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Abstract

Integrins (are [a (najor [group [of (el (Surfaceteceptors, (which ink (the (extracellular
matrix With(the(gell @ytoskeleton. They Ereheterodimeric [proteins [Consisting [Gf (hon-
covalently bound (@- [@nd[B-subunits. By fegulating [fhechanotransduction &t [¢ell-ECM D
communication(Sites, [integrins [éan(also [Activatemany [intracellular (3ignaling (évents, [
which(dre [@ssential (for [dell (proliferation, [¢ell Thigration[dnd [gene egulation. (Integrin [
al 1p1 Gslaleollagen-binding[integrin, Cwhich [expressed Con [subsets [of(fibroblasts. [
Recent data Ddemonstrated Dthat DintegrinCa11B1 Dis Dinvolved DinOmyofibroblast [
differentiation(@nd(inGvoundHealing, butdlso it [pro-tumorigenic [in[the fumor Stromall
and[pro-fibrotic [infibrosis. (However, [detailedinolecular [insi ghts linder ying (integrin [
al 1p1 (éxpression, [distributionand (function(in[the#ontext (df(issue [teorganization
remains [folbe(determined.[)

In(this [thesis, (We lised [three [different (dp proaches(fo further Gharacterize [integrin (@110
expression(dnd function (@t Both(gellular @ndmolecular level. [Firstly, Welinvestigated
the O functional O role D) of U integrinCa 11 O cytoplasmic Ctail Dby deleting [ last 0 1701
carboxyterminal @mino Ecidslinfhelal 1 (protein. We [found fhat (the [dyto plasmic [Eail (6T
al 10is0 important[ for [ collagen-dependent [ focal D contact [ formation, [ collagen [
remodeling, (gell [proliferation(dand(gell (nigration[{Paper 1). Later,(We generated(@nd(]
characterized @movel fransgenic (ITGA1 1-Cre) thouse [Strain. {ur [fesults [demonstrate ]
that[the Cactivity Cof(the (Bkb(WTGA1 ! promoter[trivenCre-recombinaselin[the[
ITGA11-Crelinouse [is [3ufficient [fo[teplicateihe [@ndogenous [éxpression [@flintegrin[
o 11 Both(during [Eémbryonic(development(dnd(infibrotic[¢onditions(including [Gardiac
fibrosis Cand CwoundChealing, CrespectivelyC(Paper 2).CFinally, DweusedCnewly [
developed (inonoclonal [@ntibody [{im Ab) (fo (human (integrin (611 ([¢hain (fo[demonstrate ]
that[e 11 CexpressionUisOpresent Don Cdifferent Dsubset(s) Dof DC AFs DlinCithe Ctumor [
microenvironment [@nd (c.11 Bl (s involved (inGollagen lemodeling [@nd (T AF [migration [
in¥itro[{Paper 3).(In[Summary,[this(thesis (provides hewinderstanding [6f [integrin[J
al 1p1 Cfunctions CinOdifferent Dsubsets Dof Ofibroblasts Cin OtheDeontext DofOtissue D
reorganization(@vents lincluding fibrosis [@nd fumor-stroma ihteractions. [
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1. Introduction

1. The Extracellular matrix

TheléxtracellularTnatrix (ECM) s & Mon-cellular [fhree-dimensional (Structure, [Which [
is [@omposed[af(a [fnesh [df (macromoleculeswvith [different (biochemical [And [(physical [
properties. The[ECM Maintains fissue Structures. [Ii[is Mot Gnly iiecessary [for [the fissue
integrity (but(dlso(required forGellularprocess including (Gell @dhesion, [Gell migration, [
celldifferentiation, @poptosis, [@nd fissuefhorphogenesis/@nd lomeostasis [1].00

Based(on [¢omposition [and $tructure, [ECM [(¢an(ihe [divided [into wo [imajor [groups:
basement [inembranes(and(interstitial (natrices. (Basement(embrane [is (@ thin[8heet-
like Cstructure Cunderneath Cepithelial Cells Cand Cendothelial Ceells; Cand Dsurrounding
adipocytes, (huscle @ells @nd[Schwann(gells, (Wherelit Separates [ells from [the Stromal
and(regulates [Gertain [Signaling (évents([2]. (The (base ment thembrane (is [domposed (6 fla[)
collagen(fype IV metwork (@nd(alaminin Metwork linked o gether (by midogen. (It (Elso
contain [proteoglycans [([PGs)@nd[in[Some[fissues ¢ollagen Eypes X V(and XVIII3].0
Thelmajor(¢onstituents [ofTinterstitial (matrices fare[different fibrillar [¢ollagens, PGs O
and[fibronectin, Cwhichsurround(tellsCand (build Caform Cof (3D (lattice Cwithin(the O
interstitial Space([#]. 10

1.1 ECM remodeling and disorders [

ECM[isCsubjected [to Cremodeling [through [degradationCand Cmodifications CofCits[
components. (Lysyl Coxidases ({LOX) Ccatalyzes [thecross-linking CofCicollagenCand
elastin, (Whicheads [fo[increased (matrix [Stiffness (and(fissue(fensile [Strength (]5].0On0]
addition, [different (proteases [Such (s Mhatrix-metalloproteinases {(MMPs), (inembers(6fT]
alproteinfamilyWvith @disinte grin@nd (netalloprotease [omain {AD AMs), [¢athepsin[J
Kland(¢lastases [are (involved [in[degradation (6 fTIECM [proteins. Tissuelinhibitors (of[)
MMPs ({TIMPs) (balance (the MMP [activities, (and [an (inequality (between (MMPs (and 0
TIMPsCmay (eadCtotissue [(fibrosis [16]. (Exogenous CstimuliCincluding Ceytokines,
oxidative/stress [@nd [thechanical Stress dre(dlso @ngaged [in(the [ECM furnover [process.
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Transforming[growth (factor (B [{TGF-p), Calwell-known [tytokine, (has [heenGwidely O
reported(fobelinvolved(instimulating[ECM(Synthesis [7]. (I

2, Fibroblasts
0

Fibroblasts Ciwere (originally [definedCas [tells (localized [in (tonnectivetissue Cwhich O
synthesize[ECM [proteins. [Fibroblasts Cire (hon-immune [and (hon-epithelial (spindle-
shaped [Gells [of hesenchymal [Grigin, Which(dre[@mbedded (Withinfhe interstitial ECM O
lattices.[Wsually, Cthey Care Cconsidered (to (he [inCa Cquiescent Cstate Dwith (limited O
transcriptional (and (inetabolicactivity [in (hormal (fissues. [They [are (Among (the [(imost [l
robustgells @nd faveBeen Said [fo be [fhe [Bockroaches Gfthe body [R]. [Fibroblasts Mot
only Oproduce TECM Cproteins CbutCalsoOplay Cwvital Croles CinCthe Cmaintenance Cand [
reabsorption Cof TECM, Cand Care [important [in Cwound Chealing, [inflammation, (tissue 0
fibrosis, CangiogenesisCand [tancer (progression. [Fibroblasts (becomeCactivated Chy[a [l
variety [0fTgrowth (factors (fhat (promote (¢ellular [differentiati on(and [proliferation(]9]. 0
Many (differentBiomarkers (have been lised folidentify fibroblasts [in(Specific(fissues, [
including[&r-smooth(muscle (actin[({a-SMA), [¥vimentin, (fibroblast [activation[protein [
(FAP),[fibroblasts (specificCprotein[1 ({FSP1),(discoidin [domain[teceptor (2, (PDGF [
receptors, [integrins[and[pro-collagens, (however, (hone [(of(these (Inarkers(detect[only [
fibroblasts. [Fibroblasts (are (heterogenous [in Chature Cand[this[heterogeneity [in Cpart[]
depends Con[theancestry CofCprecursor [fibroblasts (T8, (11 0]. (The Cheterogeneity Cof )
fibroblast(alsolpersists [in(the Samelorgan, (but(the Bbalance between Subty pes (might [
change [inCpathological Csituations. [Distinct Corigins Cof [ fibroblast CsubgroupsChave
recently been(determined fih fheouse [skinfand Beart, (respectively ([l 1, 12].00

3. Myofibroblasts
0

Aslimentioned[above, [quiescent (fibroblasts(becomeldctivated (by(a variety [bf (factors [
and[differentiate [into [So-calledInyofibroblasts. [1Besides [fibroblasts, [other(eell Bypes [
suchCas[vascularCpericytes, Csmooth Omuscle Deells, Dbone Cmarrow-derived Dcells, O
mesenchymal CstemCcells Cand Dendothelial Cor Depithelial Ocells Dare Dalso DableDto 0
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differentiateinto Cmyofibroblasts []13]. (Common [factors[that[initiate (inyofibroblast
differentiation(include [@ytokines [Such[as[TGF-B[and[inechanical Stress[of(the [ECM [
[14,015].CThecharacteristicCphenotypeCofUmyofibroblasts Cincludes (the Cincreased )
expression(dflixSMA Gwhich[is lincorporated (into[$tress [fibers (and (o (énhance (their [
contractility 0 [16]. 0 Myofibroblasts [ play O fundamental O rolesC in [ both[J normal
physiological Cand[pathological (¢onditions. (UnderChomal Cphysiological (tonditions,
they(persist [fransiently [@nd(gre [fhenTost[Wia [@poptosis, Buchds [during Woundhealing. O
However, linder [pathological (eonditions, (myofibroblasts [eontinuously Cpersist Gwith 0
chronic Gontractile Ectivity [17].Inladdition, Thyofibroblasts @lso(play E(drucial folein 0l
tumor-stroma- [interactions fin the fumor microenvironment (TME) [8].00

4. Cancer-associated fibroblasts
0

Cancer-associated Cfibroblasts ({CAFs) Cor Cearcinoma-associated Cfibroblasts C{when D
referring (fo (fibroblasts(dssociated (Wwith(épithelial fumors) (dre [fhe fibroblast-like [dells
ofCvarious [lineages, Cwhich Care [located [in[the (TME. (CAFs [are heterogenous Cand [
different Subty pes (have [been(identified Sithin fumor Stroma ([l 8]. Two fhainSubtypes[
of T AFsHave Been [Mamed myofibroblastic (A Fs ((myCAFs) @ndlinflammatory (CAFs[
(iCAFs)(in [pancreatic(¢ancers [[I1 9].[Four hainSubty pes(0f[CAFs [ICAF-51-S4) (have[]
beenlidentified[in[breast [¢ancer, Cwhich[are (marked(by (different (xSMA (and(FAP[
expression(patterns [[20, 21]. (The [CAF Subclasses(do ot sually [represent fixed(gell D
phenotypes, buthavebeen(Suggested(fo [inore dften [Bepresent [fibroblast States [([22].0
Epigenetic(changes aveliowever Been(shown [fo(directthe(phenotypesafilC AFs([23].0
Some(subtypes [6fiT AFs(dct fumor-suppressive, (dn fhe(dther HandGthers(act (8s fumor-
supportive]24,[25].0CAFs[¢an(fhus[fegulate [different [aspects [of (fumorigenesis (viall
paracrine(signaling([26], (but(also [@ct fogether With (growthfactor (feceptors(on {ILAFs[
toCaffect (C AF (function,(and[via[integrin-mediated CECM Cremodeling [thange (the[l
stiffness(aflthe TME([27].0

O



4.1 Biomarkers for CAFs[
O

CAFs[biomarkers [tan [beltategorizedlinto [different[Subtypeslincluding (membrane [
proteins, Cintracellular Cproteins, Ccytoskeletal CproteinsCand Cnuclear CproteinsC[23]. ([0
Integrins, [FAP, (dadherin-11 (@nd P DGFRP (re(éxamples [0f (L AF [inembrane (proteins [
[23,[28-32].[Cytoskeletal [proteins [include [@SMA,, [vimentin (and(FSP1,[and Secreted [
proteinslincludefenascins,@steopontin, [periostin(@nd(dlusterin, [Ell have [been(feported [
to CserveCas[biomarkers (for (different Csubtypes Cof CCAFs (13 3-36]. CAll the Cabove-
mentioned Biomarkers [dre [dlso[presentGn(other Cell [y pes [in(the TME[[23]. Wsing@a
combinationof (markers Cand (Analyzing [tissue morphology[tanlovercomeSome [of [l
these(problems. [Although [there [thight Mot (be @hinique (T AF Biomarker (given(the High O
degreelof heterogeneity thore Biomarkers for({T AF [Subclasses @re(clearly meeded.

4.2 Origin and heterogeneity of CAFs[
O

The Grigin(0f{C AFs(varies just(as like fhe origin[6f(myofibroblasts. Different fype af
cells({Figure 1)Csuchlasresident(fibroblasts, JTADAMI12" Cperivascular CcellsCand O
pericytes (an [differentiateCinto (CAFs ([37, (B8].0TumorCcells CcanCregulate (CAF[
differentiation [through [$ecreting [cytokines CandCgrowth[factors [including (PDGFs, 0
prostaglandins, finsulin(like[growth factors, (TGF-P [@nd(interleukins ({IL-4@nd (IL-6) 0
[39,040]. CAnother (Source [of (C AFs[are(épithelial [¢ells, [Since(ihey [¢an[¢onvert [nto [
fibroblasts-like [tells (through Cepithelial-mesenchymal Cransition [({EMT) Cinlcancers [
[41].[Ht(is lincreasingly (being Becognized fhat EMT @anGecur o arying e grees, @nd [
thelferm Mpartial EMT™ (has [been lintroduced [42]. (Mesenchymal Stromal (@ells [derived [
from [(bone (arrow, (havelalso (beenBeportedas [precursors[of[(IC AFs Bubpopulations [
[30].Bimilarly, [gell lineage fracing in(mouse hodels 6f[pancreatic @nd(gastricGancers [
have [demonstrated (that (bone Marrow(derived thesenchymal Stem(Gells @an(Be [Enrolled [
into(the fumor (diche (@nd(differentiated (into (CAFs [in(fesponse fodytokine Signaling [l
[43].[Endothelial(Gells(¢anbe [donverted(into{L AFsfhrough Endothelial-mesenchymal
transition [{EndMT ) [in[responsefolautocrineland [paracrine (TGF-P[signaling[(]44].0
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Other[Sources[of(C AFslinclude [@dipocytes, Stellate[¢ells [{pericytes [of (pancreas [nd [
liver)(and fibrocytes {circulating hacrophage-like(dells) [{Figure 1)[39,45].0

P T )

i | \
| H;. | Tissue resident fibroblasts \
'\.\ ,."II ."I

Mupucﬂes \ l / Fibrocytes

Mesenchymal stem cells

e W e

-

.".

F'a ricytes

‘ Epithelial cells

Figure 1: Dnigins GfiTAFs.[Adaptedfrom (A lkasaliasBtE@|Gvith Permission ([45). 10

43 Role of CAFs in tumorigenesis [
O

Several Cstudieshave[demonstrated the fundamental Croles CofCCAFs[inllinitiating [
tumorigenesis, fumor [growth, Gumorfinvasion Cand (metastasis(in (fhe Gumor CStromal]
throughSecretion af(growth factors, [@ytokines [dnd (nodulation 8 flthe [ECM [[46-48].00
The Contribution (of (C A Fs[to(tumor [initiation, Chave [heen Chighlighted[in Gmultiple D
studies¢omparing (the eéffects (0 flIC AFs (isol ated (from (human [fumors [And (fibroblasts[
isolated () from [ normal Dorgans. OIt [ was[ for Dexample Ddemonstrated Dthat [ when[J
immortalized [prostate [pithelial (cells[were [inoculated (into (nice (with(a (mix ture (o f0)
either [L AFs [Gr Mormal fibroblaststhat @nly fhe (T AF s, [@nd Mot [fhe Mormal fibroblasts,
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led(toltheemergence Cof(the (tumorigenic[features [[49]. (dnCnon-smallCeell Cung D
carcinomal(NSCLC), OCAFs[areCmore [effective[inCinitiating (tumorigenesis (than)
normal [fibroblasts (and (fhis (éffect [is (partly Te gulated (by (T AF (Secreted (¢ytokines (é@nd [
growth (factors [[50]. CAdditionally, Cdifferent (ex perimental Cdesigns, CsuchCas Cgene O
modification, Thave CheenCusedCtoCillustrate Cthe Ccontribution Do fOCAFs DinCumor (0
initiation. [For [instance, [loss [bf (phosphataseand fensinhomolog {PTEN)in [Stromal [l
fibroblasts [dan [ihduce fumor(fransformation, ihitiation [@nd [(growth[in[a[fouse Mhodel
oflmammary [adenocarcinoma, [¢oinciding [(with[increased (femodeling [of TECM Cand 0
immume/gell infiltration([51]. Diver KinaseB 1 inactivation in fibroblasts Has [Elsobeen O
reporteddolénhance [gastrointestinal (¢ancers(fhrough linduction (@fTIL-11 [production [
andCactivation of D JAK/STAT3 [ pathway (1[52]. OTheabove-mentioned [ studies [l
demonstrated [that fhe [fransition[6f Matural (Stroma [into L AF-containing fumor Stroma [
is [One fthe drucial [Steps [in fumordevelopment.

CAFs[¢an[hot(dnly(induce fumor(initiation but [also [promote fumor (progression.[To O
promote fumor (growth, (T AFs (dan [induce Both(dutocrine(dnd [paracrine(activities. [For[J
example, (CAFs Care[involved(in(Secreting (C-X-Clmotif[¢hemokine (12 [{CXCL12),0
whichCcollaborates[with 0C-X-C Ochemokine Oreceptor(4 O(CXCR4) OtoDactivate [
downstream [Signaling [pathways[that[induces[tumor(¢ell Cproliferationand(motility 0
[53-55]. (inCaddition, CCXCL 14 CautocrineCsignaling Cpromoted Ctumor Dgrowth Chy O
interacting [With(the[activation [0 flnitric[oxide[Signaling [in (CAFs(in [ [prostate(¢ancer[)
study [J56].Moreover, [inflammatory [¢ytokines [including [1L-4 (and (1L -6 Secreted (by [
CAFs(havebeenFound(fo inducefumorgrowth(ininodels 0 fiégndometrial @ancer (@nd [
melanoma, Crespectively ([57, (58]. (InCaddition, Cactivated (fibroblasts [(3ecrete[ECM-
degrading [proteases [including (the MMPs([59, [60]. MMPs [2an acilitate [The (notility [
and(invasionGffumor Gells by [promoting EMT([61].0

CAFs[are(gssential (inediators [at[The[inetastatic(Site [as [a[result [df[Secondary fumor [
growth.[At(the [primary fiumor Site, T AFs[0anihduce [fhetastasisBy Secreting@ytokines [
andCgrowth(factors [into [the [tirculation, Cwhich (directly Cor Cindirectly Cpromote [the [
common[features [offumorleells (at [distant [Bite[([62]. (T AFs[¢an [d@lter ECM [Stiffness, O
which(can(lead o [the [generation Gf[ECM [fracks [fo [promote [Gancer [Gells(invasion ([63,0



80

64]. OTenascin-C Dand OVEGFA-expressing DCAFs DhavebeenOshown Dto Oplay Dall
fundamental (fole[in[ihe (Spreading [ofTbreast[¢ancer[¢ells[o [the (ung [J65]. (Another(]
examplelincludes(iwolSeparate [¢olorectal [¢ancer(3tudies where(TGF-p1 and PDGF D
both Stimulated (T AFs fb@nhance(the formation Gfidistant (fetastasis [66,67].0

5. Integrins

Integrins [@re(d [hajor @roup dficell Surface(receptors, Which are fy pe[l fransmembrane
proteins. [Integrins (link (the (ECM [with(tell(¢ytoskeletonbut [alsomediate [¢ell-cell D
interactions [J68]. (They[are (heterodimeric [proteins [donsisting [0 [@-subunit (And (& [B-
subunit,Owhich CdimerizeCnon-covalently . JInCvertebrates, Cthe Cintegrin Ofamily ClisD
composed(df(18 [@-and(B[B-subunits that form[24 [distinct (integrins, (which [¢an (be[
classified(dccording (fo(their ligand Specificities [And Subunit [@omposition [{Figure 2)[
[69,070].M

cp“agen récep toy,

Figure 2: Schematic illustration of the integrin family, [@End B Subunit @ssociations Gf The
24distinctlhtegrin Beterodimers, Belonging @b fhe Rertebrate integrin Family. Figuresed (]
with/ermission [[70].00
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Integrins [play(a [(ital (role [in[tell Cadhesion o [the (ECM, (as (they (make (a [physical O
connection) between[] the() cytoskeletonD and( theD) ECM.O By[ regulating [l
mechanotransduction(at[eell-ECM [¢ommunication[3ites, [integrins [¢an [also[activate [
many (intracellular (3ignaling (& vents,(which(are (hecessary for[¢ell (proliferation, [¢ell ()
migration(gnd [gene [fegulation [B1,(71]. 00

5.1 Integrin structure [

Integrin(heterodimers(are [Gomposed GfSeveral [distinct[domainsvithflexiblelinkers [
between(them. ([Extracellular([domains [6f(a (nd [B=subunits [Gontain [Around 1 000 and [
750@mino(acids fespectively, Grhereas (the [@ytoplasmic (fail (is Shorter; [@pproximately [
15-65CaminoCacids (following [a (iransmembrane [domain [6fCaround (20 amino (acids
[72].(The @-subunit(@etermines inte grin ligand Specificity @ndlits @xtracellular domain
consist@f[aSeven-bladedB-propeller linked(fo (@ Fhigh, @ @alf-1,And@ Galf-2 omain. [
Inladdition,(a[domain[6flaround 190 (amino[aci ds(¢anBbelinserted (between (blades (2 [
and[3 [0f[B-propeller, (Which [is(knownl[as [the [a-1 [domain {Figure(3). Nineout (6f(the [
eighteen-integrin[é-chains(¢ontainfhis [domain. (Thelé-1[domain [dontaining[integrin[l
binds (fo(the (ligand by [dn(éven(Site, [fhe (inetal (lon-dependent (Adhesion(Site [MIDAS) [
[70].CThe [(B-subunit[¢ontains (7 [domains: Ca Chybrid (domain, (a (plexin-(semaphorin-
integrin ({P SI) [domain, & (-1 (domain, @nd Four (¢ ysteine-rich(épidermal (growthfactor 0
(EGF)epeats.[The [(p-1[domain, (homologous (o [the (@I [domain, [is (inserted (into [ihe [
hybrid(domain(and [Gontains (an (Mg2*-coordinating(MIDA S [and [iwo &xtraladjacent]
metal Csites; NadjacentCto imetal Cion-dependent Dadhesion Csite 1(ADMID AS) Dand [0
synergistic(inetal Gion-binding(3ite [SyMBS)([69,[72]. [TheCADMID A S Bite(binds(an [
inhibitory@a?*, Gvhereas the([SyMBS ite Binds @[Sy nergistic ion Gvhich fhay romote 0
integrin [donformational [@hanges(fesulting (in(a(stabilized (active form[oflintegrin (73,0
74].[In [thelintegrins lacking the(a-1 [domain, fhe([p-propeller G flthe d chain [End fhe [B-10
domain[of(ihe (B [¢hain[are (inainly [involved in(ligand (binding.[There(is (ho[$triking )
homology@mong(ihe[&-subunit(é¢ytoplasmic (fails (éxceptfor(a Gonserved [GFFEKXR[
motif, While fthe fail 6fthe [B-subunit is [elatively Homolo gousbetween fhe different B-
chains Except B8 [69].00
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Figure 3:(ntegrin structure. [A)Different[domains(¢omposing bn (4-I domain Bontaining [
integrin.B) Representation Gf domain@rrangement n @-1domain Bontaining fhtegrin(70].0

5.2 Integrin activation [

Integrin(@ctivation [is(@ [process Which(involves Elteration Gfthelintegrin Gonformation
frombent [inactive ) fofully Extended integrin {active) [75]. Integrins(dan be Ectivated
in[twoldifferentvays: [inside-out[or[butside-in[signaling.[In [inside-out (signaling,[)
cytoskeletal (proteins(¢alled(alins [and (Kindlins [bind (o (the[B-cytoplasmic(fail Frialthe D
proximal @nddistal NP XY ihotifland Break the B End(a @ytoplasmic(ails Ealt Bridges.O
This Cinteraction Cinitiates Cconformational Cchange CinCthe Ctransmembrane Ddomain [
(TMD) (ofthe (B-unit (Mesulting [in [@ctivation 6fThe inte grin (76, (77]. (In fhedutside-in[]
signaling, (warious(ligands (interact (With(integrinJeading (fo(al¢onformational [¢hange [
and(@n@ctivation0fTthe ihtegrin (Figure. 4)([74,78].00
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Figure 4: Schematic illustration of integrin activation and signaling mechanisms.The(
bentformBorresponds b Enlhactive form. [After ihtegrinsEre Eetivated From fhe ECM Gr Ehe
cytosol, fhey Essume @ Hlly Bxtended End Bpen form. Driginal Figure fised Grithipermission
[78).0

5.3 Integrin signaling [

Integrins (éan(éngage (Inultiple (proteins(and (initiate (intracellular (Signaling (pathways, [
although By fhemselves(hiave o Enzymatic @ctivities [79].Integrins fransmit(chemical [l
signals [into(the(gell @ytoskeleton [after(the [fecruitment [6f (@pproximately [Gnehundred [
proteins(dnd fhe formation[6f(the integrin [Adhesion [¢omplex {IAC) [R0]. When(gells O
interact Olwith Cdifferent(ligands, Cadaptor Oproteins [(talinCand Civinculin) Cmediate 0
connections between fhe(dytoskeleton (dnd [integrins. (Thess éonnectionsWill Teadfola [
reinforcement [0 f(the dink between ([ECM [ind (the (¢ ytoskeleton@nd [thus (promote [the [
recruitment CofCother (£ ytoskeletal Cand(ignaling Cproteins [[79, (80]. (Focal Cadhesion [
kinase (FAK)(is Gne0flthe [first Signaling [proteins(recruited by [fhe integrins Clustering 0
inthe A C. MAC Gvorks (@s [d[phosphorylation-regulated Signaling (Scaffold [@nd [initiates [
severallintracellular[(3ignaling Cmechanisms[81].CAutophosphorylationCof (FAK Cat[)
Y 397 (generates [d [docking Site for (SH2-domain- [@ontaining[proteins (like[Src-family
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protein(iyrosinekinases[{SFKs)[]82,(83]. (Srclis[activated (and (fhen[phosphorylates[]
additional (fyrosine [fesidues [in(F AK, (fesulting ih [fhe (fecruitment [0 fiother Scaffolding [
proteins (BuchCas[paxillinCand [p130Cas, [thereby [eading (o [activation[of (s gnaling [
pathways [such (as[Rho[GTPase [signaling [[79,(84, (85].[Rho [(GTPase [downstream[]
signaling(is[@ssential in [fegulating (¢ ytoskeletal (femodeling [during[¢ell (adhesion, [gell D)
migration [And (¢ell [Spreading (J85, (86]. (In(dddition, (iitogen-activated [(protein (MAP)
kinase(signaling (is [Another [@ommon (integrin [dependent (FAK-Src(Signaling [pathway .
In[MAP kinase family Cof T kinases, (MAP [kinase ({MAPK),[MAP [kinase[kinase[]
(MAPKK)(and (MAP (kinase(kinase kinase ((MAPKKK) (are(¢entral (in(this (pathway .()
Extracellular Signal-related Kinase (ERK), [p38 [hitogen-activated [protein Kinase {p38) 0
and(é-Jun[N-terminal (kinase {JNK)are(ihe [fhree [primary IMAPK [family inembers,
whichClplayDaCwvital Crole Cin Cintegrin-dependent Ccellular Cfunctions Dsuch CasCeell O
proliferation, (Gell (ifferentiation @nd @poptosis [B7]. (I

5.4 Integrin cytoplasmic tails in signaling [
O

Integrin(dytoplasmic [fails [@re(gssential (for [integrin[@ctivation [End(Signaling (&s tiell@s
beinglinvolved(in(3tructural (cytoskeletal (onsolidations ([82, (88].[Thelintegrin (i~

subunit@ytoplasmic (fails (have Mo (Striking (homolo gy [éx cept for @ [@onserved lIGFFXR.O
motifl[89,(90]. Cytosolicproteinslike [BHARPIN[{Shank-associated (RH [domain-

interacting[protein ), Wischarin(and MDG1 {Mammary-derived [growth(inhibitor)have [l
been(feported(folinteract With(the [Gonserved [GFFXR [motifloflintegrin [@-subunits (o[
affectlintegrin (activation([82, (91]. (Mutation[bf(ihe (Arginine ({R)(in(this (@onserved
motiflsenders (the (integrin(an[inactive¢onformation, Which(éccurs [due [fo [ (breakage [
ofthel3alt[bridgebetween[the (uland [B[Subunits ([92,93]. (In(the (B-subunit, (the
cytoplasmic(ldomains (are O relatively Clsimilar [ in Ol comparison [ with (O the Dhighly D
heterogenous Da-subunit CcytoplasmicDtails O[82, D8 8]. 0 As Cmentioned Cabove, Dthe D
conserved WPXY Sequence found in the [B-subunit fails s [@[@rucial [interacting Site for [
cytoskeletal Cproteins CsuchCasCtalin Cand Ckindlins Cwhi ch Care Dinvolved Cin Cintegrin [0
activation(and(Signaling (J77,[94].(In (addition, [@ther [¢ytoskeletal (proteins (likeDok1,
integrin(&ytoplasmic(domain-associated (protein[1 ({ICAP-1) (and (Filamin-A [interrupt 0
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integrin [activation(by (inasking (both(#alin(and kindlinbinding (3o the [¢orresponding [
NPXY (notifs ([82].(Further, (fhe[proximal INPXY [motiflis(SuggestedGo[playalvital 0
rolelin(theJocalization (dflintegrins(into[fibrill ar (adhesions [hy [interacting (with (ihe 0
focal [adhesion [protein, fensin([95]. Recently, [t(has Beendemonstrated that@-subunit
cytoplasmic (tails (¢ontribute[to [$everal fintegrin-cytoskletal Cinteractions, Cpreviously [

thought(foBelfediatedSolely By Binding fo(the integrin B-subunit (fails [96-98]. (I
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5.5 Collagen binding integrins [

O
Collagens [tonstitute[30%[bf(the[total Cprotein [inThumans. [There [isCaltotal Cof (280
collagens [in(the [@ollagen Family (Which(éan[be Further SubdividedlintoSubfamilies,
including [fibrillar(¢ollagens.(IFibrillar(¢ollagens [dre hainly Secreted(@nd Synthesized 0
by fibroblasts [[2].(Cells [interact (with[¢ollagens (through(¢ollagen-binding [integrins,
alpl,@2pl,i@10p1 EndG11p1 OfwhichEll Gontain @nla-1domain(in fheir Fespective
asubunits({70]. (TheseClintegrins Chave the Cability (toCrecognize CalGFOGER-like [l
sequencelin(@ative Gollagens([99,100].0

5.5.1 Integrin alpl

Integrinlé 1P 1 Gwas(first(identified[in[alSubset [0 f T-cells([101]. (tlisCexpressedCon[
mesenchymal @ells, lincluding Wascular Smooth [huscle(@ells [[102-104]. Integrin(a 1f10
expressionhas [also[been(feported [in[heuronal (el Is, (éndothelial [¢ells, white (blood 0
cells, (bonemarrow(mesenchymal [Gells, hesangial [gells, Ghondrocytes, [pericytesand [
fibroblasts[[101,00102].(Ligands Ofor (o 1B 1 CDinclude Ceollagens CI, (I, (TV Cand (1X.0
However, (1P 1 (has Chigher Caffinity (for (tol lagen [TV (than(fibrillar (tollagens [[105] 0
[102]. (Dther (@1 p1digands (includevarious (laminin (isoforms, [atrilin- 1, [8emaphorin[]
7A,@nd(galectins(1, 3(@nd B [70,002].0

Thecytoplasmic (tail CoflCthe Do ] Csubunit Ceontributes DinCo 1 B 1 Dmediated (MAPKD
signaling, Which(is ihvolved(in(Gell Tigration@nd(proliferation [1 06]. Integrin &t 1 -null 0
miceshow Cincreased Cretinal Dde generation, Dosteoarthritis Cand Csome Dother Dmild 0
phenotypesldt(@laterfage [102,003]. Moreover, [ihfnouse fumor Mhodels, (61 [deficient
micelldisplay CreducedDtumorCangiogenesisUwhichUleads CtoDsmaller Dtumors Din
comparisonwith Wildtypemice[102]. 1D

55.2 Integrin a2pl

TheldiscoveryGfiintegrin(@2p 1 fbok [place [dround(the Bame(period @s(the [discoveryGfT
integrinCix 1P 1 Cand(Tit(was (briginally [identified Cas (an (ECM [receptor (for [¢ollagens[
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and/orlaminins (T101]. (ItCisCprimarily (expressed Con(fibroblasts, (endothelial (tells, O
epithelial (Gells,(T-cells, (platelets @ndEnyeloid(gells([102,0007]. Fibrillar Gollagens [@re [
thelinainigands For [integrin[&2p 1, nore(Specifically [@ollagens I, (L, (L, [V, X1and 0
XVIL, (however, [other (¢ollagens(3uchlas [(¢ollagen IV and (W1lalsolact as igands (for [
integrin (o2 f10[107-110]. Cintegrin Ce2P 1 Chas Calso Caffinity (for Cother (ligands Clike O
laminins, @nd(Small BGs Such@slumican(gnd decorin([107]. 0T

The [¢ytoplasmic (fail (o fTthe lintegrin (&2 [¢hain (has (been [feported (o activate[(p38a. 0
MAPKIinside [@[2ollagen[gel [in[&x2 [dverexpressing human dsteosarcoma (@ells([111,0
112]. (Moreover, Cthe Cice 2 Ceytoplasmic Ceail OwasCfound Cto Cparticipate CinCprotein 0
phosphatase (2 ACactivation(to (@ontrol(@ell Cproliferationia CAkt [dephosphorylation [
[113].0

IntegrinCix2-null Gnice [displayCalSubtle(phenotypewith [abnormalities[in (mammary [
gland Branching, [d(plateletdg gregation [defectdnd ihduced Meoangiogenesis [in Wound
healing[114-117]. (Interestingly, (&2 (knock (but[inice (éx hibit [increased inetastasis[in [}
onelbreast[¢ancer (model (]118]. (In(addition, (integrin (&2 -deficient(nice (have (heen [l
reported(fo RaveGther ffhenotypes Buch (@s [age-related (@steoporosis [ 19].0

553 Integrin al0Bl

Integrin(e1 0B 1 Cwas (first[characterized(in[cartilagetissues ([120]. (ItCis[generally O
expressed in[Chondrocytes [Gr(¢hondrogenic thesenchymal Stem [Gells, [Somejunctional 0
fibroblasts(in (the (bones(and (ligaments, [¥ibs [And(Vertebrae (12 1,(122].[The[@ommon [
ligands/(that Bind(folintegrin (@101 linclude @ollagen@nd XT([100]. Further, lintegrin [
a10p1(alsolbinds(fol¢ollagenIX[in(¥itro[]123]. (The (& 10 (knock-out(@nice [xhibit[a 0
mildCphenoty pe Owith Ogrowth Dplate DchondrocytesCdefect [ 124]. Cinterestingly, Ca 0
chondrodysplasia-likephenotypelivas [observed [in[(twoldog [strainsCwith (truncated
ITGA10CmRNA [T125].[Fibroblasts [growth[factor(2 ({FGF2)has (been [teportedto [
upregulate ITGA 10mRN A (levels [in[hesenchy mal (Stem(@ells ([[100,0021]. Onladdition, O
integrin @ 10p1 [@lsolinfluences elanomalgell Ehigration[]1 26]. Recently, it hasbeen [
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demonstrated that [integrin[o 10p 1 CoanCregul ate Ceell Cproliferation, Cimi grationCand D
survival inf@(glioblastoma Gontext[[127].00

5.5.4 Integrin ct11p1

Integrinlixl 1p1 (is[al2ollagen-binding[integrin[and fhe most[recent (additionGothe
integrinfamily (J128].(Structurally, it (is(Similar (folinte grin(a. 10, (but (has (high & ffinity 0
forigollagen fiype [([129]. (D

5.5.4.1 Structure of ITGAL1L

The [geneJTGA 11 (has[been[imapped [fohuman[¢hromosome(1 5, (Whereas (the (inouse ]
integrinlael 1 (genel{lrigal 1 )0k Tocateddndhromosome 9130, 031]. TG A 11 [dontains[]
30(eéxons(dnd (29 Gntrons (dnd (Govers [dbout (122 (kb[af(genomic Sequences [{Figure 6)
[132]. [Thelfranscript [6finhtegrin (611 [genedovers [E30-nucleotide [nt) (5 Mintranslated O
region, [d(3564-ntGpen reading [frame, [@(329-nt[3’ Mon-coding [SequenceWwith(d Poly A
tail @nd(@3* hintranslated e gion. 10

-3

- O
Figure 6: Schematic overview of human FTGAIT and integrin «l1 protein. Wpperipart(]
showsnarked Begion Bf The J-domain Gvithin Beven[FG-GAP Mepeats [1-7), fransmembrane ]
region {TM)Cand Ceytoplasmic(Rail [ etpl) GnCintegrinCie 1 1 Cprotein. (LowerCpart Ckhowsthe O
organization [fTITGA ] ] bverview Dvith Gits300@xons. [Driginal Figurefhsed Bvith (permissionC]
[132).00

|



5.5.4.2 ITGA11 promotor regulation(
O

The [(promotors [0 flinte grin(é [¢hains (frequently (have (TATA-And(CCAAG-boxes[in [
thelproximal [promoter megionButfhe (ITGA 1 I [promotor lacks(it. Onstead, ITGA 11 Has [
twol[Bpl (binding [Sites[{SBSs) (and(anETS-binding 3ite ({EBS) found [¢losetolthe O
transcriptional [3tart [Site [{TSS); Gwhich (has (been (Suggested Go(fegulate[integrinlic11 0
transcription(in(fesenchymal [Gells ([133]. (SBSs @nd [EBS (both @ppears(fb Haveldrucial [
functions fih @ctivating fhe(proximal ITG A1 I (promoter([132,033].00

(TGF-plislinvolvedin[the [regulation[ofl genes [(by Chctivating (transcriptionfactors [
binding (to[$pecificregions[in[their(promotersJ134]. (TGF-p1has(been $hown (o0
inducelintegrinCe1 1 Dexpression DinOhumanOskinOfibroblasts Dand CMRC-50lung O
fibroblasts; [d@s [Well[@s(ih fhe HT1080fibrosarcoma [gell line. It Has Beendemonstrated [
that[TGF-B1 (fesponsive [¢lement [depends [0n[both[a[8mad(binding (élement,(SBE2,0)
and[d@[Sp1-binding Site,[8BS1, Which @re(located(infheproximal Fromoter &t mt(=182/-
1760and (2140/-134, [respectively.[Additionally,Cother (2lements (heeded (for (TGF-B1 0
responsiveness @re(thapped(iipstream in(the fpromoterifegion @t mtE2962/-330([134].0

Integrin[it] 1 (expression[has[been [8hown[to (be up-regulated [in (mouse (émbryonic [
fibroblasts [grown[dn(@ttached(collagen (attices. (Molecular [Studies [feveal ed fhat [TGF-
pdamily (imember[Activin[A [was(involved(in[the (fegulation [dflinte grin(é 1 1 Gvithin [
mechanosensitive manner inder [the Gontrol Hf(3mad3 franscription factor([135].0

5.5.4.3 Cre mediated recombination
O

The [Cre-recombinase(System [is [@n [intrinsic[éxperimental [fool for[developing @nimal [
modelsOwithCcell-type-specificCgeneCactivation. OCre-recombinase CisCa 138 0k Da
recombinase [protein from(bacteriophage (B'1,[Which[inediates Site(sSpecific@xcision(or[]
recombination Betweenlox P (sites, Lox P (is(d@ 34-bp Tecombination [Site [Gonsi sts [6fHvo [
13-bplinverted(fepeats[divided (by[an[R-bp[asymmetric(3pacer(fegion. (Hence, [(Cre-
recombinaseisCasimpleformCofthe (Xer(system [(T136,0137]. CWhen[the (Cre-
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recombinase [protein {is [8x pressed (With (@(fissue-specific (promoter (0f (@ fransgene (it Gill 0
remove [Or [invert loxP-flanked (genomic Segments[ih [this[fissue(only. Wsingthis Tre-
recombinase, (it is[possible o [produce [desired @lterations [GfTthe house genome, Which
canlbeised(d@s(@fool inltonditional fransgenesis [Or (knock-outs [And[genetic [Ectivation
or(inactivationSwitch Systems (1 37]. (Currently (fhere (s (o[good Cre [driver fnouse
strainOfor Cdeleting CgenesCin CalCcompletely Cfibroblast-specificCmanner. (With Cthe D
increasing [fealization(@bout [fibroblast (heterogeneity, [it will (be important (fo[generate
newfibroblast Dtransgenic Cmouse Cstrains Dwith Cspecificity Cfor Cdistinet Cfibroblast [
subtypes.[

In(alprevious($tudy, (a (3 (kb (human(integrin(Tit1 1 (promoter [feporter (inouse (with (a0
mesenchymal Signature (as (beenCharacterized ([132]. (The BkbIT'GA ! I [promoter(ivas[]
shown fo(drive fibroblast-restricted@xpression(in the[ITGA 11-LacZ fransgenic touse
embryos([134].[Based(on these [data, Gve [Chose(foselthe 3 kblpromoter fegion [@nd o[
conjugate(it fo{Cre-recombinasein (paper 2.[We [predictfhat ITGA1 1- Irefransgenic
micelwill Be(a highly (iseful (Gool (For (fhe (@blation [0fTgenes [in(alpattern (festricted o
a11-expressingfibrobl asts(in (fthe [developing nouse ds(well (s [in[nodels [af fibrotic
disease [Such(as [ermal (fibrosis, leart fibrosis/@nd fumor fibrosis. [T

5.5.4.4 Expression of integrin al1
O

Integrinl@ 1 1 vas(firstidentified(ds [a[inajor Gntegrin [in[¢ultured uman [fetal (fauscle
cellsCin vitrro[[138].CmRNA Canalysis Cofl thumanCadult (tissue Ddemonstrated Cthe D
expression(oflintegrin(éc11 (was (highest (in(the (iterus, followed by (heart@nd(3keletal [
muscle, But Iater [donfirmed fhat fhe expression 0flce1 1 [h [Skeletal Mhuscle(dells fivas En ]
in vitro(gell (ul turelartefact (@nd[it’s[in vivo(éxpression[vas(limited fo[imesenchymal
non-muscle [gells (129, 1 30]. (In (human [émbry os, (the (&x pression[ofTd 11 Gsmoted fin
fibrobl asts(@round(developing(gartilage(in[fibs, (vertebrae, [in[intervertebral (discs@and 0
inlkeratocytes [df(ihe ¢orneal]129].(In (fhe (nouse [émbryo, (&1 1 [éxpression [appears[]
restricted (fo (mesenchymal Mon-muscle(éells {Figure 7)linhcluding ¢raniofacial meural 0
crest[cells, Cperiodontal (ligament CcellsC(PDL), (tendonCfibrobl asts, Cintestinal Cvilli 0l
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fibroblasts, Dand Omesenchymal CeellsCinOthe Dperiosteum, Dperichondrium Caround O
developing [¢artilage [ih [ribs, [Sternum, Fertebrae, intervertebral [discs@nd limbs (1 39].0
Low Cexpression [0f (1 1 Cintegrin Cprotein Chas (been&hownDn Cadult CmouseCtissues 0
including Cintestine, Cear, Ceye, (tongue, Cskin, Oung Cand Cspleen, [(High Tl 1 Dntegrin 0
expression Was(dbserved(in [theheart, [Skeletal (fnuscle, Emooth fmiscledndSkin inla 0l
transgenic[fnice Which [overexpressed[dc] 1 [integrin Mising [the f-actin(promoter([140].0
Additionally, (6. 11 [ntegrin(is identi fied [in human [folar [PDLfibroblasts ik vitroldnd O
in thouselihcisor BDL fibroblastsih vivo[[139,041]. Integrinlc.1 1 Was(dlsodetected fh O
CAFslikolated from ling darcinomal@nd (pancreatic@ancer ([142,043].0

E12.5

i
Il-.I

E14.5

Figure 7: @11 mRNA localization in mouse embryos, Bagittal BectionsGiimonse Bmbryos O
at[different CagesCafier Gn-situ(hybridization (s ing CGm Cantisence (RN A [probe Gigainst Ginouse
ol 1. hiE]2.5-E16.5,c 1 1 RN A Expression ik dbserved fih fhe fibroblasts Gt skeletal muscle
including Bround@alvarian Bone{klb), liyoid Bone (Thb), Grertebrae [v), Meckel Bartilage {ime) O
and Gribsr), Cand Cin(T traniofacial Gmesenchyme [ ofm), Cintervertebral C(iscs [ivd), tongue
mesenchymefim)&End ligament{lig). Figureiised bith [permission[139].00

5.5.4.5 Function of integrin all in vitroD

In vitroStudies/[demonstratedthat fheintegrin (&1 1B 1 [is[@ Finctional [Gollagen [feceptor [
that[(promotes [éell [attachment fand Gmigration. (i 1 1§ 1 Gmediatesfhel¢ontraction[af(a
collagen (el Cand (this (feature Cresembles [(the[collagenfeorganization Cmediated (hy O
activated (fibroblasts(infissue femodeling [évents, (fibrosisfand Gvound (repair (1]129].0
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a11p1(displays Calpreference [forCcollagentype [I[&ompared (to [eollagentype (IV.0
Integrin(c11p1Kas [in(One(Study Been [proposed (folact(as @Teceptor forfenascin-X(and [
in[@fecent Study@lsoforGsteolectin([l144,045].0

5.5.4.6 Function of integrin ctl1 in vive 0

In vivolanalyses[usinglix] 1(integrin[knockout[mice havelpartially &lucidatedthe[l
function(oflintegrin 1 1[{Figure 8).(A [Selatively (nild [phenoty pelis(observed(inthe
all-nullCmouselbut [theCmutant Cmouselis [dwarfed [(tompared[(to(their Gwild(typel
littermates. [Delayed [incisor [¢ruption [and (altered (footh[3hape[are thoughtfobe [fhe
reason(forthefeduction fih Size, @lsofhought foGontribute fo Malnutrition [14 1,046].00

InCwounded(skin, (theli1 1 Cintegrin (KO Cmice (showedaldefect[in Cmyofibroblast [l
differentiation(@nd(impaired (JNK [activation by (TGF-Bsignaling, Which Supports fhe[
theCin vitro Cfindings Cthat CtheCintegrin Do 11 CchainCeontributes (o Cmyofibroblast [
differentiation(]135,147].CIntegrin(ix1 1 Chas[been[teportedalso [tobelinduced [in0
pathological Ceonditions [involving (fibroblast [functions [($uch Cas (fibrosis [and umor [
progression(]142].(In[almodel(of(diabetes-induced heart fibrosis, [integrin (11 [has[)
beenlimplicated in[fnyofibroblast[differentiationand (ECM [Formation(]148,(149].0n0
further (Support[of(a [pro-fibrotic (fole[dfTéc11, [a[fecent (Study (has (demonstrated(fhat [l
cardiac (dverexpression[bflintegrin (&1 1 (in[transgenic (mice &xhibit Can[induction [6fT)
cardiac (fibrosis CandCleft CventricularChypertrophy (T 140]. (Finally, (integrin c11 Chas[
recently been [feported [fo (be [fequired forldsteogenesis [in(fesponsefodsteolectinlin[al)
subset [0fBone Mhamrow(derivedesenchymal [Stem[Gells [1 45]. [0
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Figure 8: Phenotype of integrin all-deficient mice.[@ Homozygous(KOQal 17)Cinousel]
waskmaller (thanCheterozygous[Hz[{al 1 ") ittermate. (b DefectlinCipperLincisionCieeth (]
eruption(was(3een(in (KO [nouse.[& Altered(incisors[tooth(3hape in(KO tompared (o Hz(]
mouse, Mriginal figureEaken [l 46] fith Permission. 17

5.5.4.7 Function of integrin 11 in TMED

Relatively few(studies (have(been (performed(¢oncerningthe (fole [ofTthe integrin(a11 0
subunit(infhe@ontext (o fiumors. (1In[2002, ITGA1 I (was [Found (fo (be (part [0 f1a five O
novel (tandidate [gene(ignature (for (lung (adenocarcinomal] 1 50]. (ItChas(later (been O
demonstrated(ihat (integrin o 11(is Gip-regulated(in(the T AFs (in(hon-small (éell Oung O
cancer([142,151]. Wo-implantation (@11 knock-out MEFs And W SCLC fumor @ells 0
in [@Xenograft (inodel Significantly [feduced NSCLC fumor(growth, [these [dataltesulted O
in @hodel where [Stromalict 111 ffegulates Secretion GfIGF-2([152].Recently, @1 1f1 0D
has (been (feported(tolinediate INSCLC (fumor (growth (and(invasion (by (fegulating(a [l
matrix[¢ross-linking(@nzyme, (LOXL1 [{Figure 9)([23,0151].00n(breast(¢ancer,(éx110
works (By(@ @ifferent fechanism, inffhe ByMT nodel @11 B1 BasFecently(been Shown [
to [inodulate (PDGFR B/ JNK (i gnaling [in [C AFs (andto promote [¢ancer [progression(]
[27].0n Gddition, @ Pro-tumorigenic Bffect BfStromal itegrin (61 1 Gvas Suggested i@ 0
study [6fTiri ple egative BreastGancer ([l 53]. (In @n(ik vitro Based Breast fumor Spheroid 0
model, (integrin(ITG A4 1] Gwas(¢onsidered [as(dne[bf(3even(genesthat(tegulated eell 0
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migration Cof Ctumor Ccel IsCthat Chad Cassumed Ca Cmesenchymal Cphenotype Dwithout )
undergoing EMT 1l 54]. Th Bancreatic@ancer,integrin & 111 BasBeen Suggested b bel
alfajor Stromal (integrin, hich(Gan Fegulate @ifferentiation @ fipancreatic stellateells 0
(PSCs)[into[C AFs[and(induce fumor(gell invasionand(inetastasis (143]. (ITo(éxpand ]
our(knowledge lintegrin(@11(infumorigenesis, e @xamined(the @xpression6fié11 G0
desmoplasticfumor(stroma inh@different fy pes 6fcancers(in[Paper 3. O

BREAST

Figure 9: (BchematicDepresentation integrinfinteractionséf[¢ancer-associated FibroblastsGn
the TME Gf limg, (breast @nd Pancreatic @ancers. [Mriginal #i gure sed Gvith{permission [23]. 00

O

O



2. Aims of the present study

Integrinlix11P10s (algollagen-bindinglintegrin[and(the (astCaddition (fo (the lintegrin 0
family([128]. Recent(dataSsuggests(that(a 11, in@dditionfoplaying @fundamental Fole [
in 0 granulation( tissue [l formation [ and O myofibroblast ( differentiationJin[) dermal 0
fibroblasts, [Elso is[pro-tumorigeniclinthehon-small [Gell ung[@ancer Stroma [@nd[pro-
fibrotic(in [diabetic (hearts, [3uggesting (fhat (&1 1 s (albiomarker (for(a (Subset (o flpro-
fibrotic[fibroblasts [in [ome[tissues [And Gumors (J142, 04 7]. (However,(the [detailed [
molecular (mechanisms funderlyingCintegrinlix] 1 B1 CexpressionCand (functionlin (the O
contextGflfissue [@nd fumor fibrosis femainsfobe determined. [T

The [dverall(@im(of(present (Study [was [fo (further (haracterize[integrin (@t 11 [Expression [
and function @t BothGellular @nd Mholecularlevel. (I

2.1 Specificldbjectives Il

A. Tolinvestigate thefunctional oleGflintegrin(al 1 Gytoplasmic [fail. (1D
B. Toltharacterize [dMovel fransgenic (ITGA 11-Cre)fouse(strain. [T
(II[THT. (Moldnalyze 11 integrin @xpression in fhe TME [of [different fumor(fypes. [

O

O



340

3. Summary of results
Paper 1

Integrin a1l cytoplasmic tail is required for FAK activation to initiate 3D cell
invasion and ERK-mediated cell proliferation

In(this(paper, Welgenerated (ainutant (variant [0 fliuman integrin (611 Qewce11-1171) By D
deleting[the (17 Cearboxy terminal Caminolhcids [tesidues [in[thelintracellular Cpart [of D)
integrinlix] 1 Cproteinttolinvestigate[therole Lof(the[integrin[in11 [eytoplasmic [tail. [
Constructs[¢ontaining [fhe(2oding [Sequence [oféither (Wild-typela]l 1 {mal 1-WT)LorD
tail-lessCie] 1 ({moce11-1171) Gwvere(expressedlin (inouse (Batellite [eells (C2C120acking D
endogenous(¢ollagen-binding (integrins. Bothfwc 1 1-WT [And (wee 1 1-117 1 Expressing [
cells Cattached Csimilarly (tobollagen[1- Cand Cfibronectin-coated Csurface CinCculture, [
suggesting(that [¢ytoplasmic(iail Thas moléffect[in(integrin(é 11 factivation. Curiously,
st 11-1171-expressing [tells (Showed [ fewer(focal Cadhesions,CandreductionCofTeell
proliferation Cand Ccell Cmigration ConCcollagen (I, CinCeomparison Dwith Ciwee11-WT O
expressing[Jcells.0 Additionally, Dpueel 1-117 1-expressing O cells D alsoO displayedCall
significant [feduction(oflcollagen(gel [Gontraction fhan Euce 1 1-WT-ex pressing (Gells. (1D
Welnextlinvestigated(the(fole [0fla1 1 @ytoplasmic(fail (in[FAK [dnd MAPK Signaling.[l
nu(t 11-1171-expressing [ cells O demonstrated O less OF AK¥*7™ and D ERK Dactivation)
comparedfo(seot1 1-WT-expressing [¢ells following (gell(@ttachment (o(¢ollagen(l. (n[
addition, (knockdown [ofintegrin(é 1 1 in(primary (human[gingival [fibroblasts {hGFs)
showed(feduction 6f[FAK End [ER K [activation. (I

Welthen [Examined (theTole GfIFAK (and (ER K [Activation [in [the [&. 11 (éytoplasmic(fail-
mediated@ell functions©n@ollagen() . The fesults Fevealed That inhibition GfIFAKY*™
activation[byPF57228(and ($mall (moleculelinhibition Cof (ERK [activation[{U0126),0
impaired (cell Oproliferation Cin (hothChwee] 1-WT Cand Chiwee 11-1171-ex pressing Ceells, 0
suggestingthat(both(FAK Cand (ERK [activation[areheededfor[ir1 1-mediatedtell 0
proliferation. [In(@ddition, Gve [investigated fhe @verlap ping finction Gf FAK [nd ERK. O
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Inhibition@fIFAK Y*? impaired (ERK [activation, Whereas(inhibition[(6f [ERK (had(fo [
effect Con (FAKY**™activation, [indicating (that (ERK Cactivation (s (FAK [dependent.[)
Surprisingly, (inhibition [6f ([ERK [had (o &ffect(in[Spheroid(¢ell (nigration[for ither
Hu0t11-WT or (e 11-1171-ex pressing (gells, howe ver [FAK Y**"Sinhibition [tompletely 0
impaired (migration for Both o1 1-WT-(@nd (Huot 11-1171-expressing(ells. Finally, Give O
investigated(the (éffect [0f[F AK [Activation [infocal ([Adhesionformation, [Since [FAK s
localized Clin Cifocal Dadhesion. Ouwce 11-11710cellsOdisplayed Oreduced Damounts Dof
phosphorylated [F AK ¥**"positive [Adhesions (than(swe 1 1-WT [@ells [in [Agreement (with
our(previous(tesults.(In (brief, (dur (fesults[3uggest[that [the[tytoplasmicail bflix 110
integrin (is @rucial (for Stabilization 6f focal (adhesions, Which@ontributes o FAK Y*7-
dependent(gell (proliferation@nd(Gell fhigration. [0

O
Paper 2

Characterization of an ITGA11-Cre mouse strain with Cre recombinase
expression restricted to fibroblasis.

Previously,[A3kbITGA I 1 (promoter Was [Shown fo(driveld fibroblast-specificfeporter ]
gene [Expression(LacZ) inITGAL] 1-lacZ fransgenic mouse@mbryos. In(paper(, iising [
theSame[3kbITGA ] I [promoter, e Have [generated[@nITGA 11-Cretouse(Stain, [@nd 0
chamcterized (Cre[expressiondriven [by(the[(¥TGA I 1 Cpromoter.[Tobonstructthe [
ITGA11-Cre [mouse(stain, (e hsed(ihe [Site-specific (inte grase-mediated (fransgenesis [
method. The(successful ly[generated ITGA 11-Creltouse strain (Was [fhen(Grossed Gith [
thellacZ-reporter Mhouse [Strain[B.osa2 6R [(R26R) fo(get fhe [Cre+/-;lacZ+/- thicefivhere [
the[Cre, (once expressed, [tan[temovethe lox P-flanked (DN ABTOP [$equencethat [l
prevents [fhe@xpression(dflthelacZ gene, (fesulting the(éxpression 6f(lacZ. (Thus, the [
tissue/cellular (éxpression(pattern [6f(Cre(¢an (be (nonitored (by [lacZ (éx pressioniising [l
X-gal Ostaining, "Whole-mount[TX-gal Ustaining (wasCperformed ConCembryosCfrom[
ITGA11-Cre(and R26R [breeding(at ([E13.5. [Positive (X-gal Staining Gwas [Only Gbserved )
in Tre-postive@mbryos [identified By [genotyping. (1

O
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[Eurther[tharacterization [of [(Cre-recombinase [ex pressionCwas[performed(by[X-gal 0
staining [0n [@mbryo(Sections, [ue [fo [Alfechnical (problem [ofTpoor (Beagent[penetration]
with [X-gal (Whole-mount(Staining. (In(the [@mbryo[Sections, Cre-recombinaseactivity, [
indicated by positive ) X-gal [ staining, (' was O mainly (noted( in O fibroblasts [ of T
musculoskeletal CsystemClincluding Cthe Cperiosteum Cand Deartilage Oprimordium Cof T
vertebrae, [fibs, [intervertebral [disc, (hyoid(bone[and Scapula,[and[inmesenchymelin [
forming digits, Meckel [¢artil age [And [dental Follicle. This [Staining [pattern(dollectively D
recapitulatedthe Cendogenous(ix 1 1 CexpressionCat[these(sites. (CIn CadditionCio (the D
observed(staining [in(mesenchymal (ells [in(the forming (uscoskeletal (System, X-gal
stainingivas ElsoMotedlinfeningeal fibroblasts (Bovering [the brain [@nd i fhe Cardiac
epicardium, [@gain [feflecting [previously [feported [Endogenouslintegrin(a 1 1 Expression.[
The[taining[$eenlin(mature (¢hondrocytes (And(inside (the (brain[did (hot (agree (with D
endogenous(al 1 [Expressionbut Was [fegarded(ds (@n X-gal [Staining [@rtifact Mather [than [
mis-ex pression [0flthe fransgene. [Endogenous(B-galactosidase activity (was [@lso moted ]
inlintestine/@nd(skin(épidermis. [0

Further,Ciwe (alsolexamined Cre-recombinase Cactivity (hy [X-gal (staining lin[mouse D
embryonicfibroblasts (MEFs) isolated from(c.11-Cre+; R26R Embryos. Interestingly,
around 60% GfMEFsshowed [positive X-gal Staining While the fest vere Shownfo Be
negative. [l

We [Subsequently [investigated [Cre-recombinase[éxpression (in[adult (mouse (tissues.[]
Western-blotting [demonstrated Clow [expression [of[B-galactosidase [in [the [different
mouse [fissues(in@greement Withéndogenous integrin & 11 Ex pression. [

Therefore, (we [dharacterized ITGA1 1-Cre [xpression [in (fwo [nouse [fodels; [a (heart [
fibrosis (inodel@nd(askinwound (healing[inodel. (TInboth [¢ases, (integrin (6 11 (have[l
been[3hown(lo[beipregulated(]140, 147,(148],(and (it Was [interesting (fo [determine ]
whether [re @xpression [Woul d (be egulated [the [Same Way [Esfor(éndogenous(a 11 Gn0
thesw Cmodels. CAortic Chanding Cwas Cperformed CtoCinduce Cheart Dfibrosis Cand CB-

galactosidase [éxpression[was [fnonitored(in (fhe [fibrotic[fegions [0fTiransgenic (Inouse
heart[3ections. [(Cre-recombinase éxpressionwvas [dbserved (o [be [induced(in{ibrotic[
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regionsbfTaortic-bandedhearts[tompared (fo (ham-operated [tontrol Cimouse (hearts. [
Whereas[western[blotting [detected[protein [levels [(6f[p-galactosidase[in[both[(3ham-
operatedand (@ortic(banded hearts, (integrinléc1 1 Gvas(¢learly Moted [foipregulated(in [
aortic-banded Hearts. ([T

Tolinvestigate[(ITGA 11-Crelexpression [during Cwoundhealing,[Cre-recombinase [
activity[during[éxcisional Wound (ealing [in @ Skin (inodel [0 flinjury Gvas(éxamined. X-
galStaining [Was [Boted(inthe wound 6f(the ITGA 11-Cre+; (R 26R [inice but (ot [inthe [
control mice.(Wefurtherdonfirmed(X-gal Staining By Western-blotting. Il

Paper 3

all1pl Integrin is Induced in a Subset of Cancer-Associated Fibroblasts in
Desmoplastic Tumor Stroma and Mediates In Vitro Cell Migration

In(this Cpaper, (welinvestigated [the (expressionCand [distribution(bfCintegrinCél 1Gn 0
different liuman Bumor(fypes. [For [this [purpose, Gve lave [devel oped|d MewE@nti-human [
a1 (mouse [inonoclonal (antibody [({m Ab), (m Ab[203 E3.[In(parallel, (e (generated(a
functionBlocking@nti-human (@11 @ntibody, T Ab 203 E1, [fofest fhe fole Bfia1 1f1Es 0
aleollagen(teceptor[in(ihe Gumormicroenvironment, (Both(nAbs [ireimono-specific [
and[ho (&ross(teactivity (with (fhe[B1 (3ubunitor[dther(fested integrin(ir-chains (was [
noted.[The[$pecificity [0f(inAbs[Was [onfirmed by flow(eytometry, immunostaining )
and(immunoprecipitation. (The effectiveness Cof (function[blocking fantibody, CmAb [
203E1, Owas Cexamined Oby Ccell Cfunctional Classays Cunder (both Otwo- Cand Cithree-
dimensional Gulture Gonditions. (10

Toléxamine (integrin(é 11 (@xpression [in[different fumor (fypes,(a (fumor (fissue (array [
with(iheir[¢orresponding (hormal (fissue, (was(éxamined (hsing (@11 mAb[203E3. (We D
found ro idetectable(éx pression(oflintegrin(ct 11 in(@ny o fithe Mormal fissues, @xceptfor
thekidney [fissue.[In fumor [fissue[array, (the breast, ung, [pancreas, liver, [dvary fand O
uterus (ShowedCupregulatedCintegrinCixl 1 Cexpression. [(Co-staining Cwith (& ytokeratin[]
antibody[revealed[a [$pecific (expression[ofTix11Cinlthe[stroma. CACmodestto Cow 0
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expression [0l 11 (infhe(Stromaldfsmall [intestine, [Stomach(@denocarcinoma, [skeletal [l
muscle(thabdomyosarcoma lnd(Skin(Squamous(Garcinoma, Was @lso dbserved. ([T

Tofurther(chamacterize [the Expression 6f1a 11 [in[fhe Stromalof fumor fissueldrray, [Go-
staining Cof(ix 11 Csubunit OwithCthree CstromaOmarkers, Cnamely (FSP1, CoSMA Cand 0
vimentin, (were [(performed. The (tesults Showed (that[¢o-localization Cof lintegrin(é 110
with (FSP1, ¥imentin[or [@SMA (Faried[Within [different fumors. (& 11 [with (FSP1 Gvas(
poorly [Bo-expressed|inthe Stromaldffumors, Whereas @ 1 1 (Go-stained ivith @SMA o (@0
variable (e grees(in CareasCwithCactivated [stoma, Dwhich[suggested (the Cexpression[
pattern[oflintegrin(@11 in (the Stromaleells(¢omesponding GolinyC AFs([19]. (Finally,(
integrin(a.11Staining [Gverlappediwith Wimentin(Staining ih [fhe Stromalofhost fumors, [
Interestingly,[ix11Cexpressionwas CalsoChoted[in (stomaleells Cwith[Chen-detectable
vimentin Expression.[

[Real-timequantitative Cpolymerase [chainCreaction (R T-gPCR) DdataCiwithORNAD
isolated fromMormal fissues(@nd(¢arcinomas in (breast, [pancreas (and Jung [¢onfirmed
upregulation flintegrin(a 11 [in fumors(as indicated By [Gur immunostaining mesults.

After(3creening (the (dissuelarray, weltharacterized[integrin (it 11 [éxpressing [¢ells fin[)
tumor Cections [ofCpancreatic[ductal Cadenocarcinoma [{PDAC) fandChead Cand Check O
squamous (gell [Garcinoma{[HNSCC). [For this(purpose, (@11 thAb203 E3, was msed(fo
co-immunostain COwithOsix Odifferent Dstroma Cmarkers, O The DresultsCshowed Cthat
fibroblast-activation(protein {FAP)Bo-localized (With (@] 1, Gvhich Giras [Goncentrated (o[
the [peritumoral egion, Whereas, F SP1End M G2 [pericyte Tnarker) [@ppeared ot o el
co-immunostainedCwith (& 11, (InCaddition, (fhe[bther wo [(ICAF (markers, [@SMA [and [
PDGFRp, (were[¢o-localized (with[integrin[al 1 (o (@ Jarger (éxtent [in(Stromaltegions.[]
Interestingly, ¥ imentin(@xpression [displayed ([different @xpression [patterndompared [fo 0
al 1@xpression. [0

Tolfestthelsole(oflal 1 p1 (as(@ldollagen receptoriinithe MME, veéxamined amumber
of (CAFs (and(hormal (fibroblasts (for (@1 1 (@xpression [@nd[its (function (With [dollagen1
using [western-blotting [And functional (assays, [fespectively. (Two [additional [@ollagen-

binding(integrin[Subunits @1 @nd (@2, Were @lsol@nalyzed. (The(results [fevealed thatthe
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function[blocking (11 CmAb, [203E1, Cinhibited Ccell-collagenCinteractions[inCthe [
functional (dssays. Especially,(in Ab[203 (was thore éffectivelin(blocking (3D [Spheroid [0
migrationih[PDACICAFs, [in Gvhich [integrin (@5 Had BeenEnocked [down{PCAF KD
a5).[The [degreeloflinhibition[Wwas[in & [pattern (fhat (Appeared(fo ([depend(onboth (the O
leveliafia 11 Ex pression(@nd(the[presence dfother Collagen-receptors. [
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4. Discussion

4.1 Methodological considerations

4.1.1 Generation of the ITGA11-Cre transgenic mouse strain
The[ITGA 11-Crelfransgenic(mouse [$trainwas[generated(at[Transgenic[Facility [ofD)
Stanford(LIniversity [(by [the [inte grase-mediated(Site-specific [fransgenesis (inethod(as[
they(described (previously(J155].[This hethod @ ffers(higher (integration(éfficiency for(l
transgene [integration, (and(nost[importantly, (the (integrationis happened [in[a(Site-
specificimanne(at(alpre-decidedlocus [{inCour(¢aselat(H1 1 (ocus).(Comparedwith[J
conventional fransgenesishethods, The(Site-specificfransgenesis Has the[@dvantage G {1
minimizing Some [dommon(problems(¢aused by the fandom[integration [6f fransgene, [
such [@s(inactiving[@ritical [Genes or fransgene Bilencing [due [{o the fanking Sequences[
at(ihe integration [Bite.[Tolperform [thedransgenesis, (mice [Were [inodified [t (Hipp 1]
{H11)6r Rosa26 loci by Enocking in[fandem @ttP Sites, @nd fhe homozygous [fice for[
the Cmodi fied (loci [ervedCas Czy gote [donors. (TWelhave [thoosen [to (ise(mice [with [0
modified (H 71 (oci(since [they (gaveCaChigher reporter (gene [expression(than (that [l
expressed|in[thice[With(modified Rosa261bci, ldccording [fothe ffesults Shown(in([155].0
Briefly, (homozy gous [attP-containing [Superovulated [C5 7TBL/ 6 [females [werebred o[
respective (thalesfoldevelop homozygous EttP-containing Zygotes. [A [hix ture[of fresh 0
transgene DN A/$C3 ImRNA [was(injected(into 8 Singlepronucleus [and [@ytoplasm 6fT)
each ZygotebyMsing flow injectioninode. (Thel(survivingZygotes [Were [fhen (inserted
into [dviducts Cbf Cpsendo-pregnant (fecipient (C57BL/6females, (The (o fispring Cvere
genoty ped b Screen [for (the founder hice With fransgene ihsertion. (11

It(has(dlso (been (Beported hat (integration[df(plasmid (backbone [@ould (have [hegative D
effectCin[transgeneCex pression, Cand Owe [therefore Cused (the [tonstruct Cwhere (the D
transgene [is (flanked by (fwo[attB [Sites. (In (this (¢ase, [Thefransgene [¢an [be [éxised by
$C31 [Becombinase [and [inserted into (the [attP [ite [0 fH 1] (oci(by ¢assette [éxchagen [
reaction. However, Que o [Somefechnical [problems, five [Gonfirmed By (genoty ping @nd 0
sequencing that fhe founderouseHas(the ihserted fransgene followed By the(plasmid
backbone, [#nd(fhatfhisfouselias(the Wnly dneshowed positive fransgene ihsertion. 0
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4.1.2 X-gal staining

Toldeterminewheather (the [generated (ITGA 11-Crelmice [tevealed Can[Chctive [Cre-
recombinase(driven(by ITGA 1 I [promoter, [@nd furthermore, Bhowed(fissue- (@nd(cell-
specific @xpression [pattern [fecapulates Endogenous integrin(c 1 1 [éxpression, Gvebred [
theITGA1 1-Cre [thice Gwith(fheBeporter (fnice Rosa26R [R26R). In(the feporter(inice,
alloxP-flanked DN ASTOP Bequence was(inserted lipstream 0f(lac Z [gene, [preventing [l
its [@xpression. [Dnce [(Cre [fecombinaselis (present, [the (3TOP [Sequence Will (be [femoved [
and(lacZ [dan [fhen(be Ex pressed fo(givethe [gene [product [B-galactosidase[156]. (In [this O
way, thelactivity Cof (Cre[can [he [reflected [hy [(the[expression [of (P-galactosidase [
monitorediising X -gal [Staining. [

X-gal (Whole-mount(émbryo(Staining (Was[performed|(ds [described (previously By (Lulgr
all[134]. Tloser@xamination(in(d (Stereomicroscope [fevealed [That (X -gal (Staining [was [
largely vestricted fo ([dermis nd(did (Mot (éxtend (o internal ([brgans.[(We (Seasoned (fthat [
thismost likely Wwas [due(fo@nEccessibility [(problem @nd(that fissue [Sections fvouldbe
needed [in [order (fo[Visual ize (B-galactosidase [activity [inlintemnal (tissues. [Thus, Gwve [
parformed(X-gal Staining GnSections ihstead GfWhole-mountStaining. [

O

4.1.3 Spheroid preparation and migration assay in 3D collagen gel

We ised (8pheroid(assays [fo [investigateboth (the (fole [0 fifunction-bl ock ing [antibody [
(Paper 3)[@ndlntegrin [ 11 [gytoplasmic(fail [{Paper 1), [hdell fnigration.Single(gell
typelspheroids [{Thomospheroids) Cwere [prepared [bythe (hanging [drop Cmethod, Cas [
described(garlier(J157]. (Hanging(drop method(is @ (straightforward(echnique, (Which 0
allows[better [tontrol For (unform [Spheroid(sizeand[¢omposition. (Cell (dropletsare [
suspended(inlan(adherent (¢ell(eulturelid, Gwhere[gravity [derives(thelaggregation B {0
cells(at(ihebottom o the [droplet (and forms[spheroid[]158]. (Embedding pheroid [
within 3D ©ollagenlinatrix (s(d Yersatileethod, Which(provides (@ heans [6f[developing [
tissue-likecellular Daggregates [for Danalysis Obiomechachemical DpropertiesCin Call
physiological-like 3D @nvironment. (I
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4.2 General discussion

Theldverall @im(ofthis(thesis (Was [fofurther(¢haracterizelintegrin(c 1 1 (@xpression(dnd
function @t Boththe Gellular@nd molecularlevel.O

Integrin(gytoplasmic(ails (are (érucial (forlintegrin (activation(dnd Signaling (ds (Well as[)
beinglinvolved(inStructural (¢ ytoskeletal [@onsolidations [[82]. (Independent Studies (on [
deleted Cand Cmutated Ccytoplasmic Ctails Chave Cdemonstrated Cdiffering Cresults Dfor
different integrin(g-chain Gytoplasmic fhails [90, 159, 160]. [0

In[Paper 10we Showthat[the tytoplasmic[tailCoflix]1lhs essential (forleollagen-
dependent(focal (adhesion Hormation,[¢ollagen(gel [¢ontraction, [¢ell (proliferation (@nd [
cell mhigration, (but Mot for (el Bdhesion. (10

Deletions 6 flinte grin (@ Subunit fails [@fter(the [donserved IGFFXR [Sequencehave been[
shown [fo haveldifferent@ffects(on(individual @ollagen-binding integrins. (Forintegrin[J
al [thain,[deletion [bf(the$hort [cytoplasmic ail [fin ConeStudy [did Chot Caffect [eell D
attachmentfo[eollagen IV [in[fibroblastic[3 T3 [2ells, (but[the [del etion [Was [Shown o[l
resultlin[ligand-independent (focal Cadhesion Oocalization[]161]. OnlalSeparateStudy D
deletion(6flal (integrin(@ytoplasmic [fail inBndothelial (Gells fvas [Shown [fo impair @ell O
adhesion (toCcollagen TV C[106]. CSimilarly, Cu2 Ceytoplasmictail Cdeletion DinCRDO
rhabdomyosarcoma[¢ells was(shown (o [impair(tell (adhesion (fo&ollagensICand Go [
reduce (2 focal [ontactlocalization 1 62]. When [Gonsidering the function 0 flintegrin
domains, (it [is (al so(important (fo [fecognize that[tell (ype [¢an[influencethelactivity D
status [dflintegrin. (Expression[oflintegrin[&2 [(in[K 562 [tellslyields inactive [integrin[J
[163], BbutGn(C2C1 2[2ells hsed Gnlour[Studies [the [2quilibriumbetween[activeAnd 0
inactivelintegrins (is (Shifted (fowards (the (activeforms. (In(a (fecent (Study (the [éffect [0f )
integrin(a (¢hains (in[dctivating (integrins [Was (fested lising (¢himeric (inte grins (dnd (was [
found(fo (éontribute (di fferently (o Cinte grin(inside-outactivation (inCi-chain ($pecific
manner([164].0
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The meed [for integrin(c 11 ([@ytoplasmic fail (for the Formation (6f focal [Gontacts [Suggest [
that(fhela11 [&hain, Rogether Cwith (the (B 1 [£hain, (fakes (part[inthe Formation b fthe O
cytoskeletal linkages. [

The[involvement[dfTintegrin[é: 11(ail lin(¢ollagen (Femodeling (s (in[agreementwith 0
previousStudies @flintegrin @2. [Inthese [Studies [Feplacing the a2 Gytoplasmic fail Gvith 0
integrin (1 (brlix4 (Hails, (impaired (#ollagen (femodeling (s tompared(tothe (@201 1-
mediated Gollagen(gel Gontraction [90,01 1].These datalSuggest fhat inte grin [Subunits [
with(the (highest affinity For(fibrillar @ollagens {2 (and (@11)(also(have @ytoplasmic [
tails, Cable (to[form[stable[tytoskeletal Clinkages(designed fortolerating (the (forces
generated (during Gollagen femodeling. 10

Although(integrin(a 11 (vas identified (inore (than 2 0(years(ago, The(signaling function [
ofla11p1Mhasmot(previously (been(demonstrated(in(aSystemhere(c11B1 s Fhe(only O
integrin [Gollagen [feceptor (@xpressed(on(the [Cell Surface. In(Paper 1 welShow for(the
firstfime(the Gontribution6fid11 fail in@ctivating[ERK Signaling [in@FAK -dependent ]
manner. Knockdown Gflihtegrin(ce]11(ih fibroblasts [feduced (the Betivation Gf [FAK [@nd [
ERK, Givhich(differs from (human inesenchymal Stem Gells where[it Gvas [emonstrated
that (the [phosphorylation Gf[ERK (and (PI3K [6ccumred(an(in(é 1 1 -dependent (fnanner in 0
this(gell fype fthat @l so Expresses [Gther Gollagen-binding inte grins[ 165]. (1D

The (FAK -dependent (] 1-mediated Cactivation Cof CERK Cis[di fierent Cfrom Cresults 0
showing [that(integrin [@1-mediated [ERK [Signaling [Gecurredindependent GfIFAK [in @0
manner [@ccurring (Via[Fyn-She-Grb2(and (Ras (J166]. [Although (integrin[é1 (has (been [
reportedtoregulate (¢ell (¢ycle[progressionlintesponse (fo (FAK-independent (ERK [
signaling [Via(the [ddapter(protein[Shc (1 67], independent Studies (Suggest (that (@] @lso O
can Ectivate[FAK -dependent (ERK ignaling fia (130049 {Trk, @nd(Rap1 [168]. For(
integrin (62, (the (02 [dy toplasmic (fail (has [in (furn Been(Sshown o Megulate (the [Ectivation [
ofl(P38MAPK [fhrough [Raclactivation(]111].(0The(Specific[tesidues(in (the (&2 Fail O
domainfeededor the@ctivation Gf P38 Has(dlso Been identified([169].0
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In(Paper 1 Weldlso(éxamined the(potential (@ffect(d fIER K (inlintegrin(d 1 1-dependent ]
cellCmigration. (Surprisingly,(pharmacological (inhibition(6f(ERK (liad (o (&ffect (in[a[)
spheroidldssayfl¢ell ihvasion. The(lack @fléffect GfIERK [inhibition[éould Bedue o
the [presence(oflindirect Compensatory [fhechanisms [in[the IT2C 12 Gells [Gverex pressing [
all.[DneBtudy 0flé2-mediated [Gell (inigration in[moothMuscle(gells [demonstrated
involvement GfiaG-protein-dependenthechanism [1 70]. [0

Our(esults [@btained from(paper 1 suggest(that(fhelo.11@ytoplasmic [fail Basnultiple
functions [which[are [important[for [integrin[ix 11 (functions [including [(focal (eontact [l
formation, [Gollagen(femodeling, [Gell [proliferation End [Gell higration, [@nd Gvhichfost
likelyinvolve fovel integrinla 1 1- @y toskeletal [interactions Waiting [fo be i entified. (I

Fibroblasts ih [different(fissues(dndihfissues hindergoing [feorganization(during Wound [l
healing, (fibrosis [dnd fumor (growth(dre leterogenous (in[mature ([2 3, 100]. (The (ack 6f0)
fibrobl ast-specific (tharkers Gomplicates investigatation [6f the [fole [0f fibroblastsiinder [
these [@onditions. (We [previously [¢haracterized (13 (kb[of(the [promoter [0 flthe (human[]
integrin(oc] 1 (gene({/TGA 11)(in(a(Beporter house(dndmoted(d thesenchymal [Signature
during ouse(émbryonic [development (132 ]. Baseddnfhese @arlier Studies, We (Have
now (ised(ihe (Ssame[3 (kb(oflthe ITGA! I(promoter Begion (fo [drive[Cre-recombinasel]
expression(in(paper 2. To @nalyze ITGA1 1 Tre functional [ctivity e Grossed fhe Tre
driverimouseWith(theB.osal26R [feporter thice. [

Ourlanalysis@flITGA11-Cre [in[@mbryodemonstrated Strong @xpression/in [fibroblasts[
of 0 the[J developing O muscul oskeletal [ system, O supporting 0 previously(l observed[d
endogenous(éx pression(dflintegrin(é11 [&tthese Sites (139,14 1].(n(addition, (positive
stainingivas ElsoMoted(in theningeal fibroblasts [End [in [the [cardiac [@picardium, Gvhich D
is@lsolin(dgreement vith [previously Moted @xpression 6fla1 1 tnRNAEnd(@] 1 [protein
observed[Cat[(these [Sites [[139]. OITGA11-Cre [&x pression[in [the [intestine Cand [$kin [l
epidermis(ofi@mbryos(was(donsideredfo be [Mon-specific(since Gontrol [{Cre Megative)
embryoCdisplays Ca Csimilar Cstaining Cpattern. (To Cbetter Ccharacterize (ITGA 11-Cre[
functional [dctivity [in @mbryo, [it (Would belinteresting fo [dross (the ITGA 11-Credriver [
mouse [Strainfith @nother Meporter mice; Rosa-CAG-LSL-tdTomato.[



0 45

Further, (analysis [@f(0ITGA1 1-Cre (in[adult (inouse [fissuesSupports [éndo genous (ow-
level Expression(0fice 11 (infhese [drgans ([1 40]. Eowever, [the Cre Expression in Kidney [
did(notlagree [with[the bbserved expression[dfléndogenous (&1 1 [in (mouse(kidney.[)
Instead(the bbserved expression (o f[-galactosidase [inkidney (feflects(éndogenous [
expression. (Interestingly, (in(another (Study [{Paper 3)(Weldbservedimmunoreactivity [l
oflintegrinlix11 GmAbs Cwith Cmyofibroblasts [in (the Thumankidney[glomeruliCarray O
[171]. (0f(a [Similar @xpression(6flo11 [@xists(in[the (inouse [@mbryo Kidney, the Specific
ITGA11 [@rivenCre [Expression @s [determined By immunostaining [is[probably fasked [
by!theéndogenous [B-galactosidase Ectivity. (I

In(gxcisional ouse [skinGounds, [Ectivated N G2 -positive [pericyteshave [in[Gne(Study [T
been(shownfo(¢ontributefo dround 3 0% & flthe (myofibroblasts-like eells[[172]. (In0)
twol(Separate [house(Studies(AD AM12"YPDGFRa " (peri vascular (gells[and (Gli" (MSCs [
have [been[teportedto[play [important(toles [during (woundChealing ([38,173].[0ur
resultsCobtained(from (JTGA I I-Cre [analysis [in (eéxcisional (3kin Cwound (inCpaper (2 [
showed (fairly (vestricted (X-gal (Staining (in (deeper (Segions[of[granulationfissue.[In @[
separate(study[{Paper 3),[we Have Shown(that@oldrlittle Go-localization(6flc 11 and O
NG2 [éxpression [¢an (be [bbservedin[(C AFs (in[the[troma (o f(various (fumor [ty pes, [
suggesting [that [pericytes [are (hot [a[Source[df (CAFs[éxpressing it 11 (ntegrin(]171].0
Further (anal ysis[is (fequired (3o (better lunderstand (fhelidentity [of(eells [éxpressed by O
ITGA11-Cre in[8kin[Wound[and[fo[determine [potential (Go-localization [With (narkers [
suchl@s MG2&nd FDGFRa.

Analysis(@f(ITGA1 1-Cre [in(ealthy (And(@ortic-banded fibrotichearts [demonstrated (d
weak[@xpression(@flCre-recombinase [in[the (healthy (heart, (but linduction(in [areas [0 f[
cardiacfibrosis, (8s (judgedby [Histological (Staining [dAnd (Western (blotting. (This finding
islinlagreement Cwith[theCpreviously Cobserved DinductionCofUintegrin [ix 11 Dinlthe O
challenged(heart(]140].(In ¢ardiac(fibrosis, tesident fibroblasts [{ill (up [fhe[damaged [
tissue [fegions (@nd(fhese(fibroblasts lipon[dctivation thay [éxpress [@SMA (dnd (become [
contractile [during [the (fepair[phase.[Interestingly ,[unlike [in[dermal (fibrosis Gvhere [
fibroblasts thenlindergol@poptosis, [dctivated [ardiac(fibroblasts [Gan(lbse [fheir @SMA 0
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expression(]174]. (Similar #o [skin[woundhealing, (Gli" (MSCs (have (been[shown (o[l
contribute (o éardiac(fibrosis (J1 73]. (The(fairl y limited(éx pression(6fTét1 1 [dbserved ()
here [again(Suggest(@al 1 [@xpression[in(a[Subset@ffibroblasts (and further (éx periments[]
are feeded ffb Betteriinderstand the identity i flthis Subset Gfidardiac fibroblasts. [10

Ourfindings Calso[demonstrate [that Cabout (60% Cof TMEFsexpressed [(ITGA11-Cre[
activity,[Supporting Cour [(previous [observation [that[integrin(ix1 1 (isCpresent(in fbnly [
subsets [of [fibroblasts. [The [finding [that 3 0% 6fMEFs lacked ITGA11-Cre [ctivity s
interesting, SinceWe haveGbserved(hat(@ 11 [is(often inducedin ultured @ells. Mt [Wwill O
be (interesting (o further [Study (Cre activity ([during [Gell (passages(fo(determine if {reis[)
induced(in(later [passages. TheHeterogenous @xpression(infreshly (isolated MEFs Elso
suggest(that MEF S [¢an[be [Separated by [l ow (¢ ytometry (based [on [Their [fepertoireofT)
collagen-binding Cintegrins. [ThisCwould CalsoCallowanalysis [to [determine[ifthese D
subsets [display functional (differences Withfegard fo(cell Edhesive Betivities.

In[Summary, [dur(datafrom [paper 2 [demonstrate ITGA11-Cre [éxpression[peplicates[
endogenous(éxpression(6f(é1 1 [during [development, [@s Well E@s(in(dardiacfibrosis@nd 0
woundhealing.[JTGA 11-Cre [driver (mouse[strain[¢ould [be [a fhseful (ool (o further
investigatethe ifole G fibroblasts Subsets lin fissue lfeorganization Events. [

CAFslare(dmajor(gell fype [infhe [Stroma [GfSolid fumors [dnd [play fundamental [foles[
inCinitiating Ctumori genesis, Ctumor Cgrowth, CtumorCinvasion Dand Cmetastasis[([23].0
Whereas (the (imajority CoflintegrinsCare (éxpressed Con CultipleCeell Ctypes([70],theD
expression(oflintegrin(a 1 1B1[in gontrast[is (festricted fo Subsets B CAFs in NSCLCD
and(HNSCC, (as (Thoted (by immunostaining [with(an (& 11 (polyclonal (antibody (152,00
175,0076]. (Anllung Ceancer, Ch (INSCLC Grenograft [$tudy [in[mice [demonstrated [that [
al1plislinvolvedinediating[ECM [feorganization, [paralleled By [increased stiffness[
oflthe fumor(stroma(]142].(Later(Studiesfrom(the [Same(grouphas(demonstrated fhat [
al 1B1(Ganhipregulate fheGollagen Gross-linking Enzyme, ILOXL1, Ghich(is [Suggested
to[be esponsible forSome dfithe Gbserved stiffness ihcrease([151]. [Further Btudies Ere
neededfolinderstand(é11 Bl [inediated (inolecular (inechanismin[segulating [¢ollagen)
stiffness. (Il
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In[Paper 3(ve further(ihvestigated(the éxpression(and [distribution [Gf lintegrin(al 1 in 0
different (lhuman [fumor (fypes. (A [inajor [problem [Wwith (ising [polyclonal [@ntibodieslis [
themon-specificbackground(Staining e [Gbserved (in immunostaining [Gfladult fissues 0
including fumor fissue. This(problem Was [Gvercome By [enerating, [Characterizing@nd [
usingMew(anti-human(a11Enousemonoclonal [Entibodies{mAbs); 203E1 [{function-
blocking) @nd203E3 (immunostaining).[10

Ourl(tesults Show(high @xpression [0 flintegrin [@11 [(protein[in[CAFs[inlinvasive[ductal 0
mammary [¢arcinoma, (pancreatic [¢arcinoma (and (Gvary(gyst (Adenocarcinoma. (This (s [
inldgreement(With [@vailable TCGAldata, [demonstrating (high(é ] 1 (mRNA [@xpression [
in [these Cumors [{TCGA [Research[Network: Chitp://cancergenome. nih. gov/). [Bince [
breast[fumor [troma ls[bften(stiffland[desmoplastic, [al3trong [éxpression[aflal 1 Gn 0
stroma [oflinvasive [ductal (lmammary [¢arcinomalSupports [bur [2arlierfdbservation[bf ()
increasedlitl 1 (@xpressionlin(dreas(Subjected [fo high (mechanical Stress [[129].[&l 110
has(tecently[been[teported(to [modulate PDGFRB/JINK (signaling (in[(CAFs(and(to0
promote [gancer [progression[in [a3tudy (performed [in[a (PyMT [breast[¢ancer (model )
[27].00

In(pancreatic [@denocarcinoma (Figh(al 1 RN A[éxpression[Ras (been Moted [in(élinical O
samples[{ TCGA OResearch[INetwork: (http://cancergenome. nih.gov/) Owhich Cis(in 0
agreement (With [Gur immunostaining(data. Recently, [@ largel yin vitro(based [Studyof[]
PDAC [stellate [eellsCsuggested Cintegrin[ixl 1 B1 CtoChe CalCmajor (stromal CintegrinCin0)
pancreaticlcancer,Cable [tolimediate [differentiation lof (pancreatic[stellate [tells [into O
CAFslandlinduce fumor [¢ell (invasion [dnd [fnetastasis(]143].(However,[in vive[data[l
using[animal [inodels[are(heeded (o Support(the [in virro [data [obtained with(human [
stellate [Gells in[fhe(above-mentioned [Study . [Although [the [prostate fixmor in (the fumor
tissue [@rray Showed (lack 6fla 11 [@xpression, (@11 @xpression Was[previously moted ih [
prostate[cancer Cusing Cour (e 11 Cpolyclonal Cantibody (11771, Cand (Further (studies Care O
needed fb Examine i@ 1 1 @xpression(in(a(largerSetGflsamples. [

Integrin(a 11 [éxpression[go-localized (With [¥imentin[éx pression(in (@l fested Sections. O
Interestingly, [in (Somepart[df{fhe fumor(Sectionslix1 1 (staining [displayed[different
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expressionpattern Jcompared (to DvimentinCstaining. OVimentin Chas CheenDwidely D
recognizedCas [a CcommonCmarkerCfor Cstromal Ceells, ChoweverlowCexpression[ofT
vimentin (has (been[dbserved(infesident fnesenchymal (Stem[eells[((MSCs) (32,001 78].0
The( apparent[] different (] staining O pattern( couldClalsoObe( due O to D differential O
immunoreactivity [of(ihe (fwo [antibodies, (iand (hot#eflect [teal [differenceslin protein[]
expression. [Further Studies(ére Meeded [fb [determine fhe [Mature [6flthe(a] 1-expressing [
CAFslinfhesefumors.0)

InPaper 3[ivelalsoShow (fhat(@SMA [does (hot(Systemically(¢o-localizewith (@110
expression, (suggesting[that(ix11 [éxpression [dccurs(in[different Subtypes (of (CAFs.O)
High[@SMA [éxpression (has (been[observedlin[alSubset (of (¢ontractile(CAFs(in (bothl
mouse [@nd human [pancreatic [Gancer, [lbcalized [peritumoral ly And (known [8s [inyC AFs [
[19]. Interestingly [in[dur immunostainings GfPDAC End HNSCC fumorintegrina110
wasloften[found b lbcalize b Peritumoral TAFs. [

Ourlin vitro(datalvith(&l 1 function-blocking@ntibody, (nAb203(E1, Suggeststhat[)
integrin(a11p1 isinvolved [ih[Gollagenremodeling End (L AF migration. (The(degree6fl
cell-collagen(inhibition Gccurred(in(d Thanner(that Seemedfodependonboththe Tevel O
of il 1 (éxpression [and[thepresencebfdther [tollagen-binding (integrins, fincluding
a2 1. CInterestingly, (theCcombined Ceffect CofTin11p1 Cand D2 1 Dfunction-blocking 0
antibodies [in Blocking [@ell-collagen(interactions (Was (lower [than fhe(éffect @ flanti-B 10
integrinCantibody, Cwhich Cindicates[that Cother (B 1 Cintegrins [could (he DinvolvedGnD
mediating [indirect(interactions(with [@ollagen1([[100, 128].[Dne [potential (inte grinhat (1
mediates [(suchCanlindirect CinteractionCis (5P 1, Csince [(fibronectin Cmost Clikely Dis[
synthesizedduring [the long-term [@ssays ised [fomonitorfhe @ollagenTemodelingand D
spheroidmhigration. (I

Taken[together,Cour(dataldemonstrate[that (CAFs[are heterogenous[with[tegardto[)
integrin(a.11 @nd@SMA [éxpressions, Which(Suggestfhat(c 1 1 [8x pression/is [present on [
different Osubset(s) Cof OC AFs Cin Cthe (TME. (These CsubsetsCremainto Obe Chetter [
characterized [ vitro @nd(in vive.O



5. Conclusion

This(thesis(@imed b ([gainfurther insights intointegrin(a 1 1 function Enddistribution @t
both(thelgellular @nd(the (molecular level. (Welshow(ihat (iheltr 11 [&ytoplasmic(fail (s 0
important for [integrin [ix1 1 (functions [including (focal Ccontact (formation, [tollagen [
remodeling, Coel 1 Cproliferation (and(tell (imigration. [InCaddition, (the (generationCand [
characterization@flthe ITGA11-Cre [fnouse [Strain[fesembled Showed Endogenous @110
expression [during [development, Cas (well (as (in[(wound(healing (and (¢ardiac(fibrosis, [
emphasizingthat fhis ouse [Strain Wil Be(a iiseful fooln furtherStudies [6ffibroblast
functions. [Furthermore, iGur(dataldemonstrate that {CAFs @re Heterogenous Gvith [egard
to 11 Expressiondn different Bubset(s) BT AFs(ih fhe MME. 11

O
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6. Future perspectives

Further(StudiesCare[still (heededtobelbetter[understandlintegrin [zl ] Function. (n[)
particular, Cthe [interactionCofpotential Cunidentified Cpartners [in[the [formation Cof[l
integrin(é 11-cytoskeletal [interactions (femain(fo [be [identified [And[¢haracterized. (Al D
experiment(in [paper 1 were(done(in [Witro, (it (Would(be linteresting o depeatSomeofT]
these data i vivo.l

Tolbetter @nalysis (GIITGA1 1 Trefunctional [Ectivity, (it would (be linteresting o dross
the [Cre(dnver(inouselStrain[ithanother Feporter (inouse(Strain(Such(ds[Rosa-CAG-
LSL-tdTomato(Strain. (It[is(hoped [fthat(the ITGA11-Cre river (inouse(Strain[Wwill belal
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Abstract: Integrin «1131 is a collagen receptor that has been reported to be overexpressed in the
stroma of non-small cell lung cancer (NSCLC) and of head and neck squamous cell carcinoma
(HNSCQ). In the current study, we further analyzed integrin a11 expression in 14 tumor types by
screening a tumor tissue array while using mAb 203E3, a newly developed monoclonal antibody
to human «11. Different degrees of expression of integrin «11 were observed in the stroma of
breast, ovary, skin, lung, uterus, stomach, and pancreatic ductal adenocarcinoma (PDAC) tumors.
Co-expression queries with the myofibroblastic cancer-associated fibroblast (myCAF) marker, alpha
smooth muscle actin (XSMA), demonstrated a moderate level of «11* in myCAFs associated with
PDAC and HNSCC tumors, and a lack of «11 expression in additional stromal cells (i.e., cells
positive for fibroblast-specific protein 1 (FSP1) and NG2). The new function-blocking «11 antibody,
mAb 203E1, inhibited cell adhesion to collagen I, partially hindered fibroblast-mediated collagen
remodeling and obstructed the three-dimensional (3D) migration rates of PDAC myCAFs. Our data
demonstrate that integrin x11 is expressed in a subset of non-pericyte-derived CAFs in a range of
cancers and suggest that 111 constitutes an important receptor for collagen remodeling and CAF
migration in the tumor microenvironment (TME).

Keywords: tumor microenvironment; tumor stroma; extracellular matrix; fibrillar collagen;
cancer-associated fibroblasts; integrin alphall

1. Introduction

The importance of the tumor microenvironment (TME) for the growth and spread of tumors
is being increasingly recognized. In addition to serving as a structural scaffold, the extracellular
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matrix (ECM) serves as a reservoir of growth factors and cytokines that take part in the bidirectional
communication between the stroma and the tumor cells [1,2]. The major cell types in the tumor
stroma of solid tumors include cancer-associated fibroblasts (CAFs) of varying origin, endothelial cells,
pericytes, mesenchymal stem cells, and immune cells [3,4]. CAFs represent a major cell type within the
stroma contributing to ECM synthesis and ECM remodeling, and they also take part in the paracrine
signaling, which affects the growth and invasive properties of the tumor cells, in chemoresistance and
in the establishment of metastatic niches [3-5]. Importantly, a specific subset of myofibroblastic CAFs
(myCAFs) has been implicated in the production of collagen [6]. CAFs produce collagen crosslinking
enzymes of the lysyl oxidase (LOX) family, which increase the stiffness of the ECM and thereby affects
the growth and invasion of tumor cells [7,8]. Fibroblastic cells thus constitute a group of mesenchymal
cells of varying origins, some of which (i.e., myCAFs) share characteristics with the myofibroblasts
that are found in granulation tissue during wound healing and tissue fibrosis [9].

In the context of pathological tissue and tumor fibrosis, the mesenchymally derived CAF
population is thought to constitute a more heterogeneous cell mixture than the resident tissue
fibroblasts in “resting” tissue. The balance among cells of different origins is dynamic in tissues
showing tissue regeneration/fibrosis. In tissue fibrosis, genetically based cell linage tracing and a
stringent use of antibodies have resulted in the characterization of activated fibroblasts that are derived
either from endogenous fibroblasts [10-12], Gli+-positive mesenchymal stem cells (MSC) [13], or
pericytes [14,15].

Pericytes exist as a major cell type in the pancreas and liver in the form of stellate cells [16,17],
which proliferate and become activated in fibrosis models. The careful study from Ohlund et al. has
defined a peritumoral alpha smooth muscle actin (<SMA)M8h CAF population, termed myofibroblastic
CAFs or myCAFs, which differ from a CAF population characterized by II-6 production and referred
to as inflammatory CAFs (iCAFs) [6].

The major sources of CAFs in tumors and tumor fibrosis are the endogenous tissue fibroblasts,
pericytes, and ADAM12* perivascular cells [15,18,19], and recently cell lineage tracing methods applied
to transgenic polyoma middle T oncogene (PyMT) mice has somewhat surprisingly demonstrated a
contribution from mesenchymal, non-hematopoietic bone marrow stromal cells to a PDGFRx-negative,
clusterin-positive breast cancer CAF subpopulation [20].

Epithelial-mesenchymal transition (EMT) appears to be especially important in contributing to an
invasive mesenchymal tumor cell type and creating niches for cancer stem cells [21], but these EMT
processes in tumors have indirect consequences for the stroma. EMT has recently been studied in
detail in Lgr5CreER/Kras LSt =~ 12653 fifl, genetic mouse model of squamous cell carcinoma (SCC) in
which the tumors undergo spontaneous EMT [22]. These studies convincingly demonstrated that EMT
occurs in a stepwise manner, which leads to the generation of subpopulations of tumor cells in different
intermediate states between epithelial and mesenchymal. Interestingly, as the cells progressed towards
EMT [22], the bona fide stroma changed in parallel, with regard to their composition, localization, and
the presence of immune cells.

A detailed in vitro study using breast cancer cell spheroids identified a switch of tumor cells
state into a mesenchymal invasive state without the tumor cells actually undergoing EMT [23]. The
cells leading the way in this initial invasive migration, the “trailblazer cells”, were characterized by a
mesenchymal seven-gene signature that was composed of DOCK1, ITGA11, DAB2, PDGFRA, VASN,
PPAP2B, and LPAR1 [23].

al11p1 integrin is a collagen-binding integrin that is expressed in mesenchymal cells identified as
fibroblasts, myofibroblasts, and mesenchymal stem cells [24-27]. Relatively little is known about this
protein in the context of tumors, but non-small cell lung cancers (NSCLC) and head and neck squamous
cell carcinomas (HNSCC) express the «11 chain in activated stroma, where it has potential for serving as
a biomarker for activated CAFs [28-30]. In the current report, we investigate the expression of integrin
«l11 chain in different tumor types and try to determine whether the expression of «11 subunit within
a certain tumor type is able to mark a subpopulation of CAFs. We have generated and characterized
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an anti-human «11 mouse monoclonal antibody (mAb), mAb 203E3, for this purpose. In parallel, we
have developed a function blocking «11 antibody, mAb 203E1, to test the functional involvement of
«11p1 in collagen remodeling on CAFs.

2. Results

2.1. Generation and Characterization of Integrin a11-Specific Monoclonal Antibodies (mAbs)

Integrin «11 mAbs were generated at nanoTools, Germany (http://www.nanotools.de/), as
described in Material and Methods, by immunizing mice with soluble human «1131. Multiple-step
screenings for binders of human «1131 not cross-reactive with human 231 were performed while
using the Luminex Assay and flow cytometry. The latter was used to select the clones that produced
mADbs specific to human 11 while not recognizing human 1 or human o2 integrin chains. In this
characterization, the previously described mouse C2C12 cell lines overexpressing human integrin «11,
C2C12-huaxll (in C2C12-hux11 cells, human «11 chain heterodimerizes with mouse 31 integrin chain),
and C2C12-hux2, were central [25]. To exclude cross-reactivity of the antibodies with the related o2
integrin chain, the mAbs were tested for reactivity with C2C12-hua?2 cells, with no reactivity observed.
To exclude reactivity with 31 integrin chain or other integrin « chains, hybridoma supernatants were
screened against human A431 cells, which lack the expression of 11, but express human 31 chain and
a2, a3, ®5, and «v integrin chains [31]. In summary, no cross-reactivity with other integrins tested was
noted. Two of the hybridoma clones producing mAbs 203E1 and 203E3, were further characterized and
mAbs were affinity-purified. Both mAb 203E1 and mAb 203E3 caused a clear shift in the fluorescence
intensity of the C2C12-hual1 cells in flow cytometry as compared with the non-expressing C2C12
cells (negative control; Figure 1a). The immunoprecipitation of «11 using mAbs 203E1 and 203E3,
followed by Western-blotting with a polyclonal «11 antibody [32] confirmed the specificities of both
antibodies for the 155 kD «11 band (Figure 1b), while the immunoctytostaining of C2C12-hux11
cells that were grown on collagen I showed the expected focal adhesion staining pattern (Figure 1c).
Finally, the use of mAb 203EL1 in cell attachment to collagen I and in cell spheroid migration assays in
collagen gels demonstrated the effectiveness of mAb 203E1 in blocking «11-mediated adhesion both
under two-dimensional (2D) and three-dimensional (3D) conditions (Figure 1d,e). In summary, the
hybridoma clone 203E1 was identified as producing the blocking antibody mAb 203E1, while the clone
203E3 was identified as producing mAb 203E3 suitable for immunostaining. The immunoglobulin
subtype and affinity determinations established that mAb 203E1 and mAb 203E3 are both of the
IgG1 subtype (Hoschuetzky, H., nanoTools, Teningen, Germany, personal communication 2019), with
affinities in the pM range (Figure S1).

2.2. Integrin a1l Expression in a Panel of Normal and Tumor Human Tissue Sections Using a Tissue Array

To screen for the expression of the 11 subunit in different tumor tissues, a tissue array with
sections from 14 different tumor types and from corresponding normal tissues (Table 1) was screened
using «11 mAb 203E3. The cytokeratin antibodies (anti-keratin 7 and 18) were used to distinguish
epithelial/tumor cells from stromal cells. In agreement with previous studies in adult mouse tissues [33],
the integrin «11 subunit levels in normal human tissues were low or below the detection limit in all
of the normal tissues tested, except for the kidney specimen, where strong immunoreactivity was
observed in the glomeruli, in a pattern that was compatible with positive mesangial cells (Figure 2, o11
expression in the normal kidney tissue section indicated by arrowheads).
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Figure 1. Characterization of the «11 mAb 203E1 and the mAb 203E3. (a) Characterization by flow
cytometry. C2C12 cells and C2C12 expressing human «11 integrin (C2C12-hux11) cells were subjected
to flow cytometry using the 203E1 and 203E3 mAbs. Only the C2C12-hua11 cells incubated with the
203E1 and 203E3 mAbs displayed a fluorescence shift. (b) Characterization by immunoprecipitation.
Integrin «1131 was immunoprecipitated with the 203E1 and 203E3 mAbs. The polyclonal «11 antibody
(pAb «11) was used as a positive control, whereas mouse IgG1 was used as a negative control. Loading
of the cell lysis (input) has been included to appreciate the efficiency of the immunoprecipitation.
Immunoprecipitated proteins were detected with a rabbit polyclonal antibody to human «11. The
full-size Western blotting is presented, MW: molecular weight marker. (c) Characterization by
immunocytochemistry. C2C12 and C2C12-hux11 cells were plated on collagen I and immunostained
using mAbs 203E1 and 203E3. Both antibodies immunostained focal adhesions (arrows). Scale bar:
20 um. (d) Characterization in cell adhesion assay. C2C12-huxl11 cells were incubated with either
1 mAD or 203E1 mAb and allowed to adhere to collagen I. (e) Characterization in invasion assay.
Homospheroids composed of C2C12-huxl11 cells were embedded in collagen I gel and treated with
either the mouse IgG1 isotype control or 203E1 mAb at 10 ug/mL. Spheroid migration was analyzed
after 24 h.

Of the tumor tissues in the array, the breast, liver, lung, pancreas, ovary, and uterus tumors
stood out as having markedly upregulated integrin «11. Co-staining with cytokeratin indicated the
exclusive expression of «11 in the stroma. Weaker a11 expression was noted in the stroma of the
small intestine and stomach adenocarcinomas. The skin squamous carcinoma section showed notable
al1 chain expression, but it was restricted to a small region, which was perhaps due to the limited
area of the section and the size spotted in the tissue array. Likewise, the immunostaining of the
skeletal muscle rhabdomyosarcoma tissue was diffuse and will need to be confirmed in further sections.
(Figure 2, integrin «11 expressions in the different tumor sections are indicated by arrows). In summary,
four of the 14 tumor tissues analyzed lacked a specific integrin «11 signal, namely the stroma of
the brain oligodendroglioma, the colon adenocarcinoma, the renal cell carcinoma and the prostate
adenocarcinoma, whereas the majority of the carcinomas/adenocarcinomas showed upregulated
integrin oc11 expression in the stroma cells as compared with the normal tissues.
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Table 1. Donor and patient information on the tissue array sections.

Table Age Sex Pathological Diagnosis Differentiation TNM or Stage
Brain 70 F Normal
Brain Tumor 36 F Oligodendroglioma N/A Stage IIT
Breast 40 F Normal
Invasive Ductal
Breast Tumor 47 F Carcinoma N/A TunknownNoMo
Colon 87 F Normal
Colon Tumor 70 M Adenocarcinoma, Moderately ToNoMy
Mucuous
Skeletal Muscle 79 M Normal
Skeletal Muscle Tumor 50 M Rhabdomyosarcoma Poorly T3NoMy
Kidney 44 M Normal
Kidney Tumor 37 M Renal Cell Carcinoma Moderately T3NoM;
Liver 64 M Normal
Liver Tumor ” M Hepatocellular N/A T5NoMo
Carcinoma
Lung 83 F Normal
Lung Tumor 70 M Adenocarcinoma Moderately TunknownNoMo
Pancreas 86 F Normal
Pancreas Tumor 53 M Adenocarcinoma Poorly TunknownNoMo
Prostate 50 M Normal
Prostate Tumor 66 M Adenocarcinoma N/A Gleason4 +3=7
Skin 61 F Normal
. Carcinoma, Sweat
Skin Tumor 48 M Cland N/A T1NoMy
Small Intestine 70 F Normal
Small Intestine Tumor 68 M Malignant Well ToNM,
Mesenchymoma
Stomach 56 M Normal
Stomach Tumor 54 M Adenocarcinoma, Ulcer Moderately T>2NoMy
Ovary 37 F Normal
Ovary Tumor 54 F Cystadenocar-cmoma, Poorly ToNoMg
? Serous
Uterus 68 F Normal
Uterus Tumor 55 F Adenocarcinoma Poorly TunknownNoMop
N/A, not available; M, male; F, female.
Brain Breast Colon Sk. Muscle Kidney Liver Lung

Normal

Tumor

Integrin all
Normal

Tumor

Pancreas

Prostate

Skin Small Int.

Stomach

Figure 2. Expression of integrin «11 in array sections from normal and tumor adult human tissues.

Uterus

50f21

Immunofluorescence staining was performed on the sections using «11 203E3 mAb (red) and cytokeratin
7 and 18 (green). The cell nuclei were stained with DAPI (blue). In the normal tissues integrin «11
expression was only detectable in the kidney section (arrowheads), while in the tumor tissues «11

expression was detected in 10 of the 14 tumors tested (indicated by arrows in the respective tumor

sections). Staining in each section was shown in a merged picture of two photos taken under a Zeiss
Axioscope microscope (5x). Scale bar: 400 um.
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2.3. Characterization of Stromal Cells Expressing Integrin a1l Subunit in the Tissue Array Tumor Sections

Co-staining of the «11 subunit and cytokeratins were performed in combination with stromal
markers to further characterize integrin «11 expression in the tissue array tumor sections. Three stromal
markers were selected: fibroblast-specific protein 1 (FSP1, expressed in multiple cell types in the stroma,
including immune cells [34]), XSMA (expressed in contractile activated fibroblasts, like myCAFs [6]
and smooth muscle cells [35]), and vimentin (expressed in fibroblastic cells, endothelial cells, and
pericytes [35]). We did not detect any «11 expression in the tumor cells (keratin-positive) of any of
the sections tested, nor was the «11 chain detected in any of the larger blood vessels (<SMA-positive
smooth muscle cells) using this limited set of markers. Co-localization of FSP1 with integrin «11
was only observed in breast and stomach adenocarcinoma sections, whereas XSMA and integrin «11
subunit co-localized to variable degrees in the stroma of most of the integrin a11-positive tumor tissues,
which suggested that integrin 11 could be enriched in the cells corresponding to myCAFs. In the
limited tissues pieces spotted on the arrays, no xSMA could be detected in either the skin sweat gland
carcinoma or the stomach carcinoma (Figure 3). Finally, integrin «11 expression overlapped with
vimentin expression in all sections tested, but most importantly, there were also integrin a11-positive,
keratin-negative cells in the stroma with low or barely detectable vimentin expression, a phenotype
that is compatible with these cells being CAFs.

To summarize this part of the investigation, the integrin «11 subunit immunostaining patterns of
the tissue arrays suggest that, although «11 co-localization with FSP1, xXSMA, and vimentin varies
from one tumor to another, there is a trend for «11 and FSP1 to poorly co-localize in the tumor stroma,
whereas 11 co-localized with xSMA to a larger extent in regions with activated stroma. Integrin «11
and vimentin also showed co-localization in the tumor stroma, but interestingly, a11 chain expression
was also observed in stroma cells with no detectable expression of vimentin. A summary of the integrin
a1l immunostaining and its co-localization with FSP1, xSMA, and vimentin in various tumor tissues,
as seen in the screening results, is presented in Table 2.

Table 2. Summary of integrin «11 expression and its co-localization with other stroma markers in
tumor sections of the tissue array.

Tumor Tissue Pathological Diagnosis 11 Expression in Co-Localization Co-Localization Co-Localization
s g Stroma o11/FSP1 ol1l/aSMA ol1/vimentin
Brain Oligodendroglioma
Invasive Ductal
Breast . +++ + + ++
Carcinoma
Adenocarcinoma,
Colon -
Mucuous
Skeletal Muscle Rhabdomyosarcoma ?
Kidney Renal Cell Carcinoma -
Liver Hepatocellular Carcinoma +++ - ++ +
Lung Adenocarcinoma ++ - + ++
Pancreas Adenocarcinoma +++ - ++ ++
Prostate Adenocarcinoma -
Skin Carcinoma, Sweat Gland ++ - - ++
Small intestine Malignant
Mesenchymoma
Stomach Adenocarcinoma, Ulcer ++ ++ - ++
Cystadenocarcinoma,
Ovary +++ - ++ ++
Serous
Uterus Adenocarcinoma +++ - ++ ++

-, no expression or co-localization; +, low expression or co-localization; ++, medium expression or co-localization;
+++, high expression or co-localization; ?, uncertain expression.

2.4. RT-qPCR to Confirm the Immunostaining Data for the Tissue Arrays

To further verify the positive immunohistochemical data, we performed RT-qPCR to analyze
levels of the integrin a1l subunit and the various markers in lung, pancreas, and skin on RNA isolated
from the same tissues as used for preparing the tissue array sections. The RT-qPCR data demonstrated
increased RNA levels of integrin a11 (ITGA11) in the lung, pancreas, and skin tumor tissue relative to
the normal tissues, with the greatest increase in oc11 RNA to be found in the pancreas tumor (Figure 4).
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Interestingly, vimentin (VIM) and «SMA (ACTAZ2) that we showed to co-localize with integrin «11 in
the pancreatic cancer tumors also displayed increased expression in this tumor tissue.

DAPI a11 Cyt7/14 al1 FSP1 a1l aSMA al1 Vimentin

e

Ovary-T Stomach-T Skin-T Pancreas-T Lung-T Liver-T Breast-T

Uterus-T

Figure 3. Integrin «11 co-localization with various markers in selected tumor array sections. The
sections were stained with «11 203E3 mAb (red,) combined with cytokeratin 7 and 14 (green), FSP1
(green), xSMA (green), and vimentin (green), respectively, as indicated. DAPI (blue) was used for
counterstaining only in the combination of integrin «11 and cytokeratin 7/14. Pictures shown were
taken under Zeiss Axioscope microscope (10x). Scale bar: 200 pm.A close-up image of a region of
interest is inserted in each picture (scale bar: 50 pm). Arrows denote co-localization of integrin «11
with other stroma markers.
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Figure 4. Comparison of mRNA expression of integrin «11 and various markers in selected normal
and tumor tissues. Total RNA was extracted from the normal and tumorous lung, pancreas and skin
tissues on which immunostaining had previously been performed. mRNA levels of integrin «11
(ITGA11), cytokeratin 7 (KRT?), vimentin (VIM), alpha smooth muscle actin (xSMA) (ACTA2), and
fibroblast-specific protein 1 (FSP1) (S100A4) were analyzed by RT-qPCR. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was amplified as a reference gene for normalization. Each gene expression
level is presented as a fold change in tumor tissue relative to the normal tissue. Shown is the average
fold change of the mRNA extracted from each sample, but reverse transcribed and amplified in three
independent experiments. Error bar indicates the standard deviation from the average.

2.5. Characterization of Cells Expressing Integrin a1l Subunit in PDAC and HNSCC

After screening the tumor tissue array, we examined the expression of «ll in the CAF
subpopulations in the tumor stroma in more detail. Oncomine analyses of cancer datasets have
identified ITGA11 overexpression in breast, pancreas, lung, colorectal-, and gastric cancer [36], and
we have recently shown that HNSCC tumors express «11 in their stroma [30]. Based on these data,
we decided to use tumor sections and isolated CAFs from PDAC and HNSCC tumors for further
characterization of the expression and function of 11 using the novel «11 mAbs.

Six different stroma markers were chosen for co-staining with «11 mAb 203E3, while cytokeratin
co-staining was performed to demarcate the tumor cells to better characterize the cells expressing «11.
In agreement with previous data obtained with tissue sections from PDAC and HNSCC tumors, we
observed «11 expression in the PDAC and HNSCC sections to be restricted to the stroma compartment
and often seen peritumorally, in close in close contact with the tumor cells. The fibroblast-activating
protein (FAP) staining was limited to the peritumoral region in close proximity to the tumor cells and
it was extensively co-stained with «11. FSP1, on the other hand, showed little co-expression with «11,
as was also the case with the pericyte marker NG2, which was expressed in distinct cell populations
and appeared to not be co-expressed with «11 at all in the sections analyzed. The other two CAF
markers, PDGFRf and aSMA, were co-expressed with 11 in the majority of the stroma regions that
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were observed. Curiously, vimentin expression was again widespread in the stroma of both types of
tumors, but it displayed a differential expression pattern from that of x11 (Figure 5 and Figure S2).

DAPI a1l Cyt7

DAPI all FAP DAPl a11 FSP1 DAPI a11 NG2

HNSCC

[y
P

DAPI a11 PDGFRB

DAPIl a11 aSMA

PDAC

HNSCC

Figure 5. Determination of integrin «11 co-expression with various stroma markers. Fresh-frozen tumor
sections from human pancreatic ductal carcinoma (PDAC) and head and neck squamous carcinoma
(HNSCC) were co-stained with oc11 203E3 mAb (red) and the respective tumor and stroma cell markers,
as indicated (green). Cell nuclei were stained with DAPI (blue) and used as counterstaining. The
photos were taken under a Zeiss Axioscope microscope (20x). Scale bar: 100 um. A close-up image
of a region of interest is inserted in each picture (scale bar: 25 um). Arrows denote co-localization
of integrin «11 with other stroma markers.HE staining of the sequential section from the PDAC or
HNSCC patient was shown in parallel. The photos were taken under a Nikon Eclipse E600 microscope
(5%). Scale bar: 200 pm. Inserts show higher magnification of the selected area (scale bar: 100 pm).

2.6. Role of Integrin a11B1 in Fibroblasts and CAFs

We screened a number of fibroblasts and CAFs for integrin «11 chain expression and its function
in cell adhesive interactions with collagen I to examine the role of 1131 as a collagen receptor in
fibroblasts and CAFs (Figure 6). We also analyzed two additional collagen-binding integrin chains,
integrin «1 (detected with the clone 639508 mAb) and integrin o2 (detected with P1E6 mAb and EPR
5788 mAb) chains, both dimerizing with the integrin 31 chain [37]. Human lung embryonic MRC5
fibroblasts expressed low levels of 11 in Western blotting by comparison to the x11-overexpressing
C2C12 cells (C2C12-huxl11, Figure 1), which served as a positive control for expression and functional
analyses. The treatment with TGF-p resulted in a moderate increase in x11 levels in the MRC5 cells
(Figure 6a and Figure S3). In agreement with this, the effect of 203E1 in these cells was restricted to cell
adhesion, whereas collagen gel contraction and spheroid invasion were unaffected by the presence of
mADb 203E1, which was presumably due to involvement of other collagen-binding integrins (Figure 6b).
In agreement with the concept that the degree of inhibition is related to the degree of expression, the
effect of 203 E1, and the combination of the function-blocking antibodies 203E1(x11) and P1E6 («2)
was also greater in all three functional assays (cell attachment, collagen gel contraction, and spheroid
invasion) for human gingival fibroblasts (hGF) with higher «11 expression (Figure 6a,c).
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Figure 6. Effect of integrin «11 mAbs on cell-collagen interactions in fibroblasts and cancer-associated
fibroblasts. (a) Western blot showing the total protein expression of integrin a1, a2, 11, and «2 in;
MRCS fibroblasts with or without TGE-f1 (the MRC5 cells were treated with 5 ng/mL TGF-f1 for 48 h
to induce «11 integrin); human gingival fibroblasts (hGF); cancer-associated fibroblasts (CAFs) and
normal fibroblasts (NOFs) from a head and neck squamous cell carcinoma (HNSCC) patient; CAFs
from a pancreatic adenocarcinoma (pCAF) and pCAFs with integrin «5 knockdown (pCAFKD«5).
C2C12-huxl1 cells were used as a positive control. (b) Effect of integrin antibodies on «111-mediated
cell adhesion of MRCS5 cells. MRCS5 cells treated with TGF-f31 were assayed in cell adhesion, collagen
gel contraction and spheroid migration in the presence of control antibodies (CTRL), 2 integrin mAb
(P1E6) or «11 integrin mAb (203E1). (c) Effect of integrin antibodies on «1131-mediated cell adhesion
of human gingival fibroblasts. hGF cells were assayed in cell adhesion, collagen gel contraction and
spheroid migration in the presence of control antibodies (CTRL), a2 integrin mAb (P1E6), a11 integrin
mAb (203E1), or B1 integrin mAb (mAb 13). (d) Effect of integrin antibodies on «1131-mediated cell
adhesion of pCAFKDa5. pCAFKDAS5 cells were assayed in cell adhesion, and spheroid migration in
the presence of control antibodies (CTRL), a2 integrin mAb (P1E6), x11 integrin mAb (203E1), or 31
integrin mAb (mAb 13). For cell adhesion, the cells were treated with antibodies and allowed to adhere
to collagen I in serum free conditions for 50 min. For spheroid data spheroid migration was analyzed
after 24 h. Results shown here are representative images of the spheroid after image processing with
Image]. The radius of the region of interest from each individual spheroid was measured using Radial
Profile plugin from Image]. Means + SEM of at least three independent experiments are shown and
analyzed with one tailed, unpaired t—test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Normal fibroblasts and CAFs from HNSCC tumors were analyzed afterwards. Here, the expression
of «11 was modest in these CAFs (Figure 6a). The PDAC tumors, in turn, gave us access to two kinds
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of CAFs: control PDAC CAFs (P CAFs) and CAFs, in which integrin o5 had been knocked down
using CRISPER-CAS-9 (P CAF KD«5) [38]. The latter CAFs expressed «11 at a comparable level to
that achieved by hGF cells (Figure 6a), but the 203 E1 antibody in these cells was mainly effective in
the invasion assay, with a smaller effect of mAb being observable in the cell attachment and collagen
gel contraction assays. The less efficient inhibition of 203E1 was probably partly due the to higher
levels of a2 integrin in P CAF KD«5 than in the hGF cells (Figure 6¢,d), but it might also reflect some
involvement of other 31 integrins in the adhesion of these cells to collagen I (see Discussion).

In summary, the function-blocking assays demonstrate that 11 mAb 203E1 inhibited cell-collagen
interactions in a manner that seemed to depend on the level of xl1 expression, as well as on the
presence of other collagen receptors. MADb 203E1 was especially efficient in blocking 3D spheroid
migration in P CAF KD«5.

3. Discussion

Most integrins are widely expressed on multiple cell types. Among the collagen-binding integrins,
the «1 and a2 integrin chains are both expressed on dermal fibroblasts [39,40], but only limited data
are available regarding their expression and their function in CAFs. However, in general, the «1 and
a2 integrin chains are widely expressed and they can also be detected in tumor cells as well as vascular
and immune cells [41-43]. These integrins are therefore not particularly useful as biomarkers for
CAFs. The collagen-binding «10 integrin is normally limited to cartilage and a very restricted subset
of fibroblasts [44]. Although melanoma cells have been reported to express «10, no expression has
been reported in CAFs [45]. In contrast, x11p1 integrin is expressed in a pattern that is restricted to
CAFs in NSCLC and HNSCC, as observed by immunostaining while using a polyclonal antibody to
o1 [28,30,46].

Data from mouse models of NSCLC show that integrin oc11 expression is associated with increased
stiffness of the tumors, which suggested the involvement of x1131-mediated ECM reorganization as an
underlying mechanism and resulted in stiffer and more ECM [29]. In addition to the suggested direct
effect of 11p1 in mediating collagen reorganization, a correlation with lysyl oxidase-like 1 (LOXL1)
expression has been noted [29,47]. This indirect mode of regulating the levels of collagen cross-linking
enzymes needs further studies to directly link it to an «11f1-mediated molecular mechanism.

The current work adds to existing studies of integrin «11 expression in various human tumors.
In the process of adult tissue immunostaining using the polyclonal integrin «11 antibody, we noted
problems with non-specific background staining, so that it was essential to develop new and better
reagents. The monoclonal antibodies mAbs 203E1 (function-blocking) and 203E3 (immunostaining)
described herein are both high affinity mono-specific mouse antibodies to the human integrin o11
chain with no reactivity with either the 31 integrin chain or the human 2 integrin chain, or any other
tested integrin chains.

The a11 immunoreactivity in the stroma of invasive ductal breast cancer is interesting, since breast
cancer tissue is often stiff and desmoplastic [48-50], which is in agreement with our current picture of
integrin «11 expression as being enriched at sites of high mechanical stress [25]. The high integrin
«l1 protein expression that is seen in the invasive ductal mammary carcinoma data is supported by
large-scale cancer genomics data at TCGA demonstrating high «11 mRNA expression in invasive
breast cancer (TCGA Research Network: http://cancergenome.nih.gov/). Similarly, the analysis of an
Oncomine database (https://www.oncomine.org/) supports the expression of x11 in various forms
of breast cancer. A functional role for x11 in breast cancer is likewise supported by data from a
PyMT mouse model, in which the absence of x11 in the breast cancer stroma greatly attenuates breast
tumorigenesis and metastasis [36]. In this context, it is also interesting to note that human breast cancer
tumor cells at the invasive front in an in vitro spheroid metastasis model express integrin «11 RNA at
the point in time when the cells assume a mesenchymal invasive phenotype. Integrin «11 is part of the
gene signature in these “trailblazer” breast cancer cells, and it is thought to be functionally involved
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in this invasion process [23]. Nevertheless, we could not observe any integrin x11 staining in the
mammary cancer cells of the limited number of sections that we analyzed here.

The in vitro data that were obtained here with «11 function-blocking antibodies suggest that 1131
has arole in CAF-mediated collagen remodeling and cell migration. Although the «11 function-blocking
antibody almost completely inhibited cell-collagen adhesion interactions in «11-transfected C2C12 cells,
the contribution of 1131 to cell-collagen interactions was lower in the fibroblasts and CAFs expressing
additional collagen receptors, including «2f31. Interestingly, the effect of antibodies to 31 integrin was
still greater than the combined effect of the 231 and x1131 blocking antibodies, which suggested the
involvement of other 31 integrins in indirect cell adhesive interactions with collagen [51,52]. Integrin
a5p1 is one candidate receptor for mediating these indirect interactions with the collagen matrix, since
fibronectin is present during the collagen gel contraction and spheroid migration.

The strong immunoreactivity of integrin o11 protein in pancreatic carcinoma and ovarian cyst
adenocarcinoma tissues is also in agreement with the TCGA expression data, where ITGA11 expression
in pancreatic cancer belongs to the top-five tumor category for all tumor types analyzed for «11 mRNA
expression (TCGA Research Network: http://cancergenome.nih.gov/). A recent study of pancreatic
cancer CAFs has suggested that 11 may play a role in cell migration on pancreatic CAFs [53]. However,
it is important to point out that oc11 has a tendency to be induced in cell culture. In our own work, we
have failed to detect «11 integrin in breast cancer cells (this study and [36]) or in liver or pancreatic
stellate cells [26,33], whereas work that was performed using in vitro cultured cells has suggested a
role for stellate cell-derived «11-expressing CAFs in tissue and tumor fibrosis [53-55].

The lack of proper antibody controls is one weakness in some studies of integrin «11 using
polyclonal antibodies. The use of polyclonal antibodies with pathological tissue sections is challenging.
The monoclonal antibodies that were characterized here were generated using a soluble heterodimeric
protein, which was immunized in native form, and the mAbs were screened with a11-specific reagents.
No reactivity was noted with any of the other integrin ot or 3 chains tested, and they should constitute a
valuable tool for future work. Although the prostate tumor tissue that was analyzed here was negative
for integrin a11 immunoreactivity, we have previously noted «11 expression in the prostate carcinoma
stroma using the polyclonal integrin «11 antibody [56]. The new data agree with expression data that
are available from TCGA, in which the 11 mRNA levels reported in prostate adenocarcinoma are
modest. The «11 immunostaining observed in cells expressing low levels of vimentin is interesting.
Vimentin has been widely regarded as a universal marker of stromal cells [4], but curiously resident
mesenchymal stem cells (MSCs) have recently been reported to be characterized by a low expression of
vimentin [57].

When activated, fibroblasts become contractile and they produce and remodel collagen. During
the activation process, normal quiescent fibroblasts first become protomyofibroblasts and then, when
fully activated, are known as myofibroblasts [58,59]. One marker myofibroblasts is xSMA. It is
worth noting that data are now accumulating to suggest that xSMA is an inconsistent marker of
activated collagen-producing myofibroblasts cells, at least in fibrotic conditions in the lung, kidney,
and heart [60,61]. Independent in vitro data on activated fibroblasts, in tumors known as myCAFs [6],
share characteristics with the CAFs that are described in this study with integrin «11 chain expression
associated with aSMA expression and a myofibroblast phenotype [27,29,62-65]. Interestingly, we
found here that CAFs expressing integrin o11 do not systematically co-express xSMA, since we noted
a strong co-expression of integrin «11 and «SMA in CAFS around the tumor cells of the PDAC and
HNSCC sections, which suggested that these 11*-CAFs could have a role in collagen remodeling
at the border of the tumor in order to facilitate tumor cell invasion. In colon cancer, the role of
tumor cell av[33 at the tumor cell-stromal cells interfaces has been shown to be intimately connected
with CAF osteopontin expression and the formation or generation of a cancer stem cell niche [66].
Recent studies using six antibody markers actually classified four different subtypes of CAFs in breast
cancer TME, where the peritumoral CAFs expressed xSMA and FAP and they were found to be
immunosuppressive [67]. As already mentioned, similar studies of PDAC tumors have identified a
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myofibroblastic CAF subtype, myCAF, at the tumor stroma interfaces, and an inflammatory subtype
iCAF at a greater distance away from the tumor cells [6].

Thus, the data that are presented here raise a number of interesting questions. One central issue
concerns the origin of integrin a11-expressing CAFs in the tumor stroma and whether these have a
common developmental origin. During development, integrin «11 is highly expressed in the neural
crest-derived head mesenchyme, in addition to the mesenchyme contributing fibroblasts to tendons,
periosteoum, and perichondrium, but also in xXSMA-positive myofibroblasts in the intestinal villus
cluster [25]. Villus cluster myofibroblasts are thus naturally occurring myofibroblasts. Here, we also
identified certain «11-expressing cells in the kidney mesangium that are «11 positive. We suggest
that these cells represent the mesangial myofibroblasts, but this will require further characterization
work. In the PyMT mouse model of breast cancer, some CAFs have been shown to originate from the
bone marrow (BM) compartment [20]. Once these cells from the BM have arrived in the breast cancer
TME, they expand and differentiate into CAFs. Interestingly, this subset of CAFs lack PDGFaR. It
will be interesting to determine the origin of the «11-expressing CAFs in breast and pancreatic cancer,
especially in the light of data demonstrating the expression of «11 in a subset of mesenchymal stem
cells [68].

Secondly, it will be interesting to determine which factors drive integrin «11 expression. Based on
our current knowledge, it is tempting to speculate that the stiffness of the tumor tissue will be one
factor, which raises the «11 expression levels via unknown mechanisms. Furthermore, the finding that
integrin «11 expression is high in desmoplastic tumors raises the question of how «1131 on CAFs
contribute to collagen synthesis.

Finally, our immunohistostaining data with a limited set of markers clearly demonstrate that
CAFs in the stroma are heterogeneous with regard to a11 and «SMA expression, which suggests that
«l1 is expressed on distinct subset(s) of CAFs. In the light of xenograft models, existing data suggest
that some CAFs expressing 1131 are tumor supportive [28,29], and future studies should be aimed at
better defining the a11-expressing CAF subsets in various tumor types, including the «11*/vimhigh
and «11*/vim!®" subsets.

4. Materials and Methods

4.1. Tissue Array Sections

Frozen Tumor and Normal Tissue Array sections from BioChain Institute Inc. (Newark, CA, USA,
Cat# T6235700-5, Lot#B712100, five sections per array) were used to examine x11 expression in human
normal and tumor tissues. Immunostaining was also performed on fresh-frozen tumor tissue sections
from patients that were diagnosed with pancreatic ductal adenocarcinoma (PDAC) or head and neck
squamous carcinoma (HNSCC), which were both obtained from Haukeland University Hospital and
subject to ethical approval from the Committee for Ethics in Health Research of West Norway (permit
numbers REK Vest 2013/1772 and 2010/481, respectively).

4.2. Cells and Reagents

The C2C12 cells stably expressing human «ll integrin or human «2 integrin subunits
(C2C12-huxl11 and C2C12-hux2, respectively) have been described previously [25]. MRC5 human
lung fibroblasts (American Type Culture Collection) were obtained from Robert Lafyatis laboratory
(University of Pittsburgh Medical Center, Pittsburgh, PA, USA), the primary hGFs were isolated from
healthy gingival tissue, as described earlier [69], and the primary oral cancer-associated fibroblasts
(CAFs) and the primary normal oral fibroblasts (NOFs) were isolated from the same patient that
was diagnosed with HNSCC at Haukeland University Hospital. The pancreatic cancer CAFs and
integrin o5 knockdown CAFs isolated from PDAC, as described in [38], were obtained from Edna
Cukierman’s laboratory (Fox Chase Cancer Center, Philadelphia, PA, USA). All of the cells were
attested as mycoplasma-free using the Lonza Mycoalert mycoplasma detection kit (Fisher scientific,
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Gothenburg, Sweden, Cat# 11630271) and they were cultured in DMEM with GlutaMAX (Gibco, Life
technology limited, Paisley, PA49RE, UK, Cat# 31966-021) supplemented with 10% fetal bovine serum
(Gibco, Life technology limited, Cat# 10270-106) and 1% Penicillin-Streptomycin (Sigma, St Louis, MO,
USA, Cat# P4333). TGF-B1 was from PeproTech (Hamburg, Germany, Cat# 100-21C).

4.3. Generation of Mouse Monoclonal Antibodies Specific to the Human Integrin a11 Chain

The integrin 11 mAbs were custom-made at nanoTools (http://www.nanotools.de/) while using
established procedures. Briefly, NT-HRM mice (nanoTools Antikoerpertechnik, Germany) were
immunized with soluble recombinant human «1131 integrin protein produced in CHO cells (R&D
Systems, Minneapolis, MN, USA, Cat# 6357-AB), boosted twice, and cell fusion performed on day
68. Fusion was performed from 12 mice and hybridomas were screened for «11-producing clones
in several steps. Luminex beads that were coated with x11p1 integrin were used to screen the 11
binders. Supernatants from positive clones were tested in flow cytometry for a positive signal with
C2C12-huxl1 cells [25], but a lack of reactivity with cells not expressing human «11 (parental mouse
C2C12 cells and A431 cells, which express human (1 integrin, together with a number of other human
integrin « chains, including av, &2, 3, and &5 [31]). The positive supernatants were tested for their
ability to immunostain focal contacts «11- containing in C2C12-hux11 cells that were plated on collagen
I'and to inhibit cell attachment of C2C12-hux11 cells to collagen I, but not to fibronectin. Limited
dilution further characterized and finally subcloned positive clones.

4.4. Flow Cytometry

The C2C12-huxl1 cells were detached and neutralized with DMEM with FBS. After being washed
three times with PBS (without Ca?* and Mg?*), they were blocked with 5% BSA for 30 min at room
temperature (RT). They were then mixed with mAb 203E1 or mAb 203E3 (3 pug/mL each) and then
incubated for 1 h at 37 °C, followed by washing three times with PBS and incubation for 1 h in RT with
Alexa fluor® 647-conjugated goat anti-mouse IgG (1:400, Jackson ImmunoResearch, Cambridgeshire,
UK). Finally, the cells were washed and analyzed by FACS Accuri at the Molecular Imaging Center
(MIC, University of Bergen, Bergen, Norway). FLOWJO computer software was used for data analysis
(FLOWJO, LLC, Franklin Lakes, NJ, USA).

4.5. Immunoprecipitation

Subconfluent C2C12-hux11 cells were cultured in 10 cm Petri dishes and lysed in 1 mL lysis buffer
(10 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.5% NP40, 1 mM MgCl,, 1 mM CaCl,, and complete Mini,
EDTA-free cocktail (Roche Diagnostics GmbH, Manheim, Germany, Cat# 11836170001) for 20 min at
4 °C on a rocker. Protein lysates were centrifuged at 13,000X g for 20 min at 4 °C. The supernatants were
incubated with 50 uL of protein G Sepharose beads (GE Healthcare, Uppsala, Sweden, Cat# 17-0618-01)
with control non-immune mouse IgG for 2 h in a rotator at 4 °C, and spun down at 5000 rpm for 2
min at 4 °C. The resulting supernatants were then collected and incubated with 5 pg/mL of primary
antibody (rabbit polyclonal anti-human «11 antibody or mAbs 203E1 or 203E3) overnight at 4 °C. The
samples were incubated with 50 uL of protein G Sepharose beads for 2 h at 4 °C and spun down at
5000 rpm for 2 min at 4 °C. The beads were washed twice in PBS and 50 puL of 2x sample buffer with
reducing agent was added before the boiling samples for 5 min. Finally, the samples were centrifuged
for 2 min at 5000 rpm and loaded onto 6% SDS-PAGE gels for the separation of proteins, which were
transferred to PVDF membranes while using the iBlot® system (Invitrogen, Kyrat Shmona, Israel,
Cat#1B301002). The immunoprecipitated proteins were detected by incubating the membranes with
polyclonal 11 rabbit antibody [32] followed by goat anti-rabbit HRP (see Western blotting for details).

4.6. Western Blotting

The cells cultured in monolayers were washed with phosphate-buffered solution (PBS,
Sigma-Aldrich, St Louis, MO, USA) lysed in SDS-sample buffer (Bio-Rad, Oslo, Norway, Cat# 1610791)
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with 3% of 2-B-mercaptoethanol (Sigma-Aldrich, Cat# M7154) and sonicated using a Vibra-Cell™
ultrasonic processor (Sonics and Materials, Newtown, CT, USA). The cell lysates were subjected to
(6% acrylamide) SDS-PAGE electrophoresis after boiling for 5 min., and the proteins were transferred
to PVDF membranes using the iBlot® system. The membranes were blocked with 5% non-fat dry
milk (Marvel, UK) in Tris-buffered saline containing 0.1% Tween20 (TBS-T), incubated with primary
mouse anti-human «11 antibody Mab 210F4 [70] or rabbit monoclonal anti-human «2 (EPR 5788,
Abcam, Cambridge, MA, USA, Cat# ab133557) or mouse monoclonal anti-human o1 antibody (R&D
Systems, Minneapolis, MN, USA, Cat# MAB 5676) and anti-(3-actin (AC-74, Sigma-Aldrich, Cat# A5441)
overnight at 4 °C. Following the incubations, the membranes were washed in TBS-T three times for
10 min and incubated with goat anti-mouse- or goat anti-rabbit-HRP-conjugated secondary antibodies
for 1 h at room temperature. The membranes were developed while using the ECL™ western blotting
systems kit (GE Healthcare) and photographed using the ChemiDoc XRS device and the Quantity One
1-D Analysis Software (Bio-Rad).

4.7. Immunocytofluorescence

C2C12 and C2C12-huall cells were seeded on coverslips that were pre-coated with bovine
collagen I (Advanced BioMatrix, PureCol, Carlsbad, CA, USA, Cat# 5005) and cultured for 4 h. The
coverslip coating was done in a 24-well plate with collagen I solution at a final concentration of
100 pg/mL, followed by incubation overnight at 4 °C. After culturing, the cells were briefly washed with
PBS and fixed in 4% PFA for 10 min., washed in PBS (3 x 5 min), permeabilized, and blocked with 0.1%
TritonX-100 and 1% BSA in PBS at RT for 1 h. For integrin «11 detection, the cells were incubated with
affinity-purified a1l mAb, either mAb 203E1 or mAb 203E3 (0.32 mg/mL and 0.5 mg/mL, respectively,
both diluted 1:200). The antibodies were diluted in 10% goat serum in PBS and supplied on coverslips
in a 24-well plate, 200 pL/well. After incubation at 37 °C for 1 h, the cells were rinsed in PBS/Tween-20
(three washes 5 min each). The secondary antibody was Alexa Fluor® 488 AffiniPure goat anti-mouse
IgG (Jackson ImmunoResearch, Cat# 115-545-062, 1:800) and TRITC-conjugated phalloidin (Sigma,
St Louis, MO, USA, Cat# P1951, 1:100) was used to counter-stain stress fiber-associated actin. Both
the secondary antibody and pahalloidin were diluted in PBS and applied to coverslips for 1 h at RT.
The cells were rinsed for 3 X 5 min in PBS/Tween-20 and stained for 2 min with DAPI Nucleic Acid
Stain (Molecular Probes). The staining results were recorded using a Zeiss Axioscope microscope
(Zeiss, Oberkochen, Germany) that was equipped with an AxioCam camera (Zeiss) and Axiovision
software (Zeiss).

4.8. Immunohistostaining

The tissue array sections or fresh tumor cryosections were fixed with methanol for 8 min at —20
°C, followed by rehydration in PBS (3 X 10 min). The unspecific binding sites were blocked using 10%
goat serum in PBS and the sections were incubated with primary antibody combinations, as indicated
in the figures. The primary antibodies used were: mouse anti-integrin «11 mAb (mAb 203E3, 0.5
mg/mL, 1:200), rabbit anti-human cytokeratin 7 mAb (R17-S, Novusbio, Centennial, CO, USA, Cat#
NBP1-30152, 1:200), rabbit anti-human cytokeratin 18 mAb (Epitomics, Burlingame, CA, USA, Cat#
1433-1, 1:400), rabbit anti-human FAP mAb (My Biosource, San Diego, CA, USA, Cat# MBS33414,
1:200), rabbit anti-FSP1 pAb (Millipore, Darmstadt, Germany, Cat# 07-2274, 1:300), rabbit anti-NG2
pAb (Millipore, Cat# AB5320), and mouse anti-aSMA FITC-conjugated mAb (1A4, Sigma, Cat# F3777,
1:400). All of the primary antibodies were diluted in 10% goat serum in PBS. After incubation at 37 °C
for 1 h, the slides were rinsed in PBS/Tween-20 (three times for 5 min). The secondary antibodies Alexa
Fluor® 594 AffiniPure goat anti-mouse IgG (Jackson ImmunoResearch, Cat# 115-585-062, 1:800) and
Alexa Fluor® 488 AffiniPure goat anti-rabbit IgG (Jackson ImmunoResearch, Cat# 111-545-045, 1:800)
were diluted in PBS, applied to the sections, and incubated for 1 h at room temperature. The slides were
then rinsed in PBS/Tween-20, the stained sections mounted in ProLong™ Gold Antifade Mountant
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with DAPI (ThermoFisher, Eugene, OR, USA, Cat# P36931). The staining results were recorded using a
Zeiss Axioscope microscope that was equipped with an AxioCam camera and Axiovision software.

4.9. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

The RT-qPCR was performed, as previously described [27]. One microgram RNA was used along
with MMLV-derived reverse transcriptase (Bio-Rad) and a blend of oligo (dT) and random hexamer
primers. Next, 20 ng of reverse-transcribed cDNA was used as a template, along with 0.5 uM of each
primer, in a 20 ul gJPCR reaction using FastStar Universal SYBR Green Master (Roche Applied Science,
Penzberg, Germany), which was in accordance with the manufacturer’s protocol. RT-qPCR was
performed in a Light-Cycler 480 Instrument II (Roche Applied Science). The qPCRs were performed in
triplicate for each cDNA sample and negative controls where no cDNA template was included for
each pair of primers. Table 3 lists the primers used for qPCR.

Table 3. List of Primers for the quantitative Polymerase Chain Reaction (GQPCR).

Human Gene Forward Primer Reverse Primer Product Length
ITGA11 5-GTGGCAATAAGTGGCTGGTC 5-GACCCTTCCCAGGTTGAGTT 122 bp
KRT7 5-ACTCATGAGCGTGAAGCTGG 5"-ATCACAGAGATATTCACGGCTCC 117 bp
VIM 5-TGGACCAGCTAACCAACGACAAAG 5-TCCTCTCTCTGAAGCATCTCCTCC 112bp
ACTA2 5-AGCCAAGCACTGTCAGGAATC 5-TGTCCCATTCCCACCATCAC 192 bp
S100A4 5-GCAAAGAGGGTGACAAGTTCAAGC 5-CCTGTTGCTGTCCAAGTTGCTC 137 bp

4.10. Cell Adhesion Assay

48-well plates were coated with human plasma fibronectin (2 pg/mL: Sigma-Aldrich, Cat# F0895)
or bovine collagen type I (0,5 ug/mL: Bovine PureCol®, Advanced BioMatrix, Carlsbad, CA, USA,
Cat# 5005) and incubated for 2 h at 37 °C. After washing the coated plates twice with PBS, they were
blocked with 2% BSA for 1 h at 37 °C, and the cells were washed twice with DMEM without FBS. 1 x
10° cells/well were incubated for 45 min at 37 °C with clone 11,711 (10 pg/mL, mouse IgG1 isotype
control, R&D Systems, MN, USA, Cat# MAB002), mAb 203E1 (10 pug/mL, integrin 11 antibody), P1E6
(5 ug/mL, integrin a2 antibody, Merck Millipore, Cat# MAB1950Z), and mAb 13 (5 ug/mL, integrin 31
antibody, BD Biosciences, San Jose, CA, USA, Cat# 552828). Following incubation, the non-adherent
cells were carefully removed by washing twice with PBS containing Ca?* (1 mM) and Mg?* (0.5 mM).
The cells were fixed with absolute ethanol for 10 min at room temperature, washed twice with distilled
water, and stained with 0.1% crystal violet for 25 min at room temperature. The plates were washed
three times with distilled water and the cells were lysed with 1% Triton X-100/PBS for 15 min. The
lysates were transferred to a 96-well plate and the absorbance was read at 595 nm (Spectramax® Plus
384, Molecular Devices, San Jose, CA, USA).

4.11. Collagen Gel Contraction

Collagen gel contraction was performed according to a previously described protocol [69]. 24-well
plates were blocked with 2% BSA overnight at 37 °C and washed three times with PBS. A collagen
solution was prepared by mixing 50% of DMEM 2x (SLM-202-B, Merck Millipore, Cat# SLM-202-B),
10% of 0.2M HEPES at pH 8.0, and 40% of collagen type I. The solution was then mixed with cells to
obtain a final concentration of 1 x 10° cells/mL. 400 uL of cell-collagen suspension was added to each
well and allowed to polymerize for 90 min at 37 °C. Antibodies were added to DMEM containing 0.5%
FBS for the blocking experiments. Polymerized collagen gels were floated with 400 uL of DMEM. The
gel diameters were measured using a ruler and percentage of the initial gel area was calculated at
different time points.

4.12. Spheroid Preparation and Migration Assay in 3D Collagen Gel

Single cell type spheroids (homospheroids) were prepared by the hanging drop method, as
described earlier [63]. Cells with 80% confluency were trypsinized and resuspended in a solution that
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was composed of 2 volume of DMEM with 10% FBS and 1 volume of methylcellulose (Sigma-Aldrich)
to a concentration of 1 x 10®/mL. Approximately 35 drops (25 pL/drop, 2.5 x 10* cells) were placed
on the lid of a Petri dish containing DMEM in the bottom. The lid was inverted over the bottom of
the dish. The spheroids were cultured for one day under regular cell culture conditions (37 °C and
5% CO2). A collagen solution was prepared by mixing 50% of DMEM 2x, 10% of 0.2 M HEPES at
pH 8.0 and 40% of collagen type I, and 100 L of this solution was added onto a 96-well plate and
incubated for 15 min at 37 °C. 1 spheroid was embedded per well and the collagen-spheroid solution
was allowed to polymerize for 90 min at 37 °C. After polymerization, 100 uL of DMEM with antibody
was added to each well to cause the collagen gel to float, before culturing for 24 h. The spheroids were
examined under an inverted light microscope (Leica DMIL, Wetzlar, Germany) and photographed.
The resulting images were then analyzed and processed with Fiji. The modification of the spheroids
included the alteration of the type to 8-bit, adjustment of the brightness/contrast, subtraction of the
background, and establishment of a threshold. The radial Profile plugin of Fiji was applied to quantify
the intensity of the cells.

5. Conclusions

In summary, our data indicates that integrin «11 is induced in CAFs in the stroma of tumor tissues
that are characterized by high tissue stiffness and desmoplasia, and the morphology of the cells in
the set of tumors analyzed here suggests a reactive stromal phenotype, which is not associated with
vascular structures. Functional assays with cultured fibroblasts and CAFs demonstrated a role for
«11p31 in collagen reorganization and CAF invasion, lending further support to the hypothesis that
a11 might be an interesting candidate for stromal-targeted therapy to increase the efficacy of immune
therapy, as well as conventional therapeutic approaches.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/6/765/s1,
Figure S1: Determination of the integrin ac11 203E1 and 203E3 mAb affinity, Figure S2: Immunostaining and H&E
staining of sections from three different HNSCC patients, Figure S3: Full-size Western blots of Figure 6a and
protein quantification for each blot.
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Figure S1. Determination of the integrin all 203E1 and 203E3 mAb affinity. The
experiment was done in nanoTools using Luminex beads (Biorad) conjugated with
either integrin al11B1 or a2p1 protein (target protein, both are from R&D Systems).
Binding affinity of the mAb 203E1 and 203E3 to the target protein was indicated by
the mean fluorescent intensity (MFI) at different mAb concentrations.
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Figure S2. Immunostaining and H&E staining of sections from three different
HNSCC patients. Inmuno and H&E stainings were performed in available sections
from 3 independent patients with an oral cancer (patient OC 29A, OC 41B and OC
54B). A representative staining result from OC 29A was shown in Figure 5 indicated
as HNSCC, together with staining result from a PDAC patient. Scale bar: 100 pum in
IF pictures and 200 um in H&E pictures.
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Figure S3. Full-size Western blots of Figure 6a and protein quantifications for each
blot. Protein extracts from indicated cells were transferred to a PVDF membrane,
and the membrane was blotted sequentially with antibodies to integrin all (a),
integrin a2 (b) and integrin al (c). The protein-antibody complexes were stripped off
before each blotting. Molecular weight marker (BioRad) was used and sizes of the
bands were indicated. The relative expression levels of the integrin a chains were

normalized to B-actin on each membrane except for integrin al, in which the B-actin
bands from integrin a2 blot were used since the integrin al blot was only incubated

with al but not f-actin antibody.
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