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1 Summary

1 SUMMARY

Children with pimary immunodeficiency disorders (PIByffer fromseverediseases
which are characterized by an increased susceptibility to infectobhsmay presentwith
variable phenotypege.g., allergies, autoinflammationfPID are caused by rare monogenic
germline mutationaffecing the developmerand/or functiorof theimmune systemTo date,
mutations inmore than430 geneshave been identified to cause a HI). The affected
individualsoftenrequire intesive,lifelong medical care becauseeatmenbptions are limited
Therefore, lhe elucidation ofmolecular mechanisnia PID is critical forthe development of

newtreatmenstrategies fochildren with lifethreateningmmunediseases.

In this PhD thesisl have characterizetivo monogenicentitiesof pediatric PID First,
we havereportedbiallelic lossof-function mutatiors in transforming growth factor beta 1
(TGFBJ) asa novel cause forPID. Three patientsvith TGFb 1 d e f presented witly
severe immunodeficiency inflammatory bowel disease (IBD) and encephalopathy.
Immunological analysis reveale@fdctve T cell differentiationandactivation Biochemical
assaysconfirmed a disturbed secretion, stabjlignd bioavailability ofthe mutant TGFB1
alleles Our studieshighlighted anindispensablerole of TGFb 1for intestinal immune
homeostasis andeurologicaldevelopment in humanssecond,we have identified novel
homozygous mutations iRas guanyl releasing protein(RASGRPLin three children from
two unrelated familiesThe patiens showedseveremmune dysregulatiorincluding signs of
autoimmunity and EpsteinBarr-Virus (EBV)-associated B cell lymphoproliferaion.
Immunological studiegpointed to perturted T cell developmentand plasticityin our
RASGRPdeficient patientsas indicated byCD4" T cell lymphopeniaabnormal T cell
receptor (TCR)V b repertoirs, reduced TCR excision circles(TREC) and increased
frequencies offCRgd cells As molecular pathomechanisralteredMAPK/ERK signaling
could be detected in RASGRi¥gficient T cells

In summarywe identifiednovelgermline mutations ifGFB1landRASGRPXausing
severe PID. Our findings contribuie a better understanding of pathological pathways in PID
highlighting TGRFkb1 and RASGRP1 as critical regul ato
homeostasiOur studies lay the foundation for tbptimization of personalizetteatmentor
children with PID but alsoprovide critical insights forcommon immune and

autoinflammatoryrelated disorders






1 Zusammenfassur

1 ZUSAMMENFASSUNG

Kinder mit priméaren Immundefekten (PIDkeigen héufig einenschweren
Krankheitsverlauf, der im Wesentlichen durch eihdhtes Infektionsrisikoharakterisiert ist,
aber auch heterogene Krankheitsauspragungen aufweisen (z.B. Allergien oder
Autoinflammation) PID werden durch seltene angeborene Gendefekeeyorwiegend die
Entwicklung und/oder Funktion des Immunsystestisen verursachtBis heute wurden mehr
als430genetische Entitatesds Ursache fir PID idéifiziert [1]. In vielen Fallen bendtigen die
Erkrankten eine intensive und teilweise lebenslange medizinische Betrawiingcht immer
kurative Therapiedmpnen zur Verfigung stehenDaher ist @ Erforschung der
zugrunceliegenden molekularen Mechanismeon PID entscheidend fur di&ntwicklung
neuer Behandlungkonzeptevon Kindern mitdiesenlebensbedrohlichemmmunologischen

Erkrankungen.

Diese Dissertation beschreibt zwei monogenetische Erkrankudgefrihkindliche
PID verursachenlm ersten Fall beschreiben wir biallelisdossof-functionMutationen im
Gentransforming growth factor beta(TGFBJ). Drei Patienten mit GFb 1Defizienzzeigten
eine schwegradige Immunschwéache chronischeentziindliche Darmerkrankungund
Enzephalopathie. Immunologische Untersuchungerkonnten einen Defekt in der
Differenzierung und Aktivierungvon T Zellen nachweisen Funktionelle biochemische
Experimentezeigteneine gestdrte Sekretion, Stabilitat und Bioverfigbarkeit der mutierten
TGFb 1Proteine Damit verdeutlicken unsere Studien dieverzichtbare Rolle vonGFb 1
fur die intestinale Immunhomoéostase und neurologische Entwicklung im Mensichen.
zweiten Fall haben wir neue homozygote Mutationen Ras guanyl releasing protein 1
(RASGRPREGen in drei Kindern von zwei nichverwandten Familien identfiert. Die
Patienterzeigten eineschwerenmmundefekt und entwickelten eine Autoimmunerkrankung
bzw. EpsteinBarr-Virus (EBV)-assoziierteB-Zell Lymphoproliferation Unsere Studien
wiesen auf eine gestdrte-Zell Entwicklung hin, was sich durch eine reduzierte CD4
Zellzahl,einabnormadsT cell recepto(TCR) V bRepertoire gineverringerte Anzahl amCR
excision circles(TREC) sowie eine erhthte Frequenz vohCRgd-positiven TFZellen
widerspiegelte Als molekularen Pathomechanismusonnten wir einen Defekt im
MAPK/ERK-Signalweg irRASGRP tdefizienten TZellenbeobachten



1 Zusammenfassur

Zusammenfassend haben wir ageimbahnmutationemiden GenemMGFB1 und
RASGRP1lals Ursachen fur PID identifiziertynsere Ergebnisseagen zu einem besseren
Verstandnis der Krankheitsentstehung auf molekularer Ebene in PID beeigethTGFb 1
bzw.RASGRP1als kritische Regulatonreder Immunentwicklung undhomdostasauf. Diese
Studien legen das Fundament fir die Optimierung von personalisierten Behandlungen fur
Kinder mit PID, liefern gleichzeitigaber auch wichtiggrundlegendé&rkenntnsse fur andere

haufige immunologische uraltoinflammatorisch&rkrankungen.



2 Introdudion

2 | NTRODUCTION

2.1  Primary immunodeficiency disorders

Primary immunodeficiency disorde(®ID) comprisea heterogeneousollection of
inheriteddiseases which are commordgusedby mutations in genes involved in innaie
adaptive immune mechanisify. Although mary rare immune disordeitypically harbor a
monogenic origin which follows a classical Mendelianinheritance pattetn the
pathomechanisnmeresometimesomplexand polygeni¢3]. From a clinical point of viewthe
majority of PIDpatients presesatvith anincreased susceptibility to infectigres well as higher
morbidity and mortality{4]. NonethelessPID phenotypesare extremelyvariable and may
include allergy,lymphoproliferationchronic inflammationautoimmunity and cance}5]. The
disease onset strongly depends on the underlying immunodefiaadcsanifestsnainly in
early childhoodputin some cases Plbanoccurduring adulthood6]. Sincethe second half
of the 2" century the number afinically classifiedPID has increased steaddnd upto date
more tham30disordershave been characterizfld. Even thoughPID arestill consideredare
diseasesthar true incidence and prevalenaemain difficult to predict [7]. Recent
epidemiologicalstudies suggest a noticeable trgauintingto a globalsurgein the incidence
of PID, particularly in countriewith increased frequency obnsanguineous marriag@&s12].
The I nternational Un i o nlUIB)ExpartnCoronitted om dPiimary | S o«
Immunodeficienciesegularlyprovides an elaborasndup-to-datecatalogue ofinborn errors
of immunityg listinggenes, disease names, as welhas clinical and laboratory featurgs3].
Based on this cataloguginemain categoriefor PID have been definedbcumentinghe most
frequenty observed phenotypes: 1) combined immunodeficiencies,2) combined
immunalefidencies with syndromic features, 3) antibody deficienciedjgBases of immune
dysregulation 5) defects of phagocyte number or functi@defects in intrinsic and innate
immunity, 7) autoinflammatory diseases) &omplement deficienciegnd9) phenocopies of

inborn errorof immunity.

Clinically, the identification of PIDs still challenging sincein many caseso clear
gendype-phenotype correlatiencan be defined3]. However, recent advancein next
generation sequencing (NGS)technologies have fostered thelucidation of genetic
background in PID patients convergng to 10-15 newly identifiedPID geneger year{14].
Moreover, omplementary approaches utilizing singtdl transcriptome analysi$l5],

proteome analysi{d 6], multi-parameter tissue imagifify7], and mass cytometry (CyTORR]
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havefacilitated theidenification ofabnormal gene expressiand dysregulated pathways
immunacompromised patientsllowing a more detailed categorization of PID characteristics
Sincemany PIDconstitutelif e-threatening conditions, early diagnosis is key to offer suitable
treatment optionfor the affected patientStandard therapies commotigludeantimicrobial

and antiinflammatory drugs immunoglobulin supplementation, biologicalsor other
iImmunosuppressive agenid-21]. Hematopoietic stem cell transplantation (HS@iight be
considered as curative treatméstthe underlying immunodeficiencwyjith high success rage
andlifelong remissior{22]. Recent advanadn gene editing of patierderivedhematopoietic
stem cells or the use of induced pluripotent stem cells (iPSC) may poth&fsuitable therapy
options in the futur§23, 24]

2.1.1 Lymphoproliferative disorders

Individuals living with a PID routinelypresent with a pronounced immune
dysregulation and thus many patients are subjected to a higher risk for secoseasgsin
paticular malignancies[25]. The most commommalignanciesobservedin PID comprise
digestive tract cancers, virisduced cancersand lymphoproliferative disorders (LD),
includingleukemia and lymphom&6, 27] Interestinglythe occurrence of solid tumarsPID
did not differ fromthe frequencyobserved in the general popiidea, therefore arimproper
recognitionof cancer cellsby t he hostds i mmune system
malignancy in PIDratherthanabnormalkel growth[28]. The probabity for the development
of cancerin PID patients was postulated to b&d00fold higher than in healthy individuals
[29]. Lateststudiessuggesanoverall8 to 1}fold increased riskor hematologc malignancies
in PID with a 425% risk inimmunodeficient childrenvherenon-Hodgkin B cell lymphoma
seems to béhe most prominent typg0]. Intriguingly, clinical investigations have revealed
that many PID are characterized by fundamental abnormalities in the lymphoid sy$iaim,
may explain the higloccurrenceof LD [31]. Above dl, mutations in immunityelated genes
contributesignificantlyto LD in PID patient$5], especially whenmonogenic defects interfere
with DNA repair mechanismsr abrogate cellular immune surveillan{25]. As another
pathomechanism, oncogenic viruses suchhasian papilloma virusKaposi's sarcoma
associated herpesvirusr EpsteinBarr virus(EBV) have been found to promote malignancy
in PID, as they are capable of convertingrmal cellsinto hyperproliferating cancer cells,
e.g.B cell lymphoma [32-35]. Current estnat e s predict t hat up
population are positive for EBWighlighting itsextremevirulence[36, 37] Most remarkably
PID that arecharacterized by dysfunctional T or NK cells, as for instance CD27 deficiency or

6
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CD70 deficiency, often involve a high risk for EBNduced lymoproliferation [38].
Consequently, delicate genetic profiling of PID patients, including the functional analysis of
target genesprovides valuable understanding on the (i) molecular pathomechanisms, (ii)

biomarkers and precliors, and (iii) druggable targets of RiBlated LD.

2.1.2 Inflammatory boweldiseases

Inflammatory bowel disease@BD) comprisechronic and relapsing inflammatory
disordersof the gastrointestinal trafl89]wi t h Cr ohnds di s e®lgi®(UE) CD)
beingthe most common formgl0]. CD can affect any padf the gastrointgtinal tractand
showsa discontinuoudransmural patterwhichis oftenaccompanied by stenoses and fistulae
In contrastJC mostly affectsuperficialepithelial layes of the (sub)mucosaandis foremost
confined to the colonwhile emanating from theectum[41, 42] In certain scenarigghe
clinical and endoscopiteaturesdo not specificallymatchto CD or UCbut rather show an
overlapping phenotype of bo#ntities[43]. This indifferent formyusually refered to asiBD
unclassified ismore frequentlypbserved in very young patientith anonset of disease below
6 years of agelmportantly these tildren often present witha moresevere and refractory

diseasectivity than aduls [44].

Common symptoms of IBD comprise abdominal painchronic diarrhea and
gastroiriestinal bleeding in addition the diseasemay present with extraintestinal
manifestationsffecting joints, skin, and ey|d2]. The peak age afnsetof classicIBD lies
beween the second and fourth decade of life without a gespmific prevalencg45].
Epidemiologicaly, IBD have become avorldwide concen, particularly in westernized and
highly industrializedregions, with a global prevalence of more than 0[3% 47] The
pathogenesis of IBD is complex and not completely understood but multiplesfhetgr been
associated with disease appearance, suckneisonmentgl microbial, immunologicaland
geneticdeterminant$48] (Fig. 1).Moreover, given the diverging incidemand prevalence of
IBD between countries and populatipmgographicél®, ethnicaP®, and socioecononiié!
parameters ar@so mostikely contribuing to thedevelopmenbof IBD. Interestingly|BD has
always beerspeculated to retain familial background[52] and gnomewide association
studieshave suggestenhore than 200 genetitsk loci for IBD, but causality of these loci
remains elusivg53]. However, based on the discrete and severe phenotypes in children with
very early onset IBOOVEO-IBD), a higher contribution of the famali background has been
proposed54, 55] At presentmore than 5@listinctmonogenic defects have badentifiedto

7
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cau® IBD [56], in particular encompassimggnes whiclencode forritical components ahe
human immue systemsuchasinterleukin 10 [L-10) or the IL-10 receptof57]. Vice versa
manyPID show aronset with a clinical presentatioeminiscent ofBD, especially in children
less than 2 years of aff&8, 59] Likewise, iecentreportsindicated that approximately50%
of PID patients present with pronouncedyastrointestinal diseaghat usually differs from
classicor late onsetBD in terms ofits pathogenesis andnresponsiveness conventional

treatmen{60].

Microbiome

Genetic
background

Figure 1: Thepathogenesisf inflammatory bowel diseases

IBD are agroup ofcomplexdisordersandthe pathogenesis is associated viittmunological,environmental, and microbial determinants
which are strongly influenced by the genetic background of an individtugloung children withvery early onset IBDthe disease might
originate from monogenidefectsthat mainly affecgenesmplicated inimmure function and pathogen defense.

22  Transforming growth factor beta 1

In t he | aloseph D& Lam@adand George Todaolaed a mixture oflow
molecular weighpolypeptidesfrom supernatantsf murine cell cultures which inducel cell
proliferationin vitro [61]. Todarofound outthathumantumor cell linegeleasd a similartype
of polypeptideswhich caugd profound morphologic changes rat and human fibroblasts
while this effect wagompletelyreversibleupon factor deprivatiof62]. Fewyears laterfwo
moleculeswith similar size could be purified from previously mentioned cell extracts which
have beetermeddransforming growttiactor alph&(TGFU )  d@ransforming growth factor
betad (TGFb) [63]. The classification intodJd or hd was based orthe interaction withthe
epidermal growth factor (EGH receptor and the requirementof EGF or an EGHike
polypeptide for functional activitj64]. In 1985, @ Americanresearch uniat GenentechSan
Franciscowas successful in sequencing and cloning the cDNA of F&Rvhich has been

isolated from human blood plateld85]. Interestingly, Robertet al. showed thalTGFb1l

8
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exhibits dichotomous functions on cell proliferation which depend on the local
microenvironmentparticulaty on growth factors and thexpression of surfaceceptorof a
cell at a given timg66]. Based on these studjéso additional isoformsTGFb2 andTGFb 3
shaing up to 82%sequence homology WitTGFb 1could be discoveref7]. Remarkably,
althoughall three isoforms aressentiatluring prenatal developmentnly TGFb 1 critically
involved inregulation of themmune systenst later stagef68]. Over the last decadesore
than 30 structurallyrelated molecules of the modern TGFb S U p e mdva ibeen y
characterizedincluding bone morphogenetic proteins (BMPs), growth and differentiation
factors (GDFs)pr ectivins [69]. Up to date TGFb Ihas beertonsidered as thgrototypeof
this unique cytokine familycontrdling a myriad offundamentafunctions such aesmbryonic
developmentangiayenesiscell differentiation, tissueepair, andimmune homeostasif’0].
Moreover, TGFb Tas beemlso linkedto certainpathologiesin particular abnormal skeletal

and connective tissue disorders, fibrosis, and cdiaégr

2.2.1 Expression, structure,and secretionof TGF-b 1

TGFb 1lis expressed by a largeet of cells, especially epithelim, fibroblasts, and
immune cell§72]. It is originally translated as 390 amino acid prero precursorcomprising
a N-terminal signal peptidehe latencyassociated peptide (LARpmain andthe C-terminal
maturegrowth factor{73] (Fig. 2). Within theendoplasmic reticulunER), the signal peptide
is removed andwo proTGFb & aretethered together vithree interchain disulfide bosd
[74]. Following N-glycosylaton in the transGolgi network the preTGFb lhomodimer is
cleavedby the protease furjmesulting in the formation of the small latent complex (SLC) by
noncovalent association dtlomodimers oL AP and mature TG 175, 76} In 2011 Shi et
al. published the crystal structure of the SLC and demonstrated that matur® TGF
constrained and immobilizedithin the LAP homodimerby t he &éstr awhicf ac k et
not onlyprevens interaction of the cytokine with its cognate recejttor alsoprotecs it from
rapid degradatiofi77] (Fig. 4a). Of note, h some ellsthe SLCcan beconjugatedwith latent
TGFb binding proteis (LTBPs) to form large latent complees (LLC) which enable
extracellular storagef the cytokineby binding to components of the extracellular nxatri
(ECM) [78]. To date, four human isoforms of LTBPs have been identified, although only
LTPB-1, -3, and-4 bind to TGFb 1[79]. In T cells, the SLC canbe similarly linked to the
lymphocytespecific surface proteirGARP @lycoprotein A repetitions predomindnwhich
plays an important rolan controlling TGFb Ibioavailabilityin an immunityrelated context
[80, 81]
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Figure 2: Assembly and secretion 8lGFb1.

(i) The prepro-TGFb1 precursor is translated at teadoplasmic reticulumcomprisingthe N-terminal signal peptiddatencyassociated
peptide (LAP)domainand Gterminal mature growth factor. Two precurstosn a preTGFb1 homodimervia disulfide bonds(ii) During

Golgi translocationthe signal peptide is removed and dimeric-p@&~b1 is cleaved by theproprotein convease furin releasing two
homodimers of LAP and matuiigGFb1 which noncovalently associate to the small latent complex (SLT).Rrior to TGRb1 secretion,
the SLCcan becovalently linked to a lateffGFb1 binding protein (LTBP), resulting in thlermation of thelarge latent complex (LLC)
which is usually stored in the extracellular matrix (ECM).

2.2.2 TGF-bl-mediated sgnaling

All members of thefGFb family signal througha dedicatedransmembrangrotein
serine/threonine kinase recepsystemcomprisingseventype |and five typell receptos in
humang82]. In few cases, TG signaling isco-regulated bytype Il receptorswhich lack
intrinsic kinase activityout mediate binding of ligands to type Il recept@®3]. With respect
to TGFb1, signals will beexclusivelymediatedhrough a unique combinationtype Il (TbR-
II) and type | TbR-1) receptorg84] (Fig. 3).Uponligandbinding, a conformational change in
TbR-II enabeésits constitutively active kinast® phosphorylatéghreonine andgerine residues
in the cytoplasmienotif of a proximaltypel receptor engaging itSybR-I kinaseactivity [85,
86]. Consequently,activated TbR-I kinase promotes the signal by phosphorylation of
cytoplasmicSMAD (small mothers against decapentapld§ic]) proteins which are signal

driven transcription factoi88].
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Figure 3: CanonicalTGF-b1 signaling.

(i) Free TGFb1 binds to a heterotetrameribR-1I and TbR-1 complex, inducing its intracellular kinase activityi) Phosphorylation of
receptoiregulated SMAD2 and SMAD3 allow the association with the common mediator SMA®@Yofing nuclear transport of the phospo
SMAD complex.(iii) Within the nucleus, SMAD2/3/4 complexes associate with specific DNA binding sites, activating the transcription of
TGFbl-associated target genes.

To date eight human BIADs have been identifiedthich are categorized based on their
function into (i) receptofregulatedsignattransducingSMADs (R SMADs 1, 2, 3, 5, and 8),
(i) the commonscaffolding SMAD 4, and(iii) inhibitory SMIADs (FSMADs 6 and 7)hat
antagonize TG#1 signaling[89]. In case ofTGFbl, specificallySMAD2 and SMAD 3 are
phosphorylated andapidly associate wittBMAD 4, facilitating nuclear translocation of the
SMAD 2/3/4 complexthat birds to dedicated DNA sequencasd activates theexpression of
TGFbl target geng[83]. The specificity of TGFb1 signalingis modulated by interaction of
nuclear SMADs wih lineagedetermining transcription factorscluding co-activators, ce
repressors, or chromatin remodeling fac{®&]. Accordingly, TGFb1 is able to orchestrate
the differential expression &¢w hundred gergein many distinct tissu¢90]. In additionto the
classic canonical signaling,other nonSMAD pathwayscan be stimulated by TGEL,
encompassingi) the mitogenactivating protein kinase&€RK, p38 and JNK, (i) the
PIBK/AKT/mTOR pathwayor (iii) otherGTPass; thus providing additional complexity and

fine-tuningof TGFb-mediatedcellular responsg[91].
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2.2.3 Activation of latent TGF-b1

Under physiological conditiong,GFb1 is produced and secreted a latentomplex
which preventsits interacton with the TGFb1 receptor[92] (Fig. 2). Disassembly of this
complex results imeleaseof free TGFb1 moleculesaprocesghatis commonly referred to as
O TGE act iamdstronglpdemends on cellular and environmental settigisvationof
latent (LARbound) TGF-b1 can beinducedby a variety ofeventswhich promoteprotein
denaturation e.g, heat, acidic or basic pH, mechanidalce, or ionizing radiation [93].

However the physiological significance of these mechanisnmoigroversially discussd84].

> //TGI‘—bl

U, integri Plasmanembrane
s bintegrin
Z Ul ¥ classo p . .

Latéhcy/ A p g ( e

lasso K\ ) \

5 Fastener TGED lJ ( . )
Strait- \ 4
jacket Fastener ) g (free) & P o 1

»0 (latent)

linkage

Figure 4: Structure and activatioof latentTGFb 1

a) Basic architecture of latemGFb1 indicating bowtie, arm, and straitjacket domaiDsorderel segments are dashedd arrows show the
directions of forces during activation by integrins. Diisld bondsre displayedn yellowand ley side chains are shown in stick representation,
including Asp of the RGD motif in cyanmage adapted fror8hi et al, Nature 474, 201177]. b) Simple modeof TGFb1 activationby
shear forcdfrom right to left) The LAP prodomain of laterfGFb1 interacts via its RGD motif withl,b, integrins on a neighboring cell.
Tractionis transferredrom cytoskeletal proteins towards the latent complex, resulting in release of maturé@iFefe). Image adapted from
Hinz B., Matrix Biology 47 2015[95].

On the other hand, tha vivo activation of latent TG#1 is complex and remains to
some extentinresolved. Based on cleavage motif analysis, a series of proteasesdtig., m
metalloproteinasge plasmin, thrombospondin 1, calpain, and cathdpshave been postulated
to process the SLC under physiological conditigifls 96, 97] Besides proteolysis,
deglycosylation, reactive oxygen species (ROS), and integrins can activate laterhITiGF
vivo [76, 93] In particular integrins have been shown to play an elementary role for the
physiological actiation of complexbound TGFb1, since they undergo a strong interaction
with aconsecutivarginineglycine-aspartic acid (RGD) sequenfoeind inTGFb propeptids,
LTBPs, and other ECNMroteins[98, 99] Specifically integriril,bs andUbs, which are mainly
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expressed on epithelia, dendritic cells, as well as B and T lymphocytes, are predominantly
involved in the activation process of lat@i@Fb1 [93], whereas integring,ba, Ubs, Ubs have

been shown to mediate T&HR release fronmyofibroblast§100]. Mechanistically, the most
globally used model suggests that traction force and shear stress are transferred from the cellular
actin cytoskeleton via integrins to a vicinal latent complex involving LTBB$ or GARP

[101], resulting in relaxation of the straight jacket conformation and releasatafe TGFbl

[77] (Fig. 4b).

2.2.4 Physiological functions ofTGF-b11 A master regulator of immunity

TGF-b1 is a pleiotropic cytokinthatregulates growth antissuedevelopmenbut also
plays a major role for immunity102]. During embryonal developmenf GF-bl controls
transformatiorof stem cells into functional cells of neuronal, hematopoietic, mesenchymal, and
epithelial lineagestherebygiving rise to specialized body tissues and ordé&8%. At later
stages,TGFD1 is pivotal for both tissue homeostasis and regeneratipon damagey
controlling re-epithelialization, angiogenesis, and fibropladi@3]. Importantly,Shull et al.
highlightedthe indispensable rolef TGFbl for the maintenance aimmune homeostasis
becauseTgfbl” mice presented witta lethal multiorgan inflammationcharacterized by
excessive lymphocyte activaticend proliferation[104]. In consecutive studiesknockout
models of crucial components involved in TBE signal transduction or cytokine activation
showedoverlappingautoimmunedriven inflammatoryphenotypesvith fatal outcones[105,
106]. As a result TGFb1l was found to mediate strong antrinflammatory effecs by
downregulating various preinflammatory cytokines such as TNFJ, -, ALNG, or
inflammationrelated chemokingd.07]. In particular, TGFb1 has been recognized esntral
component of immunotolerand®y controling proliferation, differentiation, activation, and
survival ofalmost anytymphocyte lineagéFig. 5). Depending ortell type and contexTGF
bl can either constrain or drive lymphocyte effector functiass,it simulates resting
(immature) cellavhile having a proliferatioldampeing influence oractivatedimmunecells
[108]. EspeciallyT lymphocytesare highly responsivi® the growth factorTGFb1 regulaes
earlythymopoiesisincluding positive andiegative selectiofi109], andpromotessurvival and
expansion of naive @ells natural killer T (NKT)cells[106], central memory T celld.10], as
well asnaturalthymic and peripherallyinducedregulatory T cell{Tregs)[111]. Moreoves
TGFb1 supportsthe differentiationof naive CD4" T cells intospecializedT helpersubsets
such as Th9 or Th17 cellwhichhaveelementarymmune function$93, 112, 113]In addition

toits effects o celldevelopmenand homeostasi$ GFb1 modulatesavast number of other
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immunerelated events including phagocytosis, production ilmimunoglobulins, and
chemotaxig105].
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Figure 5: TGFb1 regulates immune cells in the thymus and periphery

a) In the thymus,TGFbl-mediated signaling is crucial for the development of conventional T cebgsT®nd NKT cells, but also for
precursorsof intraepithelial lymphocytes (IELsp) In the periphery, TG#B1 regulates the activation, proliferation and differentiation of
immune cellsn both lymphoid and netymphoid tissuesvhere it actsn combination wittot her f act or s, Dudiioic a s
acid (RA)to support the development péripherally induced regulatory T cellshd or Thl7cells.By contrast,TGFb1 can alsdnhibit the
development of effector subsessich as Thl or Th2 cellg addition, TGF-b1 controls effector function and chemotaxis of other immune
cells such as granulocytes or antigeesenting cellBCR, B cell receptor; ID, inhibitor of DNA binding; ILC, innate lymphoid cell; TCR, T
cell receptor; TEC, thymiepithelial cell; Ex, T follicular helperimage adapted from Chen W. & Dijke Rat Rev Immunol16(12), 2016%!,

2.25 The role of TGF-b1 in human disease

Dysfunction of TGFb1l and its signaling has been attributed to a large sketimfan
diseased~or example increasegbrotein expressiohas been reported in IBD, atherosclerosis,
cancer, and fibrosid 14-116]. Particularly in IBD, many patrés showed significantly higher
levels of the cytokinethan flealthy individuals, pointing to a malfunction in TGE
homeostasidn the gut[117]. Similarly, reduced levels of phpkorylated MMAD3 and
increased expression of the inhibitorfSD7 in the inflamed intestinal mucosa of IBD
patients suggestd that perturbedTGFbl signaling contributes to the development of
gastrointestinal inflammatiofi.18]. On a genetic basig,GFB1 polymorphisms have been
associated with an increased disease severity in cfibtiosis [119], susceptibility for
schizophrenig120], and agreaterrisk for the developnentof cancerf121, 122] Rare alleles
in TGFBY], transmitted in an autosomal dominant waye known to caus€amurati

Engelmanndiseag (CED), which is characterized by abundant releasactfe, mature
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TGFb1 due toadestabilized SLE123]. CED patients present with atypical bone morphology
(hyperostosisand sclerosi®f the long boneandskull), muscular weakness, pain, and other
mobility restraint§124]. LoeysDietz syndroméLDS), in contrast, is associated with increased
availability of free TGFb1 butis caused by heterozygous mutation§ @FBR12, SMAD2/3

or TGFB2/3 [125, 126] LDS patients show perturbed cardiovascular, craniofacial,
neurocognitive and skeletal development in association with abnormal connective tissue
formation. Furthermore autosomal dominant mutations in endog(lBENG) and activin
receptoflike kinase 1(ALK1) result inincreased TGFb 1  aasadilarendothelial growth
factor (VEGF) levels and have been documentad hereditary hemorrhagic telangiectasia
(HHT) which is characterized bynultisystemic vascular dyspiasas well asrecurrent
hemorrhagd127, 128] Since bothENG and ALK1 encode forconstituents of th& GFb
superfamilyreceptorcomplex, HHT is thought to bthe resultof impaired growth factor
signaling caused by compromisederactionof TGFb ligandsandthe receptor comples
[129]. In addition heterozygous mutations 8MAD4and theECM protein fibrillin-1 (FBN1)
were identifiedascauseor Myhre syndromeg130] andMarfan syndrom¢131], respectively.
Myhre patients are characterized d¢iyort statureshort hands and fedgcial dysmorphism,
muscular hypertrophy, deafness amagjnitive delayas a consequence défective TGFbl1-
mediated transcriptional control. Individualgh Marfan syndrome present withraultisystem
connective tisse disorder,including cardiacand skeletalabnormalitiesas well as vision
problems, which is speculated to be a result of increased bioavailability cbT@E the
mutated fibrillinl fails to stabilize theSLC [71]. Taken togetherperturbationsaffecting
TGFb1 bioavailabilityandTGFb signalingmay cau® severe developmental abnormalities
bones and connective tissue ompair psychomotor abilitiedMoreover, mouse studies have

highlighted the critical role of GF-b1 in controlling immunity and inflammation.
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2.3 Ras guanyl releasing proteirl

Rasguanylreleasingprotein 1 (RASGRPL) belongs to aroup of proteingunctionng
as guanine nucleotide exchange fast¢GEFs) [132] which catalyze the exchange afG-
protein bound ganosine diphosphai@&DP) to gianosinetriphosphate(GTP) in manifold
biochemical process¢k33]. Besides RSGRP1, threadditionalisoforms (FASGRP24) with
a high degree of sequence conservatiame been identifiedand each of it interacts with
distinct members of th&kas superfamily{134]. In general,Ras protens are commonly
considered as molecular on/off switchas theycycle between active GTHBound and inactive
GDP-bound statesAccordingly, Ras proteinsegulae important cellular processes such as
proliferation, differentiation,and survival [135, 136] However, the intrinsic GDP/GTP
exchange rate of Rgsoteirsis relatively slowandconsequently, thee)ansmssionof cellular
signalswould be limited by low nucleotide cycling turnoJ&B7]. For that reasqrGEFs such
asRASGRP] act as catalystto increasethe GDP/GTPexchangerate by several orders of
magnitude As a result activated GTHhoundRascaninitiate signaling via the MAPK/ERK
protein kinase cascadvith high efficiency{138], regulatingthe expression of more thdas0

transcription factors suds Etsl, cJun, eMyc, andNF-a H139].

2.3.1 Expression, $ructure , and activation of RASGPR1

In humans, RSGRP1 ispredominantlyexpressed itymphocytes as well as in some
cells of the brain, kidney and sKit40]. The structure cRASGRP1(Fig. 6)includesa catdytic
region comprisinga CDC25 homology domainand Ras exadnge motif (REM) which
specificallyinteract withRas[133]. In addition, the protein harbors a pair of calcibimding
EF hands and &1 domain whichboth bind to the second messengearalcium C&*) and
diacylglycerol DAG) [132]. The function of thea.200residualcarboxyterminalamino acids
of RASGRP1,containing a coiled coil (CQnotif, has been recentlshown to be critical for
membrandocalization, protein stabilityand Ras activatiofl41]. Surprisingly, thecrystal
structure analysis of RASGRP1 revealed thatthe inactive molecule is preserved in an
auoinhibiteddimeric state which does not allow membrane localization and Ras interaction
however Ca* and DAGcanconjointlyinduceconformationathangsin both the ©®C25 and
EF hands mot#fof RASGRP1, enabing Rasbinding[142].
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Figure 6: Crystalstructure and &sicproteinarchitectureof RASGRP1

a) The catalytic core of RASRP1 includes thRas exchange motiREM) and ADC25 domain, which are followed by a regulatory module
containingthe EF domain, membrane binding C1 domaind a predictedailed coil (CC) motif. b) Crystal structure of the first fotomains

of RASGRP1 Two zinc ions in the C1 domain are shown as gray spheres. DRREEF linker (red) traverses the Ramding site orthe
CDC25 domain. Linkers that could not be modeled tugoor electron density are shown with dotted lir@sDimeric, autoinhibited
RASGRP1 may be stabilized by tleeiled coil motifs. The residues between the C1 domain and the coiledgray) are predicted to be
primarily unstructuredmage adapted from Iwigt al, eLife 2:e008132013 [142].

2.3.2 RASGRPI1-mediatedsignaling

30 year agplL-2 has been defined pstent driver of Ras signaling in T lymphocytes
which is paramount for subsequent cell proliferation and differentiatiagt8]. Yet, the
complete repertoire of molecules which are involved into T-gpkific signaling cascades,
including the RasMAPK/ERK axis remained largelunexplored At that time,there was
consensus that Rastivationin T cellsis primarily initiated via son of sevenless 1 (SOS1), a
GEF which is abundantly expressed in various cell linefige$. Consequently, ihas been
proposed that SOS1 is recruited to the plasma memhrpoe T cell receptor (CR)
stimulaton, leading toactivation of Rasby mediaing exchange ofGDP with GTP [145].
However,the SOSZtindepentend astation of Rashas been recently provem T cells First,
lymphocyte cytosolic proteid (SLP-76) and phospholipagegammal (PLGgl) wereshown
to beessentiafor sustained Ras activatiobecausd cells deficient of these molecules were
not able to signal throlgRas[146]. And secondT cells subjected to DAG analogs such as
phorboll12-myristate 13acetat§ PMA) exhibited increaseRas signalingsuggesing that Ras
activation requires second messengarediated stimulugl47]. Based a sequence homology
with other known Ras activating proteiiinu et al. successfully identiéd RASGRP1 asa
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potent Ras activator in dells[132]. Here,RASGRP1acts downstream dfCR signalingin
response to increasedracellularCa* and DAGIevels[142]. Interestingly, inabsence of TCR
ligands RASGRP lis maintainedn an inactive, dimericonformatiorprevening DAG binding
and consequently any interaction with Ra34]. Upon TCR engagemerihe phosphoryldabn
of cytoplasmicproteins andtheradaptor moleculepromotes arincreasdan intracellular pH
as well agheformation of amulti-nucleated signaling complexith subsequeractivation of
PLC-gl [148, 149] This enzyme rapidly hydrolyzes phospholipidsatedon the plasma
membranegeneratingdd AG andinositol3-phosphatewhile the latteitriggersthe release of
C&* from theER. Although the process is not completaipderstood, latest models propose
that thecoordinatedncrease in pH, DAG, and&* are key for the full activation of RASGRP
[134]. Ultimately, a conformational change in RASGR&tivaes and direcs the GEFto the
plasma membrane wherecatalyzeghe formation obctive, GTP-loadedRas[150] (Fig. 7).

MAPK/ERK

CcC

Figure 7: Model of RASGRP1 activatia.

Inactive FASGRPL1 (left) is stabilized by the @limer interface, whiclprevents membrane localization and blocks the Ras binding site
between the€DC25-EF linker (red).This autoinhibitedform of RASGRP1is activated byiacylglycerol (DAG) binding whicldisrupts C1
dimerizationbut allows membrane targetingshile C&* binding to EF causes a conformational chamgsch enables Rainteraction.
Catalytically active RA&GRP1 facilitates Ra&TP formation which drives MAPK/ERK signaling. Image adapted from Ivegal, eLife
2:e008132013[142].

2.3.3 The role of RASGRP1in immunity

Mouse studies have demonstrated RASEGRPlis acrucialfactorfor the development
of T and BlymphocytesAccordingly, genetic knockoubdf Rasgrplin mice esulted in severe
immunodeficiency characterized by pronounced T cell lymphopefi®1]. Strikingly,
RASGRPZdeficient mice developed a latmset T cel-dependent autoimmune

lymphoproliferative diseassssociated witimpaired thymocyte migration and enhanced B cell
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proliferation [152-156]. In this context RASGRP1hasbeen shown to exhibpro-survival
functiors in T cells by facilitating sustained ERK1/2ctivation[157]. MAPK signalinghas
been shown to bexceptiondly important during eary T cell maturationbecauset controls
thetransition of thymic progenitors from double negative to double positive into single positive
T cells[158-160]. Moreover RASGRP1has beenmplicatedin transcriptional regulation of
genesthat are central for T cellproliferation and survival s uc h @369, an@ Rel ,
[161, 162] In addition to the critical role in controlling T cell plasticity, RASGRP1 has been
demonstrated to regulate tHevelopment and function & cells[163], traditional NK[164]

and invariant NKT (iNKT) cells [165], as well as thegeneration of T C R U 6D8U U
intraepithelial lymphocytgrogentors [166]. Thus, RASGRP®xhibits pleiotropic functions
that arfundamental formmune surveillance and pathogen clearaBesides its immunologic
relevance Shahaniet al. recentlydocumentedhat RASGRP1 plag a role in brain formation
andfunction sinceRASGRP1deficient mice presented wittbnormal striatal motor activity

associated with defectiveerve cellspecific Rasignaling[167].
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2.4  Aim of this study

PID are lifethreatening diseases. THa@dation of the underlying molecular causes of
PID are critical for the clinicatliagnosis and may have implications for thanagement of
patientsln particular, h-depth studies gferturbedmmunologicalmechanism#& monogenic
PID contribute to a bettarnderstandingf important pathways controlling development and
function of the human immune systenThis knowledgeis of high relevance forthe
development of patiergpecific therapiesThe overall goal ofthis PhD thesis was to
characterize patientwho weresuffering from severe immunodeficiency caused by biallelic
germline mutations iTGFBlandRASGRP1

Objective 1

The first objective was tanalyzethe underlying immunological patmechanism#
patients with TGFb1 deficiency who presented with acute immunodeficiency, BD and
encephalopathyPatients were characterized by performing immunological assays on primary
cells, including immunophenotyping of periphetdbod mononucler cells (PBMC) and
analysis of T cell function and activatioBecretion, stability, and bioavailability of tH&F

b1 mutant variants were assessetieterologougellular models byibchemical assays

Objective2

The cond objective was to characterize three patiewith novel homozygous
mutations INRASGRPIwho showed severe immune dysregulation, including autoimmunity
and EBV-associatedB cell lymphoma Here, weconductedimmunological studieso (i)
analyzethedevelopment and distribution of immune @elbsetsand (ii) investigate defects in
lymphocytespecific signaling pathway# particular, we characterized clonal TCR diversity,
performed mitogeinduced proliferation assays, and analyzed MAPK/ERK siggalm
heterologous Jurkat celtlsverexpressig patientspecificRASGRP1 mutants.
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Human TGF-f1 deficiency causes severe
inflammatory bowel disease and encephalopathy
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Transforming growth factor (TGF)-f1 (encoded by TGFB1)
is the prototypic member of the TGF-f family of 33 proteins
that orchestrate embryogenesis, development and tissue
homeostasis'* Following its discovery?, enormous interest
and numerous controversies have emerged about the role of
TGF-p in coordinating the balance of pro- and anti-oncogenic
properties*®, pro- and anti-inflammatory effects?®, or pro- and
anti-fibrinogenic characteristics’. Here we describe three
individuals from two pedigrees with biallelic loss-of-function
mutations in the TGFB1 gene who presented with severe infan-
tile inflammatory bowel disease (IBD) and central nervous
system (CNS) disease associated with epilepsy, brain atrophy
and posterior leukoencephalopathy. The proteins encoded by
the mutated TGFBI1 alleles were characterized by impaired
secretion, function or stability of the TGF-$1-LAP complex,
which is suggestive of perturbed bioavailability of TGF-f1.
Our study shows that TGF-f1 has a critical and nonredundant
role in the development and homeostasis of intestinal immu-
nity and the CNS in humans.

TGF-B1 is translated as a precursor protein, which consists of
an N-terminal signal peptide, the latency-associated peptide (LAP)
and the C-terminal mature growth factor (TGF-P1). After proteo-
lytic cleavage, LAP and TGF-f1 form the noncovalent small latent
complex (SLC)®. The stabilization, secretion, deposition in the
extracellular matrix and activation of SLCs are regulated by covalent
association with latent TGF-B-binding proteins (LTBPs), resulting
in formation of large latent complexes (LLCs)°. Multiple factors are
known to control the release of active TGF-p1, for example, pro-
teases, reactive oxygen species and integrins. Active TGF-p1 binds
to a heterotetrameric transmembrane complex composed of TGF-f
receptor type 1 (TGFBR1) and TGFBR2, which results in the phos-
phorylation of signal-transducing SMAD molecules and transcrip-

tion of target genes'’.

Dysfunction of TGF-p1 signaling has been implicated in several
human diseases, including cancer, cardiovascular diseases, fibrosis,
atherosclerosis and developmental defects'. Heterozygous gain-
of-function mutations in TGFBI are associated with Camurati-
Engelmann disease (CED), which is characterized by osteosclerotic
lesions in the long bones and skull'". Increased TGF-p1-mediated
signaling due to mutations in TGFBRI and TGFBR2 has been docu-
mented in patients with Loeys-Dietz syndrome, which is character-
ized by connective tissue disorders and arterial aneurysms'”. Here
we report that biallelic loss-of-function mutations in TGFBI result
in very early-onset IBD and CNS dysfunction.

Patient 1 (also referred to as P1 or A.II-1), who was born to non-
consanguineous parents from Malaysia (Fig. 1a), presented in the
first months of life with bloody diarrhea and subsequently devel-
oped severe perianal abscesses and fistulae. Colonoscopy con-
firmed the diagnosis of chronic active pancolitis associated with
diffuse erythema, superficial ulcerations and multiple pseudopol-
yps (Fig. 1b). Histology showed crypt abscesses and inflammatory
infiltrations of the epithelium with mucosal ulcerations (Fig. 1b).
In addition, P1 showed eosinophilic esophagitis and esophageal
candidiasis. He was refractory to nutrition regimens and intensive
conventional anti-inflammatory therapy, including mesalazine,
steroids, azathioprine, methotrexate, infliximab, adalimumab and
tacrolimus. At the age of 4 years, a total colectomy with ileostomy
was performed. P1 also showed global developmental delay associ-
ated with impaired speech and cognitive dysfunction. Generalized
skeletal muscle atrophy and muscular hypotonia were present, but
neither pyramidal tract signs nor evidence for movement disor-
ders were detected. Cranial magnetic resonance imaging (MRI)
indicated global brain atrophy and posterior leukoencephalopathy
(Fig. 1c). Electroencephalography (EEG) analysis showed a mod-
erate global encephalopathic pattern lacking normal background
activity and continuous mixed alpha and beta activity. No interictal
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Fig. 1] Identification of a biallelic TGFBT mutation in patient 1 with very early-onset inflammatory bowel disease and global neurological defects.

a, Pedigree of patient 1 (P1, A.ll-1) born to a nonconsanguineous Malaysian family (family A). b, Images showing severe perianal disease with purulent
discharge (leftmost image) in P1, massive suppuration (second image from left) and superficial ulcerations and multiple pseudopolyps (third image
from left) in the colon, as revealed by endoscopy, and crypt abscesses and inflammatory infiltrations of the epithelium with mucosal ulceration, as
documented by histology (rightmost image; scale bar, 500 um). €, MRl images of the brain indicating global brain atrophy and posterior periventricular
leukencephalopathy in P1. Scale bars, 2 cm. d, Representative immunophenotypic analysis of CD4+*CD25+*CD127" T, cells, CCR6"CXCR3* T,;1 and
CCR6*CXCR3" T, 17 T cells and assessment of CD3*CD4+* T cell activation and proliferation in response to anti-CD3/anti-CD28 or specific antigens
(DT/TT, diphtheria and tetanus toxoid). Immunophenotyping was performed in two independent experiments. e, CyTOF analysis of the composition
of lamina propria mononuclear cells derived from two control (Ctrl) patients without IBD (uninflamed and inflamed), a patient with Crohn’s disease
and P1. Left, clusters of CD45* viSNE?’ plots were manually gated and color-coded for various populations on the basis of similar marker expression.
Right, graphical representations depicting percentages of the indicated immune cell populations. CyTOF analysis was performed once owing to limited

availability of patient material.

epileptic discharges were recorded. Oligoclonal IgG bands and
increased levels of IL-1p and IL-8 in the cerebrospinal fluid were
suggestive of inflammatory processes.

P1 had a history of recurrent upper and lower respiratory tract
infections and chronic cytomegalovirus (CMV) retinitis. Laboratory
studies showed leukocytosis, thrombocytosis and hypochromic
anemia. Serum levels of IgG (4,044 mg/dl; normal: 576-1,507) and
IgE (2,665 IU/ml; normal: <90) were high, whereas IgA and IgM
levels were within normal ranges. Immunophenotypic analysis of
peripheral blood mononuclear cells (PBMCs) showed decreased
proportions of activated memory regulatory T (T,,) cells, as well
as CCR6"CXCR3* T helper 1 (Tyl) and CCR6*CXCR3" Ty17
T cells (Fig. 1d). T cell activation following stimulation with anti-
CD3 and anti-CD28, and T cell proliferation in response to specific
antigens (diphtheria and tetanus toxoid), were reduced as compared
to healthy donors and first-degree relatives (Fig. 1d). Mass cytom-
etry (CyTOF) analysis of colonic lamina propria mononuclear cells
showed a decreased frequency of CD45RO* and CD45RA*FOXP3+,

CCR6°CXCR3-, CCR6*CXCR3™ and CD103* T cells as compared
to patients without IBD (control patients without (uninflamed) or
with (inflamed) inflammation) and a patient with Crohn’s disease
(Fig. 1e and Supplementary Fig. 1). TGF-f1 exerts both stimulatory
and inhibitory immunomodulatory effects®; however, we cannot
exclude the possibility that some of the clinical and immunological
features we observed could have been influenced by infections or
drug-associated immunosuppression. P1 is currently in stable clini-
cal condition at the age of 11 years.

To elucidate the genetic etiology, we performed whole-exome
sequencing and identified a compound heterozygous muta-
tion in TGFBI (ENST00000221930.5) (c.[328C>T];[1159T>C],
p-[Arg110Cys];[Cys387Arg]). Segregation of the sequence variant
with the disease phenotype was confirmed by Sanger sequencing,
whichindicatedthattheheterozygousmutationlocatedinthesequence
encoding the LAP domain was inherited from the mother, whereas
the mutation in the sequence encoding the mature TGF-p1 domain
was inherited from the father (Fig. 2a and Supplementary Fig. 2).
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In contrast to CED', radiographs of P1 were consistent with osteo-
penia (data not shown).

We also identified a homozygous missense mutation in TGFBI
(c.133C>T, p.Arg45Cys) in a second pedigree with two affected
individuals (patients 2 and 3) born to consanguineous parents from
Pakistan (Supplementary Fig. 3a,b). The p.Arg45Cys substitution
is located in the LAP domain of the pre-pro-TGF-p1 precursor
(Fig. 2a). Patient 2 (also referred to as P2 or B.II-1) had a small head
circumference (2.5th centile) and bloody diarrhea at 3 months of
age. Neurological development reached a plateau at 9-10 months of
age and subsequently regressed. At 19 months of age, P2 developed
refractory complex partial and myoclonic seizures. EEG analysis
showed a pathological pattern similar to that for hypsarrhythmia.
Cerebral MRI showed volume loss, cortical atrophy and thinning of
the corpus callosum. Between 19 and 20 months of age, P2 started
to lose her abilities to communicate and became increasingly spas-
tic. Despite optimization of her diet via a nasogastric tube, P2 failed
to thrive and died at the age of 25 months while hospitalized for
suspected septicemia.

Patient 3 (also referred to as P3 or B.II-4) had microcephaly at
birth (head circumference <2.5th centile). At 3 months of age, he
presented with failure to thrive and bloody diarrhea. Colonoscopy
and histology showed chronic active inflammation with abscesses
and crypt branching (Supplementary Fig. 3c). Psychomotor regres-
sion, muscular hypotonia and hyperreflexia were diagnosed at 12
months of age. At 25 months of age, P3 had complex partial seizures
and a hypsarrhythmia-like EEG pattern. Cerebral MRI examination
showed gross cortical atrophy, delayed myelination and marked
thinning of the corpus callosum (Supplementary Fig. 3d). He devel-
oped spasticity and contractures and lost visual and social contact,
as well as the ability to perform voluntary movements. Moreover,
P3 had fungal dermatitis, scabies skin infection and an episode of
severe varicella infection. An influenza A viral infection triggered
renal and subsequent multi-organ failure, causing his death at the
age of 39 months. Immunophenotyping of PBMCs showed normal
numbers and distributions for T cells, B cells and NK cells but a
reduced ability of CD4" and CD8" T cells to proliferate after stimu-
lation with anti-CD3 (data not shown).

We studied the structural consequences of the amino acid sub-
stitutions in the mutant TGF-f1 proteins by analyzing the crystal
structure of latent TGF-p1 (Protein Data Bank (PDB) accession
3RJR)". The substitutions we identified may perturb the interac-
tion of TGF-P1 with the pro-domain or with the TGF-p1 cysteine
knot (Fig. 2b). Argl10 maps to a region denoted as the ‘fastener,
which locks the interaction between the pro-domain and the
growth factor domain (Fig. 2c, left). The p-sheet harboring Arg110
forms a ‘super p-sheet’ with the growth factor domain. Thus, both
a proper stable interaction, as well as an integrin-binding-mediated
release of the growth factor domain, could be affected. Arg45 maps
to the interface between the TGF-p1 dimer and the pro-domain,
suggesting that the substitution p.Arg45Cys alters the interaction
between these two functional elements (Fig. 2¢c, middle). Correct
folding requires the presence of the pro-domain and may there-
fore be affected by the p.Arg45Cys substitution. We predict that the
p-Cys387Arg alteration perturbs the correct formation of the cyste-
ine knot in the growth factor domain, as the substitution will result
in an unpaired cysteine and will prevent formation of the disulfide
bond to Cys322 (Fig. 2¢, right). Furthermore, the unpaired Cys322
might also affect correct formation of the other disulfide bonds by
disulfide scrambling. Thus, p.Cys387Arg presumably affects folding
or stability of the TGF-f1 growth factor domain dimer.

To validate the predicted consequences of the mutations on the
biosynthesis and function of the TGF-p1-LAP complex, we used
heterologous HEK293T cells that were transduced with lentiviral
particles encoding wild-type (WT) TGF-B1 or mutant TGF-p1 vari-
ants. The CED-causing TGF-f1 variant Arg218Cys was used as a
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control''. Immunoblotting of cell lysates confirmed stable expres-
sion of TGF-p1-LAP homodimers in cells that had been trans-
duced with lentivirus expressing either WT or mutant TGF-p1
(Fig. 2d). Latent and mature TGF-P1 could be detected in condi-
tioned medium from HEK293T cells overexpressing the TGF-f1
Arg45Cys, Argl10Cys or Arg218Cys variant. The TGF-p1 vari-
ants Arg45Cys and Argl10Cys showed reduced levels of secreted
TGEF-B1. In contrast, the Cys387Arg mutant could not be detected
in supernatants, suggesting that abrogation of the disulfide bond
prevented proper assembly and secretion. Correspondingly, ELISAs
showed that (i) only the Arg218Cys variant was detected in the
mature form under cell culture conditions (without acidification
with HCI), indicating a gain of function for this mutant'’, (ii) mature
TGEF-p1 was released from the SLC after HCI treatment in the cases
of the Arg45Cys and Argl10Cys variants, although at lower levels
than for WT TGF-1, and (iii) secretion of the Cys387Arg variant
was completely abrogated (Fig. 2¢). To analyze downstream effects
on TGF-p1-mediated signaling, we examined conditioned medium
in HEK293T cells expressing a SMAD-sensitive luciferase reporter.
Cells expressing the Arg45Cys and Argl10Cys variants exhibited
reduced luciferase activity as compared to the activity with WT
TGF-p1, whereas no activity could be detected for the Cys387Arg
mutant (Fig. 2f). To assess the stability of WT and mutant SLCs, we
monitored re-association of LAP and TGF-p1 over time. The SLCs
in supernatants from HEK293T cells were destabilized by HCl treat-
ment and subsequently allowed to reassemble after neutralization
with NaOH. In contrast to WT TGF-p1, all of the mutants showed
compromised re-association capacity, suggesting reduced stability
of the SLC (Fig. 2g). To assess TGF-1 signaling in mucosal tissue,
we performed CyTOF analysis on colonic biopsies from P1. As com-
pared to patients without IBD (uninflamed and inflamed controls),
the mean expression values of phosphorylated SMAD2 and SMAD3
(p-SMAD?2/3) were reduced in lamina propria mononuclear CD45%,
CD19* and CD3* cells from P1 (Fig. 2h), whereas TGF-p1-inde-
pendent STAT6 phosphorylation was normal (Supplementary
Fig. 4). Reduced levels of phosphorylated SMAD2/3 were also seen
in CD45* and CD19* cells from an unrelated patient with Crohn’s
disease, confirming impaired SMAD3 activity in the mucosal tissue
of patients with IBD'. Taken together, all of the newly identified
mutated TGFBI alleles seem to have deleterious consequences with
respect to TGF-B1 complex formation, secretion and/or bioavail-
ability for signal transduction, as well as direct effects on down-
stream SMAD2/3 signaling in vivo.

The role of TGF-p signaling in human disease has been con-
troversial. Although increased TGF-P activity has been linked to
cancer, fibrosis and progressive diaphyseal dysplasia, decreased
TGEF-p activity has been associated with early tumorigenesis, vas-
cular dysplasia, developmental defects and atherosclerosis'. Our
studies highlight a nonredundant role of TGF-P1 in controlling
intestinal immune homeostasis and CNS function, whereas other
organ systems apparently were not affected. These findings are rem-
iniscent of those in patients with IL-10 or IL-10 receptor deficiency
who present predominantly with infantile IBD'>', even though
IL-10 is known to mediate pleiotropic stimulatory and suppressive
functions in the immune system.

The role of TGF-f1 in immunity has previously been documented
in experimental models. Mice that have a constitutive disruption of
Tgfbl" or a T cell-specific deletion of Tgfb1' or that express domi-
nant-negative TGFBR2" develop a lethal wasting syndrome, includ-
ing severe colitis. In patients with Crohn’s disease, intestinal tissue or
mucosal T cells are characterized by increased activation of SMAD7,
an inhibitor of TGF-1 signaling'*. Treatment with SMAD7-specific
antisense oligonucleotides holds promise to alleviate colitis in mice*
and in patients* by restoring TGF-p1 signaling.

The role of TGF-B1 in the brain is less well understood.
Brionne et al. have reported that lack of TGF-f1 expression in mice
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Fig. 2 | Effects of TGFBT mutations on the biosynthesis and bioavailability of TGF-f1. a, Schematic illustration showing the distribution of identified
alterations relative to the TGF-B1 structure depicting the N-terminal signal peptide (SP), the latency-associated peptide (LAP) and the C-terminal mature
growth factor (TGF-f1). The mutations identified in patients, including a previously described gain-of-function mutation in TGFBT causing CED", are
depicted for the DNA and protein sequences. b, Structural visualization of the identified TGF-f1 alterations using the crystal structure of latent TGF-p1
(PDB accession 3RJR)". The structure is depicted as a ribbon model with highlighted secondary structure. Color code: yellow and green, pro-domain
dimer; blue, TGF-p1 dimer; magenta spheres, mutation sites. ¢, Detailed views of the altered sites (stick model, with altered side chains highlighted in
magenta). d, Representative immunoblot (n=3) for TGF-p1 levels in lysates and conditioned medium from HEK293T cells that stably overexpressed WT
and mutant TGF-B1 variants. RFP, red fluorescent protein; R45C, TGF-p1 Arg45Cys; R110C, TGF-p1 Arg110Cys; R218C, TGF-f1 Arg218Cys; C387R, TGF-f1
Cys387Arg. e, ELISA determining the TGF-p1 levels in conditioned medium from HEK293T cells that stably overexpressed WT and mutant TGF-p1
variants + HCl treatment for the release of mature growth factor from latent complexes. Samples of ten biologically independent cell culture experiments
were analyzed. Box-and-whisker plots: center line, median; box limits, upper and lower quartiles; whiskers, quartile range. P values (indicated in the
graphs) were calculated using a two-tailed unpaired t test with Welch's correction. f, SMAD-dependent luciferase reporter assays in HEK293T cells

that were stimulated with conditioned medium from cells stably overexpressing WT or mutant TGF-p1. Samples of nine biologically independent cell
culture experiments were analyzed. Box-and-whisker plots: center line, median; box limits, upper and lower quartiles; whiskers, quartile range; individual
data points as overlays. P values were calculated using a two-tailed unpaired t test with Welch's correction. g, Analysis of the re-association capacity of
mutant TGF-B1 variants and LAP over time. Data shown represent the means +s.e.m. of 11 independent cell culture experiments. P values were calculated
using two-way repeated-measures ANOVA with Dunnett’s correction for multiple comparisons. h, CyTOF analysis of SMAD2/3 phosphorylation
(p-SMAD2/3) in lamina propria mononuclear cells derived from patients without IBD (uninflamed, inflamed), a patient with Crohn’s disease (CD) and

P1 (A.II-1). Histogram plots of baseline p-SMAD2/3 levels (left) and median expression values (MEV) of p-SMAD2/3 (right) are shown for the indicated
hematopoietic cell (CD45+, CD19* or CD3*) populations. CyTOF analysis was performed once owing to limited availability of patient material.

results in neuronal cell death and microgliosis®’. Tissue-specific =~ Our studies suggest that TGF-f1 may have a neuroprotective role,

deletion of TgfbI in the mouse CNS prevents lethal hyperinflamma-
tion but leads to progressive defects in synaptic plasticity and loss of
microglia”. Decreased plasma levels of TGF-B1** and reduced neu-
ronal expression of TGFBR2” have been documented in patients
with Alzheimer’s disease. Genetic polymorphisms altering TGF-p1
expression have been associated with increased risk for conversion
of mild cognitive impairment in patients with Alzheimer’s disease®.

but the mechanisms remain unknown.

Human TGF-p1 deficiency is a life-threatening disease, yet clinical
management remains challenging. In view of the documented role of
TGEF-B1in T cells, allogeneic hematopoietic stem cell transplantation
might be considered to alleviate intestinal inflammation. We opted
not to pursue this approach given the severe neurological comor-
bidities. Substitution with recombinant TGF-p1 may represent an
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alternative experimental approach, but currently no such product is
available for therapeutic use, and controlling tissue- and context-spe-
cific bioavailability of TGF-f1 is challenging, in particular in the CNS.

In conclusion, our study demonstrates a nonredundant role of
TGF-p1-mediated signaling for intestinal immune homeostasis and
neurological development in humans.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/541588-018-0063-6.
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