells  mi g ht c o m e fr o m
i n vitr o c ult ur es of h u m a n  N K c ells t h at d o n ot r e fl e ct t h e sit u ati o n
i n vi v o wit h diff e r e nt c yt o ki n e s p r e s e nt i n t h e t u m o r
mi cr o e n vir o n m e nt i n t h e  m o us e  m o d els.  M or e o v er, o n e c a n n ot
e x cl u d e t h at t h e r es ults o bt ai n e d usi n g  mi c e  wit h S T A T 3- d e fi ci e nt
N K c ells ar e i n fl u e n c e d b y c o m p e ns at or y  m e c h a nis ms, i n cl u di n g
u pr e g ul ati o n of S T A T 5,  w hi c h is a k e y dri v er of  N K- c ell s ur vi v al
a n d f u n cti o n alit y ( 7 7 , 1 6 5 , 1 6 6 ).  N ot o nl y c a n t h e S T A Ts
c o m p e ns at e f or e a c h ot h er ( 2 3 , 1 6 7 ) b ut als o cr osst al k t o ot h er
si g n ali n g p at h w a ys (1 6 8 ).  T his a d ds a n ot h er l a y er of c o m pl e xit y i n
u n d erst a n di n g t h e r ol e of S T A T 3 i n  N K- c ell a nti-t u m or r es p o ns es.

I n hi biti o n of S T A T 3 si g n ali n g is c urr e ntl y e x pl or e d i n  m a n y
cli ni c al tri als f or s oli d a n d h e m at o p oi eti c t u m ors.  T h e dir e ct
a p pr o a c h es h a v e r e a c h e d cli ni c al tri als b ut a c hi e vi n g s p e ci fi cit y
o v er ot h er S T A T f a mil y  m e m b ers r e m ai ns c h all e n gi n g ( 3 3 , 1 6 9 ,
1 7 0 ). B as e d o n t h e c urr e nt e vi d e n c e, S T A T 3 i n hi biti o n  mi g ht n ot
o nl y i m p air t u m or c ell s ur vi v al b ut als o e n h a n c e t h eir r e c o g niti o n
b y  N K c ells.  M or e o v er, t ar g eti n g  N K c ell-i ntri nsi c S T A T 3 c o ul d
u nl e as h t h eir a nti-t u m or r es p o ns es i n s o m e t u m or  m o d els ( 8 7 ),
w hil e t h e c o ns e q u e n c es o n ot h er as p e cts of  N K- c ell f u n cti o n alit y
ar e diffi c ult t o pr e di ct.  At t h e  m o m e nt, t h er e is a n u n m et n e e d
t o u n d erst a n d t h e eff e cts of S T A T 3 i n hi bit ors o n  N K- c ell a nti-
t u m or r es p o ns es i n vi v o t o b e a bl e t o f or es e e t h e cli ni c all y
r el e v a nt c o ns e q u e n c es.

It is  w ell a p pr e ci at e d t h at c o m bi n ati o n t h er a pi es e n h a n c e t h e
effi c a c y a n d r e d u c e r esist a n c e c o m p ar e d t o  m o n ot h er a pi es.  T his
h as tri g g er e d e xt e nsi v e att e m pts i n c o m bi ni n g S T A T 3 i n hi bit ors
Fr o nti er s i n I m m u n ol o g y |  w w w.fr o nti er si n. or g 7
wit h ot h er dr u gs ( 3 3 ).  A n e w a v e n u e i n i m m u n ot h er a p y is o p e n e d
b y c o m bi n ati o ns of S T A T 3 i n hi bit ors e x pl or e d  wit h t h e e m er gi n g
i m m u n e c h e c k p oi nt i n hi bit ors. I m p ort a ntl y, t ar g eti n g S T A T 3 i n
t h e i m m u n e s yst e m  mi g ht h a v e c o m pl e x s yst e mi c eff e cts r a n gi n g
fr o m a ut oi m m u nit y t o i m m u n o d efi ci e n c y as i n di c at e d b y
p h e n ot y p es of p ati e nts  wit h  m ut ati o ns i n S T A T 3 ( 1 1 2 – 1 1 6 ). I n
s u m m ar y, t ar g eti n g S T A T 3  mi g ht b e a n attr a cti v e a p pr o a c h i n
r est ori n g  N K- c ell a nti-t u m or i m m u nit y b ut n e e ds t o b e c ar ef ull y
e v al u at e d i n diff er e nt t u m or t y p es a n d bi ol o gi c al c o nt e xts.
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6 4.  G arri d o- T a pi a  M,  H er n a ń d e z  CJ,  As c ui  G,  Kr a m m  K,  M or al es  M,  G a ŕ at e  V,
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S T A T 3 a n d E R K Si g n ali n g P at h w a ys. J I m m u n ol  R es ( 2 0 2 0) 2 0 2 0: 4 5 9 8 4 7 6.

d oi: 1 0. 1 1 5 5/ 2 0 2 0/ 4 5 9 8 4 7 6

1 0 5.  Ni u  G, Bri g gs J,  D e n g J,  M a  Y, L e e  H,  K ort yl e ws ki  M, et al. Si g n al  Tr a ns d u c er

a n d  A cti v at or of  Tr a ns cri pti o n 3 is  R e q uir e d f or  H y p o xi a-I n d u ci bl e F a ct or-

1 al p h a  R N A E x pr essi o n i n  B ot h  T u m or  C ells a n d  T u m or- Ass o ci at e d

M y el oi d  C ells. M ol  C a nc er  R es ( 2 0 0 8) 6( 7): 1 0 9 9– 1 0 5. d oi: 1 0. 1 1 5 8/ 1 5 4 1-

7 7 8 6. M C R- 0 7- 2 1 7 7

1 0 6.  C h e n  C h, Li S x,  Xi a n g L x,  M u  H,  W a n g S b,  Y u  K y.  HI F- 1 a I n d u c es I m m u n e

Es c a p e of Pr ost at e  C a n c er b y  R e g ul ati n g  N C R 1/ N K p 4 6 Si g n ali n g  T hr o u g h

mi R- 2 2 4. Bi oc h e m Bi o p h ys  R es  C o m m u n ( 2 0 1 8) 5 0 3( 1): 2 2 8– 3 4. d oi: 1 0. 1 0 1 6/

j. b br c. 2 0 1 8. 0 6. 0 0 7

1 0 7.  C o uli b al y  A, B ett e n d orf  A,  K osti n a E, Fi g u eir e d o  A S,  V el a ś q u e z S Y,  B o c k

H G, et al. I nt erl e u ki n- 1 5 Si g n ali n g i n  HI F- 1 a R e g ul ati o n i n  N at ur al  Kill er

C ells, I nsi g hts  T hr o u g h  M at h e m ati c al  M o d els. Fr o nt I m m u n ol ( 2 0 1 9)

1 0: 2 4 0 1. d oi: 1 0. 3 3 8 9/ fi m m u. 2 0 1 9. 0 2 4 0 1

1 0 8.  N a ei mi  K ar ar o u di  M, El m as E, L a m b  M,  C h a kr a v arti  N,  Tri k h a P, L e e  D A.

Disr u pti o n of S O C S 3 Pr o m ot es t h e  A nti- C a n c er Ef fi c a c y of Pri m ar y  N K

C ells. Bl o o d ( 2 0 1 8) 1 3 2( S u p pl e m e nt 1): 5 6 8 7– 7. d oi: 1 0. 1 1 8 2/ bl o o d- 2 0 1 8- 9 9-

1 1 6 6 2 1

1 0 9.  Ni e m a n d  C,  Ni m m es g er n  A,  H a a n S, Fis c h er P, S c h a p er F,  R oss ai nt  R, et al.

A cti v ati o n of S T A T 3 b y I L- 6 a n d I L- 1 0 i n Pri m ar y  H u m a n  M a cr o p h a g es Is

Diff er e nti all y  M o d ul at e d b y S u p pr ess or of  C yt o ki n e Si g n ali n g 3. J I m m u n ol

( 2 0 0 3) 1 7 0( 6): 3 2 6 3 – 7 2. d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 7 0. 6. 3 2 6 3

1 1 0.  W or m al d S,  Z h a n g J G,  Kr e bs  D L,  Mi el k e L A, Sil v er J,  Al e x a n d er  W S, et al.

T h e  C o m p ar ati v e  R ol es of S u p pr ess or of  C yt o ki n e Si g n ali n g- 1 a n d - 3 i n t h e

I n hi biti o n a n d  D es e nsiti z ati o n of  C yt o ki n e Si g n ali n g. J Bi ol  C h e m ( 2 0 0 6) 2 8 1

( 1 6): 1 1 1 3 5– 4 3. d oi: 1 0. 1 0 7 4/j b c. M 5 0 9 5 9 5 2 0 0

1 1 1.  M eissl  K, Si m o n o vi c ́N,  A m e nits c h L,  Wit alis z- Si e pr a c k a  A,  Kl ei n  K, L ass ni g

C, et al. S T A T 1 Is of or ms  Diff er e nti all y  R e g ul at e  N K  C ell  M at ur ati o n a n d

A nti- T u m or  A cti vit y. F r o nt I m m u n ol ( 2 0 2 0), 1 1: 2 1 8 9. d oi: 1 0. 3 3 8 9/

fi m m u. 2 0 2 0. 0 2 1 8 9

1 1 2.  H a d d a d E. S T A T 3:  T o o  M u c h  m a y b e  W ors e  T h a n  N ot E n o u g h! Bl o o d

( 2 0 1 5) 1 2 5( 4): 5 8 3– 4. d oi: 1 0. 1 1 8 2/ bl o o d- 2 0 1 4- 1 1- 6 1 0 5 9 2

1 1 3. L a ur e n c e  A DJ,  U hli g  H H.  W h e n  H alf a  Gl ass of S T A T 3 is J ust  N ot E n o u g h.

Bl o o d. ( 2 0 1 6) 1 2 8( 2 6): 3 0 2 0– 1. d oi: 1 0. 1 1 8 2/ bl o o d- 2 0 1 6- 1 1- 7 5 0 5 3 9

1 1 4. L or e n zi ni  T,  D ott a L,  Gi a c o m elli  M,  V air o  D, B a d ol at o  R. S T A T  M ut ati o ns

a s  P r o g r a m S wit c h e r s:  T u r ni n g  P ri m a r y I m m u n o d e fi ci e n ci e s I nt o

A ut oi m m u n e  Dis e as es. J L e u k oc Bi ol ( 2 0 1 7) 1 0 1( 1): 2 9– 3 8. d oi: 1 0. 1 1 8 9/

jl b. 5 RI 0 5 1 6- 2 3 7 R R

1 1 5.  Kl ei n  K, St oi b er  D, S e xl  V,  Wit alis z-si e pr a c k a  A.  U nt wi ni n g  A nti- T u m or a n d

I m m u n os u p pr essi v e Eff e cts of J A K I n hi bit ors- A Str at e g y f or  H e m at ol o gi c al

M ali g n a n ci e s ? C a n c e rs ( B as el) . ( 2 0 2 1 ) 1 3 ( 1 1 ): 2 6 1 1. d oi: 1 0. 3 3 9 0/

c a n c ers 1 3 1 1 2 6 1 1
Fr o nti er s i n I m m u n ol o g y |  w w w.fr o nti er si n. or g 1 0
1 1 6. P el h a m SJ, L e nt h all  H C,  D e e ni c k E K,  T a n g y e S G. El u ci d ati n g t h e Eff e cts of

Dis e as e- C a usi n g  M ut ati o ns o n S T A T 3 F u n cti o n i n  A ut os o m al- D o mi n a nt

H y p er-I g E S y n dr o m e. J  All er g y  Cli n I m m u n ol ( 2 0 1 6) 1 3 8( 4): 1 2 1 0– 3. d oi:

1 0. 1 0 1 6/j.j a ci. 2 0 1 6. 0 4. 0 2 0

1 1 7. d e  Ar a uj o E D,  Orl o v a  A,  N e u b a u er  H A, B aj us z  D, S e o  H S,  D h e- P a g a n o n S,

et al. Str u ct ur al I m pli c ati o ns of S T A T 3 a n d S T A T 5 S H 2  D o m ai n  M ut ati o ns.

C a nc ers ( B as el) ( 2 0 1 9) 1 1( 1 1): 1 7 5 7. d oi: 1 0. 3 3 9 0/ c a n c ers 1 1 1 1 1 7 5 7

1 1 8. Fl a n a g a n S E,  H a a p a ni e mi E,  R uss ell  M A,  C as w ell  R,  All e n  H L,  D e Fr a n c o E,

et al.  A cti v ati n g  G er mli n e  M ut ati o ns i n S T A T 3  C a us e E arl y- O ns et  M ulti-

Or g a n  A ut oi m m u n e  Dis e as e. N at  G e n et ( 2 0 1 4) 4 6( 8): 8 1 2– 4. d oi: 1 0. 1 0 3 8/

n g. 3 0 4 0

1 1 9.  Mil n er J D,  V o g el  T P, F or b es L,  M a  C A, Str a y- P e d ers e n  A,  Ni e m el a J E, et al.

E arl y- O ns et L y m p h o pr olif er ati o n a n d  A ut oi m m u nit y  C a us e d b y  G er mli n e

S T A T 3  G ai n- of- F u n cti o n  M ut ati o ns. Bl o o d. ( 2 0 1 5) 1 2 5( 4): 5 9 1– 9. d oi:

1 0. 1 1 8 2/ bl o o d- 2 0 1 4- 0 9- 6 0 2 7 6 3

1 2 0.  H a a p a ni e mi E M,  K a usti o  M,  R aj al a  H L M,  V a n  A dri c h e m  AJ,  K ai n ul ai n e n L,

Gl u m off  V, e t al.  A u t oi m m u ni t y,  H y p o g a m m a gl o b uli n e mi a,

L y m p h o p r olif e r ati o n, a n d  M y c o b a ct e ri al  Di s e a s e i n  P ati e nt s  Wit h

A cti v ati n g  M ut ati o n s i n S T A T 3. Bl o o d. ( 2 0 1 5) 1 2 5( 4): 6 3 9 – 4 8. d oi:

1 0. 1 1 8 2/ bl o o d- 2 0 1 4- 0 4- 5 7 0 1 0 1

1 2 1. J ä gl e S,  H e e g  M,  Gr ü n S,  R e nsi n g- E hl  A,  M a c c ari  M E,  Kl e m a n n  C, et al.

Disti n ct  M ol e c ul ar  R es p o ns e P att er ns of  A cti v ati n g S T A T 3  M ut ati o ns

Ass o ci at e  Wit h P e n etr a n c e of L y m p h o pr olif er ati o n a n d  A ut oi m m u nit y.

Cli n I m m u n ol ( 2 0 2 0) 2 1 0: 1 0 8 3 1 6. d oi: 1 0. 1 0 1 6/j. cli m. 2 0 1 9. 1 0 8 3 1 6

1 2 2. F al etti L, E hl S,  H e e g  M.  G er mli n e S T A T 3  G ai n- of- F u n cti o n  M ut ati o ns i n

Pri m ar y I m m u n o d e fi ci e n c y: I m p a ct o n t h e  C ell ul ar a n d  Cli ni c al P h e n ot y p e.

Bi o M e d J ( 2 0 2 1) 4 4( 4): 4 1 2– 2 1. d oi: 1 0. 1 0 1 6/j. bj. 2 0 2 1. 0 3. 0 0 3

1 2 3.  N a b h a ni S, S c hi p p  C,  Mis ki n  H, L e vi n  C, P ost o vs k y S,  D uj o v n y  T, et al.

S T A T 3  G ai n- of- F u n cti o n  M ut ati o n s  A s s o ci at e d  Wit h  A ut oi m m u n e

L y m p h o pr olif er ati v e S y n dr o m e Li k e  Di s e a s e  D er e g ul at e L y m p h o c yt e

A p o pt o sis a n d c a n b e  T ar g et e d b y  B H 3  Mi m eti c  C o m p o u n d s. Cli n

I m m u n ol ( 2 0 1 7) 1 8 1: 3 2 – 4 2. d oi: 1 0. 1 0 1 6/j. cli m. 2 0 1 7. 0 5. 0 2 1

1 2 4. J er e z  A,  Cl e m e nt e  MJ,  M a kis hi m a  H,  K os k el a  H, L e Bl a n c F,  N g  K P, et al.

S T A T 3  M ut ati o ns  U nif y t h e P at h o g e n esis of  C hr o ni c L y m p h o pr olif er ati v e

Dis or d ers of  N K  C ells a n d  T- C ell L ar g e  Gr a n ul ar L y m p h o c yt e L e u k e mi a.

Bl o o d. ( 2 0 1 2) 1 2 0( 1 5): 3 0 4 8– 5 7. d oi: 1 0. 1 1 8 2/ bl o o d- 2 0 1 2- 0 6- 4 3 5 2 9 7

1 2 5. F a s a n  A,  K e r n  W,  G r o s s m a n n  V,  H af e rl a c h  C,  H af e rl a c h  T, S c h nitt g e r

S. S T A T 3  M u t a ti o n s a r e  Hi g hl y S p e ci fi c f o r  L a r g e  G r a n ul a r

L y m p h o c yti c  L e u k e mi a. L e u k e mi a. ( 2 0 1 3 ) 2 7 ( 7 ): 1 5 9 8 – 6 0 0.  d oi:

1 0. 1 0 3 8/l e u. 2 0 1 2. 3 5 0

1 2 6. B aril à  G,  T er a m o  A,  C al a br ett o  G,  Vi c e n z ett o  C,  G as p ari ni  V R, P a v a n L,

et al. St at 3  M ut ati o ns I m p a ct o n  O v er all S ur vi v al i n L ar g e  Gr a n ul ar

L y m p h o c yt e L e u k e mi a:  A Si n gl e- C e nt e r  E x p eri e n c e of 2 0 5  P ati e nts.

L e u k e mi a. ( 2 0 2 0) 3 4( 4): 1 1 1 6– 2 4. d oi: 1 0. 1 0 3 8/s 4 1 3 7 5- 0 1 9- 0 6 4 4- 0

1 2 7.  G as p ari ni  V R, Bi n atti  A,  C o p p e  A,  T er a m o  A,  Vi c e n z ett o  C,  C al a br ett o  G,

et al.  A  Hi g h  D e fi niti o n  Pi ct u r e of S o m ati c  M ut ati o n s i n  C h r o ni c

L y m p h o pr olif er ati v e  Dis or d er of  N at ur al  Kill er  C ells. Bl o o d  C a n c er J

( 2 0 2 0) 1 0( 4): 4 2. d oi: 1 0. 1 0 3 8/s 4 1 4 0 8- 0 2 0- 0 3 0 9- 2

1 2 8.  K ü c ü̧ k  C, Ji a n g  B,  H u  X,  Z h a n g  W,  C h a n J K C,  Xi a o  W, et al.  A cti v ati n g

M ut ati o ns of S T A T 5 B a n d S T A T 3 i n L y m p h o m as  D eri v e d Fr o m g d - T or  N K

C ells. N at  C o m m u n ( 2 0 1 5) 6: 6 0 2 5. d oi: 1 0. 1 0 3 8/ n c o m ms 7 0 2 5

1 2 9. L e e S, P ar k  H Y,  K a n g S Y,  Ki m SJ,  H w a n g J, L e e S, et al.  G e n eti c  Alt er ati o ns of

J A K/ S T A T  C as c a d e a n d  Hist o n e  M o difi c ati o n i n E xtr a n o d al  N K/ T- C ell

L y m p h o m a  N as al  T y p e. O nc ot ar g et. ( 2 0 1 5) 6( 1 9): 1 7 7 6 4– 7 6. d oi: 1 0. 1 8 6 3 2/

o n c ot ar g et. 3 7 7 6

1 3 0.  D uf v a  O,  K a n k ai n e n  M,  K el k k a  T, S e ki g u c hi  N,  A w a d S A, El df ors S, et al.

A g gr essi v e  N at ur al  Kill er- C ell L e u k e mi a  M ut ati o n al L a n ds c a p e a n d  Dr u g

P r o fi li n g  Hi g hli g ht J A K- S T A T Si g n ali n g as  T h er a p e uti c  T a r g et. N at

C o m m u n ( 2 0 1 8) 9( 1): 1 5 6 7. d oi: 1 0. 1 0 3 8/s 4 1 4 6 7- 0 1 8- 0 3 9 8 7- 2

1 3 1.  H u a n g L, Li u  D,  W a n g  N, Li n g S,  T a n g  Y,  W u J, et al. I nt e gr at e d  G e n o mi c

A n al ysis I d e nti fi es  D er e g ul at e d J A K/ S T A T- M Y C- Bi os y nt h esis  A xis i n

A g gr essi v e  N K- C ell L e u k e mi a. C ell  R es ( 2 0 1 8) 2 8( 2): 1 7 2– 8 6. d oi: 1 0. 1 0 3 8/

cr. 2 0 1 7. 1 4 6

1 3 2. S o n g  T L,  N airis m ä gi  M L, L a ur e nsi a  Y, Li m J Q,  T a n J, Li  Z M, et al.  O n c o g e ni c

A cti v ati o n of t h e S T A T 3 P at h w a y  Dri v es P D- L 1 E x pr essi o n i n  N at ur al

Kill er/ T- C ell L y m p h o m a. Bl o o d. ( 2 0 1 8) 1 3 2( 1 1): 1 1 4 6– 5 8. d oi: 1 0. 1 1 8 2/

bl o o d- 2 0 1 8- 0 1- 8 2 9 4 2 4
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Wit ali s z- Si e pr a c k a et al. S T A T 3 i n  N K- C ell T u m or  S ur v eill a n c e
1 3 3. S eff e ns  A,  H err er a  A,  T e gl a  C, B u us  T B,  H y m es  K B,  Ø d u m  N, et al. S T A T 3

D ysr e g ul ati o n i n  M at ur e  T a n d  N K  C ell L y m p h o m as. C a nc ers ( B as el) ( 2 0 1 9)

1 1( 1 1): 1 7 1 1. d oi: 1 0. 3 3 9 0/ c a n c ers 1 1 1 1 1 7 1 1

1 3 4.  K a w a k a mi  T, S e ki g u c hi  N,  K o b a y as hi J,  Y a m a n e  T,  Nis hi n a S, S a k ai  H, et al.

S T A T 3  M ut ati o ns i n  N at ur al  Kill er  C ells ar e  Ass o ci at e d  Wit h  C yt o p e ni a i n

P ati e nts  Wit h  C hr o ni c L y m p h o pr olif er ati v e  Dis or d er of  N at ur al  Kill er  C ells.

I nt J  H e m at ol ( 2 0 1 9) 1 0 9( 5): 5 6 3– 7 1. d oi: 1 0. 1 0 0 7/s 1 2 1 8 5- 0 1 9- 0 2 6 2 5- x

1 3 5. B aril à  G,  T er a m o  A,  C al a br ett o  G, Er c oli n  C, B os c ar o E,  Tri m ar c o  V, et al.

D o mi n a nt  C yt ot o xi c  N K  C ell S u bs et  Wit hi n  C L P D- N K P ati e nts I d e nti fi es a

M or e  A g gr essi v e  N K  C ell Pr olif er ati o n. Bl o o d  C a nc er J ( 2 0 1 8) 8( 6): 5 1. d oi:

1 0. 1 0 3 8/s 4 1 4 0 8- 0 1 8- 0 0 8 8- 1

1 3 6.  C o p p o P,  G o uill e u x- Gr u art  V,  H u a n g  Y, B o u hl al  H, B o u a m ar  H, B o u c h et S,

et al. S T A T 3  Tr a ns cri pti o n F a ct or Is  C o nstit uti v el y  A cti v at e d a n d is

O n c o g e ni c i n  N as al- T y p e  N K/ T- C ell L y m p h o m a. L e u k e mi a. ( 2 0 0 9) 2 3

( 9): 1 6 6 7– 7 8. d oi: 1 0. 1 0 3 8/l e u. 2 0 0 9. 9 1

1 3 7.  T er a m o  A,  G att a z z o  C, P ass eri F, Li c o  A,  T as c a  G,  C a br ell e  A, et al. I ntri nsi c

a n d E xtri nsi c  M e c h a nis ms  C o ntri b ut e t o  M ai nt ai n t h e J A K/ S T A T P at h w a y

A b err a ntl y  A cti v at e d i n  T- T y p e L ar g e  Gr a n ul ar L y m p h o c yt e L e u k e mi a.

Bl o o d. ( 2 0 1 3) 1 2 1( 1 9): 3 8 4 3– 5 4. d oi: 1 0. 1 1 8 2/ bl o o d- 2 0 1 2- 0 7- 4 4 1 3 7 8

1 3 8. B aril à  G,  C al a br ett o  G,  T er a m o  A,  Vi c e n z ett o  C,  G as p ari ni  V R, S e m e n z at o

G, et al.  T  C ell L ar g e  Gr a n ul ar L y m p h o c yt e L e u k e mi a a n d  C hr o ni c  N K

L y m p h o c yt osis. B est Pr act  R es  Cli n  H a e m at ol ( 2 0 1 9) 3 2( 3): 2 0 7– 1 6. d oi:

1 0. 1 0 1 6/j. b e h a. 2 0 1 9. 0 6. 0 0 6

1 3 9.  Ki m  D, P ar k  G,  H u u ht a n e n J,  G hi mir e B,  R aj al a  H,  M ori g gl  R, et al. S T A T 3

A cti v ati o n i n L ar g e  Gr a n ul ar L y m p h o c yt e L e u k e mi a is  Ass o ci at e d  Wit h
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