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The quest to discover the bases of autoimmune diseases:
The early days and many decades of fierce debateThe early days and many decades of fierce debate

Paul Ehrich Julius Donath Karl LandsteinerPaul Ehrich
"It would be dysteleologic in 
the highest degree, if under 

Julius Donath Karl Landsteiner
”The development of autotoxic substances, 
which are bound to the organism’s own g g , f

these circumstances self-
poisons of the parenchyma—
autotoxins—were formed” -

which are bound to the organism s own 
cells, can be related to the process of 
antibody formation, a possibility which, as 
far as we know  has not been previously autotoxins were formed  far as we know, has not been previously 
discussed”



The quest to discover the bases of autoimmune diseases:
From ‘quantitative inheritance’ to GWAS studiesq

1918 – R.A. Fisher – Concept of variance in genetic studies

1961 – J. Thoday – Genetic mapping techniques to identify specific genes
affecting a quantitative trait (QTLs)
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The power of rare variants: from GWAS to WES/WGS

(Lupsky et al., Cell 2011)



Age-dependent role of genetic and epigenetic 
factors in the pathophysiology of autoimmunity
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AIRE

R di i

FOXP3

Receptor editing

FOXP3

BAFF

FOXP3
FAS (AICD)

Complement



Autoimmune PolyEndocrinopathy – Candidiasis –
E d l D h  ( PE ED) dEctodermal Dystrophy (APECED) syndrome
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AIRE controls negative selection of
self-reactive T cells in the thymus

† (negative selection)
thymic DC

y

X Xautoreactive
T lymphocyte

† ( g )
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I Immune deficiency/dysregulation

P Polyendocrinopathy

E Enteropathy

X X‐linked inheritance



FOXP3 gene and protein

ZF domain LZ‐FKD loop

Gated on CD4+ cells
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IPEX: Clinical features
(n=149 patients from 52 publications)(n=149 patients from 52 publications)
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Treg cells: a key player in immune homeostasisreg cells  a key player n mmune homeostas s

fitfitness

IL-10, TGF-

CTLA-4
immune

regulation

(Wing & Sakaguchi, Nat Immunol 2010)



IL2RA deficiency

Enteropathy
Recurrent/chronic viral inf.
Hematomegaly
L h d hLymphadenopathy
Eczema
Candidiasis
Normal IgE
AR inh it ncAR inheritance

STAT5B deficiency
Markedly short staturey
Chronic lung disease
Eczema
Diarrhea
Autoimmune hepatitis
Autoimmune hypothyroidism
Recurrent viral infections
Normal GH, very low IGF-1 
AR inheritance



CTLA4 helps extinguish T cell activation

HLA TCRTCR

ff
CD80/86 CD28CTLA4

Teff

T

CTL TCR

LA4

TregTreg



CTLA4 Deficiency

• Progressive lung disease with bronchiectasis
and lymphocytic infiltrates 

• Lymphoid aggregates in the brain

• Lymphadenopathy and infiltration of 
lymphocytes in mucosal tissueslymphocytes in mucosal tissues

• Autoimmune cytopenias

• Hypogammaglobulinemia

• T cell lymphopenia with activated T cells

• Autosomal dominant inheritance, incomplete penetrance
(Kuehn et al., Science 2014; Schubert et al., Nat. Med. 2014) 



Peripheral Mechanisms of T Cell Tolerance



Autoimmune LymphoProliferative Syndrome (ALPS)y p y ( )

Clinical features
non malignant chronic lymphoproliferation 
autoimmune cytopenias
increased risk of lymphoma (10%)

Laboratory
f t

increased risk of lymphoma (10%)

features
 TCR+ CD4- CD8- (DN) T cells
impaired Fas-mediated apoptosis (most cases)impaired Fas mediated apoptosis (most cases)
 FasL,  IL-10
 vit. B12

8
Control ALPS patient

Genetics
AD or sporadic 
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AR (more rare)
somatic mutations

TCR

CD



FasL
cytokine

withdrawal

X

FasL

X including
somatic mutations!

N-RAS

RAF

MEK pro-caspase 10

ERK

Bi
Bim

/Caspase‐10
Bim

Bim

apoptosis



The seesaw model of immunological competenceThe seesaw model of immunological competence

autoimmunity

immunological competence

autoimmunity

immunodeficiency
malignancyg y



(Hogquist & Jameson, Nat Immunol 2014)



Defects of T cell signaling
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J Exp Med 2016; 13:1185‐99

P1 P2 P3
P1 P2 P3

pneumonias
bronchiectasis

pneumonias
UTIs

P1 P2 P3
congenital toxoplasmosis
pneumonias
VZV CMV d iEBV, CMV

AIHA, ITP
lymphadenopathy

CMV
TTP
lymphadenopathy

VZV, CMV, adenovirus
candida
AIHA, ITP

splenomegaly
progressive hypoglob.
progress. lymphopenia

splenomegaly
hyper‐globul.
elevated T cells

lymphadenopathy
splenomegaly
hypo‐ to hyper‐glob.p g y p p elevated T cellsyp yp g
progress. lymphopenia
elevated T cells



Activated PI3-kinase C syndrome (APDS): 
Clinical phenotype

nodular lymphoid hyperplasia bronchiectasis recurr. URTI

Clinical phenotype
B cell lymphoma

chronic/recurrent viremia (CMV, EBV, VZV, HSV)
sclerosing cholangitis         sclerosing cholangitis         

Autoimmunity

(Coulter et al., JACI 2016)



Defects of T cell signaling: When immunodeficiency and
immune dysregulation go hand-in-handimmune dysregulation go hand in hand

Infections

impaired thymopoiesis/survival

Reduced
reduced effector T cell function

Reduced
TCR signaling

d f  T f  defective Treg function 

i i d ti ti i d d ll d thimpaired activation-induced cell death

Immune dysregulation



Combined immunodeficiencies with dysfunctional
T l h t  h  t  di  th ?T lymphocytes: how to diagnose them?

Laboratory features
• T cell lymphopenia (variable severity)• T cell lymphopenia (variable severity)

• Altered distribution of T cell subsets 
( f   f d )(often increase of TEM and TEMRA)

• Reduced number of naïve T cells

• Impaired T cell function

• Immunoglobulin serum levels are variable (from low to high)• Immunoglobulin serum levels are variable (from low to high)

• Antibody production is variably affected

• Autoantibodies may be present



Critical role of TCR signaling in T cell development

CD3 deficiency: T- SCID
CD3 deficiency: T- SCIDy
CD3 deficiency: T- SCID
CD3 deficiency: T+/lo CID y

with autoimmunity

6 patients with CD3 deficiency
Age (y) CD3/L IgG Infections Autoimmunityg (y)  g

(mg/dL)
y

P1 2 2018 338 pneumonia, EBV enteropathy, AIHA

P2 11 630 1240 t RTI th iditiP2 11 630 1240 recurrent RTI thyroiditis

P3 1.1 2800 881 none thyroiditis

P4 12 380 491 recurrent RTI thyroiditis, AIHA, ITPP4 12 380 491 recurrent RTI thyroiditis, AIHA, ITP

P5 20 1200 1660 bronchiectasis thyroiditis, AIHA, NS

P6 34 1051 632 abscesses, viral meningitis none
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Impaired in vitro proliferation to PHA
of T lymphocytes from CD3G-mutated patients

Control Patient

of T lymphocytes from CD3G mutated patients
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In patients with CD3G mutations, altered TCR signaling
i  i t d ith d f ti  T i  ti itis associated with defective Treg suppressive activity
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RAG1/2 Proteins: Key Players of V(D)J Recombination

RAG1/RAG2 heterotetramer
V genes D genes J genes C genes

1 1 12 2 2……….. n … n … n

CCAAAAACA (N)23 GTGACAC
12-RSS 23-RSS

CACAGTG  (N)12 ACAAAAACC 

RAG1, RAG2, HMGB 
OH

OH Paired Complex
(Kim et al., Nature 2015)

Hairpin formation
RAG deficiency: 20% of all SCID
RAG1 mutated in 65‐80% of these cases

( , )

+ NHEJ

Cleaved Signal ComplexRAG1 mutated in 65‐80% of these cases
SCID is not the only phenotype  

+ Signal JointCoding Joint



Phenotypic heterogeneity of SCID:
RAG defects as an exemplumRAG defects as an exemplum

INFECTION
AUTOIMMUNITY

)
CID + 

INFECTION

Autoimmunity
SCID (T-B-NK+) Omenn syndrome Granuloma/Autoimmunity 

Early onset
Severe infections

Early onset 
Oligoclonal T cells Delayed onset   Variable T/B cell countsSevere infections

Failure to thrive
Lack of T and B cells
Absent Ig

Oligoclonal T cells
B cell lymphopenia
IgG, but  IgE
Eosinophilia

y
Infections , normal or  Igs 
Autoimmunity         Autoantibodies
GranulomasAbsent Ig p

Additional phenotypes: Ab deficiency, CVID-like, XLA-like



Immunological features in patients with
various RAG deficiency phenotypesvarious RAG deficiency phenotypes
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The clinical phenotype of human RAG deficiency 
correlates with the degree of recombination activity 

d h d  f T d B ll and with diversity of T and B cell repertoire
IGH TRB
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control
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CID-G/AI
(n=10)

LS
(n=7)

OS
(n=26)

T
(n=12)

SCID
(n=8)

(L t l JACI 2014)

T
(leaky SCID)

(Lee et al, JACI 2014)

Omenn
dsyndrome

(Lee et al, Science Immunol 2016)



Immune dysregulation in RAG deficiency
RAG1 def.      RAG2 def.    Total RAG
(n= 103)          (n=87)          (n=190)

Manifestation     N % N % N %

Autoimmunity 22 21.3 12 13.8 34 17.9

Granulomas 10 9.7 5 5.7 15 7.9

Skin sh 41 39 8 40 48 2 81 42 6Skin rash 41 39.8 40 48.2 81 42.6

Hepatomegaly 15 14 6 22 25 3 37 19 5Hepatomegaly 15 14.6 22 25.3 37 19.5

Lymphadenopathy 11 10.7 19 22.9 30 15.8

Splenomegaly 8 7.8 23 26.4 31 16.3



Which autoimmune manifestations?

Manifestation     N %Manifestation     N %

Cytopenias 22 11.6
AIHA 16 8 4AIHA 16 8.4
neutropenia 8 4.2
ITP 7 3.7

Vasculitis 3
IBD 3IBD 3
Vitiligo 3                   1.6 each
Alopecia 3
H h idi 3Hypothyroidism 3

Psoriasis, focal glomerulosclerosis, biliary cirrhosis, Psoriasis, focal glomerulosclerosis, biliary cirrhosis, 
myasthenia gravis, arthritis, have also been reported
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These conditions are characterized by defective AIRE expression



Deletional and non deletional mechanisms of
central tolerance are impaired in Omenn syndrome

† ( ti l ti )
thymic DC

central tolerance are impaired in Omenn syndrome

autoreactive
T lymphocyte

† (negative selection)
X X

y p y

TCR
Foxp3+

LTiX
XMHCTreg

CD40
RANK CD40L

RANKLX
LT

aire
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14y old male with loss of uvula and
nasal septum destruction

Patient
nasal septum destruction
granulomatous skin lesions
myasthenia gravis

Control

Sister: autoimmune cytopenias
ANA + collagen vascular disease
palpebral ptosis Control

RAG1: p.W522C; p.L541Cfs*30



Controls Controls CID‐G/A Omenn SCIDRAG
patients

Controls Controls CID‐G/A Omenn SCIDRAG
patients



Analysis of TRBV-TRBJ gene pairing demonstrates
restriction of T cell repertoire and clonotypicn f p n n yp

expansions in patients with CID-G/A and Omenn

Treg Tconv CD8+
Control Control ControlCID‐G/A CID‐G/A CID‐G/AOmenn Omenn Omenn

conv



P6‐P7 doublet AA composition

Promotes self‐reactivity
Limits self‐reactivity



Abnormalities of CDR3 composition in CID-G/A

Increased self‐reactivity in Tconv cells from CID‐G/A patients

CID‐G/A patients

conv

Promotes self‐reactivity
Li it lf ti itLimits self‐reactivity



CID-G/A

Mechanisms accounting for phenotypic heterogeneity
D G/

Leaky SCID
T
Omenn

Recombination
activity

SCID

 T  and B cell production  T  and B cell diversity

Homeostatic 
proliferation

Rescue of 
autoreactive T and B 

cells

Reduced ability to 
recognize non-self 

antigens

Environmental   triggers

Inflammation Autoimmunity Infections



PID with immune dysregulation: 
h ll  d dchallenges and needs

• Phenotypic heterogeneity

• Need to identify biomarkers predictive of Need to identify biomarkers predictive of 
complicated clinical course
M lti l  th ti  ti s  b t l k f  l  th• Multiple therapeutic options, but lack of a clear path

Need of a prospective/retrospective registry
Must involve multiple specialistsMu n mu p p

(immunologists, transplanters, ID, pulmonolists, 
GI doctors, Hem/Onc doctors)

 Need of prospective clinical trials
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In patients with CD3G mutations, altered TCR signaling
Is associated with anomalies of Treg and Tconv cells 

Treg cells from CD3G-mutated patients
h  i i d i  ti it

CD4+ Tconv cells from CD3G-mutated patients
h   lf ti it  l l  i t

Is assoc ated w th anomal es of reg and conv cells 
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Immune dysregulation of RAG deficiency
Omenn syndrome CID-G/AI

hyper-IgE
eosinophilia
Th2 k i

granulomas
EBV, VZV

autoimmunity
inflammation

Th2 skewing

Spectrum of autoantibodies in RAG deficiency

15 patients with CID G/AI or idiopathic CD4 lymphopenia

A total of 31 patients with proven RAG mutations:

- 15 patients with CID-G/AI or idiopathic CD4 lymphopenia
- 5 patients with leaky SCID
- 7 patients with Omenn syndromep y
- 4 patients with SCID


