GRADUATE PROGRAM: “MOLECULAR BASIS OF HUMAN DISEASES”

Master Thesis

The Role of Activin-A in Human Allergic Asthma

Anatomy of an Asthma Attack

larynx (voice box)
trachea (windpipe)

bronchioles

bronchial tube blood vessels

infiltrated by inflammation
immune cells and swelling

decreased
contracted lumen
smooth muscle diameter

excess

alveoli
(air pockets)
muscle

blood vessels
lumen -7

mucous lining
normal airway

obstructed airway

© 2001 Encyclopadia Britannica, Inc.

Sofia Tousa

Supervisor: Dr.Georgia Xanthou

Laboratory of Cellular Immunology
Biomedical Research Foundation of the Academy of Athens (BRFAA)



EYXAPIZTIEZ

Kar’apxdg Ba neAa va ekppacw TNV euyvwpoouvn pou otnv Ap.lewpyia =avBou, n
OTToia JE €KAVE PE TNV UTTEPOoXN OI0O0KAAIa TNG va ayaTriow TRV AvoooAoyia Kal Pou
€0WOE TNV EUKAIPIA VO EKTTAIDEUTW) OE £VA EPYACTAPIO-TTPOTUTTO UTTO TNV UTTOOEIYMATIKI)
kaBodrynon tng. O duvauiopog TNG Kal N agociwon TG oTnv €pguva Pe Bordnoav va
cemepdow OAeG TIGC DUOKOAIESG Kal UTTAPEAV TO OUCIACTIKO UOU OTHPIYUA.

‘Eva TToAU peyaAo euxapiotw otnv uttowneia Ap.Mapia ZepitékoAou yiati ye punoe
ME APIOTO TIVEUPO OUVEPYOOIAG KOI UTTOPOVA OTIG AVOOOAOYIKEG TEXVIKEG KAl TTOU TN
Bewpw pia TTOAUTINN @iAN Kol ouvepydmida. ETTiong euxapioTw TNV uTTOWn@Ia
Ap.lwdavva XpIoTOTTOUAOU Yia TNV onPavTIKA BorBegia TTou Jou TTPOCEPEPE.

Euxapiotw 1TOAU TRV Ap.BiAn MNavoutoakoTroUAoOU TTOU PE UTTOOEXTNKE £YKAPDIa OTO
epyaocTripio  kabBwg¢ kar TIc uttowneieg  Ap.EuayyeAdia  Koupetmivn  kai Mapia
AyyeAOKOTTOUAOU yia TNV UTTOOTHPIEN TOUG.

TéANOG Ba NBeAa va euXapIOTAOW TOUG YOVEIG HOU TToU OTnpiouv Pe ayarrn KABe pou
TTPOOTIABEIa KAl PE TNV OTACN (WAG TOUG ATTOTEAOUV TTAPABEIYUA VIO EUEVA.
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MepiAnyn

To aMepyikd GoBpa eival pia Xpovia @AEyPovwdng vOoOoG TWV AEPAYWYWY PE ONUAVTIKA
augnuévn ouxvoTnNTa EUPAVIONG OE PIOUNXAVOTTOINUEVEG XWPES TIG TEAEUTAIEG DUO OEKAETIEG.
To dobua xapaktnpifetal ammd TToIkiAa Kal uttoTpoTdlovTa KAIVIKG CUUTITWHPATA, Ta OTToid
TepIAauBavouv avaTtrveuoTikd ouplyud, BrAXa, aioBnua cuo@iykTiIKoU BApoug 0To Bwpaka Kal
duoTmivola. H ekdNAwon Tou AoBpartog oxeTiCetar pe TN dnuioupyia T AEPPOKUTTAPIKWV
QVOOOAOYIKWY QTTOKPIoEWV TUTTOU 2 evavTiov daBAaBwV EIOTTVEOUEVWY  TTEPIBAAAOVTIKWV
avTiyovwy  (aAAepyloyova). Or atropuBuIouéVEG OAAEPYIOYOVO-EIDIKEG ATTOKPIOEIC Twv T
BonBnTikwv Aeu@oOKUTTApwY TUTTOU 2 OTOUG AEPAYWYOUSG 0OnyoUuv O€ nNWOIVOPIAIKA
TIVEUMOVIKY dINOnon, uttepékkpion BAEvvng, avaoTPEWIUN CUCTIOON TWV AEPAYWYWV KOl
BpoyxIkA uttePavTIOPACTIKOTNTA. OI XPNOIMOTTOIOUNEVES BEPATTEIEG (KUPIWG KOPTOKOOTEPOEIDN
Kal adpevepyIKoi B-2 aywvioTéG) aduvaTtouv va ETMQEEPOUV iaOn Kal PTTOPOUV HOVo va
QVTIMETWTTIOOUV TTPOCWPIVA Ta KAIVIKA cupTITwuarta. AfloonueiwTto gival To yeyovog OTI, pia
onPavTikn pepida acBbevwv Tdoxel amd cofapd dobua TToU avlioTatal OTIC TTAPOUCES
OePATTEUTIKEG TTPOKTIKEG Kal XPACEI CUXVWV VOONAEIWY, ATTOTEAWVTAG €va MEICov 1aTpIKO
TTPORBANKA. ZUVETTWG, TTAPAYOVTEG Ol OTTOI0lI UTTOPOUV va ETTAYOUV f/Kal va €vioXUoOouv Tnv
QVOOOAOYIKA KATAOTOAN O€ aAuTOUG TOUG QOBEvEIC aATTOTEAOUV ONUAVTIKOUG BEPATTEUTIKOUG
OTOXOUG.

AVOOOAOYIKOI KATAOTAATIKOI UNXAVIOWOi, OTTWG Ol AVOOOKATAOTAATIKEG KUTTAPOKIVEG Kal TA
PUBUICTIKG T Agu@OKUTTOPA, KATAOTEAAOUV TIC aTTOPUBUIoHEVEG T aVOOOAOYIKEC QTTOKPIOEIS
TUTTU 2 O€ MOVTEAQ TTOVTIKIWV MHE OAAAEPYIKO GoBua. O avooopuBUIOTIKEG KUTTOPOKIVEG
IVTEPAEUKiVN-10 (IL-10) kal peTaoxnuaTikdg augnTikog TTapayovrag B1 (TGF-B1) givar CwTIKAG
onPaciag yia TNV Taywyn Kal TNV KataoTaATIKA dpdon Twv T puBUIOTIKWY AEPPOKUTTAPWV.
Map’6Aa autd, n ékepacn n/kar n dpdcon Twv T PUBUICTIKWVY AEPPOKUTTAPWY KAl TWV
QVOOOKATAOTAATIKWYV KUTTAPOKIVWV Eival €€acOevnuéVEG OTOUG a0BEeVEIC uE AANEPYIKO GAOBUQ.

H akTifivn-A €ival yio KUTTapokKivn TTOU QViKEl OTNV UTTEPOIKOYEVEIA TOU METACXNMATIKOU
augnTikou TTapdyovTa B1 Kal EUTTAEKETAI AEITOUPYIKA O€ Wia TTOIKIAIQ OnNUAvTIKWY BIOAOYIKWY
dlepyaciwv. AuTr n KUTTAPOKivN €ival augnuévn oTov 0pd AcOPATIKWY a0BEVWV KAl TTOVTIKIWY
Kata Tn OIAPKEIa O&eiag Kal Xpoviag aANEPYIKNG QAEYHOVAG TWV agpaywywyv. H opdda pag Exel

TTpoo@aTa aTrodeigel 0TI n akTIBivn-A €ival pid avoOOKATOOTOATIKA KUTTAPOKIVN KaBWG



avaoTéEAAEL TIGC aAAepyIoyovo-€I0IKEGC T avOOOAOYIKEG ATTOKPIOEIC TUTTOU 2 KABWS Kal Tnv
QvATITUEN PBPOYXIKNAG UTTEPAVTIOPACTIKOTNTAG Kal OAAEPYIKAG QAEYyHOVWOOUG VOOOU TWV
agpaywywv ota TrovTikia. ETITTAov, Ta dedouéva pag £xouv Ocigel OTI n akTIBivn-A aOKei TIG
OVOOOKATOOTOATIKEG TIG 1D10TNTEG PEOW E€TTAYWYNG AAAEPYIOyOVO-€I0IKWY T  PUBUICTIKWY
AEPQOKUTTAPWY, Ta OTToia KATOOTEAAOUV TIG QTTOPUBMIOUEVEG T QaVOOOAOYIKEG QATTOKPIOEIG
TUTTOU 2 in Vitro Kal £TTEITA ATTO PYETAPOPA TOUG O POVTEAA TTOVTIKIWV PE AAAEPYIKO AoBua in
vivo. QoT600, 0 akpIfr¢ pOAog TnG akTIBivng-A oTo avBpwTTivo aAAepyIkd Bpoyxikd dobua
TTOPAPEVEL AYVWOTOG.

2& aut TN PeAéTn uttoBéoape O11 N akTIBivn-A pmropsi va KataoTeilel TIC avOpwTnvee T

aVvOOOAOVIKEC ATTOKPIOEIC TUTTOU 2 KOl QVTITIPOOWTTEUEl Jid KUTTOPOKIVN-KAEI®I via Tn pubuion

TNC AAAEPYIKAC GAEVUOVAC TWV QEQAVWYWY KOl TOU avBpwTTIVOU OAAEPYIKOU AaOUATOC

O1 otéxo1 pag nTav : 1) va dlEpeUVACOUNE TIG ETIOPACEIS TIG OKTIRIVAG-A OTAV KATACTOAR
TWV avBpwWTTIVWV AAAEPYIKWY T avooOAOYIKWY OTTOKPICEWY TUTTOU 2 OTNV TTEPIPEPIA KAl TOUG
agpaywyoug, 2) va eetdooupe 10 PpOAO TnG akTIBivnG-A oTnv emaywyn avlBpwtivwy T
PUBUICTIKWY AEPQOKUTTAPWY Kal TIG ETTITITWOEIS QUTWY OTNV KATAOTOAN TwV AAAEpyIKWV T
QVOOOAOYIKWY ATTOKPIioEWY TUTTOU 2 3) va digpeuvriooupde €av n akTiBivn-A eival ikavh va
EVIOXUOElI TNV ETTAYOPEVN OTTO TN XOPNYNON TWV KOPTIKOOTEPOEIOWYV QAVOOOKATAOTOA O€
aoBeveic ue coBapd dobua TTou avbioTartal oTn Beparreia. MNa autdv Tov OKOTTO ATTONOVWOAUE
CD4 Betikd T Aep@okUTTapa OTTd TO TTEPIPEPIKO QiPa: a) UYEIWV €BEAOVTWY, B) ATOTTIKWY,
y)aocBevwyv pe Amo/uéTplo dobpa kar d)acBevwyv pe cofapd GoBua TTOoU avlioTatal oTn
Bepartreia KABwWG Kal pgovoTtTupnva KUTTApa atmd To BPoyXOKUWEANIDIKO EKTTAUMO QOBEVWV UE
ooBapd, avBekTikO oTn Bepatreia aoBua. Ev ouvexeia, kaAliepynoape ta CD4 Betika T
AEPQOKUTTOPA 1 Ta povotrupnva KUTTAPO dadi PE AvTIYOVOTTAPOUCIACTIKA KUTTAPA  Kal
aAAepyIOYyOVO, UTTO TRV TTAPOUCia f PN TNG akTIBivng-A Kal YEAETACAUE TOV TTOAAQTTAQCIACHO
TOUG KABWG Kal TNV £KKPION KUTTAPOKIVWY aTTd auTd.

Ta dsdopéva pac ammoKaAUuTITouv o1l N akTIBivn-A gival §vac onUavTIKOC aVOOOKATOOTAATIKOC

TTOPAYOVTOG O0TO  avOpwTTivo  aAAepyIKO  Bpoyxikd dobua. Zuykekpiyéva, Ocixvouue OTi

KaAAiépyela Twv CD4 BeTikwv T AEUQOKUTTAPWY a0BUATIKWY aoBevWV TTapouadia akTIBivng-A,
Katd Tn OIApKEIa evEPYOTTOINOAG TOUG PE OAAEPYIOYOVO N Vitro, PEIWVEI 0€ HEYAAO BaBud Tov
TTOAMOTTAQCIQOPO TOUG KOl TNV  €KKPION KUTTOPOKIVWY atmd  autd (IviepAeukivn 5/ IL-

5,ivtepAeukivn  13/IL-13 kai Ivteppepdvn-y/IFN-y). ETriong, &eixvoupe oOm n  akTiivn-A



KATAOTEAAEL  TIG  AAAEPYIOYOVO-EIDIKEG  QTTOKPIOEIGC TWV  POVOTTUPNVWY  KUTTAPWY  TOU
BpoyXoKuWeNIBIKOU eKTTAUPOTOG aoBevwov pe ooBapO GoBua o€ in Vvitro KOaAAIEPYEIEG.
EmTpooBETwg, Ta dedOoPEVA HAG ATTODEIKVUOUV OTI I AVOOOKATAOTAATIKF) dpdon TnNG akTIBivng-
A oxetiCetal e TNV €Tmaywyrl avlpwtivwy T PuBPIOTIKWY AEPQOKUTTAPWY TA OTTOIA
KATAOTEAAOUV QTTOTEAECUATIKA TIG TTPOKAAOUMEVEG ATTO TO QAAAEPYIOYOVO T AvOOOAOYIKEG
QTTOKPIOEIG TUTTOU 2 ATOTTIKWV aoBevwv in vitro. AKOun, deixvoupe Ot n akTIfivn-A evioXUEl
ONMAVTIKA TNV €TTAyOMEVN atro de¢apebalovn avoooKATAOTOAN TwWV OAAEPYIKWY ATTOKPICEWV
o€ aoBeveig pe ooBapd, avlBekTIKO 0T BepaTreia aodua.

ZUNTTEPACHATIKA, Ta dedouéva Pag OeiXvouv yia TTpwTn @opd OTI n akTIBivn-A PTTopEi va
kataoTeidel T avoooOAOyIKEC QTTOKPiIoeEIC TUTTOU 2 o€ aoBeveic pe AGobua kal aToTria,
QavVadEIKVUOVTAG QUTH TNV KUTTAPOKIVN WG £va VEO BEPATTEUTIKO TTAPAYOVTA YIA TO avOpWwITIVO
aAepyIkO doBpa. ETITTAEoV, Ta ATTOTEAEOUATA POG ATTOKAAUTITOUV OTI N akTIRivn-A gival évag
vEOG TTapAyovTag ETTaywynAs avBpwtivwy T puBUICTIKWY AEPPOKUTTAPWY. MEAAOVTIKES
€peuveg Ba TTPETTEI va €EETAICOUV TOUG PNXAVIOWOUG, JEOW TWV OTTOIWV N OkKTIRivn-A €TTAyEl
avOpwtniva T puBUIOTIKA AEPPOKUTTAPA KOBWGS KAl TA PHOPIAKA KAl KUTTAPIKA POVOTTATIO TTOU

EUTTAEKOVTAI OTNV KOTAOTOAN TwV T aVOOOAOYIKWYV ATTOKPICEWYV TUTTOU 2.

Summary

Allergic asthma is a chronic inflammatory disease of the airways with significantly increased
prevalence in industrialized countries the past 2 decades. Asthma is characterized by variable
and recurring symptoms, which include wheezing, coughing, chest tightening and
breathlessness. It is associated with aberrant T helper type 2 (Th2) immune responses against
inhaled harmless environmental antigens (allergens). Dysregulated allergen-specific Th2
responses in the airways lead to pulmonary eosinophillic infiltration, mucus hypersecretion,
reversible airway obstruction and airway hyperreactivity (AHR). Current treatments only
ameliorate certain clinical features of the disease without providing a cure. Importantly, a
significant group of patients has severe, treatment-refractory asthma, requires regular
hospitalization and represents a major health-care problem. Hence, factors that can induce

and/or enhance immunosuppression are essential therapeutic targets for asthma.



Immunoregulatory mechanisms, including suppressive cytokines and regulatory T cells
(Tregs), attenuate aberrant Th2-mediated allergic responses in experimental asthma models.
Immunoregulatory cytokines, such as interleukin-10 (IL-10) and transforming growth factor- 31
(TGF-B1), are critical for the induction and suppressive function of Tregs. Nevertheless, the
expression and/or function of Tregs and immunosuppressive mediators are impaired in
individuals with allergic asthma.

Activin-A is a cytokine member of the TGF-B superfamily involved in a variety of essential
biological processes. It is increased in the sera of asthmatics and in mice during acute and
chronic allergic airway inflammation. Our group has recently shown that activin-A is an
immunosuppressive cytokine as it inhibits allergen-specific Th2 responses and protects
against the development of AHR and allergic airway disease in mice. Furthermore, our data
have revealed that activin-A exerts suppressive function through induction of allergen-specific
Tregs that suppress Th2 responses in vitro and upon adoptive transfer in vivo. However, the
role of activin-A in human allergic asthma remains elusive.

In this study we hypothesized that activin-A can suppress human Th2-mediated allergic

responses and represents a key cytokine for the requlation of allergic airway inflammation and

human asthma.

Our specific aims were: 1) to investigate the effects of activin-A on the suppression of
human Th2 cell-mediated allergic responses in the periphery and the airways 2) to delineate
the role of activin-A in the induction of human Treg cells and their effects on the suppression of
allergic Th2 responses and 3) to examine whether activin-A can enhance steroid-induced
immunosuppression in patients with severe, treatment-refractory asthma. For this purpose, we
obtained peripheral blood (PB) CD4" T cells from age-matched: a) healthy individuals, b)
atopics, c¢) mild/moderate asthmatics and d) severe, treatment-refractory, asthmatics and
Bronchoalveolar lavage (BAL) mononuclear cells from severe asthmatics. Subsequently, we
cultured CD4" T cells or BAL mononuclear cells with antigen presenting cells APCs and
allergen in the presence, or not, of activin-A and we measured their proliferation and cytokine
release.

Our data reveal activin-A as a critical immunosuppressive agent for human allergic asthma.

More specifically, we demonstrate that activin-A treatment of PB CD4" T cells from asthmatic

individuals during allergen-specific stimulation in vitro results in significantly decreased



proliferation and Th effector cytokine (IL-5, IL-13 and IFN-y) release. Importantly, we show that
activin-A also inhibits allergen-specific responses of mononuclear cells in the airways, the
active disease site. Notably, our data demonstrate that activin-A-mediated Th suppression is
associated with induction of human regulatory T cells that effectively suppress allergen-driven
Th2 responses of atopic individuals in vitro. In addition, we demonstrate that activin-A greatly
enhances dexamethasone-mediated suppression of allergic Th2 responses from individuals
with severe, treatment-refractory asthma.

Collectively, our studies show for the first time that activin-A can suppress Th2 allergic
responses of atopic and asthmatic individuals, pointing to this cytokine as a critical new
therapeutic target for human asthma. Notably, our findings also uncover activin-A as a novel
inducer of human Treg cells. Future studies should address the mechanisms through which
activin-A induces human Tregs, as well as, the molecular and cellular pathways involved in

Th2 cell suppression.

Introduction

Allergic Asthma

Allergic asthma is a major cause of chronic morbidity and mortality with an estimated 300
million individuals affected worldwide during 2009 [Global Initiative for Asthma (GINA)]. Global strategy
for asthma management and prevention: NHLBI/WHO workshop Report: National Institutes of Health, National
Heart, Lung and Blood Institute. NIH publication No. 02-3659; updated 2009). Importantly, its prevalence
(up to 29%) and incidence have considerably increased during the last two decades,
especially in children. Clinically, asthma is defined by increased AHR and reversible airway
obstruction which manifests as coughing, wheezing and intermittent attacks of breathlessness

and chest tightening, particularly at night or early in the morning®.

Asthma is a chronic inflammatory disorder of the airways. Upon airway exposure to various
risk factors, inflamed airways become obstructed and air flow becomes limited as a result of
bronchoconstriction, mucus hypersecretion and increased recruitment of inflammatory immune

cells? (Figure 1). Common risk factors for asthma symptoms include exposure to allergens



(such as those from house dust mites, animal fur, cockroaches, pollens and molds),
occupational irritants, tobacco smoke, respiratory viral infections, exercise, chemical irritants,

strong emotional expressions and drugs (such as aspirin and beta blockers) °.

Anatomy of an Asthma Attack
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Figure 1.Anatomy of an asthma attack. During an asthma attack inflamed airways become
rapidly obstructed and air flow is limited due to increased mucus production, contraction of

airway smooth muscle cells and infiltration of inflammatory immune cells (picture from
Encyclopaedia Britanica 2001)



Individuals with allergic asthma are categorized, according to the incidence, severity of
symptoms and response to treatment to four main groups: a) mild, b) mild persistent, c)
moderate persistent and d) severe persistent (treatment-refractory). Although individuals with
mild and moderate asthma are usually controlled with current therapeutic regimes (including
inhaled and per os corticosteroids and long-acting adrenergic beta-2 agonists), individuals with
severe persistent asthma often do not respond to therapy and require regular hospitalizations*.
Importantly, the chronic administration of high doses of certain medications, especially
corticosteroids, in individuals with severe asthma often induces severe side effects (such as,
osteoporosis, obesity, growth retardation in children, diabetes and hypertension)®. These
individuals have significantly impaired quality of life and represent a major health care problem
for developed countries. Furthermore, allergen-specific immunotherapy, a more targeted
therapeutic approach, has important limitations and requires years of administration, while it
can also lead to anaphylactic shock in certain individuals®. Hence, there is an imperative need

to design novel immunotherapies that will be safer and target the cause of the disease.

Allergic Airway Inflammation

Allergic inflammation plays a central role in the development of a wide spectrum of allergic
diseases, which have reached epidemic dimensions the last 20 years worldwide and their
prevalence is continuing to increase. Asthma, rhinoconjunctivitis, sinusitis, food allergy, atopic
dermatitis, angioedema, urticaria, insect and drug allergy are some of the allergic disorders
that can occur either alone or in combination. Both genetic predisposition and environmental

factors are crucial for the development of allergic airway inflammation®.

In genetically predisposed individuals, initial exposure to an innocuous environmental
allergen, leads to the capture and processing of the allergen by local APCs, mainly dendritic
cells (DCs). Subsequently, DCs mature and migrate to regional lymph nodes where they
present peptides of the processed allergen in the context of major histocompatibility complex
(MHC) class Il molecules to naive T cells. This process leads to the activation and
differentiation of naove T lymphocytes into Th2 cells®. Allergen-specific Th2 cells orchestrate
the allergic immune response through the production of Th2-type cytokines. More specifically,

IL-4 is crucial for the differentiation of Th2 cells and IgE production, IL-5 governs eosinophilic
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differentiation and mobilization, IL-9 controls the recruitment and proliferation of mast cells and

IL-13 has an important role in Th2 cell activation and induction of airway remodelling”.
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Figure 2.Allergen sensitization phase. Initial contact with an inhaled innocuous allergen
leads to the development of the sensitization phase in atopic individuals. Local APCs capture
the allergen, process it and present it to naive T lymphocytes into the regional lymph nodes

resulting in their differentiation into allergen-specific Th2 cells (picture from the article “The

development of allergic inflammation”, Galli SJ et al, Nature 2008)
In addition, Th2 lymphocytes mediate isotype switching in B cells, through the production of

IL-4 and IL-13 and the ligation of co-stimulatory molecules [CD28 on T cells binds on CD80 or
CD86 on B cells and CD40ligand (CD40L) on T cells binds on CD40 on B cells] , in the
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germinal centre of the lymph nodes®. This procedure, which is termed allergen sensitization,
results in the generation of allergen-specific Th2 cells and IgE producing B cells (Figure 2).
Allergen-specific IgE diffuses into the efferent lymphatic vessel and then enters the circulation,
as well as, the interstitial fluid. Subsequently, allergen-specific IgE binds to the high-affinity
receptor for IgE (FceRIl) on mast cells and basophils localized in the airways. During the
allergen sensitization phase there are no evident clinical symptoms denoting this aberrant

immune process®.

Subsequent exposure to the same allergen eventuates, after a few minutes, to the
development of the early phase response that is governed by the crosslinking of allergen-
specific IgE bound to high-affinity receptors (FceRI) on basophils and mast cells. IgE-mediated
activation of these innate immune cells drives the rapid release of preformed mediators
(i.e.histamine) or the slower secretion of newly synthesized factors (i.e. leukotrienes,
prostanoids), as well as, chemokines, cytokines and growth factors. The rapidly secreted
mediators induce vascular permeability, vasodilation, smooth-muscle cells contraction and
increased mucus production in the airways. The release of these inflammatory mediators
contributes substantially to the appearance of the acute clinical signs and symptoms of allergic

asthma®.

The newly synthesized mediators (i.e. chemokine (C-C motif) ligand 2 CCL2, leukotriene
B4(LTB, ), IL-8, tumour necrosis factor-a (TNF-a) of mast cells are released in a slower rate
and lead to the recruitment of Th2 cells and eosinophils. The generation of the late phase
reaction is based on this recruitment and results in the further release of inflammatory
mediators (eosinophilic cationic protein, major basic protein etc) and cytokines (IL-4, IL-5, IL-9,
IL-13 etc)™®. The development of the late-phase reaction begins 2-6 hours after the exposure
to the allergen and peaks after 6-9 hours. During this phase, innate and adaptive immune
cells, as well as, tissue-resident cells contribute to the establishment of cardinal features of
allergic airway inflammation. For example, in a late phase reaction, recruited neutrophils
release elastase that promotes the activation of matrix metalloproteinases (MMPs) and the

degradation of collagen. Moreover, recruited eosinophils secrete basic proteins leading to the
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injury of bronchial epithelial cells while several other mediators produced by tissue-resident

cells induce bronchoconstriction®?.

Epithelial injury by viruses, bacteria,
Allergen tobacco smoke, air pollutants )
% and/or oxidative stress Airway lumen

|__Thickening of
lamina reticularis

Formation of
an EMTU

Submucosa

Airway smooth
muscle hyperplasia

Figure 3.Chronic allergic airway inflammation. Repetitive and/or persistent exposure to the
allergen results in the generation and establishment of chronic allergic airway inflammation
which is mainly characterized by mucus hypersecretion, airway smooth muscle cell
hyperplasia, goblet cell metaplasia and thickening of the lamina reticularis (picture from the article

“The development of allergic inflammation”, Galli SJ et al, Nature 2008)
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Repetitive and/or persistent exposure to the allergen gradually leads to the development of
chronic allergic airway inflammation and tissue remodelling (Figure 3). Inflammation affects
then all the layers of the airway wall and both the structure and the function of the tissue-
resident cells change dramatically. Furthermore, innate and adaptive immune cells are widely
distributed in the airways and develop complicated interactions with a variety of local cells (i.e.

epithelial cells, fibroblasts, airway smooth muscle cells)®° .

Apart from Th2 cells other Th subsets are also considered important for the development of
chronic allergic airway inflammation and related disease. For example, Thl cells induce
apoptosis of airway epithelial cells and activation of smooth muscle cells, while Th17 cells
trigger allergic airway inflammation through the activation and recruitment of neutrophils*2. The
consequences of the sustained airway inflammation are many and include increased
production of mucus due to goblet-cell hyperplasia, development of myofibroblasts, increased
vascularity, hypertrophy and hyperplasia of airway smooth muscle cells, thickening of the
airway walls, increased deposition of extracellular matrix molecules beneath the epithelial
basement membrane (which is called lamina reticularis), such as collagen and fibronectin, and
increased production of cytokines and chemokines®®. All these changes have as a result the
injury of epithelial sites and the subsequent development of repair processes. The complex
interactions that take place between the epithelium and the mesenchymal cells [known as the
epithelial-mesenchymal trophic unit, (EMTU)] during all these processes promote the
establishment of the chronic allergic airway inflammation. Individuals with severe allergic
asthma, chronic allergic airway inflammation and remodelling display significantly increased
bronchoconstriction, thickening of the airway wall and mucus production, features that lead to
obstruction of the air flow and exacerbated asthma symptoms®. As dysregulated immune
responses represent a central pathologic feature of asthma, identification of factors that can
effectively suppress allergic airway inflammation and protect against disease may lead to

novel therapeutic discoveries.
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Regulation of Allergic Airway Inflammation

Critical controllers of allergic immune responses are Treg cells and immunosuppressive
cytokines, such as IL-10 and TGF-B1% **. The immunoregulatory cytokines IL-10 and TGF-B1
are involved in the induction, as well as, the suppressive function of Tregs and are critical for
the maintenance of pulmonary homeostasis’™®. More specifically, IL-10 has broad
immunomodulatory properties, including the inhibition of pro-inflammatory cytokine secretion,
the inhibition of DCs maturation, the suppression of mast cell and eosinophil activation and the
induction of IgE to IgG4 switching™®. The fact that IL-10 expression is decreased in the airways
of severe asthmatic individuals and that certain genetic polymorphisms in the promoter of the
IL-10 gene are associated with more severe asthma phenotypes also denotes the central role
this cytokines plays in the regulation of allergic airway disease. Moreover, therapies that
manage to ameliorate certain clinical features of asthma lead to increased production of IL-10
by T cells'’. TGF-B1 plays also central role in the induction of Foxp3* aTregs and is important
for the prevention of allergen sensitization'>. However, IL-10 and TGF-B1 cannot completely
inhibit allergen-driven inflammatory responses'® *°. In fact, these cytokines in certain context
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exhibit pro-inflammatory effects®“°. For example, TGF-f1 promotes the differentiation of
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pathogenic Th17 cells and exacerbates airway remodelling= <, while IL-10, when produced by

Th2 cells along with IL-4 and IL-13, enhances Th2 cell activation®.

Tregs are essential for the maintenance of immune tolerance to innocuous inhaled antigens
(Figure 4) and mainly consist of the naturally occurring CD4"CD25"Foxp3* Tregs (nTregs) and
the adaptive Tregs (aTregs). The latter subset includes the TGF-B1-induced Foxp3"™ T cells
and the type 1 regulatory Foxp3™ IL-10-producing T cells (Tr1)?*. Tregs can suppress allergic
airway inflammation and AHR in experimental models of asthma and, importantly, prevent
cardinal features of chronic disease, such as airway remodelling, mucus hypersecretion and
peribronchial collagen deposition®®. In addition, mouse Tregs can suppress responses by

innate effector cells, such as mast cells and eosinophils?®.
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Figure 4.Tregs are essential for the maintenance of immune tolerance to innocuous
inhaled antigens. Tregs are critical controllers of allergic airway inflammation since they can
suppress a variety of both innate and adaptive immune responses against innocuous inhaled

allergens, leading to lung homeostasis. (picture from the article “Mechanisms and treatment of allergic
disease in the big picture of regulatory T cells”, Adkis CA et al, J Allergy Clin Immunol 2009)

Even though there is a plethora of in vivo studies investigating the role of Tregs in mouse
models of allergic airway inflammation, there are limited studies in humans. Furthermore, the
majority of these studies are focused on effects of CD4"CD25" T cells without being able to
distinguish Tregs from activated effector T cells. These studies have demonstrated that
CD4*CD25"* T cells are reduced in BAL from asthmatic subjects®’. However, variable results
are observed in the PB?®. Some recent studies have revealed that Foxp3 mRNA expression is
decreased in the PB of individuals with asthma as compared with healthy participants®.
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However, the protein levels of Foxp3 were not measured and more importantly Foxp3
expression was not examined in the lung, the active disease site?®. Moreover, the investigation
of the suppressive function of Tregs in patients with asthma is also limited. In a recent study
pulmonary and PB CD4'CD25"" T cells from healthy children were able to suppress
CD4'CD25 T cell responses, in contrast to children suffering from asthma. In the same study
pulmonary, but not PB, CD4*CD25"9" T cells were decreased in number and less suppressive
in asthmatic children?’. Importantly, their regulatory function was restored following inhalation
of corticosteroids®’. In addition, another study revealed a decrease in the efficacy of the
suppressive function of Tregs in Der pl-sensitive asthmatic children®. Several groups have
shown that administration of corticosteroids results in increased expression of both Foxp3 and

IL-10, beneficially influencing Tregs.

Collectively, these studies reveal that Tregs are impaired in patients with ashma. In addition,
human aTregs induced by TGF-B1 exhibit an unstable phenotype and, more importantly, do
not effectively suppress T cell responses. Moreover, induction of human Trl cells requires
several rounds of antigenic stimulation and results in few numbers of suppressive cells
containing also pathogenic Th effectors. Hence, from a therapeutic standpoint, there is an
imperative need for identification of factors that can increase the numbers and/or function of

human Treg subsets in asthma'” #’.

Activin-A

Structure and Signaling Pathway of Activin-A
Activin-A is a pleiotropic cytokine that belongs to the TGF-B superfamily consisting of more
than 40 members. It was initially described as a gonadal protein stimulating the biosynthesis
and secretion of follicle-stimulating hormone (FSH) from the pituitary*®. Since then activin-A
has been found to play a critical role in a variety of essential biological processes such as
mesoderm induction, promotion of neuron survival, stimulation of erythropoiesis, wound repair
and maintenance of stem-cell self-renewal and pluripotency®. Importantly, activin-A” mice are

neonatally lethal due to severe craniofacial defects (cleft palate and loss of whiskers, upper
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incisors, lower incisors and lower molars) 2. Moreover, 75% of activin receptor type IIA
(actRIIA)” mice reach adulthood but have major deficiencies in their reproductive systems
(infertility in females due to folliculogenesis defect and delayed fertility in males), while 25% of
these mice die at birth due to mandible defects®®. Recent studies have revealed that activin-A

is a true cytokine with crucial role in responses mediated by innate and adaptive immune cells.

A Activin

receptor

Type |
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B Follistatin/FLRG
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Smad 7 (&

Y 3)

Smad 2/3

Figure 5.Signalling pathway and regulation of activin-A. A. Signalling of activin-A is
mediated through a membrane heterodimeric receptor complex. Initially it binds to the
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constitutively active ActR-1l, which then recruits and phosphorylates ActR-1. Activated ActR-I
phosphorylates then the main intracellular mediators of activin-A’s signalling, Smad2/3.
pSmad2/3 form a complex with Smad4 and translocate to the nucleus, where they regulate the
transcription factor of target genes in cooperation with several transcription co-factors. B.
Activin-A is highly regulated at both the intracellular and extracellular level by a variety of
molecules. Follistatin binds to activin-A, preventing the interaction with its type Il receptors,
while Smad7 binds stably to ActR-l and prevents the recruitment and phosphorylation of
Smad2/3.

Activin-A is a homodimeric protein consisting of two BA-subunits (BABA), connected by a
disulfide bond. Homodimeric activins-B, C and E (consisting of two BB, BC and BE subunits
respectively), and the heterodimeric activin-AB (consisting of one BA and one BB subunit)
have been also described in mammals. The characteristic feature of all the B subunits is the
cysteine knot in their carboxyl-terminus, which is a folding domain, containing nine conserved
cysteines, important for the stabilization and dimerization of the ligands. More specifically, the
sixth cysteine is essential for dimerization, while the other eight form intramolecular disulfide
bonds which determine the three-dimensional structure of the peptides. Transcripts of the BA
and the BB subunits are detectable in almost all tissues with especially high expression in
reproductive organs, while BC and BE subunits are mainly expressed in the liver®*. Activin-A is
the most extensively investigated ligand and even though activins-B and AB are bioactive,
their functions as well as expression patterns are not clearly defined.

In contrast to TGF-B1, activin-A is not produced or stored in an inactive form but is secreted
as a glucosylated pre-proligand. Although, the cleavage procedure leading to the generation of
the ligand remains elusive, it is possible that the endoprotease furin is involved in the
enzymatic cleavage of the 426 pre-proligand to a 20 amino acid signal sequence, 290

propeptide sequence and 116 amino acid activin subunit>.
Activin-A signalling is mediated by a membrane heterodimeric receptor complex consisting

of two types of activin receptors (Figure 5), type | [(ActR-I or activin-like kinase receptor 4 and
7 (ALK4 and ALK7)] and type Il (ActR-lIA and ActR-11B)3'. TGF-B1 signals through distinct to
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activin-A receptors, while other members of this superfamily, such as nodal, growth and
differentiation factor 11 (GDF11) and myostatin, can use the same receptors as activin-A.
These single-pass transmembrane receptors are structurally similar, containing a small
cysteine-rich extracellular domain and an intracellular serine/threonine kinase domain.
However, only the ActR-I possess a glycine and serine-rich domain, the GS domain, near the
intracellular juxtamembrane region, important for signal transduction. Initially, activin-A binds
to the constitutively active ActR-II, which then recruits ActR-I and phosphorylates its GS
domain. Subsequently, activated ActR-I phosphorylates the main intracellular mediators of
activin-A signalling, the Smad proteins®. Eight Smad proteins have been identified. The
receptor-regulated Smads (R-Smads), which are Smad -1, Smad-2, Smad-3, Smad-5 and
Smad-8, are phosphorylated and thus activated by the kinase domains of the receptors.
Smad-2 and Smad-3 are the phosphorylation substrates for TGF-f1 and activin-A type |
receptors and after their activation they form a complex with the common partner of all Smads
(Co-Smad), the Smad-4. Subsequently, this complex translocates to the nucleus, with the help
of a nuclear localization signal (NLS) of Smad-4, and in cooperation with several transcription
co-factors, such as CBP/p300 and TGIF, regulates the transcription of target genes®.
Inhibitory Smads (I-Smads), which are Smad-6 and Smad-7, are upregulated after activin-A
ligation to its receptors and bind stably to the activated type | receptor, inhibiting the further
propagation of its signals, in an autocrine negative feedback loop. Recent studies have shown
that apart from the main Smad-mediated signaling pathway, activin-A can transduce its signals
through additional, Smad-independent, pathways including mitogen activated protein kinase
extracellular signal regulated kinase (MAPK/ERK) and c-Jun N-terminal kinase (JNK)

pathways>’.

Regulation of Activin-A
The actions of activin-A are regulated by a variety of molecules at both the extracellular and
intracellular level (Figure 5). Follistatin (FS) is one of the major inhibitors of activin-A that
neutralises its actions by binding with high affinity to activin-A and, thus, preventing the
interaction with its type Il receptors®®. Furthermore, FS induces rapid endocytic internalisation
and subsequent proteolytic degradation of activin-A. Alternative splicing leads to the formation
of two isoforms of FS. The FS288 isoform binds heparan sulphate proteoglycans with high
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affinity and is considered to be a local regulator of activin-A’s actions, while the FS315 isoform
does not bind cell-surface proteoglycans and is the predominant circulating form of the protein.
Notably, FS can also inhibit the effects mediated by all activins, as well as, the functions of
other TGF-B superfamily members, including myostatin and bone morphogenetic proteins
(BMPs)*°. Inhibins are circulating heterodimeric proteins consisting of the inhibin a subnit and
the activin BA (inhibin A, a BA) or BB subunit (inhibin B, a BB). Inhibins downregulate the
signalling of all activins mainly through competition for binding to type Il receptors but also by
binding to activins with variable affinity and, thus, antagonizing their functions®. Betaglycan is
a protein that binds inhibins and increases their affinity to activin-A type Il receptors, leading to
functional inhibition of activins®. In addition, the pseudoreceptor BAMBI inhibits activin-A,
TGF-B and BMPs signaling by interacting with their type | receptors and interrupting the
formation of the active receptor signaling complex. Moreover, the co-receptor for nodal
ligands, Cripto facilitates nodal signaling by binding to both nodal and activin receptors,
inhibiting activin-A’s signaling when overexpressed®®. At the intracellular level, I-Smads bind
stably to ALK4 and prevent the recruitment and phosphorylation of R-Smads resulting to the
inhibition of the activin-A signaling. Moreover, I-Smads promote the binding of Smad ubiquitin
regulatory factors 1 and 2 (Smurf 1 and 2) to activin-A receptors and result in the ubiquitin-

dependent degradation of the receptors®.

The Role of Activin-A in Immunity and Inflammation

Recent studies have revealed activin-A as an important immunoregulatory factor. Nearly
every cell type in the body, including immune cells, is capable of synthesizing and secreting
activin-A. The secretion of activin-A by monocytes, macrophages, DCs, T cells, B cells, mast
cells and neutrophils is highly regulated and dependent on the microenvironment cytokine
milieu and the activation status of each cell. A wide range of human cells produce activin-A
after in vitro or ex vivo stimulation with inflammatory mediators. For example, human bone
marrow stromal cells express activin-A after in vitro stimulation with IL-1c, lipopolysaccharide
(LPS) and tumour necrosis factor-o. (TNF-o)) **. Moreover, human DCs upregulate activin-A,
ActR-l and ActR-Il expression following in vitro stimulation with CD40L, LPS, a Toll-like
receptor 4 ligand (TLR4) or CpG oligodeoxynucleotides which are TLR9 ligands ** (Figure 6).

Except from immune cells, a variety of tissue-resident cells, including epithelial cells,
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endothelial cells, intestinal cells, cardiomyocytes, fibroblasts and microglia, can also secrete
activin-A, mainly upon stimulation with inflammatory factors, such as LPS and IFN-y ** %3 In
addition, human synoviocytes stimulated ex vivo with IL-1, IL-8, IFN-y and TGF-B1 rapidly

secrete activin-A .

Activin-A is induced under inflammatory stimuli

TLR ligands, viruses, TNF-a, GM-
CSF, IL-1B, IFN-y
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Figure 6. Activin-A is induced under inflammatory stimuli. TLR ligands, viruses, TNF-q,
GM-CSF, IL-18 and IFN-y induce the expression of activin-A in a variety of innate and

adaptive immune cells, as well as, in tissue cells.

In vivo studies using an animal model of LPS-induced acute systemic inflammation,

demonstrated that activin-A is rapidly released as part of the circulatory cytokine cascade®. In

22



fact, the secretion of activin-A occurs as early as 30 minutes after in vivo LPS administration,
concurrent with that of TNF-a and prior to IL-6 release®. These data are in accordance with
the substantially increased serum levels of activin-A in patients with septicemia. Furthermore,
activin-A has been found increased in serum and cerebrospinal fluid of patients with bacterial
and viral meningitis and was localized to microglia and infiltrating macrophages in the
meningitic brain*’. Importantly, accumulating evidence suggests that activin-A is a critical

neuroprotective factor®.

Activin-A concentration is also elevated in the serum and synovial fluid of patients with
inflammatory arthropathies, such as gout, and rheumatoid arthritis (RA) but not in
osteoarthritis, which is a degenerative disease®. The main cellular sources of activin-A in the
synovial fluid are infiltrating macrophages and synoviocytes. In addition, a recent study has
also demonstrated that activin-A is increased in the serum of patients with systemic lupus
erythematosus (SLE). Importantly, increased serum levels of activin-A correlated with disease
activity parameters of both RA and SLE*®. Furthermore, activin-A as well as its receptors are

upregulated in patients with ulcerative colitis and Crohn’s disease®” **

. Interestingly, the
highest levels of activin-A expression are detected in areas of the greatest inflammation and
are restricted to the mucosa and sub-mucosa regions. On the contrary, activin-A levels were
shown to be reduced in the BAL fluid of patients with the autoimmune pulmonary alveolar
proteinosis (PAP), which is a rare lung disease characterized by abnormal accumulation

of surfactant within the alveoli and impaired gas exchange®.

Activin-A is also implicated in tissue repair processes and fibrosis. In fact, activin-A over-
expression in the skin of transgenic mice enhances the wound healing but also augments the
scarring response>3. On the other hand, over-expression of the activin antagonist, FS, causes
a severe delay in wound repair, but the quality of the healed wound is improved. Recently, the
Mad1 transcription factor that inhibits proliferation and induces differentiation of various cell
types was identified as a direct target of activin-A in keratinocytes, supporting the essential
role that activin-A plays in wound healing®. However, activin-A is also involved in the
progression of fibrotic diseases, such as interstitial fibrotic lung disease®. Activin-A induces

migration of fibroblasts and differentiation to myofibroblasts following in vitro culture. In
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addition, in vivo administration of FS in the mouse lung ameliorates bleomycin-induced fibrosis

in a bleomycin-induced lung fibrosis mouse model®®.
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Figure 7.Dual role of activin-A in immune responses. Activin-A exerts distinct effects on
immune responses ranging from enhancing to inhibitory, depending on the cell type, the

existing cytokine milieu and the context of the response

An intriguing feature of activin-A is that it exerts both pro- and anti-inflammatory actions,
depending on the the cytokine milieu and the context of the immune response (Figure 7).
Regarding the pro-inflammatory effects of activin-A, treatment of bone-marrow derived

macrophages with activin-A stimulates the release of the pro-inflammatory mediators TNF-a
and IL-18 as well as the production of prostaglandin E2 (PGE2), thromboxane and inducible
nitric oxide synthase (iNOS) ’. In accordance, activin-A increases nitric oxide (NO), IL-1 B and

CD14/CD68 expression on resting mouse macrophages and promotes their phagocytic
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capacity®®. Activin-A also influences the biology of DCs. In fact, activin-A promotes the in vitro
production of CXC chemokine ligands 12 and 14 (CXCL12 and CXCL14) by immature human
and murine DCs inducing their directional migration®®. Moreover, treatment with activin-A in
vitro stimulates the differentiation of human monocytes to langerhans cell (LC) and enhances
LC migration through 1L-12p70 induction®. Furthermore, in vitro pre-treatment of resting B
cells with activin-A prior to LPS stimulation results in significantly increased LPS-induced
proliferation and 1gG production®. However, activin-A has no effect on activated B cells.
Interestingly, in human pregnancy membranes, activin-A has been shown to exert a dual effect
on the production of IL-6 and IL-8, being stimulatory at lower concentrations and inhibitory at

higher concentrations®.

Accumulating evidence reveals also important anti-inflammatory effects of activin-A. Indeed,

activin-A inhibits IL-6-driven murine B cell proliferation and monocyte phagocytosis in vitro*,
Moreover, activin-A inhibits phytohemagglutinin (PHA)-induced proliferation of adult rat
thymocytes in vitro®®. In addition, activin-A decreases CD14 and MHC-II expression and NO
release in cultures of LPS-activated mouse peritoneal macrophages, and suppresses their
phagocytic capacity both in vitro and in vivo®. In accordance, a recent study demonstrated
that activin-A decreases the secretion of IL-1p and NO, the mRNA levels of IL-18 and iINOS
and also reduces the expressions of CD68, CD14 and TLR4 on mouse macrophage cell line
RAW?264.7 activated by LPS in vitro®. Murine peritoneal macrophages also express lower IL-
1B, IL-6 and higher IL-1 receptor antagonist (IL-1Ra) during LPS stimulation in vitro in the
presence of activin-A. Very recent studies have also shown that activin-A increases TGF-B1-
induced Foxp3 expression on murine CD4" T cells in vitro and enhances conversion of
peripheral naive T cells to Foxp3* Tregs in vivo®. DC-derived activin-A down-regulates in vitro
the production of IFN-y by human natural killer (NK) cells. In addition, activin-A treatment of
human NK cells suppresses their proliferation in vitro®’. Treatment with activin-A in vitro also
reduces non-specific proliferation of human T cells and attenuates CD40L—dependent cytokine
and chemokine release by human monocytes and DCs®,
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The Role of Activin-A in the Regulation of Allergic Responses
Several groups have recently demonstrated that activin-A is induced during allergic Th2-
mediated responses. Activin-A is highly expressed in the airways of mice after ovalbumin
(OVA)-induced acute allergic airway inflammation and submucosal mast cells represent a

major source of activin-A in vivo®"°

. In fact, activin-A mRNA is rapidly induced in bone
marrow-derived mast cells following IgE cross-linking’®. Moreover, mouse and human mast
cells express activin-A receptors and mouse Th2 cells and macrophages also produce activin-
A during allergic airway inflammation’®. Yet, the most potent producers of activin-A have been
shown to be the elastase positive neutrophils that are implicated in the generation and
persistence of severe allergic asthma. On the contrary, eosinophils do not produce activin-A.
Importantly, the Th2-associated transcription factor c-Maf interacts with the activin-A promoter
and is involved in the regulation of PA subunit gene transcription’*. Furthermore, the
expression of activin-A is upregulated in bronchial epithelial cells after induction of
experimental asthma®®. On the contrary, another study demonstrated that activin-A expression
is downregulated in the bronchial epithelial cells, while it is increased in the BAL after
pulmonary allergen challenge’®. These discrepancies may be due to the differences between
the experimental models used as well as to the distinct time points that were investigated.
Regarding the signalling pathway of activin-A in allergic airway inflammation, it has been
shown that ALK4 and ActR-IlA along with phosphorylated Smad2 are increased in submucosal

fibroblasts, pointing to effects of activin-A on airway repair and remodelling®.

Recent studies by our group have uncovered activin-A as a key suppressive cytokine in
allergic airway inflammation and linked disease in mice’. In fact, we showed that
endogenously produced activin-A protects against allergic airway disease in mice, since its
neutralization during pulmonary allergen challenge leads to significantly exacerbated Th2-
mediated allergic responses’. Interestingly, we demonstrated that activin-A exerts its
inhibitory effects through induction of CD4"CD25Foxp3™ IL-10-producing Treg cells that
effectively suppress allergen-driven Th2 responses in vitro and upon adoptive co-transfer in
vivo and confer protection against cardinal features of allergic airway disease’. Activin-A-
mediated suppression is dependent on both IL-10 and TGF-B1 release, pointing to synergistic

effects between these immunosuppressive factors”. The effects of neutralization of activin-A
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during allergic responses were observed even in the presence of endogenous TGF-B1,

70.71 "should not be

indicating that these two cytokines, as also shown by other several groups
considered as redundant cytokines during inflammatory processes. In fact, activin-A and TGF-
B1 operate through distinct suppressive mechanisms and induce different Treg subsets under
the Th2 setting. Even though these cytokines belong to the same superfamily and signal
through similar pathways, they often exert distinct functions, possibly due to the use of

different receptors and Smad-independent signalling pathways.

Apart from the experimental models of asthma, several studies have uncovered a role for
activin-A in human allergic asthma as well. A recent study has demonstrated that activin-A is
elevated in the serum of individuals with severe asthma as compared to mild asthmatics and
healthy participants. In the same study PB CD4" T cells from moderate asthmatics were
shown to be a potent source of activin-A’*. Of clinical relevance, therapeutic administration of
immunosuppressive corticosteroids in individuals with asthma results in increased expression
of activin-A in PB CD4" T cells. Our group has demonstrated that activin-A expression is
increased in bronchial biopsies from patients with mild asthma as compared to healthy

07475 we also showed that activin-A is

airway’®. Moreover, in agreement with other studies
produced in the airways by T cells, macrophages and mast cells”. Interestingly, neutrophils
account for the highest number of airway infiltrating cells expressing activin-A in human
asthma’. Furthermore, activin-A is highly expressed in the human asthmatic epithelium and

the expression of activin-A by bronchial epithelial cells is induced by IL-13 and TNF-a’> ®.

Even though activin-A levels are increased in human asthmatic airways, our recent studies
have demonstrated that expression of both ALK4 and ActR-IIA is significantly decreased in
airway submucosal cells of mild asthmatics™. ActR-lIA levels are minimal also in airway
epithelium, while ActR-1IB is almost absent. However, we did not observe increased
phosphorylated Smad2 (pSmad2) ® levels in the airway of mild asthmatics, in contrast to a
previous study’® wherein more symptomatic and severe asthmatics were included.
Interestingly, allergen inhalational challenge and, thus, disease provocation induces a rapid
(within 24 hours) increase in pSmad2 expression in the airway of mild asthmatics. Both activin-
A and TGF-B1 signal through phosphorylation of Smad-2. Importantly, ALK4 and ActR-1I1A
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expression is increased in bronchial epithelium post-allergen challenge, whereas ALKS5 levels

are decreased.

In addition, our functional in vitro studies demonstrate that r-activin-A significantly increases
the proliferation of human bronchial epithelial cells and promotes the epithelial repair
process’. Moreover, in vitro FS treatment of human bronchial epithelial cell greatly enhances
TNF-a and IL-13 -induced chemokine expression by these cells, pointing to a potent anti-
inflammatory role of activin-A in airway epithelial cell responses. Collectively, it can be
postulated that rapid induction of ALK4 and ActR-lIA expression, along with pSmad2, in the
airway upon allergen inhalational challenge, may be part of an inherent protective mechanism

to respond to activin-A signalling in order to control inflammation and enhance epithelial repair.

Considering the suppressive effects of activin-A in experimental asthma models as well as
the findings from human studies, a role for this cytokine in the regulation of human Th2-driven
allergic responses is highly plausible. However, the exact role of activin-A in the suppression
of human allergic Th2-mediated responses and the induction of human Treg cells remains

elusive.

Hypothesis

We hypothesized that activin-A can suppress human Th2-mediated allergic responses and
represents a key cytokine for the regulation of allergic airway inflammation and asthma. We
also hypothesized that activin-A induces human Treg cells that can inhibit human Th2-
mediated allergic responses both in the periphery and the airways of asthmatic individuals.

Specific Aims of the Project
Our specific aims were:
1) To investigate the effects of activin-A on the suppression of human Th2 cell-mediated

allergic responses in the periphery and the airways
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2) To delineate the role of activin-A in the induction of human Treg cells and their effects on
the suppression of allergic Th2 response and
3) To examine whether activin-A can enhance steroid-induced immunosuppression in patients

with severe, treatment- refractory, asthma.

Subjects and Methods

Subjects:
PB was obtained from age-matched (range 18-60): a) healthy individuals (with no history of

atopy or asthma), b) atopics (with no history of asthma), c¢) mild/ moderate persistent asthmatics,
and d) treatment-refractory severe asthmatics (n = 5-10/group). Asthma was defined according to
the latest GINA guidelines. All atopic and asthmatic individuals had positive skin prick test (wheal
size 2 3mm) to allergens and/or increased levels of IgE specific to allergens (the same allergens
that were used in ex vivo stimulation cultures). BAL and lung biopsies were obtained from severe
asthmatic individuals (n = 2) during their evaluation and follow-up at “Sotiria” Athens Chest
Hospital. On entering the study, subjects were stable. Individuals with mild/moderate asthma
received inhaled long-acting adrenergic beta-2 agonists and occasionally inhaled corticosteroids,
while participants with severe asthma received per os corticosteroids and inhaled long-acting
adrenergic beta-2 agonists. Individuals with no clinical features of infection for at least four weeks
before the start of the study and none throughout the study period were included. Patients with
other immunological disorders (i.e. autoimmune diseases), cancer and/or other respiratory
disorder (i.e. COPD) were excluded from the study. All donors signed an informed consent form
approved by the “Sotiria” Athens Chest Hospital Ethics Committee.

Analysis of BAL:
Bronchoscopy was performed using local anaesthesia according to standard techniques. BAL

was performed by sequential instillation and aspirations of three aliquots of 60 mL of warmed
sterile 0.9% saline. BAL fluid was placed and transported in ice before analysis. The BAL fluid

was strained through a 100um Dacron net and centrifuged at 400g 10min at 4°C. BAL cells were
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counted and analysed for viability by Trypan Blue exclusion. BAL fluid was kept at -80°C until use.

BAL mononuclear cells were used for in vitro cultures.

Cell isolation and in vitro stimulation:

Peripheral blood mononuclear cells (PBMCs) were obtained by Lymphoprep gradient
centrifugion and CD4"* T cells were isolated using Dynal CD4" isolation kit. 5x10* CD4" T cells
were stimulated for 3 days with: a) 0,5ug/ml soluble anti-CD3 (OKT3 clone) or b)1000SQ/ml
allergen (mixed grass extract) in the presence of 10° autologous mitomycin-treated CD3-depleted
PBMCs (MACS CD3 negative isolation kit). Cells were treated with either PBS or 50ng/ml
recombinant activin-A (r-activin-A) (R&D). The well-known immunomodulatory factor
dexamethasone served as a positive control for suppression of proliferation at a concentration of
107"M. Dose response studies in order to define the optimal concentrations of r-activin-A, aCD3,
allergen and dexamethasone, were carried out. The effects of r-activin-A on T cell proliferation

using °[H]-Thymidine incorporation were examined.

In order to examine the effects of r-activin-A on allergen-specific responses of airway
mononuclear cells, 5x10° BAL mononuclear cells were isolated from individuals with severe
asthma and stimulated for 3 days with 1000SQ/ml allergen (mixed grass extract) in the presence

of PBS, 50ng/ml r-activin-A or 10”'M dexamethasone.

The ability of r-activin-A to enhance dexamethasone-induced immunosuppression was also
examined. Briefly, 5x10* PB CD4" T cells obtained from individuals with moderate and severe,
treatment-refractory, asthma were stimulated for 3 days with 1000SQ/ml allergen (mixed grass
extract) and 10° autologous mitomycin-treated CD3-depleted PBMCs in the presence of PBS,
50ng/ml r-activin-A, dexamethasone at the concentrations of 10°'M, 10®M and 10°M or

dexamethasone plus r-activin-A (at the same concentrations).
In other experiments we examined whether r-activin-A-treated CD4" T cells were anergic, a

characteristic feature of Treg cells. For this purpose, 5x10* PB CD4" T cells were treated with

PBS, r-activin-A or r-activin-A plus riL-2 in the presence of 1000SQ/ml allergen and 10°
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autologous mitomycin-treated CD3-depleted PBMCs. Effects on T cell proliferation were

examined as above.

In vitro Suppressive Assays

Subsequently, we investigated the suppressive function of r-activin-A-treated T cells using an in
vitro suppression assay. Briefly, we initially isolated 5x10*° PB naove CD4*'CD25
CD45RA'CD45R0™ T cells using the MACS naove CD4" T cell isolation kit 1l from atopic
participants and cultured them for 7 days with 10° autologous mitomycin-treated CD3-depleted
PBMCs in the presence of 1000SQ/ml allergen (mixed grass extract). Cells were treated with
PBS, r-activin-A or dexamethasone. After 7 days, PBS, r-activin-A or dexamethasone-treated
CD4" T cells were isolated from the initial cultures and co-cultured with freshly isolated,
autologous mitomycin-treated CD3-depleted PBMCs and freshly isolated, autologous CFSE
labelled (or not) naove CD4" responder T cells, in different ratios, in the presence of 1000SQ/ml
allergen (mixed grass extract). Responder T cell proliferation, using [H]-Thymidine incorporation
and CFSE staining analysis, was measured after 4 days. The suppressive effects of
dexamethasone-induced aTregs on Th responses served as positive controls.

Cytokine analysis

Cytokines were measured in culture supernatants using commercially available ELISA kits for
IL-2, IFN-y, IL-10, IL-5 and IL-13 (R&D). [For the measurement of IL-13 and IFN-y r-activin-A- or
PBS-treated Th cells were stimulated for 48 hours with 0,1ug/ml soluble anti-CD3(OKT3 clone)].

Flow-cytometric analysis

5x10* CD4" T cells isolated from the PB of atopic individuals (n=2) were cultured with 10°
autologous mitomycin-treated CD3-depleted PBMCs in the presence of 1000SQ/ml allergen
(mixed grass extract) for 3 days. Cells were treated with PBS or r-activin-A. On day 3 cells were
collected, washed and stained with Annexin-V-PE and 7AAD-PC5 (Beckman Coulter) in order to
measure apoptotic and necrotic cells. To perform the FACS analysis, we used the cytometer
Cytomics FC500 (Beckman Coulter).
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Statistical Analysis

We used Graph Pad Prism Version 5 (Graph Pad Software Inc, San Diego, Calif) in order to
analyze our data. To calculate differences between groups, we used Unpaired Student t test, and
data were logarithmized before any Student t tests were performed to calculate absolute values.
All results are presented as mean +/- SEM. We considered any difference with a p value of 0.05

or less to be statistically significant.

Results

Activin-A suppresses allergen-specific Th2 cell-mediated responses of atopic individuals

in vitro.

Activin-A is expressed by a variety of immune and tissue-resident cells during Th2-driven
allergic responses in the human airways. Effector Th2 cell-mediated responses are essential for
the development of allergic airway inflammation and human asthma. Importantly, several groups
have shown that activin-A is involved in allergic airway inflammation and modulates the function of
a wide range of cells during allergic responses. As activin-A and its receptors are expressed by
infiltrating Th cells in the human airways, we decided to investigate its the effects on human

allergen-specific Th2 cell-mediated responses.

We initially focused our studies on the effects of activin-A on the regulation of Th2 responses
from the PB of atopic individuals. Our preliminary studies have demonstrated that the
predominant activin-A type | receptor, ALK4, is expressed by human PB CD4" T cells. Activin-A
treatment of PB CD4" T cells, from atopic subjects, during ex vivo stimulation with their specific
allergen resulted in significantly decreased (p<0,05) proliferation of Th2 cells as compared to PBS
treatment. In addition, activin-A treatment resulted in greatly reduced (p<0,05) secretion of the
Th2-type cytokines IL-5, IL-13 and IL-10. Interestingly, activin-A treatment led to significantly
decreased (p<0,05) levels of the Thl-type cytokine IFN-y (Figure 8). IFN-y-producing Thl cells
are considered to play also important role in the pathogenesis of human allergic airway

inflammation and related disease.
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Figure 8.Activin-A suppresses allergen-specific Th2 cell-mediated responses of atopic
individuals in vitro. A. Experimental protocol used to evaluate the effects of activin-A on
responses mediated by PB CD4" T cells of atopics in the presence of allergen. CD4" T cells were
cultured with autologous mitomycin-treated CD3-depleted PBMCs in the presence of allergen and
treated with either PBS or r-activin-A for 3 days. B. Treatment of cells with r-activin-A significantly
reduced the release of IL-5, IL-13, IL-10, IFN-y and C. greatly decreased the proliferation of these

Activin-A suppresses allergen-specific Th2 cell-mediated responses of individuals with

mild/moderate persistent and severe, treatment-resistant asthma in vitro.
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Subsequently, we investigated whether activin-A exerts similar suppressive effects on Th2 cell-
mediated allergic responses from individuals with mild/moderate and severe, treatment-resistant
asthma. For this purpose we treated, PB CD4" T cells with activin-A or PBS during their
stimulation with their specific allergen in vitro. Indeed, activin-A treatment led to significantly
reduced (p<0,05) proliferation of the CD4" T cells isolated from both mild/moderate and severe,
treatment-resistant asthmatics, as compared to PBS-treatment. In addition, activin-A greatly
decreased (p<0,05) the production of the cytokines IL-5, IL-13, IL-10 and IFN-y as compared to
PBS control (Figure 9). Taken together, our studies suggest that activin-A is a critical regulator of
allergic responses mediated by human Th2 cells, key effectors in the pathogenesis of human

allergic asthma.
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Figure 9.Activin-A suppresses allergen-specific Th2 cell-mediated responses of individuals
with mild/moderate persistent and severe, treatment-resistant asthma in vitro. A.CD4™ T
cells were isolated from the PB of individuals with mild/moderate asthma and cultured with
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autologous mitomycin-treated CD3-depleted PBMCs in the presence of allergen. Cells were
treated with PBS or r-activin-A. r-activin-A treatment significantly reduced the secretion of IL-5, IL-
13, IL-10, IFN-y as well asthe proliferation of these cells. B. The same experiments were
performed using PB CD4" T cells of individuals with severe, treatment-refractory asthma. R-

activin-a treatment resulted as well in greatly reduced cytokine release and proliferation.

Activin-A inhibits mononuclear cell responses in the airways.
Subsequently, we investigated the role of activin-A in the suppression of allergic responses in

the active site of the disease, the airways. For this, we isolated airway mononuclear cells from
individuals with severe, treatment-refractory, asthma and studied the effects of activin-A treatment
on the proliferation of these cells. Interestingly, activin-A was capable of significantly (p<0,05)
reducing allergen-induced proliferation of BAL mononuclear cells as compared to PBS treatment
(Figure 10).These data extent our previous findings and reveal that activin-A can exert
suppressive effects on human allergen-specific responses not only in the periphery, but also in

the airways of severe asthmatics, the most important patient cohort.
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Figure 10.Activin-A inhibits mononuclear cell responses in the airways. BAL mononuclear
cells were obtained from individuals with severe treatment-resistant asthma. Cells were cultured
with allergen in the presence of PBS or r-activin-A. Treatment with r-activin-A greatly decreased

the allergen-driven proliferation of BAL mononuclear cells
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Activin-A enhances dexamethasone-mediated suppression of allergic responses from

individuals with moderate and severe, treatment-refractory asthma.

Dexamethasone belongs to the category of immunosuppressive corticosteroid drugs, which
currently represent the mainstay of therapeutic approach for human allergic asthma. Even though
steroids manage to ameliorate the clinical features of asthma, they are unable to target the cause
of the disease. Furthermore, a subgroup of patients develops severe, steroid-refractory asthma.
The long-term and high dose of per os corticosteroids these patients receive lead to several and
often severe side effects. Considering, the immunoregulatory effects that activin-A exerts on
human Th2-driven allergic responses of asthmatic individuals, we next examined whether activin-
A could enhance the dexamethasone-induced suppression of allergic responses of individuals

with moderate and severe, steroid-resistant, asthma.
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Figure 11.Activin-A enhances dexamethasone-mediated suppression of allergic
responses from individuals with moderate and severe, treatment-refractory asthma. PB
CD4" T from individuals with mild/moderate and severe, treatment-refractory asthma were
cultured with autologous mitomycin-treated CD3-depleted PBMCs in the presence of allergen.
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Cells were treated with PBS, r-activin-A, dexamethasone or dexamethasone plus r-activin-A. r-
activin-A addition in dexamethasone-cultures greatly enhanced A.the dexamethasone-mediated

reduction of IL-5 and IL-13 production as well as B. the proliferation of these cells

Our data reveal that addition of activin-A in cultures of allergen-stimulated PB CD4" T cells from
moderate and severe, steroid-resistant asthmatic individuals significantly increased (p<0,05)
dexamethasone-induced suppression of T cell proliferation as compared to treatment with
dexamethasone alone. Similarly, addition of activin-A resulted in greatly enhanced (p<0,05)
dexamethasone-induced suppression of IL-5 and IL-13 release by these cells as compared to
dexamethasone alone (Figure 11). Importantly, addition of activin-A in dexamethasone-treated
cultures nearly abolished Th2-driven allergic responses. These findings suggest that activin-A is a
novel effective immunosuppressive agent for human allergic asthma. Follow-up studies may
ultimately lead to the design of new therapeutic protocols that will combine the use of activin-A
with reduced doses of corticosteroids in order to achieve higher efficacy and safety for the

treatment of severe asthmatics.

Activin-A suppresses aCD3-driven human CD4" T cell responses in vitro.

We next investigated whether activin-A exerts a suppressive role also during non-specifc Th
stimulation in vitro. Treatment of CD4" T cells, obtained from the PB of healthy participants with
anti-CD3 and autologous mitomycin-treated CD3-depleted PBMCs in the presence of r-activin-A
resulted in significantly decreased (p<0,05) Th cell proliferation. Similarly, activin-A treatment
greatly reduced (p<0,05) the release of IL-2 and IFN-y, while it significantly increased (p<0,05) the

secretion of IL-10, as compared to PBS treatment (Figure 12).
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Figure 12.Activin-A suppresses aCD3-driven human CD4" T cell responses in vitro. PB
CD4" T cells from healthy participants were cultured with autologous mitomycin-treated CD3-
depleted PBMCs in the presence of aCD3. Cells were treated with PBS, r-activin-A or
dexamethasone. A.Treatment with r-activin-A significantly decreased the release of IL-2 and IFN-
Y, while it importantly increased the secretion of IL-10 B. R-activin-A also greatly reduced the non-

specific proliferative response of these cells.
Our data uncover active-A as a cytokine with a broad immunosuppressive function for human

Th responses and suggest that it could be used for the inhibition of a variety of immune responses

and related diseases.
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Activin-A renders human CD4" T cells anergic
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Figure 13. Activin-A renders human CD4" T cells anergic. A.PB CD4" T cells from atopics
were cultured with autologous mitomycin-treated CD3-depleted PBMCs in the presence of
allergen and PBS or activin-A. After 3 days of culture cells were stained using Annexin-V-PE and
7-AAD-PC5 and analysed with flow cytometry to evaluate apoptotic and/or necrotic cells. B.
Addition of rhIL-2 into the cultures of PB CD4" T cells treated with r-activin-A reversed the r-

activin-A-induced suppression of proliferation and resulted in highly proliferating cells.

Susequently, we investigated whether the suppressive effects of activin-A on human Th
responses were due to induction of apoptosis and/or necrosis of those cells. For this purpose,
after 3 days of culture of PB CD4" T cells with autologous mitomycin-treated CD3-depleted
PBMCs in the presence of allergen and PBS or activin-A, we stained cells using the Annexin-V-
PE and 7-Aminoactinomycin D (7-AAD)-PC5 that reveal apoptosis and necrosis respectively in
flow cytometric analysis. Our data showed that activin-A treatment did not induce increased
numbers of Annexin-V* and/or 7AAD" T cells as compared to PBS treatment (Figure 13)
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suggesting that activin-A suppression of Th responsesis not mediated through induction of

apoptosis nor necrosis.

We next examined whether activin-A rendered the PB CD4" T cells anergic. For this, r-activin-A
or PBS-treated Th cells were stimulated with allergen in the presence of recombinant human IL-2
(rhlL-2). Indeed, addition of rhIL-2 into cell cultures reversed r-activin-A-induced suppression of T
cell proliferation and resulted in highly proliferating cells (Figure 13) Our data suggest that activin-
A treatment renders human CD4" T cells anergic.

Activin-A suppresses human Th2 allergic responses through induction of requlatory T

cells.

Subsequently, we investigated whether activin-A-mediated suppression of human Th2 cell
responses was associated with induction of T cells with regulatory/suppressive function. To
address this, we performed an in vitro suppression assay, wherein we co-cultured activin-A-or
PBS control-treated PB CD4" T cells from atopic individuals with freshly isolated, autologous
mitomycin-treated CD3-depleted PBMCs and freshly isolated, autologous naive CD4" responder
T cells, in the presence of allergen. Activin-A-treated CD4" T cells greatly decreased (p<0,05) the
proliferation and IL-5 release of autologous naive CD4" responder T cells (Figure 14).
Importantly, our data reveal that activin-A exerts its inhibitory effects through induction of human
regulatory T cells that effectively suppress allergen-driven T effector responses.

Collectively, our findings uncover, for the first time, activin-A as an essential protective cytokine

against human allergic Th2 responses.
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Figure 14.Activin-A suppresses human Th2 allergic suppression through induction of
regulatory T cells. A. Experimental protocol of the suppressive assay. Naive CD4'CD25
CD45RA'CD45R0™ T cells from atopics were cultured with autologous mitomycin-treated CD3-
depleted PBMCs in the presence of allergen. Cells were treated with PBS or r-activin-A for 3,5
days and then were restimulated with rhiL-2 for 3,5 more days. On day 7 PBS- or r-activin-A
treated CD4" T cells were obtained from the initial cultures. Treated CD4" T cells were then co-
cultured with freshly isolated autologous mitomycin-treated CD3-depleted PBMCs and naive
CD4"CD25 CD45RA'CD45R0" T cells in the presence of allergen for 3 days. B. r-activin-A-treated
CD4" T cells greatly decreased the IL-5 release and proliferation of autologous naive CD4"

responder T cells.
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Discussion

Activin-A was initially considered as a hormone involved mainly in the regulation of the female
reproductive system®. Recent studies have revealed activin-A as a pleiotropic cytokine that has
important functions in diverse biological procedures. The roles of activin-A in development,
fibrosis, stem-cell biology and neuroprotection have been intensively studied the last years®.
Importantly, our previous studies have shown that activin-A is also implicated in the control of
allergic airway inflammation and related disease in mice through the induction of CD4'CD25
Foxp3 IL-10-secreting Treg cells’.

In the present study, our findings demonstrate for the first time to our knowledge, that activin-A
exerts suppressive effects on human allergen-specific Th2 responses and represents a protective
cytokine against allergic asthma. Specifically, our data show that activin-A inhibits Th2-driven
allergic responses of atopic, mild/moderate asthmatics and more importantly of individuals with
severe, treatment-resistant asthma during stimulation with a clinically relevant allergen in vitro.
Notably, activin-A treatment results in decreased secretion of the Th2-type cytokines IL-5 and IL-
13 that actively participate in the orchestration of allergic airway inflammation. In addition, activin-
A treatment reduces the release of the Thl-type cytokine IFN-y, pointing to a general suppressive
role in Th-mediated responses. Apart from its effects on these pro-inflammatory cytokines, activin-
A treatment also leads to reduced release of IL-10. This is in accordance with the general
suppression that activin-A exerts on Th2 cells, which are a major source of IL-10, and cannot
exclude the fact that activin-A may also be able to induce IL-10 secreting regulatory T cells, which

contribute to the IL-10 poll but to a much lesser degree.

Importantly, we demonstrate that the suppressive effects of activin-A are exerted not only in the
periphery, but also at the active disease site, the airways. In fact, addition of activin-A in cultures
of airway mononuclear cells of severe asthmatics results in greatly reduced proliferation of these
cells. Airway mononuclear cells play predominant role in the induction and progression of human
allergic airway inflammation and asthma. Notably, these cells considered to be less susceptible to
suppression, possibly as a result of the highly proinflammatory cytokine milieu in the
airways.Furthermore, inflammatory cells in the airways of severe, treatment-refractory asthmatics

are resistant to suppression. Hence, our findings showing that activin-A can effectively suppress
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airway inflammatory responses in this, difficult to suppress, patient cohort have major clinical

importance.

Our data also show that activin-A can enhance dexamethasone-induced immune suppression in
cultures of CD4" T cells obtained from patients with moderate and severe steroid-resistant asthma
and stimulated with their specific allergen. Notably, the addition of activin-A in dexamethasone
cultures nearly abolished allergen-driven Th2 proliferation and cytokine release, indicating that
activin-A can be a promising therapeutic target for severe asthmatics. Importantly, a combination
of activin-A with the currently administered corticosteroids may lead to reduced doses of these

broad immunosuppressive drugs and result in safer and more effective therapeutic approaches.

Examination of the effects of activin-A on non-specific Th cell responses shows that activin-A
treatment leads significantly reduced anti-CD3 driven proliferation and cytokine secretion of PB
CD4" T cells. Notably, even though activin-A treatment results in greatly decreased production of
IL-2 and IFN-y by these cells, it has the opposite effect on the secretion of IL-10. In fact, activin-A
results in significantly enhanced release of the immunosuppressive cytokine IL-10 by CD4" T cells
stimulated with aCD3. Hence, it is possible that activin-A is a potent inducer of IL-10 secretion in

this context and may contribute to the generation of IL-10-secreting aTregs.

In order to investigate the mechanisms that mediate the suppressive function of activin-A, we
examined whether activin-A induces cell death and/or apoptosis to the cultures of PB CD4" T
cells. Interestingly, our findings demonstrate that activin-A treatment does not lead to apoptosis
nor necrosis of human Th cells, but, on the contrary, renders T cells anergic, a characteristic
feature of Tregs. Subsequently, considering the ability of activin-A to induce mouse Tregs, we
decided to explore the potency of activin-A to induce the generation of human, suppressive
regulatory T cells. Indeed, our findings show that activin-A induces the generation and/or
expansion of human suppressive Treg cells that effectively control responder T cell proliferation

and cytokine release during stimulation with a clinically relevant allergen in vitro.

Collectively, our data uncover activin-A as a critical immunosuppressive agent for human allergic

asthma. We anticipate that our data may provide an important step forward to the prospective
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clinical application of activin-A, and activin-A-induced allergen-specific Tregs, as a novel
therapeutic approach for allergic asthma. For example, PB CD4" T cells obtained from asthmatic
individuals could be treated ex vivo with activin-A in order to induce the generation of allergen-
specific Tregs. These Tregs could be then re-infused to the patient to prevent or, even, reverse
allergic inflammatory responses against the specific allergen. Our findings may also lead to the
development of novel clinical protocols that will involve the use of activin-A, or activin-A-induced
Tregs, in combination with steroids and/or immunotherapy to improve efficacy, specificity and
safety of current treatments. Finally, our findings may aid the design of novel vaccination
protocols (using r-activin-A induced allergen-specific Tregs) for the prevention of allergic diseases

and particularly asthma in patients at risk.

Future Plans

Part of our future plans is also to investigate the role of activin-A-induced Treg cells in the
suppression of human allergic Th2 responses in vivo using a humanized mouse model. In order to
assess whether activin-A-treated human CD4" T cells can protect against allergic human
diseases, it is essential to demonstrate that these cells can suppress allergen-specific Th2-
mediated responses in humans in vivo. As ethical and technical constraints do not allow the
investigation of the suppressive effects of activin-A-treated human CD4+ T cells into humans in
vivo, we will utilize the well established humanized, immunodeficient Non Obese Diabetic/Severe

Combined Immuno Defficient) (NOD/SCID) mouse model of allergic airway disease’’ (figure 15).

Briefly, PBMCs obtained from atopic individuals will be treated with r-activin-A or PBS, in the
presence of APCs and allergen. PBMCs will be isolated from the cell cultures and labelled, or not,
with CFSE to examine their recruitment and proliferation in vivo. On day 0 the CFSE-labeled
PBMCs will be adoptively transferred [intraperitoneally (i.p.)] alone or along with freshly isolated
autologous CFSE-labeled PB PBMCs responder cells into recipient into NOD/SCID mice. On day
7 we will immunize the mice with an i.p. injection using the same allergen. At days 14 and
15intratracheal (i.t.) injection of the allergen will be performed in these immunodeficient mice. On
day 16 AHR in response to increased doses of inhaled metacholine will be measured. At day 21
mice will be sacrificed and the suppressive effects of activin-A-induced Tregs on cardinal features

of allergic airway disease in mice will be also assessed, as previously described’®. Moreoner, the
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effects of activin-A-induced Tregs on the suppression of allergen-specific proliferation and

intracellular cytokine release by CFSE-labeled human PBMCs responder cells will be measured.
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Figure 15. Experimental protocol for the investigation of the role of activin-A-induced Treg cells in
the suppression of human allergic Th2 responses in a humanized NOD/SCID mouse model of

allergic airway inflammation.

We anticipate that these experimens will aid the translation of our recent findings on the
protective role of activin-A in experimental asthma in mice as well as in humans in vitro to its
effects on the regulation of human disease. Furthermore, we anticipate that the findings obtained
from the study on the humanized mouse model, will provide a step forward to the use of activin-A-
induced Tregs as a cellular therapy for the suppression of human allergen-specific Th2 mediated
responses in asthmatic individuals. Finally, data obtained from the proposed studies will offer
critical new insight into the cellular and molecular mechanisms involved in immune suppression in

human asthma and expand the current scientific knowledge.
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