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Immune Tolerance

Healthy

IMMUNE 
HOMEOSTASIS

Self antigens
are ‘tolerated’

Non-self antigens 
are neutralized

Autoimmune disease, 
transplant rejection, etc.

IMMUNE 
IMBALANCE

Tissue 
destruction

Non-self antigens 
are neutralized



Mammalian Genetics Section was established to study:
• Hereditary effects of radiation (fallout from nuclear tests)
• Radiation-induced mutation rates

Origins of the scurfy mouse

Located in eastern Tennessee, USA
est. 1943 as part of the Manhattan ProjectWilliam and Liane Russell



scurfy:
• Spontaneous mutation

(i.e., not part of the radiation exposure cohort)
• Observed in 1949

Maintained for ~40 years before pathology was described!
• First X-linked mutation in mouse

(no obvious phenotype in female carriers)

Genetics and Pathology of the scurfy Mouse

Hunched posture
Runting
Squinted eyes
Scaly skin
Cachexia

Visible 
Phenotypes:

Splenomegaly
Hepatomegaly
Enlarged lymph nodes
Small thin thymus

Internal 
Phenotypes



Male mice only:
Severe lymphoproliferative disorder is lethal by ~3 weeks  
• Mediated by CD4+ T cells
• Cytokine elevation
• Down regulation of T cell activation

is defective >> autoimmunity

Genetics and Pathology of the scurfy Mouse

John Erby 
Wilkinson
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Virginia 
Godfrey
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Gene-Driven Drug Target Discovery

• Launched in 1993 – Bothell, Washington, USA
• Phenotype-driven target discovery
• Target areas: Autoimmune disease, Cancer, AIDS
• Interactions with Oak Ridge National Lab >>  interest in scurfy mouse
• Acquired by Chiroscience (1996), then Celltech (1999), both in the UK
• Closed 2004

“DNA Sequences to Drugs through Molecular Evolution”

Founders:

David Galas, PhD
Leroy Hood, MD, PhD
Ronald Cape, MBA, PhD

Lawrence Loeb, MD, PhD
George Rathmann, PhD
Julius Rebek, Jr., PhD

Mark Pearson, PhD
Gerald Joyce, MD, PhD
Lloyd Cotsen, MBA



Two-Pronged Approach to Cloning scurfy

1Genetic mapping
to refine scurfy interval

• Brought scurfy mice from ORNL to Darwin

• Set up large backcross experiment to capture 
new recombination events

Let the mice do the work for you!



• cDNA libraries
• Polymorphic markers
• Pulsed field gel electrophoresis
• Artificial chromosome libraries
• Automated sequencing
• Gene prediction algorithms

Two-Pronged Approach to Cloning scurfy

1Genetic mapping
to refine scurfy interval

• Brought scurfy mice from ORNL to Darwin

• Set up large backcross experiment to capture 
new recombination events

Let the mice do the work for you! 2Physical mapping
of scurfy interval

• Cutting-edge Genomics and Bioinformatics tools
• Highly accurate sequencing across >500kb interval



My core team:

Finding the scurfy Mutation

Eric Jeffery Kathryn Hjerrild Bryan Paeper



Finding the scurfy Mutation

X

X X

1. >500 kb BAC contig spanning 
critical recombination breakpoints  
(0.3-cM interval)

2. Highly accurate shotgun sequencing 
of tiling path BACs

3.

4.
5.
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1. >500 kb BAC contig spanning 
defining recombination breakpoints  
(0.3-cM interval)

2. Highly accurate shotgun sequencing 
of tiling path BACs

3. Gene identification: BLAST, 
GENSCAN, etc.

4. 20 genes – known and novel
5.

Finding the scurfy Mutation

1. Syp 6. Cacna1f 11. AA273854 16. AF229635

2. Plm2 7. Plp1a 12. AA030924 17. AW342118

3. Tcfe3 8. AF229644 13. Smt3h2 18. AF229642

4. mT54 9. AA124124 14. Lmo6 19. AF229645

5. Plp2 10. Kcnd1 15. AF229636 20. FKH
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1. Syp 6. Cacna1f 11. AA273854 16. AF229635

2. Plm2 7. Plp1a 12. AA030924 17. AW342118

3. Tcfe3 8. AF229644 13. Smt3h2 18. AF229642
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Finding the scurfy Mutation

1. >500 kb BAC contig spanning 
defining recombination breakpoints  
(0.3-cM interval)

2. Highly accurate shotgun sequencing 
of tiling path BACs

3. Gene identification: BLAST, 
GENSCAN, etc.

4. 20 genes, known and novel
5. scurfy vs wild-type sequence 

comparisons



Molecular 
Genetic
Basis of 
scurfy 
Phenotype

2-base pair insertion in DNA-binding domain

X X

X Recombination breakpoints 
defining scurfy interval



2-base pair insertion in DNA-binding domain

Molecular 
Genetic
Basis of 
scurfy 
Phenotype



2. Effect of Foxp3 overexpression

Wild Type scurfy scurfy +
Transgene

Lymph Nodes

Confirmation that Foxp3 = scurfy

1. 30.8kb genomic fragment containing wild 
type Foxp3 gene rescues scurfy lethality

Transgene strategy

-12.5 kb
~7.5 kb

~2.5 kb



FOXP3 = 
scurfy 
in Mice

nature genetics • volume 27 • january 2001



FOXP3
= IPEX
in Humans

nature genetics 
volume 27 
january 2001



Mutations in human FOXP3 
gene result in IPEX:

FOXP3 = IPEX in Humans

I MMUNE DYSREGULATION
P OLYENDOCRINOPATHY
E NTEROPATHY
X -LINKED SYNDROME

Allelic series:
• Severity of disease depends on nature of 

the mutation (>170 mutations reported)

• Diagnosis

• Prognosis

• Structure/function 
analysis of FOXP3 
protein

Significance



F O X P 3 E n c o d e s
Tr a n s cri pti o n F a ct or

R a m s d ell a n d Zi e gl er 2 0 1 4 N at ur e R e vi e w s I m m u n ol o g y

• N o v el m e m b er of t h e f or k h e a d/ wi n g e d-h eli x g e n e f a mil y

• Hi g hl y c o n s er v e d a cr o s s all v ert e br at e s

• Tr a n s cri pti o n r e pr e s s or or a cti v at or, d e p e n di n g o n i nt er a ct or s

R e pr e s s or
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Zi n c
fi n g er

L e u ci n e
zi p p er

F or k h e a d D N A -bi n di n g
d o m ai n

Or e g o n H e alt h Sci e n c es U ni v er sit y, U S A , 
a n d b y H a n s O c h s a n d P hil C h a n c e at t h e 
U ni v er sit y of W as hi n gt o n, U S A, ex a mi n e d a 
n u m b er of i s ol at e d c as es of f a mili al X-li n k e d 
a u t oi mm u n e sy n dr o m e t h at  w er e of u n d et er-
mi n e d ori gi n. T hi s sy n dr o m e, fir st d escri b ed 
b y P o w ell a n d c oll e a g u es i n 1 9 8 2, w as k n o w n 
as  i m m u n o d y sr e g ul ati o n, p ol y e n d o cri n o p a-
t hy, e nt er o p at hy, X-li n k e d sy n dr o m e (I P E X ) 
ac c or di n g t o t h e g e n er al c h ar act eri sti c s of t h e 
p a tie nt s 2 1 . Se q u e n ci n g of t h e F O X P 3  g e n e in 
s ev er al  of t h es e f a mili es i d e ntifie d  m ut atio n s 
wit hi n t h e g e n e it s elf as w e ll as o n e wit hin 
t he 3ʹ  u n tra n sl at e d  r egi o n ( 3ʹ  U T R) of t h e 
F O X P 3  g e n e; all c h a n g es w er e pre d i cte d  to 
b e  d el et eri o u s i n n at ur e2 2 ,2 3 . I n t h e i nitial 
se q u e n ci n g of m or e t h a n 2 0 0 X c hr o m o-
s o m es, all of t h e c h a n g es i n t h e h u m a n 
F O X P 3  g e n e w er e ass o ci ate d  wit h I P E X.

T h es e st u di es est a bli s h e d  t h at F O X P3  
w as cr u ci al  f or t h e d ev el o p m e nt a n d f u n c-
tio n of T

R e g
 c ells. T hi s w or k w as f o llo w e d 

b y a n i m p ort a nt st u d y fr o m t h e R u d e n sk y 
gr o u p of t h e i n vi v o ex pr ess i on of F ox p 3 
( R E F. 2 4 ). T h es e st u di es t o o k a d v a nt a g e of a  

m o u s e s trai n, d ev el o p e d  i n t h e R u d e n sky  
l a b or at or y, t h at ex pr esse d  gr e e n fl u or esc e n t 
pr ot ei n ( G F P) u n d er t h e c o ntr ol o f  
t he F o x p 3  l o c u s. T hi s strai n all o w e d  f or t he  
i d e ntifi c atio n of F o x p 3 - ex pr essi n g c ells b y 
fl o w c yt o m etry. A n al y si s of t h es e mi c e l e d  
t o s ev eral  i m p ort a nt de d u c tio n s a b o u t 
F o x p 3 . Fir st, it w as f o u n d t h at it s ex pr essi on  
w as r es tri cte d  t o a v er y s m all s u b s et of 
α β  T  c ell rec e pt or ( T C R)- ex pr essi n g T  c ells, 
a n d t h at t h e d ev el o p m e nt of t hi s s u b s et i n 
t h e t h y m u s re q uir e d  T C R ‒M H C cl ass II 
i nt er actio n. Sec o n d, l o ss of F o x p 3 ex pr es-
si o n i n c o n v e n tio n al , n o n-r e gul at or y T  c ells 
h a d n o i m p a ct o n t h eir f u n c tio n a n d t h ei r 
a b ilit y t o r es p o n d t o a ntig e ni c s tim ul a tio n . 
Fi n all y, ex pr essi o n of F o x p 3  c orr el ate d  with 
s u p pr ess or ac tivit y i n T  c ells, irr es p ec tiv e o f 
C D 2 5 e x p r essi on l ev el s. T his re p or t d e m o n-
strat e d  t h at F o x p 3 -ex pr essi n g C D 4 +  T c ells 
ar e a n  i n d e p e n d e nt li n e a g e of T c ells t h at 
h av e a r ol e i n m ai nt ai ni n g p eri p h er al  t ol er-
a n c e. T h e i m p ort a n c e of F O X P 3 t hr o u g h o u t 
t he lif e of a T

R e g
 c ell w as el e g a ntl y s h o w n by 

t w o gr o u p s u si n g mi c e t h at ex pr ess e d  t he 
si mi a n di p ht h eri a t o xi n r ec e pt or fr o m 
t he F o x p 3  lo c u s 2 5 ,2 6 . Tr e at me nt of t h es e 
mi c e wit h di p ht h eri a t o xi n r es ul te d  i n t he 
r a pi d o n s et of a f atal  l y m p h o pr olif er ativ e 
di s e as e, d e m o n s tra tin g t h e i m p ort a n c e o f 
F O X P 3- ex pr essi n g T

R e g
 c ells f or m ai nt ai ni n g 

i m m u n e h o me o st asi s.
O n c e it w as cl e ar t h at F O X P 3 w as cr u ci al 

f or T
R e g 

c ell d ev el o p m e nt a n d f u n ctio n, a n 
ex pl o si o n of r es e ar c h e n s u e d . F or ex a m pl e, 
it i s n o w cl e ar t h at t h er e ar e t w o di stin c t 
p o p ul a tio n s of F O X P 3 +  T

R e g
 c ells: o n e t h at i s 

d eri v e d  fr o m t h e t h y m u s a n d i s s elf-r e activ e 
— t h es e c e lls ar e r ef err e d  t o as t h y m u s-
d eri v e d  T

R e g
 (t T

R e g
) c ells — a n d a n ot h er 

t h at i s p eri p h er all y g e n er ate d  a n d m ay be 
i n d u ce d  b y eit h er s elf or n o n- s elf a ntig e n s 
— t h es e c e lls ar e r ef err e d  t o as p eri p h er ally 
d eri v e d  T

R e g
 (p T

R e g
) c ells 2 7 – 3 0 . C urr e nt d ata 

s u g g e st  t h at F o x p 3  ex pr essi o n  in  th e  tT
R e g

 c ell 
s u b s et i s st a bl e, w h er e as it s ex pr essi o n i n t h e 
p T

R e g
 cell  su b s et  is vari a bl e 3 1 ,3 2 , h o w ev er t his 

i s still a n o n g oi n g ar e a of r es e ar c h3 3 . T h e r el a-
tiv e f u n c tio n al  c o ntri b utio n of e ac h T

R e g
 c ell 

s u b s et t o t h e m ai nt e n a n c e of p eri p h er a l  
t ol er a n c e i s n ot c o m pl et el y u n d er st oo d.

Si n c e t h e pi o n e e ri n g st u di es d escri b e d 
a b o v e, a v ast a m o u nt of r es e ar c h h as b e e n 
d e d i c ate d  t o d ev el o pi n g a n u n d er st a n di n g o f 
t h e f u n ctio n of F O X P 3. F or t h e p ur p o s e s 
of t hi s Ti m eli n e ar ticl e, w e f o c u s o n t h e 
st u di es t h at h av e pr o vi d e d  k ey i n si g ht s i nto 
t hre e  as pec t s of F O X P 3 bi ol o g y; n a m el y, its 
f u n ctio n, t h e r e g ul a tio n of it s ex pr essi o n , 
a n d t h e diff er e n c es b et w e e n h u m a n a n d 
m o u s e  F O X P 3.

F u n cti o n al a n al y si s of F O X P 3
T h e fir st r e p ort of t h e f u n c tio n of F O X P 3 
w as b y Sc h u b ert a n d c o lle a g u es w h o  
s h o w e d  t h at F o x p 3 act e d  as a tra n scri p tio n al 
r ep r ess or 3 4 . T hi s st u d y i n v ol ve d  t h e c o-
tra n sf ec tio n of F O X P 3 a n d a r e p ort er g e n e 
c o nt ai ni n g a c a n o ni c al  f or k h e a d bi n di ng  
sit e, a n d s h o w e d  t h at F O X P 3 c oul d i n h i bit 
tra n scri p tio n of t h e r e p ort er. T h e a b ilit y of 
F O X P 3 t o i n h i bit tra n scri p tio n r e q uir e d  
t he f or k h e a d d o m ai n of t he pr ot ei n ( FI G. 2 ) , 
d e m o n s tra tin g t h at dir ec t D N A bi n di ng  
w as n ec ess ar y. A f o llo w- u p st u d y, u si n g 
f u si o n s of F O X P 3 wit h t h e D N A- bi n di ng 
d o m ai n of t h e y e ast tra n scri p tio n f act o r 
G al 4, f o u n d t h at it i s t h e a mi n o-t er mi n al 
h al f of t h e F O X P 3 pr ot ei n t h at i s nec ess ar y  
f or tra n scri p tio n al  r e pr essi o n3 5 . T h ese  
st u di es w er e f o llo w e d  b y a s eri es of r e p orts 
s h o wi n g t h at a n u m b er of pr ot ei n s i nt er ac t 
wit h F O X P 3. C o n si st e nt wit h t h e e arli e r 
st u di es t h at d e m o n strat e d  t h e i m p ort a n ce 
of t h e a mi n o-t er mi n al  d o m ai n of F O X P 3, 
M ar k Gr e e n e a n d c o lle a g u es s h o w e d  t h at a 
c hr o m atin-r e m o d e lli n g c o m pl ex — w hi ch 
c o nt ai n e d  hi st o n e d e ac et yl as e 7 ( H D A C 7), 
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li n e a g e8 2

F O X P 3 i s f o u n d 
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s w a p p e d di m er 4 2
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vs.

Direct Human 
Health Implications

“Druggable
Targets”

Indirect Human 
Health Implications

“Non-Druggable
Targets”

Ex: SOSTEx: FOXP3

Drug Development from Gene Discovery



Normal

• Excess deposition of skeletal bone:
• Throughout life

• Extremely strong, deposited in normal manner

• All bone types affected

• Little other independent pathology

• Carriers have intermediate bone density >>  Dose-dependent!

• Surrogate drug approach

• SOST: Member of a family of secreted BMP antagonists

Sclerosteosis (autosomal recessive) 

Brunkow et al AJHG 2001 | Winkler et al EMBO 2003

Direct Clinical Application…

Sclerosteosis
Blocking antibody is now on the 
market! (Romosozumab/Evenity)



FOXP3 / Scurfin:
Post-Cloning

Treg-specific
Marker

New hook into Treg 
cell biology

Limited Expression
(5-10% of CD4+ cells 

are also CD25+)

FOXP3 programs
Treg identity

Master regulator of 
Treg cells

FOXP3 Treg

Treg

Treg-associated
Therapies

Autoimmune disease
Organ transplantation

Cancer

Gene regulatory 
networks

New drug targets?

FOXP3
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