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D e V o s   C hil dr e n  ’s   H o s pit al,   Gr a n d   R a pi d s,   MI,   U nit e d   St at e s, 4 D e p art  m e nt  of   M at h e  m ati c s,   U ni v er sit y  of   N ort h   Al a b a  m a,

Fl or e n c e,   A L,   U nit e d   St at e s, 5 D e p art  m e nt  of   Bi ol o g y,   Gr a n d  V all e y   St at e   U ni v er sit y,   All e n d al e,   MI,   U nit e d   St at e s,
6 D e p art  m e nt  of   S ci e n c e,   D a v e n p ort   U ni v er sit y,   Gr a n d   R a pi d s,   MI,   U nit e d   St at e s, 7 Of  fi c e  of   R e s e ar c h,   S p e ctr u  m   H e alt h,

Gr a n d   R a pi d s,   MI,   U nit e d   St at e s, 8 D e p art  m e nt  of   Bi ol o g y,   At h e n s   St at e   U ni v er sit y,   At h e n s,   A L,   U nit e d   St at e s, 9 All er g y   &

I  m  m u n ol o g y,   S p e ctr u  m   H e alt h,   Gr a n d   R a pi d s,   MI,   U nit e d   St at e s, 1 0 D e p art  m e nt  of   P h ar  m a c ol o g y  a n d  T o xi c ol o g y,   Mi c hi g a n

St at e   U ni v er sit y,  E a st  L a n si n g,   MI,   U nit e d   St at e s, 1 1 D e p art  m e nt  of   P hil o s o p h y,  T h e   U ni v er sit y  of   A kr o n,   A kr o n,

O  H,   U nit e d   St at e s, 1 2 D e p art  m e nt  of   Criti c al   C ar e   M e di ci n e  a n d   P e di atri c s,   C hil dr e n  ’s   H o s pit al  of   Pitt s b ur g h,   U ni v er sit y  of

Pitt s b ur g h   S c h o ol  of   M e di ci n e,   Pitt s b ur g h,   P A,   U nit e d   St at e s, 1 3 P e di atri c I nt e n si v e   C ar e   U nit,   H el e n   D e V o s   C hil dr e n  ’s

H o s pit al,   Gr a n d   R a pi d s,   MI,   U nit e d   St at e s, 1 4 M e di c al   G e n eti c s,   S p e ctr u  m   H e alt h,   Gr a n d   R a pi d s,   MI,   U nit e d   St at e s

I n t h e  a g e  of  g e n o  mi c s,  p u bli c  u n d er st a n di n g  of  c o  m pl e x  s ci e ntifi c  k n o  wl e d g e i s  criti c al.

T o  c o  m b at  r e d u cti o ni sti c  vi e  w s,  it  i s  n e c e s s ar y  t o  g e n er at e  a n d  or g a ni z e  e d u c ati o n al

m at eri al a n d d at a t h at k e e p p a c e   wit h a d v a n c e s i n g e n o  mi c s. T h e vi e  w t h at   C  C  R 5 i s s ol el y

t h e r e c e pt or f or   HI V g a v e ri s e t o  d e  m a n d t o r e  m o v e t h e g e n e i n p ati e nt s t o cr e at e h o st   HI V

r e si st a n c e,  u n d er e sti  m ati n g t h e  br o a d er r ol e s  a n d  c o  m pl e x  g e n eti c i n h erit a n c e  of   C  C  R 5.

A pr o gr a  m ai  m e d at  pr o vi di n g r e s e ar c h  pr oj e ct s t o u n d er gr a d u at e s, k n o  w n a s   C  O  D E, h a s

b e e n e x p a n d e d t o b uil d e d u c ati o n al   m at eri al f or g e n e s s u c h a s  C  C R 5  i n a r a pi d a p pr o a c h,

e x p o si n g   st u d e nt s   a n d  tr ai n e e s  t o  l ar g e    bi oi nf or  m ati c s    d at a b a s e s   a n d    pr e vi o u s

e x p eri  m e nt s f or  br o a d er  d at a  t o  c h all e n g e  c o  m  mit  m e nt  t o  bi ol o gi c al  r e d u cti o ni s  m.   O ur

st u d e nt s  or g a ni z e e x pr e s si o n  d at a b a s e s,  q u er y e n vir o n  m e nt al r e s p o n s e s, a s s e s s  g e n eti c

f a ct or s,  g e n er at e  pr ot ei n   m o d el s/ d y n a  mi c s, a n d  pr ofi l e e v ol uti o n ar y i n si g ht s i nt o a  pr ot ei n

s u c h  a s   C  C  R 5.  T h e  k n o  wl e d g e b a s e  g e n er at e d i n t h e i niti ati v e  o p e n s t h e  d o or f or  p u bli c

e d u c ati o n al i nf or  m ati o n  a n d t o ol s (  m ol e c ul ar  vi d e o s,  3  D  pri nt e d   m o d el s,  a n d  h a n d o ut s),

cl a s sr o o  m   m at eri al s, a n d str at e g y f or f ut ur e g e n eti c i d e a s t h at c a n b e di stri b ut e d i n f or  m al,

s e  mif or  m al, a n d i nf or  m al e d u c ati o n al e n vir o n  m e nt s. T hi s   w or k hi g hli g ht s t h at   m a n y f a ct or s

ar e   mi s si n g fr o  m t h e r e d u cti o ni st vi e  w  of   C  C  R 5, i n cl u di n g t h e r ol e  of   mi s s e n s e v ari a nt s  or
or g D e c e  m b er  2 0 2 1  |   V ol u  m e  1 2  |    Arti cl e  7 9 0 0 4 11
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e x pr e s si o n  of   C  C  R 5   wit h  n e ur ol o gi c al  p h e n ot y p e s  a n d t h e r ol e  of   C  C  R 5  a n d t h e  d elt a 3 2

v ari a nt i n c o  m pl e x criti c al c ar e p ati e nt s   wit h s e p si s.   W h e n c o n n e ct e d t o g e n o  mi c st ori e s i n

t h e  n e  w s, t h e s e t o ol s  off er  criti c all y  n e e d e d  Et hi c al,  L e g al,  a n d   S o ci al I  m pli c ati o n ( E L SI)

e d u c ati o n t o  c o  m b at  bi ol o gi c al r e d u cti o ni s  m.
K e y  w or d s:    C  C  R 5,   vir al  i nf e cti o n s,   e x pr e s si o n   a n al y si s,   e v ol uti o n ar y    pr o  fi li n g,    m ol e c ul ar    d y n a  mi c   si  m ul ati o n s,

mi cr o gli a,  e d u c ati o n al   m at eri al   g e n er ati o n
I  N T  R  O  D  U  C TI  O  N

G e n eti cs  a n d  g e n o  mi cs  ar e  c o  m pl e x.    N e arl y  e v er y  s ci e ntist  is
tr ai n e d  t o  i nt e gr at e  t h e  s ci e ntifi c    m et h o d  i nt o  r es e ar c h  d esi g n,
f or  m ul ati n g a  h y p ot h esis a n d t esti n g it.   H o  w e v er, t his   m et h o d of
pr o bi n g s ci e nti fi c i nsi g hts   w as f or  m ul at e d i n a n a g e   wit h li  mit e d
d at a a n d r es o ur c es i n a si  m pli fi e d, oft e n r e d u cti o nisti c, bi ol o gi c al
u n d erst a n di n g.    As  t h e  a  m o u nt   of   d at a  g e n er at e d   n o  w   oft e n
o v er c o  m es    w h at  a    mi n d  c a n  c o  m pr e h e n d,   h y p ot h esis- dri v e n
r es e ar c h  b e c o  m es    m or e  a n d    m or e  c h all e n gi n g,  es p e ci all y   w h e n
cli ni c al,   r e al -  w o rl d    d e ci si o n -  m a ki n g   o c c u r s.    F o c u s e d,
h y p ot h esis- dri v e n  r es e ar c h  i n  g e n o  mi cs  c a n   oft e n  r es ult  i n
o v erl y  si  m pli fi e d  vi e  ws   of  g e n es  t h at  r es ult  i n  r e d u cti o nis  m
w h e n    n ot   b al a n c e d    wit h   a  f ull   vi e  w   of  t h e   bi ol o gi c al
c o  m pl e xit y.   T o  c o  m b at  t h es e  r e d u cti o nisti c  vi e  ws i n  g e n o  mi cs,
it is  criti c al t o l o o k   m or e  br o a dl y,  oft e n  n o n- h y p ot h esis  dri v e n
a n d  b as e d  o n t h e l ar g er  d at a  a n al ysis.  It is t h e  r es p o nsi bilit y  of
t h e   g e n eti c s   c o  m  m u nit y   t o   b uil d   t o ol s   t h at   c o  m b at
mis u n d erst a n di n g  a n d  r e d u cti o nis  m  (  1 ),   p arti c ul arl y    w h e n
Et hi c al,  L e g al  a n d  S o ci al  I  m pli c ati o ns  ( E L SI)  ar e i n v ol v e d.   T h e
bi g  d at a  c o  m  m u nit y  oft e n is  e  m br a c e d t o   m o v e  b e y o n d  g e n e t o
si n gl e-f u n cti o n  i nsi g hts  t o  br o a d e n  o ur  vi e  w  of  h o  w  g e n eti cs
c o ntri b ut es t o  bi ol o g y.

T hr o u g h o ut  o ur  e d u c ati o n al  pi p eli n e,  g e n o  mi c  lit er a c y  h as
b e e n  a  gr o  wi n g    w e a k n ess,  e v e n  i n    w ell- e d u c at e d  i n di vi d u als,
p ot e nti all y el e v ati n g g e n eti c ess e nti alis  m ( 2 , 3 ).   W e c a n n ot utili z e
o nl y s ci e nti fi c  p u bli c ati o ns t o  c o  m b at  g e n o  mi c r e d u cti o nis  m,  as
t h es e  ar e   n ot  a c c essi bl e  t o    m ost  i n di vi d u als.  St u di es  i n   hi g h
s c h o ol  st a n d ar ds  (4 ),   u n d er gr a d u at e  e d u c ati o n  (5 ),    m e di c al
s c h o ol  tr ai ni n g  (6 ),  s p e ci ali z e d    m e di c al  fi el ds  s u c h  as  n ursi n g
(7 , 8 ),  pr a cti ci n g  p h ysi ci a ns  (9 ),  a n d  g e n er al  p u bli c  e d u c ati o n
(1 0 ,  1 1 )  all  s u g g est    w e a k n ess es  i n   o ur  g e n o  mi cs  e d u c ati o n
pi p eli n e s.    M a n y   of   o u r   g e n o  mi c s   cl a s s e s,  t e xt b o o k s,   a n d
r es o ur c es  still  f o c us   o n  r e d u c ti o nisti c   g e n eti cs   of   P u n n ett
s q u ar es  a n d    m o n o g e ni c i n h erit a n c e,    missi n g  t h e  c o  m pl e xit y  of
g e n o  mi cs ( 1 2 ). I n  a r a n d o  mi z e d c o ntr ol tri al, it  h as  b e e n s h o  w n
t h at  st u d e nts    wit h    m or e  g e n o  mi c  lit er a c y  pr e v e nts  ess e nti alist
vi e  ws  of  g e n eti cs ( 1 3 ).   T h e  P u bli c   U n d erst a n di n g  a n d   Attit u d es
t o  w ar ds   G e n eti cs a n d   G e n o  mi cs ( P  U  G  G S) i nstr u  m e nt a p pli e d t o
fi rst- y e ar  u ni v ersit y  st u d e nts  s u g g est e d  t h at  t h e  c h all e n g es  of
g e n eti c  r e d u cti o nis  m  als o  i n c l u d e  s o ci al  f a ct ors   of  a g e  a n d
r eli gi o n  ( 1 4 ).    H o  w e v er,   a    m or e  r e c e nt   ass ess  m e nt   of  t h e
P  U  G  G S  s u g g ests  t h e  n e e d  f or  r ef or  m  a n d  f urt h er  a p pli c ati o ns
t o  e d u c ati o n al  ass ess  m e nts  (1 5 ).    T hr o u g h  a    mi x e d-  m et h o ds
a p pr o a c h,  ot h ers  h a v e  s h o  w n t h e  n e e d t o i  m pl e  m e nt  c ult ur all y
a n d  li n g uisti c all y   di v ers e   b a c k g r o u n ds  i nt o   o ur   g e n o  mi cs
e d u c ati o n  ( 1 6 ),   w hi c h  c o ul d  b e  a c c o  m plis h e d   wit h   m or e  vis u al
or g 2
ai ds  a n d i nt er a cti v e  f or u  ms.   T h e i n cr e asi n g  e d u c ati o n  o n  g e n e
r e g ul ati o n,  e pi g e n eti cs,  a n d  g e n e- b y- e n vir o n  m e nt  r e g ul ati o n  is
criti c all y  n e e d e d  at  e arli er l e v els t o  c o u nt er r e d u cti o nisti c  vi e  ws
(1 7 ).  I  m pl e  m e nti n g    m or e    m e c h a nisti c  r e as o ni n g  a biliti es  i nt o
g e n o  mi c lit er a c y is als o criti c al ( 1 8 ).   H er e   w e l a y o ut a str at e g y t o
e n g a g e st u d e nts i n  c o  m pl e x r es e ar c h  o n  g e n es, i nt e gr ati n g l ar g e
d at a r es o ur c es i nt o  e d u c ati o n al t o ols t h at  ot h ers  c a n  b e  us e d t o
br o a d e n  g e n o  mi cs  p ers p e cti v es.

T h e f u n d a  m e nt al i nsi g ht  of   C  C R 5  as  a  r e c e pt or f or   HI  V  t o
i nf e ct  c ells,  a n d  t h at  a  h u  m a n  v ari a nt  k n o  w n  as  d elt a 3 2  ( h g 3 8
3 _ 4 6 3 7 3 4 5 2 _  T  A  C  A  G  T  C  A  G  T  A  T  C  A  A  T  T  C  T  G  G  A  A  G  A
A T T T  C  C  A  G _ T,  rs 3 3 3/rs 7 7 5 7 5 0 8 9 8,   C  C R 5  p. S er 1 8 5Il efs T er 3 2)
i n t h e pr ot ei n c orr es p o n ds t o   HI  V r esist a n c e (1 9 , 2 0 ), g a v e ris e t o
t h e  p ot e nti al t o t ar g et C C R 5  f or   HI  V tr e at  m e nt a n d  pr o p h yl a xis
(2 1 – 2 3 ). W h at  st art e d  as  a  p ot e nti al  t o  e dit  bl o o d  c ells  t o  gi v e
h ost   HI  V r esist a n c e ( 2 4 , 2 5 ) cr e at e d a  m bi g uit y a n d o p p ort u niti es
f or  s ci e ntists  t o  p erf or  m  t h e  g e n e  e diti n g  i n  h u  m a n  g er  mli n e
e x p eri  m e nts.   Y et, t h es e  g er  mli n e e x p eri  m e nts l e a v e  o ut   m a n y  of
t h e ris ks  of t h e e x p eri  m e nts r a n gi n g fr o  m  off-t ar g et a cti vit y (2 6 )
t o t h e r ol e C C R 5  pl a ys i n  n or  m al  c ell, tiss u e,  a n d  or g a n  bi ol o g y
(2 7 ),   w hi c h  c a n  b e  c o  m p e ns at e d  b y  t h e  c o  m pl e x    m ulti v ari a nt
i n h erit a n c e of d elt a 3 2.   W hil e t h e p ot e nti al f or   C RI S P R e diti n g of
C C R 5  t o cr e at e   HI  V r esist a n c e is i ntri g ui n g (2 8 ), a   m or e c o  m pl e x
u n d e r st a n di n g   of  C  C R 5  bi ol o g y  i s   c riti c al.    H u d s o n  Al p h a
I nstit ut e  f or    Bi ot e c h n ol o g y  a n d    Mi c hi g a n   St at e    U ni v ersit y
f or  m ul at e d  t h e    C h ar a ct eri zi n g    O ur    D  N  A  E x c e pti o ns  (  C  O  D E)
pr o gr a  m t o a d v a n c e  k n o  wl e d g e  of  g e n eti c  v ari ati o n a n d  pr o vi d e
i n si g ht s  i nt o   g e n eti c s  t h r ou g h   a   r e s e a r c h   p r o g r a  m  f o r
u n d er gr a d u at e  a n d   gr a d u at e  st u d e nts  i n   p erf or  mi n g  g e n e-
c e ntri c  d at a  s ur v eill a n c e  a n d  i nt e gr ati o n  i nt o  k n o  wl e d g e.   T his
pr o gr a  m  cr e at e d  a n  o p p ort u nit y f or st u d e nts   wit hi n  o ur   C  O  D E
pr o gr a  m  t o  b uil d    C  C R 5  t o ols  f or  e d u c ati o n al  us e  t o  br o a d e n
u n d erst a n di n g  of t h e  bi ol o g y  of   C  C R 5.   T his   w or k  d es cri b es t h e
t o ols a n d r es o ur c es i nt e gr at e d f or a ri c h er,   m or e c o  m pl e x vi e  w of
C  C R 5,    wit h  t o ols  a n d  r es o ur c es  a c c essi bl e   o utsi d e   of   o ur
tr a diti o n al  p u bli c ati o n  s yst e  m  t h at  d o es  n ot  oft e n  r e a c h  t h os e
n e e di n g  e n h a n c e d  g e n o  mi c lit er a c y.

T h e   C-  C   C h e  m o ki n e   R e c e pt or   T y p e  5 (  C  C R 5) is a   G- pr ot ei n
c o u pl e d r e c e pt or (  G P  C R)  pr o  mi n e ntl y  k n o  w n f or its r ol e  as t h e
c o-r e c e pt or (  wit h   C  D 4 as t h e pri  m ar y r e c e pt or) i n   HI  V i nf e cti o n.
H o  w e v er, t his r e c e pt or  h as   m a n y r ol es  o utsi d e  of t h e i nf e cti o us
dis e as e  r e al  m.    C  C R 5  is   pr e d o  mi n a ntl y  l o c at e d   o n  t h e  c ell
m e  m b r a n e   of    m a c r o p h a g e s,    T- c ell s,    H of b a u e r   c ell s,   a n d
K u pff er  c ells    wit h    mi n or  e x pr essi o n  o n  e pit h eli al  c ells,  t y p e  2
al v e ol ar  c ells,  fi br o bl asts,  a n d   B- c ells  ( 2 9 ).    W h e n  c o  m p ari n g
C C R 5  e x pr essi o n  a  m o n g   T  c ell  s u b p o p ul ati o ns, it   w as f o u n d t o
b e s p e ci fi c t o   T  H 1   T- c ells ( 3 0 ) a n d   C  D 8 +   T- c ells (3 1 ) as o p p os e d
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
t o  t h e    T  H 2  s u b p o p ul ati o n  i n v ol v e d  i n  all er g y  a n d   p ar asiti c
r es p o ns es,   w hi c h   w er e    m or e  s p e cifi c  f or   C  C R 3  ( 3 2 ).  Ell  w a n g er
et al.  h a v e l ai d  o ut   m a n y  of t h e  pr os a n d c o ns  of   C  C R 5 r e  m o v al,
i n cl u di n g  a  d et ail e d lit er at ur e  r e vi e  w  of  t h e    m a n y  e x p eri  m e nts
p erf or  m e d f or   C  C R 5 bi ol o g y o utsi d e of   HI  V ( 3 3 ). I n 2 0 0 9, it   w as
w ell  l ai d  o ut  t h at  t h e  r e c e nt  e  m er g e n c e  of  t h e    HI  V  i nf e cti o n
c o ul d  n ot  b e  a  s ol e  e x pl a n ati o n  f or  t h e  e  m er g e n c e  of  d elt a 3 2,
i nst e a d  s u g g esti n g  a   p us h- p ull  as p e ct   of  i  m  m u n e  a cti v ati o n,
w h er e i n hi biti o n  of i  m  m u n e  o v er a cti v ati o n  d u e  t o i nf e cti o n  or
a ut oi  m  m u nit y  c o ul d  b e  e v ol uti o n aril y  a d v a nt a g e o us,  b ut    wit h
c o ns e q u e n c es  t o  i  m  m u n e  s yst e  m  c o  m p o n e nts  ( 3 4 ).    T his  is
f urt h er   d ef e n d e d  b y   d at a  i n    C  C R 5  k n o c k o ut    m o d els,    w hi c h
s u g g est  a d v a nt a g e o us  r ol es  i n   d e cr e as e d  i  m  m u n e  a cti v ati o n
(3 5 – 3 7 )   w hil e  h a vi n g  n e ur ol o gi c al  c o  m pli c ati o ns  (3 8 , 3 9 )  a n d,
i n s o  m e  c as es,  bl u nt e d i  m  m u n e r es p o ns e t o  p at h o g e ns (4 0 , 4 1 ).
As   C  C R 5  h as  als o  b e e n e xt e nsi v el y li n k e d t o  a ut oi  m  m u nit y  a n d
a ut oi  m  m u n e  li v er  dis e as es,  t ar g eti n g  it    wit h  t h er a p e uti cs   h as
b e e n s u g g est e d ( 4 2 – 4 4 ).

C  C R 5  is  a  r e c e pt or  f or  s e v er al    C  C- c h e  m o ki n es,  i n cl u di n g
C  C L 3   (  M I P - 1 - al p h a ),    C  C L 4   (  M I P - 1 - b et a ),   a n d    C  C L 5
( R  A  N T E S),   w hi c h  i n d u c e  i ntr a c ell ul ar  si g n al  a  m plifi c ati o n  vi a
a cti v ati o n of t h e   A  K T a n d   N F-  K B p at h  w a ys ( 4 5 , 4 6 ).  B ot h   C  C L 3
a n d   C  C L 4  ar e  pr e d o  mi n a ntl y  pr o d u c e d  a n d s e cr et e d  b y   T- c ells,
H of b a u er c ells,   m a cr o p h a g es,  a n d   K u pff er c ells,   w hil e   C  C L 5  h as
hi g h er e x pr essi o n a n d s e cr eti o n  b y   T- c ells ( 2 9 ).    W h e n  b o u n d t o
C  C R 5,   C  C L 3  pl a ys  a  si g ni  fi c a nt  r ol e  i n   T- c ell  c h e  m ot a xis  a n d
tr a ns  mi gr ati o n   wit h si  mil ar  a cti viti es i n   m a cr o p h a g es  a n d  ot h er
i  m  m u n e  c ells  (4 7 , 4 8 ).   C  C L 4 is  a  p ot e nt  c h e  m ot a cti c f a ct or f or
n e ut r o p hil s  ( 4 9 ),    wit h   k n o c k - o ut  st u di e s   d e  m o n st r ati n g
d e cr e as e d  n e utr o p hil  c h e  m ot a xis  t o  sit es  of i n fl a  m  m ati o n  ( 5 0 ).
C  C L 5  pl a ys  a r ol e i n t h e  c ell ul ar   mi gr ati o n  of   T- c ells,   N  K  c ells,
m a cr o p h a g es, e osi n o p hils, a n d  b as o p hils (  5 1 ).   C  C L 5  pr o d u cti o n
h as  als o  b e e n  s h o  w n  t o  r e d u c e    HI  V  e ntr y  i nt o  h ost  c ells  ( 5 2 ).
H o  m ol o g y    wit hi n  t h e    C-  C    C h e  m o ki n e    R e c e pt or  f a  mil y    m a y
c o  m p e ns at e  f or  s o  m e  of  t h e    C  C R 5  bi ol o g y,  b ut  t h e  e xt e nt  t o
w hi c h  t h e s e    m e c h a ni s  m s   c a n   c o  m p e n s at e  f o r  t h e   b r o a d
p h e n ot y p e s   of    C  C R 5  li g a n d   a cti v ati o n    wit hi n  i n di vi d u als
c a r r yi n g  t h e   d elt a 3 2   o r   ot h e r    C  C R 5   v a ri a nt s  i s   n ot    w ell
u n d e r st o o d.    T h e r ef o r e,    w e    h a v e  i nt e g r at e d   o u r    C  C  R 5
k n o  wl e d g e b a s e    wit h  t h at   of  t h e  l a r g e r    C -  C    C h e  m o ki n e
R e c e pt or  f a  mil y  a n d   br o a d er   p h e n ot y pi c   k n o  wl e d g e,   usi n g
p u bli cl y  a v ail a bl e  d at a,  t o  e x p a n d  o ur  u n d erst a n di n g  of   C  C R 5,
w hi c h is  criti c al i n  est a blis hi n g  a  br o a d er  bi ol o gi c al  c o nt e xt f or
u n d erst a n di n g  t h e  c o ns e q u e n c es  of  g e n eti c    m a ni p ul ati o n.   T his
e x a  m pl e   d e  m o nstr at es   h o  w   p u bli c   d at a   n e e ds  t o   b e   b ett er
i nt e gr at e d  b ef or e s etti n g  o ut  o n  hi g h-ris k  cli ni c al  e x p eri  m e nts.
M E T  H  O  D S

A  mi n o   A ci d   K n o  wl e d g e b a s e  a n d   H u  m a n
G e n o  mi c   V ari a nt s
T h e   h u  m a n    C  C R 5   pr ot ei n  s e q u e n c e  (  U ni Pr ot   P 5 1 6 8 1)    w as
ass ess e d   o n    N  C BI    B L  A S T  ( 5 3 )  a g ai nst  t h e  H o  m o  s a pi e ns
U ni Pr ot  K B/ S  wiss- Pr ot   d at a b as e,  a n d  t h e  t o p   1 0 0   hits    w er e
e xt r a ct e d  f o r  t h e   c a n o ni c al  U ni P r ot  i s of o r  m.    T h e s e   1 0 0
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
s e q u e n c e s    w e r e   ali g n e d   u si n g    Cl u st al  W  ( 5 4 ),   ali g n  m e nt
a v ail a bl e  at  htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9. fi gs h ar e. 1 6 6 1 9 9 8 3,  a n d  a
p h yl o g e n eti c  t r e e   ( htt p s:// d oi. o r g/ 1 0. 6 0 8 4/  m 9. fi g s h a r e.
1 6 6 1 9 9 5 0)    w a s   c o n st r u ct e d   u si n g    M E  G  A  ( 5 5 )  wit h  5 0 0
b o otstr a p  c al c ul ati o ns.    A  mi n o  a ci ds   of  t h e  ali g n  m e nt    w er e
e x p ort e d  i nt o  E x c el,    w h er e  t h e  c o ns er v ati o n  t o  all  1 0 0    G P  C R
s e q u e n c es   w as  c al c ul at e d f or  e a c h  a  mi n o  a ci d  of  h u  m a n   C  C R 5.
T h e  c o ns er v ati o n   w as  als o  c al c ul at e d f or t h e t o p  1 6  B L  A S T  hits
wit h  a n  E- v al u e  l ess  t h a n  1 E- 5 0  (  C  C R 5,   C  C R 2,   C  C R 1,   C  C R 4,
C  C R 3,    C  C R 8,    C  C R L 2,    C  C R 9,    C X 3  C R 1,    C  C R 6,    X  C R 1,    C  C R 7,
C X  C R 4,    A  C  K R 2,    A  C  K R 4,    C X  C R 6).    V ert e br at e   ort h ol o gs   of
C  C  R 5  w e r e   e xt r a ct e d  f r o  m    N  C B I   o rt h ol o g   a s    R ef S e q
tr a ns cri pts,    w hi c h   w er e  p ars e d  f or  o p e n  r e a di n g  fr a  m es  usi n g
Tr a ns  D e c o d er- v 5. 5  ( 5 6 )  a n d  ali g n e d   usi n g    Cl ust al  W  c o d o n
( ali g n  m e nt   a v ail a bl e  at   https:// d oi. or g/ 1 0. 6 0 8 4/  m 9. fi gs h ar e.
1 6 6 1 9 9 8 6).   T h e  tr a nsl at e d  a  mi n o  a ci d  s e q u e n c es   w er e  ass ess e d
f or  p er c e nt  c o ns er v ati o n  r el ati v e t o t h e  h u  m a n   C  C R 5  s e q u e n c e
o r    w e r e   a s s e s s e d  f o r  f u n cti o n al   c o n s e r v ati o n   b a s e d   o n
h y dr o p h o bi c  (  A,   V,  I,  L,    M,  F,   Y,    W),  ar o  m ati c  ( F,   Y,    W,    H),
p ol ar b asi c ( R,   H,   K), p ol ar a ci di c (  D,  E), or S er/ T hr ( S,   T) a  mi n o
a ci ds.    C o d o n  s el e cti o n  a n d  li n e ar    m otif  a n al ysis  of  t h e  o p e n
r e a di n g fr a  m e ali g n  m e nt   w er e c al c ul at e d as  pr e vi o usl y  d es cri b e d
(5 7 , 5 8 ).   K n o  wl e d g e f or  h u  m a n   C  C R 5 t o p ol o g y,   m o difi c ati o ns,
m ut a g e n esis,  a n d   n at ur al   v ari a nts    w er e  e xtr a ct e d  fr o  m  t h e
U ni Pr ot  d at a b as e (  5 9 )  o n  6/ 1 5/ 2 0 2 1.

T h e  h u  m a n   C  C R 5  (  U ni Pr ot  P 5 1 6 8 1)  pr ot ei n    w as    m o d el e d
usi n g  h o  m ol o g y   m o d eli n g i n   Y  A S  A R  A ( 6 0 ),   w hi c h   m er g e d  P  D B
fi l es   5  UI  W,   5 T 1  A,   5 L  W E,   a n d   4 R  W S.    T h e  si n gl e    m er g e d
str u ct ur e    w as  e n er g y    mi ni  mi z e d    wit h  a  p  H- b as e d  p k a  s etti n g
of   7. 4    wit hi n   a   p h o s p h ati d yl - et h a n ol a  mi n e  ( P E  A)  li pi d
m e  m b r a n e   a n d   0. 9 9 7 g/  m L    w at e r   e q uili b r at e d   a c r o s s  t h e
m e  m b r a n e    u si n g    Y  A S  A  R  A    m d _ r u n  m e  m b r a n e    m a c r o.
M ol e c ul a r   d y n a  mi c  si  m ul ati o n s  (  m d s)    w e r e  r u n  f o r  t h e
m e  m b r a n e - e  m b e d d e d    C  C  R 5    wit h   1 4, 2 0 6   e x pli cit    w at e r
m ol e c ul es,  4 8   Cl,  a n d  3 3    N a  gi vi n g  a  c o  m pil e d  6 7, 4 0 2  at o  ms
f or  3 0 0  n a n os e c o n ds  ( ns)  usi n g t h e   A  M B E R 1 4 f or c e  fi el d  ( 6 1 ),
a n d  at o  mi c   p ositi o ns  c oll e cti o n  e v er y   1 0 0   pi c os e c o n ds  f or
a n al ysis.    T h e  a n al ysis    w as  p erf or  m e d  usi n g    Y  A S  A R  A    m a cr os
m d _ a n al y z e  a n d   m d _ a n al y z er es ( y as ar a. or g/  m a cr os. ht  m),  usi n g
a c orr el ati o n c ut off f or e a c h a  mi n o a ci d of > 0. 9 i n d y n a  mi c cr oss-
c orr el ati o n   m atri x (  D  C  C  M)  c al c ul ati o ns.   All t h e   m ds tr aj e ct or y
a n d  a n al ysis  fi l es  c a n  b e  f o u n d  at  htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9.
fi gs h ar e. 1 5 1 3 4 9 7 9,  all o  wi n g f or  a f ull r e a n al ysis  as  n e e d e d.

All   C  C R 5   miss e ns e  a n d l oss- of-f u n cti o n ( L o F)  v ari a nts   w er e
e xtr a ct e d fr o  m  g n o  m  A  D v 2. 1  n o n T  O P  m e d  ( 6 2 ),   C  O S  MI  C  (6 3 ),
Br a v o  f or   T  O P  m e d  v ari a nts  ( 6 4 ),  a n d   Cli n  V ar  (6 5 )  o n  1 1/ 2 9/
2 0 1 8.   C  C R 5    miss e ns e  v ari a nts   w er e  e xtr a ct e d  fr o  m    G e n o 2  M P
(6 6 ) o n 6/ 1 5/ 2 0 2 1.   All   miss e ns e a n d L o F v ari a nts   w er e c o  m pil e d,
a n d  e a c h   u ni q u e  c h a n g e    w as  ass ess e d    wit h   P ol y P h e n 2  ( 6 7 ),
Pr o v e a n  ( 6 8 ),   SI F T  (6 9 ),  a n d    Ali g n-  G  V  G  D  (7 0 ),    w h er e  t h e
v ari a nt    w as  s c or e d  1  f or  d a  m a gi n g  e q ui v al e nt  pr e di cti o ns  of
e a c h t o ol.   A  v ari a nt i  m p a ct  s c or e   w as  c al c ul at e d  b y  a d di n g t h e
f u n cti o n al pr e di cti o n s c or es   wit h o ur c o d o n s el e cti o n s c or e (  m a x
of  2)  a n d   m ulti pl yi n g t h at  b y t h e f u n cti o n al  c o ns er v ati o n s c or e,
o u r  li n e a r    m otif   c o n s e r v ati o n  s c o r e,   a n d  t h e  t ot al   all el e
o bs er v ati o ns f or t h e  v ari a nt fr o  m  g n o  m  A  D,   T  O P  m e d,   Cli n  V ar,
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
C  O S  MI  C, a n d   G e n o 2  M P.   T h e t o p  fi v e hi g h est i  m p a ct s c or es h a d
t h e   G e n o 2  M P  p h e n ot y p es  e xtr a ct e d  o n  6/ 1 5/ 2 0 2 1.

P u bli c   D at a s et   G e n er ati o n
T h e 3  D   m o d el of   C  C R 5   w as r e c or d e d f or   m ol e c ul ar vi d e os  usi n g
p yt h o n  s cri pt e d    m o v e  m e nt    wi t hi n  t h e    Y  A S  A R  A    m ol e c ul ar
m o d eli n g  t o ol s  (  6 0 ).    T h e   vi d e o  fi l e s    w e r e   u pl o a d e d  i nt o
Fi g S h ar e  a n d    Y o u T u b e,    wit h  li n ks   pr o vi d e d  i n  t h e  r es ults
s e cti o n.    T h e   3  D  c o or di n at es    w er e  s a v e d  as  a   P  D B  fi l e  a n d
l o a d e d  i nt o   P y  M ol  ( htt ps:// p y  m ol. or g/ 2/)  t o  g e n er at e  c ol or e d
fi l es  f or  3  D   pri nti n g,  s a vi n g  t h e  fi l es  i n    V R  M L  f or  m at  a n d
s u b  mitt e d  t o   Fi g S h ar e   or  S h a p e  w a ys.    D elt a 3 2  v ari a nt  all el e
fr e q u e n c y    w as  e xtr a ct e d  fr o  m  g n o  m  A  D v 2. 1  (6 2 ).    T h e    C  C R 5
w e bsit e   w as  b uilt  usi n g    W or d Pr ess.

R  N  A   E x pr e s si o n   A n al y si s
T h e  g e n o  m e  br o  ws er i  m a g es  a n d all   G  W  A S  v ari a nts  n e ar  C C R 5
w er e  e xtr a ct e d  fr o  m  t h e    U  C S  C  g e n o  m e  br o  ws er  (  7 1 )  o n  9/ 6/
2 0 2 1.  C C R 5  e  Q T Ls   w er e e xtr a ct e d fr o  m   G T E x v ersi o n  8 ( 7 2 )  o n
9/ 6/ 2 0 2 1.    O p e n    T a r g et s    G e n eti c s  ( 7 3 )  w a s  u s e d  f o r  t h e
u n d erst a n di n g  of    G  W  A S  a n d  p h e  W  A S  ass o ci ati o ns.  S a  m pl es
fr o  m o ur pr e vi o us   R  N  As e q   w or k a n d d et ails of   m et h o ds us e d c a n
b e f o u n d i n t h e t hr e e  p u bli c ati o ns f or   M  O  D S,   R S  V,  or   C  O  VI  D-
1 9 ( 7 4 – 7 6 ).   All  P  A X g e n e t u b e bl o o d   R  N  As e q  d at as ets   wit hi n t h e
N  C BI S R  A   w er e  d o  w nl o a d e d   wit h t h e S R  A t o ol kit ( htt ps://tr a c e.
n c bi. nl  m. ni h. g o v/  T r a c e s/ s r a / s r a. c gi ? vi e  w = s oft  w a r e )   a n d
pr o c ess e d  f or  a b u n d a n c e   usi n g  S al  m o n _ 0. 1 4. 1  ( 7 7 )  a n d  t h e
G e n c o d e 3 8  t r a n s c ri pt o  m e  (  7 8 ).    Mi c r o gli a   d at a s et s    w e r e
e xtr a ct e d  f r o  m    Bi o Pr oj e cts    P RJ  N  A 6 4 9 5 9 7,    P RJ  N  A 6 6 2 3 3 0,
P RJ  N  A 6 6 5 2 8 6,   P RJ  N  A 6 6 7 5 9 6,   P RJ  N  A 6 8 8 4 7 8,   P RJ  N  A 6 8 9 8 4 1,
P RJ  N  A 3 8 7 1 8 2,  P RJ  N  A 4 8 3 2 4 7  a n d  t h e  bl o o d   R  N  As e q  d at as ets
fr o  m    Bi o Pr oj e cts    P RJ E B 1 4 7 4 3,    P RJ E B 2 0 7 3 1,    P RJ E B 2 3 0 4 8,
P  RJ E B 2 7 9 5 8,    P  RJ E B 2 7 9 6 5,    P  RJ E B 3 3 8 9 2,    P  R J E B 3 6 9 2 8,
P RJ E B 4 1 0 7 3,    P RJ E B 4 4 6 6 0,    P RJ  N  A 2 0 1 4 3 3,    P RJ  N  A 2 3 0 9 0 6,
P RJ  N  A 2 3 2 5 9 3,   P RJ  N  A 2 5 1 4 0 4,   P RJ  N  A 2 7 7 3 5 2,   P RJ  N  A 3 0 5 0 0 1,
P RJ  N  A 3 1 5 6 1 1,   P RJ  N  A 3 2 7 9 8 6,   P RJ  N  A 3 2 9 1 4 8,   P RJ  N  A 3 5 2 0 6 2,
P RJ  N  A 3 5 4 3 6 7,   P RJ  N  A 3 5 7 6 2 8,   P RJ  N  A 3 5 8 5 8 0,   P RJ  N  A 3 6 9 6 8 4,
P RJ  N  A 3 7 8 7 9 4,   P RJ  N  A 3 8 0 8 2 0,   P RJ  N  A 3 8 4 2 5 9,   P RJ  N  A 3 9 0 2 8 9,
P RJ  N  A 3 9 7 2 2 2,   P RJ  N  A 3 9 8 2 4 0,   P RJ  N  A 4 0 1 8 7 0,   P RJ  N  A 4 2 7 5 7 5,
P RJ  N  A 4 3 7 1 1 4,   P RJ  N  A 4 5 4 6 9 4,   P RJ  N  A 4 7 6 7 8 1,   P RJ  N  A 4 9 3 8 3 2,
P RJ  N  A 4 9 4 1 5 5,   P RJ  N  A 5 0 4 8 2 7,   P RJ  N  A 5 1 1 8 9 1,   P RJ  N  A 5 2 6 2 5 9,
P RJ  N  A 5 2 6 8 3 9,   P RJ  N  A 5 3 3 0 8 6,   P RJ  N  A 5 5 2 2 8 6,   P RJ  N  A 5 6 2 3 0 5,
P RJ  N  A 5 8 8 2 4 2,   P RJ  N  A 5 9 1 6 5 7,   P RJ  N  A 6 0 0 8 4 6,   P RJ  N  A 6 0 1 6 6 1,
P RJ  N  A 6 0 7 1 2 0,   P RJ  N  A 6 3 0 6 7 4,   P RJ  N  A 6 3 2 8 7 1,   P RJ  N  A 6 3 4 9 3 8,
P RJ  N  A 6 3 8 6 5 3,   P RJ  N  A 6 3 9 2 7 8,   P RJ  N  A 6 4 7 8 8 0,   P RJ  N  A 6 6 4 3 6 8,
P RJ  N  A 6 7 9 2 6 4,   P RJ  N  A 6 7 9 3 3 1,   P RJ  N  A 6 8 0 7 7 1,   P RJ  N  A 6 8 3 8 0 3,
P RJ  N  A 6 8 6 3 9 7,   P RJ  N  A 7 0 2 5 5 8,   P RJ  N  A 7 2 8 0 7 0  i n  a d diti o n  t o
o ur  gr o u ps  st u di es  o n    M  O  D S,   R S  V,  a n d    C  O  VI  D- 1 9  ( 7 4 – 7 6 ).
All   G e n c o d e 3 8   m a p p e d r e a ds f or t h es e s a  m pl es c a n  b e f o u n d  at
htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9. fi gs h ar e. 1 6 6 5 8 4 4 9. v 1.    T o  c al c ul at e
C  C R 5  d elt a 3 2  r e a d fr e q u e n c y   w e  cr e at e d  a f ast a  fi l e  c o nt ai ni n g
all  is of or  ms  of    C  C R 5  a n d  s e v er al  a d diti o n al  p ar al o g  is of or  ms
( htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9. fi g s h a r e. 1 6 6 4 9 8 3 0. v 1)  t h at    w a s
i n d e x e d  a n d  ass ess e d  usi n g  S al  m o n,   w h er e t h e  p er c e nt  of r e a ds
c o nt ai ni n g   d elt a 3 2    w er e  c o  m p ar e d  t o  t h e  r e a ds    wit h o ut  t h e
v a ri a nt  t o   c al c ul at e   a b u n d a n c e s  f o r  t h e   v a ri a nt  f r o  m
R  N  As e q  d at as ets.
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
R E S  U L T S

C  C  R 5   E v ol uti o n ar y I n si g ht s
C  C R 5 is a   m e  m b er  of t h e   G P  C R s u p erf a  mil y.   A  B L  A S T a n al ysis
of  t h e  h u  m a n    C  C R 5  a g ai nst  ot h er  h u  m a n  pr ot ei n  s e q u e n c es
r e v e al e d t h e t o p  1 0 0  hits  h a v e  E- v al u es l ess t h a n  5. 2 3 E- 1 3,  a n d
p er c e nt i d e ntif y gr e at er t h a n 2 2  %. P h yl o g e n eti c r e c o nstr u cti o n of
t h es e  1 0 0   G P  C R  h u  m a n  pr ot ei ns s h o  ws t h at   C  C R 5 cl ust ers  n e xt
t o    C  C R 2   a n d   n e a r    C  C R 1,    C  C R 3,    C  C R L 2,    C  C R 4,    C  C R 8,
C X 3  C R 1,    X  C R 1,  a n d    A  C  K R 2  (  Fi g u r e   1  A ).    Usi n g  t h es e  1 0 0
G P  C R  s e q u e n c es,  t h e   p er c e nt   of  a  mi n o  a ci ds  t h e  s a  m e  as
C  C R 5    w as  c al c ul at e d  f or  e a c h   of  t h e   h u  m a n    C  C R 5  a  mi n o
a ci ds,    w h er e  1 2  a  mi n o  a ci ds  ( 3. 4  %)  ar e  c o ns er v e d   > 9 0  %.  I n
a d diti o n,  t h e  t o p   1 6    B L  A S T   hit s    w e r e   al s o   a s s e s s e d  f o r
c o ns er v ati o n    wit h    C  C R 5,    w h er e   2 6  a  mi n o  a ci ds  ( 7. 4  %)  ar e
c o ns er v e d  > 9 0  %.    A  t ot al  of  9 8  v ert e br at e  ort h ol o gs  of  C C R 5
w er e  ass ess e d  f or  c o d o n  s el e cti o n,  li n e ar    m otifs,  a  mi n o  a ci d
c o ns er v ati o n,  a n d  f u n cti o n al  a  mi n o  a ci d  c o ns er v ati o n.    T h e
alli g at or   C  C R 5  r e pr es e nts  t h e    m ost  di v er g e nt  s e q u e n c e   wit hi n
C  C R 5  ort h ol o gs    wit h  5 4  %  c o ns er v ati o n  of  a  mi n o  a ci ds    wit h
h u  m a n.   A t ot al  of  1 8 6 a  mi n o a ci ds ( 5 2. 8  %) ar e c o ns er v e d  > 9 0  %
i n   C  C R 5  ort h ol o gs.   T h es e  c o ns er v e d  a  mi n o  a ci ds  at t h e   G P  C R,
t o p  1 6,  a n d   C  C R 5  ort h ol o g l e v els   m a p p e d  o nt o  a   m o d el  of t h e
C  C R 5 str u ct ur e r e v e al a br o a d   G P  C R c o ns er v ati o n i n t h e c or e, 1 6
m ost  si  mil ar  c o ns er v ati o n i n  s e v er al  cl ust ers,  a n d  br o a d   C  C R 5
c o n s e r v ati o n   of  t h e  t r a n s  m e  m b r a n e,  i nt r a c ell ul a r,   a n d
e xt r a c ell ul a r   r e si d u e s  ( Fi g u r e   1  B ).    T h e  f a ct  t h at   ot h e r
c h e  m o ki n e r e c e pt ors s h o  w  a l a c k  of  c o ns er v ati o n  at t h e li g a n d-
bi n di n g  i nt e rf a c e   c h all e n g e s  t h e   n oti o n  t h at  t h e y   c o ul d
p ot e nti all y  c o  m p e ns at e  f or    C C R 5  l oss,  i n  a gr e e  m e nt    wit h
Ell  w a n g er  et  al. ( 7 9 ).

C  C  R 5   A  mi n o   A ci d   K n o  wl e d g e b a s e
T h e c o ns er v ati o n  d at a fr o  m a b o v e   w as c o  m pil e d   wit h   m ol e c ul ar
d y n a  mi c  si  m ul ati o n  (  m ds)  d at a,    U ni Pr ot  i nsi g hts,  a n d  k n o  w n
g e n o  mi c  v ari a nts f or  e a c h  of t h e  h u  m a n   C  C R 5  a  mi n o  a ci ds  t o
m a k e  a    C  C R 5  a  mi n o  a ci d  k n o  wl e d g e b as e  ( htt ps:// d oi. or g/ 1 0.
6 0 8 4/  m 9. fi g s h a r e. 1 6 6 1 9 9 7 4).    T h e    m d s    w e r e   g e n e r at e d   b y
e  m b e d di n g t h e   C  C R 5  pr ot ei n  of  a  mi n o  a ci ds  6- 3 5 2 i nt o  a  P E  A
m e  m br a n e,  e q uili br ati n g    w at er  o n  t h e  i ntr a  a n d  e xtr a c ell ul ar
p o rti o n s,   a n d  si  m ul ati n g  t h e   p r ot ei n    m o v e  m e nt  f o r   3 0 0
n a n os e c o n ds.    T h e    m ds  t o ols   us e   p h ysi cs  a p pr o xi  m ati o ns   of
at o  mi c    m o v e  m e nt  at  t h e  f e  mt o s e c o n d  ti  m e  s c al e,  all o  wi n g
us ers  t o   d et er  mi n e  t h e  c h e  mi c al  e n vir o n  m e nt  ar o u n d  e a c h
a  mi n o  a ci d  of t h e   m o d el e d str u ct ur e,  pr o vi di n g i nf or  m ati o n  o n
t h e  st a bilit y  of    m o v e  m e nt,  s e c o n d ar y  str u ct ur e,  a n d  h o  w  e a c h
a  mi n o a ci d c orr el at es   wit h e v er y  ot h er a  mi n o a ci d.  B y r e c or di n g
t h e tr aj e ct or y of a  mi n o a ci d   m o v e  m e nt usi n g r o ot-  m e a n-s q u ar e d
d e vi ati o n ( R  M S  D) of t h e c ar b o n al p h a p ositi o n,   w e k n o  w t h at t h e
p r ot ei n  r e a c h es   a n  e q uili b ri u  m   of    m o v e  m e nt   ar o u n d  t e n
n a n o s e c o n d s   of   si  m ul ati o n,   all o  wi n g  f o r   u s  t o   c a pt u r e
h u n dr e ds  of  n a n os e c o n ds  of  st a bili z e d    m o v e  m e nt.    T h e  s e v e n
tr a ns  m e  m br a n e  h eli c es  of t h e   G P  C R str u ct ur e  all  h a v e  a st a bl e,
l o  w    m o v e  m e nt  as  r efl e ct e d  b y  a  r o ot-  m e a n-s q u ar e  fl u ct u ati o n
( R  M S F) b el o  w 4  Å.   T h e   N- a n d   C-t er  mi ni b ot h h a v e hi g h l e v els of
R  M S F,  > 1 0  Å, r e fl e cti v e  of  d e cr e as e d st a bilit y  of t h e str u ct ur e.   A
t ot al  of  1 5. 0  %  of  t h e  a  mi n o  a ci ds  ar e  pr e di ct e d  i n  t h e  i niti al
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
str u ct ur e t o  h a v e c oil e d str u ct ur e, 7 6. 9  %  h eli c al, 2. 9  % b et a-s h e et,
a n d 5. 2  % as t ur ns.   A t ot al of 7 0  % of t h e a  mi n o a ci ds  h a v e o n e or
m or e  a  mi n o  a ci ds  t h at  c orr el at e    wit h  t h eir    m o v e  m e nt  gr e at er
t h a n   0. 9   b a s e d   o n   d y n a  mi c s   c r o s s - c o r r el ati o n    m at ri x
c al c ul ati o ns.    A  t ot al   of  ei g ht  a  mi n o  a ci ds   h a v e  1 0   or    m or e
a  mi n o  a ci ds  i n  c orr el ati o n   > 0. 9  ( 1 0    =   5 4, 5 5, 6 9, 1 4 9;   1 1    =
5 2, 6 6, 6 7;  1 3  =  7 0).   T h es e  c al c ul ati o n  v al u es    w er e  i n cl u d e d  i n
t h e  s u p pl e  m e nt al  fi l e’s   m ai n  a  mi n o  a ci d  k n o  wl e d g e b as e    m atri x
( htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9.fi gs h ar e. 1 6 6 1 9 9 7 4).

G e n o  mi c  mi s s e n s e  v a ri a nt  e xt r a cti o n  f r o  m  g n o  m  A  D
( p o p ul ati o n   v ari a nts   us ef ul  f or   all el e  fr e q u e n c y  i nsi g hts),
T  O P  m e d  ( p o p ul ati o n   v ari a nts),    Cli n  V ar  ( dis e as e- ass o ci at e d
v ari a nts),    C  O S  MI  C  (s o  m ati c  c a n c er  v ari a nts),  a n d    G e n o 2  M P
( di s e a s e - a s s o ci at e d   v a ri a nt s    wit h   c o r r el at e d   p h e n ot y p e)
i d e ntifi e d  4 0 3  u ni q u e  v ari a nts  f or    C  C R 5.  B as e d  o n  g n o  m  A  D
all el e fr e q u e n ci es, t h e  a v er a g e  v ari a nt   w as f o u n d i n  0. 0 0 7 9  %  of
t h e p o p ul ati o n,   wit h o nl y a si n gl e   miss e ns e v ari a nt ( L 5 5  Q) f o u n d
i n   m or e t h a n  1  %  of i n di vi d u als.   Of t h e  4 0 3 v ari a nts, t h e y f ell  o n
a  mi n o  a ci ds    wit h  a n  a v er a g e  of  8 9. 6  %  c o ns er v ati o n  i n    C  C R 5
ort h ol o gs   wit h 3 9  % of v ari a nts   wit h a c o ns er v ati o n > 9 9  %.   A t ot al
of  2 7  %  of  t h e  v ari a nts    w er e  pr e di ct e d  pr o b a bl y  d a  m a gi n g  b y
P ol y P h e n 2, 5 4  % d el et eri o us b y  Pr o v e a n, 6 0  % d a  m a gi n g b y SI F T,
a n d  1 2  %  as  cl ass   C 5 5/  C 6 5  b y   Ali g n-  G  V  G  D.   O nl y  9  %  of  t h es e
v ari a nts    w er e   pr e di ct e d   b a d   o ut c o  m es  i n  all  f o ur  t o ols.    T o
pri oriti z e  v ari a nt  ass ess  m e nts ,    w e   us e d  a  c o  m bi n e d   v ari a nt
i  m p a ct  c al c ul ati o n   wit h  a n  a v er a g e s c or e  of  8 9, 7 6 1.   T h e t o p t e n
v ari a nts   w er e L 5 5  Q,   R 2 2 3  Q,   A 7 3  V,   V 1 3 1 F, S 6 3  C,   T 2 8 8  A, L 1 2 1 R,
G 1 0 6 R,    V 4 6  M,    R 6 0 S.  Fi n all y,    w e  a d d e d  i nt o  t h e  a  mi n o  a ci d
k n o  wl e d g e b a s e  t h e    U ni P r ot   e xt r a ct e d   d at a  f o r  t o p ol o g y
( e xt r a c ell ul a r,  t r a n s  m e  m b r a n e   h eli c e s,   o r  i nt r a c ell ul a r),
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
p osttr a nsl ati o n al    m o di fi c ati o n  ( P T  Ms:  s ulf ot yr osi n e,    O-li n k e d
G al  N  A c,   dis ul  fi d e   b o n ds,  S- p al  mit o yl,   p h os p h or yl ati o n),  a n d
k n o  w n  e x p eri  m e nt al    m ut a g e n esis/ n at ur al  v ari a nt  i nsi g hts   o n
li g a n d   bi n di n g  a n d   pr ot ei n  e x pr essi o n/si z e.    T h e   n u  m b er   of
v ari a nts  a n d  t h e  t o p  i  m p a ct  s c or e  f or  v ari a nts    w er e  br o u g ht
i nt o  t h e  c o  m pil e d  a  mi n o  a ci d    m atri x    wit h  all  ot h er  d at as ets,
all o  wi n g f or   m ulti di  m e nsi o n al  d at a i nsi g hts f or e a c h v ari a nt, f or
e x a  m pl e, t h e t o p t e n  v ari a nts  a n d t h e  P T  Ms ( T a bl e  1 ).

L a u n c h   of   P u bli c   T o ol s f or
C  C  R 5   E d u c ati o n
O ur    C  O  D E  st u d e nts  a n d  f a c ult y  i nt e gr at e d   o ur  a  mi n o  a ci d
k n o  wl e d g e b as e  i nt o  a d diti o n al  t o ols  a n d  r es o ur c es  f or  t h e
e d u c ati o n  of   C  C R 5  pr ot ei n  str u ct ur al  i nsi g hts,  g e n e  s e q u e n c es
t hr o u g h o ut   m a n y s p e ci es, a n d h u  m a n v ari a nts i n l ar g e d at a b as es
(Fi g u r e  2 ).    M a n y  of  t h e  t o ols  d e v el o p e d  f o c us  o n  t h e    C  C R 5
d elt a 3 2 v ari a nt ( S er 1 8 5Il efs T er 3 2). Fr o  m t h e 3  D   m o d els,   w e h a v e
g e n er at e d  a  vi d e o  of   C  C R 5  a n d  d elt a 3 2 t h at  bri n gs t o li g ht t h e
e xtr e  m e   m ut ati o n t h at  r es ults i n  0  %  pr ot ei n f u n cti o n fr o  m t h e
all el e.   A l o n g  ~ 2   mi n vi d e o is a v ail a bl e as a   M P  G  fi l e o n Fi g S h ar e
( htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9.fi gs h ar e. 1 6 6 2 8 9 0 5)  a n d  a  vi d e o  fi l e
o n   Y o u T u b e ( htt ps:// y o ut u. b e/ 7 4  w 2  N 5 1t S  O g).   T h e  vi d e o s h o  ws
t h e   m o d el  of   C  C R 5  e  m b e d d e d i nt o  a li pi d   m e  m br a n e,  r ot ati n g
ar o u n d  all  a x es    wit h  t h e  l o c ati o n  of  criti c al  c o ns er v e d  a  mi n o
a ci ds  a n d  t h e  d elt a 3 2  v ari a nt.   A  s h ort e n e d  1 4-s e c o n d  vi d e o  of
o nl y  d elt a 3 2 is  a v ail a bl e  as  a    M P  G  fi l e ( htt ps:// d oi. or g/ 1 0. 6 0 8 4/
m 9.  fi gs h ar e. 1 6 6 2 8 9 5 6).   A  o n e-  mi n ut e vi d e o  of t h e   m o v e  m e nt  of
r esi d u es  fr o  m  t h e    m ds  tr aj e ct or y  is  a v ail a bl e  as  a n    M P  G  fi l e
( htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9.fi gs h ar e. 1 6 6 2 8 8 5 4)  a n d  a   Y o u T u b e
li n k ( htt ps:// y o ut u. b e/  W a o Pf  Q X  A 8 P g).   T o f a cilit at e  a  h a n ds- o n
A B

FI  G  U  R E  1  |    H u  m a n   C  C  R 5  p ar al o g s. (  A) P h yl o g e n eti c tr e e  of t h e t o p  1 0 0  h u  m a n  p ar al o g s f or   C  C  R 5  pr ot ei n.  V al u e s  at  e a c h  n o d e r e pr e s e nt t h e  p er c e nt  of tr e e s t h at

cl u st er  o ut  of  5 0 0  b o ot str a p  a n al y s e s.   C  C  R 5 i s   m ar k e d   wit h  a r e d  b o x. (  B) M o d el  of  h u  m a n   C  C  R 5   wit h  c o n s er v ati o n  c ol or e d.  T h e tr a n s  m e  m br a n e i s  c ol or e d  c y a n,

a  mi n o  a ci d s  c o n s er v e d   > 9 0  % i n  1 0 0   G P  C  R s i n r e d,  c o n s er v e d   > 9 0  % i n  1 6   m o st r el at e d   C  C  R 5  p ar al o g s i n  or a n g e,  a n d  c o n s er v e d   > 9 0  % i n   C  C  R 5  v ert e br at e

ort h ol o g s i n  y ell o  w.  T h e t o p l eft  s h o  w s t h e  vi e  w  of   C  C  R 5 fr o  m  e xtr a c ell ul ar  s p a c e l o o ki n g i nt o t h e   G P  C  R.  T h e t o p ri g ht  s h o  w s t h e  si d e  vi e  w   wit h t h e tr a n s  m e  m br a n e

t o  vi s u ali z e  e x p o s e d  a n d  c o n s er v e d r e si d u e s,   w hi c h  ar e l a b el e d.  T h e  b ott o  m  s h o  w s  a  1 8 0 ° r ot ati o n  of  si d e  vi e  w  of   C  C  R 5.
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
i nt erf a c e   wit h   C  C R 5,   w e  h a v e  cr e at e d  a  3  D  pri nti n g    m o d el  of
C  C R 5  a n d  d elt a 3 2  a v ail a bl e  as  a   V R  M L  fi l e  ( htt ps:// d oi. or g/ 1 0.
6 0 8 4/  m 9. fi g s h a r e. 1 6 6 2 8 9 6 2 )   a n d   a s  l a r g e  ( htt p s://  w  w  w.
s h a p e  w a y s. c o  m/ p r o d u ct/ 8  X E  K 5  N 2 E F/ c c r 5-l a r g e ? o pti o nI d =
1 4 7 6 7 0 8 6 0  &li =s h o ps),   or  s  m all  ( htt ps://  w  w  w.s h a p e  w a ys. c o  m/
p r o d u c t /  V  N  X 7  T  E 2 6  B / c c r 5 - p r o t ei n -  m o d el ? o p ti o n I d  =
1 2 7 8 3 0 2 4 1  &li =s h o ps)  si z e d   pri nt  t h at  c a n   b e   or d er e d  fr o  m
S h a p e  w a ys  f or  d eli v er y.   T h e  s  m all    m o d el  pr o vi d es  a  l o  w- c ost
o pti o n,   w hi c h  o ur  gr o u p  h as   m a d e i nt o j e  w elr y  or  k e y c h ai ns f or
distri b uti o n at g e n o  mi c e d u c ati o n al e v e nts.   T h e l ar g e pri nt   w or ks
w ell f or  cl assr o o  ms f or st u d e nts t o  h ol d  a n d  e x pl or e.

T o    m a k e  a c c ess  t o  t h es e  fi l es  e asi er,   w e  h a v e  cr e at e d  a   w e b
r es o ur c e  p a g e ( htt ps:// pr o k o pl a b. c o  m/ c cr 5- a n d- hi v/).  Fr o  m t his
sit e,  a n y o n e  c a n   o bt ai n  t h e   vi d e o   of    C  C R 5,  s e q u e n c e   d at a,
i nsi g hts   o n   d elt a 3 2,  a n d  a   h a n d o ut   us e d  i n  cl assr o o  ms.  I n
a d diti o n,  visit ors  c a n  or d er  3  D  pri nt e d    m o d els  of   C  C R 5   wit h
t h e   d elt a 3 2  l o c ati o n    m ar k e d  i n  r e d.    T h e  t  w o-si d e d   h a n d o ut
( htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9.fi gs h ar e. 1 6 6 2 8 8 1 5)    w al ks  st u d e nts
t hr o u g h  t h e  bi ol o gi c al  r ol e  of    C  C R 5,  h o  w    m a n y  sit es  o n  t h e
pr ot ei n  ar e  c o ns er v e d  t hr o u g h o ut  e v ol uti o n,  a n d   d et ails   of
d elt a 3 2.   T his  h a n d o ut  p airs   w ell    wit h  t h e  l ar g e  a n d  s  m all  3  D
pri nts  of t h e  pr ot ei n.   All    m at eri al is  pr o vi d e d  t o t h e  p u bli c f or
fr e e  e x c e pt  t h e  3  D  pri nt e d    m o d els,  off er e d  at  pr o d u cti o n  c ost
wit h  n o   m ar k u p.   T h e g e n er ati o n of t his   m at eri al b y st u d e nts a n d
f a c ult y  fr o  m  t h e    C  O  D E  pr o gr a  m  r e pr es e nts  a n  e x citi n g  n e  w
p ot e nti al fr a  m e  w or k i n t h e g e n o  mi c er a t h at c a n  b e e x p a n d e d t o
m a n y  a d diti o n al  v ari a nts  a n d  pr ot ei ns   m o vi n g f or  w ar d.
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
C  C  R 5   E x pr e s si o n I n si g ht s
A d diti o n al  i nsi g hts  a b o ut  C C R 5  ar e  a v ail a bl e  t hr o u g h  p u bli c
d at as ets  of  e x pr essi o n  a n d  n o n c o di n g  v ari a nts,  br o a d e ni n g  t h e
i nsi g hts a n d k n o  wl e d g e t o c h all e n g e g e n o  mi c r e d u cti o nis  m.   O n e
eff e cti v e   w a y t o  c o  m b at  g e n eti c  r e d u cti o nis  m is t o  d e  m o nstr at e
t h at t h e e x pr essi o n of   C  C R 5 is n ot o nl y s u bj e ct t o v ari ati o n i n t h e
g e n e b ut is als o  hi g hl y d e p e n d e nt o n t h e   m ol e c ul ar c o nt e xt, s u c h
as  g e n es  pr o xi  m at e  t o   C  C R 5,  e pi g e n eti c  f a ct ors,  as   w ell  as  t h e
t y p e of c ell i n   w hi c h e x pr essi o n o c c urs.   T h e C C R 5  g e n e is l o c at e d
o n c hr o  m os o  m e 3 fr o  m b as es 4 6, 3 7 0, 8 5 4 t o 4 6, 3 7 6, 2 0 6 ( b as e d o n
h g 3 8  a n n ot ati o n).    N e ar  C C R 5  ar e    m ulti pl e  c yt o ki n e  r e c e pt or
g e n es a n d   m a n y k n o  w n g e n o  mi c ass o ci ati o ns fr o  m g e n o  m e-  wi d e
ass o ci ati o n  st u di es  (  G  W  A S),  i n cl u di n g  t h e  str o n g est  l o c us  f or
s e v er e   C  O  VI  D- 1 9  (Fi g u r e  3  A ).   T his   C  O  VI  D- 1 9 l o c us  (8 0 )  h as
its hi g h est ass o ci ati o n si g n al o v er t h e S L C 6  A 2 0  g e n e a n d d o es n ot
o v erl a p  t h e  C C R 5  g e n e  b o d y  ( Fi g u r e  3 B ).  L o c at e d  ar o u n d  5 7
kil o b as es   n e ar  C C R 5  ar e  ass o ci ati o ns  f or    m ulti pl e  i  m  m u n e
s y st e  m - c o n n e ct e d   p h e n ot y p e s    n ot a bl e  f o r  l y  m p h o c yt e s,
m o n o c yt es,  a n d   m a cr o p h a g es  (  T a bl e  2 ).   Of t h e  v ari a nts i n t his
r e gi o n,  s e v e r al   c o nt ri b ut e  t o   o b s e r v e d   c h a n g e s  i n  C  C R 5
e x pr essi o n  b as e d  o n  e x pr essi o n  q u a ntit ati v e  tr ait  l o ci  ( e  Q T L),
wit h  t h e  str o n g est  ass o ci ati o ns  s e e n  i n   w h ol e  bl o o d  a n d  l u n g,
w hi c h  c o nt ai n  l ar g e  p orti o ns  of    m o n o c yt es  a n d    m a cr o p h a g es
(T a bl e  3 ).  It  s h o ul d  als o  b e  n ot e d  t h at    m ulti pl e  e  Q T Ls    w er e
o bs er v e d i n br ai n tiss u e.   T h e t o p S  N P f or bl o o d  C C R 5  e x pr essi o n
i nfl u e n c e, rs 7 6 2 5 8 8 1 2, is  als o  a n e  Q T L f or t h e  ot h er  p ar al o gs  of
c yt o ki n e r e c e pt ors n e ar C C R 5 , i n cl u di n g C C R 1 , C C R 3 , a n d C C R 2
T  A  B L E  1  |  T o p f u n cti o n al  a  mi n o  a ci d s  of   C  C  R 5 fr o  m  a  mi n o  a ci d  k n o  wl e d g e b a s e.

A  A    C o d o n    A  A   I n cl u si o n    C  C  R 5   C o n s er v e d (  %)    G  P  C  R   C o n s er v e d    T o p  1 6   G  P  C  R ( E < 1 E - 5 0)    S e c o n d ar y   Str u ct ur e    R  M S F (  Å)    m d s   D  C  C  M   > 0. 9

3   T A T    Y    P T  M 8 2. 6 5 2. 0 2 0. 0 0 – – –

6   T  C A    S    P T  M 7 8. 5 7 1 4. 1 4 1 3. 3 3 C 1 2. 1 6 1 2

7    A  G T    S    P T  M 8 0. 6 1 2 7. 2 7 6. 6 7 C 9. 2 4 6 2

1 0   T A T    Y    P T  M 8 0. 6 1 4. 0 4 1 3. 3 3 T 4. 6 1 5 1

1 4   T A T    Y    P T  M 9 8. 9 8 6. 0 6 3 3. 3 3 T 3. 6 3 0

1 5   T A T    Y    P T  M 1 9. 3 9 4. 0 4 2 0. 0 0 T 4. 0 4 7 1

1 6    A  C A   T    P T  M 2 7. 5 5 3. 0 3 6. 6 7 C 2. 9 5 9 1

1 7   T  C  G    S    P T  M 6 9. 3 9 7. 0 7 3 3. 3 3 C 3. 3 8 4 0

2 0   T  G  C    C    P T  M 9 8. 9 7 1 1. 1 1 5 3. 3 3 C 1. 3 2 5 0

4 6    G T  G   V   T o p  1 0 9 7. 9 6 1 9. 1 9 4 0. 0 0 H 1. 7 8 6 4

5 5    C T  G   L   T o p  1 0 1 0 0. 0 0 2 3. 2 3 6 0. 0 0 H 1. 7 3 8 1 0

6 0    A  G  G    R   T o p  1 0 1 0 0. 0 0 2 5. 2 5 3 3. 3 3 C 2. 6 5 8 8

6 3    A  G  C    S   T o p  1 0 9 4. 9 0 2 1. 2 1 4 6. 6 7 C 1. 8 5 8

7 3    G  C  C    A   T o p  1 0 9 7. 9 6 8 2. 8 3 8 0. 0 0 H 1. 2 2 9 6

1 0 1   T  G T    C    P T  M 1 0 0. 0 0 1 0 0. 0 0 1 0 0. 0 0 H 1. 2 0 2 7

1 0 6    G  G  G    G   T o p  1 0 9 1. 7 5 1 3. 1 3 4 6. 6 7 H 1. 2 7 7 4

1 2 1    C T  C   L   T o p  1 0 1 0 0. 0 0 1 3. 1 3 4 0. 0 0 H 1. 2 6 2 5

1 3 1    G T  C   V   T o p  1 0 1 0 0. 0 0 5 2. 5 3 8 0. 0 0 T 2. 2 5 5 0

1 7 8   T  G  C    C    P T  M 1 0 0. 0 0 1 0. 1 0 5 3. 3 3 E 1. 0 5 5 1

2 2 3    C  G  G    R   T o p  1 0 8 9. 8 0 2 0. 2 0 4 0. 0 0 C 3. 4 5 9 0

2 6 9   T  G  C    C    P T  M 9 8. 9 7 4 7. 4 7 9 3. 3 3 H 1. 1 8 1 2

2 8 8    A  C  G   T   T o p  1 0 8 8. 7 8 9. 0 9 2 6. 6 7 H 1. 2 2 2 1

3 2 1   T  G  C    C    P T  M 8 9. 6 9 2. 0 2 1 3. 3 3 C 3. 5 1 4 0

3 2 3   T  G  C    C    P T  M 2 6. 8 0 0. 0 0 0. 0 0 C 5. 4 5 2 4

3 2 4   T  G T    C    P T  M 9 7. 9 4 2. 0 2 1 3. 3 3 C 6. 3 6 5

3 3 6    A  G  C    S    P T  M 8 3. 6 7 1 3. 1 3 4 0. 0 0 C 9. 7 6 5 4

3 3 7   T  C A    S    P T  M 1 0 0. 0 0 2 2. 2 2 4 6. 6 7 C 9. 2 4 4 3

3 4 2   T  C  C    S    P T  M 1 0 0. 0 0 2 7. 2 7 4 0. 0 0 T 7. 8 3 4 1

3 4 9   T  C T    S    P T  M 9 8. 9 8 1 3. 1 3 2 6. 6 7 C 4. 2 9 2 1
D e c e  m b er  2 0 2 1 
 |   V ol u  m e  1 2
Sit e s   w er e i n cl u d e d  b a s e d  o n  k n o  w n  p o sttr a n sl ati o n al   m o di  fi c ati o n s ( P T  M s)  or f or  b ei n g  a t o p  1 0  s c ori n g  v ari a nt.
  |    Arti cl e  7 9 0 0 4 1



B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
( htt p s:// g e n eti c s. o p e nt a r g et s. o r g/ v a ri a nt/ 3 _ 4 6 3 1 8 8 3 1 _ T _  C),
m a ki n g  it   dif  fi c ult  t o   d et er  mi n e  if  t h e    m o n o c yt e  ass o ci at e d
G  W  A S  ar e  fr o  m  C C R 5  or  t h es e  ot h er  g e n es.    T his  v ari a nt  is
als o f o u n d t hr o u g h o ut   m ulti pl e s u b p o p ul ati o ns   wit h t h e  hi g h est
k n o  w n all el e fr e q u e n c y i n  E ast   Asi a n a n c estr y.   C o ntr ar y, t h e t o p
t  w o  v ari a nts  f or  t h e  br ai n  C C R 5  e x pr essi o n,  rs 9 8 6 2 0 2 1,  a n d
rs 1 4 0 1 7 7 4 2 7,  ar e  r ar er.  rs 9 8 6 2 0 2 1  is  f o u n d  hi g h est  i n  1 0  %  of
Afri c a n  a n c estr y  a n d  h as  n o  tr ait  ass o ci ati o ns.  rs 1 4 0 1 7 7 4 2 7  is
f o u n d  hi g h est i n  1 0  %  of  Fi n nis h  a n c estr y  a n d is  ass o ci at e d   wit h
v ari o us  l y  m p h o c yt e   a n d    m a cr o p h a g e   p h e n ot y p es  ( htt ps://
g e n eti cs. o p e nt ar g ets. or g/ v ari a nt/ 3 _ 4 7 2 3 4 7 1 2 _  G _  A).

E x pr essi o n  a cr oss  br o a d  tiss u es  of  t h e  h u  m a n  pr ot ei n  atl as
(  H P  A) (2 9 ) a n d   G T E x (7 2 ) s h o  w hi g h er l e v els i n i  m  m u n e tiss u es
s u c h  as  s pl e e n, t o nsils,  a p p e n di x,  a n d l y  m p h  n o d es  a n d tiss u es
ass o ci at e d    wit h  i  m  m u n e  c ells  li k e  bl o o d,  l u n g,  a n d  i nt esti n e.
F urt h er  diss e cti o n  of  c ell  t y p es   wit hi n    H P  A  s h o  ws  hi g h  C C R 5
e x p r e ssi o n  i n    T- c ell  l e v els  i n   bl o o d   a n d    m a c r o p h a g es  i n
p eri p h er al  tiss u es.    T h er ef or e,    w e   utili z e d  a  l ar g e  si n gl e- c ell
R  N  As e q  r e p osit or y,   P a n gl a o  D B  ( 8 1 ),  t o  i d e ntif y  f urt h er  c ell
t y p es  of  i  m p ort a n c e  f or  C C R 5  e x pr essi o n,  i d e ntif yi n g  a  l ar g e
n u  m b er of   mi cr o gli a a n d   m a cr o p h a g e i d e nti fi e d c ell e x p eri  m e nts
(Fi g u r e  4  A ).   T h e   m a cr o p h a g e  a n d   m o n o c yt e  a n n ot ati o ns  c o  m e
fr o  m  br o a d  tiss u es, i n cl u di n g  t h e li v er,  v ess els, l u n g,  a n d  h e art
(Fi g u r e  4 B ).   T h e   mi cr o gli a a n n ot ati o ns c o  m e fr o  m   w h ol e- br ai n
is ol at es a n d s p e cifi c br ai n r e gi o ns ( Fi g u r e 4  C ). It s h o ul d b e n ot e d
t h at  all  of  t h e    mi cr o gli a  i nsi g hts  c o  m e  fr o  m  is ol at es  of    m o us e
br ai ns,    w h er e  t h er e  ar e   n o   h u  m a n  br ai n  si n gl e- c ell    R  N  As e q
d at as ets  i nt e gr at e d  i nt o  P a n gl a o  D B.  I n  t h e    m o us e,  t h e  k n o c k-
o ut of  C C R 5  is ass o ci at e d   wit h   m ulti pl e n e ur ol o gi c al p h e n ot y p es,
i n cl u di n g    mi c r o gli al   alt e r ati o n s   a n d   a b n o r  m al   s p ati al
l e ar ni n g (T a bl e  4 ).
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
C  C  R 5   R ol e i n   Br ai n   D e v el o p  m e nt
T o f urt h er  diss e ct t h e  br ai n  a n d   mi cr o gli a i nsi g hts i nt o  h u  m a n
bi ol o g y,   w e  i nt e gr at e d  s e v er al  a d diti o n al  d at as ets.   T h e  h u  m a n
br ai n   mi cr o arr a y  of t h e   All e n  Br ai n  atl as s u g g ests  1 6  g e n es t h at
c orr el at e  > 0. 7  i n  e x pr essi o n    wit h  C C R 5  i n  5 0 0  h u  m a n  br ai n
s a  m pl es.   M ost ar e als o  hi g hl y e x pr ess e d i n t h e   m o us e si n gl e- c ell
d at as ets  of  P a n gl a o  D B f or   mi cr o gli a ( Fi g u r e  5  A ).   M ost  of t h es e
g e n es  c o d e  f or  pr ot ei ns  t h at  ar e  k n o  w n  t o  i nt er a ct  a n d  e nri c h
s y n a ps e   pr u ni n g  a n d    mi cr o gli a   p h e n ot y p es  ( Fi g u r e   5 B ).    T o
f urt h er  s h o  w  t h e  e x pr essi o n  of  C C R 5  i n is ol at e d    mi cr o gli a,   w e
p ull e d  all  h u  m a n   R  N  As e q  p air e d- e n d  d at as ets  fr o  m  t h e   N  C BI
S R  A   m e nti o ni n g  “ mi cr o gli a.  ” W e a n n ot at e d t h e  m r el ati v e t o t h e
G e n c o d e 3 8  t r a n s c ri pt o  m e   u si n g   a   q u a si- b a s e d   ali g n  m e nt
str at e g y  (Fi g u r e  5  C ).    All    G e n c o d e 3 8    m a p pi n g  d at a  f or  e a c h
s a  m pl e  c a n   b e  f o u n d  at   htt ps:// d oi. or g/ 1 0. 6 0 8 4/  m 9. fi gs h ar e.
1 6 6 4 9 8 4 2.    T h e    H  M  C 3   c ell  li n e  ( P  RJ  N  A 6 4 9 5 9 7)  t h at  i s
s u p p os e d t o   mi  mi c   mi cr o gli a  c ells  d o es  n ot  e x pr ess  a n y  C C R 5 .
C o ntr ar y i P S  (i n d u c e d  pl uri p ot e nt  st e  m  c ell)  d eri v e d    mi cr o gli a
( P RJ  N  A 6 6 2 3 3 0,  P RJ  N  A 6 6 5 2 8 6,  P RJ  N  A 6 8 8 4 7 8,  P RJ  N  A 4 8 3 2 4 7)
a n d   p u ri fi e d   p ri  m ar y    mi c r o gli a  ( P RJ  N  A 3 8 7 1 8 2)   all  s h o  w
e x pr essi o n  of  C C R 5 .

Br o a d e ni n g  t o  t h e    m o r e   e xt e n si v e  i nt e g r at e d   S T RI  N  G
n et  w or k  f or    C  C R 5  s h o  ws  i nt er a cti o n    wit h    m a n y  c h e  m o ki n es
w hil e i d e ntif yi n g   m ulti pl e g e n es c o n n e ct e d t o t h e c e ntr al n er v o us
s yst e  m a n d   mi cr o gli a bi ol o g y r el ati v e t o   HI  V ( Fi g u r e 6 ) (8 9 , 9 0 ).
Usi n g  o ur  a  mi n o  a ci d  k n o  wl e d g e b as e,    w e  r a n k e d  t h e  t o p  fi v e
v ari a nts  ( L 5 5  Q,    R 2 2 3  Q,    A 7 3  V,    V 1 3 1 F,   S 6 3  C)  f oll o  w e d   b y
e xtr a cti n g  h u  m a n  p h e n ot y p es  ass o ci at e d   wit h  t h es e  c h a n g es i n
t h e   G e n o 2  M P d at a b as e.   A t ot al of 2 7 3 aff e ct e d i n di vi d u als h a v e a
p h e n ot y p e    wit h   o n e   of  t h es e  t o p  fi v e  v ari a nts.    Of  t h es e,  7 3
aff e ct e d i n di vi d u als  ( 2 7  %)  ar e i n di c at e d  as  “ A b n or  m alit y  of t h e
FI  G  U  R E  2  |   A  mi n o  a ci d  k n o  wl e d g e b a s e  of   C  C  R 5  u s e d f or  e d u c ati o n al i n si g ht s.   C  O  D E  st u d e nt s  g e n er at e d  pr ot ei n   m o d el s,   w hi c h   w er e  e  m b e d d e d i nt o  a li pi d

m e  m br a n e  a n d r u n f or   m ol e c ul ar  d y n a  mi c s  si  m ul ati o n s.  T h e s e  v al u e s   w er e  c o  m bi n e d   wit h   m ulti pl e  s p e ci e s  a n al y si s  of   C  C  R 5  e v ol uti o n  a n d  g e n o  mi c  v ari a nt

e xtr a cti o n s fr o  m  g n o  m A  D,  T  O P  m e d,   C  O S  MI  C,  a n d   Cli n V ar.  T hi s  a  mi n o  a ci d  k n o  wl e d g e b a s e   w a s t h e n  u s e d t o  a s s e s s t h e  d elt a  3 2  v ari a nt  a n d  g e n er at e  v ari o u s

e d u c ati o n al  h a n d o ut s,  vi d e o s,  a n d  3  D  pri nt e d   m o d el s.
D e c e  m b er  2 0 2 1  |   V ol u  m e  1 2  |    Arti cl e  7 9 0 0 4 1



B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
n er v o us  s yst e  m ”  i n  t h e  br o a d  t er  m  (T a bl e  5 ).   T his is  t h e  t o p-
r a n k e d   p h e n ot y p e    wit h  “ A b n or  m alit y   of  t h e  c ar di o v as c ul ar
s yst e  m”  at  2 1  %  a n d  “ A b n or  m alit y  of t h e   m us c ul at ur e  ”  at  1 1  %.
T h e  o nl y  n e ur ol o gi c al  p h e n ot y p e  ass o ci at e d   wit h  h o  m o z y g o us
C  C R 5  v ari a nts   w as  L 5 5  Q ass o ci at e d   wit h  “ A b n or  m alit y  of  br ai n
m or p h ol o g y  ”  wit h  s e v e n  a d diti o n al   h et er o z y g o us  i n di vi d u als
wit h  t h e  v ari a nt  a n d  i n di vi d u als    wit h    R 2 2 3  Q,    A 7 3  V,    V 1 3 1 F,
a n d  S 6 3  C  als o  h a vi n g  t his  a n n ot ati o n.  I n di vi d u als   wit h  all  fi v e
v ari a nts  ar e  als o i d e nti fi e d   wit h  “ I nt ell e ct u al  dis a bilit y” .  S e v er al
v ari a nts  ar e  ass o ci at e d    wit h  “ E pil e pti c  e n c e p h al o p at h y ” .    T h e
L 5 5  Q  is  f o u n d  i n    ~ 1. 5  %   of  t h e   p o p ul ati o n,  a n d  t h er ef or e
ass o ci ati o n  t o  p h e n ot y p es  c o ul d  b e  r a n d o  m;  h o  w e v er,  t h e  2 1
p ati e nts   wit h  n e ur ol o gi c al  p h e n ot y p es   wit h   R 2 2 3  Q  (  A F = 0. 0 0 5)
a n d  1 8   wit h t h e  ot h er t hr e e (  A 7 3  V,  S 6 3  C,   V 1 3 1 F,   A F a v er a g e  of
0. 0 0 0 6)  s u g g est  a n  e nri c h  m e nt  fr o  m  r a n d o  m  pr o b a bilit y.   T h e
G e n o 2  M P  d at a b as e  c o nt ai ns  d at a  f or  1 9, 3 4 4  i n di vi d u als    wit h
p h e n ot y p es,    w h er e  4 5 8  h a v e  o n e  of  t h es e  fi v e   C  C R 5  v ari a nts.
B as e d  o n  all el e fr e q u e n ci es,  t his  n u  m b er is  e x p e ct e d  t o  b e  3 8 4,
wit h a n e nri c h  m e nt  of  1. 2.   T h e   V 1 3 1 F  h as a n e nri c h  m e nt  of  8. 2
i n  o bs er v ati o ns  r el ati v e t o  e x p e ct  all el e fr e q u e n c y,   A 7 3  V  of  4. 3,
a n d  S 6 3  C  of  2. 2,  s u g g esti n g  t h es e  v ari a nts  ar e  h y p er  o bs er v e d
wit hi n    G e n o 2  M P.    M o r e o v e r,    wit h   t h e   e n ri c h  m e nt   of
n e ur ol o gi c al  p h e n ot y p es  f or  i n di vi d u als   wit h  t h es e  v ari a nts,  it
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 8
s e e  ms  li k el y  t h at  t h er e  is  a n  ass o ci ati o n    wit h  r ar e  v ari a nts  i n
C  C R 5 f or  n e ur ol o gi c al  p h e n ot y p es.

C  C  R 5 i n   H u  m a n   Bl o o d   S a  m pl e s
T h e  p h e n ot y p es s e e n i n t h e   G e n o 2  M P  d at a s u g g est e d  a  br o a d er
a n al ysis   of    C  C R 5  i n   dis e as e   p at h ol o gi es.    Wit h  t h e  r o b ust
e x pr essi o n  of  C C R 5  i n  bl o o d  a n d  o ur  hist or y  i n  st u d yi n g  t h e
bl o o d  of i  m  m u n e  c h all e n g e d i n di vi d u als,   w e s el e ct e d t o  pr o c ess
C C R 5  bi ol o g y f or bl o o d- b as e d   R  N  As e q of 7, 2 8 0 s a  m pl es fr o  m 6 2
diff er e nt  Bi o Pr oj e cts  a n d  t hr e e  of  o ur  st u di es    w h er e    w e  h a v e
p ati e nt-t o-tr a ns cri pt o  m e  i nsi g hts  ( 7 4 – 7 6 )  (Fi g u r e  7 ).   All  t h es e
s a  m pl es    w er e   bl o o d  c oll e ct e d  i nt o    R  N  A   P  A  X g e n e  t u b es  t o
st a n d ar di z e  s a  m pl e  c oll e cti o n.   E x pr essi o n   of  C C R 5  is   hi g hl y
v ari a bl e  a cr oss   Bi o Pr oj e cts  ( Fi g u r e   7  A ),  s u g g esti n g  t h at  t h e
T P  M  d at a  is  i n fl u e n c e d  b y  t h e    R  N  A  is ol ati o n  or  s e q u e n ci n g
t e c h ni q u e  ( p ol y  A  vs.  t ot al   R  N  As e q).   T h er ef or e,   w e  n or  m ali z e d
t h e    T P  M   d at a    wit h  a   Bi o Pr oj e ct    Z-s c or e,  i d e ntif yi n g  s e v er al
s a  m pl es    wit h  el e v at e d    C  C R 5  e x pr essi o n  ( Fi g u r e   7  B ).    T h e
hi g h est   Z-s c or e   w as  o bs er v e d i n  S R R 5 2 2 5 5 1 4 ( 1 2. 4),  a  1 7- y e ar-
ol d ( y o) f e  m al e c o ntr ol s a  m pl e, y et v er y littl e is d e p osit e d i nt o t h e
S R  A a b o ut t his i n di vi d u al.   T his c a n als o b e s ai d f or S R R 3 2 3 6 0 9 7
( 8. 8,  1 7  y o   m al e  c o ntr ol),  S R R 1 2 2 9 1 5 0 2  ( 8. 3,   m al e  s e psis  c as e),
S R R 3 2 3 6 0 3 9  ( 8. 0,  1 7  y o    m al e    T B  p ati e nt),  S R R 5 9 0 2 0 5 8  ( 7. 4,
A

B

FI  G  U  R E  3  |    G e n o  mi c  ar c hit e ct ur e  ar o u n d   C  C  R 5.  T h e  g e n o  m e  br o  w s er  vi e  w ( h g 3 8)  of  ar o u n d  o n e   milli o n  b a s e s  n e ar C  C R 5  (  A) or  z o o  m e d i nt o  ar o u n d  4 0, 0 0 0

b a s e s  (  B).  Tr a c k s  s h o  w n i n cl u d e t h e   G e n c o d e tr a n s cri pt s,  k n o  w n  v ari a nt s fr o  m   G  W A S/  O  MI  M/  Cli n V ar, t h e  hi g h-ri s k   C  O VI  D- 1 9 l o ci ( hi g h er  d ot s  ar e t h e  str o n g e st

si g n al),  v ari o u s  g e n e r e g ul ati o n i n si g ht s ( E  N  C  O  D E  c  C T E s,   H 3 K 2 7 A c,   C p  G I sl a n d s),  a n d  e v ol uti o n ar y  c o n s er v ati o n (  C o n s  1 0 0  V ert s).
D e c e  m b er  2 0 2 1  |   V ol u  m e  1 2  |    Arti cl e  7 9 0 0 4 1



B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
m al e    m al ari a  v a c ci n at e d  i n di vi d u al),  S R R 1 3 2 2 4 5 5 4  ( 6. 1,  4 1  y o
HI  V-i nf e ct e d   p ati e nt),  a n d  S R R 3 2 3 5 9 8 4  ( 5. 9,   1 4  y o  f e  m al e
T B  p ati e nt).

T h er ef or e,    w e  f o c us e d  a n al ysis  o n  t hr e e  c o h orts  o ur  t e a  m
c oll e ct e d  bl o o d  P  A X g e n e t u b e   R  N  As e q i n  h os pit ali z e d  p ati e nts
wit h   M  O  D S,   R S  V,  or   C  O  VI  D- 1 9 i n a n a g e r a n g e fr o  m   w e e ks  of
lif e  t o  el d erl y.   T h e  a d ult  h os pit ali z e d   C  O  VI  D- 1 9  c o h ort  s h o  ws
hi g h est  C C R 5  e x pr essi o n i n t h e   m al e   His p a ni c c o ntr ol p ati e nt 2 1
a g e 5 0- 5 9 ( Fi g u r e  7  C ),   w h o  h a d t h e  hi g h est i nt erf er o n r es p o ns e,
w as   n ot e d  t o  h a v e  a  u ni q u e  tr a ns cri pt o  m e,    w as  t h e  f urt h est
o utli er  of  t h e  c o ntr ol  s a  m pl es,  h a d    m ar k ers  of    m ulti pl e  or g a n
d a  m a g e,  a n d  g e n er all y  s e e  m e d t o  b e  a  hi g hl y  di v er g e nt  s a  m pl e
fr o  m  t h e  c o h ort  (7 4 ).    T h e  s e c o n d   hi g h est    w as  a   5 0- 5 9  y o
E ur o p e a n  a n c estr y    m al e    w h o  h a d  a  l et h al  c as e  of    C  O  VI  D- 1 9
m ar k e d   b y  a  S  A P SII  s c or e   of  6 1,  s u g g esti n g    m ulti pl e   or g a n
c o  m pli c ati o ns,   h a d   a  r o b ust  i nt erf er o n  r es p o ns e,  el e v at e d
c yt o ki n e   e x p r e s si o n   p r o fi l e,  t h e   hi g h e st   c ell    m a r k e r s   of
p eri p h er al    m o n o c yt es,  a n d  a    w e a k  cl o n al  e x p a nsi o n   of  t h e
i  m  m u n e  r e p ert oir e.   T h e  t hir d  o utli er  of  t h e  st u d y   w as  a  4 0- 4 9
y o  E ur o p e a n  a n c estr y    m al e   wit h  a  S  A P SII  s c or e  of  3 0,  a  hi g h
a cti v ati o n  of    mit oti c  c ell  c y cl e  c o ntr ol  g e n es,  a n  el e v ati o n  of
i nt erl e u ki n- 7  a n d   hist o n e  g e n es,  a n d   d et e ct a bl e  r e a ds  i n  t h e
bl o o d r el at e d t o  P ar a b ur k h ol d eri a  a n d  Str e pt o  m yc es ts u k u b e nsis .
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 9
N o n e   of  t h e  s a  m pl es    w er e  i d e nti  fi e d   as   o utli ers   of  C C R 5
e x pr essi o n  o n  t h e l o  w  e n d,  b ut  s a  m pl es   wit h  C C R 5  e x pr essi o n
< 0. 8   st a n d a r d   d e vi ati o n s    w e r e   all    n ot e d  i n    C  O  VI  D - 1 9
h o s pit ali z e d   p ati e nt s   a n d    n ot   c o nt r ol s.    T h e   d e pt h   of
s e q u e n ci n g  f or  t his   C  O  VI  D- 1 9  st u d y  all o  w e d  f or  v ari o us  g e n e
p a n els,  i  m  m u n e  r e p ert oir e,  a n d  f or ei g n   R  N  A    m a p pi n g  f or  all
s a  m pl es,    w hi c h    w er e  c orr el at e d  t o  t h e  C C R 5  v al u es.    T h e
CI B E R S  O R T x  a bs ol ut e  v al u es  f or    C  D 8    T- c ells    w er e   hi g hl y
c orr el at e d ( R 2  = 0. 8) t o  C C R 5  e x pr essi o n ( Fi g u r e  7  D ).

F urt h er  e v al u ati o n  of  o ur  p e di atri c    M  O  D S  a n d  i nf a nt   R S  V
c o h orts ( Fi g u r e 7  C ) r e v e als dis e as e d s a  m pl es as o utli ers of C C R 5
e x pr essi o n.  S a  m pl e  2 4,  f e  m al e  1 6  y o    wit h  E ur o p e a n  a n c estr y,
wit hi n  t h e    M  O  D S  st u d y  h a d  t  w o  s e p ar at e    m e as ur e  m e nts   wit h
hi g h  C C R 5  a n d  a n  E pst ei n   B arr  vir us  ( E B  V)  i nf e cti o n  t h at
r e q uir e d  E  C  M  O  a n d   w as  als o  i d e nti fi e d  as  h a vi n g  t h e  hi g h est
l e v els of   CI B E R S  O R T x a n n ot at e d   C  D 8   T- c ells (7 5 ). S a  m pl e 1 8, a
m al e   w h o  r e q uir e d  v e ntil ati o n,  h a d  t h e  hi g h est l e v els  of  C C R 5
wit hi n t h e   M  O  D S  c o h ort  a n d   w as  n ot e d t o  h a v e  el e v at e d  g e n es
f or  i nt erf er o n  r es p o ns e,   h a d  a  cli ni c al  S err ati a    m arc esc e ns
i nf e cti o n,  a n d    w as  c or o n a vir us   p ositi v e.    T h e  l o  w est  C C R 5
l e v els  i n  t h e    M  O  D S  c o h ort    w er e  o bs er v e d  i n  s e psis  p ati e nts,
o n e  of   w hi c h ( p ati e nt  2 7)   w as l et h al.   T h e   R S  V st u d y ’s t o p t hr e e
o utli ers  f or    C  C R 5  e x pr essi o n    w er e  all  h os pit ali z e d    R S  V  c as es
T  A  B L E  2  |  Tr ait s  a s s o ci at e d   wit h  v ari a nt s   wit hi n t h e  C  C R 5  g e n e r e gi o n ( c hr 3: 4 6, 3 5 3, 4 1 9- 4 6, 4 0 9, 8 8 8,  h g 3 8)  of  Fi g ur e  3  B .

St u d y I  D Tr ait P - v al u e B et a P u bli c ati o n

G  C S T 0 0 4 4 3 3 M a cr o p h a g e i n  fl a  m  m at or y  pr ot ei n  1 b l e v el s 7. 5 7 E- 1 1 5 0. 4 9 8 5 P  MI  D: 2 7 9 8 9 3 2 3

G  C S T 9 0 0 0 2 3 4 0 M o n o c yt e  c o u nt 1. 1 1 E- 7 5 0. 0 3 5 5 8 5 P  MI  D: 3 2 8 8 8 4 9 3

N E A L E 2 _ 3 0 1 9 0 _r a  w M o n o c yt e  p er c e nt a g e 4. 3 5 9 5 1 E- 5 0 0. 0 9 6 3 8 5 7 U K  B   N e al e  v 2

G  C S T 0 0 4 6 0 9 M o n o c yt e  p er c e nt a g e  of   w hit e  c ell s 1. 0 5 1 E- 3 3 0. 0 4 3 9 4 3 5 7 P  MI  D: 2 7 8 6 3 2 5 2

N E A L E 2 _ 6 1 4 9 _ 1 M o ut h  ul c er s |   m o ut h/t e et h  d e nt al  pr o bl e  m s 4. 0 3 3 7 2 E- 3 2 0. 0 9 3 9 6 4 6 7 6 U K  B   N e al e  v 2

G  C S T 0 0 4 6 0 8 Gr a n ul o c yt e  p er c e nt a g e  of   m y el oi d   w hit e  c ell s 2. 3 5 8 E- 2 5 - 0. 0 3 7 8 9 0 8 6 P  MI  D: 2 7 8 6 3 2 5 2

N E A L E 2 _ 3 0 1 3 0 _r a  w M o n o c yt e  c o u nt 1. 9 0 9 7 5 E- 2 2 0. 0 0 5 1 6 0 1 7 U K  B   N e al e  v 2

G  C S T 0 0 4 6 2 5 M o n o c yt e  c o u nt 5. 7 5 7 E- 2 2 0. 0 3 5 0 6 3 3 4 P  MI  D: 2 7 8 6 3 2 5 2

G  C S T 0 0 4 4 3 8 M o n o c yt e  c h e  m o attr a ct a nt  pr ot ei n- 1 l e v el s 1. 0 5 E- 1 9 0. 2 9 0 2 P  MI  D: 2 7 9 8 9 3 2 3

G  C S T 9 0 0 0 2 2 9 2 B a s o p hil  c o u nt 4. 8 5 E- 1 7 - 0. 0 1 8 4 0 6 P  MI  D: 3 2 8 8 8 4 9 3

G  C S T 9 0 0 0 2 3 1 6 L y  m p h o c yt e  c o u nt s 4. 4 4 E- 1 4 0. 0 2 1 0 4 5 P  MI  D: 3 2 8 8 8 4 9 3

N E A L E 2 _ 3 0 3 0 0 _r a  w Hi g h li g ht  s c att er r eti c ul o c yt e  c o u nt 7. 7 7 0 1 1 E- 1 4 0. 0 0 0 2 5 2 2 9 6 U K  B   N e al e  v 2

N E A L E 2 _ 3 0 1 8 0 _r a  w L y  m p h o c yt e  p er c e nt a g e 2. 1 3 3 0 6 E- 1 1 0. 1 5 9 2 3 2 U K  B   N e al e  v 2

N E A L E 2 _ 3 0 1 2 0 _r a  w L y  m p h o c yt e  c o u nt 2. 2 4 7 5 7 E- 1 0 0. 0 2 3 3 9 7 3 U K  B   N e al e  v 2

N E A L E 2 _ 3 0 2 9 0 _r a  w Hi g h li g ht  s c att er r eti c ul o c yt e  p er c e nt a g e 3. 2 6 6 4 E- 1 0 0. 0 0 7 0 4 4 8 7 U K  B   N e al e  v 2

G  C S T 0 0 3 0 4 5 Ul c er ati v e  c oliti s [ E A] 1. 3 2 2 9 E- 0 8 0. 0 7 5 7 8 7 3 P  MI  D: 2 6 1 9 2 9 1 9

N E A L E 2 _ 6 1 4 9 _ 1 0 0 N o n e  of t h e  a b o v e |   m o ut h/t e et h  d e nt al  pr o bl e  m s 2. 2 2 5 3 3 E- 0 8 - 0. 0 2 7 4 8 6 5 1 1 U K  B   N e al e  v 2

N E A L E 2 _ 3 0 1 5 0 E o si n o p hill  c o u nt 2. 8 1 7 9 9 E- 0 8 0. 0 0 9 9 5 2 1 7 U K  B   N e al e  v 2

N E A L E 2 _ 3 0 2 6 0 _r a  w M e a n r eti c ul o c yt e  v ol u  m e 7. 1 6 6 6 6 E- 0 8 - 0. 1 3 7 9 9 1 U K  B   N e al e  v 2

N E A L E 2 _ 3 0 2 5 0 _r a  w R eti c ul o c yt e  c o u nt 8. 7 4 6 4 6 E- 0 8 0. 0 0 0 6 9 0 1 8 6 U K  B   N e al e  v 2
D e
 c e  m b er  2 0 2 1  |   V ol u  m e  1 2  |
T  A  B L E  3  |  T o p  e  Q T L f or   C  C  R 5  e x pr e s si o n.

Ti s s u e S  N  P s L o  w e st   P - V al u e N E S r sI  D

W h ol e   Bl o o d 2 0 6 1. 1 E- 0 9 - 0. 2 4 r s 7 6 2 5 8 8 1 2

L u n g 1 2 3 3. 7 E- 0 6 - 0. 1 4 r s 9 1 1 0

Br ai n -   C a u d at e ( b a s al  g a n gli a) 1 0 1. 3 E- 0 5 1. 1 r s 9 8 6 2 0 2 1

Br ai n -   C ort e x 2 1. 9 E- 0 5 - 1. 6 r s 1 4 0 1 7 7 4 2 7

S ki n -   S u n  E x p o s e d ( L o  w er l e g) 3 1. 9 E- 0 5 0. 1 7 r s 1 3 8 8 6 0 4

E s o p h a g u s -   M u c o s a 4 7 2. 1 E- 0 5 - 0. 1 7 r s 2 0 2 2 0 7 2 8 8

E s o p h a g u s -   M u s c ul ari s 2 6 2. 4 E- 0 5 0. 1 6 r s 2 1 3 3 6 6 0

C ol o n -   Si g  m oi d 1 1 4 2. 7 E- 0 5 - 0. 3 9 r s 6 7 6 5 9 0 4

S ki n -   N ot   S u n  E x p o s e d ( S u pr a p u bi c) 5 1 2. 8 E- 0 5 - 0. 1 8 r s 9 8 7 2 9 4 6

N er v e -  Ti bi al 4 1. 0 E- 0 4 - 0. 7 1 r s 8 0 2 5 7 9 6 1
    A
rti cl e  7 9 0 0 4 1



B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
( p ati e nt  1,  4,  1 9)  (7 6 ).  P ati e nt  1  h a d  hi g h  l e v els  of  A gr o  m yc es
a ur e us  a n d  C a ul o b act er  vi bri oi d es  li k e  r e a ds  i n  t h e  bl o o d  i n
a d diti o n t o cli ni c all y c o n fi r  m e d   R S  V,   w hil e als o  h a vi n g   m ulti pl e
l e v els  of el e v at e d   R  N  A ass o ci at e d   wit h l u n g  h y p eri nfl a  m  m ati o n.
P ati e nt 4 h a d el e v at e d r e a ds b el o n gi n g t o t y p e- 1   Al v e ol ar c ell a n d
a n el e v ati o n of vir al d ef e ns e r es p o ns e g e n es r el ati v e t o t h e c o h ort.
All t hr e e s a  m pl es   wit h a z-s c or e b el o  w - 1   w er e fr o  m  h os pit ali z e d
R S  V  s a  m pl es.    T h es e  t hr e e  c o h orts  s u g g est  t h at  C C R 5  l e v els,
eit h er hi g h or l o  w, oft e n ar e f o u n d i n si c k p ati e nts a n d r ar el y s e e n
i n  h e alt h y  c o ntr ols   wit hi n  o ur  c o h orts.

T o   pr o b e    w h et h er    R  N  As e q  s a  m pl es  c o nt ai n e d  t h e  C C R 5
d elt a 3 2  v ari a nt,    w e  d e v el o p e d  a  n o v el  S al  m o n- b as e d  i n d e xi n g
fi l e  c o nt ai ni n g  t h e    wil d-t y p e  C C R 5  tr a ns cri pts,  t h e   d elt a 3 2
tr a ns cri pts,  a n d  s e v er al  of  t h e  t o p  h u  m a n  p ar al o g  tr a ns cri pts.
M a p pi n g  s a  m pl es    wit h   d elt a 3 2  r e a ds   o v er   o ur  1 7 9  i n- h o us e
R  N  A s e q   s a  m pl e s   r e v e al s   7 5. 4  %   of  t h e   s a  m pl e s  t o   b e
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
h o  m o z y g o u s    wil d  t y p e   ( < 0. 0 1  %   d elt a 3 2   r e a d s ),   2 1. 2  %
h et er o z y g o us,  a n d  3. 4  %  h o  m o z y g o us  f or  d elt a 3 2  ( Fi g u r e  7 E ).
T h e h et er o z y g o us s a  m pl es   w er e hi g hl y v ari a bl e f or t h e   % of r e a ds
wit h d elt a 3 2 a n d i n cl u d e d t h e   M  O  D S s a  m pl e 1 8,   wit h t h e hi g h est
o v er all  C C R 5  z-s c or e  of t h e t hr e e st u di es.  S ur prisi n gl y,  all t hr e e
s a  m pl es  of  t h e  E  C  M  O  p ati e nt  2 4  s h o  w e d  h o  m o z y g o us  C C R 5
d elt a 3 2,   w h er e  a n  a d diti o n al  t  w o- y e ar  f oll o  w- u p  of  t h e  p ati e nt
als o s h o  w e d  h o  m o z y g o us  C C R 5  ( d at a  n ot s h o  w n  as t h e  z-s c or e
c a n n ot  b e  c al c ul at e d  as  it   w as  a  si n gl e  s a  m pl e   R  N  As e q).   T his
p ati e nt   w as t h e f o c us  of  o ur  2 0 2 0    M  O  D S  p a p er ( 7 5 ),   w h er e   w e
di s c o v e r e d  t h e   1 6   y o   p ati e nt  t o   h a v e    H e  m o p h a g o c yti c
l y  m p h o hi sti o c yt o si s  (  H L  H)  li k el y   d ri v e n   b y   a   d o  mi n a nt-
n e g ati v e s pli ci n g  v ari a nt i n   R  N  A S E  H 2 B t h at is  a cti v at e d  b y t h e
E B  V s u p pr essi o n  of  n o ns e ns e-  m e di at e d  d e c a y.   As t his  p ati e nt is
a n    N = 1  c as e,  it  is  i nt er esti n g  t o  n ot e  t h e  s e v er e,  n e arl y  l et h al
p h e n ot y p e  of t his  p ati e nt a n d t o  b e  C C R 5  d elt a  3 2  h o  m o z y g o us,
A

B

C

FI  G  U  R E  4  |  E x pr e s si o n  of   C  C  R 5 i n  1, 0 6 3   m o u s e  si n gl e- c ell  d at a s et s. (  A) P a n gl a o  D  B  a n al y si s  of  e x p eri  m e nt s t h at   C  C  R 5   w a s  d et e ct e d i n  v ari o u s  c ell s  b a s e d  o n

si n gl e- c ell  a n al y si s.  (  B,   C) T h e  n u  m b er  of ti  m e s  s a  m pl e t y p e s  s h o  w e d   C  C  R 5  e x pr e s si o n f or   m a cr o p h a g e s/  m o n o c yt e s  (  B) or   mi cr o gli a  (  C).
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
T  A  B L E  4  |  M o u s e  k n o c k- o ut  p h e n ot y p e s.

P h e n ot y p e P u bli c ati o n N e ur ol o gi c al

a b n or  m al  a str o c yt e  p h y si ol o g y (8 2 ) Y e s

a b n or  m al  gli al  c ell  p h y si ol o g y (8 2 ) Y e s

a b n or  m al l o n g t er  m  s p ati al r ef er e n c e   m e  m or y (8 2 ) Y e s

a b n or  m al  n er v o u s  s y st e  m  p h y si ol o g y (8 3 ) Y e s

a b n or  m al  s p ati al l e ar ni n g (8 2 ) Y e s

d e cr e a s e d   mi cr o gli al  c ell  a cti v ati o n (8 2 ) Y e s

a b n or  m al   C  D 4- p o siti v e,  al p h a  b et a  T  c ell   m or p h ol o g y (8 4 )

a b n or  m al   C  D 8- p o siti v e,  al p h a  b et a  T  c ell   m or p h ol o g y (8 4 )

a b n or  m al  c yt o ki n e l e v el (8 4 )

a b n or  m al  h e p at o c yt e  p h y si ol o g y (8 5 )

a b n or  m al It o  c ell   m or p h ol o g y (8 6 )

a b n or  m al   K u pff er  c ell   m or p h ol o g y (8 6 )

a b n or  m al l o c o  m ot or  b e h a vi or (8 4 )

a b n or  m al   N K  T  c ell  p h y si ol o g y (8 5 )

d e cr e a s e d   N K  c ell  n u  m b er (8 7 )

d e cr e a s e d  s u s c e pti bilit y t o i n d u c e d  c oliti s (8 4 )

d e cr e a s e d  s u s c e pti bilit y t o   R etr o viri d a e i nf e cti o n (8 3 )

i  m p air e d   m a cr o p h a g e  c h e  m ot a xi s (8 8 )

i n cr e a s e d   N K  T  c ell  n u  m b er (8 4 )

i n cr e a s e d  s u s c e pti bilit y t o f u n g al i nf e cti o n (8 8 )

li v er f ail ur e (8 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 1 1
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FI  G  U  R E  5  |    H u  m a n  br ai n   C  C  R 5  a n d   mi cr o gli a. (  A) T h e  c orr el ati o n  of  g e n e s t o   C  C  R 5 fr o  m t h e   All e n   Br ai n   Atl a s   H u  m a n   Br ai n   mi cr o arr a y  d at a f or  5 0 0  s a  m pl e s

r el ati v e t o t h eir  e x pr e s si o n i n   m o u s e   mi cr o gli a  si n gl e- c ell  e x p eri  m e nt s.  T h e  x- a xi s  s h o  w s t h e  g e n e s   R 2 fr o  m   mi cr o arr a y r el ati v e t o   C  C  R 5  e x pr e s si o n,   w hil e t h e  y- a xi s

s h o  w s t h e  n u  m b er  of  e x p eri  m e nt s t h e  g e n e i s  d et e ct e d i n   m o u s e  si n gl e- c ell  d at a s et s f or   mi cr o gli a.  (  B) S T  RI  N  G  pr ot ei n  n et  w or k f or  g e n e s i n  p a n el  (  A) s h o  wi n g t h e

e nri c h  m e nt  of  s y n a p s e  pr u ni n g ( gr e e n),   mi cr o gli a/ gli o bl a st o  m a (r e d),  a n d   mi cr o gli a/ a gi n g ( bl u e)  g e n e s.  (  C) E x pr e s si o n  of  C  C R 5  i n tr a n s cri pt s  p er   milli o n ( T P  M) fr o  m

s e v e n   Bi o Pr oj e ct s  of  h u  m a n   mi cr o gli a  c ell s  or r el at e d  e x p eri  m e nt s.
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
s u g g esti n g t h at C C R 5  c o  m pl et e i n hi biti o n d o es  n ot r e  m o v e   H L  H
ris ks  as  ot h ers  h a v e  pr o p os e d  f or    C  O  VI  D- 1 9  ( 9 1 ).  It  is  als o
i nt er esti n g t h at  as t h e  E B  V i nf e cti o n  cl e ar e d i n t h e  p ati e nt, t h e
C C R 5  l e v els,  e v e n    w h e n   d elt a 3 2   h o  m o z y g o us,   d e cr e as e d  i n
s a  m pl e  3.   T h e  ot h er  t hr e e  s a  m pl es    w h er e    w e  o bs er v e d  C C R 5
h o  m o z y g o us  d elt a 3 2   w er e i n s e v er e  o ut c o  m es, i n cl u di n g  p ati e nt
1 5   w h o  h a d l et h al   C  O  VI  D- 1 9,  t h e    M  O  D S  p ati e nt  2 0   w h o  h a d
Al v e ol ar r h a b d o  m y os ar c o  m a a n d  h u  m a n  b et a h er p es vir us  7, a n d
t h e    M  O  D S  p ati e nt  2 7   w h o  r e q uir e d  E  C  M  O  a n d  p ass e d  a  w a y.
O ur c o h ort of 9 8 u ni q u e i n di vi d u als fr o  m t h es e t hr e e st u di es h a d
o nl y  1 3 l et h al  c as es,  of   w hi c h t  w o   w er e  d elt a 3 2  p ositi v e  ( 1 5  %).
T his tr e n d d e  m a n ds f urt h er e v al u ati o n of d elt a 3 2 st at us i n s e psis
a n d  criti c al  c ar e  p ati e nts.
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 2
DI S  C  U S SI  O  N

Cr e ati n g    m o di  fi c ati o n  i n  g e n o  mi c   b a c k gr o u n ds  t h at  ar e   n ot
c o  m  m o nl y  pr es e nt   wit h  t h e  v ari a nt  yi el ds  u n k n o  w n  ris ks  t h at
n e e d t o b e ass ess e d b ef or e   m o vi n g t o h u  m a n e diti n g, p arti c ul arl y
i n  ut er o.    T h e  d elt a 3 2  v ari a nt  is  u ni q u e  t o  s u b p o p ul ati o ns  of
h u  m a ns,  a n d  t h er e  c o ul d  b e  u n k n o  w n  v ari a nts  c o- e v ol v e d  i n
t h es e  p o p ul ati o ns  t h at    m o d ul at e  t h e  d el et eri o us  eff e cts  of  t h e
d elt a 3 2 v ari a nt.   As  C C R 5  is f o u n d   wit hi n a r e gi o n of t h e g e n o  m e
c o nt ai ni n g    m ulti pl e  c yt o ki n e  r e c e pt or  p ar al o gs  a n d  h as  a l ar g e
a n d  c o  m pl e x  li n k a g e   dis e q uili bri u  m   bl o c k  a n d  e  Q T Ls   oft e n
o v erl a p  t h e   diff er e nt   p ar al o gs,   g e n eti c   v ari a nts  c a n   b e  i n
li n k a g e  dis e q uili bri u  m t o  c o  m p e ns at e f or  d el et eri o us  o ut c o  m es.
T  A  B L E  5  |  N e ur ol o gi c al  p h e n ot y p e s f or t h e t o p  h u  m a n   C  C  R 5   mi s s e n s e  v ari a nt s fr o  m   G e n o 2  M P.

V ari a nt H et H o  m P h e n ot y p e

L 5 5  Q 7 1 A b n or  m alit y  of  br ai n   m or p h ol o g y

L 5 5  Q 4 0 E pil e pti c  e n c e p h al o p at h y

L 5 5  Q 4 0 A b n or  m alit y  of  n er v o u s  s y st e  m  p h y si ol o g y

L 5 5  Q 3 0 N e ur o d e v el o p  m e nt al  a b n or  m alit y

R 2 2 3  Q 3 0 I nt ell e ct u al  di s a bilit y

L 5 5  Q 2 0 Mi cr o c e p h al y

L 5 5  Q 2 0 D y st o ni a

L 5 5  Q 2 0 F ati g a bl e   w e a k n e s s

R 2 2 3  Q 2 0 A g e n e si s  of  c or p u s  c all o s u  m

R 2 2 3  Q 2 0 A b n or  m alit y  of  br ai n   m or p h ol o g y

R 2 2 3  Q 2 0 C er e br al  c orti c al  atr o p h y

R 2 2 3  Q 2 0 A b n or  m alit y  of  n er v o u s  s y st e  m   m or p h ol o g y

A 7 3 V 2 0 E pil e pti c  e n c e p h al o p at h y

S 6 3  C 2 0 I nt ell e ct u al  di s a bilit y

L 5 5  Q 1 0 A uti s  m, I nt ell e ct u al  di s a bilit y

L 5 5  Q 1 0 S p a sti c  p ar a pl e gi a

L 5 5  Q 1 0 A b n or  m alit y  of  hi n d br ai n   m or p h ol o g y

L 5 5  Q 1 0 S ei z ur e s

L 5 5  Q 1 0 A b n or  m alit y  of  n er v o u s  s y st e  m   m or p h ol o g y

L 5 5  Q 1 0 I nt ell e ct u al  di s a bilit y

L 5 5  Q 1 0 Gl o b al  d e v el o p  m e nt al  d el a y,   A uti s  m

L 5 5  Q 1 0 Gl o b al  d e v el o p  m e nt al  d el a y

L 5 5  Q 1 0 A b n or  m alit y  of t h e  n er v o u s  s y st e  m

R 2 2 3  Q 1 0 B e h a vi or al  a b n or  m alit y

R 2 2 3  Q 1 0 S ei z ur e s

R 2 2 3  Q 1 0 N e ur o d e g e n er ati o n

R 2 2 3  Q 1 0 A b n or  m alit y  of  hi n d br ai n   m or p h ol o g y

R 2 2 3  Q 1 0 S ei z ur e s

R 2 2 3  Q 1 0 E pil e pti c  e n c e p h al o p at h y

R 2 2 3  Q 1 0 A b n or  m alit y  of  n er v o u s  s y st e  m  p h y si ol o g y

R 2 2 3  Q 1 0 I nt ell e ct u al  di s a bilit y

R 2 2 3  Q 1 0 I nt ell e ct u al  di s a bilit y

R 2 2 3  Q 1 0 Gl o b al  d e v el o p  m e nt al  d el a y

A 7 3 V 1 0 I nt ell e ct u al  di s a bilit y

A 7 3 V 1 0 A g e n e si s  of  c or p u s  c all o s u  m

A 7 3 V 1 0 A b n or  m alit y  of  hi n d br ai n   m or p h ol o g y

A 7 3 V 1 0 A b n or  m alit y  of  br ai n   m or p h ol o g y

A 7 3 V 1 0 I nt ell e ct u al  di s a bilit y

V 1 3 1 F 1 0 A b n or  m alit y  of  hi n d br ai n   m or p h ol o g y

V 1 3 1 F 1 0 A b n or  m alit y  of  br ai n   m or p h ol o g y

V 1 3 1 F 1 0 F ati g a bl e   w e a k n e s s

V 1 3 1 F 1 0 A b n or  m alit y  of  n er v o u s  s y st e  m  p h y si ol o g y

S 6 3  C 1 0 S p a sti c  p ar a pl e gi a

S 6 3  C 1 0 Mi cr o c e p h al y

S 6 3  C 1 0 A b n or  m alit y  of  br ai n   m or p h ol o g y

S 6 3  C 1 0 S ei z ur e s

S 6 3  C 1 0 A b n or  m alit y  of   m o v e  m e nt
D e c
T h e   H et i s t h e  n u  m b er  of  h et er o z y g o u s i n di vi d u al s   wit h t h e  v ari a nt  a n d t h e  a n n ot at e d  p h e n ot y p e  a n d   H o  m  ar e  h o  m o z y g o u s i n di vi d u al s   wit h  p h e n ot y p e.
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
I n  ot h er  p at h ol o gi es, t h es e s h ar e d  v ari a nts t h at r e g ul at e c o u nt er
g e n es h a v e b e e n s h o  w n f or c ar di o v as c ul ar bi ol o g y a n d pr es e nt o n
t h e   Y- c hr o  m os o  m e (9 2 , 9 3 ).   Vi e  w e d i n t h e  c o nt e xt  of  e v ol uti o n
b y  n at ur al s el e cti o n, s el e cti o n  o n  o n e tr ait  h as  c orr el at e d  eff e cts
a n d is oft e n c o nstr ai n e d if t h os e c orr el at e d eff e cts ar e t h e  ms el v es
d el et e ri o u s  ( 9 4 ,  9 5 ).    E diti n g   g e n o  m e s  i s  i n d e p e n d e nt   of
e v ol uti o n a r y   s el e cti o n   o v e r  ti  m e   a n d   c o ul d   r e s ult  i n
u ni n t e n d e d    m e di c al   c o n s e q u e n c e s    d u e   t o   g e n o  mi c
b a c k gr o u n ds  us e d  i n  h u  m a n  e diti n g.  Bi oi nf or  m ati c  st u di es  of
s us c e pti bilit y  l o ci  s u g g est  t h at   pl ei otr o p y,  t h e  e xist e n c e   of
m ulti pl e  f u n cti o n s  f o r   a  si n gl e   g e n e,  f a r  f r o  m   b ei n g  t h e
e x c e pti o n,  a p p e ars t o  b e t h e  r ul e,  n ot  o nl y i n t h e  c as e  of   C  C R 5
b ut  als o i n t h e  c as e  of s us c e pti bilit y l o ci f or  br e ast  c a n c er, l u n g
c a n c er,  c or o n ar y  art er y  dis e as e  a n d  ot h er  s e v er e  dis e as es  ( 9 6 ).
T h us,  u n d erst a n di n g  t h e  eff e cts  of    C  C R 5  r e  m o v al  i n  di v ers e
g e n o  m e b a c k gr o u n ds is criti c al b ef or e i ntr o d u ci n g t h e v ari a nts i n
di v ers e  h u  m a n  b a c k gr o u n ds.   T h es e  st u di es  ar e  v er y  c o  m pl e x,
r e q uiri n g  e xt e nsi v e  d at a,  e x p eri  m e nt ati o n,  a n d  a  gr e at  d e al  of
fi n a n ci al r es o ur c es  a n d ti  m e.

A n  a d diti o n al  s et  of  et hi c al, l e g al,  a n d  s o ci al i  m plic ati o ns  h as
b e e n  br o u g ht t o li g ht  b y t h e   H e Ji a n k ui  aff air, i n   w hi c h   C RI S P R-
C as 9 g e n e e diti n g   w as us e d i n a n att e  m pt t o e dit t h e   C C R 5 g e n e of
t  w o  e  m br y os  t o  t he  D 3 2  v ari a nt    wit h  t h e   h o pe  of  c o nf erri n g
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 3
i  m  m u nit y  t o    HI  V.    T he  g er  m  li n e    w as  cr oss e d,  a n d  t  wi n  b a b y
girls,    N a n a  a n d   L ul u,    w er e  b or n.    T his  u ni v ers all y  c o n d e  m n e d
et hi c al   br e a c h  l e a p e d   o v er  s e v er al  et hi c al  s af e g u ar ds.   B ef or e
tr a nsl ati n g  g er  mli n e  g e n e- e diti n g  t o  t h e  f ertilit y  cli ni c,  it   will  b e
n e c ess ar y t o c ar ef ull y ass ess t h e et hi c al a n d l e g al c o n diti o ns f or its
p er  missi bilit y a n d   m o v e t o  w ar d  fi n er li n e- dr a  wi n g i n  d et er  mi ni n g
t h es e c o n diti o ns (9 7 ).  F or e x a  m pl e, t h er e is a si g nifi c a nt  bi ol o gi c al
a n d  et hi c al  diff er e n ce  b et  w e e n  a  “c orr e cti o n ”  of  a  r ar e,  dis e as e-
ass o ci at e d    m ut ati o n  t o  a   wi d es pr e a d  n o n- p at h o g e ni c  all el e  as  is
b ei n g  i n v esti g at e d  f or    H B B  a n d    M Y B P C 3  i n  t h e  c as e   of  b -
t h al ass e  mi a  a n d  h y p ertr o p hi c  c ar di o  m y o p at h y  r es p e cti v el y,  a n d
att e  m pt e d  e dits  t o   C C R 5   wit h  its  c o  m pl e x,    m ulti pl e  p h e n ot y pi c
eff e cts  a n d   p ot e nti all y   p at h o g e ni c   off-t ar g et  eff e cts  ( 9 7 ,  9 8 ).
G er  mli n e  g e n e-e diti n g  c arri es   wit h it its  o  w n  s et  of  et hi c al iss u es,
m ost  n ot a bl y  e xtr e  m e  u n c ert ai nt y  a b o ut t h e  eff ects  o n t h e  e dit e d
i n di vi d u al,  as t h e  eff e cts  of  e dits—  w h et h er t h os e i nte n d e d,  err ors,
or  off-t ar g et —  t o  t h e  g e n o  m e  e arl y  i n  lif e  r a  mif y  u n pr e di ct a bl y
t hr o u g h o ut  e  m br y o g e n esis  a n d  l at er   d e v el o p  m e nt,  as    w ell  as
c o n c er ns   a b o ut  l o n g-t er  m  i nt er g e n er ati o n al  eff e cts  t h at  ar e
dif fi c ult t o st u d y a n d   w h os e ris ks c a n n ot  b e e asil y ass ess e d.

G e n eti c  a n d  g e n o  mi c  r e d u cti o nis  m  t a k es    m a n y  f or  ms,  a n d
t h e t er  ms  ar e  v ari o usl y  us e d i n t h e  p hil os o p h y  of  bi ol o g y  (9 9 ).
T h e p arti c ul ar f or  m of g e n eti c r e d u cti o nis  m u n d er criti cis  m h er e
FI  G  U  R E  6  |    C  C  R 5  pr ot ei n  n et  w or k  hi g hli g hti n g   mi cr o gli a f a ct or s.  T h e   S T  RI  N  G  pr ot ei n  n et  w or k f or t h e t o p  5 0  pr ot ei n s i nt er a cti n g   wit h   C  C  R 5. I n  gr e e n/ y ell o  w  ar e

v ari o u s  g e n e s  a n n ot at e d t o  c h e  m o ki n e  bi ol o g y,  a n d i n r e d/ bl u e  ar e  g e n e s  c o n n e ct e d t o   mi cr o gli a  bi ol o g y.
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
is t h e   mist a k e n  b eli ef t h at a  gi v e n g e n e st a n ds i n a stri ct  o n e-t o-
o n e  r el ati o ns hi p  t o  a  gi v e n  c h ar a ct er  st at e,    w h er e as  a  o n e-t o-
m a n y r el ati o ns hi p is t h e  r ul e (  9 9 ).    Wit h  r ar e  e x c e pti o ns,  c a us al
p at h  w a ys i n  bi ol o g y  ar e  c o  m pl e x.   Y et, i n t h e  c as e  of  g e n o  mi cs,
t h er e is g o o d r e as o n t o b eli e v e t h at a r e d u cti o nisti c t e n d e n c y  h as
b e e n  i n h erit e d  fr o  m  a  l o n g-st a n di n g  bi o  m e di c al    m o d el  ( 1 0 0 ).
R e d u cti o nis  m  h as  pl a y e d  a n  es p e ci all y  i  m p ort a nt  r ol e  i n  t h e
hist or y  of  u n d erst a n di n g  p at h o g e ni cit y,   wit h t h e l o c us  cl assi c us
b ei n g    K o c h ’s   p ost ul at es,    w h er e b y  it  c a n   b e  e x p eri  m e nt all y
d e  m o nstr at e d  t h at  a  si n gl e  s p e ci es   of    mi cr o or g a nis  m  is  t h e
c a u s e   of   a   p a rti c ul a r   di s e a s e  st at e  ( 1 0 0 ).    B a s e d   o n  t h e
p r e v al e n c e   of  “ g e n e-f o r-  X ”  p u bli c ati o n s  i n  t h e   g e n o  mi c s
lit er at ur e,  t h e  r e d u cti o nisti c   bi o  m e di c al    m o d el  t h at   u n d erl a y
K o c h  ’s  p ost ul at e  t hr o u g h o ut  t h e  e x p a nsi o n  of  t h e  p ar a di g  m  of
t h e  g er  m  t h e or y  of  dis e as e  a p p e ars  t o  h a v e  b e e n  q uit e   wi d el 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 1 4
a d o pt e d  i n  g e n o  mi cs  r es e ar c h,  d es pit e  a c k n o  wl e d g  m e nt  of  t h e
c o  m pl e xit y   a n d   c o nt e xt- d e p e n d e n c e   of   g e n e   e x p r e s si o n,
pl ei otr o p y,  a n d  ot h er  eff e cts  t h at  b eli e  r e d u cti o nis  m  ( 9 6 , 1 0 0 ).
G e n eti c  r e d u cti o nis  m is  b est  u n d erst o o d  as  a  r es e ar c h  str at e g y
fr o  m    w hi c h    m u c h  is  l e ar n e d  i n  its  f ail ur es,    w hi c h   p oi nt  t o
a d diti o n al  el e  m e nts  of  t h e  o v er all  bi ol o gi c al  c o nt e xt  n e c ess ar y
f o r  f ull e r  u n d e r st a n di n g  (1 0 1 ,  1 0 2 ).   I n   ot h e r    w o r d s,
m et h o d ol o gi c al  r e d u cti o ni s  m  s h o ul d   b e   u n d e r st o o d   a s   a
h e uristi c  d e vi c e f or  u n c o v eri n g  o nt ol o gi c al  c o  m pl e xit y ( 1 0 1 ).

A n e x pli cit et hi c al fr a  m e  w or k,   m o d el e d o n i nf or  m e d c o ns e nt,
is   n e c ess ar y  t o   u n d er gir d  a  c ar ef ul,  t h o u g htf ul  a p pr o a c h  t o
a s s e s si n g   a n d   c o n si d e ri n g  t h e   et hi c al,  l e g al,   a n d   s o ci al
i  m pli c ati o ns  of  g e n o  mi c  r es e ar c h  i n    w hi c h    C  O  D E  c a n  pl a y  a
cr u ci al r ol e. I n t h e s a  m e   w a y t h at it  h as b e e n  ur g e d t h at st u d e nts
of   bi ol o g y   n e e d  a  t h or o u g h   u n d erst a n di n g   of  t h e  t o ols  a n d
A B
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C

FI  G  U  R E  7  |    C  C  R 5  e x pr e s si o n i n  bl o o d   P A X g e n e t u b e   R  N A s e q. (  A) B o x  a n d   w hi s k er  pl ot s f or t h e  e x pr e s si o n ( T P  M)  of  C  C R 5  fr o  m  v ari o u s   N  C  BI   Bi o Pr oj e ct s t h at

w er e  g e n er at e d  b y Ill u  mi n a  p air e d- e n d   R  N A- S e q fr o  m  h u  m a n  bl o o d  c oll e ct e d   P A X g e n e t u b e  s a  m pl e s.  Li st e d  n e xt t o  e a c h   Bi o Pr oj e ct  c o d e i s t h e  n u  m b er  of

s a  m pl e s,  a v er a g e  C  C R 5  e x pr e s si o n,  a n d  st a n d ar d  d e vi ati o n  of   C  C  R 5  e x pr e s si o n.  (  B) T h e  T P  M  e x pr e s si o n f or  e a c h  s a  m pl e ( x- a xi s)  of  p a n el  (  A) r el ati v e t o t h e

Bi o Pr oj e ct  n or  m ali z e d  Z- s c or e ( y- a xi s).  T h e t o p  s e v e n  s a  m pl e s  b a s e d  o n  Z- s c or e  ar e l a b el e d.  (  C) T h e  Z- s c or e s f or  o ur t hr e e  pil ot  pr e ci si o n tr a n s cri pt o  m e  d at a s et s,

wit h  o utli er  s a  m pl e s l a b el e d.  (  D) T h e   C  O VI  D- 1 9  st u d y  a n al y si s  of  C  C R 5  n or  m ali z e d  e x pr e s si o n r el ati v e t o   CI  B E  R S  O  R T x  a b s ol ut e   C  D 8  T- c ell  v al u e s.  ( E) T h e  p er c e nt

of tr a n s cri pt s  c o nt ai ni n g t h e  d elt a  3 2  v ari a nt r el ati v e t o   wil d t y p e ( x- a xi s) f or  s a  m pl e s  of  p a n el  (  C) r el ati v e t o t h e   Bi o Pr oj e ct  n or  m ali z e d  Z- S c or e.   All  h o  m o z y g o u s

s a  m pl e s f or  d elt a  3 2  ar e l a b el e d  a s i s t h e  h et er o z y g o u s  s a  m pl e   wit h t h e  hi g h e st  st u d y  Z- s c or e.
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
pri n ci pl es  of et hi cs ( 1 0 3 ), t h e  p u bli c, as st a k e h ol d ers i n ass essi n g
t h e et hi c al, l e g al, a n d s o ci al i  m pli c ati o ns of g e n o  mi c r es e ar c h a n d
g e n o  mi c   m e di ci n e,  n e e d a n u n d erst a n di n g of t h e c o  m pl e xiti es of
m ol e c ul ar  bi ol o g y  t o  t h e  e xt e nt  t h at  t his  c a n  b e  a c hi e v e d.   T h e
i  m p ort a n c e  of  pr o vi di n g t o ols f or  a  br o a d  r a n g e  of  e d u c ati o n al
e n c o u nt ers t o  b uil d a   m or e c o  m pl e x a n d r e alisti c  u n d erst a n di n g
of  g e n o  mi cs  is  n e c ess ar y  if  t h e  p u bli c  is  t o  b e  c o ns ult e d  o n
r es e ar c h  o v ersi g ht,  p oli c y,  a n d  cli ni c al  a p pli c ati o n.   As  r es e ar c h
pr o c e e ds i n t h e st u d y  of   C  C R 5  a n d  ot h er  p ot e nti al i nt er v e nti o n
t ar g ets  f or  g er  mli n e  g e n e  e diti n g,  a  c o  m pl e x  c o n v ers ati o n  is
u nf ol di n g  i n   w hi c h  s ci e ntists,   w h e n  c o ns ult e d  o n  t h e  n e e d  f or
et hi c al  b o u n d ar y  p oli ci n g  a n d  a  c a uti o us  a p pr o a c h  t o    m o vi n g
fr o  m  b asi c t o tr a nsl ati o n al r es e ar c h t o  p ot e nti al  a p pli c ati o n,  ar e
p oi nti n g t o t h e  n e e d t o i n cl u d e t h e  p u bli c i n  d eli b er ati o ns  o v er
w h er e t o  dr a  w t h e li n e i n  g e n e t h er a p y   m or e  br o a dl y  a n d   m or e
s p e cifi c all y  i n  i nt er v e nti o ns  a n d  g e n o  mi c  e dits  t h at  cr oss  t h e
g er  m  li n e  ( 1 0 4 ).    A n  a n al o g y  c a n   b e   dr a  w n    wit h  i nf or  m e d
c o ns e nt,  a  pill ar  of  bi o  m e di c al  et hi cs,    w h er e b y  if  t h e  p u bli c ’s
v oi c e is t o  pl a y a r ol e i n  pr o vi di n g et hi c al g ui d a n c e f or g e n o  mi cs
r es e ar c h  a n d  g e n o  mi c   m e di ci n e, it is  n e c ess ar y f or t h e  p u bli c t o
b e  i nf or  m e d.   C  O  D E  c a n  s er v e  as  a  pl atf or  m  f or  pr o vi di n g  t h e
s orts  of  e d u c ati o n al  t o ols  t o  b e  d e pl o y e d i n  v ari o us  s etti n gs  t o
i  m pr o v e  u n d erst a n di n g  of t h e s ci e n c e  of  g e n o  mi cs.

C o  m pli c ati n g r es e ar c h  a n d  p u b  li c  u n d erst a n di n g,  ass essi n g
t h e   q u alit y   of  l ar g e   p u bli c   d at a b as es   h as   b e e n  c h all e n gi n g.
D uri n g t h e   mi d dl e  of  2 0 1 9,  a   N at ur e    M e di ci n e  st u d y  br o u g ht
t o li g ht t h e  p ossi bilit y t h at  d elt a 3 2  d e cr e as es lif e  e x p e ct a n ci es,
y et t h e r es ults   w er e r etr a ct e d  d u e  t o err ors i n  g e n ot y pi n g.   T his
r et r a cti o n    h a s    h a d   c o n s e q u e n c e s   of    p ot e nti al    p u bli c
mi si nf o r  m ati o n,  s u g g e sti n g  t h at   d elt a 3 2   h a s   n o   n e g ati v e
i  m p a ct,   e v e n  t h o u g h  t h e   st u d y   o nl y   a d d r e s s e d   a  f e  w
ass o ci ati o ns,  a n d  p u bli c  st ori es  r ar el y  dis c uss t h e  k n o  w n  ris ks
of  d elt a 3 2  ( 2 7 ),  s o  m et hi n g  t o   w hi c h  o ur  bl o o d   R  N  A-s e q  als o
l e n ds  s u p p ort.   T h e  r e  m o v al  of  C  C R 5 is  n ot  t h e  o nl y  p ossi bl e
s ol uti o n t o  d e v el o pi n g   HI  V r esist a n c e,   wit h t h e  F  D  A f ast-tr a c k
w or k   o n  c o  m p o u n ds  li k e   L er o nli  m a b  t o  a nt a g o ni z e    C  C R 5
bi n di n g   b y    HI  V.  If  t h es e  c o  m p o u n ds  ar e  s u c c essf ul,  t h e n
g e n o  mi c    m o di fi c ati o n    m a y  b e  u n n e c ess a r y,   wit h    m e di c ati o ns
off eri n g t h e  s af er  a p pr o a c h f or t h e  p ati e nt.    M or e i  m p ort a ntl y,
all   p ot e nti al  tr e at  m e nts   n e e d  t o   b e  c o nsi d er e d  i n  t h e  li g ht
of   all   a v ail a bl e   d at a,  i n cl u di n g  t h ei r  r ol e  i n    m o d ul ati n g
n e ur o d e v el o p  m e nt  a n d  s e psis   o ut c o  m es.    T h es e   dis c ussi o ns
h a v e  di v er g e d  fr o  m  t h e  c e ntr al  q u esti o n  of   w h at   C  C R 5  d o es
wit hi n c ells,   w h y it is i  m p ort a nt, a n d t h e s e v erit y of v ari a nts li k e
d elt a 3 2,    w hi c h  r e  m o v es    m ulti pl e  tr a ns  m e  m br a n e  h eli c es  a n d
t h us   pr e v e nts  t h e  c orr e ct   pr ot ei ns   pr o d u cti o n  a n d  c ell ul ar
l o c ali z ati o n.   F urt h er   dis c ussi o ns  ar e  criti c all y   n e e d e d  i nt o
p ot e nti al   g ai n - of -f u n cti o n   r ol e s   of    mi sf ol d e d    C  C  R 5
d elt a 3 2  ( 1 0 5 )  a n d   o ur  i nt er esti n g   o bs er v ati o n   of  t h e   br o a d
di st ri b uti o n   of   bl o o d    C  C  R 5   d elt a 3 2    R  N  A - b a s e d   all el e
fr e q u e n ci es  i n  h et er o z y g o us  i n di vi d u als  a n d  a c c u  m ul ati o n  of
R  N  A  i n   o n e  i n di vi d u al  t h at    w as   h o  m o z y g o us  (  Fi g u r e   7 E ).
T h us,  t h e   d e v el o p  m e nt   of  e d u c ati o n al    m at eri al  f or   pr oj e cts
li k e   C  C R 5 is  criti c al f or  a   m or e  r o b ust  vi e  w  of t h e  pr ot ei n, its
v ari a nts, a n d its di v ers e p h ysi ol o gi c al f u n cti o ns o utsi d e of   w h at
is  e  m p h asi z e d i n  p o p ul ar   m e di a.
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 5
F urt h er  c o  m pli c ati n g t h e  r ol e  of   C  C R 5 i n  h u  m a n  bi ol o g y is
t h e i nt er pl a y  of  c yt o ki n e  bi ol o g y   wit h   C  C L 3,   C  C L 4,  a n d   C  C L 5
( pri  m ar y  li g a n ds  f or   C  C R 5).   T h e  r ol e  of  t h es e  c h e  m o ki n es  i n
bi ol o g y  a n d  dis e as e  h a v e  b e e n   w ell st u di e d,  a n d t h e y ar e  k n o  w n
t o  pl a y  a  r ol e  i n  ast h  m a,  vir al  i nf e cti o ns,  d e n g u e  f e v er,  a c ut e
ki d n e y dis e as e, a n d   m ulti pl e s cl er osis,   wit h t h e os cill ati o n of t h eir
r ol e  b et  w e e n  b e n efi t  a n d  h ar  m  d e p e n di n g  o n  cir c u  mst a n c e  a n d
i ns ult  (1 0 6 – 1 1 0 ).    Alt h o u g h  s e e n  as  i nfl a  m  m at or y    m e di at ors,
t h es e  c h e  m o ki n es  ar e  i n d u c e d   b y  i nfl a  m  m at or y  c yt o ki n e  i n
m ulti pl e    m o d els,  i n cl u di n g   n e ur al  i n  fl a  m  m ati o n.    T y pi c all y
tr e at e d  as  a  sit e  of i  m  m u n e  pri vil e g e,  r esi d e nt   m a cr o p h a g es,  or
gli al c ells   wit hi n t h e  br ai n,  pl a y a n i nt e gr al r ol e i n f or  m ul ati n g a
pr o p er i n fl a  m  m at or y  r es p o ns e i n  a  st at e  of i nf e cti o n  or i nj ur y.
Mi c r o gli a   h a v e   b e e n  s h o  w n  t o  s e c r et e  t h e  i n  fl a  m  m at o r y
c yt o ki n es  I L- 1 b  a n d   T  N F- a ,  r es ulti n g i n i n cr e as e d  s e cr eti o n  of
C  C L 3  a n d   C  C L 4 (  1 1 1 ), f urt h er  s u p p orti n g t h e  r ol e  of   C  C R 5 i n
mi cr o gli a f u n cti o n  a n d f e e d b a c k.

Si  mil arl y, tr e at  m e nt of h u  m a n br ai n e n d ot h eli al c ells   wit h I L-
1 b ,   T  N F-a ,  a n d  I F  N-g  r es ult e d  i n  a  si g nifi c a nt i n cr e as e  i n  t h e
s e cr eti o n   of    C  C L 3,    C  C L 4,  a n d    C  C L 5,  li k el y  r es ulti n g  i n  a n
i n cr e as e d  c a p a cit y f or l e u k o c yt e  e xtr a v as ati o n  t hr o u g h i nt e gri n
a cti v ati o n ( 1 1 0 , 1 1 2 ).   T h e i nt er pl a y of c yt o ki n es i n t his p ar a di g  m
is  n ot    m o n o dir e cti o n al.   C  C L 5  c a n  s k e  w  t h e  h ost’s C  D 4   T  c ell
r e s p o n s e  t o   p at h o g e n  f r o  m   a    T  H 2   p h e n ot y p e  t o   a    T  H 1
p h e n ot y p e,  alt eri n g  c yt o ki n e  s e cr eti o n.   T his   m o d ul ati o n  r es ults
i n t h e r el e as e  of  pr oi nfl 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 F  N-g ,  f urt h er  p ot e nti ati n g  t h e  s k e  wi n g  (1 0 8 ).    T h e  bi ol o gi c al
c o  m pl e xit y of   C  C R 5, its li g a n ds, a n d t h e i nt er pl a y of t h e i  m  m u n e
r es p o ns e  as  a   w h ol e  d e  m o nstr at es t h e  n e e d f or  a   m or e  n u a n c e d
dis c ussi o n  of  o ur  u n d erst a n di n g  of t h e  a v ail a bl e  d at a.

Mi cr o gli a,  t h e  r esi d e nt    m a cr o p h a g es  of  t h e  c e ntr al  n er v o us
s yst e  m,  e x pr ess   C  C R 5  as  dis c uss e d.    Mi cr o gli a  c o ntri b ut e t o t h e
bl o o d- br ai n   b arri er  ( B B B)  a c c o  m p a ni e d   b y  a    m es h  w or k   of
e n d ot h eli al   c ell s,   a st r o c yt e s,   p e ri c yt e s,   a n d   a   b a s e  m e nt
m e  m br a n e (  1 1 3 ). I n  e arl y  d e v el o p  m e nt,   mi cr o gli a  c o ntri b ut e t o
t h e pr u ni n g of n e ur o ns,   wit h d ysr e g ul ati o n of t his pr o c ess k n o  w n
t o c o ntri b ut e t o a utis  m s p e ctr u  m dis or d ers (1 1 4 ).   T h e li g a n ds f or
C  C R 5 (  C  C L 3,   C  C L 4, a n d   C  C L 5) dis pl a y e x pr essi o n pr o  fi l es fr o  m
astr o c yt es,  e n d ot h eli al  c ells,  mi cr o gli a,  a n d  wit hi n  s p e ci fi c
s u b p o p ul ati o ns  of   n e ur o ns  (1 1 2 ,  1 1 5 ).    C  C R 5  e x pr essi o n  a n d
a cti v ati o n  b y  its  r es p e cti v e  li g a n ds  pr o  m ot e   C  C R 5 +  l e u k o c yt e
a d h esi o n  a n d  tr a ns  mi gr ati o n  t hr o u g h  t h e  bl o o d- br ai n  b arri er
(1 1 6 ).  I n  r es p o ns e  t o    C  N S  i ns ults,    C  C R 5  is   u pr e g ul at e d,
pr o  m pti n g  a n  i n fl a  m  m at or y  r es p o ns e  ( 1 1 7 ).  I n  str o k e,    C  C R 5
k n o c k- o ut is  est a blis h e d t o i n cr e as e t h e  s e v erit y  of  br ai n i nj ur y
(1 1 8 ).   H o  w e v er, t his f u n cti o n  of   C  C R 5 i n  p at h ol o gi c al  st at es is
eit h er  b e n e fi ci al  or  d etri  m e nt al  d e p e n di n g  o n t h e i n citi n g e v e nt.
St u di es   wit h i nf e cti o us  a g e nts s u c h  as  T o x o pl as  m a  g o n dii  (1 1 9 ),
H er p es  Si  m pl e x   Vir us  t y p e  1  (  1 2 0 ),  a n d    H er p es  si  m pl e x  vir us
t y p e  2 (1 2 1 )  h a v e s h o  w n t h at  k n o c ki n g  o ut C C R 5  c o ntri b ut es t o
e n h a n c e d i nf e cti o n  a n d i n cr e as e d  dis e as e  s e v erit y, li k el y  d u e t o
bl u nti n g  of t h e i  m  m u n e r es p o ns e.

O n t h e c o ntr ar y,   m al ari al i nf e cti o n   wit h c er e br al i n v ol v e  m e nt
i n  C  C R 5  k n o c k- o ut    mi c e  r e s ult e d  i n   n e u r o p r ot e cti o n   b y
d e cr e asi n g  l y  m p h o c yt e    mi gr ati o n  a n d  d estr u cti o n  of  t h e   C  N S
(1 2 2 ).    M u c h li k e  o ur  bl o o d  C C R 5  e x pr essi o n  a n al ysis, t his  d at a
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
s u g g ests a b al a n c e of i nf e cti o n t o o ut c o  m es b as e d o n   C  C R 5 i n t h e
br ai n.   D es pit e t h e  pr o  mi n e nt i  m  m u n ol o gi c al r ol e  of   C  C R 5,  b ot h
p eri p h er all y  a n d  c e ntr all y,  d o  w nr e g ul ati o n  of  C C R 5  d o es  n ot
r e d u c e  i  m  m u n e    mi cr o gli al  tr a ns  mi gr ati o n  i n  t h e    C  N S  d uri n g
p at h ol o gi c al  i ns ults  ( 1 2 3 ),  i n di c ati n g  t h at  t h er e   ar e   ot h er
alt er n ati v e   p at h  w a ys   a bl e  t o  c o  m p e ns at e  f or   a   d a  m p e n e d
i  m  m u n e  r es p o ns e.   C o nstit uti v e  b as al l e v els  of C C R 5  e x pr essi o n
wit hi n  t h e   C  N S  i n  t h e  a bs e n c e  of  p at h ol o g y  i n di c at e  a n cill ar y
r ol es f or t his c h e  m o ki n e r e c e pt or  o utsi d e  of t h e  k n o  w n i  m  m u n e
s yst e  m  c o  m p o n e nt-  wit h  st u di es  s u p p orti n g  its  i n v ol v e  m e nt  i n
n e ur al  d e v el o p  m e nt  a n d  p h ysi ol o gi c al f u n cti o ni n g.

T h e  c o  m pl e x r ol e   C  C R 5  pl a ys i n t h e  c e ntr al  n er v o us s yst e  m
b e y o n d  t h e  i  m  m u n e  s yst e  m   h as   n ot  b e e n  f ull y  fl es h e d   o ut;
h o  w e v er, it  h as  b e e n  d e  m o nstr at e d  t o  pl a y  a  r ol e i n  f et al   C  N S
d e v el o p  m e nt,  n e ur o n al  diff er e nti ati o n, a n d  n e ur o n al s ur vi v al. I n
a  st u d y  b y    W est  m or el a n d  et  al.,  it    w as  f o u n d  t h at  C C R 5  w as
e x pr ess e d  b y  pri  m at e f et al c ells   wit h i n cr e asi n g  e x pr essi o n fr o  m
birt h t o  9   m o nt hs  of  a g e ( 1 2 4 ).  F urt h er st u di es  h a v e s h o  w n t h at
C  C R 5 a cti v ati o n r es ults i n  n e ur o n al diff er e nti ati o n a n d  n e ur o n al
s ur vi v al  d uri n g  a p o pt oti c  st at es  ( 1 2 5 , 1 2 6 ).   T h e  e x pr essi o n  of
c h e  m o ki n e  r e c e pt ors,  s u c h  as    C  C R 5,   pl a ys  a  r ol e  i n   n e ur al
pr o g e nit or  c ell    mi gr ati o n  a n d   n e ur o n al  c o n n e cti o ns  ( 1 2 7 ).
C oll e cti v el y,  it  a p p e ars  t h at    C  C R 5  pl a ys  a  r ol e  i n  n e ur al  c ell
mi gr ati o n,   diff er e nti ati o n,  a n d  s ur vi v al   d uri n g  t h e   p ost n at al
p eri o d   of    C  N S   d e v el o p  m e nt,  c orr el ati n g  t o  t h e  ti  mi n g   of
mi cr o gli al  pr u ni n g.    T his  c o n cl usi o n  is  als o  s u p p ort e d  b y  t h e
f a ct t h at   m a n y   C  N S t u  m ors  u pr e g ul at e   C  C R 5  d uri n g t h eir r a pi d
gr o  wt h,  i n cl u di n g  gli o bl ast o  m a    m ultif or  m e  ( 1 2 8 )  a n d  pri  m ar y
C  N S l y  m p h o  m a  (  1 2 9 ).  F urt h er i nsi g ht i nt o   C  C R 5’s  r ol e i n  t h e
C  N S is  n e e d e d t o  d et er  mi n e t h e s p e ci  fi c   m e c h a nis  ms at   w hi c h it
is i n v ol v e d  o utsi d e  of t h e  k n o  w n i  m  m u n e f u n cti o ns.

C  O  D E    p r oj e ct s  l o  w e r   t h e   b a r ri e r s   t o   e n g a gi n g  i n
bi oi nf or  m ati cs  r es e ar c h  b y  pl a ci n g  g e n o  mi c  a n al ysis   wit hi n t h e
gr as p  of  a  br o a d  a n d  di v ers e  a u di e n c e.    A  t y pi c al  pr oj e ct  p at h
mirr ors  t h e   a p pr o a c h  t a k e n   b y  cli ni c al  r es e ar c h   a n al ysts,
b e gi n ni n g    wit h  d at a b as e  r es e ar c h,  f oll o  w e d  b y    m o d eli n g  a n d
si  m ul ati o ns,  a n d  c ul  mi n ati n g  i n   d at a  a n al ysis.  St u d e nts  fi rst
i d e ntif y  a  g e n eti c  v ari a nt  of i nt er est i d e ntifi e d t hr o u g h  g e n o  mi c
r es e ar c h  at   H u ds o n  Al p h a,   Mi c hi g a n  St at e   U ni v ersit y,  or fr o  m  a
p u bli cl y  a v ail a bl e   g e n o  m e   d at a b as e  li k e    Cli n  V ar  ( h u  m a n).
St u d e nts  us e  p u bli cl y  a v ail a bl e  d at a b as es  a n d  r el e v a nt  s oft  w ar e
t o  l e ar n    m or e  a b o ut  t h e  g e n e  c o nt ai ni n g  t h e  v ari a nt  a n d  its
f u n cti o n al   pr o d u ct.  St u d e nts  c o  m p ar e  t h e  g e n o  mi c  s e q u e n c e
wit h  si  mil ar  s e g  m e nts  fr o  m   ot h er   or g a nis  ms  t o  st u d y  t h e
e v ol uti o n ar y  c o ns er v ati o n   of   b ot h    D  N  A  a n d   pr ot ei n.    T his
i nf o r  m ati o n   h el p s  i n    m a ki n g   p r e di cti o n s  r e g a r di n g  t h e
f u n cti o n al  c o ns e q u e n c e  of t h e   D  N  A  v ari a nt.

St u d e nts   n e xt  e  m pl o y    m ol e c ul ar    m o d eli n g  t o  st u d y   h o  w
v a ri a nt s    m a y   alt e r  t h e   p r ot ei n.    T hi s  t y p e   of    m ol e c ul a r
vis u ali z ati o n  pr o vi d es  ess e nti al  s u p p ort  f or  r e as o ni n g  o n  a n d
f or  m ul ati n g  h y p ot h es es  r el at e d t o    m ol e c ul ar  str u ct ur e.   C urr e nt
s oft  w ar e  t o ols  s u c h  as   Y  A S  A R  A,  P y  M  O L,  a n d   U  C S F   C hi  m er a
all o  w st u d e nts t o b uil d a 3-  D   m o d el of a pr ot ei n, i ns ert a v ari a nt,
a n d  vis u ali z e   w h et h er  t h e  v ari a nt  c h a n g es  pr ot ei n  f ol di n g  a n d
str u ct ur e.   St u d e nts  c a n  t h e n  st u d y  t h e    D  N  A   v ari a nt  i n   a
c o  m p ut ati o n all y - d e ri v e d   c ell ul a r   e n vi r o n  m e nt,   r u n ni n g
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si  m ul ati o ns  t o   pr e di ct   h o  w  t h e   v ari a nt- c o nt ai ni n g   pr ot ei n
mi g ht  b e h a v e i nsi d e  a  c ell.   M u c h li k e t his st u d y, t h at   m ol e c ul ar
l e v el  k n o  wl e d g e  c a n   b e  c o  m bi n e d    wit h  a n al ysis   of    m ulti pl e
e x pr essi o n  d at a b as es  t o  all o  w  t h e  st u d e nts  t o  i d e ntif y  t h e  c ell
t y p es a n d tiss u es   w h er e t h e v ari a nts   mi g ht alt er f u n cti o n, k n o  w n
a n d  g e n ot y p e-t o- p h e n ot y p e  i nsi g hts.   T his  t y p e  of  a n al ysis  c a n
f a cilit at e  u n d erst a n di n g  of t h e  v ari a nt’s  eff e ct  a n d  e v e n  pr o vi d e
i nsi g ht i nt o i nt er v e nti o ns t o offs et p ot e nti all y  d a  m a gi n g i  m p a cts.
St u d e nts   d o c u  m e nt  t h eir    w or k  a n d  fi n di n gs   of  t h eir  g e n eti c
v ari a nt  i n    writt e n  r e p orts,  p ost er  pr es e nt ati o ns,  a n d  r es e ar c h
t al ks at t h eir s c h o ols a n d s ci e ntifi c c o nf er e n c es a n d c o ntri b ut e t o
p u blis h e d  r es e ar c h  i n  r el e v a nt  j o ur n als.    As  a  b y pr o d u ct,  t h e
st u d e nts oft e n g e n er at e e d u c ati o n al r es o ur c es s u c h as 3  D   m o d els,
vi d e os,  a n d    w or ks h e ets  t h at  c a n  i nf or  m  cli ni c al  a n al ysis  a n d
br o a d er  u n d erst a n di n g  of  g e n eti c  v ari a nts,  s u c h  as  s h o  w n  h er e
f or   C  C R 5.

T his  r e p ort  o n  t h e  i  m p a ct  of  st u di es  f u el e d   b y  a c a d e  mi c
r es o ur c es  s h e d  li g ht  o n  t h e  n e e d  f or  a n d  p ot e nti al  i  m p a ct  of
a p pl yi n g  e d u c ati o n  r es o ur c es  t o  c as es  i n   g e n o  mi cs.  I n  t h e
gr o  wi n g  er a  of  pr e cisi o n   m e di ci n e, t h e  n e e d f or t o ols t o  d e fi n e
t h e  eff e cts  of  v ari a nts  (9 0 )  a n d  pr o p a g at e  t h e  i nf or  m ati o n  t o
p ati e nts a n d t h e  p u bli c  h as gr o  w n, es p e ci all y t o c o  m b at g e n o  mi c
r e d u cti o nis  m.   C  O  D E pr o vi d es u n d er gr a d u at e st u d e nts at di v ers e
i nstit uti o ns    wit h  a n  i  m pr o v e d  u n d erst a n di n g  of  g e n eti cs  a n d
d e v el o pi n g  e d u c ati o n al    m at eri al.    As   k n o  wl e d g e  c o nti n u es  t o
gr o  w  f or    C  C R 5,  s e v er al  of  t h e    C  O  D E  st u d e nts  c a n  c o nti n u e
e n g a gi n g  i n    m ol e c ul ar-l e v el  r es e ar c h,  s u c h  as  si  m ul ati n g  t h e
r e c e ntl y  s ol v e d    C  C R 5  li g a n d- b o u n d  str u ct u r e s  ( 1 3 0 )  a n d
i nt e gr ati n g  t h e  k n o  wl e d g e  i nt o  o ur  t o ols.    W e  h a v e  e x p a n d e d
t h es e t o ols t o  cli ni c al  v ari a nts fr o  m t h e   H u ds o n  Al p h a  g e n o  mi c
s e q u e n ci n g   p r oj e ct s  t o   h el p   e x pl ai n  c o  m pl e x    V a ri a nt s   of
U n c ert ai n  Si g ni  fi c a n c e  (  V  U S),  i n cl u di n g    M E  D 1 3  ( 1 3 1 )  a n d
R  A L  A  ( 1 3 2 )  t h at  c a n  b e  f o u n d  at  pr o k o pl a b. c o  m/ e d u c ati o n al-
r es o ur c es/.   At  t h e  o ut br e a k  of  t h e  S  A R S-  C o  V- 2  p a n d e  mi c,   w e
als o   us e d  t his  s a  m e    w or k fl o  w  t o  est a blis h  criti c al  a n d  r a pi d
i nsi g hts  o n  t h e  vir al  e n c o d e d  pr ot ei ns  a n d  t h eir  i nt er a cti o ns
wit h   h ost   pr ot ei ns   utili zi n g    C  O  D E  as  a   distri b ut e d  r es e ar c h
n et  w o r k  t o  g ai n  f a st e r  i n si g ht s  of  p r ot ei n s  ( 1 3 3 ,  1 3 4 ).
E x p a n di n g  t h es e  t o ols  t o  a d diti o n al  pr oj e cts  a n d  c oll a b or ati o n
will  o p e n  a  d o or f or e d u c ati o n al i nf or  m ati o n i n t h e  n e e d e d  ar e a
of  g e n o  mi cs  a n d  g e n o  mi c   m e di ci n e.
D  A T  A   A V  AI L  A  BI LI T  Y   S T  A T E  M E  N T

T he   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
re p osit ories.  T he  n a  mes  of t he re p osit or y/re p osit ories  a n d  ac cessi o n
n u  m ber(s) c a n  be f o u n d i n t he  arti cle/s u p ple  me nt ar y   m ateri al.
A  U T  H  O  R   C  O  N T  RI  B  U TI  O  N S

J B,   R S,   R  O, J  M,   A E,   C S, S  C, a n d J P c o ntri b ut e d t o t h e g e n er ati o n
of   C  C R 5 a  mi n o a ci d k n o  wl e d g e b as e or e x pr essi o n a n al ysis.   M  M,
L B,   C L S,    D  H,  a n d  J P  c o ntri b ut e d  t o  t h e  g e n er ati o n  of    C  C R 5
e d u c ati o n al   m at eri al. J B,   R S,   R  O, J  M,   A E, J Z,   N  H,  B  C,  S R,   C B,
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B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
a n d J P c o ntri b ut e d t o t h e  a n al ysis  a n d i nt er pr et ati o n  of  3  h o us e
R  N  As e q  st u di es.  J  H  c o ntri b ut e d   p hil os o p hi c al   o v ersi g ht   of
g e n o  mi c  r e d u cti o nis  m.    M  M,    C L S,  S  C,    B  C,  S R,    C B,  a n d  J P
s u p er vis e d  t h e  c o  m pl eti o n   of  all    w or k.  J B,    M  M,  J Z,  a n d  J P
wr ot e  t h e    m a n us cri pt.    All  a ut h ors  c o ntri b ut e d  t o  t h e  arti cl e
a n d  a p pr o v e d t h e s u b  mitt e d  v ersi o n.
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T his    w or k    w as  s u p p ort e d  b y  t h e  S p e ctr u  m    H e alt h  a n d    M S  U
Alli a n c e    C or p or ati o n,  S p e ctr u  m    H e alt h  F o u n d ati o n,    N ati o n al
I nstit ut es  of    H e alt h  (  K 0 1 E S 0 2 5 4 3 5  t o  J P),   G er b er  F o u n d ati o n,
a n d   Mi c hi g a n  St at e   U ni v ersit y.
R E F E  R E  N  C E S

1.    C a  m pi o n    M,    G ol d g ar    C,    H o p ki n    RJ,   Pr o  ws    C  A,    D as g u pt a  S.    G e n o  mi c

E d u c ati o n  f or  t h e   N e xt   G e n er ati o n  of    H e alt h-  C ar e  Pr o vi d ers.  G e n et    M e d

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

2.   L e a   D  H,   K a p hi n gst   K  A,  B o  w e n   D,  Li p k us I,   H a dl e y   D  W.   C o  m  m u ni c ati n g

G e n eti c   a n d    G e n o  mi c  I nf or  m ati o n:    H e alt h   Lit er a c y   a n d    N u  m er a c y

C o nsi d er ati o ns.  P  H  G  ( 2 0 1 1)  1 4: 2 7 9– 8 9.  d oi:  1 0. 1 1 5 9/ 0 0 0 2 9 4 1 9 1

3.    C h a p  m a n   R,  Li k h a n o v   M,  S elit a  F,   Z a k h ar o v I,  S  mit h-  W o oll e y  E,   K o v as   Y.

N e  w Lit er a c y   C h all e n g e f or t h e   T  w e nt y- First   C e nt ur y:   G e n eti c   K n o  wl e d g e Is

P o or  E v e n    A  m o n g    W ell  E d u c at e d.  J   C o  m  m u nit y   G e n et  ( 2 0 1 9)  1 0: 7 3– 8 4.

d oi:  1 0. 1 0 0 7/s 1 2 6 8 7- 0 1 8- 0 3 6 3- 7

4.    D o u g h ert y   MJ,  Pl e as a nts   C, S ol o  w  L,   W o n g   A,   Z h a n g   H.   A   C o  m pr e h e nsi v e

A n al ysis  of   Hi g h  S c h o ol   G e n eti cs  St a n d ar ds:   Ar e  St at es   K e e pi n g  P a c e    Wit h

M o d er n   G e n eti cs?  C B E  Lif e Sci  E d uc  ( 2 0 1 1) 1 0: 3 1 8– 2 7. d oi: 1 0. 1 1 8 7/ c b e. 1 0-

0 9- 0 1 2 2

5.    Wil c o x   R L,   A d e  m  P  V,   Afs hi n n e k o o  E,   At ki ns o n J B,  B ur k e  L  W,   C h e u n g   H,

et al.   T h e   U n d er gr a d u at e   Tr ai ni n g i n   G e n o  mi cs (  U T RI  G) I niti ati v e:  E arl y   &

A cti v e    Tr ai ni n g  f or  P h ysi ci a ns  i n  t h e    G e n o  mi c    M e di ci n e  Er a.  P er    M e d

( 2 0 1 8)  1 5: 1 9 9– 2 0 8.  d oi:  1 0. 2 2 1 7/ p  m e- 2 0 1 7- 0 0 7 7

6.    H yl a n d   K,   D as g u pt a  S.    M e di c al   G e n eti cs  a n d   G e n o  mi cs  E d u c ati o n  a n d its

I  m p a ct  o n   G e n o  mi c  Lit er a c y  of t h e   Cli ni c al    W or kf or c e.  G e n et    M e d  ( 2 0 1 9)

2 1: 1 2 5 9 – 6 0.  d oi:  1 0. 1 0 3 8/ gi  m. 2 0 1 7. 1 2 7

7.    A n d ers o n   G,   Alt-  W hit e   A  C, S c h a a   K L,  B o y d   A  M,   K as p er   C E.   G e n o  mi cs f or

N ursi n g  E d u c ati o n  a n d  Pr a cti c e:   M e as uri n g   C o  m p et e n c y.  W orl d vi e  ws  E vi d

B as e d   N urs  ( 2 0 1 5)  1 2: 1 6 5– 7 5.  d oi:  1 0. 1 1 1 1/  w v n. 1 2 0 9 6

8.    C a  m a k    DJ.  I n cr e asi n g  I  m p ort a n c e  of    G e n eti cs  i n    N ursi n g.  N urs e   E d uc

T o d a y  ( 2 0 1 6)  4 4: 8 6– 9 1.  d oi:  1 0. 1 0 1 6/j. n e dt. 2 0 1 6. 0 5. 0 1 8

9.    C hrist e ns e n   K  D,   V ass y  J L,  J a  m al  L,  L e h  m a n n  L S,  Sl as hi ns ki    MJ,  P e rr y

D L,  et  al.    Ar e   P h ysi ci a ns   Pr e p ar e d  f or    W h ol e    G e n o  m e  S e q u e n ci n g ?

A    Q u alit ati v e    A n al ysis.  Cli n    G e n et  ( 2 0 1 6)   8 9: 2 2 8– 3 4.   d oi:   1 0. 1 1 1 1/

c g e. 1 2 6 2 6

1 0.    D o u g h ert y    MJ,   L o nt o k    K S,    D o ni g a n    K,    M cI n er n e y  J  D.    T h e    Criti c al

C h all e n g e  of  E d u c ati n g  t h e  P u bli c    A b o ut    G e n eti cs.  C urr   G e n et    M e d   R e p

( 2 0 1 4)  2: 4 8– 5 5.  d oi:  1 0. 1 0 0 7/s 4 0 1 4 2- 0 1 4- 0 0 3 7- 7

1 1.    K o e hl y  L  M,   P ers k y  S,  S p otts   E,    A c c a    G.  S o ci al  a n d   B e h a vi or al  S ci e n c e

Pri oriti es  f or    G e n o  mi c    Tr a nsl ati o n.  Tr a nsl   B e h a v    M e d  ( 2 0 1 8)  8: 1 3 7– 4 3.

d oi:  1 0. 1 0 9 3/t b  m/i b x 0 5 2

1 2.  St er n   F,    K a  m p o ur a kis    K.    T e a c hi n g  f or    G e n eti cs   Lit er a c y  i n  t h e   P ost-

G e n o  mi c   Er a.  St u d  Sci  E d uc  ( 2 0 1 7)  5 3: 1 9 3– 2 2 5.  d oi:  1 0. 1 0 8 0/ 0 3 0 5 7 2 6 7.

2 0 1 7. 1 3 9 2 7 3 1

1 3.    D o n o v a n  B  M,    W ei n dli n g    M,  S al a z ar  B,    D u n c a n   A,  St u hls at z    M,   K e c k  P.

G e n o  mi cs   Lit er a c y    M att ers:  S u p p orti n g  t h e    D e v el o p  m e nt   of    G e n o  mi cs

Lit er a c y    T hr o u g h    G e n eti cs   E d u c ati o n    C o ul d    R e d u c e  t h e   Pr e v al e n c e   of

G e n eti c   Ess e nti alis  m.  J  R es  Sci  T e ac h  ( 2 0 2 1)   5 8: 5 2 0– 5 0.   d oi:   1 0. 1 0 0 2/

t e a. 2 1 6 7 0

1 4.    G eri c k e   N,   C ar v er   R,   C ast e  r a J,  E v a n g elist a   N  A  M,   M arr e   C  C,  El-  H a ni   C  N.

E x pl ori n g   R el ati o ns hi ps    A  m o n g  B eli ef  i n    G e n eti c    D et er  mi nis  m,    G e n eti cs

K n o  wl e d g e,  a n d  S o ci al  F a ct ors.  Sci  E d uc  ( 2 0 1 7)  2 6: 1 2 2 3– 5 9.  d oi:  1 0. 1 0 0 7/

s 1 1 1 9 1- 0 1 7- 9 9 5 0- y

1 5.    T or n a b e n e    R E,   S b e gli a    G  C,    N e h  m    R  H.    M e as uri n g    B eli ef  i n    G e n eti c

D et er  mi nis  m: A  Ps y c h o  m etri c  E v al u ati o n  of  t h e  P  U  G  G S  I nstr u  m e nt.  Sci

E d uc  ( 2 0 2 0)  2 9: 1 6 2 1– 5 7.  d oi:  1 0. 1 0 0 7/s 1 1 1 9 1- 0 2 0- 0 0 1 4 6- 2

1 6.    U e b er g a n g  E,  B est S, d e Sil v a   M  G, Fi nl a y   K.   U n d erst a n di n g   G e n o  mi c   H e alt h

I nf or  m ati o n:    H o  w  t o    M e et  t h e   N e e ds  of  t h e   C ult ur all y  a n d  Li n g uisti c all y

Di v ers e   C o  m  m u nit y- a    Mi x e d    M et h o ds  St u d y.  J   C o  m  m u nit y   G e n et  ( 2 0 2 1)

1 2: 5 4 9 – 5 7.  d oi:  1 0. 1 0 0 7/s 1 2 6 8 7- 0 2 1- 0 0 5 3 7- 0
1 7.  Str o h  m a n   R  C.   G e n eti c   D et er  mi nis  m  as  a  F aili n g  P ar a di g  m i n  Bi ol o g y  a n d

M e di ci n e.  J  S o c  W o r k  E d u c  ( 2 0 0 3 )   3 9: 1 6 9 – 9 1.    d oi:   1 0. 1 0 8 0 /

1 0 4 3 7 7 9 7. 2 0 0 3. 1 0 7 7 9 1 3 0

1 8.    N e  w  m a n   D L,   C o a kl e y   A,  Li n k   A,    Mills   K,    Wri g ht  L  K.  P u n n ett  S q u ar es  or

Pr ot ei n  Pr o d u cti o n?   T h e  E x p ert-  N o vi c e   Di vi d e  f or   C o n c e pti o ns  of   G e n es

a n d   G e n e  E x pr essi o n.  C B E Lif e Sci  E d uc  ( 2 0 2 1) 2 0: ar 5 3. d oi: 1 0. 1 1 8 7/ c b e. 2 1-

0 1- 0 0 0 4

1 9.   Li u    R,   P a xt o n    W  A,    C h o e   S,    C er a di ni    D,    M arti n   S R,    H or u k    R,  et  al.

H o  m o z y g o us    D ef e ct  i n    HI  V- 1    C or e c e pt or    A c c o u nts  f or    R esist a n c e   of

S o  m e    M ulti pl y- E x p os e d  I n di vi d u als  t o    HI  V- 1  I nf e cti o n.  C ell  ( 1 9 9 6)

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

2 0.  S a  ms o n    M,  Li b ert  F,    D or a n z  BJ,   R u c k er  J,  Li es n ar d   C,  F ar b er   C  M,  et  al.

R esist a n c e  t o    HI  V- 1  I nf e cti o n  i n    C a u c asi a n  I n di vi d u als   B e ari n g    M ut a nt

All el es  of t h e   C  C R- 5   C h e  m o ki n e   R e c e pt or   G e n e.  N at ur e  ( 1 9 9 6)  3 8 2: 7 2 2– 5.

d oi:  1 0. 1 0 3 8/ 3 8 2 7 2 2 a 0

2 1.    H ütt er   G,   N o  w a k   D,   M oss n er   M,   G a n e p ol a S,   M üssi g   A,   All ers   K, et al. L o n g-

T er  m   C o ntr ol of   HI  V b y   C  C R 5   D elt a 3 2/  D elt a 3 2 St e  m-  C ell   Tr a ns pl a nt ati o n.

N  E n gl J   M e d  ( 2 0 0 9)  3 6 0: 6 9 2– 8.  d oi:  1 0. 1 0 5 6/  N EJ  M o a 0 8 0 2 9 0 5

2 2.    H u a n g   Y,  P a xt o n    W  A,    W oli ns k y  S  M,   N e u  m a n n   A  U,   Z h a n g  L,   H e   T,  et  al.

T h e   R ol e  of  a    M ut a nt   C  C R 5    All el e  i n    HI  V- 1   Tr a ns  missi o n  a n d    Dis e as e

Pr o gr essi o n.  N at   M e d  ( 1 9 9 6)  2: 1 2 4 0– 3.  d oi:  1 0. 1 0 3 8/ n  m 1 1 9 6- 1 2 4 0

2 3.    H e  J,   C h e n   Y,  F ar z a n    M,   C h o e   H,   O h a g e n   A,   G art n er  S,  et  al.   C  C R 3  a n d

C  C R 5  ar e   C o- R e c e pt ors  f or    HI  V- 1  I nf e cti o n  of    Mi cr o gli a.  N at ur e  ( 1 9 9 7)

3 8 5: 6 4 5 – 9.  d oi:  1 0. 1 0 3 8/ 3 8 5 6 4 5 a 0

2 4.    K a n g   H,   Mi n d er  P,  P ar k   M  A,   M es q uitt a   W- T,   T or b ett  B E, Sl u k vi n II.   C  C R 5

Disr u pti o n i n I n d u c e d  Pl uri p ot e nt St e  m   C ells   Usi n g   C RI S P R/  C as 9  Pr o vi d es

S el e cti v e   R esist a n c e  of  I  m  m u n e   C ells  t o   C  C R 5- Tr o pi c    HI  V- 1    Vir us.  M ol

T h er   N ucl eic   Aci ds  ( 2 0 1 5)  4: e 2 6 8.  d oi:  1 0. 1 0 3 8/  mt n a. 2 0 1 5. 4 2

2 5.    X u  L,   Y a n g   H,   G a o   Y,   C h e n   Z,   Xi e  L,  Li u   Y,  et  al.   C RI S P R/  C as 9-  M e di at e d

C  C R 5    A bl ati o n  i n    H u  m a n    H e  m at o p oi eti c  St e  m/ Pr o g e nit or   C ells   C o nf ers

HI  V- 1    R esist a n c e  I n    Vi v o.  M ol    T h er  ( 2 0 1 7)   2 5: 1 7 8 2– 9.   d oi:   1 0. 1 0 1 6/

j. y  mt h e. 2 0 1 7. 0 4. 0 2 7

2 6.    Cr a di c k   TJ,  Fi n e  EJ,   A nti c o   CJ,  B a o   G.   C RI S P R/  C as 9  S yst e  ms   T ar g eti n g  b -

Gl o bi n a n d   C  C R 5   G e n es   H a v e S u bst a nti al   Off- T ar g et   A cti vit y.  N ucl eic   Aci ds

R es  ( 2 0 1 3)  4 1: 9 5 8 4– 9 2.  d oi:  1 0. 1 0 9 3/ n ar/ g kt 7 1 4

2 7.    O p p er  m a n n    M.    C h e  m o ki n e    R e c e pt or    C  C R 5:  I nsi g hts  I nt o   Str u ct ur e,

F u n cti o n,  a n d    R e g ul ati o n.  C ell  Si g n al  ( 2 0 0 4)  1 6: 1 2 0 1– 1 0.   d oi:  1 0. 1 0 1 6/

j. c ellsi g. 2 0 0 4. 0 4. 0 0 7

2 8.    X u L,   W a n g J, Li u   Y,   Xi e L, S u  B,   M o u   D, et al.   C RI S P R- E dit e d St e  m   C ells i n

a  P ati e nt   Wit h   HI  V a n d   A c ut e  L y  m p h o c yti c  L e u k e  mi a.  N  E n gl J   M e d  ( 2 0 1 9)

3 8 1: 1 2 4 0 – 7. d oi:  1 0. 1 0 5 6/  N EJ  M o a 1 8 1 7 4 2 6

2 9.    U hl e n    M,   O ks v ol d  P,  F a g er b er g  L,  L u n d b er g  E,  J o n ass o n   K,  F ors b er g    M,

et  al.   T o  w ar ds  a   K n o  wl e d g e- B as e d    H u  m a n  Pr ot ei n   Atl as.  N at  Bi ot ec h n ol

( 2 0 1 0)  2 8: 1 2 4 8– 5 0.  d oi:  1 0. 1 0 3 8/ n bt 1 2 1 0- 1 2 4 8

3 0.   L o ets c h er  P,   U g u c ci o ni   M,  B or d oli  L,  B a g gi oli ni   M,   M os er  B,   C hi z z oli ni   C,

et al.   C  C R 5 is   C h ar a ct eristi c of   T h 1  L y  m p h o c yt es.  N at ur e  ( 1 9 9 8) 3 9 1: 3 4 4– 5.

d oi:  1 0. 1 0 3 8/ 3 4 8 1 4

3 1.   F er g us o n   A R,  E n g el h ar d   V  H.   C  D 8   T   C ells   A cti v at e d i n   Disti n ct  L y  m p h oi d

Or g a ns    Diff er e nti all y  E x pr ess    A d h esi o n  Pr ot ei ns  a n d   C o e x pr ess    M ulti pl e

C h e  m o ki n e    R e c e pt ors.  J  I  m  m u n ol  ( 2 0 1 0)   1 8 4: 4 0 7 9– 8 6.   d oi:   1 0. 4 0 4 9/

ji  m  m u n ol. 0 9 0 1 9 0 3

3 2.    W at a n a b e  S,   Y a  m a d a   Y,   M ur a k a  mi   H.  E x pr essi o n  of   T h 1/ T h 2   C ell- R el at e d

C h e  m o ki n e    R e c e pt o r s   o n    C  D 4 +   L y  m  p h o c yt e s    U n d e r    P h y si ol o gi c al

C o n diti o ns.  I nt J  L a b   H e  m at ol  ( 2 0 2 0)  4 2: 6 8– 7 6.  d oi:  1 0. 1 1 1 1/ijl h. 1 3 1 4 1

3 3.   Ell  w a n g er J  H,   K a  mi ns ki   V  d e  L,   C hi es J  A B.   C  C R 5   G e n e  E diti n g -   R e visiti n g

Pr os  a n d    C o ns  of    C  C R 5    A bs e n c e.  I nf ect    G e n et   E v ol  ( 2 0 1 9)  6 8: 2 1 8– 2 0.

d oi:  1 0. 1 0 1 6/j.  m e e gi d. 2 0 1 8. 1 2. 0 2 7
D e c e  m b er  2 0 2 1  |   V ol u  m e  1 2  |    Arti cl e  7 9 0 0 4 1



B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
3 4.   V ar g as  A E,  C e c hi  m  G,  C orr e a J F,  G o  m es  P  A,  M a c e d o  G  d e  S,  d e  M e d eir os

R  M,  et  al.  Pr os  a n d   C o ns  of  a    Missi n g   C h e  m o ki n e   R e c e pt or  – C o  m  m e nts

o n  “ Is t h e  E ur o p e a n  S p ati al   Distri b uti o n  of t h e   HI  V- 1- R esist a nt   C  C R 5-

D 3 2    All el e   F or  m e d  b y  a    Br e a k d o  w n  of  t h e   P at h o c e n osis    D u e  t o  t h e

Hist ori c al   R o  m a n  E x p a nsi o n?  ” b y  Eri c F a ur e a n d   M a n u el a   R o y er-  C ar e n zi

( 2 0 0 8 ).  I nf e ct    G e n et    E v ol  ( 2 0 0 9 )   9: 3 8 7 – 9.   d oi:   1 0. 1 0 1 6/j.  m e e gi d.

2 0 0 9. 0 1. 0 0 1

3 5.    M a u n g   R,   H o ef er    M  M,  S a n c h e z   A B,  S ej b u k   N E,    M e d d ers   K E,   D es ai    M  K,

et al.   C  C R 5   K n o c k o ut  Pr e v e nts   N e ur o n al I nj ur y a n d  B e h a vi or al I  m p air  m e nt

I n d u c e d  i n   a    T r a n s g e ni c    M o u s e    M o d el   b y   a    C  X  C R 4-  U si n g    HI  V- 1

Gl y c o p r ot ei n   1 2 0.  J  I  m  m u n ol  ( 2 0 1 4)   1 9 3: 1 8 9 5 – 9 1 0.   d oi:   1 0. 4 0 4 9/

ji  m  m u n ol. 1 3 0 2 9 1 5

3 6.  G u  S  M,  P ar k  M  H,  Y u n  H  M,  H a n  S B,  O h  K  W,  S o n  DJ,  et  al.  C  C R 5

K n o c k o ut   S u p p r e s s e s    E x p e ri  m e nt al    A ut oi  m  m u n e    E n c e p h al o  m y eliti s

i n    C 5 7 B L/ 6    Mi c e.  O n c ot a r g et  ( 2 0 1 6 )   7: 1 5 3 8 2 – 9 3.   d oi:   1 0. 1 8 6 3 2/

o n c ot ar g et. 8 0 9 7

3 7.    C h oi   D- Y,  B a n J-  O,   Ki  m S-  C,   H o n g J T.   C  C R 5   K n o c k o ut   Mi c e   Wit h   C 5 7 B L 6

B a c k gr o u n d  ar e   R esist a nt t o   A c et a  mi n o p h e n-  M e di at e d   H e p at ot o xi cit y   D u e

t o   D e cr e as e d    M a cr o p h a g es    Mi gr ati o n  I nt o  t h e  Li v er.  Arc h   T o xic ol  ( 2 0 1 5)

8 9: 2 1 1 – 2 0.  d oi:  1 0. 1 0 0 7/s 0 0 2 0 4- 0 1 4- 1 2 5 3- 3

3 8.    H  w a n g   CJ,  P ar k    M  H,    H  w a n g  J Y,   Ki  m  J  H,   Y u n    N Y,    O h  S Y,  et  al.   C  C R 5

D e  fi ci e n c y   A c c el er at es  Li p o p ol ys a c c h ari d e-I n d u c e d   Astr o gli osis,   A  m yl oi d-

B et a   D e p osit  a n d I  m p air e d   M e  m or y  F u n cti o n.  O nc ot ar g et  ( 2 0 1 6)  7: 1 1 9 8 4–

9 9.  d oi:  1 0. 1 8 6 3 2/ o n c ot ar g et. 7 4 5 3

3 9.   L e e    Y  K,    K  w a k    D  H,    O h    K  W,    N a  m  S- Y,  L e e   BJ,    Y u n    Y  W,  et  al.    C  C R 5

D e  fi ci e n c y  I n d u c es    Astr o c yt e    A cti v ati o n,    A b et a    D e p osit  a n d  I  m p air e d

M e  m or y  F u n cti o n.  N e ur o bi ol  L e ar n    M e  m  ( 2 0 0 9)  9 2: 3 5 6– 6 3.  d oi:  1 0. 1 0 1 6/

j. nl  m. 2 0 0 9. 0 4. 0 0 3

4 0.    C arr    DJJ,    As h  J,  L a n e    T E,    K u zi el    W  A.    A b n or  m al  I  m  m u n e    R e s p o ns e

o f    C  C  R 5 -  D e fi ci e n t    Mi c e   t o    O c ul a r   I n f e c ti o n    Wi t h    H e r p e s

Si  m pl e x    Vir us    T y p e  1.  J  G e n  Vi r ol  ( 2 0 0 6)  8 7: 4 8 9– 9 9.   d oi:  1 0. 1 0 9 9/

vir. 0. 8 1 3 3 9- 0

4 1.   B arr  E L,   O u b ur g S, I gi ets e  m e J  U,   M orr e  S  A,   O k  w a n d u  E,  E k o F  O, et al.   H ost

I nfl a  m  m at or y   R es p o ns e  a n d   D e v el o p  m e nt  of   C o  m pli c ati o ns  of   C hl a  m y di a

Tr a c h o  m atis    G e nit al  I nf e cti o n  i n    C  C R 5-  D e  fi ci e nt    Mi c e  a n d   S u bf ertil e

W o  m e n    Wit h  t h e    C  C R 5 d elt a 3 2    G e n e    D el eti o n.  J    Micr o bi ol  I  m  m u n ol

I nf ect ( 2 0 0 5)  3 8: 2 4 4– 5 4.

4 2.    T ur n er J E, St ei n  m et z   O  M, St a hl   R  A,  P a n z er   U.   T ar g eti n g of   T h 1-  Ass o ci at e d

C h e  m o ki n e    R e c e pt ors    C  X  C R 3  a n d    C  C R 5  as    T h er a p e uti c   Str at e g y  f or

I nfl a  m  m at o r y    Di s e a s e s.  Mi ni    R e v    M e d    C h e  m  ( 2 0 0 7 )   7: 1 0 8 9 – 9 6.

d oi:  1 0. 2 1 7 4/ 1 3 8 9 5 5 7 0 7 7 8 2 3 3 1 7 6 8

4 3.    Aj u e b or   M  N,   C ar e y J  A, S  w ai n   M  G.   C  C R 5 i n   T   C ell-  M e di at e d Li v er   Dis e as es:

W h at  ’s    G oi n g   o n ? J  I  m  m u n ol  ( 2 0 0 6)   1 7 7: 2 0 3 9 – 4 5.   d oi:   1 0. 4 0 4 9/

ji  m  m u n ol. 1 7 7. 4. 2 0 3 9

4 4.    G o n g   X,  F e n g   H,   Z h a n g S,   Y u   Y,  Li J,   W a n g J, et al. I n cr e as e d  E x pr essi o n  of

C  C R 5  i n   E x p eri  m e nt al    A ut oi  m  m u n e    M y o c ar ditis  a n d    R e d u c e d  S e v erit y

I n d u c e d  b y    A nti-  C  C R 5    M o n o cl o n al    A nti b o d y.  J    M ol   C ell   C ar di ol  ( 2 0 0 7)

4 2: 7 8 1 – 9 1.  d oi:  1 0. 1 0 1 6/j. yj  m c c. 2 0 0 7. 0 2. 0 0 3

4 5.    C o  m b a di er e   C,   A h uj a S  K,   Tiff a n y   H L,   M ur p h y  P  M.   Cl o ni n g a n d F u n cti o n al

E x pr essi o n  of    C  C    C  K R 5,  a    H u  m a n    M o n o c yt e    C  C    C h e  m o ki n e    R e c e pt or

S el e cti v e f or   MI P- 1(  Al p h a),   MI P- 1( B et a), a n d   R  A  N T E S.  J L e u k oc Bi ol ( 1 9 9 6)

6 0: 1 4 7 – 5 2.  d oi:  1 0. 1 0 0 2/jl b. 6 0. 1. 1 4 7

4 6.    Ri dl e y   AJ,  S c h  w art z    M  A,  B urri d g e   K,  Firt el   R  A,   Gi ns b er g    M  H,  B oris y   G,

et al.   C ell   Mi gr ati o n: I nt e gr ati n g Si g n als  Fr o  m  Fr o nt t o  B a c k.  Sci e nc e  ( 2 0 0 3)

3 0 2: 1 7 0 4 – 9.  d oi:  1 0. 1 1 2 6/s ci e n c e. 1 0 9 2 0 5 3

4 7.    T a n a k a   Y,   A d a  ms   D  H,   H u bs c h er  S,   Hir a n o   H,  Si e b e nlist   U.  S h a  w  S.   T-  C ell

A d h esi o n  I n d u c e d   b y   Pr ot e o gl y c a n-I  m  m o bili z e d    C yt o ki n e    MI P- 1   B et a.

N at ur e  ( 1 9 9 3)  3 6 1: 7 9– 8 2.  d oi:  1 0. 1 0 3 8/ 3 6 1 0 7 9 a 0

4 8.    M e nt e n  P,    W u yts   A,   V a n   D a  m  m e J.    M a cr o p h a g e I n fl a  m  m at or y  Pr ot ei n- 1.

C yt o ki n e   Gr o  wt h  F act or   R e v  ( 2 0 0 2) 1 3: 4 5 5– 8 1.  d oi: 1 0. 1 0 1 6/s 1 3 5 9- 6 1 0 1( 0 2)

0 0 0 4 5- x

4 9.    A  m a n z a d a   A,    M ori c o ni  F,    M a ns ur o gl u   T,   C a  m er o n  S,   R a  m a d ori   G,    M ali k

I  A.  I n d u cti o n   of    C h e  m o ki n es  a n d    Cyt o ki n es    B ef or e    N e utr o p hils  a n d

M a cr o p h a g e    R e cr uit  m e nt  i n    Diff er e nt    R e gi o ns   of    R at   Li v er    Aft er    T  A  A

A d  mi ni s t r ati o n.  L a b   I n v e s t  ( 2 0 1 4 )   9 4: 2 3 5 – 4 7.    d oi:   1 0. 1 0 3 8 /

l a bi n v est. 2 0 1 3. 1 3 4

5 0.   F e n g L,   Xi a   Y,   Y os hi  m ur a   T,   Wils o n   C B.   M o d ul ati o n of   N e utr o p hil I n fl u x i n

Gl o  m er ul o n e p hritis  i n  t h e    R at    Wit h    A nti-  M a cr o p h a g e  I n  fl a  m  m at or 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 1 8
P r ot ei n - 2   (  M I P - 2 )    A nti b o d y.  J  Cli n  I n v e st  ( 1 9 9 5 )   9 5: 1 0 0 9 – 1 7.

d oi:  1 0. 1 1 7 2/J  CI 1 1 7 7 4 5

5 1.   d a  Sil v a J  M,   M oreir a   D os  S a nt os   T P,  S o br al  L  M,   Q ueir o z-J u ni or   C  M,   R a c hi d

M  A,   Pr o u df o ot    A EI,   et   al.    R el e v a n c e   of    C  C L 3/  C  C R 5    A xis  i n    O r al

C ar ci n o g e n esis.  O nc ot ar get  ( 2 0 1 7)  8: 5 1 0 2 4– 3 6.  d oi: 1 0. 1 8 6 3 2/ o n c ot ar g et. 1 6 8 8 2

5 2.    Al di n u c ci    D,    C ol o  m b atti    A.    T h e  I n fl a  m  m at or y    C h e  m o ki n e    C  C L 5  a n d

C a n c er  Pr o gr essi o n.  M e di at ors I n  fl a  m  m  ( 2 0 1 4)  2 0 1 4: 2 9 2 3 7 6.  d oi:  1 0. 1 1 5 5/

2 0 1 4/ 2 9 2 3 7 6

5 3.  Alts c h ul  S F,  Gis h  W,  Mill er  W,  M y ers  E  W,  Li p  m a n  DJ.  B asi c  L o c al

Ali g n  m e nt  S e ar c h   T o ol.  J   M ol  Bi ol ( 1 9 9 0)  2 1 5: 4 0 3– 1 0.  d oi:  1 0. 1 0 1 6/ S 0 0 2 2-

2 8 3 6( 0 5) 8 0 3 6 0- 2

5 4.    T h o  m ps o n  J  D,    Hi g gi ns    D  G,    Gi bs o n    TJ.    C L  U S T  A L    W:  I  m pr o vi n g  t h e

S e nsiti vit y  of  Pr o gr essi v e    M ulti pl e  S e q u e n c e   Ali g n  m e nt   T hr o u g h  S e q u e n c e

W ei g hti n g,   P ositi o n- S p e ci  fi c    G a p   P e n alti es  a n d    W ei g ht    M atri x    C h oi c e.

N ucl eic   Aci ds   R es  ( 1 9 9 4)  2 2: 4 6 7 3– 8 0.  d oi:  1 0. 1 0 9 3/ n ar/ 2 2. 2 2. 4 6 7 3

5 5.    T a  m ur a   K,  P et ers o n   D,  P et ers o n   N,  St e c h er   G,   N ei    M,   K u  m ar  S.    M E  G  A 5:

M ol e c ul ar   E v ol uti o n ar y    G e n eti cs    A n al ysis    Usi n g    M a xi  m u  m   Li k eli h o o d,

E v ol uti o n ar y   Dist a n c e,  a n d    M a xi  m u  m  P arsi  m o n y    M et h o ds.  M ol  Bi ol  E v ol

( 2 0 1 1)  2 8: 2 7 3 1– 9.  d oi:  1 0. 1 0 9 3/  m ol b e v/  msr 1 2 1

5 6. H a as  BJ,  P a p a ni c ol a o u   A,   Y ass o ur    M,   Gr a b h err    M,  Bl o o d  P  D,  B o  w d e n  J,

et  al.  D e   N o v o  Tr a ns cri pt  S e q u e n c e   R e c o nstr u cti o n  Fr o  m   R  N  A- S e q   Usi n g

t h e   Tri nit y  Pl atf or  m  f or    R ef er e n c e    G e n er ati o n  a n d    A n al ysis.  N at  Pr ot oc

( 2 0 1 3)  8: 1 4 9 4– 5 1 2.  d oi:  1 0. 1 0 3 8/ n pr ot. 2 0 1 3. 0 8 4

5 7.   Pr o k o p  J  W,   Y e o    N  C,    Ott  m a n n   C,   C h h etri  S B,  Fl or us   K L,   R oss  EJ,  et  al.

C h ar a ct eri z ati o n   of    C o di n g/  N o n c o di n g    V ari a nts   F ors hr o o  m 3i n   P ati e nts

Wit h    C  K  D.  J  A  m  S o c  N e p hr ol  ( 2 0 1 8)   2 9( 5): 1 5 2 5– 3 5.   d oi:   1 0. 1 6 8 1/

A S  N. 2 0 1 7 0 8 0 8 5 6

5 8.   Pr o k o p  J  W,   L a z ar  J,    Cr a pitt o    G,  S  mit h    D  C,    W ort h e y   E  A,  J a c o b    HJ.

M ol e c ul ar    M o d eli n g  i n  t h e    A g e  of    Cli ni c al    G e n o  mi cs,  t h e  E nt er pris e  of

t h e   N e xt   G e n er ati o n.  J    M ol    M o d el  ( 2 0 1 7)  2 3: 7 5.  d oi:  1 0. 1 0 0 7/s 0 0 8 9 4- 0 1 7-

3 2 5 8- 3

5 9.    A p  w eil er   R,  B air o c h   A,    W u   C  H,  B ar k er    W  C,  B o e c k  m a n n  B,  F err o  S,  et  al.

U ni Pr ot:   T h e   U ni v ers al Pr ot ei n   K n o  wl e d g e b as e.  N ucl eic   Aci ds   R es  ( 2 0 0 4) 3 2:

D 1 1 5  – 9.  d oi:  1 0. 1 0 9 3/ n ar/ g k h 1 3 1

6 0.    Kri e g er  E,  J o o    K,  L e e  J,  L e e  J,   R a  m a n  S,   T h o  m ps o n  J,  et  al.  I  m pr o vi n g

P h ysi c al   R e alis  m,  St er e o c h e  mistr y,  a n d  Si d e-  C h ai n   A c c ur a c y i n   H o  m ol o g y

M o d eli n g:   F o ur    A p pr o a c h es    T h at   P erf or  m e d    W ell  i n    C  A S P 8.  Pr ot ei ns

( 2 0 0 9)  7 7( S u p pl  9): 1 1 4– 2 2.  d oi:  1 0. 1 0 0 2/ pr ot. 2 2 5 7 0

6 1.    C as e   D  A,   C h e at h a  m   T E,   D ar d e n   T,   G o hl k e   H,  L u o   R,   M er z   K  M,  et  al.   T h e

A  m b er  Bi o  m ol e c ul ar Si  m ul ati o n Pr o gr a  ms.  J   C o  m p ut   C h e  m ( 2 0 0 5) 2 6: 1 6 6 8–

8 8.  d oi:  1 0. 1 0 0 2/j c c. 2 0 2 9 0

6 2.    K ar c z e  ws ki   KJ, Fr a n ci oli L  C,   Ti a o   G,   C u  m  mi n gs  B B,   Alf öl di J,   W a n g   Q, et al.

T h e   M ut ati o n al   C o nstr ai nt S p e ctr u  m   Q u a nti fi e d  Fr o  m   V ari ati o n i n 1 4 1, 4 5 6

H u  m a ns.  N at ur e  ( 2 0 2 0)  5 8 1: 4 3 4– 4 3.  d oi:  1 0. 1 0 3 8/s 4 1 5 8 6- 0 2 0- 2 3 0 8- 7

6 3.   F or b es  S  A,  Bi n d al   N,  B a  mf or d  S,   C ol e   C,   K o k   C Y,  B e ar e   D, et al.   C  O S  MI  C:

Mi ni n g   C o  m pl et e   C a n c er   G e n o  m es i n t h e   C at al o g u e  of  S o  m ati c   M ut ati o ns

i n   C a n c er. N ucl eic   Aci ds   R es  ( 2 0 1 1)  3 9:  D 9 4 5– 9 5 0.  d oi:  1 0. 1 0 9 3/ n ar/ g k q 9 2 9

6 4.    T ali u n   D,   H arris   D  N,   K essl er    M  D,   C arls o n  J,  S z pi e c h   Z  A,   T orr es   R,  et  al.

S e q u e n ci n g   of   5 3, 8 3 1    Di v ers e    G e n o  m es   Fr o  m  t h e    N  H L BI    T  O P  M e d

Pr o gr a  m.  N at ur e  ( 2 0 2 1)  5 9 0: 2 9 0– 9.  d oi:  1 0. 1 0 3 8/s 4 1 5 8 6- 0 2 1- 0 3 2 0 5- y

6 5.   L a n dr u  m    MJ,  L e e  J  M,  B e ns o n    M,  Br o  w n   G,   C h a o   C,   C hiti pir all a  S,  et  al.

Cli n  V ar:  P u bli c   Ar c hi v e  of  I nt er pr et ati o ns  of   Cli ni c all y   R el e v a nt   V ari a nts.

N ucl eic   Aci ds   R es  ( 2 0 1 6)  4 4:  D 8 6 2– 8.  d oi:  1 0. 1 0 9 3/ n ar/ g k v 1 2 2 2

6 6.    W a n g  J,    Al-  O ur a n    R,    H u    Y,    Ki  m  S- Y,    W a n    Y-  W,    W a n gl er    M F,  et  al.

M  A R R  V E L: I nt e gr ati o n  of   H u  m a n a n d   M o d el   Or g a nis  m   G e n eti c   R es o ur c es

t o  F a cilit at e  F u n cti o n al    A n n ot ati o n  of  t h e    H u  m a n    G e n o  m e.  A  m  J    H u  m

G e n et  ( 2 0 1 7)  1 0 0: 8 4 3– 5 3.  d oi:  1 0. 1 0 1 6/j. aj h g. 2 0 1 7. 0 4. 0 1 0

6 7.    A d z h u b ei I  A,  S c h  mi dt  S,  P es h ki n  L,   R a  m e ns k y   V E,   G er asi  m o v a   A,  B or k  P,

et  al.   A    M et h o d  a n d  S er v er f or  Pr e di cti n g   D a  m a gi n g    Miss e ns e    M ut ati o ns.

N at   M et h o ds  ( 2 0 1 0)  7: 2 4 8– 9.  d oi:  1 0. 1 0 3 8/ n  m et h 0 4 1 0- 2 4 8

6 8.    C h oi   Y,   C h a n   A P.  P R  O  V E  A  N   W e b S er v er:   A   T o ol t o  Pr e di ct t h e F u n cti o n al

Eff e ct   of    A  mi n o    A ci d  S u bstit uti o ns  a n d  I n d els.  Bi oi nf or  m atics  ( 2 0 1 5)

3 1: 2 7 4 5 – 7.  d oi:  1 0. 1 0 9 3/ bi oi nf or  m ati cs/ bt v 1 9 5

6 9.    N g   P  C,    H e ni k off  S.  SI F T:   Pr e di cti n g    A  mi n o    A ci d    C h a n g es    T h at    Aff e ct

Pr ot ei n  F u n cti o n.  N ucl eic    Aci ds    R es  ( 2 0 0 3)  3 1: 3 8 1 2– 4.  d oi:  1 0. 1 0 9 3/ n ar/

g k g 5 0 9

7 0.    M at h e    E,    Oli vi e r    M,    K at o   S,  I s hi o k a    C,    H ai n a ut    P,    T a vti gi a n   S  V.

C o  m p ut ati o n al    A p pr o a c h es  f or   Pr e di cti n g  t h e   Bi ol o gi c al   Eff e ct   of   P 5 3
D e c e  m b er  2 0 2 1  |   V ol u  m e  1 2  |    Arti cl e  7 9 0 0 4 1



B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
Miss e ns e    M ut ati o ns:    A    C o  m p aris o n   of    T hr e e  S e q u e n c e    A n al ysis   B as e d

M et h o ds.  N ucl eic   Aci ds   R es  ( 2 0 0 6)  3 4: 1 3 1 7– 2 5.  d oi:  1 0. 1 0 9 3/ n ar/ g kj 5 1 8

7 1.    K e nt    WJ,  S u g n et   C  W,  F ur e y   T S,   R os ki n   K  M,  Pri n gl e   T  H,   Z a hl er   A  M, et al.

T h e   H u  m a n   G e n o  m e  Br o  ws er  at   U  C S  C.  G e n o  m e   R es  ( 2 0 0 2)  1 2: 9 9 6– 1 0 0 6.

d oi:  1 0. 1 1 0 1/ gr. 2 2 9 1 0 2

7 2.    G T E x    C o ns orti u  m.    T h e    G T E x    C o ns orti u  m    Atl as  of    G e n eti c    R e g ul at or y

Eff e cts   A cr oss    H u  m a n   Tiss u es.  Sci e nc e  ( 2 0 2 0)  3 6 9: 1 3 1 8– 3 0.  d oi:  1 0. 1 1 2 6/

s ci e n c e. a a z 1 7 7 6

7 3.    G h o uss ai ni   M,   M o u ntj o y  E,   C ar  m o n a   M,  P e at   G,  S c h  mi dt  E  M,   H er c ul es   A,

et  al.   O p e n   T ar g ets   G e n eti cs:  S yst e  m ati c  I d e nti fi c ati o n  of   Tr ait-  Ass o ci at e d

G e n es   Usi n g  L ar g e- S c al e   G e n eti cs  a n d  F u n cti o n al   G e n o  mi cs.  N ucl eic   Aci ds

R es  ( 2 0 2 1)  4 9:  D 1 3 1 1– 2 0.  d oi:  1 0. 1 0 9 3/ n ar/ g k a a 8 4 0

7 4.   Pr o k o p J  W,   H art o g   N L,   C h esl a   D,  F a b er   W,  L o v e   C P,   K ar a  m   R, et al.   Hi g h-

D e nsit y   Bl o o d    Tr a ns cri pt o  mi cs    R e v e als  Pr e cisi o n  I  m  m u n e  Si g n at ur es  of

S  A R S-  C o  V- 2  I nf e cti o n i n   H os pit ali z e d  I n di vi d u als.  Fr o nt  I  m  m u n ol  ( 2 0 2 1)

1 2: 6 9 4 2 4 3.  d oi:  1 0. 3 3 8 9/ fi m  m u. 2 0 2 1. 6 9 4 2 4 3

7 5.   Pr o k o p  J  W,  S h a n k ar   R,   G u pt a   R,  L ei  m a nis    M L,   N e d v e c k   D,   U hl   K,  et  al.

Vir us-I n d u c e d   G e n eti cs   R e v e al e d  b y    M ulti di  m e nsi o n al  Pr e cisi o n    M e di ci n e

Tr a ns cri pti o n al    W or k fl o  w    A p pli c a bl e  t o    C  O  VI  D- 1 9.  P h ysi ol    G e n o  mics

( 2 0 2 0)  5 2: 2 5 5– 6 8.  d oi:  1 0. 1 1 5 2/ p h ysi ol g e n o  mi cs. 0 0 0 4 5. 2 0 2 0

7 6.    G u pt a   R,  L ei  m a nis   M L,   A d a  ms   M,  B a c h  m a n n   A S,   U hl   K L,  B u p p   C P,  et  al.

B al a n ci n g  Pr e cisi o n   V ers us   C o h ort   Tr a ns cri pt o  mi c   A n al ysis  of   A c ut e  a n d

R e c o v er y  P h as e  of   Vir al  Br o n c hi olitis.  A  m J  P h ysi ol  L u n g   C ell    M ol  P h ysi ol

( 2 0 2 1)  3 2 0: L 1 1 4 7– 5 7.  d oi:  1 0. 1 1 5 2/ aj pl u n g. 0 0 4 4 0. 2 0 2 0

7 7.   P atr o   R,   D u g g al   G, L o v e   MI, Iri z arr y   R  A,   Ki n gsf or d   C. S al  m o n  Pr o vi d es F ast

a n d   Bi as-  A  w ar e    Q u a nti fi c ati o n   of    Tr a ns cri pt   E x pr essi o n.  N at    M et h o ds

( 2 0 1 7)  1 4: 4 1 7– 9.  d oi:  1 0. 1 0 3 8/ n  m et h. 4 1 9 7

7 8.   Fr a n kis h   A,   Di e k h a ns    M,  F err eir a   A-  M, J o h ns o n   R, J u n gr eis I,  L o v el a n d J,

et  al.    G E  N  C  O  D E    R ef er e n c e    A n n ot ati o n  f or  t h e    H u  m a n  a n d    M o us e

G e n o  m es.  N ucl eic   Aci ds   R es  ( 2 0 1 9)  4 7:  D 7 6 6– 7 3.  d oi:  1 0. 1 0 9 3/ n ar/ g k y 9 5 5

7 9.   Ell  w a n g er J  H,   K a  mi ns ki   V d e L,   C hi es J  A.   W h at   W e S a y a n d   W h at   W e   M e a n

W h e n   W e S a y   R e d u n d a n c y a n d   R o b ust n ess of t h e   C h e  m o ki n e S yst e  m -   H o  w

C  C R 5    C h all e n g es    T h es e    C o n c e pts.  I  m  m u n ol    C ell   Bi ol  ( 2 0 2 0)  9 8: 2 2– 7.

d oi:  1 0. 1 1 1 1/i  m c b. 1 2 2 9 1

8 0.    C  O  VI  D- 1 9    H o st    G e n eti c s  I niti a ti v e.    M a p pi n g  t h e    H u  m a n    G e n eti c

Ar c hit e ct ur e   of    C  O  VI  D- 1 9.  N at ur e  ( 2 0 2 1).   d oi:   1 0. 1 0 3 8/s 4 1 5 8 6- 0 2 1-

0 3 7 6 7- x

8 1.   Fr a n z e  n    O,    G a n   L-  M,   Bj ör k e gr e n  J L  M.   P a n gl a o  D B:    A    W e b  S er v er  f or

E x pl or ati o n   of    M o us e  a n d    H u  m a n  Si n gl e-  C ell    R  N  A  S e q u e n ci n g    D at a.

D at a b as e (  O xf or d)  ( 2 0 1 9)  2 0 1 9: b a z 0 4 6.  d oi:  1 0. 1 0 9 3/ d at a b as e/ b a z 0 4 6

8 2.   P ass os   G F,  Fi g u eir e d o   C P,  Pr e di g er   R  D S,  P a n d olf o  P,   D u art e  F S,   M e d eir os

R,   et   al.    R ol e   of  t h e    M a c r o p h a g e  I n  fl a  m  m at o r y    P r ot ei n- 1 al p h a/  C  C

C h e  m o ki n e    R e c e pt or   5   Si g n al  i n g   P at h  w a y  i n  t h e    N e ur oi nfl a  m  m at or y

R es p o ns e  a n d   C o g niti v e   D e fi cits  I n d u c e d  b y  B et a-  A  m yl oi d  P e pti d e.  A  m  J

P at h ol  ( 2 0 0 9) 1 7 5: 1 5 8 6 – 9 7.  d oi:  1 0. 2 3 5 3/ aj p at h. 2 0 0 9. 0 8 1 1 1 3

8 3.    K a ul    M,    M a    Q,    M e d d ers    K E,    D es ai    M  K,  Li pt o n  S  A.    HI  V- 1   C or e c e pt ors

C  C R 5   a n d    C  X  C R 4    B ot h    M e di at e    N e u r o n al    C ell    D e at h    B ut    C  C R 5

P ar a d o xi c all y  c a n   Als o   C o ntri b ut e  t o  Pr ot e cti o n.  C ell   D e at h   Diff er  ( 2 0 0 7)

1 4: 2 9 6 – 3 0 5.  d oi:  1 0. 1 0 3 8/sj. c d d. 4 4 0 2 0 0 6

8 4.    A n dr es  P  G,  B e c k  P L,   Mi z o g u c hi  E,   Mi z o g u c hi   A,  B h a n   A  K,   D a  ws o n   T, et al.

Mi c e    Wit h  a  S el e cti v e   D el eti o n  of t h e   C  C   C h e  m o ki n e   R e c e pt ors  5  or  2  ar e

Pr ot e ct e d   Fr o  m    D e xtr a n  S o di u  m  S ulf at e-  M e di at e d    C olitis:   L a c k   of    C  C

C h e  m o ki n e    R e c e pt or   5   E x pr essi o n    R es ults  i n  a    N  K 1. 1 +   L y  m p h o c yt e-

Ass o ci at e d    T h 2- T y p e  I  m  m u n e    R es p o ns e  i n  t h e  I nt esti n e.  J  I  m  m u n ol

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

8 5.    Aj u e b or   M  N,   As pi n all   AI,   Z h o u  F,  L e   T,   Y a n g   Y,   Ur b a ns ki  SJ, et al.  L a c k  of

C h e  m o ki n e   R e c e pt or   C  C R 5  Pr o  m ot es    M uri n e  F ul  mi n a nt  Li v er  F ail ur e  b y

Pr e v e nti n g  t h e    A p o pt osis   of    A cti v at e d    C  D 1 d- R e stri ct e d    N  K T    C ells.

J I  m  m u n ol ( 2 0 0 5)  1 7 4: 8 0 2 7– 3 7.  d oi:  1 0. 4 0 4 9/ji  m  m u n ol. 1 7 4. 1 2. 8 0 2 7

8 6.  S e ki E,   D e   Mi ni cis S,   G  w a k   G- Y,   Kl u  w e J, I n o k u c hi S,  B ursill   C  A, et al.   C  C R 1

a n d   C  C R 5  Pr o  m ot e   H e p ati c Fi br osis i n   Mi c e.  J   Cli n I n v est ( 2 0 0 9) 1 1 9: 1 8 5 8–

7 0.  d oi:  1 0. 1 1 7 2/j ci 3 7 4 4 4

8 7.   Li u   C,  L o u   Y,  Li z e  e    G,    Qi n    H,  Li u  S,   R a bi n o vi c h  B,  et  al.  Pl as  m a c yt oi d

D e n driti c   C ells I n d u c e   N  K   C ell-  D e p e n d e nt,   T u  m or   A nti g e n- S p e ci  fi c   T   C ell

Cr oss- Pri  mi n g  a n d    T u  m or    R e gr essi o n  i n    Mi c e.  J    Cli n  I n v est  ( 2 0 0 8)

1 1 8: 1 1 6 5 – 7 5.  d oi:  1 0. 1 1 7 2/J  CI 3 3 5 8 3

8 8.    H uff n a gl e   G B,    M c  N eil  L  K,   M c  D o n al d   R  A,    M ur p h y J  W,   T o e  ws   G B,   M a e d a

N, et al.   C utti n g  E d g e:   R ol e of   C-  C   C h e  m o ki n e   R e c e pt or 5 i n   Or g a n- S p e ci  fi c
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 9
a n d  I n n at e  I  m  m u nit y  t o    Cr y pt o c o c c us    N e of or  m a ns.  J  I  m  m u n ol  ( 1 9 9 9)

1 6 3: 4 6 4 2 – 6.

8 9.    Y a d a v    A,    C oll  m a n    R  G.    C  N S  I n fl a  m  m ati o n  a n d    M a cr o p h a g e/  Mi cr o gli al

Bi ol o g y    Ass o ci at e d    Wit h    HI  V- 1  I nf e cti o n.  J    N e ur oi  m  m u n e   P h ar  m ac ol

( 2 0 0 9)  4: 4 3 0– 4 7.  d oi:  1 0. 1 0 0 7/s 1 1 4 8 1- 0 0 9- 9 1 7 4- 2

9 0.    M o c c h etti  I,    C a  m p b ell   L  A,    H a rr y    GJ,    A v d os hi n a    V.    W h e n    H u  m a n

I  m  m u n o d e fi ci e n c y    Vi r u s    M e e t s    C h e  m o ki n e s   a n d    Mi c r o gli a:

N e ur o pr ot e cti o n   or    N e ur o d e g e n er ati o n ?  J    N e ur oi  m  m u n e   P h ar  m a c ol

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

9 1.    A gr esti   N,  L al e z ari  J P,   A  m o d e o  P P,    M o d y   K,    M os h er  S F,  S e et h a  mr aj u   H,

et  al.    Disr u pti o n   of    C  C R 5   Si g n ali n g  t o    Tr e at    C  O  VI  D- 1 9-  Ass o ci at e d

C yt o ki n e  St or  m:    C as e  S eri es  of  F o ur    Criti c all y  Ill  P ati e nts   Tr e at e d    Wit h

L e r o nli  m a b.  J    T r a nsl    A ut oi  m  m u n  ( 2 0 2 1)   4: 1 0 0 0 8 3.   d oi:   1 0. 1 0 1 6/

j.jt a ut o. 2 0 2 1. 1 0 0 0 8 3

9 2.   Pr o k o p  J  W,   Ts ai h  S-  W,  F a b er   A B,  B o e h  m e  S,   U n d er  w o o d   A  C,   Tr o y er  S,

et al.   T h e  P h e n ot y pi c I  m p a ct of t h e   M al e- S p e ci fi c   R e gi o n of   C hr o  m os o  m e- Y

i n I n br e d    M ati n g:   T h e   R ol e  of   G e n eti c   V ari a nts  a n d   G e n e   D u pli c ati o ns i n

M ulti pl e I n br e d   R at Str ai ns.  Bi ol S e x   Diff er  ( 2 0 1 6) 7: 1 0. d oi: 1 0. 1 1 8 6/s 1 3 2 9 3-

0 1 6- 0 0 6 4- z

9 3.   Flist er    MJ,   Ts ai h  S-  W,   O ’M e ar a   C  C,  E n dr es  B,   H off  m a n    MJ,   G e urts   A  M,

et al. I d e ntif yi n g   M ulti pl e   C a us ati v e   G e n es at a Si n gl e   G  W  A S L o c us.  G e n o  m e

R es  ( 2 0 1 3)  2 3: 1 9 9 6– 2 0 0 2.  d oi:  1 0. 1 1 0 1/ gr. 1 6 0 2 8 3. 1 1 3

9 4.    W a g n er   G P,   K e n n e y-  H u nt J P,  P a vli c e v   M,  P e c k J R,    W a x  m a n   D,   C h e v er u d

J  M. Pl ei otr o pi c S c ali n g of   G e n e Eff e cts a n d t h e “ C ost of   C o  m pl e xit y.  ” N at ur e

( 2 0 0 8) 4 5 2: 4 7 0 – 2.  d oi:  1 0. 1 0 3 8/ n at ur e 0 6 7 5 6

9 5.   P a vli c e v   M,   N or g ar d E  A, F a  w c ett   G L,   C h e v er u d J  M. E v ol uti o n of Pl ei otr o p y:

E pist ati c  I nt er a cti o n   P att er n  S u p p orts  a    M e c h a nisti c    M o d el    U n d erl yi n g

V ari ati o n i n   G e n ot y p e- P h e n ot y p e    M a p.  J  E x p  Z o ol  B    M ol   D e v  E v ol  ( 2 0 1 1)

3 1 6: 3 7 1 – 8 5.  d oi:  1 0. 1 0 0 2/j e z. b. 2 1 4 1 0

9 6.   Li   T,  S h e n   X.  Pl ei otr o p y   C o  m pli c at es   H u  m a n   G e n e  E diti n g:   C cr 5 D 3 2  a n d

B e y o n d.  Fr o nt   G e n et  ( 2 0 1 9)  1 0: 6 6 9.  d oi:  1 0. 3 3 8 9/f g e n e. 2 0 1 9. 0 0 6 6 9

9 7.    C  wi k  B.   R e visi n g,   C orr e cti n g,  a n d   Tr a nsf erri n g   G e n es.  A  m J  Bi o et h  ( 2 0 2 0)

2 0: 7 – 1 8.  d oi:  1 0. 1 0 8 0/ 1 5 2 6 5 1 6 1. 2 0 2 0. 1 7 8 3 0 2 4

9 8.   Li a n g  P,   X u   Y,   Z h a n g   X,   Di n g   C,   H u a n g   R,   Z h a n g   Z,  et  al.   C RI S P R/  C as 9-

M e di at e d    G e n e   E diti n g  i n    H u  m a n    Tri pr o n u cl e ar    Z y g ot es.  Pr ot ei n    C ell

( 2 0 1 5)  6: 3 6 3– 7 2.  d oi:  1 0. 1 0 0 7/s 1 3 2 3 8- 0 1 5- 0 1 5 3- 5

9 9.   Bri g a n dt  I,  L o v e   A.   R e d u cti o nis  m i n  Bi ol o g y T h e  St a nf or d  E n c y cl o p e di a  of

P hil os o p h y, i n: .    M et a p h ysi cs   R es e ar c h  L a b,  St a nf or d   U ni v ersit y.   A v ail a bl e

at:   htt ps:// pl at o.st a nf or d. e d u/ ar c hi v es/s pr 2 0 1 7/ e ntri es/r e d u cti o n- bi ol o g y/

(  A c c ess e d   N o v e  m b er  1 1,  2 0 2 1).

1 0 0.    R o c c a  E,   A nj u  m   R L.   C o  m pl e xit y,   R e d u cti o nis  m  a n d t h e  Bi o  m e di c al   M o d el.

I n:    R L    A nj u  m,  S    C o p el a n d  a n d   E    R o c c a,  e dit ors.  R et hi n ki n g    C a us alit y,

C o  m pl e xit y a n d  E vi d e nc e f or t h e   U ni q u e  P ati e nt:   A   C a us e  H e alt h   R es o urc e f or

H e alt h c ar e   Pr of essi o n als   a  n d  t h e    Cli nic al   E n c o u nt er .  C h a  m:  S pri n g er

I nt er n ati o n al  P u blis hi n g ( 2 0 2 0) p. 7 5– 9 4. d oi: 1 0. 1 0 0 7/ 9 7 8- 3- 0 3 0- 4 1 2 3 9- 5 _ 5

1 0 1.    Wi  ms att    W  C.    R e d u cti o nis  m  a n d  its    H e uristi cs:    M a ki n g    M et h o d ol o gi c al

R e d u cti o nis  m    H o n est.  S y nt h es e  ( 2 0 0 6)  1 5 1: 4 4 5– 7 5.  d oi:  1 0. 1 0 0 7/s 1 1 2 2 9-

0 0 6- 9 0 1 7- 0

1 0 2.    H uss  J.   P hil os o p h y   of    Bi ol o g y:    G e n eti c    R e d u cti o nis  m  a n d    B e h a vi or al

G e n eti cs. I n:  Bi o et hics .  F ar  mi n gt o n   Hills,    MI:    M a c  mill a n   R ef er e n c e ( 2 0 1 4).

p.  4 1 9 – 2 1.

1 0 3.    C h a n   A  H,    W hitt o n  B  A,   C h a n   G Y S.   T h e   N e e d  f or  L e ar ni n g  Bi o et hi cs  a n d

L a  w  f or    Bi ol o g y   St u d e nt s.  J  Bi ol  E d u c  ( 2 0 2 0)   0: 1– 7.   d oi:   1 0. 1 0 8 0/

0 0 2 1 9 2 6 6. 2 0 2 0. 1 8 4 1 6 6 7

1 0 4.  J u e n gst   E T.    Cr o  w ds o ur ci n g  t h e    M or al   Li  mits  of    H u  m a n    G e n e   E diti n g?

H asti n gs   C e nt   R e p  ( 2 0 1 7)  4 7: 1 5– 2 3.  d oi:  1 0. 1 0 0 2/ h ast. 7 0 1

1 0 5.    A gr a  w al L, L u   X,   Qi n g  w e n J,   V a n  H or n-  Ali   Z,   Ni c ol es c u I  V,   M c  D er  m ott   D  H,

et  al.   R ol e  f or    C  C R 5  D elt a 3 2  Pr ot ei n  i n   R esist a n c e  t o   R 5,   R 5 X 4,  a n d    X 4

H u  m a n  I  m  m u n o d e  fi ci e n c y    Vir us   T y p e  1  i n  Pri  m ar y   C  D 4 +   C ells.  J   Vir ol

( 2 0 0 4)  7 8: 2 2 7 7– 8 7.  d oi:  1 0. 1 1 2 8/j vi. 7 8. 5. 2 2 7 7- 2 2 8 7. 2 0 0 4

1 0 6.    Kr e ns k y    A  M,    A h n   Y- T.    M e c h a nis  ms  of    Dis e as e:   R e g ul ati o n  of   R  A  N T E S

(  C  C L 5)  i n    R e n al    Dis e as e.  N at    Cli n   P r a ct    N e p hr ol  ( 2 0 0 7)   3: 1 6 4– 7 0.

d oi:  1 0. 1 0 3 8/ n c p n e p h 0 4 1 8

1 0 7.  Si n g h   A,  Bis ht  P,  B h att a c h ar y a  S,   G u c h h ait  P.   R ol e  of  Pl at el et   C yt o ki n es i n

D e n g u e    Vir us  I nf e cti o n.  Fr o nt    C ell  I nf ect    Micr o bi ol  ( 2 0 2 0)   1 0: 5 6 1 3 6 6.

d oi:  1 0. 3 3 8 9/f ci  m b. 2 0 2 0. 5 6 1 3 6 6

1 0 8.    C h e ns u e  S  W,    W ar  mi n gt o n   K S,   All e ns p a c h  EJ,  L u  B,   G er ar d   C,   K u n k el  S L,

et  al.    Diff er e nti al  E x pr essi o n  a n d   Cr oss- R e g ul at or y  F u n cti o n  of   R  A  N T E S
D e c e  m b er  2 0 2 1  |   V ol u  m e  1 2  |    Arti cl e  7 9 0 0 4 1



B a u s s  et  al. Br o a d e ni n g   C  C  R 5 I n si g ht s
D uri n g   M y c o b a ct eri al ( T y p e  1) a n d  S c hist os o  m al ( T y p e  2)   A nti g e n- Eli cit e d

Gr a n ul o  m at o us I n  fl a  m  m ati o n.  J I  m  m u n ol ( 1 9 9 9)  1 6 3: 1 6 5– 7 3.

1 0 9.    A  m  mit   AJ,  L a z a ar   A L, Ir a ni   C,   O ’N eill   G  M,   G or d o n   N  D,   A  mr a ni   Y,  et  al.

T u  m o r    N e c r o si s   F a ct o r -  Al p h a -I n d u c e d   S e c r eti o n   of    R  A  N  T E S   a n d

I nt erl e u ki n- 6  Fr o  m    H u  m a n   Air  w a y  S  m o ot h    M us cl e   C ells:    M o d ul ati o n  b y

Gl u c o c orti c oi ds a n d  B et a-  A g o nists.  A  m J   R es pir   C ell   M ol  Bi ol  ( 2 0 0 2) 2 6: 4 6 5–

7 4.  d oi:  1 0. 1 1 6 5/ ajr c  m b. 2 6. 4. 4 6 8 1

1 1 0.    C h ui    R,    D or o vi ni- Zis    K.    R e g ul ati o n   of    C  C L 2  a n d    C  C L 3   E x pr essi o n  i n

H u  m a n   Br ai n   E n d ot h eli al    C ells   b y    C yt o ki n es  a n d   Li p o p ol ys a c c h ari d e.

J   N e ur oi nfl a  m  m  ( 2 0 1 0)  7: 1.  d oi:  1 0. 1 1 8 6/ 1 7 4 2- 2 0 9 4- 7- 1

1 1 1.    M c  M a n us    C  M,   Br os n a n    C F,   B er  m a n  J  W.    C yt o ki n e  I n d u cti o n  of    MI P- 1

Al p h a  a n d    MI P- 1    B et a  i n    H u  m a n   F et al    Mi cr o gli a.  J  I  m  m u n ol  ( 1 9 9 8)

1 6 0: 1 4 4 9 – 5 5.

1 1 2.  S h u k ali a k J  A,   D or o vi ni- Zis   K.  E x pr essi o n  of t h e  B et a-  C h e  m o ki n es   R  A  N T E S

a n d   MI P- 1  B et a  b y   H u  m a n  Br ai n   Mi cr o v ess el  E n d ot h eli al   C ells i n  Pri  m ar y

C ult ur e.  J    N e ur o p at h ol   E x p    N e ur ol  ( 2 0 0 0)  5 9: 3 3 9– 5 2.  d oi:  1 0. 1 0 9 3/j n e n/

5 9. 5. 3 3 9

1 1 3.   d a F o ns e c a   A  C  C,   M ati as   D,   G ar ci a   C,   A  m ar al   R,   G er al d o L  H, Fr eit as   C, et al.

T h e  I  m p a ct   of    Mi cr o gli al    A cti v ati o n   o n    Bl o o d- Br ai n    B arri er  i n    Br ai n

Dis e as es.  Fr o nt   C ell   N e ur osci  ( 2 0 1 4)  8: 3 6 2.  d oi:  1 0. 3 3 8 9/f n c el. 2 0 1 4. 0 0 3 6 2

1 1 4.    T etr e a ult   N  A,   H a k e e  m   A Y, Ji a n g  S,    Willi a  ms  B  A,   All  m a n  E,    W ol d  BJ, et al.

Mi cr o gli a  i n  t h e   C er e br al   C ort e x  i n   A utis  m.  J   A utis  m    D e v    Dis or d  ( 2 0 1 2)

4 2: 2 5 6 9 – 8 4.  d oi:  1 0. 1 0 0 7/s 1 0 8 0 3- 0 1 2- 1 5 1 3- 0

1 1 5.  S u bil e a u  E  A,   R e z ai e  P,   D a vi es   H  A,   C ol y er  F  M,   Gr e e n  w o o d J,   M al e   D  K, et al.

E x p r e s si o n   of    C h e  m o ki n e s   a n d    T h ei r    R e c e pt o r s   b y    H u  m a n    B r ai n

E n d ot h eli u  m:  I  m pli c ati o ns  f or    M ulti pl e   S cl er osis.  J    N e ur o p at h ol   E x p

N e ur ol  ( 2 0 0 9)  6 8: 2 2 7– 4 0.  d oi:  1 0. 1 0 9 7/  N E  N. 0 b 0 1 3 e 3 1 8 1 9 7 e c a 7

1 1 6.    U b o g u  E E,   C all a h a n    M  K,   T u c k y  B  H,   R a ns o h off   R  M.   C  C R 5  E x pr essi o n  o n

M o n o c yt es  a n d   T   C ells:    M o d ul ati o n  b y   Tr a ns  mi gr ati o n   A cr oss  t h e  Bl o o d-

B r ai n    B a r ri e r.  vit r o    C ell  I  m  m u n ol  ( 2 0 0 6)   2 4 3: 1 9– 2 9.   d oi:   1 0. 1 0 1 6/

j. c elli  m  m. 2 0 0 6. 1 2. 0 0 1

1 1 7.  S or c e  S,    M y b ur g h   R,   Kr a us e   K-  H.   T h e   C h e  m o ki n e   R e c e pt or   C  C R 5 i n  t h e

C e ntr al   N er v o us  S yst e  m.  Pr o g   N e ur o bi ol  ( 2 0 1 1)  9 3: 2 9 7– 3 1 1.  d oi:  1 0. 1 0 1 6/

j. p n e ur o bi o. 2 0 1 0. 1 2. 0 0 3

1 1 8.  S or c e S,  B o n n ef o nt J, J uli e n S,   M ar q- Li n   N,   R o dri g u e z I,   D u b ois-  D a u p hi n   M,

et  al.  I n cr e as e d  Br ai n   D a  m a g e   Aft er  Is c h a e  mi c  Str o k e i n    Mi c e  L a c ki n g t h e

C h e  m o ki n e    R e c e pt o r    C  C  R 5.  B r  J    P h a r  m a c ol  ( 2 0 1 0)   1 6 0: 3 1 1 – 2 1.

d oi:  1 0. 1 1 1 1/j. 1 4 7 6- 5 3 8 1. 2 0 1 0. 0 0 6 9 7. x

1 1 9.    K h a n I  A,   T h o  m as S Y,   M or ett o   M  M, L e e F S, Isl a  m S  A,   C o  m b e   C, et al.   C  C R 5

is  Ess e nti al f or   N  K   C ell   Tr affi c ki n g a n d   H ost S ur vi v al F oll o  wi n g   T o x o pl as  m a

G o n dii  I nf e cti o n.  Pl o S    P at h o g  ( 2 0 0 6)   2: e 4 9.   d oi:   1 0. 1 3 7 1/j o u r n al.

p p at. 0 0 2 0 0 4 9

1 2 0.    T ei x eir a    M  M,   Vil el a    M  C,  S ori a ni  F  M,   R o dri g u es    D  H,   T ei x eir a   A L.   Usi n g

I ntr a vit al   Mi cr os c o p y t o St u d y t h e   R ol e of   C h e  m o ki n es   D uri n g I nf e cti o n a n d

I nfl a  m  m ati o n  i n  t h e    C e ntr al    N er v o us  S yst e  m.  J    N e ur oi  m  m u n ol  ( 2 0 1 0)

2 2 4: 6 2 – 5.  d oi:  1 0. 1 0 1 6/j.j n e ur oi  m. 2 0 1 0. 0 5. 0 1 8

1 2 1.    T h a p a    M,   K u zi el    W  A,   C arr   DJJ.  S us c e pti bilit y  of   C  C R 5-  D e fi ci e nt Mi c e  t o

G e nit al    H er p es  Si  m pl e x   Vir us   T y p e  2  is  Li n k e d  t o    N  K   C ell    M o bili z ati o n.

J   Vir ol ( 2 0 0 7)  8 1: 3 7 0 4– 1 3.  d oi:  1 0. 1 1 2 8/J  VI. 0 2 6 2 6- 0 6

1 2 2.   B el n o u e  E,   K a yi b a n d a   M,   D es c h e  mi n J-  C,   Vi g ui er   M,   M a c k   M,   K u zi el    W  A,

et  al.   C  C R 5    D e fi ci e n c y    D e cr e as es  S us c e pti bilit y  t o  E x p eri  m e nt al   C er e br al

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

1 2 3.   B a b c o c k   A  A,   K u zi el   W  A,   Ri v est S,   O  w e ns   T.   C h e  m o ki n e  E x pr essi o n b y   Gli al

C ells   Dir e cts  L e u k o c yt es  t o  Sit es  of   A x o n al  I nj ur y  i n  t h e   C  N S.  J   N e ur osci

( 2 0 0 3)  2 3: 7 9 2 2– 3 0.  d oi:  1 0. 1 5 2 3/J  N E  U R  O S  CI. 2 3- 2 1- 0 7 9 2 2. 2 0 0 3

1 2 4.    W est  m or el a n d S  V,   Al v ar e z   X, d e B a k k er   C,   A y e  P,   Wils o n   M L,   Willi a  ms   K  C,

et al.   D e v el o p  m e nt al E x pr essi o n  P att er ns of   C  C R 5 a n d   C X  C R 4 i n t h e   R h es us
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 0
M a c a q u e  Br ai n.  J    N e ur oi  m  m u n ol  ( 2 0 0 2)  1 2 2: 1 4 6– 5 8.  d oi:  1 0. 1 0 1 6/s 0 1 6 5-

5 7 2 8( 0 1) 0 0 4 5 7- x

1 2 5.   P ar k   M  H,  L e e   Y  K,  L e e   Y  H,   Ki  m   Y- B,   Y u n   Y  W,   N a  m  S Y, et al.   C h e  m o ki n es

R el e as e d   Fr o  m    Astr o c yt es   Pr o  m ot e    C h e  m o ki n e    R e c e pt or   5-  M e di at e d

N e u r o n al    C ell    Diff e r e nti ati o n.  E x p    C ell    R es  ( 2 0 0 9)   3 1 5: 2 7 1 5 – 2 6.

d oi:  1 0. 1 0 1 6/j. y e x cr. 2 0 0 9. 0 6. 0 1 7

1 2 6.    M e u c ci   O, F at atis   A, Si  m e n   A  A, B us h ell   TJ,   Gr a y P  W,   Mill er   RJ.   C h e  m o ki n es

R e g ul at e   Hi p p o c a  m p al   N e ur o n al  Si g n ali n g  a n d   G p 1 2 0   N e ur ot o xi cit y.  Pr oc

N atl   Ac a d  Sci   U S  A  ( 1 9 9 8)  9 5: 1 4 5 0 0– 5.  d oi:  1 0. 1 0 7 3/ p n as. 9 5. 2 4. 1 4 5 0 0

1 2 7.    Tr a n  P B,  B a nis a dr    G,   R e n    D,    C h e n n    A,    Mill er   RJ.    C h e  m o ki n e   R e c e pt or

E x pr essi o n  b y    N e ur al  Pr o g e nit or    C ells  i n    N e ur o g e ni c    R e gi o ns  of    M o us e

Br ai n.  J   C o  m p   N e ur ol ( 2 0 0 7)  5 0 0: 1 0 0 7– 3 3.  d oi:  1 0. 1 0 0 2/ c n e. 2 1 2 2 9

1 2 8.    Kr a nj c    M  K,   N o v a k    M,  P est ell   R  G,  L a h   T T.   C yt o ki n e   C  C L 5  a n d   R e c e pt or

C  C R 5   A xis  i n   Gli o bl ast o  m a    M ultif or  m e.  R a di ol   O nc ol  ( 2 0 1 9)  5 3: 3 9 7– 4 0 6.

d oi:  1 0. 2 4 7 8/r a o n- 2 0 1 9- 0 0 5 7

1 2 9.   Br u n n    A,    M o nt esi n os- R o n g e n    M,  Str a c k    A,    R eif e n b er g er    G,    M a  wri n    C,

S c h all er   C, et  al.  E x pr essi o n  P att er n  a n d   C ell ul ar  S o ur c es  of   C h e  m o ki n es i n

Pri  m ar y    C e ntr al    N er v o us   S yst e  m   L y  m p h o  m a.  Act a    N e ur o p at h ol  ( 2 0 0 7)

1 1 4: 2 7 1 – 6.  d oi:  1 0. 1 0 0 7/s 0 0 4 0 1- 0 0 7- 0 2 5 8- x

1 3 0.    Z h a n g   H,   C h e n   K,   T a n   Q, S h a o   Q,   H a n S,   Z h a n g   C, et al. Str u ct ur al  B asis f or

C h e  m o ki n e   R e c o g niti o n  a n d   R e c e pt or   A cti v ati o n  of   C h e  m o ki n e   R e c e pt or

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

1 3 1.  S nij d ers  Bl o k  L,   Hi att S  M,  B o  wli n g   K  M,  Pr o k o p J  W,  E n g el   K L,   C o c hr a n J  N,

et al. D e   N o v o  M ut ati o ns i n   M E  D 1 3, a   C o  m p o n e nt of t h e   M e di at or   C o  m pl e x,

ar e    Ass o ci at e d    Wit h  a    N o v el    N e ur o d e v el o p  m e nt al    Dis or d er.  H u  m    G e n et

( 2 0 1 8)  1 3 7: 3 7 5– 8 8.  d oi:  1 0. 1 0 0 7/s 0 0 4 3 9- 0 1 8- 1 8 8 7- y

1 3 2.    Hi att  S  M,   N e u   M B,   R a  m a k er   R  C,   H ar di g a n   A  A,  Pr o k o p J  W,   H a n c ar o v a   M,

et al. D e   N o v o  M ut ati o ns i n t h e   G T P/  G  D P- Bi n di n g   R e gi o n of   R  A L  A, a   R  A S-

Li k e  S  m all   G T P as e,   C a us e I nt ell e ct u al   Dis a bilit y  a n d   D e v el o p  m e nt al   D el a y.

Pl o S   G e n et  ( 2 0 1 8)  1 4: e 1 0 0 7 6 7 1.  d oi:  1 0. 1 3 7 1/j o ur n al. p g e n. 1 0 0 7 6 7 1

1 3 3.  Sir pill a    O,  B a uss  J,    G u pt a   R,    U n d er  w o o d    A,    Q ut o b    D,  Fr e el a n d   T,  et  al.

S  A R S-  C o  V- 2- E n c o d e d  Pr ot e o  m e  a n d   H u  m a n   G e n eti cs:  Fr o  m  I nt er a cti o n-

B as e d  t o    Ri b os o  m al    Bi ol o g y  I  m p a ct   o n    Dis e as e  a n d    Ris k   Pr o c ess es.

J  Pr ot e o  m e   R es ( 2 0 2 0)  1 9: 4 2 7 5– 9 0.  d oi:  1 0. 1 0 2 1/ a cs.j pr ot e o  m e. 0 c 0 0 4 2 1

1 3 4.    G u pt a   R,   C h arr o n J, St e n g er   C L, P ai nt er J, St e  w ar d   H,   C o o k   T  W, et al. S  A R S-

C o  V- 2 (  C  O  VI  D- 1 9) Str u ct ur al a n d E v ol uti o n ar y   D y n a  mi c o  m e: I nsi g hts I nt o

F u n cti o n al  E v ol uti o n a n d   H u  m a n   G e n o  mi cs.  J  Bi ol   C h e  m ( 2 0 2 0) 2 9 5: 1 1 7 4 2–

5 3.  d oi:  1 0. 1 0 7 4/j b c. R  A 1 2 0. 0 1 4 8 7 3

C o n  fl i ct of I nt e r est:  T h e  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
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