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INTRODUCTION 

The goal of regenerative medicine is to replace, engineer or restore an organ or tissue to re-establish 

its normal function. Presently, the most commonly used therapy associated with regenerative 

medicine is organ replacement via transplantation. Indeed, ex vivo organ preservation via perfusion 

and subsequent transplantation surgery have had tremendous impact on patient’s mortality, 

morbidity, quality of life and also cost effectiveness in terms of health care expenditure (Orlando et 

al., 2013). However, the number of available healthy donor organs lags far behind the increasing 

number of patients on transplant waiting list (Klassen et al., 2016). Consequently, this makes 

clinicians and basic researchers explore different avenues for expanding the donor organ pool.  

Within the last 50 years, it has become evident that autologous cellular therapy provides exceptional 

opportunities for the treatment of several human diseases and disabilities (Trainor et al., 2014), 

potentially removing the requirement for donor organs and long-term immunosuppressive 

treatment. Among all cell types, the most favorable source for cell therapy are stem cells which 

sustain continued tissue formation by generating cellular progeny while simultaneously renewing 

themselves through division (Clevers and Nusse, 2012). For the past three decades it has been 

possible to derive embryonic stem cells (ESCs) from the inner cell mass of a blastocyst stage embryo 

and expand them continuously in vitro (Evans and Kaufman, 1981; Martin, 1981). More recently, 

induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka, 2006) can be generated from 

almost any mature cell type in our bodies. However, regarding clinical application of iPSCs important 

safety issues related to tumorigenicity still need to be addressed (Nori et al., 2015).  Additionally, 

tissue-resident adult stem cells (Clevers, 2015) have gained much attention recently for their intrinsic 

abilities to self-renew and differentiate into the cell types present in adult tissues. While ESCs offer 

the potential for wider variety of therapeutic applications, adult stem cells provide the prospect for 

autologous stem cell transplantation, which will avoid issues of immune reaction. Recent advances in 

the techniques of molecular biology in concert with genetic animal models have greatly advanced 

our understandings on the fate, renewal and differentiation potential of stem cells in a myriad of 

tissues, including those of exocrine glands. These tissues that discharge secretion by means of a duct 

which opens onto an epithelial surface, perform a diverse array of physiological functions, including 

the ability to retain body fluids, facilitate mastication and swallowing and to regulate body 

temperature. Studying the regulation of glandular adult stem cells in a laboratory setting can provide 

valuable insights and possible salvation for number of medical concerns including glandular cancer, 

heat regulation disorders, skin defects and the side effects to radiation-induced normal tissue 

damage. However, the tissue biopsies obtained from healthy patients are often small and do not 

contain enough material for further clinical application. Therefore, expansion of glandular adult stem 
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cells	  in	  culture	  holds	  great	  promise	  for	  regenerative	  medicine.	  Yet,	  until	  recently	  this	  has	  in	  general	  

been	  difficult	   to	   achieve	  because	  of	   the	   lack	   of	   functional	   stem	   cell	   assays,	   stem	   cell	  markers	   and	  

knowledge	   about	   required	  molecular	   cues	   responsible	   for	   the	  maintenance	   of	   these	   stem	   cells	   ex	  

vivo.	  	  	  	  

In	   this	   Review	   we	   discuss	   the	   biology	   of	   exocrine	   glands	   with	   a	   particular	   focus	   on	   the	   recent	  

advances	   in	   identification,	   characterization	   and	   ex	   vivo	   manipulation	   of	   tissue	   specific	   stem	   cells.	  

First,	  we	  will	   explore	   the	   lesser-‐studied	  organs	   focusing	  on	   sweat	  and	   sebaceous	  glands.	   Then,	  we	  

will	   discuss	   the	   biology	   of	   stem	   cells	   in	   prostate,	  mammary	   and	   salivary	   gland,	   respectively.	   Data	  

from	   studies	   conducted	   in	   mouse	   and	   human,	   where	   applicable,	   will	   be	   conferred.	   We	   consider	  

current	  methods	  and	  techniques	  for	  expanding	  glandular	  stem	  cells	  outside	  their	  native	  niches	  and	  

further	  discuss	   the	  opportunities	  and	   threats	  of	  applying	  stem	  cells	   in	  clinical	  use.	  Finally,	  we	  pose	  

questions	  that	  we	  anticipate	  will	  guide	  this	  field	  in	  the	  upcoming	  years.	  	  

	  

SWEAT	  GLANDS	  

Sweat	  glands	  (SwG)	  are	  the	  most	  abundant	  glandular	  epithelia	  of	  the	  human	  body	  and	  possess	  a	  vital	  

role	  in	  human	  survival	  through	  the	  regulation	  of	  body	  temperature.	  SwGs	  in	  human	  skin	  are	  classified	  

as	   eccrine	   or	   apocrine	   (Gebhart,	   1989).	   The	   eccrine	   SwG	   consists	   of	   a	   secretory	   coil	   and	   a	   dermal	  

duct,	  which	  opens	  onto	  the	  epidermal	  surface	  allowing	  the	  gland	  to	  secrete	  a	  water-‐	  and	  salt-‐based	  

liquid.	  Apocrine	  SwGs	  have	  a	  thick,	  short	  duct	  that	  opens	  into	  the	  hair	  follicle	  before	  going	  to	  the	  skin	  

surface.	  Apocrine	  sweat	   is	  a	   cloudy	  viscous	   fluid	  containing	  proteins,	   lipids	  and	  steroids,	  as	  well	  as	  

water	  and	  electrolytes.	  The	  overall	  architecture	  of	  SwG	  tissue	  is	  a	  classical	  bi-‐layered	  gland	  (Figure	  1)	  

consisting	  of	  a	  hollow	  center	  surrounded	  by	  an	  inner	  suprabasal	  layer	  of	  K8/K18/K19+	  luminal	  cells,	  

and	  an	  outer	   layer	  of	  K5/K14	  and	  smooth	  muscle	  actin	  (SMA+)	  myoepithelial	  cells	  surrounded	  by	  a	  

basement	  membrane	  (Langbein	  et	  al.,	  2005;	  Moll	  and	  Moll,	  1992;	  Schon	  et	  al.,	  1999).	  Myoepithelial	  

cells	  are	  enriched	  in	  myofilaments	  and	  actin,	  suggesting	  that	  similarly	  to	  mammary	  and	  salivary	  gland	  

their	  role	  is	  to	  provide	  contractile	  support	  to	  facilitate	  secretion	  (Sato,	  1977;	  Sato	  et	  al.,	  1989a).	  	  

Hypohidrosis	   (or	   anhidrosis)	   is	   a	   condition	   in	   which	   patients	   have	   diminished	   or	   absent	   sweating	  

which	  can	  lead	  to	  hyperthermia,	  heat	  exhaustion,	  heat	  stroke	  or	  death	  (Cheshire	  and	  Freeman,	  2003;	  

Sato	   et	   al.,	   1989b).	   In	   contrast,	   hyperhidrosis	   is	   characterized	   by	   sweating	   beyond	   the	   amount	  

necessary	   to	   maintain	   thermal	   regulation	   that	   can	   cause	   various	   levels	   of	   discomfort	   and	   stress.	  

Treatment	   of	   severe	   and	   extensive	   burns	   often	   involves	   skin	   grafting	   using	   epidermal	   sheets	  

prepared	   from	   small	   areas	   of	   the	   patient’s	   unburned	   skin	   (Gallico	   et	   al.,	   1984).	   Although	   the	  
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epidermis	  is	  restored,	  the	  SwGs	  do	  not	  regenerate	  making	  large-‐scale	  deep-‐burn	  survivors	  often	  heat	  

intolerable.	  Thus,	   information	   regarding	  SwG	  stem	  cells	   that	  could	  contribute	   to	   the	   restoration	  of	  

sweat	   apparatus	   would	   have	   large	   impact	   for	   regenerative	   therapy	   in	   helping	   people	   with	   skin	  

injuries.	  

	  
Figure	  1.	  Schematic	  representation	  of	  sweat	  glands.	  	  

To	   uncover	   the	   existence	   of	   multipotent	   and	   unipotent	   progenitors	   in	   SwGs	   and	   to	   track	   their	  

progeny,	   Lu	   et	   al.	   (Lu	   et	   al.,	   2012),	   used	   lineage	   tracing	   approach	   from	   K5,	   K14,	   K15	   and	   K18	  

expressing	  cells.	  Marking	  K14+	  and	  K5+	  basal	  cells	  in	  embryonic	  ectoderm	  results	  in	  labelling	  of	  both,	  

basal	  and	   luminal	   cells.	   These	  data	   suggest	   that	   the	  SwGs	  are	  derived	   from	  multipotent	  epidermal	  

progenitors.	   The	   K14+	   bud	   progenitors	   then	   transition	   to	   transient	   multipotent	   K14+	   basal	  

progenitors	   and	  K18+	   suprabasal	   progenitors	   as	  development	  proceeds.	   Eventually,	   they	   form	   two	  

clonally	  expanding	  unipotent	  adult	  progenitor	  cell	  populations:	  myoepithelial	  and	  glandular	   luminal	  

progenitors.	   These	   findings	   uncover	   a	   switch	   from	   multipotency	   to	   unipotency	   in	   the	   progenitor	  

properties	  during	  the	  SwG	  development.	  Challenging	  these	  populations	  in	  engraftment	  experiments	  

revealed	   that	   despite	   their	   unipotent	   behavior	   in	   the	   adult	   gland,	   purified	   myoepithelial	   cells	  

consistently	  undergo	  complete	  de	  novo	  glandular	  morphogenesis	  when	  grafted	  in	  cleared	  mammary	  

fat	  pads	  of	  shoulder	  fat	  pads	  (Lu	  et	  al.,	  2012).	  Moreover,	  only	  myoepithelial	  cells	  were	  enriched	  for	  

cells	   that	  have	   the	  ability	   to	   form	   large	  colonies	   that	  could	  be	  cultured	   long	   term	   (Lu	  et	  al.,	  2012).	  

Another	   study	   showed	   that	   myoepithelial	   progenitors	   are	   infrequently	   dividing	   cells,	   which	   can	  

regenerate	   SwGs	   and	   hair	   follicle	   in	   when	   grafted	   onto	   the	   backs	   of	   recipient	  mice	   (Leung	   et	   al.,	  

2013).	   These	   findings	   suggest	   that	   myoepithelial	   cells	   retain	   greater	   regenerative	   potential	   when	  

challenged	  to	  de	  novo	  morphogenesis.	  In	  the	  future	  it	  would	  be	  of	  interest	  to	  challenge	  the	  potency	  

of	  progenitor	  populations	  in	  cell	  specific	  ablation	  assays	  (Tian	  et	  al.,	  2011)	  to	  further	  estimate	  their	  

relative	  function	  and	  interrelationship	  in	  situ.	  	  

Several	   signaling	   pathways	   coordinately	   regulate	   the	   initiation	   and	   further	   development	   of	   SwGs.	  

Genetic	  defects	  in	  EDA	  gene,	  EDA’s	  receptor	  (EDAR)	  or	  associated	  adaptor	  protein	  (EDARADD)	  which	  

are	   part	   of	   the	   tumor	   necrosis	   factor	   (TNF)	   superfamily,	   have	   shown	   to	   be	   the	   cause	   of	   human	  

hypohidrotic	  ectodermal	  dysplasia	  (HED),	  a	  disease	  characterized	  by	  absent	  or	  malformed	  hair,	  teeth	  

GENERAL INTRODUCTION AND OUTLINE OF THE THESIS
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and	  SwGs	  (Monreal	  et	  al.,	  1999;	  Zonana	  et	  al.,	  1992).	  Mutations	  in	  these	  three	  genes	  account	  for	  the	  

majority	   of	   HED	   cases	   and	   cause	   a	   severe	   sweating	   defect	   (Chassaing	   et	   al.,	   2006;	   Cluzeau	   et	   al.,	  

2011),	   indicating	   crucial	   requirement	   for	   EDA	   signaling	   in	   SwG	   development.	   Additionally,	   mice	  

lacking	   TRAF6	   (TNF-‐receptor-‐associated	   factor	   6)	   (Naito	   et	   al.,	   2002)	   and	   NF-‐κB	   activity	   (Schmidt-‐

Ullrich	   et	   al.,	   2001)	   also	   present	   a	   similar	   HED	   phenotype.	   In	   Eda-‐null	   (tabby)	   mice	   Hedgehog	  

signaling	  (Shh)	  is	  significantly	  downregulated	  (Kunisada	  et	  al.,	  2009).	  Moreover,	  since	  EDA	  and	  EDAR	  

expression	  has	  been	  shown	  to	  be	  dependent	  on	  lymphoid	  enhancer	  factor	  1	  (Lef1)	  and	  Lef1-‐binding	  

motif	  was	  identified	  in	  the	  promoter	  region	  of	  Eda	  gene,	  the	  Wnt/β-‐catenin/Lef1	  pathway	  has	  been	  

considered	   to	   be	   an	   upstream	   regulator	   of	   the	   EDA	   signaling	   in	   the	   development	   of	   ectodermal	  

appendages	  (Kere	  et	  al.,	  1996;	  Kobielak	  et	  al.,	  1998;	  Laurikkala	  et	  al.,	  2001).	  However,	  these	  studies	  

did	  not	   investigate	  the	  role	  of	  Wnt	  signaling	   in	  the	  context	  of	  SwG	  development	  and	  regeneration.	  

Therefore,	   further	   investigation	   is	   required	   in	   assessing	   how	   and	   to	  which	   extent	  Wnt	   signaling	   is	  

involved	   in	  the	  regulation	  of	  SwG	  stem	  cell	   fate.	  An	  additional	  element	  for	  Wnt/β-‐catenin-‐EDA/NF-‐

κB-‐Shh	  cascade	  in	  SwG	  development	  is	  the	  Bone	  morphogenic	  protein	  (BMPs)-‐pathway.	  In	  particular,	  

overexpression	  of	  BMP	  antagonist	  Noggin	  in	  skin	  epidermis	  not	  only	  show	  increased	  hair	  density	  but	  

also	   leads	  to	  a	  hair	   follicle	  formation	   in	  otherwise	  hairless	  mouse	  footpads	  (Plikus	  et	  al.,	  2004)	  and	  

nipple	   epithelium	   (Mayer	   et	   al.,	   2008).	   These	   data	   indicates	   that	   inhibition	   of	   BMP	   signaling	  

advocates	  for	  hair	  follicle	  generation	  while	  activation	  of	  BMP	  promotes	  glandular	  cell	  fate.	  Still,	  more	  

studies	   are	   required	   to	   understand	   the	   key	   mechanisms	   directly	   regulating	   various	   progenitor	  

populations	  within	   the	   sweat	   gland.	  Contrary	   to	  mammary	  and	   salivary	   gland	   (see	  below),	   to	  date	  

reports	  on	  isolating	  SwG	  stem	  cells	  for	  in	  vitro	  cultures	  are	  lacking.	  Therefore,	  ex	  vivo	  manipulation	  

of	   these	   pathways	   combined	   with	   stem/progenitor	   cell	   cultures	   may	   lead	   to	   the	   possibility	   of	  

expanding	  sweat	  gland	  stem	  cells,	  which	   in	   turn	  can	  open	  up	  venues	   for	  more	  efficient	  biomedical	  

applications.	  	  

	  

SEBACEOUS	  GLANDS	  

The	  sebaceous	  gland	  (SeG)	  plays	  a	  prominent	  role	  in	  lubricating	  and	  waterproofing	  the	  skin	  surface.	  

Moreover,	  SeG	  products	  also	   form	  the	  protective	   lipid	  barrier	  of	   the	  skin	  and	   thus	   function	   in	   skin	  

immune	  system	  (Schneider	  and	  Paus,	  2010).	  During	  development	  the	  SeG	  buds	  from	  the	  outer	  root	  

sheath	  of	  the	  epidermis	  as	  a	  terminally	  differentiating	  structure	  that	  resides	  above	  the	  bulge.	  SeG-‐s	  

can	  be	  unilobular	   or	  multilobular	   and	   consists	   of	   acini	   containing	   full	  mature	   sebocytes	   (Figure	  2).	  

Differentiated	  sebocytes	  produce	  and	  secrete	  lipid-‐rich	  sebum	  into	  the	  hair	  canal	  that	  empties	  out	  to	  

the	  skin	  surface	  (Alonso	  and	  Rosenfield,	  2003;	  Stewart,	  1992).	  
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Two	  major	  and	  yet	  unsolved	  health	  concerns,	  acne	  and	  sebaceous	  cancers,	  are	  associated	  with	  the	  

dysfunction	   of	   sebaceous	   gland.	   Furthermore,	   although	   rare,	   sebaceous	   carcinomas	   often	   recur	  

locally,	   metastasize	   frequently	   and	   have	   a	   high	   mortality	   rate	   (Buitrago	   and	   Joseph,	   2008).	  

Consequently,	  there	  is	  considerable	  interest	  in	  elucidating	  the	  role	  of	  stem	  cells	  in	  SeG	  biology.	  	  

	  
Figure	  2.	  Schematic	  representation	  of	  sebaceous	  glands.	  

The	  SeG	  requires	  continuous	  replenishment	  of	  differentiated	  mature	  sebocytes	  to	  remain	  functional	  

throughout	  life.	  Still,	  the	  identity	  of	  sebaceous	  gland	  stem	  cells	  (SeGSCs)	  remains	  enigmatic.	  Previous	  

data	   indicated	   that	  Blimp1	  marked	  a	  unique	  population	  of	  SeGSCs	   (Horsley	  et	  al.,	  2006).	  However,	  

subsequent	   research	   showed	   that	   Blimp1	   is	  more	  widely	   expressed	   in	   the	   epidermis,	   including	   in	  

differentiated	  cells	  of	  the	  SeG.	  Therefore	  it	  has	  been	  rejected	  as	  a	  specific	  marker	  of	  SeGSCs	  (Cottle	  

et	   al.,	   2013;	   Magnusdottir	   et	   al.,	   2007).	   Lineage	   tracing	   studies	   initiated	   from	   a	   minimal	   K15	  

promoter	  and	  from	  the	  Lgr6	  promoter	  have	  led	  to	  the	  conclusions	  that	  stem	  cells	  responsible	  for	  the	  

replenishment	  of	  SeG	  reside	  within	  the	  bulge	  and	  the	  lower	  isthmus	  (Petersson	  et	  al.,	  2011;	  Snippert	  

et	   al.,	   2010).	   Performing	   lineage-‐tracing	   experiments	   initiated	   from	   Llrig1-‐expressing	   cells,	   which	  

marks	   basal	   cells	   in	   junctional	   zone	   and	   SeG,	   indicated	   that	   basal	   cells	   within	   the	   SeG	   form	   an	  

autonomous	   source	   for	   cellular	   replenishment	   (Page	   et	   al.,	   2013).	  More	   recently,	   using	  multicolor	  

lineage	   tracing	   approach	   Füllgrabe	   and	   colleagues	   showed	   that	   Lgr6+	   cells	   exhibit	   a	   long-‐term	  

potential	  for	  the	  maintenance	  of	  SeG	  through	  the	  process	  of	  population	  asymmetry	  independent	  of	  

the	  contribution	  Lgr6+	  cells	  from	  other	  compartments	  of	  the	  skin	  (Fullgrabe	  et	  al.,	  2015).	  These	  data	  
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suggest	  that	  as	  it	   is	  the	  case	  with	  other	  epidermal	  compartments	  (Snippert	  et	  al.,	  2010),	  Lgr6	  could	  

mark	  stem	  cells	  of	  SeG.	  Similarly	   to	  the	  sweat	  gland	  possible	  venues	   for	  ex	  vivo	  culturing	  and	   in	   in	  

vivo	  transplantation	  of	  SeG	  stem	  cells	  have	  until	  date	  not	  been	  explored.	  Therefore,	  in	  the	  future	  it	  

would	  be	  of	   interest	   to	   investigate	  the	  regenerative	  potential	  of	  Lgr6+	  stem	  cells	   isolated	  from	  the	  

different	  compartments	  of	  the	  skin	  and	  their	  possible	  trans-‐differentiation	  capability	  when	  placed	  in	  

a	  microenvironment	  of	  another	  skin	  compartment.	  

	  

PROSTATE	  GLANDS	  

The	   prostate	   gland	   is	   a	   male	   sex	   gland	   surrounding	   the	   urethra	   at	   the	   base	   of	   the	   bladder	   that	  

functions	   to	  produce	  a	  major	   fraction	  of	   the	  seminal	   fluid.	  Despite	   the	   fact	   that	  human	  prostate	   is	  

lacking	  apparent	  lobular	  structure,	  the	  pioneering	  work	  done	  by	  McNeal	  (McNeal,	  1969,	  1981,	  1988)	  

in	   the	   late	   ’60-‐s	   and	   during	   ’80-‐s	   defined	   the	   human	   prostate	   as	   having	   a	   zonal	   architecture,	  

corresponding	   to	   central,	   periurethral	   transition	   and	   peripheral	   zones,	   together	   with	   an	   anterior	  

fibromuscular	   stroma	   (Timms,	   2008).	   Of	   note,	   the	   outermost	   peripheral	   zone	   occupies	   the	   most	  

volume	  and	  harbors	  the	  majority	  of	  prostate	  carcinomas.	  Contrary	  to	  the	  human	  prostate,	  the	  mouse	  

prostate	   consists	   of	   multiple	   lobes	   that	   have	   distinct	   patterns	   of	   ductal	   branching,	   histological	  

appearance,	  rates	  of	  DNA	  synthesis,	  gene	  expression	  and	  secretory	  protein	  expression	  (Marker	  et	  al.,	  

2003).	  These	  correspond	  to	  the	  central,	  lateral,	  dorsal	  and	  anterior	  lobes	  with	  the	  dorsal	  and	  lateral	  

lobes	  often	  combined	  as	  the	  dorsolateral	  lobe	  for	  analysis.	  Although	  compelling	  molecular	  evidence	  

for	   homology	   between	   specific	   rodent	   prostatic	   lobes	   and	   human	   prostatic	   zones	   have	   not	   been	  

defined,	  data	  from	  gene	  expression	  profiling	  analysis	  support	  the	   idea	  that	  the	  dorsolateral	   lobe	  of	  

the	  mouse	  is	  most	  similar	  to	  the	  peripheral	  zone	  of	  the	  human	  prostate	  (Berquin	  et	  al.,	  2005).	  	  

At	  the	  histological	  level,	  both	  mouse	  and	  human	  adult	  prostate	  contain	  a	  pseudostratified	  epithelium	  

with	  three	  primary	  cell	   types,	  corresponding	  to	   luminal,	  basal,	  and	  neuroendocrine	  cells	   (Figure	  3),	  

which	  can	  be	  distinguished	  by	  morphology	  as	  well	  as	  marker	  gene	  expression	  (Shen	  and	  Abate-‐Shen,	  

2010).	  Notably,	   luminal	  epithelial	  cells	  express	  cytokeratins	  8	  and	  18	  (K8,	  K18	  respectively),	  Nkx3.1,	  

prostate-‐specific	  antigen	  (PSA),	  as	  well	  as	  high	  levels	  of	  androgen	  receptors	  (ARs),	  whereas	  basal	  cells	  

express	   p63,	   K5,	   K14	   and	   low	   levels	   of	   AR.	   Luminal	   cells	   also	   produce	   secretory	   proteins	   such	   as	  

prostate-‐specific	   antigen	   (PSA)	   in	  humans	  and	  probasin	   in	  mice.	   The	   rare	  neuroendocrine	   cells	   are	  

epithelial	   cells	   that	   display	   neuronal-‐like	   processes	   and	   express	   neural	   markers	   such	   as	  

synaptophysin	  and	  chromogranin	  A,	  but	  not	  AR	  (Abrahamsson	  and	  di	  Sant'Agnese,	  1993;	  Terry	  and	  

Beltran,	  2014).	   Finally,	   in	   the	  developing	  adult	  prostate,	   a	  population	  of	  basally	   localized	   rare	   cells	  

that	  co-‐express	  luminal	  and	  basal	  cytokeratins	  are	  termed	  ‘intermediate’	  cells	  (De	  Marzo	  et	  al.,	  1998;	  
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synaptophysin	  and	  chromogranin	  A,	  but	  not	  AR	  (Abrahamsson	  and	  di	  Sant'Agnese,	  1993;	  Terry	  and	  

Beltran,	  2014).	   Finally,	   in	   the	  developing	  adult	  prostate,	   a	  population	  of	  basally	   localized	   rare	   cells	  

that	  co-‐express	  luminal	  and	  basal	  cytokeratins	  are	  termed	  ‘intermediate’	  cells	  (De	  Marzo	  et	  al.,	  1998;	  

	  

Hudson	  et	  al.,	  2001;	  Xue	  et	  al.,	  1998),	  but	  whether	  these	  cells	  constitute	  a	  distinct	  functional	  cell	  type	  

remains	  unclear.	  

	  
Figure	  3.	  Schematic	  representation	  of	  prostate	  glands.	  

The	  existence	  of	  adult	  stem	  cells	   in	  mouse	  prostate	  glands	   is	   implied	  by	  the	  ability	  of	   the	  tissue	  to	  

undergo	   repeated	   cycles	   of	   extensive	   regression	   in	   response	   to	   surgical	   or	   chemical	   castration,	  

followed	   by	   full	   regeneration	   subsequent	   to	   androgen	   restoration.	   Consequently,	   the	   prostate	  

epithelium	   should	   contain	   a	   long-‐term	   resident	   pool	   of	   castration-‐resistant	   stem	   cells	   capable	   of	  

indefinitely	  regenerating	  the	  gland	  (Tsujimura	  et	  al.,	  2002).	  Particularly,	  the	  majorities	  of	  luminal	  cells	  

are	   androgen-‐dependent	   and	   undergo	   apoptosis	   subsequent	   to	   castration,	   while	   most	   basal	   and	  

neuroendocrine	  cells	   survive	  and	  are	   castration-‐resistant	   (English	  et	  al.,	   1987;	  Evans	  and	  Chandler,	  

1987).	   Furthermore,	   an	   analysis	   of	   BrdU-‐label	   retention	   as	   an	   indicator	   for	   stem/progenitor	   cells	  

during	   serial	   regression	   and	   regeneration	   identified	   label-‐retaining	   cells	   both	   in	   basal	   and	   luminal	  

populations	  in	  the	  proximal	  region	  of	  the	  mouse	  prostatic	  ducts,	  near	  the	  junction	  with	  the	  urethra	  

(Tsujimura	  et	  al.,	  2002).	  

Currently,	  there	  is	  considerable	  evidence	  supporting	  the	  existence	  of	  stem/progenitor	  activity	  in	  both	  

the	  basal	  as	  well	  as	  luminal	  compartments,	  with	  the	  results	  likely	  to	  be	  assay-‐dependent	  (Chua	  et	  al.,	  

2014;	  Goldstein	  et	  al.,	  2008;	  Karthaus	  et	  al.,	  2014;	  Lawson	  et	  al.,	  2007;	  Tsujimura	  et	  al.,	  2002;	  Wang	  

et	   al.,	   2009;	   Wang	   et	   al.,	   2013).	   Generally,	   fate	   mapping	   studies	   of	   developing	   prostate	   have	  

identified	  multipotent	  basal	  progenitors	  that	  give	  rise	  to	  basal,	  luminal	  and	  neuroendocrine	  progeny,	  

as	  well	  as	  unipotent	  luminal	  progenitors	  that	  only	  generate	  luminal	  progenitors	  (Ousset	  et	  al.,	  2012;	  

Pignon	   et	   al.,	   2013).	   In	   contrast,	   the	   adult	   prostate	   epithelium	   is	  mostly	  maintained	   by	   unipotent	  

basal	  and	  luminal	  progenitors	  as	  shown	  by	  marking	  K5+	  and	  K8+	  cells	  respectively	  (Choi	  et	  al.,	  2012;	  

Ousset	   et	   al.,	   2012).	   However,	   during	   androgen-‐mediated	   regeneration	   basal	   as	   well	   as	   luminal	  

bipotent	   populations	   have	  been	   identified.	  Distinctly,	   a	   rare	   subset	   of	   luminal	   cells	   defined	  by	   the	  

expression	  of	  Nkx3.1	   can	  generate	  both	   lineages	  during	   regeneration	  of	   the	  prostate	   (Wang	  et	  al.,	  

2009).	  At	  the	  same	  time,	  basal	  progenitors	  generate	  luminal	  and	  basal	  progeny	  during	  regeneration	  

(Lee	  et	  al.,	  2014;	  Wang	  et	  al.,	  2015a;	  Wang	  et	  al.,	  2014;	  Wang	  et	  al.,	  2013).	  Interestingly,	  the	  cell	  fate	  
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specification	   correlated	   with	   mitotic	   spindle	   orientation,	   as	   asymmetric	   divisions	   occur	   when	   the	  

spindle	  is	  oriented	  vertically	  relative	  to	  the	  basement	  membrane	  (Wang	  et	  al.,	  2014).	  	  

Other	   approaches	   for	   identifying	   stem	   cell	   populations	  within	   the	   normal	   prostate	   epithelium	   has	  

included	   interrogation	   of	   Wnt-‐pathway	   regulated	   genes.	   Wnt	   signaling	   is	   essential	   for	   prostate	  

development	  as	  well	  as	  regeneration	  (Francis	  et	  al.,	  2013).	  Furthermore,	  various	  Wnt	  and	  R-‐spondin	  

proteins	   are	   widely	   expressed	   in	   the	   urogenital	   sinus	   during	   prostate	   development	   (Mehta	   et	   al.,	  

2011).	   Taken	   from	   this,	  Wang	   and	   colleagues	   identified	   a	   population	   of	   castration-‐resistant	   Lgr5-‐

expressing	  stem	  cells	  within	   the	  mouse	  prostate	   that	  are	   long-‐lived	  and	  can	  generate	  both	   luminal	  

and	   basal	   cells	   (Wang	   et	   al.,	   2015a).	   Furthermore,	   the	   study	   demonstrated	   that	   Lgr5+	   cells	   are	  

required	  for	  complete	  prostate	  regeneration	  after	  castration	  and	  subsequent	  androgen	  substitution.	  

In	   the	   future	   it	   would	   be	   of	   interest	   to	   study	   the	   contribution	   of	   Lgr5+	   cells	   to	   the	   initiation	   of	  

prostate	  tumors	  similar	  to	  what	  was	  done	  in	  intestinal	  setting	  (Barker	  et	  al.,	  2009).	  	  

Recently,	   important	   advancements	   have	   been	   made	   in	   characterizing	   stem	   cell	   populations	   in	  

prostate	  glands	  using	  cell	  culture	  assays.	  The	  previous	  in	  vitro	  cultures	  derived	  from	  primary	  prostate	  

epithelium	  (Liu	  et	  al.,	  2012;	  Niranjan	  et	  al.,	  2013)	  and	  three-‐dimensional	   ‘prostaspheres’	  (Garraway	  

et	  al.,	   2010;	   Lawson	  et	  al.,	   2007;	   Shi	  et	  al.,	   2007;	  Xin	  et	  al.,	   2007)	  have	  been	   replaced	  by	  prostate	  

organoid	  culture	  systems	  allowing	  the	  long-‐term	  growth	  of	  mouse	  and	  human	  tissue	  that	  resembles	  

the	   in	   vivo	   composition	   of	   the	   prostate	   gland	   and	   contain	   AR	   at	   physiological	   levels	   (Chua	   et	   al.,	  

2014;	   Karthaus	   et	   al.,	   2014).	   The	   two	   studies	   identified	   both	   basal	   and	   luminal	   cells	   as	   capable	   of	  

giving	  rise	  to	  organoids,	  albeit	  in	  one	  study	  luminal	  cells	  were	  favored	  for	  organoid	  formation	  (Chua	  

et	   al.,	   2014)	   and	   basal	   cells	   in	   another	   (Karthaus	   et	   al.,	   2014).	   However,	   neither	   of	   these	   studies	  

detected	  neuroendocrine	  cells	  within	  the	  organoids.	  Therefore,	  in	  the	  future	  it	  would	  be	  of	  interest	  

to	   investigate	   whether	   modifications	   to	   the	   culture	   conditions	   could	   uncover	   neuroendocrine	  

differentiation	   potential	   of	   the	   initially	   plated	   stem	   cells.	   As	   an	   alternative	   explanation	   it	   is	  

comprehensible	  that	  neuroendocrine	  cells	  present	  within	  prostate	  tissue	  are	  evolved	  from	  different	  

precursors	  than	  luminal	  or	  basal	  cells.	  	  

	  

MAMMARY	  GLANDS	  

The	  mammary	   gland	   (MG)	   functions	   to	   produce	   and	   secrete	  milk	   in	   order	   to	   nourish	  mammalian	  

offspring.	  MG	   is	  a	   remarkably	  adaptive	  organ	  whose	  development	  closely	   reflects	   the	  physiological	  

stage.	  The	  epithelium	  of	  the	  MG	  is	  composed	  of	  1)	  luminal	  cells	  surrounding	  the	  central	  lumen	  and	  2)	  

myoepithelial	   cells	   (Figure	   4),	   which	   are	   located	   in	   a	   basal	   position	   adjacent	   to	   the	   basement	  
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specification	   correlated	   with	   mitotic	   spindle	   orientation,	   as	   asymmetric	   divisions	   occur	   when	   the	  

spindle	  is	  oriented	  vertically	  relative	  to	  the	  basement	  membrane	  (Wang	  et	  al.,	  2014).	  	  

Other	   approaches	   for	   identifying	   stem	   cell	   populations	  within	   the	   normal	   prostate	   epithelium	   has	  

included	   interrogation	   of	   Wnt-‐pathway	   regulated	   genes.	   Wnt	   signaling	   is	   essential	   for	   prostate	  

development	  as	  well	  as	  regeneration	  (Francis	  et	  al.,	  2013).	  Furthermore,	  various	  Wnt	  and	  R-‐spondin	  

proteins	   are	   widely	   expressed	   in	   the	   urogenital	   sinus	   during	   prostate	   development	   (Mehta	   et	   al.,	  

2011).	   Taken	   from	   this,	  Wang	   and	   colleagues	   identified	   a	   population	   of	   castration-‐resistant	   Lgr5-‐

expressing	  stem	  cells	  within	   the	  mouse	  prostate	   that	  are	   long-‐lived	  and	  can	  generate	  both	   luminal	  

and	   basal	   cells	   (Wang	   et	   al.,	   2015a).	   Furthermore,	   the	   study	   demonstrated	   that	   Lgr5+	   cells	   are	  

required	  for	  complete	  prostate	  regeneration	  after	  castration	  and	  subsequent	  androgen	  substitution.	  

In	   the	   future	   it	   would	   be	   of	   interest	   to	   study	   the	   contribution	   of	   Lgr5+	   cells	   to	   the	   initiation	   of	  

prostate	  tumors	  similar	  to	  what	  was	  done	  in	  intestinal	  setting	  (Barker	  et	  al.,	  2009).	  	  

Recently,	   important	   advancements	   have	   been	   made	   in	   characterizing	   stem	   cell	   populations	   in	  

prostate	  glands	  using	  cell	  culture	  assays.	  The	  previous	  in	  vitro	  cultures	  derived	  from	  primary	  prostate	  

epithelium	  (Liu	  et	  al.,	  2012;	  Niranjan	  et	  al.,	  2013)	  and	  three-‐dimensional	   ‘prostaspheres’	  (Garraway	  

et	  al.,	   2010;	   Lawson	  et	  al.,	   2007;	   Shi	  et	  al.,	   2007;	  Xin	  et	  al.,	   2007)	  have	  been	   replaced	  by	  prostate	  

organoid	  culture	  systems	  allowing	  the	  long-‐term	  growth	  of	  mouse	  and	  human	  tissue	  that	  resembles	  

the	   in	   vivo	   composition	   of	   the	   prostate	   gland	   and	   contain	   AR	   at	   physiological	   levels	   (Chua	   et	   al.,	  

2014;	   Karthaus	   et	   al.,	   2014).	   The	   two	   studies	   identified	   both	   basal	   and	   luminal	   cells	   as	   capable	   of	  

giving	  rise	  to	  organoids,	  albeit	  in	  one	  study	  luminal	  cells	  were	  favored	  for	  organoid	  formation	  (Chua	  

et	   al.,	   2014)	   and	   basal	   cells	   in	   another	   (Karthaus	   et	   al.,	   2014).	   However,	   neither	   of	   these	   studies	  

detected	  neuroendocrine	  cells	  within	  the	  organoids.	  Therefore,	  in	  the	  future	  it	  would	  be	  of	  interest	  

to	   investigate	   whether	   modifications	   to	   the	   culture	   conditions	   could	   uncover	   neuroendocrine	  

differentiation	   potential	   of	   the	   initially	   plated	   stem	   cells.	   As	   an	   alternative	   explanation	   it	   is	  

comprehensible	  that	  neuroendocrine	  cells	  present	  within	  prostate	  tissue	  are	  evolved	  from	  different	  

precursors	  than	  luminal	  or	  basal	  cells.	  	  

	  

MAMMARY	  GLANDS	  

The	  mammary	   gland	   (MG)	   functions	   to	   produce	   and	   secrete	  milk	   in	   order	   to	   nourish	  mammalian	  

offspring.	  MG	   is	  a	   remarkably	  adaptive	  organ	  whose	  development	  closely	   reflects	   the	  physiological	  

stage.	  The	  epithelium	  of	  the	  MG	  is	  composed	  of	  1)	  luminal	  cells	  surrounding	  the	  central	  lumen	  and	  2)	  

myoepithelial	   cells	   (Figure	   4),	   which	   are	   located	   in	   a	   basal	   position	   adjacent	   to	   the	   basement	  

	  

membrane.	   Jointly,	   these	   cells	   are	   organized	   into	   a	   series	   of	   branching	   ducts	   that	   terminate	   in	  

secretory	   alveoli	   during	   lactation.	   Unraveling	   of	   the	   normal	   epithelial	   differentiation	   avenues	   is	  

fundamental	   to	   comprehending	  breast	   cancer	  heterogeneity.	   It	   is	   important	   to	  discern	   that	  breast	  

cancer	   is	   not	   a	   single	   disease	   but	   is	   composed	   of	   multiple	   different	   pathological	   and	   molecular	  

subtypes.	  Although	  the	  stratification	  of	  breast	  cancer	  has	  dramatically	   impacted	  on	  treatments	  and	  

outcomes,	  patient	  response	  to	  targeted	  therapy	  or	  chemotherapy	  remains	  still	  unpredictable.	  Due	  to	  

their	   longevity	   and	   extensive	   self-‐renewal	   properties,	   stem	   cells	   have	   been	   considered	   as	   the	  

strongest	   candidates	   for	   “cells	   of	   origin”	   of	   cancer.	   Still,	   there	   is	   also	   considerable	   evidence	  

implicating	   progenitors	   or	   transient-‐amplifying	   cells	   can	   be	   targets	   of	   transformation	   (Visvader,	  

2011).	  

	  
Figure	  4.	  Schematic	  representation	  of	  mammary	  glands.	  

The	  mammary	  gland	  provides	  a	  unique	  model	  to	  study	  the	  life	  cycle	  of	  stem	  cells,	  because	  the	  organ	  

develops	   postnatally,	   arises	   from	   stem	   cells	   and	   is	   readily	   regenerated	   from	   transplanted	   cells.	  

Within	  the	  lifetime	  of	  a	  female,	  the	  mammary	  gland	  undergoes	  many	  dramatic	  changes	  in	  structure	  

and	  function	  that	  occur	  during	  each	  oestrus	  cycle,	  pregnancy,	  lactation	  and	  involution.	  During	  these	  

different	  stages,	  the	  cells	  of	  the	  mammary	  gland	  proliferate,	  self-‐renew,	  differentiate	  or	  apoptose	  in	  

response	  to	  hormonal	  changes,	  resulting	  in	  significant	  remodeling	  of	  the	  glandular	  tissue	  largely	  due	  

to	   the	  activity	  of	  mammary	  gland	  stem	  cells	   (MaSCs)	   (Brisken	  and	  Duss,	  2007).	  Yet,	   the	  potency	  of	  

MaSCs	  seems	  to	  depend	  on	  the	  developmental	  stage	  of	  the	  mammary	  gland	  (van	  Amerongen	  et	  al.,	  

2012)	  and	  whether	  homeostasis	  or	  regeneration	  is	  required	  (Rios	  et	  al.,	  2014;	  Van	  Keymeulen	  et	  al.,	  

2011;	   Wang	   et	   al.,	   2015b).	   However,	   in	   case	   of	   mammary	   and	   salivary	   gland	   (see	   below)	   the	  

regenerative	   potential	   of	   various	   cell	   populations	   can	   be	   tested	   in	   an	   in	   vivo	   reconstitution	   assay	  

(Shackleton	   et	   al.,	   2006).	   Therefore,	   for	   the	   purpose	   of	   this	   Review	   we	   concentrate	   on	   cell	  

populations	   that	   have	   shown	  multipotent	   stem	   cell	   properties	   ex	   vivo	   and	   in	   cell	   transplantation	  

assays	  (referred	  here	  and	  elsewhere	  as	  mammary	  gland	  reconstituting	  units	  –	  MRUs)	  and	  refer	  the	  
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interested	   reader	   to	   the	   excellent	   reviews	   on	   mammary	   gland	   stem	   cells	   during	   physiological	  

development	  and	  differentiation	  (Inman	  et	  al.,	  2015;	  Visvader	  and	  Stingl,	  2014).	  	  

A	  number	  of	  different	  marker	  combinations	  for	  MRUs	  have	  been	  identified	  using	  cell	  surface	  marker	  

sorting	   and	   the	   gland	   reconstitution	   assays.	   Routinely,	   the	   mammary	   epithelium	   is	   depleted	   for	  

hematopoietic/immune	  (CD45),	  erythrocytes	  (Ter119)	  and	  endothelial	  (CD31)	  cells	  (referred	  to	  as	  Lin-‐	  

population).	   Subsequently,	   epithelial	   cells	   are	   then	   sorted	   for	   the	   expression	   of	   medium-‐to-‐high	  

levels	  of	  CD24,	  high	  levels	  of	  CD29	  and/or	  high	  levels	  of	  CD49f	  (Badders	  et	  al.,	  2009;	  dos	  Santos	  et	  al.,	  

2013;	  Plaks	  et	  al.,	  2013;	  Shackleton	  et	  al.,	  2006;	  Stingl	  et	  al.,	  2006;	  Zeng	  and	  Nusse,	  2010).	  However,	  

the	   quantitative	   comparison	   of	   these	   populations	   appears	   to	   be	   difficult	   due	   to	   variations	   in	  

expression	   patterns	   between	   different	   studies.	   Still,	   recent	   work	   done	   by	   Prater	   and	   colleagues	  

(Prater	  et	  al.,	  2014)	  suggests	  that	  all	  the	  cells	  isolated	  via	  this	  sorting	  approach	  are	  of	  myoepithelial	  

lineage	   because	   they	   express	   smooth	   muscle	   actin	   (SMA)	   and	   they	   are	   the	   only	   cells	   capable	   of	  

repopulating	   the	   gland.	   Depending	   on	   the	   study	   ~1/40	   –	   1/800	   cells	   of	   Lin-‐CD24med-‐

highCD29highCD49fhigh	  cells	  are	  able	  to	  give	  rise	  to	  full	  glandular	  epithelium	  (Badders	  et	  al.,	  2009;	  dos	  

Santos	   et	   al.,	   2013;	   Plaks	   et	   al.,	   2013;	   Shackleton	  et	   al.,	   2006;	   Stingl	   et	   al.,	   2006;	   Zeng	   and	  Nusse,	  

2010).	  Therefore,	   it	   is	  not	   justified	  to	  call	   these	  cells	  a	  pure	  MRU	  population	  rather	   they	  are	  MRU-‐

enriched	  population.	  For	  that	  reason,	  several	  studies	  have	  attempted	  to	  refine	  the	  surface	  markers	  

of	  MRUs	   and	   have	   identified	   several	   disparate	   populations	  with	   gland-‐reconstituting	   capacity.	   The	  

adult	  mammary	  gland	  contains	  cells	  that	  retain	  their	  parental	  DNA	  strand,	  suggesting	  that	  these	  cells	  

divide	   infrequently	   and	   via	   asymmetric	   cell	   division	   –	   the	   properties	   of	   stem	   and	   progenitor	   cells	  

(Smith,	   2005).	   These	   DNA	   label-‐retaining	   cells	   were	   indeed	   demonstrated	   to	   have	   fivefold	   higher	  

gland-‐reconstitution	   capacity	   compared	   to	  non-‐labeled	   and	  non-‐label-‐retaining	   epithelial	   cells	   (dos	  

Santos	   et	   al.,	   2013).	   Another	   advantageous	   approach	   for	   isolating	   MRUs	   has	   been	   to	   identify	  

elements	   of	   the	  Wnt	   signaling	   pathway	   that	   are	   active	   in	  mammary	  development,	   given	   that	  Wnt	  

signaling	  is	  instrumental	  for	  MaSC	  self-‐renewal	  (van	  Amerongen	  et	  al.,	  2012;	  Zeng	  and	  Nusse,	  2010),	  

high	  activation	  of	  Wnt/β-‐catenin	  pathway	   in	  DNA	   label-‐retaining	  cells	   (dos	  Santos	  et	  al.,	  2013)	  and	  

the	   universal	   importance	   of	  Wnt	   signaling	   in	   stem	   cell	   behavior	   (Clevers	   et	   al.,	   2014).	   In	   addition,	  

there	  is	  genetic	  support	  for	  the	  role	  of	  Wnt	  signaling	  in	  the	  maintenance	  of	  MaSCs,	  such	  as	  defects	  in	  

mammary	   gland	   development	   in	   mice	  mutant	   for	  Wnt	   pathway	   components	   (Boras-‐Granic	   et	   al.,	  

2006;	  Brisken	  et	  al.,	  2000;	  Chu	  et	  al.,	  2004;	  Lindvall	  et	  al.,	  2006).	  Wnt	  pathway	  elements	  such	  as	  the	  

canonical	  Wnt	  G-‐protein-‐coupled	  receptors	  Lrp5	  and	  Lrp6	  (Goel	  et	  al.,	  2012)	  appear	  to	  mark	  MaSC-‐

enriched	   populations	   when	   compared	   with	   whole	   epithelial	   cell	   population	   (Badders	   et	   al.,	   2009;	  

Lindvall	   et	   al.,	   2009).	   Consistently,	   selection	   for	   high	   expression	   of	   Lrp5	   augmented	   gland	  

repopulation	  efficiency	  compared	  to	  the	  whole	  population	  (Badders	  et	  al.,	  2009).	  Lrp6	   is	  crucial	   for	  
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interested	   reader	   to	   the	   excellent	   reviews	   on	   mammary	   gland	   stem	   cells	   during	   physiological	  
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mammary	   gland	   branching	   invasion	   in	   vivo	   (Lindvall	   et	   al.,	   2009).	   Lgr5,	   an	   additional	   downstream	  

target	  of	  Wnt	  signaling,	  has	  been	  identified	  as	  a	  marker	  of	  resident	  stem	  cells	   in	  a	  number	  of	  adult	  

tissues	  (Barker	  et	  al.,	  2010;	  Barker	  et	  al.,	  2007;	  Huch	  et	  al.,	  2013;	  Jaks	  et	  al.,	  2008;	  Nam	  et	  al.,	  2012).	  

In	   the	   mammary	   gland	   Lgr5+	   cells	   are	   a	   subpopulation	   of	   the	   keratin	   14+	   (K14)	   basal	   Lin-‐

CD24+CD49fhigh	  MRU-‐enriched	  population	  and	  are	  surpassing	  their	  parent	  population	  in	  regenerating	  

functional	  mammary	  glands	  (de	  Visser	  et	  al.,	  2012;	  Plaks	  et	  al.,	  2013).	  Furthermore,	  loss-‐of-‐function	  

and	   deletion	   experiments	   show	   that	   Lgr5	   and	   its	   primary	   ligand,	   R-‐spondin	   are	   crucial	   for	   normal	  

postnatal	   mammary	   gland	   organogenesis	   further	   strengthening	   the	   role	   of	   Lgr5	   in	   not	   just	   gland	  

reconstitution	  but	  also	  normal	  development	   (Chadi	  et	  al.,	  2009;	  de	  Visser	  et	  al.,	  2012;	  Plaks	  et	  al.,	  

2013).	   In	  one	   study	  Lgr5-‐	   cells	   showed	   rare	  gland-‐reconstitution	  activity	   (Rios	  et	  al.,	  2014)	  while	   in	  

another	   Lin-‐CD24+CD49fhighLgr5-‐-‐depleted	   population	   showed	   no	   repopulation	   ability	   (Plaks	   et	   al.,	  

2013).	  Conversely,	  a	  recent	  study	  found	  that	  Lgr5-‐	  cells	  that	  also	  express	  Protein	  C	  receptor	  (Procr),	  a	  

novel	  Wnt	   target	   in	  mammary	   gland,	   showed	   efficient	   colony	   formation	   and	   gland	   reconstitution	  

capability	  when	  compared	   to	  Procr-‐Lgr5+	  cells	   (Wang	  et	  al.,	  2015b)	   indicating	   that	   these	  Lgr5+	  cells	  

were	   not	   enriched	   for	   regenerative	   MaSC-‐s.	   The	   same	   study	   suggests	   that	   in	   regards	   to	   MaSC-‐s,	  

Procr+	   cells	   are	   at	   the	   top	   of	   the	   hierarchy.	   Indeed,	   Procr+	   cells	   are	   rare	   basal	   cells	   that	   display	  

multipotency	   by	   fate	   mapping	   and	   show	   the	   highest	   repopulation	   efficiency	   by	   transplantation	  

(Wang	  et	  al.,	  2015b).	  Thus,	  although	  bipotent	  in	  situ	  and	  in	  regenerative	  assays	  (Rios	  et	  al.,	  2014),	  in	  

regards	   to	   MaSC-‐s	   ranking	   Lgr5-‐expressing	   cells	   seem	   to	   serve	   as	   committed	   precursors	   when	  

compared	  to	  Procr+	  cells.	  Therefore,	  in	  the	  future	  it	  will	  be	  of	  interest	  to	  investigate	  the	  contribution	  

and	  the	  state	  of	  Procr+	  cells	  in	  the	  context	  of	  mammary	  gland	  tumors.	  

Due	   to	   accumulating	   evidence	   for	   the	   essential	   role	   of	   the	  Wnt	   pathway	   in	  MaSC	   regulation	   it	   is	  

appealing	   to	   hypothesize	   that	   supplementing	   isolated	   MaSC-‐s	   with	   Wnt	   agonists	   in	   vitro	   would	  

permit	  ideal	  conditions	  for	  MaSC-‐s	  to	  grow	  with	  full	  retention	  of	  their	  competence	  to	  regenerate	  an	  

organ.	  Indeed,	  Zeng	  and	  colleagues	  (Zeng	  and	  Nusse,	  2010)	  found	  that	  the	  long-‐term	  expansion	  and	  

therefore	   the	   maintenance	   of	   cells	   with	   self-‐renewal	   potential	   is	   dependent	   on	   Wnt	   proteins.	   In	  

these	   experiments,	   Wnt	   did	   not	   act	   as	   mitogenic	   factor	   but	   rather	   as	   an	   element	   for	   preventing	  

differentiation	   thereby	   maintaining	   self-‐renewal.	   To	   unequivocally	   test	   the	   retention	   of	   stem	   cell	  

characteristics	   of	   clonally	   propagated	   MaSC	   the	   researchers	   performed	   3	   generations	   of	  

transplantations	  into	  cleared	  fat	  pads	  starting	  from	  glands	  derived	  from	  late	  passage	  cultured	  cells.	  

The	  cells	  that	  had	  undergone	  this	  procedure	  displayed	  a	  normal	  MaSC	  profile	  and	  did	  not	  exhibit	  loss	  

of	   the	   ability	   to	   reconstitute	   and	   form	   a	   normal	   organ.	   Taken	   together,	   these	   findings	   may	   have	  

important	  implications	  in	  breast	  cancer	  research	  by	  opening	  up	  a	  novel	  strategy	  for	  expanding	  breast	  

cancer	  stem	  cells	  in	  a	  clonal	  fashion	  in	  culture.	  
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SALIVARY	  GLANDS	  

	  

The	   major	   physiological	   function	   of	   salivary	   glands	   is	   to	   secrete	   saliva,	   which	   is	   essential	   for	   the	  

lubrication,	  digestion,	  immunity	  and	  overall	  maintenance	  of	  homeostasis	  within	  the	  body.	  The	  three	  

pairs	   of	   major	   salivary	   glands,	   which	   produce	   90%	   of	   the	   saliva	   in	   humans	   and	   rodents,	   are	   the	  

parotid,	   submandibular	   and	   sublingual	   glands.	   In	   addition	   to	   these	   major	   salivary	   glands	   a	   large	  

number	   of	   minor	   salivary	   glands	   also	   develop	   in	   the	   mouth,	   lining	   the	   inner	   cheek	   area	   (buccal	  

mucosa)	   and	   the	   lips.	   Minor	   salivary	   glands	   include	   the	   buccal,	   labial,	   palatoglossal,	   palatal	   and	  

lingual	  glands.	  The	  anatomical	  architecture	  of	  all	  the	  major	  glands	  is	  essentially	  the	  same:	  secretory	  

end	  pieces,	  the	  acini,	  produce	  and	  facilitate	  the	  expulsion	  of	  the	  saliva	  after	  which	  it	   is	  transported	  

through	   a	   furcated	   ductal	   system	   into	   the	   oral	   cavity	   of	   an	   organism	   (Figure	   5).	   An	   extracellular	  

matrix,	  myoepithelial	   cells,	  myofibroblasts,	   immune	  cells,	   endothelial	   cells,	   stromal	   cells	   and	  nerve	  

fibers	  surround	  the	  acinar	  cells.	  The	  contraction	  of	  myoepithelial	  cells	  directs	  saliva	  out	  of	  the	  acini	  

	  
Figure	  5.	  Schematic	  representation	  of	  salivary	  glands.	  ID:	  intercalated	  duct,	  GCT:	  granular	  convoluted	  
tubule,	  SD:	  striated	  duct,	  ED:	  excretory	  duct.	  	  

	  

into	   intercalated,	   granular,	   striated	   and	   finally	   excretory	   ducts	   (Tucker,	   2007)	   Both,	   the	  

parasympathetic	   and	   the	   sympathetic	   branches	   of	   the	   autonomic	   nervous	   system	   stimulate	   the	  

expulsion	  of	  saliva	  from	  the	  acini.	  Moreover,	  a	  recent	  body	  of	  work	  has	  shown	  how	  parasympathetic	  
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into	   intercalated,	   granular,	   striated	   and	   finally	   excretory	   ducts	   (Tucker,	   2007)	   Both,	   the	  

parasympathetic	   and	   the	   sympathetic	   branches	   of	   the	   autonomic	   nervous	   system	   stimulate	   the	  

expulsion	  of	  saliva	  from	  the	  acini.	  Moreover,	  a	  recent	  body	  of	  work	  has	  shown	  how	  parasympathetic	  

	  

innervation	   is	   critical	   for	   the	   biogenesis	   of	  mouse	   salivary	   glands	   (Knosp	   et	   al.,	   2012;	   Knox	   et	   al.,	  

2010;	   Proctor	   and	   Carpenter,	   2007)	   and	   regeneration	   (Knox	   et	   al.,	   2013).	   Therefore,	   in	   the	   future	  

studying	   the	   interaction	   between	   the	   epithelium	   and	   nerves	   may	   also	   have	   implications	   for	   the	  

regeneration	  of	  human	  salivary	  glands.	  

While	  causes	  of	  irreversible	  salivary	  gland	  hypofunction	  and	  associated	  xerostomia	  include	  systemic	  

diseases	   such	   as	   Sjögren’s	   syndrome,	   granulomatous	   diseases,	   graft-‐versus-‐host	   disease,	   cystic	  

fibrosis,	   Bell’s	   palsy,	   uncontrolled	   diabetes,	   amyloidosis,	   human	   immunodeficiency	   virus	   infection,	  

thyroid	  disease,	   late-‐stage	   liver	  disease	   (von	  Bultzingslowen	  et	  al.,	  2007),	   irradiation	  treatment	   (IR)	  

for	   head	   and	   neck	   tumors	   constitutes	   the	   majority	   of	   patients	   with	   long-‐term	   reduced	   saliva	  

production	  (Vissink	  et	  al.,	  2010).	  IR-‐induced	  xerostomia	  can	  be	  permanent	  and	  is	  hypothesized	  to	  be	  

multifactorial,	  involving	  damage	  to	  salivary	  gland	  epithelial	  cells,	  the	  blood	  vessels	  and	  the	  associated	  

nerves	   (Grundmann	   et	   al.,	   2009;	   Vissink	   et	   al.,	   2010).	   Thus,	   stem	   cell	   therapy	   could	   hold	   a	   key	   to	  

replacing	  lost	  cells	  in	  the	  treatment	  of	  radiation-‐induced	  hyposalivation.	  

For	  decades,	  salivary	  glands	  have	  proven	  to	  be	  an	  excellent	  tool	  to	  study	  adult	  stem	  cell	  regulation	  

due	  to	  their	  extensive	  regenerative	  capacity	  after	  partial	  extirpation	  (Hanks	  and	  Chaudhry,	  1971)	  or	  

duct	   obstruction	   (Burford-‐Mason	   et	   al.,	   1993).	   Due	   to	   this	   unique	   property	   a	   growing	   body	   of	  

research	   has	   been	   focusing	   on	   identifying	   and	   characterizing	   salivary	   gland	   stem	   cells	   (SGSCs).	  

Initially,	   stem/progenitor	   cell	   were	   identified	   as	   label-‐retaining	   cells	   because	   they	   were	   slowly	  

dividing	  cells	   in	  the	  gland.	   In	  these	  experiments	  cells	  were	  pulse	   labeled	  with	  reagents	  that	  bind	  to	  

DNA,	  and	  after	  months	  of	  continued	  growth	  only	  slowly	  dividing	  cells	  in	  the	  gland	  retained	  the	  DNA	  

label.	  Initial	  studies	  showed	  that	  the	  label-‐retaining	  cells	  reside	  in	  the	  intercalated	  ducts	  and	  played	  a	  

role	  in	  the	  regeneration	  of	  the	  gland	  after	  injury	  (Carpenter	  et	  al.,	  2009;	  Chibly	  et	  al.,	  2014;	  Denny	  et	  

al.,	  1999;	  Kimoto	  et	  al.,	  2008).	  Of	  note,	  these	  studies	  did	  not	  measure	  the	  effect	  of	  administration	  of	  

BrdU	   to	   the	   activity	   of	   stem	   cells	   (Kiel	   et	   al.,	   2007).	   More	   recently,	   similar	   experiments	   were	  

performed	   by	   employing	   tetracycline	   regulated	   histone	   H2BGFP	   system	   (Chapter	   4,	   (Kwak	   and	  

Ghazizadeh,	   2015)).	   Conversely	   to	  what	  was	   reported	   previously,	   quiescent	   cells	   carrying	   the	   GFP	  

label	   were	   restricted	   to	   striated	   ducts	   and	   luminal	   cells	   in	   the	   excretory	   ducts.	   Interestingly,	  

subsequent	   to	   radiotherapy	   in	   patients	   these	   are	   the	   surviving	   compartments	   of	   salivary	   gland	  

(reviewed	   in	   (Grundmann	  et	  al.,	  2009)).	  Furthermore,	  by	  using	  2D	  colony-‐formation	  as	  a	   surrogate	  

assay	  for	  measuring	  stem	  cell	  activity,	  quiescent	  GFP+	  cells	  failed	  to	  form	  colonies	  while	  a	  substantial	  

number	   of	   colonies	   formed	   from	   the	   GFP-‐	   cells	   (Kwak	   and	   Ghazizadeh,	   2015).	   The	   discrepancies	  

between	   studies	   using	   DNA	   labels	   and	   the	   superior	   H2BGFP	   system	   could	   be	   explained	   by	   DNA	  

binding	   reagents	   requirement	   for	   active	   cell	   proliferation,	   indicating	   that	   after	   completing	  

development	   and	   reaching	   adulthood,	   quiescence	   is	   not	   a	   defining	   characteristic	   for	   SGSCs.	   Still,	  
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before	  this	  can	  be	  convincingly	  claimed,	  further	  research	  is	  required	  on	  this	  aspect,	  for	  example,	  by	  

varying	  the	  timeframe	  of	  pulse	  and	  chase	  periods.	  	  

Many	   studies	   have	   identified	   biomarkers	   that	   can	   be	   used	   to	   isolate	   or	   label	   stem/progenitor	   cell	  

populations	   from	   adult	   mouse	   salivary	   glands,	   including	   CD49f	   (Chapter	   2,	   (David	   et	   al.,	   2008;	  

Matsumoto	  et	  al.,	  2007;	  Nanduri	  et	  al.,	  2011;	  Sato	  et	  al.,	  2007)),	  c-‐Kit	   (Chapter	  2,	   (Lombaert	  et	  al.,	  

2008;	  Nanduri	  et	  al.,	  2011)),	  EpCAMhigh	  	  (Chapter	  3,	  (Maimets	  et	  al.,	  2016)),	  c-‐Kit	  and	  Sca-‐1	  (Hisatomi	  

et	  al.,	  2004),	  the	  transcription	  factor	  Ascl3	  (Bullard	  et	  al.,	  2008),	  CD24hi/CD29hi	  (Chapter	  5,	  (Maimets	  

et	  al.,	  2015;	  Nanduri	  et	  al.,	  2014)	  and	  a	  combination	  of	  Lin-‐CD24+c-‐Kit+Sca1+	  (Xiao	  et	  al.,	  2014).	  Many	  

of	  these	  cell	  populations	  display	  stem/progenitor	  cell	  properties	  in	  vitro	  (Chapter	  3	  and	  5,	  (David	  et	  

al.,	  2008;	  Hisatomi	  et	  al.,	   2004;	   Lombaert	  et	  al.,	   2008;	  Maimets	  et	  al.,	  2015;	  Maimets	  et	  al.,	  2016;	  

Matsumoto	   et	   al.,	   2007;	   Nanduri	   et	   al.,	   2014;	   Sato	   et	   al.,	   2007;	   Xiao	   et	   al.,	   2014)	   and	   some	  

demonstrate	   regenerative	   properties	   after	   autologous	   transplantation	   into	   a	   preclinical	   mouse	  

model	  of	  hyposalivation	  (Chapter	  3	  and	  5,	  (Lombaert	  et	  al.,	  2008;	  Maimets	  et	  al.,	  2015;	  Maimets	  et	  

al.,	   2016;	   Nanduri	   et	   al.,	   2014;	   Xiao	   et	   al.,	   2014).	   Although	   the	   contribution	   of	   these	   marker-‐

expressing	  cells	   to	  the	  development	  and	  homeostasis	  of	   the	  salivary	  gland	  must	  still	  be	  definitively	  

established,	   their	   regenerative	   capacity	   may	   hold	   a	   promise	   for	   future	   application	   in	   cell-‐based	  

therapy.	  Notably,	  work	  done	   in	  our	   laboratory	  on	  expanding	   isolated	  SGSCs	   in	  a	   laboratory	   setting	  

(Nanduri	  et	  al.,	  2014)	  may	  circumvent	  the	  clinical	  problem	  -‐	  the	  availability	  of	  small	  amount	  of	  biopsy	  

material.	  Building	  on	  this	   finding,	  we	   identified	  Wnt/b-‐catenin	  signaling	  as	  a	  crucial	  component	   for	  

the	  maintenance	  of	  adult	  SGSCs	  (assessed	  in	  Chapter	  3,	  (Maimets	  et	  al.,	  2016)).	  Indeed,	  abrogation	  

of	  Wnt	  signaling	  by	  chemical	  inhibition	  effectively	  blocks	  growth	  of	  SGSCs	  while	  enabling	  it	  leads	  to	  

further	   expansion	   of	   SGSC	   pool.	   Since	   head	   and	   neck	   cancer	   is	   essentially	   associated	   with	   aged	  

population	   (Smith	   et	   al.,	   2009),	  we	   also	   explored	   the	   possibility	   of	   expanding	   stem	   cells	   retrieved	  

from	   an	   old	   organism	   (Chapter	   5,	   (Maimets	   et	   al.,	   2015)).	   Indeed,	   aged	   stem	   cells	   hold	   similar	  

expansion-‐	   and	   regeneration	   potential	   when	   cultured	   in	   a	   ‘young’	   microenvironment	   (Chapter	   5,	  

(Maimets	  et	  al.,	  2015)).	  Although	  these	  experiments	  pave	  the	  way	  for	  a	  novel	  therapeutic	  approach	  

towards	  the	  use	  of	  in	  vitro	  expanded	  SGSCs,	  culturing	  cells	  in	  the	  presence	  of	  proliferation-‐inducing	  

morphogens	   can	   lead	   to	   an	   increased	   number	   of	   genomic	   aberrations.	   Therefore,	   in	   the	   future	   it	  

would	   be	   highly	   informative	   to	   determine	   whether	   long-‐term	   expansion	   of	   stem	   cells	   introduces	  

indications	  of	  genomic	  stress	  and	  instability,	  ranging	  from	  chromosomal	  abnormalities	  (Laurent	  et	  al.,	  

2011),	  “de	  novo”	  copy	  number	  variations	  (Hussein	  et	  al.,	  2011),	  sister	  chromatid	  exchanges	  (Falconer	  

et	  al.,	  2010)	  to	  point	  mutations	   in	  protein-‐coding	  regions	  (Gore	  et	  al.,	  2011),	  and/or	  aberrant	  gene	  

expression.	  	  
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before	  this	  can	  be	  convincingly	  claimed,	  further	  research	  is	  required	  on	  this	  aspect,	  for	  example,	  by	  

varying	  the	  timeframe	  of	  pulse	  and	  chase	  periods.	  	  

Many	   studies	   have	   identified	   biomarkers	   that	   can	   be	   used	   to	   isolate	   or	   label	   stem/progenitor	   cell	  

populations	   from	   adult	   mouse	   salivary	   glands,	   including	   CD49f	   (Chapter	   2,	   (David	   et	   al.,	   2008;	  

Matsumoto	  et	  al.,	  2007;	  Nanduri	  et	  al.,	  2011;	  Sato	  et	  al.,	  2007)),	  c-‐Kit	   (Chapter	  2,	   (Lombaert	  et	  al.,	  

2008;	  Nanduri	  et	  al.,	  2011)),	  EpCAMhigh	  	  (Chapter	  3,	  (Maimets	  et	  al.,	  2016)),	  c-‐Kit	  and	  Sca-‐1	  (Hisatomi	  

et	  al.,	  2004),	  the	  transcription	  factor	  Ascl3	  (Bullard	  et	  al.,	  2008),	  CD24hi/CD29hi	  (Chapter	  5,	  (Maimets	  

et	  al.,	  2015;	  Nanduri	  et	  al.,	  2014)	  and	  a	  combination	  of	  Lin-‐CD24+c-‐Kit+Sca1+	  (Xiao	  et	  al.,	  2014).	  Many	  

of	  these	  cell	  populations	  display	  stem/progenitor	  cell	  properties	  in	  vitro	  (Chapter	  3	  and	  5,	  (David	  et	  

al.,	   2008;	  Hisatomi	  et	  al.,	   2004;	   Lombaert	  et	  al.,	   2008;	  Maimets	  et	  al.,	  2015;	  Maimets	  et	  al.,	  2016;	  

Matsumoto	   et	   al.,	   2007;	   Nanduri	   et	   al.,	   2014;	   Sato	   et	   al.,	   2007;	   Xiao	   et	   al.,	   2014)	   and	   some	  

demonstrate	   regenerative	   properties	   after	   autologous	   transplantation	   into	   a	   preclinical	   mouse	  

model	  of	  hyposalivation	  (Chapter	  3	  and	  5,	  (Lombaert	  et	  al.,	  2008;	  Maimets	  et	  al.,	  2015;	  Maimets	  et	  

al.,	   2016;	   Nanduri	   et	   al.,	   2014;	   Xiao	   et	   al.,	   2014).	   Although	   the	   contribution	   of	   these	   marker-‐

expressing	  cells	   to	  the	  development	  and	  homeostasis	  of	   the	  salivary	  gland	  must	  still	  be	  definitively	  

established,	   their	   regenerative	   capacity	   may	   hold	   a	   promise	   for	   future	   application	   in	   cell-‐based	  

therapy.	  Notably,	  work	  done	   in	  our	   laboratory	  on	  expanding	   isolated	  SGSCs	   in	  a	   laboratory	   setting	  

(Nanduri	  et	  al.,	  2014)	  may	  circumvent	  the	  clinical	  problem	  -‐	  the	  availability	  of	  small	  amount	  of	  biopsy	  

material.	  Building	  on	  this	   finding,	  we	   identified	  Wnt/b-‐catenin	  signaling	  as	  a	  crucial	  component	   for	  

the	  maintenance	  of	  adult	  SGSCs	  (assessed	  in	  Chapter	  3,	  (Maimets	  et	  al.,	  2016)).	  Indeed,	  abrogation	  

of	  Wnt	  signaling	  by	  chemical	  inhibition	  effectively	  blocks	  growth	  of	  SGSCs	  while	  enabling	  it	  leads	  to	  

further	   expansion	   of	   SGSC	   pool.	   Since	   head	   and	   neck	   cancer	   is	   essentially	   associated	   with	   aged	  

population	   (Smith	   et	   al.,	   2009),	  we	   also	   explored	   the	   possibility	   of	   expanding	   stem	   cells	   retrieved	  

from	   an	   old	   organism	   (Chapter	   5,	   (Maimets	   et	   al.,	   2015)).	   Indeed,	   aged	   stem	   cells	   hold	   similar	  

expansion-‐	   and	   regeneration	   potential	   when	   cultured	   in	   a	   ‘young’	   microenvironment	   (Chapter	   5,	  

(Maimets	  et	  al.,	  2015)).	  Although	  these	  experiments	  pave	  the	  way	  for	  a	  novel	  therapeutic	  approach	  

towards	  the	  use	  of	  in	  vitro	  expanded	  SGSCs,	  culturing	  cells	  in	  the	  presence	  of	  proliferation-‐inducing	  

morphogens	   can	   lead	   to	   an	   increased	   number	   of	   genomic	   aberrations.	   Therefore,	   in	   the	   future	   it	  

would	   be	   highly	   informative	   to	   determine	   whether	   long-‐term	   expansion	   of	   stem	   cells	   introduces	  

indications	  of	  genomic	  stress	  and	  instability,	  ranging	  from	  chromosomal	  abnormalities	  (Laurent	  et	  al.,	  

2011),	  “de	  novo”	  copy	  number	  variations	  (Hussein	  et	  al.,	  2011),	  sister	  chromatid	  exchanges	  (Falconer	  

et	  al.,	  2010)	  to	  point	  mutations	   in	  protein-‐coding	  regions	  (Gore	  et	  al.,	  2011),	  and/or	  aberrant	  gene	  

expression.	  	  

	  

However,	   it	   is	   worthwhile	   noting	   that	   the	   clinical	   success	   of	   salivary	   gland	   regeneration	  may	   also	  

require	   support	   of	   the	   stroma,	   nerves,	   vasculature	   and	   immune	   system.	   Therefore,	   understanding	  

the	  molecular	  mechanisms	  that	  govern	  different	  cellular	  compartments	  within	  the	  salivary	  gland	  will	  

be	  important	  for	  cell-‐based	  or	  gland	  engineering	  approaches	  towards	  regeneration.	  

	  

ADULT	  STEM	  CELL	  THERAPY	  –	  OPPORTUNITIES	  AND	  THREATS	  

Large	   expectations	   have	   been	   put	   on	   adult	   stem	   cells	   to	   provide	   cure	   for	   a	   myriad	   of	   different	  

conditions,	  including	  those	  associated	  with	  the	  defects	  of	  glandular	  epithelia.	  The	  same	  features	  that	  

make	  stem	  cells	  so	  attractive	  for	  therapeutic	  purposes	  may	  also	  carry	  risks.	  For	   instance,	  cells	  with	  

high	   self-‐renewal	   capacity	   may	   utilize	   molecular	   pathways	   that	   facilitate	   transformation	   of	   their	  

identity	  making	  them	  essentially	  tumorigenic	  (Amariglio	  et	  al.,	  2009).	  Moreover,	  stem	  cells	  may	  also	  

exhibit	   a	   variable	   degree	   of	   differentiation	   capacity,	   which	   among	   others,	   is	   affected	   by	   the	  

microenvironment	   where	   stem	   cells	   are	   cultured	   and	   will	   be	   placed	   (Scadden,	   2006).	   These	  

circumstances	  can	  induce	  variability	  in	  applying	  adult	  stem	  cells	  as	  therapeutic	  agents	  and	  therefore	  

may	  have	  serious	  clinical	  consequences.	  

With	  regards	  to	  bone	  marrow	  and	  peripheral	  blood	  derived	  stem/progenitor	  cells	  extensive	  clinical	  

experience	  already	  exist.	  The	  clinical	  experience	  has	  proven	   that	   these	  cell-‐based	   therapies	  can	  be	  

used	  without	  serious	  safety	  concerns	  and	  are	  well	  tolerated.	  Furthermore,	  the	  potential	  risks	  related	  

to	   their	   use	   are	   relatively	  well	   understood.	  On	   the	  other	   hand,	   clinical	   experience	   associated	  with	  

other	  adult	  stem	  cell	  types	  is	  still	  limited,	  which	  is	  also	  manifested	  by	  the	  fact	  that	  in	  European	  Union	  

the	  first	  stem	  cell-‐based	  medicinal	  product,	  Holoclar,	  was	  granted	  a	  Marketing	  Authorisation	  only	  in	  

April	  2015.	  	  

To	  the	  best	  of	  our	  knowledge,	  there	  are	  currently	  no	  pending	  applications	  for	  using	  glandular	  stem	  

cells	   in	   clinic	   as	   therapy.	  With	   respect	   to	   salivary	   gland,	   in	   a	  previous	   clinical	   trial	  we	   showed	   that	  

prophylactic	   administration	   of	   pilocarpine	   improved	   post-‐irradiation	   salivary	   flow	   in	   a	   subset	   of	  

patients	   treated	   for	  HNC	   (Burlage	   et	   al.,	   2008).	   Still,	   this	   effect	  was	   dependent	   on	   the	   cumulative	  

parotid	  gland	  radiation	  dose	  and	  the	  irradiated	  volume.	  There	  is	  now	  considerable	  evidence	  that	  the	  

dose	  levels	  to	  the	  parotid	  glands	  can	  significantly	  be	  reduced	  using	  intensity-‐modulated	  radiotherapy	  

(IMRT)	   (Nutting	  et	  al.,	  2011)	  or	  by	  sparing	  major	  excretory	  ducts,	   specific	   location	  of	  salivary	  gland	  

stem	   cells,	   from	   the	   field	   of	   irradiation	   (van	   Luijk	   et	   al.,	   2015).	   However,	   from	   a	   secretory	   and	  

composition	   perspective	   saliva	   secreted	   from	   submandibular	   glands	   is	   better	   suited	   to	   protect,	  

lubricate	  and	  moisten	  the	  oral	  mucosa.	  Unfortunately,	  sparing	  human	  submandibular	  glands	  proves	  
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to	   be	   more	   difficult	   if	   not	   impossible	   compared	   to	   the	   parotid	   glands	   (van	   Luijk	   et	   al.,	   2015).	  

Therefore,	   in	   our	   medical	   center	   we	   are	   currently	   progressing	   towards	   a	   clinical	   phase	   I	   trial	   for	  

implementing	  autologous	  human	  submandibular	  gland	  stem	  cell	  (hSGSC)	  transplantation	  as	  therapy.	  

The	  development	  of	  such	  a	  therapy	  is	  of	  eminent	  importance	  as	  an	  increasing	  number	  of	  patients	  will	  

survive	  cancer	  treatment	  and	  will	  suffer	  from	  the	  consequences	  of	  cytotoxic	  anti-‐tumor	  treatments,	  

in	   particular	   of	   radiotherapy.	   Previously,	   we	   have	   developed	   a	   method	   for	   culturing	   hSGSCs	   as	  

spheres	   (salispheres)	   from	   submandibular	   glands	   (Feng	   et	   al.,	   2009).	   When	   placed	   in	   3D	   matrix,	  

salispheres	  were	  able	  to	  develop	  organoids	  with	  differentiated	  salivary	  gland	  cell	  types	  present	  and	  

displayed	  limited	  (up	  to	  7	  passages)	  self-‐renewal	  capability	  in	  vitro.	  More	  recently,	  we	  showed	  in	  vivo	  

functionality,	   long-‐term	   engraftment	   and	   functional	   restoration	   of	   hSGSC	   in	   immune-‐suppressed	  

mouse	  xeno-‐transplantation	  model	  (Chapter	  6,	  (Pringle	  et	  al.,	  2016)).	  Indeed,	  transplanted	  salisphere	  

cells	  restored	  saliva	  production,	  gland	  weight	  and	  greatly	  improved	  intrinsic	  regenerative	  potential	  of	  

irradiated	   salivary	   glands.	   Collectively,	   these	   data	   shows	   that	   salispheres	   cultured	   from	   human	  

submandibular	   glands	   contain	   stem/progenitor	   cells	   capable	   of	   self-‐renewal,	   differentiation	   and	  

rescue	  of	  saliva	  production.	  	  

The	   abovementioned	   studies	   are	   encouraging	   in	   terms	   of	   the	   development	   of	   hSGSC	   therapy	   for	  

hyposalivation.	   However,	   before	   a	   successful	   clinical	   translation	   can	   be	   completed	   there	   are	   still	  

some	   additional	   hurdles	   along	   the	  way.	   In	   hSGSC	   isolation	   procedure	   and	   salisphere	  medium,	   the	  

majority	   of	   culture	   components	   are	   compliant	   with	   current	   good	  manufacturing	   practice	   (cGMP)-‐

regulations	  –	  xeno-‐free,	   fully	  defined	  and	  amenable	  to	   large	  scale-‐production.	  However,	   the	  use	  of	  

animal-‐derived	  growth	  substances	   (such	  as	  Matrigel	   (Kleinman	  et	  al.,	  1982))	  as	  basement	  matrix	   is	  

not	  permitted	  according	  to	  the	  cGMP	  guidelines.	  To	  overcome	  this	  challenge,	  a	  significant	  amount	  of	  

research	  has	  been	  focusing	  on	  the	  development	  of	  artificial	  growth	  substrates	  such	  as	  Synthemax	  (Jin	  

et	   al.,	   2012),	   StemAdhere	   (Nagaoka	   et	   al.,	   2010)	   or	   CellStart	   (Swistowski	   et	   al.,	   2009).	   Currently,	  

these	   growth	   substrates	   are	   used	   as	   a	   film	   covering	   cell	   culture	   plastic.	   However,	   for	   the	  

maintenance	   and	   growth	   of	   adult	   stem	   cells,	   including	   hSGSCs,	   a	   3D	   conformation	   is	   required	  

(Chapter	  3).	  Therefore,	  in	  the	  future	  the	  use	  of	  the	  aforementioned	  growth	  substrates	  in	  a	  3D	  setting	  

mixed	  with	  hSGSCs	  should	  be	  tested.	  Additionally,	  identification	  of	  small	  molecules	  that	  improve	  the	  

survival	  and	  self-‐renewal	  of	  adult	  stem	  cells	  can	  be	  beneficial	  for	  improving	  cell	  culture	  methodology.	  

Therefore,	   as	   shown	   before	   in	   iPSCs	   (Xu	   et	   al.,	   2010),	   high-‐throughput	   chemical	   screening	   of	  

synthetic	  compounds	  can	  be	  used	  to	  identify	  small	  molecules	  that	  promote	  cell	  survival	  after	  trypsin	  

dissociation	  from	  a	  Matrigel	  substrate.	  	  

Before	   the	   implantation	  of	  hSGSCs	   could	  occur	  patients	  undergoing	   radiotherapy	   treatment	  would	  

require	   a	   time	   period	   of	   15	  weeks,	   including	   diagnosis,	   treatment	   and	   recovery.	   Thus,	   during	   this	  
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to	   be	   more	   difficult	   if	   not	   impossible	   compared	   to	   the	   parotid	   glands	   (van	   Luijk	   et	   al.,	   2015).	  

Therefore,	   in	   our	   medical	   center	   we	   are	   currently	   progressing	   towards	   a	   clinical	   phase	   I	   trial	   for	  
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salispheres	  were	  able	  to	  develop	  organoids	  with	  differentiated	  salivary	  gland	  cell	  types	  present	  and	  
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mouse	  xeno-‐transplantation	  model	  (Chapter	  6,	  (Pringle	  et	  al.,	  2016)).	  Indeed,	  transplanted	  salisphere	  
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period	   hSGSCs	   will	   be	   either	   1)	   cryopreserved	   until	   the	   desired	   time	   point	   or	   2)	   cultured	   and	  

expanded	   in	  vitro	  for	  a	  maximum	  cell	  yield.	  Previously,	  Neumann	  and	  colleagues	  reported	  the	  long-‐

term	   cryopreservation	   of	   rat	   SG	   progenitors	   for	   up	   to	   3	   years	   with	   little	   effect	   on	   characteristics	  

(Neumann	  et	  al.,	  2012).	  Furthermore,	   in	  our	   laboratory	   isolation	  and	  cryopreservation	  of	  hSGSCs	   is	  

already	  possible	  using	  cGMP-‐approved	  reagents	  (unpublished	  data).	  With	  regards	  to	  culturing	  cells	  in	  

vitro,	   it	   is	   important	   to	   consider	   that	   an	   expansion	   step	   may	   alter	   the	   characteristics	   and/or	  

functionality	  of	  the	  stem	  cell-‐based	  medicinal	  product,	  which	  in	  turn	  drives	  the	  design	  of	  the	  safety	  

and	  efficacy	  assessment	  of	  clinical	  studies.	  Cells	  may	  get	  phenotypically/genotypically	  adapted	  at	  the	  

end	   of	   extensive	   culture	   as	   compared	   to	   cells	   that	   are	   in	   their	   physiological	   environment	   fulfilling	  

their	   function.	   It	   is	   therefore	   important	   to	   control	   the	   manufacturing	   process	   as	   vigorously	   as	  

possible	   and	   to	   understand	   which	   parameters	   (e.g.	   media	   components,	   growth	   factors,	   culture	  

conditions)	  may	  have	  an	  impact	  on	  the	  quality	  and	  clinical	  performance	  of	  the	  target	  cell	  population	  

(Salmikangas	  et	  al.,	  2015).	  Moreover,	  genetic	  modification	  of	  adult	  stem	  cells	  (Schwank	  et	  al.,	  2013)	  

may	  add	  complexity	  to	  the	  manufacturing	  process	  and	  the	  end	  product,	  therefore	  requiring	  further	  

characterization	  and	  control.	  Given	  the	  intrinsic	  risk	  of	  tumorigenicity	  related	  to	  stem	  cells	  karyotypic	  

stability,	  genetic	  and	  epigenetic	  instabilities	  and	  transcriptional	  changes	  should	  be	  addressed	  during	  

the	  development	  process.	  

	  

CONCLUDING	  REMARKS	  

Cell	   therapy	   offers	   exceptional	   opportunities	   to	   treat	   disease	   and	   restore	   tissue	   functionality.	   The	  

identification	   of	   adult	   stem	   cells	   of	  multiple	   solid	   organs	   has	   opened	   tremendous	   possibilities	   for	  

regenerative	  medicine	  to	  replace	  organ	  transplantation.	  Studying	  the	  biology	  of	  tissue-‐resident	  stem	  

cells	   in	   exocrine	   glands	   and	   introducing	   these	   cells	   into	   the	   clinic	   through	   cell-‐based	   therapy	  

protocols	  is	  a	  dynamic	  and	  exciting	  area	  of	  basic	  and	  clinical	  experimental	  research.	  With	  the	  advent	  

of	   lineage-‐tracing,	   fluorescent	   labeling	   techniques,	   FACS	   and	   the	   ability	   to	   perform	   transcriptional	  

and	  epigenetic	  profiling	  on	  small	  populations	  of	  cells,	   the	   first	  pictures	  of	   the	  molecular	  properties	  

and	  potency	  of	  stem	  cells	  within	  exocrine	  glands	  have	  emerged.	  Additionally,	  recent	  development	  of	  

novel	  three-‐dimensional	  stem	  cell-‐derived	  culture	  systems	  has	  allowed	  the	  generation	  and	  the	  long-‐

term	  expansion	  of	  adult	  tissues	  far	  beyond	  the	  predicted	  limit.	  However,	  fundamental	  questions	  still	  

require	   further	   investigation	   in	   terms	  of	   the	   identity,	   surrounding	   factors	  and	  position	  of	  glandular	  

stem	  cells.	  Building	  on	  basic	  knowledge,	  further	  exploration	  on	  molecular,	  cellular	  and	  environmental	  

interactions	   that	   govern	   the	   development	   of	   an	   exocrine	   gland	   can	   make	   generation	   of	   entire	  

transplantable	  organs	  feasible.	  Furthermore,	  this	  will	  provide	  new	  insight	  to	  the	  treatment	  of	  chronic	  
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glandular	   diseases.	   However,	   the	   development	   of	   therapeutic	   material	   must	   be	   safe,	   effective,	  

economical	   and	  widespread	   for	   clinical	   use.	   Therefore,	   the	   efficient	   progression	   of	   any	   stem	   cell-‐

based	   product	   towards	   the	   clinic	   requires	   a	   close	   dialogue	   between	   basic	   researchers,	   clinicians,	  

regulators	  and	  patients.	  
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AIM	  AND	  OUTLINE	  OF	  THE	  THESIS	  

The	  work	  described	   in	   this	   thesis	   explores	   the	   identity	  of	   salivary	   gland	   stem	  cells	   (SGSCs)	   in	   their	  

native	  niche	  and	  the	  core	  molecular	  signals	  important	  for	  salivary	  gland	  regeneration	  with	  the	  goal	  of	  

future	  exploitation	  in	  regenerative	  therapy.	  

The	   identity	   of	   SGSCs	   has	   until	   now	   remained	   elusive.	   Thus,	   Chapter	   2	   aims	   to	   characterize	  

stem/progenitor	  cell	  (SPC)	  populations	  with	  regenerative	  potential	  within	  salivary	  gland	  and	   in	  vitro	  

SGSPC	  cultures	  (salispheres)	  using	  stem	  cell-‐associated	  markers	  c-‐Kit,	  CD133	  CD49f	  and	  CD24.	  	  

Understanding	  the	  nature	  of	  molecular	  signals	  governing	  a	  specialized	  stem	  cell	  niche	  in	  the	  salivary	  

gland	  has	  been	  hindered	  due	  to	  low	  abundance	  of	  SCs	  and	  the	  limited	  number	  of	  functional	  assays.	  

Therefore,	  Chapter	  3	  explores	  the	  effect	  of	  Wnt/β-‐catenin	  signaling	  on	  the	  regenerative	  properties	  of	  

SGSCs.	   Further,	   this	   Chapter	   introduces	   salivary	   gland	   organoid	   model	   as	   a	   tool	   for	   testing	   novel	  

candidate	  SGSCs	  based	  on	  their	  functional	  characteristics.	  	  

Across	   different	  niches,	   stem	   cells	   are	  maintained	   in	   a	   relatively	   dormant	   rather	   than	  proliferative	  

state.	  Hence,	  Chapter	  4	  employs	  cell-‐state	  independent	  histone	  H2B-‐GFP	  pulse-‐and	  chase	  system	  to	  

characterize	   the	   putative	   SGSC	   population	   based	   on	   slow	   turnover.	   Additionally,	   utilizing	   the	  

organoid	  model	  described	  in	  Chapter	  3,	  this	  Chapter	  assesses	  the	  regenerative	  capabilities	  of	  these	  

slowly	  cycling	  cells	  concealed	  within	  salivary	  gland.	  

In	  many	  elderly	  individuals	  salivary	  gland	  dysfunction	  is	  a	  major	  complaint.	  Consequently,	  Chapter	  5	  

focuses	   on	   assessing	   whether	   the	   functional	   reduction	   of	   the	   salivary	   gland	   activity	   during	   aging	  

could	   be	   attributed	   to	   decreased	   activity	   of	   SGSCs,	   by	   comparing	   phenotypical	   and	   functional	  

properties	  of	  SGSCs	  isolated	  from	  young	  and	  old	  mouse.	  	  

Currently,	   the	   assessment	   of	   transplantation	   capabilities	   of	   human	   SGSCs	   are	   missing.	   Therefore,	  

Chapter	  6	  explores	  the	  clinical	  potential	  of	  human	  salivary	  gland	  stem/progenitor	  cells,	  including	  self-‐

renewal	   and	   differentiation	   properties	   and	   in	   vivo	   engraftment	   and	   functionality	   after	   xeno-‐

transplantation.	  

Chapter	   7	   summarizes	   the	   main	   findings	   of	   this	   thesis,	   puts	   them	   in	   general	   perspective	   and	  

discusses	  their	  potential	  impact	  and	  future	  perspectives.	  	   	  
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INTRODUCTION 

Every year more than 500,000 new patients are diagnosed with head and neck cancer worldwide 

(Jemal et al., 2006). The treatment for these patients is usually radiotherapy either alone or in 

combination with surgery and chemotherapy. Radiation-induced damage to normal tissues may 

result in organ dysfunction, and/or cause a reduction in the patient’s post-treatment quality of life 

(Jensen et al., 2010). Radiotherapy of head and neck cancer patients, which often involves co-

irradiation of the salivary glands, can lead to hyposalivation. This mostly irreversible side effect can 

result in the development of xerostomia, a multi-faceted syndrome including symptoms, such as oral 

dryness and infections, dental caries, and difficulties with speech and food mastication (Vissink et al., 

2003). Even with unilateral sparing (Jellema et al., 2007) and Intensity Modulated Radiation Therapy 

(IMRT) approximately 40% of these patients develop hyposalivation and consequential life-long 

complaints (Vergeer et al., 2009). To date, no satisfactory clinical management of xerostomia exists 

(Vissink et al., 2003). Transplantation of salivary gland stem cells may offer a potential treatment for 

radiation-induced hyposalivation (Coppes et al., 2009). As a model, radiation-induced salivary gland 

damage in rodents develops in a very similar way as in patients (Coppes et al., 2002). Salivary glands 

of rodents consist of several cell types, similar to humans: acinar cells which are responsible for 

water and protein secretion, myoepithelial cells surrounding the acini and ducts, and ductal cells 

which mainly modulate the composition of the saliva. The ductal system consists of intercalated, 

striated/granular convoluted tubules and excretory duct cells (Denny et al., 1999; Gresik, 1994). 

Regeneration of the salivary gland after ductal obstruction (leading to acinar cell atrophy) has been 

attributed to putative stem cells residing in the ductal compartment. Complete recovery of the gland 

is induced within a week of ductal obstruction (Burford-Mason et al., 1993; Takahashi et al., 2000; 

Takahashi et al., 2004). Increased proliferation of these stem/progenitor cells seems to underlie the 

protective effect of prophylactic pilocarpine (Burlage et al., 2009; Burlage et al., 2008) and KGF 

(Lombaert et al., 2008b) treatment on radiation-induced damage to the parotid gland. Interestingly, 

we recently showed that transplantation of duct derived c-Kit+ stem/progenitor cells in mice rescued 

salivary glands from irradiation damage (Lombaert et al., 2008a). Furthermore, human salivary gland 

excretory ducts also contain c-Kit+ cells similar to rodent excretory ducts (Feng et al., 2009). Other 

preclinical studies, however, suggest that also CD49f and CD29 might be used as stem cells markers 

for the salivary gland (Matsumoto et al., 2007; Sato et al., 2007). In other glandular tissues stem cells 

are identified by using the markers CD49f (Lawson et al., 2007), CD133 and CD117 (c-Kit) (Leong et 

al., 2008), and specifically CD29 and CD24 for mammary gland (Shackleton et al., 2006). Furthermore, 

since we have observed that also some of the cells in the c-Kit+ population may have regenerative 

potential (Lombaert et al., 2008a) further characterization of the stem/progenitor pool is warranted. 

ABSTRACT 

Background and Purpose: Stem cell therapy could be a potential way for reducing radiation-induced 

hyposalivation and improving the patient’s quality of life. However, the identification and purification 

of salivary gland stem cells have not been accomplished. This study aims to better characterize the 

stem/progenitor cell population with regenerative potential residing in the mouse salivary gland. 

Materials and Methods: Mouse submandibular gland tissue, isolated cells and cultured 3 day old 

salispheres were tested for their expression of stem cell markers c-Kit, CD133, CD49f, and CD24 using 

immunohistochemistry for tissue and flow cytometry for cells. Mice were locally irradiated with a 

single dose of 15 Gy and transplanted with cells expressing defined markers. 

Results: Cells expressing known stem cell markers are localized in the larger ducts of the mouse 

salivary gland. Isolated cells and cells from day 3 salispheres also express these markers: c-Kit 

(0.058% vs. 0.65%), CD133 (6% vs. 5%), CD49f (78% vs. 51%), and CD24 (60% vs. 60%, respectively). 

Intraglandular transplantation of these cells into irradiated salivary glands of mice resulted in stem 

cell marker-specific recovery of salivary gland function. 

Conclusions: Different stem cell-associated markers are expressed in mouse salivary gland cells, 

which upon transplantation are able to regenerate the irradiation-damaged salivary gland. 
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INTRODUCTION 

Every year more than 500,000 new patients are diagnosed with head and neck cancer worldwide 

(Jemal et al., 2006). The treatment for these patients is usually radiotherapy either alone or in 

combination with surgery and chemotherapy. Radiation-induced damage to normal tissues may 

result in organ dysfunction, and/or cause a reduction in the patient’s post-treatment quality of life 

(Jensen et al., 2010). Radiotherapy of head and neck cancer patients, which often involves co-

irradiation of the salivary glands, can lead to hyposalivation. This mostly irreversible side effect can 

result in the development of xerostomia, a multi-faceted syndrome including symptoms, such as oral 

dryness and infections, dental caries, and difficulties with speech and food mastication (Vissink et al., 

2003). Even with unilateral sparing (Jellema et al., 2007) and Intensity Modulated Radiation Therapy 

(IMRT) approximately 40% of these patients develop hyposalivation and consequential life-long 

complaints (Vergeer et al., 2009). To date, no satisfactory clinical management of xerostomia exists 

(Vissink et al., 2003). Transplantation of salivary gland stem cells may offer a potential treatment for 

radiation-induced hyposalivation (Coppes et al., 2009). As a model, radiation-induced salivary gland 

damage in rodents develops in a very similar way as in patients (Coppes et al., 2002). Salivary glands 

of rodents consist of several cell types, similar to humans: acinar cells which are responsible for 

water and protein secretion, myoepithelial cells surrounding the acini and ducts, and ductal cells 

which mainly modulate the composition of the saliva. The ductal system consists of intercalated, 

striated/granular convoluted tubules and excretory duct cells (Denny et al., 1999; Gresik, 1994). 

Regeneration of the salivary gland after ductal obstruction (leading to acinar cell atrophy) has been 

attributed to putative stem cells residing in the ductal compartment. Complete recovery of the gland 

is induced within a week of ductal obstruction (Burford-Mason et al., 1993; Takahashi et al., 2000; 

Takahashi et al., 2004). Increased proliferation of these stem/progenitor cells seems to underlie the 

protective effect of prophylactic pilocarpine (Burlage et al., 2009; Burlage et al., 2008) and KGF 

(Lombaert et al., 2008b) treatment on radiation-induced damage to the parotid gland. Interestingly, 

we recently showed that transplantation of duct derived c-Kit+ stem/progenitor cells in mice rescued 

salivary glands from irradiation damage (Lombaert et al., 2008a). Furthermore, human salivary gland 

excretory ducts also contain c-Kit+ cells similar to rodent excretory ducts (Feng et al., 2009). Other 

preclinical studies, however, suggest that also CD49f and CD29 might be used as stem cells markers 

for the salivary gland (Matsumoto et al., 2007; Sato et al., 2007). In other glandular tissues stem cells 

are identified by using the markers CD49f (Lawson et al., 2007), CD133 and CD117 (c-Kit) (Leong et 

al., 2008), and specifically CD29 and CD24 for mammary gland (Shackleton et al., 2006). Furthermore, 

since we have observed that also some of the cells in the c-Kit+ population may have regenerative 

potential (Lombaert et al., 2008a) further characterization of the stem/progenitor pool is warranted. 
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Background and Purpose: Stem cell therapy could be a potential way for reducing radiation-induced 

hyposalivation and improving the patient’s quality of life. However, the identification and purification 

of salivary gland stem cells have not been accomplished. This study aims to better characterize the 

stem/progenitor cell population with regenerative potential residing in the mouse salivary gland. 

Materials and Methods: Mouse submandibular gland tissue, isolated cells and cultured 3 day old 

salispheres were tested for their expression of stem cell markers c-Kit, CD133, CD49f, and CD24 using 

immunohistochemistry for tissue and flow cytometry for cells. Mice were locally irradiated with a 

single dose of 15 Gy and transplanted with cells expressing defined markers. 

Results: Cells expressing known stem cell markers are localized in the larger ducts of the mouse 

salivary gland. Isolated cells and cells from day 3 salispheres also express these markers: c-Kit 

(0.058% vs. 0.65%), CD133 (6% vs. 5%), CD49f (78% vs. 51%), and CD24 (60% vs. 60%, respectively). 
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cell marker-specific recovery of salivary gland function. 

Conclusions: Different stem cell-associated markers are expressed in mouse salivary gland cells, 

which upon transplantation are able to regenerate the irradiation-damaged salivary gland. 
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suspension was plated in non-coated 12 wells plates at 400,000 cells per well. Per gland 2–4.6 x 106 

cells could be isolated. The culture medium consisted of DMEM/F12 (Gibco, Carlsbad, CA), penicillin, 

streptomycin, glutamax, EGF (20 ng/mL), FGF-2 (20 ng/mL), N2 (1/100), insulin (10 g/mL), and 

dexamethasone (1 M). Fresh medium was added every 3 days. All growth factors were pur- chased 

from Sigma–Aldrich (St. Louis, MO), except for N2 (Gibco, Carlsbad, CA). 

Flow cytometric analysis 

Cultured cells growing in spheres were dissociated using 0.05% trypsin–EDTA (Gibco, Invitrogen). 

Pacific Blue anti-mouse CD117 (c-Kit) (Biolegend, San Diego, CA), PE anti-human/mouse CD49f 

(Biolegend, San Diego, CA), PE anti-mouse Prominin I (CD133) (eBioscience, San Diego, CA), FITC anti-

mouse CD24 (BD Biosci- ences Pharmingen) and FITC anti-rat CD29 (BD Biosciences Pharmingen) 

antibody incubations were performed at 4 °C for 20 min, followed by a wash step in PBS/0.2% bovine 

serum albumin (BSA). Finally, Propidium Iodide (PI, 1 g/mL) was added to the cells before analysis 

using a FACS LSR-II Flow Cytometer (BD). At least 50,000 events for each measurement were 

recorded. Data were analyzed with FlowJo software (Tree Star, Ashland, OR). Gates for viable c-Kit+, 

CD24+, CD29+, CD133+, and CD49f+ were set by using isotype controls for Pacific Blue, PE and FITC. 

Due to a difference in the isotype controls for isolated and cultured c-Kit+ cells the gates were 

different (see Supplement Fig. 1). 

Irradiation and saliva collection from mouse salivary glands 

Salivary glands were locally irradiated with a single dose of 15Gy (Precision X-ray Inc. – X-rad 320, 

200kV, 20mA, 1.843 Gy/min). This dose is known to induce hyposalivation without compromising the 

general health of the animals. At 120 days post-irradiation saliva flow rate was determined. Animals 

were placed in a restraining device after pilocarpine injection (2.5 mg/ kg, s.c.). Saliva was collected 

for 15 min, and the quantity was determined gravimetrically, assuming a density of 1mg/mL for 

saliva. Percentage flow rate of saliva of an animal is calculated by denoting the pre-irradiation saliva 

as 100%. The principle behind this functional assay is that in vivo regeneration is the most rigorous 

test for stem cell function. 

Intra-glandular injection of cultured cells 

Day 3 cultured spheres were collected and dissociated by 0.05% trypsin–EDTA for transplantation 

studies. Cell sorting from dissociated spheres for c-Kit+, c-Kit-, CD133+ and CD49f+, and CD24+/CD29+ 

cells was performed using MoFlo flow cytometer (Beckman Coulter, Carpinteria, CA). After sorting 

the cells were suspended in an equal volumes of a-MEM (Gibco, Invitrogen, Carlsbad, CA) containing 

2% of fetal calf serum (Gibco, Invitrogen, Carlsbad, CA) and Indian Ink (1:200 dilution) solution to 

Therefore, the aim of this study was to better characterize stem/progenitor populations with 

regenerative potential residing in the mouse salivary gland by using c-Kit, CD133, CD49f, and 

CD24/CD29 as potential stem cell markers. In mice, the presence of these markers was investigated 

in submandibular gland and cultured salispheres. Subsequently, cells expressing these markers were 

isolated by fluorescence activated cell sorting and transplanted into salivary glands of irradiated 

recipients after which the saliva secretion was assessed as a measure of gland function. 

 

MATERIALS AND METHODS 

Animals 

8–12 week old female C57BL/6 mice were purchased from Harlan (The Netherlands). The mice were 

maintained under conventional conditions and fed ad libitum with food pellets (RMH-B, Hope Farms 

B.V., Woerden, The Netherlands) and water. All experiments were approved by the Ethical 

Committee on animal testing of the University of Groningen. 

Immunohistochemical analysis of salivary gland 

Mice were desanguinized under isofluorane anesthesia and the submandibular glands were carefully 

dissected. In order to perform immunohistochemical staining extirpated mouse submandibular 

glands were incubated for 30 h at room temperature in 4% buffered formaldehyde. Following 

dehydration, the tissue was embedded in paraffin and sliced into 5 m sections. The sections were 

de-waxed and labeled for the following markers: c-Kit (1:75) (R&D Systems, Minneapolis, MN; 

MAB1356), CD24 (1:100) (Santa Cruz Biotechnology, Santa Cruz, CA; SC-7034), CD133 (1:50) (Abcam, 

Cambridge, MA; ab19898), CD49f (1:50) (Santa Cruz Biotechnology, Santa Cruz, CA; SC-6596). 

Visualization for bright field microscopy was accomplished by adding specific secondary biotin 

carrying antibodies (Dako, Carpinteria, CA), an avidin–biotin-horse radish peroxidase complex (ELITE 

ABC Kit, Vector Laboratories, Burlingame, CA) and the diaminobenzidine (DAB) chromogen. Nuclear 

counterstaining was performed with hematoxylin. Control sections without primary antibodies did 

not show positive immunostaining. 

Isolation of salivary gland stem cells 

Following submandibular gland dissection, salivary gland cells were isolated and cultured as 

published previously (Lombaert et al., 2008a; Lombaert et al., 2008b; Pringle et al., 2011). Cell 

suspensions were prepared by first mechanically disrupting the gland, followed by enzymatic 

digestion with collagenase type II and hyaluronidase enzymes and CaCl2. After filtering, the cell 

CHAPTER 2



41 I

suspension was plated in non-coated 12 wells plates at 400,000 cells per well. Per gland 2–4.6 x 106 

cells could be isolated. The culture medium consisted of DMEM/F12 (Gibco, Carlsbad, CA), penicillin, 

streptomycin, glutamax, EGF (20 ng/mL), FGF-2 (20 ng/mL), N2 (1/100), insulin (10 g/mL), and 

dexamethasone (1 M). Fresh medium was added every 3 days. All growth factors were pur- chased 

from Sigma–Aldrich (St. Louis, MO), except for N2 (Gibco, Carlsbad, CA). 

Flow cytometric analysis 

Cultured cells growing in spheres were dissociated using 0.05% trypsin–EDTA (Gibco, Invitrogen). 

Pacific Blue anti-mouse CD117 (c-Kit) (Biolegend, San Diego, CA), PE anti-human/mouse CD49f 

(Biolegend, San Diego, CA), PE anti-mouse Prominin I (CD133) (eBioscience, San Diego, CA), FITC anti-

mouse CD24 (BD Biosci- ences Pharmingen) and FITC anti-rat CD29 (BD Biosciences Pharmingen) 

antibody incubations were performed at 4 °C for 20 min, followed by a wash step in PBS/0.2% bovine 

serum albumin (BSA). Finally, Propidium Iodide (PI, 1 g/mL) was added to the cells before analysis 

using a FACS LSR-II Flow Cytometer (BD). At least 50,000 events for each measurement were 

recorded. Data were analyzed with FlowJo software (Tree Star, Ashland, OR). Gates for viable c-Kit+, 

CD24+, CD29+, CD133+, and CD49f+ were set by using isotype controls for Pacific Blue, PE and FITC. 

Due to a difference in the isotype controls for isolated and cultured c-Kit+ cells the gates were 

different (see Supplement Fig. 1). 

Irradiation and saliva collection from mouse salivary glands 

Salivary glands were locally irradiated with a single dose of 15Gy (Precision X-ray Inc. – X-rad 320, 

200kV, 20mA, 1.843 Gy/min). This dose is known to induce hyposalivation without compromising the 

general health of the animals. At 120 days post-irradiation saliva flow rate was determined. Animals 

were placed in a restraining device after pilocarpine injection (2.5 mg/ kg, s.c.). Saliva was collected 

for 15 min, and the quantity was determined gravimetrically, assuming a density of 1mg/mL for 

saliva. Percentage flow rate of saliva of an animal is calculated by denoting the pre-irradiation saliva 
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Therefore, the aim of this study was to better characterize stem/progenitor populations with 

regenerative potential residing in the mouse salivary gland by using c-Kit, CD133, CD49f, and 

CD24/CD29 as potential stem cell markers. In mice, the presence of these markers was investigated 

in submandibular gland and cultured salispheres. Subsequently, cells expressing these markers were 

isolated by fluorescence activated cell sorting and transplanted into salivary glands of irradiated 
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MATERIALS AND METHODS 
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Isolation of salivary gland stem cells 

Following submandibular gland dissection, salivary gland cells were isolated and cultured as 

published previously (Lombaert et al., 2008a; Lombaert et al., 2008b; Pringle et al., 2011). Cell 

suspensions were prepared by first mechanically disrupting the gland, followed by enzymatic 

digestion with collagenase type II and hyaluronidase enzymes and CaCl2. After filtering, the cell 
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visualize the injected fluid. Thirty days post-irradiation, under general anesthesia using a 28G needle 

and a Microliter Syringe (Hamilton, Reno, NV), both submandibular glands of irradiated mice were 

injected with 5 L of cell suspension with 5000 CD133+ or 150 c-Kit+ and 67,096 CD49f+ or 5000 

CD24+/CD29+ cells. 

 

Figure 1. Stem cell-associated marker expression was observed in the ducts of intact mouse 
submandibular glands. Arrowheads represent DAB staining (brown) of c-Kit ((A) CD117), CD49f ((B) 
Integrin alpha-6), CD133 ((C) Prominin 1) and CD24 (D). Scale bar = 50 m. Nuclei are counterstained 
with hematoxylin (blue). 

 

RESULTS 

Expression of stem cell markers in murine submandibular gland – in tissue and in culture 

To investigate whether mouse submandibular glands express stem cell markers, we performed 

immunohistochemical staining on mouse submandibular gland tissue for known stem cell markers c-

Kit, CD133, CD24, and CD49f (Fig. 1). Positive staining for c-Kit, CD133, CD24, CD29 (not shown), and 

CD49f was observed solely in cells within the excretory duct of the submandibular gland. This 

indicates that, as expected, the major ducts of the mouse submandibular gland contain putative 

stem/progenitor cells expressing multiple stem cell markers. 

 
Figure 2. Stem cell associated marker expression was observed immediately after isolating murine 
salivary gland cells. Flow cytometric analysis of single cells obtained from submandibular glands 
revealed the presence of c-Kit ((A) CD117), CD49f ((B) Integrin alpha-6), CD133 ((C) Prominin 1) and 
CD24 (D) expressing cells. Positive populations are gated according to isotype controls. The numbers 
in the gates represent percentage of viable cells positive for certain stem cell-marker. 
 

Recently, we showed that salispheres cultured from dispersed mouse submandibular gland express 

the stem cell marker c-Kit and are able to differentiate and self-renew in vitro (Feng et al., 2009; 

Lombaert et al., 2008a). Therefore, we quantified the number of cells expressing other stem cell 

markers. To investigate the presence and potential enrichment of these markers in our salisphere-

culture, we fluorescently labeled cells from freshly dissociated mouse submandibular gland tissue 

(Fig. 2) and from 3 day old salispheres (Fig. 3). 

Analysis of flow cytometry data shows that from freshly isolated cells from mouse submandibular 

gland, approximately 6% express CD133, 78% CD49f, 60% CD24, and only 0.058% c-Kit. Interestingly, 

in 3-day salisphere cultures we observed that the expression levels of CD133 (5.0 ± 3.8%), CD49f (51 

± 12%) and CD24 (60 ± 13%) remained relatively stable but c-Kit expression increased more than 10-

fold to 0.65 ± 0.93% (all n = 3). Interestingly, no cells were found to express both CD133 and c-Kit 

(Supplement Fig. 1). These data indicate that culturing salivary gland cells as salispheres enriches the 

cultures for c-Kit positive cells. 
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multiple stem cell markers are capable of regenerating the submandibular gland after local 

transplantation in the irradiated gland. 

 

 
Figure 4. Functional recovery of irradiated salivary glands following transplantation with marker-
expressing cells is dependent on cell phenotype. Percentage of control (non-irradiated) flow rate of 
saliva at 120 days post-irradiation, from 10 irradiated non-transplanted mice (IR) and from 12 mice 
transplanted with 300 c-Kit+, 6 mice with 10,000 CD133+, 4 mice with 134,000 CD49f+, and 4 mice 
with 10,000 CD24+/CD29+ cell populations. c-Kit data are partially taken from Lombaert et al. 
(Lombaert et al., 2008a). 

 

DISCUSSION 

Salivary glands of head and neck cancer patients undergoing radiotherapy may be damaged due to 

side effects of irradiation, resulting in impairment of saliva production. To these patients stem cell 

therapy is an attractive option for restoring the irradiation-damaged salivary gland. The aim of the 

present study was to further characterize putative stem/progenitor cells with regenerative potential 

present in the salivary gland, using a mouse model. 

From previous studies (Lombaert et al., 2008a) we know that there might be a population of 

stem/progenitor cells, negative for c-Kit, but which can contribute to gland restoration. Interestingly, 

we found expression of multiple stem cell markers in mouse salivary gland, such as CD24, CD49f, and 

CD133. These immunohistochemical findings reveal that cells expressing these stem cell markers are 

located in the ducts of the salivary gland, where it has been suggested that tissue stem cells reside 

(Lombaert et al., 2008a). 

 
Figure 3. Stem cell-associated cell surface marker expression was observed in 3-day cultured 
salispheres. Flow cytometric analysis of single cells obtained from salispheres revealed the presence 
of c-Kit ((A) CD117), CD49f ((B) Integrin alpha-6), CD133 ((C) Prominin 1) and CD24 (D) expressing 
cells. Positive populations are gated according to isotype controls. The numbers in the gates 
represent percentage of viable cells positive for certain stem cell-associated marker. 
 

Regenerative potential of stem cell markers expressing mouse submandibular gland cells 

To investigate the regenerative potential of cells expressing these stem cell markers, we transplanted 

selected cells from day 3 salispheres into irradiated submandibular glands of mice, measured their 

saliva production and compared the results with irradiated, non-transplanted control animals (Fig. 4). 

The number of cells transplanted was dependent on the number that could be isolated from one 

donor gland, varies in a range of 4–5 million on day 0.  

One hundred and twenty days post-irradiation a significant increase in saliva production was 

observed in mice transplanted with as few as 300 c-Kit+ cells and in mice transplanted with 10,000 

CD133+ cells. We also observed an increase in the saliva production of mice transplanted with 

134,000 CD49f+ cells, and 10,000 CD24+/CD29+ cells but less potently than the regeneration obtained 

with c-Kit+ and CD133+ cells. These results suggest that mouse submandibular cells expressing 
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multiple stem cell markers are capable of regenerating the submandibular gland after local 

transplantation in the irradiated gland. 
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Regenerative potential of stem cell markers expressing mouse submandibular gland cells 

To investigate the regenerative potential of cells expressing these stem cell markers, we transplanted 

selected cells from day 3 salispheres into irradiated submandibular glands of mice, measured their 

saliva production and compared the results with irradiated, non-transplanted control animals (Fig. 4). 

The number of cells transplanted was dependent on the number that could be isolated from one 

donor gland, varies in a range of 4–5 million on day 0.  

One hundred and twenty days post-irradiation a significant increase in saliva production was 

observed in mice transplanted with as few as 300 c-Kit+ cells and in mice transplanted with 10,000 

CD133+ cells. We also observed an increase in the saliva production of mice transplanted with 

134,000 CD49f+ cells, and 10,000 CD24+/CD29+ cells but less potently than the regeneration obtained 

with c-Kit+ and CD133+ cells. These results suggest that mouse submandibular cells expressing 
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salispheres may contain different subpopulations Therefore, it might be a better option to combine 

c-Kit+ cells with CD133+ (or CD49f+) progenitor like cells, facilitating early and prolonged restoration 

of irradiation damaged salivary gland. 

In conclusion, this study showed that different stem cell markers are expressed in mouse salivary 

gland. Combinations of these putative stem cell populations from mouse salivary gland may provide 

the best regeneration of the irradiation damaged salivary gland, since transplantation of a mixture of 

progenitor and stem cells may be clinically the most promising treatment. 
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SUPPLEMENTARY FIGURES 

 

Figure S1. FACS plots of isotype controls and c-Kit/CD133. Isotype controls for c-Kit staining. (A) 
Immediately following isolation, (B) 3 days after isolation, and (C) for both c- Kit and CD133, 3 days 
after isolation. Flow cytometry for c-Kit and CD133 showed no co- expression of these markers (D). 

 

Interestingly, we observed a variable intensity of immunohistochemical staining which indicates that 

some cells express these markers to a greater extent than others. This high expression might reflect 

their stem cell potential, and is supported by the fact that cells with greatest expression of stem cell 

markers are the most potent stem cell population in mammary gland (Shackleton et al., 2006). 

By flow cytometry, we found that mouse submandibular cells on day 0 express high levels of CD24 

and CD49f, but low levels of CD133 and c-Kit. The c-Kit marker and to a lesser extent CD133 are 

enriched during culture under high growth factor conditions, which may indicate positive selection 

for cells with stem cell characteristics. 

Day 3 salispheres express high levels of CD49f, which were shown in another study to be co-

expressed with Thy-1 in stem/progenitor cells of salivary glands of mouse (Hisatomi et al., 2004), rat 

(Matsumoto et al., 2007), and human (Sato et al., 2007). CD49f was also expressed in stem cells of 

other glands like mouse prostate gland (Lawson et al., 2007). CD24 expressed in day 3 spheres, could 

also be a potential stem cell marker in salivary gland, as it is reported that CD24 contributes to stem 

cell activity, when co-expressed with CD29 in mammary gland (Shackleton et al., 2006). However, the 

high frequency of CD24+ cells in salispheres makes it unlikely that CD24 can be used as a single stem 

cell marker, but CD24 may be more usefully employed in combination with other markers. We found 

that CD24+/CD29+ cells represent a subpopulation of cells, which contributed to regeneration in 

some mice transplanted with this population. Other combinations of marker expression with CD24 

may also be worthwhile testing, in terms of defining the optimal cell phenotype for stem or 

progenitor cells in the mouse salivary gland. 

Our in vivo transplantation results indicate that c-Kit+ cells show more stem cell like characteristics 

than CD133+, CD49f+, and CD24+, as they were able to rescue salivary gland dysfunction with as few 

as 300 cells. Our previous studies using serial transplantations with c-Kit+ cells definitively established 

it as stem cell marker in the salivary gland, making further studies with combinations of other 

markers with c-Kit a high priority. Moreover, c-Kit cells were shown to be able to rescue the 

irradiated salivary gland in a serial transplantation experiment (Lombaert et al., 2008a), indicating 

self-renewal ability, an essential characteristic of stem cells. This potential still has to be determined 

for the other stem cell marker expressing cells. 

The aim of our studies on salivary gland stem cells is to rescue irradiation damaged salivary gland in 

head and neck cancer patients. Therefore, it would be very desirable to be able to obtain maximum 

regeneration with the most efficient combination of stem and progenitor cells, especially when a low 

amount of donor tissue is available. In this respect, it is interesting to mention that we could not find 

c-Kit/CD133 double positive cells in the mouse salivary gland culture system, indicating that 
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salispheres may contain different subpopulations Therefore, it might be a better option to combine 

c-Kit+ cells with CD133+ (or CD49f+) progenitor like cells, facilitating early and prolonged restoration 

of irradiation damaged salivary gland. 

In conclusion, this study showed that different stem cell markers are expressed in mouse salivary 

gland. Combinations of these putative stem cell populations from mouse salivary gland may provide 

the best regeneration of the irradiation damaged salivary gland, since transplantation of a mixture of 

progenitor and stem cells may be clinically the most promising treatment. 
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INTRODUCTION 

Tissue homeostasis and regeneration are maintained by resident stem cells that have the ability to 

self-renew and to generate all differentiated lineages that characterize a particular tissue. Self-

renewal of stem cells should be achieved by asymmetric cell division to maintain sufficient numbers 

of stem cells and to allow ample production of mature, functional tissue specific cells. The balance 

between self-renewal and differentiation is stringently regulated by cell-intrinsic transcriptional 

programs and extracellular signals originating from a specialized microenvironment – the stem cell 

niche (Morrison and Spradling, 2008). Strict cell-extrinsic control is crucial to avoid the continuous 

self-renewal of stem cells and their possible progression into cancerous cells (Clarke and Fuller, 

2006). An important feature of the stem cell niche model is the limited availability of self-renewing 

factors due to their local release and short signaling distance (Clevers et al., 2014). Understanding 

the nature of these factors and their effect on adult stem cells has been hindered due to the low 

abundance of stem cells and the limited number of functional assays. 

The salivary gland is a useful model for studying adult stem cell maintenance due to the easy 

accessibility and its extensive regenerative capacity (Ball, 1974; Denny et al., 1997; Denny et al., 

1993; Ihrler et al., 2002; Osailan et al., 2006). Salivary glands are complex secretory organs which are 

composed of saliva-producing acinar cells, myoepithelial cells which facilitate the saliva expulsion 

and ductal cells through which saliva is secreted into the oral cavity (Pringle et al., 2013). 

Intermingled with ductal cells reside salivary gland stem cells (SGSCs), which express c-Kit, CD49f, 

CD133, CD24, CD29 cell surface markers (Hisatomi et al., 2004; Lombaert et al., 2008a; Nanduri et al., 

2011). Upon transplantation, SGSCs attenuate radiation-induced hyposalivation (Lombaert et al., 

2008a; Nanduri et al., 2011) and improve tissue homeostasis necessary for long-term maintenance of 

the adult tissue (Nanduri et al., 2013). Although, recently we (Nanduri et al., 2014) and others (Xiao 

et al., 2014) have successfully purified SGSCs able to self-renew and differentiate in vitro and in vivo, 

the molecular cues underlying the maintenance of SGSCs and the existence of a specialized stem cell 

niche are still enigmatic. 

The canonical Wnt/ -catenin signaling has been shown to play a crucial role in the maintenance of 

multiple types of adult stem/progenitor cells (Clevers and Nusse, 2012). The Wnt target gene Lgr5 

has been identified as a marker of resident stem cells in the small intestine and colon (Barker et al., 

2007), hair follicle (Jaks et al., 2008), stomach (Barker et al., 2010), kidney (Barker et al., 2012) and 

liver (Huch et al., 2013b). In adult salivary glands, Wnt/ -catenin signaling is weak, but is significantly 

activated during functional regeneration (Hai et al., 2010). Furthermore, concurrent transient 

activation of Wnt/ -catenin signaling ameliorates irradiation-induced salivary gland dysfunction (Hai 

 
 

SUMMARY 

Adult stem cells are the ultimate source for replenishment of salivary gland (SG) tissue. Self-renewal 

ability of stem cells is dependent on extrinsic niche signals that have not been unraveled for the SG. 

The ductal compartment in SG has been identified as the location harboring stem cells. Here we 

report that rare SG ductal EpCAM+ cells express nuclear -catenin indicating active Wnt-signaling. In 

cell culture experiments, EpCAMhigh cells respond potently to Wnt signals stimulating self-renewal 

and long-term expansion of SG organoids, containing all differentiated salivary gland cell types. 

Conversely, Wnt inhibition ablated long-term organoid cultures. Finally, transplantation of cells pre-

treated with Wnt agonists into submandibular glands of irradiated mice successfully and robustly 

restored saliva secretion and increased the number of functional acini in vivo. Collectively, these 

results identify Wnt signaling as a key driver of adult SG stem cells, allowing extensive in vitro 

expansion, enabling restoration of SG function upon transplantation. 
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Figure 1 EpCAM expressing ductal cells have the potential to be Wnt activated. (A) 
Immunofluorescence staining of EpCAM in striated, intercalated and excretory ducts. (B-D) �-catenin 
(red) co-localizes with EpCAM (green) in salivary gland ducts. (E) Scattegram of colocalization of 
EpCAM and �-catenin . Different regions of interests (ROIs) show which pixels (arrows) are included 
in the analysis. For each pixel in the fluorescent image, the two intensities (green, red) are used as 
coordinates in the scattergram. Images analyzed with ImageJ „Colocalization_Finder“ plugin 
(Christophe Laummonerie; 2006/08/29: Version 1.2). (F) Nuclear localization of �-catenin in rare 
basal cells (arrow) of excretory ducts. Top: �-catenin; center: DAPI; bottom: overlay. Scale bars 20 
μm (A-E) and 5 μm (F) 
 

Recently, Wnt target genes Lgr5 (Barker et al., 2007) and Lgr6 (Snippert et al., 2010) have been 

identified as markers of stem cells in the intestine/colon and skin respectively. We utilized the LGR5-

EGFP (Barker et al., 2007) and LGR6-EGFP (Snippert et al., 2010) knock-in alleles to determine the 

expression of LGR5 and LGR6 in the salivary gland. Both receptors are essentially undetectable in the 

tissue under steady-state conditions (data not shown). This is in line with recent findings in other 

slow turnover tissues such as liver (Huch et al., 2013b) and pancreas (Huch et al., 2013a) where 

under homeostatic conditions no expression of LGR5 was detected. These data indicate that EpCAM+ 

 
 

et al., 2012). Whether Wnt proteins directly control normal salivary gland stem cell maintenance is 

still not known. In this study, we used a combination of cell culture and in vivo transplantation 

experiments to show that Wnt proteins serve as important self-renewing factors for SGSCs. 

 

RESULTS 

EpCAM+ cells in salivary gland ducts co- -catenin 

In the salivary gland, stem cells have been suggested to reside within the ductal compartment 

(Denny and Denny, 1999; Man et al., 2001). Therefore, a universal marker for ductal cells of adult 

submandibular gland would allow identification and enrichment of a population containing stem 

cells. EpCAM (Epithelial cell adhesion molecule) is present on most epithelial cells and has been used 

as a marker for self-renewing compartments in liver (Dan et al., 2006; Huch et al., 2015) and 

pancreas (Huch et al., 2013a). To assess the presence of EpCAM in the salivary gland, we stained 

whole gland sections using immunofluorescence. The expression of EpCAM was detected throughout 

the whole epithelia of the salivary gland (Figure S1A). However, we encountered most abundant and 

enhanced expression of EpCAM in the ductal compartment, marking excretory, striated and 

intercalated ducts (Figure 1A) and low EpCAM expression in acinar cells, which comprise most of the 

mouse submandibular gland. No background staining was detected in salivary gland sections treated 

without primary antibody (Figure S1B and D). Interestingly, transcription of EpCAM is activated upon 

Wnt/ -catenin signaling in other tissues (Yamashita et al., 2007). Therefore, we attempted to 

determine sites of Wnt-signaling in the salivary gland using -catenin as a general reporter (Peifer et 

al., 1994). Indeed, highest -catenin expression was observed to be confined to ductal cells (Figure 

1B) of the salivary gland while the acinar cells showed low levels of -catenin. Again, no background 

staining was detected without primary antibody (Figure S1C and D). Moreover, most cells positive for 

-catenin were found to co-express EpCAM (Figure 1C and D). To quantify this, co-localization 

analysis was performed and Pearson correlation coefficient (PCC) for sub-region of interests (ROIs) 

were calculated. This revealed the strongest correlation of EpCAM and -catenin occurring in 

excretory ducts (Figure 1E, ROI 2) (PCC=0,121644), which were previously suggested to contain the 

stem cells (Lombaert et al., 2008a; Pringle et al., 2013). Interestingly, striated ducts displayed more 

exclusive EpCAM+ cells (Figure 1E, ROI 1) (PCC=0,032378) while intercalated ducts revealed more 

exclusive -catenin expression (Figure 1E, ROI 3) (PCC=0,001784). Importantly, scanning of excretory 

ducts revealed rare basal cells with nuclear -catenin expression (Figure 1F, arrows) suggesting an 

occurrence of active Wnt signaling in these cells. The existence of these rare cells agrees with the low 

level of cell turnover of the salivary glands (Aure et al., 2015).  
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removing cell clumps, dead cells and debris, we depleted CD45+ and TER119+ hematopoietic and 

CD31+ endothelial cells (Figure 2A). Subsequently, salivary gland cells were subdivided into three 

distinct cell populations: EpCAMhigh, EpCAMmed and EpCAMneg using Fluorescence Activated Cell 

Sorting (FACS) (Figure 2A). Purified cells were embedded into Matrigel containing enriched medium 

supplemented with Epidermal Growth Factor (EGF), Fibroblast Growth Factor 2 (FGF2), insulin and Y-

27632 (Nanduri et al., 2014), to which Wnt3A and Rspo1 were added (WRY medium). Under these 

conditions, 0.9±0.2% of single cells from the EpCAMhigh population generated spheres within 24-48 

hours (Figure 2B). In contrast, single cells from EpCAMmed and EpCAMneg populations were unable to 

form spheres (<0.05%, Figure 2B). Moreover, only 0.05±0.01% of live, non-marker selected cells and 

0.2±0.1% non-sorted cells were capable of generating spheres in WRY medium, further indicating 

that high EpCAM expression pronouncedly enriches for cells with in vitro self-renewing capabilities 

(Figure S2A). Similarly to gastric organoid units (Barker et al., 2010) supplementing the cultures with 

either Wnt3a or Rspo1 alone lead to the formation of a lower number of spheres (Figure S2B). We 

did not observe any cell growth in cultures not supplemented with Wnt proteins (Figure S2B) 

presumably due to the requirement of Wnt-signaling for the initiation of sphere-growth under these 

conditions.  

Interestingly, within 9 days of culture 10.8±1.8% of the spheres formed differentiated organoid-like 

structures, which we termed miniglands (Figure 2C and S2C). Miniglands underwent extensive 

budding events during this time frame, and were up to 4-6 times bigger than co-cultured salispheres 

(89.2±1.8%), reaching up to 1 mm in diameter (Figure 2D and S2D) by day 15. Toluidine blue staining 

of miniglands revealed a lobular structure with evenly distributed lumina (Figure 2E). Moreover, 

miniglands consisted of differentiated CK18+ ductal (Figure 3A,C and S3A), Aqp5+ acinar (Figure 3B,C) 

and SMA- + myoepithelial cells forming the outer layer of a lobe (Figure 3D and Movie S1), as shown 

by immunostaining, indicative of retention of differentiation potential of EpCAMhigh salivary gland 

stem cells in the presence of Wnt agonists. No background staining was detected in any of the 

samples treated without primary antibody even with enhancing the lasers of confocal microscope to 

excessive levels (Figure S3B). Interestingly, ultrastructural analysis of entire miniglands at high 

resolution with large scale electron microscopy (Sokol et al., 2015) further indicated representation 

of both, serous acinar (Figure 3E, arrows) and mucous acinar cells (Figure 3E, arrowheads) as 

recognized by characteristically electron dense and electron pale secretory vesicles, respectively 

(Movie S2). The basement membrane was lined with myoepithelial cells (Figure 3E, asterisk) 

distinguished by their elongated shapes. We also observed an abundance of CK5+ cells (Figure 3F), 

which is considered to be a progenitor cell population in embryonic salivary glands (Knox et al., 

2010). Taken together, culturing single EpCAMhigh stem cell in vitro in Wnt-inducing conditions gives 

 
 

cells in salivary gland excretory ducts co-�������� �-catenin and therefore could potentially be 

activated by Wnt-signaling, albeit not through LGR5/6 receptors. 

 
Figure 2 Single EpCAMhigh cells generate spheres and miniglands. (A) Representative fluorescence-
activated cell sorting (FACS) gating strategy for the analysis of ductal cells in the salivary gland. Left 
panel shows the exclusion of lineaege marker-expressing cells. Right panel depicts the distribution of 
EpCAMhigh, EpCAMmed and EpCAMneg cells in dissociated adult mouse salivary gland. FSC, forward 
scatter. (B) Sphere forming efficiency of EpCAMhigh, EpCAMmed, and EpCAMneg populations (** p < 
0.005). Data are expressed as the mean of ± SEM of three independent experiments. (C) Differential 
interference contrast image of a growing minigland until 9 days of culture. (D) Representative 
example of a salisphere and a minigland originating from single EpCAMhigh in 9-day-old culture. (E) 
Toluidine blue staining shows uniform lumen formation throughout minigland (arrows). Scale bars 
100 μm (C,D) and 10 μm (E) 
 

EpCAMhigh cells give rise to secondary salivary gland spheres and miniglands  

Based on our observations in vivo, we next asked whether Wnt proteins could directly influence 

EpCAM+ salivary gland ductal cells in vitro by promoting their sphere-initiating ability. Therefore, 

salivary glands from adult healthy mice were isolated and digested into single cell suspension. After 
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hours (Figure 2B). In contrast, single cells from EpCAMmed and EpCAMneg populations were unable to 

form spheres (<0.05%, Figure 2B). Moreover, only 0.05±0.01% of live, non-marker selected cells and 

0.2±0.1% non-sorted cells were capable of generating spheres in WRY medium, further indicating 

that high EpCAM expression pronouncedly enriches for cells with in vitro self-renewing capabilities 

(Figure S2A). Similarly to gastric organoid units (Barker et al., 2010) supplementing the cultures with 

either Wnt3a or Rspo1 alone lead to the formation of a lower number of spheres (Figure S2B). We 

did not observe any cell growth in cultures not supplemented with Wnt proteins (Figure S2B) 

presumably due to the requirement of Wnt-signaling for the initiation of sphere-growth under these 

conditions.  

Interestingly, within 9 days of culture 10.8±1.8% of the spheres formed differentiated organoid-like 

structures, which we termed miniglands (Figure 2C and S2C). Miniglands underwent extensive 

budding events during this time frame, and were up to 4-6 times bigger than co-cultured salispheres 

(89.2±1.8%), reaching up to 1 mm in diameter (Figure 2D and S2D) by day 15. Toluidine blue staining 

of miniglands revealed a lobular structure with evenly distributed lumina (Figure 2E). Moreover, 

miniglands consisted of differentiated CK18+ ductal (Figure 3A,C and S3A), Aqp5+ acinar (Figure 3B,C) 

and SMA- + myoepithelial cells forming the outer layer of a lobe (Figure 3D and Movie S1), as shown 

by immunostaining, indicative of retention of differentiation potential of EpCAMhigh salivary gland 

stem cells in the presence of Wnt agonists. No background staining was detected in any of the 

samples treated without primary antibody even with enhancing the lasers of confocal microscope to 

excessive levels (Figure S3B). Interestingly, ultrastructural analysis of entire miniglands at high 

resolution with large scale electron microscopy (Sokol et al., 2015) further indicated representation 

of both, serous acinar (Figure 3E, arrows) and mucous acinar cells (Figure 3E, arrowheads) as 

recognized by characteristically electron dense and electron pale secretory vesicles, respectively 

(Movie S2). The basement membrane was lined with myoepithelial cells (Figure 3E, asterisk) 

distinguished by their elongated shapes. We also observed an abundance of CK5+ cells (Figure 3F), 

which is considered to be a progenitor cell population in embryonic salivary glands (Knox et al., 

2010). Taken together, culturing single EpCAMhigh stem cell in vitro in Wnt-inducing conditions gives 

 
 

cells in salivary gland excretory ducts co-�������� �-catenin and therefore could potentially be 

activated by Wnt-signaling, albeit not through LGR5/6 receptors. 

 
Figure 2 Single EpCAMhigh cells generate spheres and miniglands. (A) Representative fluorescence-
activated cell sorting (FACS) gating strategy for the analysis of ductal cells in the salivary gland. Left 
panel shows the exclusion of lineaege marker-expressing cells. Right panel depicts the distribution of 
EpCAMhigh, EpCAMmed and EpCAMneg cells in dissociated adult mouse salivary gland. FSC, forward 
scatter. (B) Sphere forming efficiency of EpCAMhigh, EpCAMmed, and EpCAMneg populations (** p < 
0.005). Data are expressed as the mean of ± SEM of three independent experiments. (C) Differential 
interference contrast image of a growing minigland until 9 days of culture. (D) Representative 
example of a salisphere and a minigland originating from single EpCAMhigh in 9-day-old culture. (E) 
Toluidine blue staining shows uniform lumen formation throughout minigland (arrows). Scale bars 
100 μm (C,D) and 10 μm (E) 
 

EpCAMhigh cells give rise to secondary salivary gland spheres and miniglands  

Based on our observations in vivo, we next asked whether Wnt proteins could directly influence 

EpCAM+ salivary gland ductal cells in vitro by promoting their sphere-initiating ability. Therefore, 

salivary glands from adult healthy mice were isolated and digested into single cell suspension. After 
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Single salivary gland stem cell expansion is Wnt-driven 

Recently, we have shown pronounced expansion of SGSCs in vitro in the presence of Rho-kinase 

inhibitor Y-27632 (Nanduri et al., 2014), without Wnt agonists. However, this expansion was initiated 

from liquid cultures enriched for primary sphere forming cells and might involve a paracrine effect of 

Wnt-stimulation. To test the requirement of the Wnt pathway in this format, salivary glands from 

adult healthy mice were isolated and digested into dispersed cells, which formed primary salispheres 

within 3 days (Figure 4A). Next, single cells derived from dissociated primary spheres were 

embedded in Matrigel supplemented with expansion medium (EM) (Figure 4B) (Nanduri et al., 2014) 

or EM containing a panel of Wnt antagonists: IWR-1-endo (Figure 4D), which stabilizes Axin proteins 

-catenin destruction complex (Chen et al., 2009), IWP-2 (Figure 4E), which inactivates 

Porcn, a protein known to be essential for the production of Wnt ligands (Chen et al., 2009) and 

SFRP-1 (Figure 4F), which directly binds to Wnt proteins (Finch et al., 1997). Indeed, chemical 

inhibition of the Wnt pathway by IWR-1 endo compound completely suppressed growth of spheres 

while treatment of IWP-2 and sFRP1 dramatically reduced the growth of spheres (Figure 4G-H). 

DMSO treated cells (Figure 4C and G-H) did not have a significant effect on the population doublings 

or sphere forming efficiency. These data suggest that Wnt-signaling is essential for the initiation of 

sphere-growth, not only when isolating SGSCs directly from tissue (Figure 2A) but also in cultures 

enriched for salivary gland stem cells (Lombaert et al., 2008a; Nanduri et al., 2014). We next 

reasoned, that if Wnt inhibition leads to a lack of proliferation in salispheres, Wnt activation may lead 

to an increased proliferation and salisphere forming potential, and as such expansion of the SGSC 

pool. We tested this by seeding single cells derived from primary salispheres in Matrigel 

supplemented with WRY medium (Figure 4I). As expected, the presence of Wnt proteins had an 

enhanced effect on cell proliferation (population doubling 6.5±0.2) (Figure 4N). Furthermore, we 

observed a significant effect on sphere forming efficiency (15.7±1.1%) (Figure 4O) when compared to 

EM conditions (population doubling 3.2±0.2; sphere forming efficiency 12.0±1.0%). Disruption of 

Wnt-pathway by IWR-1-endo (Figure 4K), IWP-2 (Figure 4L) or sFRP1 (Figure 4M) in WRY conditions 

lead to a reduced cell growth (3.5±0.1; 0.6±0.2; 1.6±0.4 population doublings respectively) (Figure 

4N) and weakened sphere forming efficiency (6.3±1.1%; 2.0±0.6; 3.3±1.2 respectively) (Figure 4O), 

indicative of incomplete inhibition of Wnt-signalling by Wnt antagonists in the presence of Wnt3a 

and R-spondin1. DMSO exposure (Figure 4J) did not alter cell growth or sphere formation (population 

doubling 5.9±0.3; sphere forming efficiency 14.3±1.9) (Figure 4N-O) compared to untreated 

condition. To test the self-renewal capacity of cells cultured in WRY conditions, every consecutive 

week, organoids were enzymatically digested into single cells and plated with the density of 10.000 

cells per well (Figure 4A). The cultures maintained exponential growth for more than 8 months with  

 
 

rise to 3-dimensional structures which a) consist of all salivary gland cell lineages and b) contain large 

numbers of CK5+ putative progenitors. 

 
Figure 3 Single-cell derived miniglands acquire fate of salivary gland cells. (A-D), Confocal images (z-
stack projection) for salivary gland specific markers (A) CK18 (red, ductal cells), (B) Aqp5 (green, 
acinar cells), (C) Overlay of CK18 (red) and Aqp5 (green), (D) �-SMA (purple, myoepithelial cells), 
Counterstain, Hoechst 33342 (blue). (E) Electron microscopy demonstrates serous (arrows) and 
mucous (arrowheads) acinar cells and myoepithelial cells (asterisk). Data accessible: 
www.nanotomy.org , salivary gland organoid. Lu, lumen. (F) Confocal images (z-stack projection) for 
CK5 (red, embryonic SG progenitor cells). Counterstain, Hoechst 33342 (blue). Scale bars 30 μm (A-
D,F upper panel), 10 μm (A-D,F lower panel) and 10 μm, 5 μm and 2 μm (E) left, center and right 
panel respectively.  
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Single salivary gland stem cell expansion is Wnt-driven 

Recently, we have shown pronounced expansion of SGSCs in vitro in the presence of Rho-kinase 

inhibitor Y-27632 (Nanduri et al., 2014), without Wnt agonists. However, this expansion was initiated 

from liquid cultures enriched for primary sphere forming cells and might involve a paracrine effect of 

Wnt-stimulation. To test the requirement of the Wnt pathway in this format, salivary glands from 

adult healthy mice were isolated and digested into dispersed cells, which formed primary salispheres 

within 3 days (Figure 4A). Next, single cells derived from dissociated primary spheres were 

embedded in Matrigel supplemented with expansion medium (EM) (Figure 4B) (Nanduri et al., 2014) 

or EM containing a panel of Wnt antagonists: IWR-1-endo (Figure 4D), which stabilizes Axin proteins 

-catenin destruction complex (Chen et al., 2009), IWP-2 (Figure 4E), which inactivates 

Porcn, a protein known to be essential for the production of Wnt ligands (Chen et al., 2009) and 

SFRP-1 (Figure 4F), which directly binds to Wnt proteins (Finch et al., 1997). Indeed, chemical 

inhibition of the Wnt pathway by IWR-1 endo compound completely suppressed growth of spheres 

while treatment of IWP-2 and sFRP1 dramatically reduced the growth of spheres (Figure 4G-H). 

DMSO treated cells (Figure 4C and G-H) did not have a significant effect on the population doublings 

or sphere forming efficiency. These data suggest that Wnt-signaling is essential for the initiation of 

sphere-growth, not only when isolating SGSCs directly from tissue (Figure 2A) but also in cultures 

enriched for salivary gland stem cells (Lombaert et al., 2008a; Nanduri et al., 2014). We next 

reasoned, that if Wnt inhibition leads to a lack of proliferation in salispheres, Wnt activation may lead 

to an increased proliferation and salisphere forming potential, and as such expansion of the SGSC 

pool. We tested this by seeding single cells derived from primary salispheres in Matrigel 

supplemented with WRY medium (Figure 4I). As expected, the presence of Wnt proteins had an 

enhanced effect on cell proliferation (population doubling 6.5±0.2) (Figure 4N). Furthermore, we 

observed a significant effect on sphere forming efficiency (15.7±1.1%) (Figure 4O) when compared to 

EM conditions (population doubling 3.2±0.2; sphere forming efficiency 12.0±1.0%). Disruption of 

Wnt-pathway by IWR-1-endo (Figure 4K), IWP-2 (Figure 4L) or sFRP1 (Figure 4M) in WRY conditions 

lead to a reduced cell growth (3.5±0.1; 0.6±0.2; 1.6±0.4 population doublings respectively) (Figure 

4N) and weakened sphere forming efficiency (6.3±1.1%; 2.0±0.6; 3.3±1.2 respectively) (Figure 4O), 

indicative of incomplete inhibition of Wnt-signalling by Wnt antagonists in the presence of Wnt3a 

and R-spondin1. DMSO exposure (Figure 4J) did not alter cell growth or sphere formation (population 

doubling 5.9±0.3; sphere forming efficiency 14.3±1.9) (Figure 4N-O) compared to untreated 

condition. To test the self-renewal capacity of cells cultured in WRY conditions, every consecutive 

week, organoids were enzymatically digested into single cells and plated with the density of 10.000 

cells per well (Figure 4A). The cultures maintained exponential growth for more than 8 months with  

 
 

rise to 3-dimensional structures which a) consist of all salivary gland cell lineages and b) contain large 

numbers of CK5+ putative progenitors. 

 
Figure 3 Single-cell derived miniglands acquire fate of salivary gland cells. (A-D), Confocal images (z-
stack projection) for salivary gland specific markers (A) CK18 (red, ductal cells), (B) Aqp5 (green, 
acinar cells), (C) Overlay of CK18 (red) and Aqp5 (green), (D) �-SMA (purple, myoepithelial cells), 
Counterstain, Hoechst 33342 (blue). (E) Electron microscopy demonstrates serous (arrows) and 
mucous (arrowheads) acinar cells and myoepithelial cells (asterisk). Data accessible: 
www.nanotomy.org , salivary gland organoid. Lu, lumen. (F) Confocal images (z-stack projection) for 
CK5 (red, embryonic SG progenitor cells). Counterstain, Hoechst 33342 (blue). Scale bars 30 μm (A-
D,F upper panel), 10 μm (A-D,F lower panel) and 10 μm, 5 μm and 2 μm (E) left, center and right 
panel respectively.  
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We then asked whether the original organoids derived from EpCAMhigh cells (Figure 2) contain cells 

capable for self-renewal and therefore give rise to long-term SGSC cultures. To this end, salivary 

glands from adult healthy mice were isolated and digested into single cell suspension. After removing 

cell clumps, dead cells and debris, we depleted CD45+ and TER119+ hematopoietic and CD31 

endothelial cells (Figure S4A). As before, the cells were divided into three cell populations EpCAMhigh, 

EpCAMmed and EpCAMneg using FACS (Figure S4B) and embedded into Matrigel containing previously 

defined WRY-medium. During 10 days of culture, EpCAMhigh cells generated organoids (Figure S4C, 

arrows) as shown previously. As expected, single cells from EpCAMmed and EpCAMneg populations 

were unable to form organoids (<0.05%) (Figure S4D-E). Next, organoids intiated from single 

EpCAMhigh cells were dissociated and re-plated into Matrigel supplemented with WRY-medium. 

Within the period of 3 passages (3 weeks) these cultures displayed exponential growth (Figure S4F) 

similar to cultures initiated from liquid cultures (Figure 4P). Additionally, as cells derived from 

EpCAMhigh population were passaged, an increase in the ability to form spheres was observed (Figure 

S4G), indicative of enrichment in stem/progenitor cells when cultured under Wnt-inducing 

conditions. This shows that EpCAMhigh cell population discerned from freshly isolated salivary 

glands in contrast to EpCAMmed and EpCAMneg populations contain cells with  self-renewal potential. 

In order to assess the suitability of expanded SGSCs for in vivo reconstitution experiments we 

beforehand tested their tumorigenicity and differentiation potential. First, when transplanting 8 x 

10e5 passage 13 cells subcutaneously into immunocompromised mice, no tumor formation was 

detected after 1 year in any of the mice analyzed (n=5) (Figure S5A). Secondly, when embedding 

passage 18 spheres into our previously published differentiation assay containing Collagen Type IV 

and Basement Membrane Matrigel (50%:50%) (Nanduri et al., 2014) the growth of lobular organoids 

was observed within 14 days (Figure S5B) suggesting a normal differentiation potential when growing 

salivary gland cells for multiple passages with WR medium. Therefore, we conclude that passaging 

SGSCs in Wnt-inducing conditions allows massive expansion of salivary gland stem cell pool.   

 

Transplantation of Wnt-induced cells unprecedentedly rescue irradiation-damaged salivary glands  

Based on our in vitro observations showing that only EpCAMhigh cells give rise to secondary structures 

indicating the presence of stem cells, we finally tested the potential of these cells to rescue radiation-

induced hyposalivation in vivo. For this purpose ACTB-DsRed (DsRed) mice were used as donor to 

enable tracing the donor cells after transplantation. First, sphere cultures from DsRed mice were 

initiated and cultured for 1 or 7 passages in Basement Membrane Matrigel supplemented with WR 

media (Figure 5A). Subsequently, cultures were collected, trypsinized into single-cell suspension and 

 
 

 
Figure 4 In vitro expansion of salivary gland stem cells, (A) Scheme showing isolation method of 
SGSCs and establishment of long-term salivary gland organoid culture. (B-F) DIC images of salivary 
gland organoid cultures grown in enriched medium (EM) (B) (Nanduri et al., 2014) in combination 
with DMSO (C) or Wnt antagonists IWR-1-endo (D), IWP-2 (E), sFRP1 (F). Scale bars 100 μm. (G-H), 
Population kinetics of salisphere-derived salivary gland organoid cultures during inhibition of Wnt-
pathway grown in EM) representing population doubling (G) and sphere forming capability (H). (I-M) 
DIC images of salivary gland organoid cultures grown in WRY medium (I) in combination with DMSO 
(J) or Wnt antagonists IWR-1-endo (K), IWP-2 (L), sFRP1 (M). Scale bars 100 μm. (N-O), Population 
kinetics of salisphere-derived salivary gland organoid cultures during inhibition of Wnt-pathway 
grown in WRY medium representing population doubling (N) and sphere forming capability (O). (P) 
Population dynamics plot of salisphere self-renewal culture (formula in materials and methods).  
MM, minimal culturing media. WRY, minimal media supplemented with Wnt3a, R-spondin1 and y-
27632. Data are expressed as the mean of ± SEM of three independent experiments (panels G,H,N-P). 
Scale bars 100 μm. 

 

cell doubling times essentially unchanged during the culturing period (Figure 4P, WRY). Furthermore, 

when compared to our previously published enriched medium (Figure 4P, EM) (Nanduri et al., 2014) 

cells grown in the presence of Wnt agonists displayed an enhanced capacity for stem cell expansion.  
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We then asked whether the original organoids derived from EpCAMhigh cells (Figure 2) contain cells 

capable for self-renewal and therefore give rise to long-term SGSC cultures. To this end, salivary 

glands from adult healthy mice were isolated and digested into single cell suspension. After removing 

cell clumps, dead cells and debris, we depleted CD45+ and TER119+ hematopoietic and CD31 

endothelial cells (Figure S4A). As before, the cells were divided into three cell populations EpCAMhigh, 

EpCAMmed and EpCAMneg using FACS (Figure S4B) and embedded into Matrigel containing previously 

defined WRY-medium. During 10 days of culture, EpCAMhigh cells generated organoids (Figure S4C, 

arrows) as shown previously. As expected, single cells from EpCAMmed and EpCAMneg populations 

were unable to form organoids (<0.05%) (Figure S4D-E). Next, organoids intiated from single 

EpCAMhigh cells were dissociated and re-plated into Matrigel supplemented with WRY-medium. 

Within the period of 3 passages (3 weeks) these cultures displayed exponential growth (Figure S4F) 

similar to cultures initiated from liquid cultures (Figure 4P). Additionally, as cells derived from 

EpCAMhigh population were passaged, an increase in the ability to form spheres was observed (Figure 

S4G), indicative of enrichment in stem/progenitor cells when cultured under Wnt-inducing 

conditions. This shows that EpCAMhigh cell population discerned from freshly isolated salivary 

glands in contrast to EpCAMmed and EpCAMneg populations contain cells with  self-renewal potential. 

In order to assess the suitability of expanded SGSCs for in vivo reconstitution experiments we 

beforehand tested their tumorigenicity and differentiation potential. First, when transplanting 8 x 

10e5 passage 13 cells subcutaneously into immunocompromised mice, no tumor formation was 

detected after 1 year in any of the mice analyzed (n=5) (Figure S5A). Secondly, when embedding 

passage 18 spheres into our previously published differentiation assay containing Collagen Type IV 

and Basement Membrane Matrigel (50%:50%) (Nanduri et al., 2014) the growth of lobular organoids 

was observed within 14 days (Figure S5B) suggesting a normal differentiation potential when growing 

salivary gland cells for multiple passages with WR medium. Therefore, we conclude that passaging 

SGSCs in Wnt-inducing conditions allows massive expansion of salivary gland stem cell pool.   

 

Transplantation of Wnt-induced cells unprecedentedly rescue irradiation-damaged salivary glands  

Based on our in vitro observations showing that only EpCAMhigh cells give rise to secondary structures 

indicating the presence of stem cells, we finally tested the potential of these cells to rescue radiation-

induced hyposalivation in vivo. For this purpose ACTB-DsRed (DsRed) mice were used as donor to 

enable tracing the donor cells after transplantation. First, sphere cultures from DsRed mice were 

initiated and cultured for 1 or 7 passages in Basement Membrane Matrigel supplemented with WR 

media (Figure 5A). Subsequently, cultures were collected, trypsinized into single-cell suspension and 
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cell doubling times essentially unchanged during the culturing period (Figure 4P, WRY). Furthermore, 

when compared to our previously published enriched medium (Figure 4P, EM) (Nanduri et al., 2014) 

cells grown in the presence of Wnt agonists displayed an enhanced capacity for stem cell expansion.  
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after irradiation, in control animals (irradiated and non-transplanted), saliva production dropped to 

17±3% of pre-irradiation values (Figure 5B-D). In contrast, saliva flow of mice transplanted with 100 

or 10,000 passage 1 Wnt-induced cells increased significantly to 53±8% and 62±9%, respectively 

(Figure 5B and D). Furthermore, the transplantation was even more successful in mice transplanted 

with 100, 1000 or 10.000 passage 7 Wnt-induced cells, reaching levels of 63±8%, 67±3% and 79±6% 

of pre-irradiation saliva flow, respectively (Figure 5C and D). This indicates that our culturing 

conditions are optimized for the enrichment in salivary gland stem cell pool with in vivo 

reconstitution ability. 

 
Figure 6 Donor-derived cells regenerate destroyed salivary gland tissue. (A-E), H&E stainings of SG 
tissue: irradiated and transplanted with 100 (A), 1000 (B) or 10.000 (C) Wnt-induced cells, irradiated 
control (D) untreated control (E) showing presence of acini (asterisk). (F) Immunohistochemical 
staining for DsRed reveals incorporation of transplanted Wnt-induced cells into donor tissue and 
formation of ducts (arrows) and acini (arrowheads). Scale bars 100 μm (zoom-out panel) and 20 μm 
(zoom-in panel). 
 

 
 

 
Figure 5 Transplantation of cultured Wnt-induced cells improves function of irradiated salivary gland 
tissue. (A) Scheme representing the transplantation protocol. (B) Transplants of 10.000 (blue), 100 
(cyan) of passage 1 Wnt-induced cells in time course analysis of relative saliva production in 
comparison to irradiated control animals (black). Statistical analysis is shown in comparison to 
irradiated control group (*** p <0.001, ** p < 0.01 at relevant time point). Data are expressed as the 
mean of ± SEM, n=8 animals per time point. (C) Transplants of 10.000 (blue), 1000 (purple), 100 
(cyan) of passage 7 Wnt-induced cells in time course analysis of relative saliva production in 
comparison to irradiated control animals (black). Statistical analysis is shown in comparison to 
irradiated control group (*** p <0.001, ** p < 0.01 at relevant time point). Data are expressed as the 
mean of ± SEM, n=8 animals per time point. (D) Relative saliva production at 120 days after 
irradiation in animals transplanted with 100, 10.000 passage 1 or 100, 1000, 10.000 passage 7 Wnt-
induced cells per animal. Each data point represents a recipient animal. Note the uniform response 
of animals transplanted with passage 7 Wnt-induced cells. 

 

 transplanted intraglandularly into C57BL/6 recipient mice, which were previously locally irradiated 

with 15 Gy to the head and neck region (Lombaert et al., 2008a). Both glands in each mouse received 

equal cell numbers, so that a total cell number of 100, 1000 or 10,000 were transplanted per 

recipient mouse. The functionality of the transplanted glands was determined by pilocarpine 

stimulated saliva flow rate as described previously (Lombaert et al., 2008a). As expected, 120 days 
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after irradiation, in control animals (irradiated and non-transplanted), saliva production dropped to 

17±3% of pre-irradiation values (Figure 5B-D). In contrast, saliva flow of mice transplanted with 100 
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(Figure 5B and D). Furthermore, the transplantation was even more successful in mice transplanted 

with 100, 1000 or 10.000 passage 7 Wnt-induced cells, reaching levels of 63±8%, 67±3% and 79±6% 
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the protein in excretory duct cells of the salivary gland, FACS selection for  single EpCAMhigh cells and 

subsequent culturing in the presence of Wnt-activating proteins efficiently generate three-

dimensional salivary gland organoids that closely resemble primary salivary gland tissue. 

Recently, Xiao and colleagues (Xiao et al., 2014) successfully isolated and cultured Lin-CD24+c-

Kit+Sca1+ salivary gland stem cells as spheres lacking phenotypical hallmark of differentiation - 

branching morphogenesis. Contrary to this, the organoids presented here underwent series of 

budding events, until reaching sizes up to 1 mm (supplementary figure 2C). Combined with 

orthotopic transplantation (Ogawa et al., 2013), these findings may open up novel routes to organ 

replacement regenerative therapy. Using technique reported here we are able to expand salivary 

gland stem cells, derived from a single animal, to clinically relevant numbers without the use of 

specific stem cell markers. Previously reported methods have been required to start expansion 

cultures with cells derived from multiple animals, and used cell surface markers that are mouse 

specific (Xiao et al., 2014), rendering the expansion protocol less clinically relevant.  

Achieving control of cell fate determination in adult tissues is one of the key goals of regenerative 

medicine. Given the central role of Wnt-mediated cellular responses in stem cell self-renewal we 

focused our attention on activation as well as inhibition of Wnt-signaling. By using a panel of 

chemical inhibitors of Wnt pathway we effectively show that Wnt signaling is required for the 

maintenance of salivary gland stem cell cultures. Although the ability of IWR and IWP compounds to 

selectively inhibit the Wnt pathway has been characterized elsewhere (Chen et al., 2009), it is still  

possible that chemical inhibition causes off target effects. Therefore, in the future it would be of 

interest to use -catenin loss-of-function mouse model (Huelsken et al., 2001) or CRISPR-

Cpf1 genome editing system (Zetsche et al., 2015) for the ablation of Wnt-pathway. 

Ultimately, this study provides proof of principle that SGSCs cultured under Wnt-inducing conditions 

can be used for stem-cell therapy to irradiation-damaged epithelium and possibly other cases of 

salivary gland dysfunction. Remarkably, the transplanted cells adhere and engraft into damaged 

tissue and contribute to the normal homeostasis of the salivary gland. We report an unprecedented 

improvement of saliva flow recovery over previously reported methods (Lombaert et al., 2008b; 

Nanduri et al., 2014; Nanduri et al., 2011; Xiao et al., 2014), which could have been achieved by 

transplantation of heterogeneous pool of cells containing stem, progenitor and differentiated cells 

present in these cultures. Although translation to the human situation is needed, the current study 

implies that in vitro expansion and transplantation of long-term cultured SGSCs may be a promising 

option for patients with severe salivary gland hypofunction. 

 
 

Recovery of the glandular tissue was further demonstrated by improvement of general morphology 

(Figure 6A-C) and the re-appearance of functional acinar tissue (Figure 6A-C, asterisk). The 

histological improvement was observed in all transplanted mice when compared to irradiated 

controls (Figure 6D), returning to levels close to non-irradiated controls determined by strong 

increase in acini (Figure 6E). We also analyzed the engraftment of Wnt-induced cells by DsRed 

staining on serial sections of the entire salivary gland. We found DsRed+ ducts (Figure 6F, arrows) and 

acini (Figure 6F, arrowheads) incorporated in the tissue, indicating that they were derived from 

donor cells. No specific staining was detected in C57BL/6 salivary gland sections treated with DsRed 

antibody (Figure S5A) while most of the cells were positively stained in salivary gland sections of 

DsRed mice (Figure S5B). We did not observe any sign of tumor growth or dysplastic change in any of 

the transplanted areas indicating the non-transformed origin of cultured cells. Taken together, these 

data reveal that culturing SGSCs in Wnt-inducing conditions broadly expands SGSCs with enhanced 

potential to restore functionality in destroyed submandibular glands. However, with these 

experiments we cannot sufficiently conclude that Wnt proteins are responsible for restoring the 

function of irradiated salivary glands in vivo. 

 

DISCUSSION 

-catenin signaling is involved in many biological processes, including proliferation, 

differentiation, organogenesis and cell migration (Clevers and Nusse, 2012). It has been shown 

previously that combinations of Wnt- and R-spondin proteins support long term cultures of small 

intestine (Sato et al., 2009), stomach (Barker et al., 2010), liver (Huch et al., 2013b) and pancreas 

(Huch et al., 2013a). Until now, the role of Wnt signaling on key properties of salivary gland stem cell 

regulation has remained elusive. In this study, we provide evidence that Wnt proteins are required 

for salivary gland stem cell self-renewal and robustly promote their long-term expansion in culture. 

Our study further strengthens the role of Wnt-signaling as a universal self-renewal pathway (Lim et 

al., 2013; Reya et al., 2003; Zeng and Nusse, 2010).  

A lack of stem cell assays in the adult salivary gland field has hindered studies aimed to assess 

functional properties and/or regenerative potential of putative stem cell populations. Our previous 

attempts for studying SGSC biology were based on in vitro cultures, already enriched for 

stem/progenitor cells (Lombaert et al., 2008a; Nanduri et al., 2014). Here we report the development 

of an optimized culture system for generating salivary gland organoids from primary adult 

submandibular glands in vitro, based on activation of Wnt-signaling. Although in addition to the 

common transmembrane expression of EpCAM we also detect an unexpected basal localization of 

CHAPTER 3



63 I 
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transplantation of heterogeneous pool of cells containing stem, progenitor and differentiated cells 

present in these cultures. Although translation to the human situation is needed, the current study 

implies that in vitro expansion and transplantation of long-term cultured SGSCs may be a promising 

option for patients with severe salivary gland hypofunction. 
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accomplished by addition of specific secondary biotin carrying antibodies (Dako), an avidin–biotin-

horse radish peroxidase complex (ELITE ABC Kit, Vector Laboratories) and the diaminobenzidine 

(DAB) chromogen. Nuclear staining was performed with hematoxylin.  

Cell sorting and single cell salivary gland sphere culture 

Salivary glands were harvested from healthy adult mice, mechanically disrupted by gentleMACS 

Dissociator (Milteny) followed by enzymatic digestion with collagenase type II (0,63 mg/ml; Gibco), 

hyaluronidase (0,5 mg/ml; Sigma-Aldrich) and CaCl2 (6,25 mM; Sigma-Aldrich). After filtering through 

100 μm cell strainer the suspension was dissociated using 0,05% trypsin-EDTA (Gibco) following 

filtering through 35 μm strainer. Cell pellets were incubated with anti-mouse CD31-PE (eBioscience, 

12-0311-82), CD45-PE (Biolegend, 103106), TER-119-PE/Cy7 (Biolegend, 116222) and EpCAM-APC 

antibody (eBiosciences, 17-5791-80) for 15’ on room temperature. After washing thoroughly cells 

were suspended in a solution containing propidium iodide (PI; 1mg/ml; Sigma-Aldrich), MgSO4 (10 

mM; Sigma-Aldrich) and DNase I (50 μg/ml; Sigma-Aldrich). Pulse-width gating excluded cell doublets 

while dead cells were excluded by gating on PI negative cells. Positive gating was based on the 

comparison of non-stained and single antibody-stained samples. Sorted cells were embedded in 

Basement Membrane Matrigel (BD Biosciences) and seeded in 12-well. Cells were cultured in EM 

(Nanduri et al., 2014) or in WRY medium (DMEM:F12 containing Pen/Strep antibiotics (1X; 

Invitrogen), Glutamax (1X; Invitrogen), N2 (1X; Gibco), EGF (20 ng/ml; Sigma-Aldrich), FGF2 (20 

ng/ml; Sigma-Aldrich), insulin (10 μg/ml; Sigma-Aldrich), dexamethasone (1 μM; Sigma-Aldrich), Y-

27632 (10 μM; Sigma-Aldrich 10% R-spondin1 conditioned media (provided by C. Kuo) and 50% 

Wnt3a conditioned media).  

Primary salispheres were cultured as published previously (Lombaert et al., 2008a). Shortly, cell 

suspensions were prepared first by mechanical disruption with gentleMACS (Milteny) followed by 

enzymatic digestion with collagenase type II (0,63 mg/ml; Gibco), hyaluronidase (0,5 mg/ml; Sigma-

Aldrich) and  CaCl2 (6,25 mM; Sigma-Aldrich). After washing thoroughly cell suspensions were re-

suspended in DMEM:F12 medium containing 1X Pen/Strep antibiotics (Invitrogen), Glutamax (1X; 

Invitrogen), EGF (20 ng/ml; Sigma-Aldrich), FGF-2 (20 ng/ml; Sigma-Aldrich), N2 (1X; Gibco), insulin 

(10 μg/ml; Sigma-Aldrich) and dexamethasone (1 μM; Sigma-Aldrich), at a density of 400,000 cells 

per well of a 12-well plate. 

Self-renewal assay 

3-day salisphere cultures were dispersed to single cell suspensions using 0.05 % trypsin-EDTA 

(Invitrogen), enumerated and concentration adjusted to 0.4 x 106 cells/ml.  25 μl of cell suspension 

 
 

In conclusion, we provide clear evidence that Wnt-signals are necessary for SGSC maintenance in 

vitro. However, this does not exclude the relevance of other pathways in these processes. For 

example, platelet-derived growth factor receptor signaling, in concert with FGF signaling, has been 

shown to be essential for proliferation and survival of ex vivo cultures of embryonic salivary gland 

progenitors (Steinberg et al., 2005; Yamamoto et al., 2008). Furthermore, epidermal growth factors 

and their receptors are important for embryonic SMG proliferation (Haara et al., 2009; Knox et al., 

2010). However, none of these pathways have been exploited to study adult stem cell maintenance 

in vitro to the extent as the Wnt-signaling pathway presented here. We believe that the efficient in 

vitro system reported here will be of vital use for validating and implementing further studies on 

adult SGSC biology and for the discovery of novel pathways involved in the salivary gland 

maintenance and regeneration. 

 

EXPERIMENTAL PROCEDURES 

Mice 

8–12 week old female C57BL/6 mice were purchased from Harlan.  NOD.Cg-PrkdcscidIl2rgtmlWjl/SzJ,  

B6.Cg-Tg(ACTB-DsRed*MST)1Nagy/J and B6.129P2-Lgr5tm1(cre/ESR1)Cle/J animals were bred in the 

Central Animal Facility of University Medical Centre Groningen. LGR6-EGFP (Snippert et al., 2010) 

were bred in Hubrecht Institute, University Medical Centre Utrecht. The mice were maintained under 

conventional conditions and fed ad libitum with food pellets (RMH-B, Hope Farms B.V.) and water. All 

experiments were approved by the Ethical Committee on animal testing of the University of 

Groningen. 

Immunostaining  

Mouse salivary glands were 4% formaldehyde fixed (24 hours, RT) and processed for paraffin 

embedding. Following dehydration, the tissue was embedded in paraffin and sliced into 5 

sections. The sections were dewaxed, boiled for 8 min in pre-heated 10 mM citric acid retrieval 

buffer (pH 6.0) containing 0.05 % Tween20, washed thoroughly prior to primary antibody exposure 

and labeled for the following markers: EpCAM (1:100; (Schnell et al., 2013)), -catenin (1:100; 

Transduction laboratories, 610154), DsRed (1:100; BioVision, #3984-100). For fluorescence 

microscopy Alexa Fluor 488 goat anti-rabbit (Life technologies, A11008) or Alexa Fluor 594 donkey 

anti-mouse (Life technologies, A21203) conjugates at 1:300 dilution were used as secondary 

antibodies. Nuclear staining was performed with DAPI (Sigma-Aldrich). Haematoxylin and Eosin 

staining was performed according to standard protocols. Visualization for bright field microscopy was 
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ng/ml; Sigma-Aldrich), insulin (10 μg/ml; Sigma-Aldrich), dexamethasone (1 μM; Sigma-Aldrich), Y-

27632 (10 μM; Sigma-Aldrich 10% R-spondin1 conditioned media (provided by C. Kuo) and 50% 
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were bred in Hubrecht Institute, University Medical Centre Utrecht. The mice were maintained under 

conventional conditions and fed ad libitum with food pellets (RMH-B, Hope Farms B.V.) and water. All 

experiments were approved by the Ethical Committee on animal testing of the University of 

Groningen. 

Immunostaining  

Mouse salivary glands were 4% formaldehyde fixed (24 hours, RT) and processed for paraffin 

embedding. Following dehydration, the tissue was embedded in paraffin and sliced into 5 

sections. The sections were dewaxed, boiled for 8 min in pre-heated 10 mM citric acid retrieval 

buffer (pH 6.0) containing 0.05 % Tween20, washed thoroughly prior to primary antibody exposure 

and labeled for the following markers: EpCAM (1:100; (Schnell et al., 2013)), -catenin (1:100; 

Transduction laboratories, 610154), DsRed (1:100; BioVision, #3984-100). For fluorescence 

microscopy Alexa Fluor 488 goat anti-rabbit (Life technologies, A11008) or Alexa Fluor 594 donkey 

anti-mouse (Life technologies, A21203) conjugates at 1:300 dilution were used as secondary 

antibodies. Nuclear staining was performed with DAPI (Sigma-Aldrich). Haematoxylin and Eosin 

staining was performed according to standard protocols. Visualization for bright field microscopy was 
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Irradiation and regeneration assay  

The irradiation and regeneration assay employed here was described earlier (Lombaert et al., 2008a). 

Shortly, salivary glands of female C57BL/6 mice were irradiated with a single dose of 15 Gy (Precision 

X-ray Inc.). 4 weeks after irradiation, mice were anesthetized and SMG was exposed by small incision. 

As a source of donor cells passage 1 or passage 7 Wnt-induced or not induced salisphere cultures 

were dissociated into single cell solution, 100, 1000 or 10.000 cells suspended in equal volumes of -

MEM (Gibco) and injected into both submandibular glands of irradiated mice intra-glandular. Saliva 

was collected for 15 minutes at 30, 60, 90 and 120 days post irradiation. 

Image analysis 

Immunofluorescence images from tissue sections and images of cultivated cells were acquired with  

Leica TCS Sp8 confocal microscope. Images of time-lapse experiment were acquired with an Olympus 

IMT-2 inverted microscope. Immunohistochemical images of tissue sections were acquired with Leica 

6000 series microscope or with Tissuegnostics TissueFAXS high throughput fluorescence microscope. 

Colocalization of 2 proteins were quantified by ImageJ “Colocalization_Finder” plugin (Christophe 

Laummonerie 2006/08/29: Version 1.2). Immunofluorescence images were reconstructed and 

analyzed using Imaris (Bitplane) software.  

Data analysis 

All values are represented as mean ± standard error of the mean (SEM). A 2-way analysis of variance 

(ANOVA) and Bonferroni post-hoc test with alpha values of 0.05 were applied to the time course 

analysis of saliva flow. n numbers for tested groups are stated in figure  legend. All calculations were 

performed using GraphPad Prism (GraphPad software) software.  
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was combined on ice with 50 μl of BM Matrigel and deposited in the center of 12-well tissue culture 

plates. After solidifying the gels for 20 minutes at 37 °C, gels were covered in minimal medium (MM), 

expansion medium (EM) (Nanduri et al., 2014), WR medium, WRY medium or combinations of EM or 

WRY medium containing Wnt antagonists IWR-1-endo (20 μM, Cayman Chemical), IWP-2 (1 μM, 

Merck Millipore) or sFRP1 (20 ng/ml, Peprotech). 7-10 days after seeding, Matrigel was dissolved by 

��������������������������������������������������������������������������������������������������

processed to a single cell suspension using 0.05 % trypsin EDTA, cell number and sphere number 

noted, and encapsulation in Matrigel repeated.  This cycle was repeated up to 25 times (25 

passages). Cell numbers seeded at the start of each passage and harvested at the end were used to 

calculate the number of population doublings that had occurred, using the following formula, where 

pd = population doublings and ln = natural log. 

�� = �� (��������� ����� / ������ �����)
��2  

Whole-mount immunostaining 

Matrigel in 10-day salisphere culture was dissolved by incubation with Dispase for 1 hour ���������

�������������������������������������������������������������������������������������������������

for the following markers: Aqp5 (1,5 μg/ml; Alomone Labs, #AQP-005), CK18 (1:100; Abcam, ab668), 

�-SMA (1:100; Sigma-Aldrich, A2547) and CK5 (1:100; Covance, PRB-160P). Alexa Fluor 488 goat anti-

rabbit (Life technologies, A11008) or Alexa Fluor 594 donkey anti-mouse (Life technologies, A21203) 

conjugates at 1:300 dilution were used as secondary antibodies. Nuclear counterstaining was 

performed with Hoechst 33258 (Sigma-Aldrich).  

Electron microscopy (TEM) 

Large scale electron miscroscopic analysis was carried out essentially as described before (Sokol et 

al., 2015). 10-day salisphere culture in Matrigel was fixed in 2% glutaraldehyde in 0.1 M 

sodiumcacodylate buffer for 24 h at 4 °C. After fixation in 1% osmiumtetroxide/1,5% 

potasiumferrocyanide (2 hr at 4 degree), salispheres were dehydrated using ethanol and embedded 

in EPON epoxy resin. 60nm sections were cut and contrasted using 2% uranylacetate in methanol 

followed by Reynolds leadcitrate. Images were taken with a Zeiss Supra55 in STEM mode at 29 KV 

using an external scan generator (Fibics) yielding  mosaics of large area scans at 2 nm pixel 

resolution.  These large scale TIF images were stitched and converted to html files using VE Viewer 

(Fibics). These html files can be opened using the following link: www.nanotomy.org , Salivary gland 

organoid. Annotations were done on the original TIFF files using Photoshop.  
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Irradiation and regeneration assay  
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analyzed using Imaris (Bitplane) software.  
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(ANOVA) and Bonferroni post-hoc test with alpha values of 0.05 were applied to the time course 

analysis of saliva flow. n numbers for tested groups are stated in figure  legend. All calculations were 
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in EPON epoxy resin. 60nm sections were cut and contrasted using 2% uranylacetate in methanol 

followed by Reynolds leadcitrate. Images were taken with a Zeiss Supra55 in STEM mode at 29 KV 

using an external scan generator (Fibics) yielding  mosaics of large area scans at 2 nm pixel 

resolution.  These large scale TIF images were stitched and converted to html files using VE Viewer 

(Fibics). These html files can be opened using the following link: www.nanotomy.org , Salivary gland 

organoid. Annotations were done on the original TIFF files using Photoshop.  
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Figure S2. Single EpCAMhigh cells generate spheres and miniglands. (A) Sphere forming efficiency of EpCAMhigh, 
EpCAMmed, and EpCAMneg populations  compared to live sorted and non-sorted cells. Data are expressed as the 
mean of ± SEM of three independent experiments. (B) Single EpCAMhigh  cells were seeded and supplemented 
with enriched media (EM) (Nanduri, 2014); EM+R-spondin-1 (EMR); EM+Wnt3a (EMW) and EM+R-spondin-
1+Wnt3a (EMWR). Results are shown as mean of ±SEM of 2 independent experiments. (C)  Representative 
image of single EpCAMhigh –derived in vitro culture showing a mixture of spheres (upper right) and miniglands 
(lower right). (D) Single EpCAMhigh cell gives rise to a minigland reaching 1 mm in diameter. Scale bars 100 μm. 
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Figure S1. EpCAM expression in whole salivary gland section. (A) Immunostaining showing extensive EpCAM 
expression throughout the ductal compartment of salivary gland. (B-D) Control immunostaining without 
primary antibody for EpCAM (B), �-catenin (C) and overlay (D). AF – autofluorescence. Scale bars 500 μm (A) 
and 20 μm (B-D). 
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Figure S5. Tumorigenicity and differentiation potential of expanded SGSCs. (A) Transplantation of 800 000 
passage 13 Wnt-induced cells sub cutaneously on the side of NSG mice do not show any sign of tumour 
formation after 1 year follow-up. (B) Embedding passage 18 Wnt-induced spheres in matrigel/collagen 
(Differentiation assay, materials and methods) gives rise to terminally differentiated organoids after 15 days. 
Scale bar 100 μm. 
 

 
Figure S6. Controls for dsRed staining in transplanted salivary glands. (A) Immunohistochemical staining 
showing no specific expression of DsRed in the salivary gland of a C57BL/6 mouse. (B) Immunohistochemical 
staining showing extensive DsRed expression throughout the salivary gland of a DsRed mouse. Scale bars 50 
μm. 
 
 

  

 
 

Figure S3. Cellular composition of miniglands. (A) Confocal images (z-stack projection) for ductal marker CK18 
(red) depicting duct and lumen (Lu) formation within a minigland. (B-E) Control immunostaining without 
primary antibodies for A488 (B), A594 (C), DAPI (D) and overlay (E). Scale bars 10 μm (A) and 30 μm (B-E). 
 

 
Figure S4. Expansion of EpCAMhigh cells isolated from salivary gland tissue. (A-B) Representative FACS gating 
strategy for the analysis of EpCAM expressing cells in the salivary gland. (A) Exclusion of lineaege marker-
expressing cells. (B) Distribution of EpCAMhigh, EpCAMmed and EpCAMneg cells in dissociated adult mouse salivary 
gland. FSC, forward scatter. (C-E) Sphere forming efficiency of (C) EpCAMhigh, (D) EpCAMmed and (E) 
EpCAMneg populations. (F) Population dynamics plot of the self-renewal culture of EpCAMhigh cells. (G) Sphere 
formation kinetics of cultures initiated from EpCAMhigh cells during serial passaging. 
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SUMMARY 

The maintenance of a stem cell population as a reservoir of undifferentiated cells is required for 

salivary gland (SG) development, homeostasis and regeneration. Despite the recent advancements in 

partial purification of mouse salivary gland stem cells (SGSC), there is currently no methodology that 

adequately isolates pure SGSCs. Here, we employ a cell-cycle state independent histone H2B-GFP 

pulse-and-chase system to characterize the putative SGSC population based on slow turnover. By 

combining tissue clarity technique with large-scale confocal imaging we provide volumetric data 

showing that H2B-GFP+ label retaining cells (LRCs) pulsed during embryonic development and chased 

until adulthood reside in excretory and striated ducts and not among acinar cells. Phenotypical 

profiling of LRCs reveals that LRCs co-localize with K8+ ductal luminal or Vimentin+ mesenchymal but 

not CK5+ or CK14+ putative progenitor cells. In culture, LRCs fail to generate organoids while a 

proportion of non-LRCs cells display differentiation and long-term expansion potential. Collectively, 

our data suggest that post-natally an active population of SGSC seems responsible for tissue 

remodeling and maintenance. 
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INTRODUCTION 

Adult stem cells are undifferentiated and long-lived cells, which have a remarkable capacity to 

replenish themselves through self-renewal and to give rise to either one (unipotent) or more 

(multipotent) downstream differentiated cell lineages. At present, there is a strong interest in the 

use of adult stem cells as a source of cellular therapy for developing therapeutic strategies to 

radiation treatment, immune diseases and even aging. Given their importance to body tissues, stem 

cells are called upon intermittently, leaving the majority of tissue regeneration to transiently dividing 

but committed progeny. Therefore, stem cells often remain quiescent for extended periods of time 

and are only called into action briefly upon initiation of homeostasis or injury (Fuchs, 2009). 

Quiescence of stem cells is critical to ensure lifelong tissue maintenance and to protect the stem cell 

pool from premature exhaustion under conditions of various stresses. In some cases, such as the 

blood (Foudi et al., 2009), skin epidermis (Clayton et al., 2007) or intestine (Barker et al., 2007), stem 

cells experience daily turnover as part of their normal differentiation process. In others, such as 

skeletal muscle (Collins et al., 2005) or brain (Doetsch et al., 1999) stem cells undergo extremely low 

or no division during normal homeostasis but can respond efficiently to stimuli or injury. 

Nevertheless, to date the population kinetics of salivary gland stem cells (SGSCs) during tissue 

turnover or following damage remains an enigma. 

Currently, a large body of work suggests and supports the presence of stem cell populations within 

salivary gland (SG). Ligation and subsequent de-ligation experiments of the major excretory duct 

have demonstrated SG’s extensive regeneration capacity (Cotroneo et al., 2010; Cotroneo et al., 

2008; Osailan et al., 2006; Takahashi et al., 2004a; Takahashi et al., 2004b). Moreover, several 

antigens commonly identified in stem/progenitor cells in many organs such as c-Kit, Sca-1, CD133, 

CD24, CD29 and CD49f have been shown to be present in submandibular glands (Hisatomi et al., 

2004; Lombaert et al., 2008; Nanduri et al., 2011). Lin CD24+c-Kit+Sca1+ (Xiao et al., 2014) and 

EpCAMhigh (Maimets et al., 2016) cells isolated directly from submandibular glands of adult mice and 

grown in 3-dimensional setting under defined conditions can be expanded into clinically relevant 

numbers of SGSCs in vitro. Furthermore, in transplantation experiments these SGSCs adhere and 

engraft into the donor tissue thereby salvaging irradiation-damaged epithelium (Maimets et al., 

2016; Nanduri et al., 2014). However, knowledge about the specific localization and cellular 

phenotype of SGSCs within the salivary gland still remains scarce.  

Previously, using label retention as a surrogate marker for quiescence, label retaining cells (LRCs) 

have been found being distributed throughout the parenchyma of the SG (Chibly et al., 2014; Kimoto 

et al., 2008; Kwak and Ghazizadeh, 2015). However, information about the self-renewal and 
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differentiation properties of LRCs collected from pulse-chase studies has been controversial. In one 

study, mice were labeled with EdU at postnatal day 10 and chased over a period of 8 weeks (Chibly et 

al., 2014). Subsequent immunohistochemical and in situ hybridization assays at the end of chase 

demonstrated co-localization between EdU+ and K5, K14 as well as kit mRNA. Furthermore, in sphere 

formation assays EdU+ cells showed proliferative potential since they co-localize with the 

proliferation marker Ki67 throughout sphere formation. These data indicate that some LRCs have 

stem cell characteristics. Yet, nucleotide exchange labelling studies rely upon at least one cell 

division. This is not the case for doxycycline inducible histone 2B-GFP labelling system. In a study 

conducted by Kwak and colleagues using the TetO-H2B-GFP reporter, mice were pulsed until 2 weeks 

after birth and chased for 12 weeks (Kwak and Ghazizadeh, 2015). Immunofluorescence revealed 

that subsequent to the chase GFP labeled cells were predominantly localized to the striated ducts 

and to the luminal cells in the excretory ducts. Moreover, in colony formation assays GFP+ cells failed 

to form colonies while substantial amount of colonies formed from the GFP- cells. These data 

suggests that cells with regenerative capabilities undergo at least one cell division while cells that do 

not divide at all may not include stem cells. Furthermore, since the in vitro assays used in both of 

these studies prohibited the assessment of the long-term self-renewal potential of LRCs, it is feasible 

that the conditions used were suboptimal for the ex vivo growth of stem cells. Additionally, 

considering that the bulk of stem cell activity occurs during embryonic development, analyzing LRCs 

labeled in embryonic development could yield to characterization of purified stem cells (Tumbar et 

al., 2004).  

Therefore, in the present study we aimed to acquire new insights into the stem cell localization and 

population dynamics within the SG. For this, we employed an embryonic pulse and chase assay 

utilizing the ubiquitous tetracycline-regulated histone H2BGFP system (Foudi et al., 2009) allowing 

monitoring of cell division history. Furthermore, to directly estimate the potential of LRCs 

performance as SGSCs we challenged different LRC populations in vitro in organoid formation and 

self-renewal assays (Maimets et al., 2016).  

 

RESULTS 

Pulse-chase experiments reveal slowly cycling cells positioned in excretory and striated ducts 

To enrich for SGSC population, we assessed the feasibility of using label retention to select for slowly 

cycling cells, given that a slower division rate respective to the more differentiated cells within a 

tissue is a universal characteristic of adult stem cells. In order to visualize and trace the fate of 

infrequently dividing LRCs in adult SG we used a mouse strain that allows ubiquitous, doxycycline-
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inducible expression of an H2B-GFP fusion protein (Foudi et al., 2009). As shown in other tissues 

(Tumbar et al., 2004), we reason that the majority of stem cell activity occurs during embryonic 

development of the SG, rendering the postnatal tissue remodeling a task for the progenitor and more 

differentiated cells. Therefore, H2B-GFP label was induced in pregnant female mice by 

 
Figure 1. Model for marking slowly cycling in salivary gland and monitoring their fate. (A) 
Experimental strategy. (B) 3D confocal reconstruction of a whole-mounted 1-day old salivary gland. 
Expression of H2B-GFP fusion protein is detected in ductal (arrows) and acinar compartments 
(arrowheads). Scale bars 300 m (whole-mount) and 30 m (enlargement). (C) Immunohistochemical 
staining for GFP shows expression of H2B-GFP fusion protein in ductal (arrows), acinar (arrowheads) 
and myoepithelial (asterisk) cells. Scale bars 100 m (upper panel) and 50 m (lower panel)  (D) 4% 
formaldehyde fixed salivary glands with milky appearance. (E) PACT-processed salivary glands with 
transparent appearance.  (Figure continues). 
 

doxycycline administration from E18 to birth (Figure 1A, pulse) after which loss of fluorescence in the 

SG was monitored (Figure 1A, chase). Salivary gland is a complex organ with an inherent three-
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differentiation properties of LRCs collected from pulse-chase studies has been controversial. In one 
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CHAPTER 4

A

P0E18

pulse chase

P40 P60 P80

C
H2B‐GFP

100 µm

50 µm

*

*
*

Opaque salivary glands PACT salivary glands

P1

B

H2B‐GFP

SLG
SMG

D

300 µm

E

30 µm



I 80
 

dimensional (3D) ductal organization extending in many directions. This renders the localization of 

specific cells within a niche impossible on thin sections. Thus, to explore the presence of H2B-GFP 

label in the SG immediately after the pulse we developed a 3D confocal imaging strategy allowing in 

situ visualization of expansive areas of submandibular and sublingual gland tissue architecture 

(Figure 1B, Movie S1). Ductal (Figure 1B, arrows) and acinar (Figure 1B, arrowheads) compartments 

could be observed at high cellular resolution, spanning up to 2,5 mm of tissue. In agreement with 3D 

images, immunostaining using anti-GFP antibody on paraffin sections confirmed labeling of ductal 

(Figure 1C, arrows) and acinar (Figure 1C, arrowheads, Supplementary figure 1) as well as 

myoepithelial (Figure 1C, asterisk) cells, readily distinguished by their respective shape and position 

within the gland. No background staining was detected without primary antibody (data not shown). 

Consequently, these data show that the Col1a1-H2BGFP genetic mouse model is a powerful tool for 

studying the fate of slowly cycling salivary gland cells. 

 

Figure 1 continues. (F) Whole-mount 3D confocal images of 40-day old salivary gland showing the 
position of LRCs surrounding the excretory duct (Panel 1) and in striated ducts (Panel 2). Scale bars 
700 m (whole-mount) and 20 m (Panel 1 and 2). (F) 60-day old salivary glands showing no visible 
GFP+ cells. Scale bar 700 m. Nuclei counterstained with DRAQ5. SMG, submandibular gland; SLG, 
sublingual gland. 
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Next, we analyzed SG-s for cells retaining H2B-GFP label over time. Postnatal SG is a transparent 

organ that allows optical access for recording physiologically relevant information. Conversely, adult 

salivary gland has an intrinsic milky appearance (Figure 1D) that creates an imminent light scatter, 

rendering imaging deep into a tissue volume problematic. Therefore, to enable whole-organ imaging 

we took advantage of the recently developed PACT reagents (Yang et al., 2014) for tissue clearing 

technique to successfully prepare translucent SG-s (Figure 1E). 40 days of chase dramatically reduced 

the number of cells expressing GFP. Notably, LRCs carrying H2B-GFP label were observed primarily in 

ductal (Figure 1F, Movie S2) and not in acinar compartments as distinguished by their respective 

shape and position in the gland. Specifically, we encountered GFP+ cells in excretory ducts (Figure 1F, 

panel 1) and striated ducts (Figure 1F, panel 2). Considered together, these data suggests that within 

the salivary gland cells with the slowest turnover reside in excretory and striated ducts, locations that 

were previously suggested to contain stem cells (Lombaert et al., 2008; Maimets et al., 2016; van 

Luijk et al., 2015). 

 

Phenotypical profile of LRCs is not reminiscent to SG stem cells 

After 60 days of tracing we were not able to detect LRC-s by large-scale microscopy, hypothetically 

due to the small number of LRCs residing within the SG (Figure 1G). Additionally, since at this point 

the glands are fully developed, 60 days was considered as an optimal chase period for 

characterization and isolation of a small pool of putative SGSCs. In order to provide molecular 

characterization of LRCs we next turned to conventional sectioning and immunostaining of the tissue 

by using panel of markers expressed in SG. Keratin 5 (K5) and Keratin 14 (K14) have been associated 

with salivary gland progenitors during development (Knox et al., 2013; Knox et al., 2010; Lombaert et 

al., 2013). Therefore, we aimed to determine whether salivary gland LRCs expressed these markers in 

vivo. Immunofluorescence staining on tissue sections from 60-day traced mice revealed LRCs 

scattered throughout the parenchyma of SG with an increased abundance in ductal compartments 

(Figure 2). K14 expression was found in the basal layer of excretory ducts (Figure 2A-B) where it, 

unexpectedly, did not co-localize with ductal LRCs (Figure 2B, arrows).  

Similarly, localization of K5 expressing cells was confined to basal cells in the excretory ducts (Figure 

2C-D) where again no overlap with LRCs was found (Figure 2D, arrows). Conversely, antibody staining 

of SG sections with ductal luminal marker Keratin 8 (K8) (Stingl et al., 2001) (Figure 2E-F) using 

immunofluorescence revealed co-localization of LRCs and K8 in the luminal cells of excretory ducts 

(Figure 2F, arrows). Next, in order to characterize the remainder of LRCs residing outside of the 

ductal compartment we co-immunostained SG sections for the mesenchymal marker Vimentin 
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dimensional (3D) ductal organization extending in many directions. This renders the localization of 

specific cells within a niche impossible on thin sections. Thus, to explore the presence of H2B-GFP 

label in the SG immediately after the pulse we developed a 3D confocal imaging strategy allowing in 

situ visualization of expansive areas of submandibular and sublingual gland tissue architecture 

(Figure 1B, Movie S1). Ductal (Figure 1B, arrows) and acinar (Figure 1B, arrowheads) compartments 

could be observed at high cellular resolution, spanning up to 2,5 mm of tissue. In agreement with 3D 

images, immunostaining using anti-GFP antibody on paraffin sections confirmed labeling of ductal 

(Figure 1C, arrows) and acinar (Figure 1C, arrowheads, Supplementary figure 1) as well as 

myoepithelial (Figure 1C, asterisk) cells, readily distinguished by their respective shape and position 

within the gland. No background staining was detected without primary antibody (data not shown). 

Consequently, these data show that the Col1a1-H2BGFP genetic mouse model is a powerful tool for 

studying the fate of slowly cycling salivary gland cells. 

 

Figure 1 continues. (F) Whole-mount 3D confocal images of 40-day old salivary gland showing the 
position of LRCs surrounding the excretory duct (Panel 1) and in striated ducts (Panel 2). Scale bars 
700 m (whole-mount) and 20 m (Panel 1 and 2). (F) 60-day old salivary glands showing no visible 
GFP+ cells. Scale bar 700 m. Nuclei counterstained with DRAQ5. SMG, submandibular gland; SLG, 
sublingual gland. 

 

Next, we analyzed SG-s for cells retaining H2B-GFP label over time. Postnatal SG is a transparent 
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Luijk et al., 2015). 
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(Figure 2F, arrows). Next, in order to characterize the remainder of LRCs residing outside of the 

ductal compartment we co-immunostained SG sections for the mesenchymal marker Vimentin 
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(Eriksson et al., 2009) (Figure 2G-H). Indeed, co-expression with an abundant number of LRCs was 

observed (Figure 2H, arrows) indicative of a slower turnover of salivary gland mesenchymal cells 

compared to the glandular epithelium. These data suggests that slowly cycling cells during postnatal 

development of the salivary gland acquire the fate of 1) K8+ ductal luminal or 2) Vimentin+ 

mesenchymal but not CK5+ or CK14+ putative progenitor cells. 

 

 Figure 2. LRCs co-localize with K8+ ductal luminal or Vimentin+ mesenchymal cells. (A-D) Double 
immunofluorescence for (A-B) GFP and CK14 and (C-D) GFP and CK5 show no overlap between LRCs 
(arrows) and CK14+ and CK5+ (arrowheads) cells in the ductal compartment. (E-H) Double 
immunofluorescence for (E-F) GFP and CK8 and (G-H) GFP and Vimentin reveal co-localization 
(asterisk) of LRCs and ductal luminal cells (CK8+) and LRCs and mesenchymal cells (Vimentin+). Nuclei 
counterstained with DAPI. Scale bars 50 m (left panel) and 20 m (right panel). 
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Figure 3. Regenerative potential of LRCs. (A) Experimental strategy. (B) Representative FACS gating 
strategy for the analysis of LRCs in the salivary gland. Left panel shows the exclusion of lineage 
marker-expressing cells. Right panel depicts the distribution of GFPhigh, GFPmed, and GFPneg cells in 
dissociated adult mouse salivary gland. FSC, forward scatter. (C) Fractions of of GFPhigh, GFPmed and 
GFPneg cells in 60-day old adult mouse salivary gland. (D-F) DIC images showing the outgrowth 
(arrows) of (D) GFPhigh, (E) GFPmed and (F) GFPneg cell populations after 12 days in culture. (G) Organoid 
formation efficiency of sorted GFPhigh, GFPmed and GFPneg cells. (H) Population dynamics plot of 
GFPhigh, GFPmed and GFPneg cells during serial passaging. (I) Organoid formation kinetics of GFPhigh, 
GFPmed and GFPneg cells during serial passaging. 
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(Eriksson et al., 2009) (Figure 2G-H). Indeed, co-expression with an abundant number of LRCs was 

observed (Figure 2H, arrows) indicative of a slower turnover of salivary gland mesenchymal cells 

compared to the glandular epithelium. These data suggests that slowly cycling cells during postnatal 

development of the salivary gland acquire the fate of 1) K8+ ductal luminal or 2) Vimentin+ 

mesenchymal but not CK5+ or CK14+ putative progenitor cells. 
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(asterisk) of LRCs and ductal luminal cells (CK8+) and LRCs and mesenchymal cells (Vimentin+). Nuclei 
counterstained with DAPI. Scale bars 50 m (left panel) and 20 m (right panel). 

 

 

Figure 3. Regenerative potential of LRCs. (A) Experimental strategy. (B) Representative FACS gating 
strategy for the analysis of LRCs in the salivary gland. Left panel shows the exclusion of lineage 
marker-expressing cells. Right panel depicts the distribution of GFPhigh, GFPmed, and GFPneg cells in 
dissociated adult mouse salivary gland. FSC, forward scatter. (C) Fractions of of GFPhigh, GFPmed and 
GFPneg cells in 60-day old adult mouse salivary gland. (D-F) DIC images showing the outgrowth 
(arrows) of (D) GFPhigh, (E) GFPmed and (F) GFPneg cell populations after 12 days in culture. (G) Organoid 
formation efficiency of sorted GFPhigh, GFPmed and GFPneg cells. (H) Population dynamics plot of 
GFPhigh, GFPmed and GFPneg cells during serial passaging. (I) Organoid formation kinetics of GFPhigh, 
GFPmed and GFPneg cells during serial passaging. 

 

 

CHAPTER 4



I 84
 

Label retaining cells do not promote growth of salivary gland organoids in vitro 

We next sought to assess the regenerative potential of LRCs as a functional property of stem cells. 

For this, we focused on the growth of explanted cells into budding organoids, as this represents a 

well-defined experimental system reminiscent of in vivo regeneration (Maimets et al., 2016). As 

before, H2B-GFP label was induced in pregnant female mice from E18 to P0 (Figure 3A) and chased 

for 60 days. Subsequently, the salivary glands were isolated and digested into single-cell suspension. 

After removing cell clumps, dead cells and debris, we depleted CD45+ and TER119+ hematopoietic 

and CD31+ endothelial cells (Figure 3B, left panel). Next, salivary gland cells were subdivided into 

three cell populations, GFPhigh, GFPmed and GFPneg (Figure 3B, right panel) using fluorescence-activated 

cell sorting (FACS). The observed proportion of the cells in GFPhigh population was 1.8±0.2%, in GFPmed 

13.4±1.1%, and in GFPneg 84.9±1.1% (Figure 3C). Purified cells were embedded in Matrigel and 

supplemented with our previously defined salivary gland organoid culture conditions containing 

Wnt3a, R-spondin 1, epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2), insulin, 

dexamethasone, N2 and Y27632 (WRY medium) (Maimets et al., 2016). Coinciding with what we had 

observed previously, during 12 days of culture GFPhigh (Figure 3D,G) and GFPmed (Figure 3E,G) 

populations were effectively unable to initiate cultures (<0.06%) while GFPneg cells successfully 

generated organoids (Figure 3F,G) (0.47±0.1 organoid forming efficiency). Next, organoids derived 

from single GFPneg cells were dissociated and replated into Matrigel supplemented with WRY 

medium. Within the period of three passages (3 weeks) these cultures displayed exponential growth 

(Figure 3H) similarly to what we published previously (Maimets et al., 2016). In addition, as cells 

derived from GFPneg population were passaged, an increase in the ability to form spheres was 

observed (Figure 3I). Taken together, functional ex vivo regeneration analysis of slowly cycling cells in 

the salivary gland indicates that LRCs do not include cells with an in vitro high proliferative potential 

and therefore may not represent quiescent stem cells.  

 

DISCUSSION 

Here we provide evidence that during postnatal development quiescent cells within the 

submandibular gland do not display characteristics of tissue specific stem cells (SCs). Accurate 

identification of SCs in vivo remains one of the biggest hurdles to overcome in understanding SC 

biology. A common property of SCs is their quiescence in terms of the cell cycle (Cheung and Rando, 

2013). Dormancy of SCs is believed to provide selective survival advantage, also under unfavorable 

conditions and to protect SCs from stress (Horsley et al., 2008; Kobielak et al., 2007). Our 

experiments were designed to employ a cell-state independent histone H2BGFP pulse-chase system 
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to determine the dynamics of stem/progenitor cells in the mouse submandibular gland and to 

characterize the putative quiescent stem cell population that may exist within. Despite efficient 

H2BGFP labeling of salivary gland parenchyma following embryonic pulse period, we found no 

evidence of a slowly dividing stem cell population ex vivo subsequent to animals reaching adulthood. 

However, in the future it would be of interest to study characteristics of LRCs by varying the 

timeframe of the pulsing strategy as it is feasible that due to changes in hormonal regulation 

glandular SCs could be activated during puberty (Van Keymeulen et al., 2011). As shown previously in 

mammary gland (dos Santos et al., 2013), it might therefore be feasible to combine label retention 

with previously identified salivary gland SC markers (Lombaert et al., 2008; Nanduri et al., 2014) 

which may lead to further purification of SGSCs.  

Recently, two pulse-chase studies have been conducted in salivary glands with the goal to discern 

quiescent stem cells, if they existed. While in one study (Chibly et al., 2014) LRCs marked by EdU 

identified a cell population displaying putative salivary progenitor phenotype, in another (Kwak and 

Ghazizadeh, 2015) LRCs targeted with a histone H2BGFP model mapped to the more differentiated 

ductal compartments. The discrepancies between these studies can be explained by the EdU pulse-

chase dependency on cellular proliferation, making it plausible that LRCs analyzed by Chibly and 

colleagues did not represent completely dormant cells. Furthermore, as in the case with 

hematopoietic stem cells it might be possible that the use of nucleotide analogues can also have an 

effect on stem cell activity (Kiel et al., 2007). In line with the results of Kwak and Ghazizadeh, our 

results show that postnatal quiescent cells acquire the fate of ductal luminal or mesenchymal cells 

and not putative progenitor cells. Previous studies have relied on 2D colony forming techniques for 

determining stem cell capabilities of LRC populations (Chibly et al., 2014; Kwak and Ghazizadeh, 

2015). To strengthen our findings, we show in a 3D salivary gland organoid model that indeed, cells 

displaying any regeneration activity reside exclusively in the non-LRC population. Contrary to 2D 

colonies that focus on estimating the proliferative capacity of cells and therefore disregarding the 

fate of the progeny, organoids shown here underwent a series of budding events which based on our 

previous work (Maimets et al., 2016) is indicative of the retention of differentiation potential. 

In conclusion, our H2BGFP pulse-chase experiments suggest the presence of an active 

stem/progenitor cell population within the salivary gland. For clinical application, in the future it 

would be of importance to characterize this population and define their role and potential during SG 

regeneration. 
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EXPERIMENTAL PROCEDURES 

 

Mice 

B6;129S4-Gt(ROSA)26Sortm1(rtTA*M2)JaeCol1a1tm7(tetO-HIST1H2BJ/GFP)Jae/J were purchased 

from the Jackson Laboratory. Animals were bred as homozygotes in the Central Animal Facility of 

University Medical Centre Groningen. The mice were maintained under conventional conditions and 

fed ad libitum with food pellets (RMH-B, Hope Farms B.V.) and water. For transgene expression, 

doxycycline (Sigma D9891, 2 mg/ml, supplemented with sucrose at 10 mg/ml) was administered to 

the pregnant female mother in drinking water or with doxycycline-impregnanted food pellets (SDS 

Tecnilab, 625 ppm RM1) during embryonic development. All experiments were approved by the 

Ethical Committee on animal testing of the University of Groningen. 

 

Two-photon microscopy 

Postnatal H2BGFP (P1) salivary glands were harvested and the epithelium was separated by dispase 

(Gibco, 1mg/ml) treatment for 15 min at 37 °C. Defatted salivary glands were mounted in PBS and 

processed for imaging. Imaging was performed by using Zeiss 7 MP multiphoton system (Zeiss). For 

two-photon microscopy of green (GFP) fluorophore the laser (Coherent) was tuned to ~970 nm (940–

970nm). A 20x dipping objective (Zeiss W Plan A 20x, 1.0 NA) was used for these experiments. 3D 

reconstruction was performed using Imaris (Bitplane) software. 

 

Whole-organ confocal microscopy 

Adult H2BGFP pulsed and chased (P40 and P60) mouse salivary glands were harvested, bisected 

longitudinally and processed for tissue clearing as reported elsewhere (Yang et al., 2014). Shortly, 

salivary glands were fixed in 4% formaldehyde solution overnight. Subsequently, fixed tissue sections 

were incubated at 4 °C overnight in AP40 solution (4% acrylamide in PBS) supplemented with 0.25% 

photo initiator VA-044 (Wako Chemicals), degassed with nitrogen for 1-5 minutes and then incubated 

for 2-3 hr at 37 °C to initiate tissue-hydrogel hybridization after which tissue-hydrogel matrices were 

transferred to 8% SDS in 0.1 M PBS (pH7.5) and incubated for 5 days. Prior to counterstaining with 

DRAQ5 (eBioscience) matrices were washed with PBS over the course of 1 day followed by mounting 

in RIMS imaging media containing 40g of Histodenz (Sigma) in 30 ml of 0.02M PB with 0.1% tween-20 
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and 0.01% sodium azide (pH7.5). Confocal microscopy was carried out on a LSM780 system (Zeiss) 

using Zen software. PlnApo 20x, 0.8 NA DICII lens was used with 488 and 633 laser lines. Image 

stitching was performed using Zen (Zeiss) software and 3D reconstruction was achieved using Imaris 

(Bitplane) software.  

 

Immunostaining  

Adult H2BGFP pulsed and chased (P60) mouse salivary glands were 4% formaldehyde fixed (24 hours, 

RT) and processed for paraffin embedding. Following dehydration, the tissue was embedded in 

paraffin and sliced into 5 ��������������������������������������, boiled for 8 min in pre-heated 10 

mM citric acid retrieval buffer (pH 6.0) containing 0.05 % Tween20, washed thoroughly prior to 

primary antibody exposure and labeled for the following markers: GFP (1:100, Chemicon, MAB3580), 

CK14 (1:400, Abcam, ab175549), CK5 (1:100, Covance, PRB-160-P), CK8 (1:50, Hybridoma bank, 

TROMA-I) Vimentin (1:50, Santa Cruz, sc-7557). For fluorescence microscopy Alexa Fluor 488 goat 

anti-rabbit (Life technologies, A11008) or Alexa Fluor 594 donkey anti-mouse (Life technologies, 

A21203) conjugates at 1:300 dilution were used as secondary antibodies. Nuclear staining was 

performed with DAPI (Sigma-Aldrich). Images were acquired with Leica DM6000 B microscope using 

LAS AF software. 

 

Cell sorting and single cell salivary gland organoid culture 

Salivary glands were harvested from adult pulsed and chased H2BGFP mice, mechanically disrupted 

by gentleMACS Dissociator (Milteny) followed by enzymatic digestion with collagenase type II (0,63 

mg/ml; Gibco), hyaluronidase (0,5 mg/ml; Sigma-Aldrich) and CaCl2 (6,25 mM; Sigma-Aldrich). After 

filtering through 100 μm cell strainer the suspension was dissociated using 0,05% trypsin-EDTA 

(Gibco) following filtering through 35 μm strainer. Cell pellets were incubated with anti-mouse CD31-

PE (eBioscience, 12-0311-82), CD45-PE (Biolegend, 103106) and TER-119-PE/Cy7  (Biolegend, 

116222) antibodies  for 15’ on room temperature. After washing thoroughly cells were suspended in 

a solution containing propidium iodide (PI; 1mg/ml; Sigma-Aldrich), MgSO4 (10 mM; Sigma-Aldrich) 

and DNase I (50 μg/ml; Sigma-Aldrich). Pulse-width gating excluded cell doublets while dead cells 

were excluded by gating on PI negative cells. Positive gating was based on the comparison of non-

stained and single antibody-stained samples in the case of CD31, CD45 and Ter-119 and on the 

comparison of not-induced and induced H2BGFP mice in the case of GFP. Sorted cells were 
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embedded in Basement Membrane Matrigel (BD Biosciences) and seeded in 12-well plates. Cells 

were cultured in WRY medium (Maimets et al., 2016). 

 

Self-renewal assay 

Self-renewal assay was performed as published previously (Maimets et al., 2016). Shortly, 12-day 

organoid cultures were dispersed to single cell suspension using 0.05% trypsin-EDTA (Gibco). 25 μl of 

suspension containing 10 000 cells was combined with 50 μl of BM Matrigel and deposited in the 

center of 12-well tissue culture plates and covered in WRY medium. 7 days after seeding Matrigel 

was dissolved by incubation with dispase (1 mg/ml; Sigma) for 30 minutes ��� ������ Organoids 

released from the gels were again processed to a single cell suspension, cell number and sphere 

number noted, and encapsulation in Matrigel repeated.  This cycle was repeated up to 3 times (3 

passages).  

 

Data analysis 

All values are represented as mean ± standard error of the mean (SEM) (**p < 0.01). Student’s t-test 

was used for testing statistical significance in cell sorting and cell culture experiments. Numbers for 

tested groups throughout all experiments equal to or a larger than 3. All calculations were performed 

using GraphPad Prism (GraphPad software) software. 
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ABSTRACT 

Background and Purpose: Salivary gland dysfunction is a major side effect of radiotherapy for head 

and neck cancer patients, which in the future might be salvaged by autologous adult salivary gland 

stem cell (SGSC) therapy. Since frail elderly patients may have decreased activity of SGSCs, we aimed 

to characterize the potential of aged SGSC-population in a murine model.  

Materials and Methods: Salivary glands and salisphere-derived cells from young and old mice were 

tested for CD24 and CD29 stem cell marker expression using FACS. Moreover, in vitro expansion 

capability and in vivo regeneration potential upon post-irradiation transplantation of young and aged 

SGSCs were measured. 

Results: An increase in CD24hi/CD29hi putative stem cells was detected in aged salivary glands albeit 

with a decrease in functional ability to form salispheres. However, the salispheres formed from aged 

mice salivary glands expressed CD24hi/CD29hi to the same extent as the ones from young mice. 

Moreover, following exposure to adequate growth conditions old and young SGSCs exhibited similar 

in vitro expansion- and in vivo regeneration potential. 

Conclusions: Aged SGSCs although reduced in number are in vitro indistinguishable from young 

SGSCs and could potentially be used to ameliorate age- or treatment related salivary gland 

dysfunction. 

  

CHAPTER 5

INTRODUCTION 

Head and neck cancer (HNC) is the sixth most common cancer worldwide, with an estimated 55,070 

new cases in the U.S. (Siegel et al., 2014). The majority of these patients will be treated with 

radiotherapy, alone or in combination with chemotherapy and/or surgery. Although radiotherapy 

treatment significantly improves the patient’s chances of survival, it often coincides with side-effects 

due to the unavoidable co-irradiation of normal tissues surrounding the tumor, including salivary 

glands.  

A potential option for salvaging radiation-damaged salivary glands and the consequential 

hyposalivation is adult stem cell therapy. In a preclinical model, we (Lombaert et al., 2008a; Nanduri 

et al., 2011) and others (Xiao et al., 2014) have previously shown that stem/progenitor cell 

transplantation not only rescues hyposalivation, but also restores tissue homeostasis of the 

irradiated gland, necessary for long-term maintenance of adult tissue (Nanduri et al., 2013). 

Additionally, we demonstrated optimized culturing conditions for long-term in vitro expansion of 

CD24hi/CD29hi salivary gland stem cells (SGSCs) (Nanduri et al., 2014). Moreover, similar results have 

been found with human salivary gland derived cells (Feng et al., 2009; Pringle et al., 2013). However, 

these preclinical studies have been performed in young and healthy donor animals. According to the 

Netherlands Cancer Registry database (Nederlandse Kankerregistratie: 

http://www.cijfersoverkanker.nl), the age of approximately 50% of all patients diagnosed with HNC 

in the Netherlands between 1989 and 1998 was 65 or above, making HNC essentially a cancer for 

aged population. In addition, the incidence of newly diagnosed HNC cases among elderly is expected 

to have increased by more than 60% in the year 2030 (Smith et al., 2009). These data implies that 

studies performed in aged organisms would have increased clinical relevance in order to improve 

quality of life of the elderly. Aging can be generally characterized with a pronounced decline in 

functionality of tissue homeostasis and regeneration capacity (Rando, 2006). In muscle (Conboy et 

al., 2003), blood (Morrison et al., 1996), liver (Sigal et al., 1992) and brain (Kuhn et al., 1996) this 

decline has been accredited to a reduced responsiveness to proliferation stimuli of tissue-specific 

stem and progenitor cells. In many elderly individuals salivary gland dysfunction with consequential 

dry-mouth syndrome (xerostomia) is a major complaint (Vissink et al., 1996). However, whether the 

functional reduction of salivary gland activity during aging could be attributed to decreased activity 

of salivary gland stem cells has until now been unexplored. To date attempts of culturing and 

expanding salivary gland stem cells from an aged organism have not been successful (Feng et al., 

2009) possibly due to analyzing a heterogeneous population of cells and the lack of optimized 

culturing conditions. Therefore, we set out to study phenotypical and functional properties of 
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INTRODUCTION 
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glands.  
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functional reduction of salivary gland activity during aging could be attributed to decreased activity 

of salivary gland stem cells has until now been unexplored. To date attempts of culturing and 

expanding salivary gland stem cells from an aged organism have not been successful (Feng et al., 

2009) possibly due to analyzing a heterogeneous population of cells and the lack of optimized 

culturing conditions. Therefore, we set out to study phenotypical and functional properties of 
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purified salivary gland stem cells isolated from young and old mice to determine directly whether 

these cells change with age. 

 

METHODS 

Mice 

Young (8–12 week old) and old (22-26 month old) female C57BL/6 mice were purchased from Harlan. 

The mice were maintained under conventional conditions and fed ad libitum with food pellets (RMH-

B, Hope Farms B.V.) and water. All experiments were approved by the Ethical Committee on animal 

testing of the University of Groningen. 

Cell sorting and single cell salivary gland sphere culture 

Salivary glands were harvested from healthy adult mice, mechanically disrupted by gentleMACS 

Dissociator (Milteny) followed by enzymatic digestion with collagenase type II (0,63 mg/ml; Gibco), 

hyaluronidase (0,5 mg/ml; Sigma-Aldrich) and CaCl2 (6,25 mM; Sigma-Aldrich). After filtering through 

100 μm cell strainer the suspension was dissociated using 0,05% trypsin-EDTA (Gibco) following  

filtering through 35 μm strainer. Cell pellets were incubated with anti-mouse CD31-PE (eBioscience), 

CD45-PE (Biolegend), TER-119-PE/Cy7 (Biolegend) and EpCAM-APC antibody (eBiosciences) for 15’ on 

room temperature. After washing thoroughly cells were suspended in a solution containing 

propidium iodide (PI; 1mg/ml; Sigma-Aldrich), MgSO4 (10 mM; Sigma-Aldrich) and DNase I (50 μg/ml; 

Sigma-Aldrich). Pulse-width gating excluded cell doublets while dead cells were excluded by gating 

on PI negative cells. 

Primary salispheres were cultured as published previously (Lombaert et al., 2008b). In short, cell 

suspensions were prepared first by mechanical disruption with gentleMACS (Milteny) followed by 

enzymatic digestion with collagenase type II (0,63 mg/ml; Gibco), hyaluronidase (0,5 mg/ml; Sigma-

Aldrich) and  CaCl2 (6,25 mM; Sigma-Aldrich). After washing thoroughly cell suspensions were 

resuspended in DMEM:F12 medium containing 1X Pen/Strep antibiotics (Invitrogen), Glutamax (1X; 

Invitrogen), EGF (20 ng/ml; Sigma-Aldrich), FGF-2 (20 ng/ml; Sigma-Aldrich), N2 (1X; Gibco), insulin 

(10 μg/ml; Sigma-Aldrich) and dexamethasone (1 μM; Sigma-Aldrich), at a density of 400,000 cells 

per well of a 12-well plate. For estimation of the number of salispheres, 3-day salisphere cultures 

were collected, suspended in 10 ml of PBS containing 0.2% BSA and enumerated.  

For cell sorting, 3-day salisphere cultures were dispersed to single cell suspensions using 0.05% 

trypsin-EDTA (Invitrogen). Cell pellets were incubated with anti-mouse CD24-PB (Biolegend) and 
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CD29-FITC antibody (BD biosciences) for 15’ on room temperature. After washing thoroughly cells 

were suspended in a solution containing propidium iodide (PI; 1mg/ml; Sigma-Aldrich) and processed 

to cell sorting. Sorted cells were embedded in Basement Membrane Matrigel (BD Biosciences) and 

seeded in 12-well. Cells were cultured in expansion medium (EM) as previously published (Nanduri et 

al., 2014) (DMEM:F12 containing Pen/Strep antibiotics (1X; Invitrogen), Glutamax (1X; Invitrogen), N2 

(1X; Gibco), EGF (20 ng/ml; Sigma-Aldrich), FGF2 (20 ng/ml; Sigma-Aldrich), insulin (10 μg/ml; Sigma-

Aldrich), dexamethasone (1 μM; Sigma-Aldrich), Y-27632 (10 μM; Sigma-Aldrich)). 

Self-renewal assay 

Self-renewal capacity of primary salisphere-derived cells was determined as published previously 

(Nanduri et al., 2014). Shortly, 3-day salisphere cultures were dispersed to single cell suspensions 

using 0.05% trypsin-EDTA (Invitrogen), enumerated and concentration adjusted to 0.4 x 106 cells/ml. 

25 μl of cell suspension was combined on ice with 50 μl of BM Matrigel and deposited in the center 

of 12-well tissue culture plates. After solidifying the gels for 20 minutes at 37 °C, gels were covered in 

EM (Nanduri et al., 2014). Seven days after seeding, Matrigel was dissolved by incubation with 

�������� ��� ������� ������� ���� �� ����� ��� ������ Passaging: Spheres released from the gels were 

processed to a single cell suspension using 0.05% trypsin EDTA and encapsulation in Matrigel was 

repeated.  

Irradiation and regeneration assay  

The irradiation and regeneration assay employed here was described earlier (Lombaert et al., 2008a). 

Shortly, salivary glands of female C57BL/6 mice were locally irradiated with a single dose of 15 Gy 

(Precision X-ray Inc.). Four weeks after irradiation, mice were anesthetized and SMG was exposed by 

small incision. As a source of donor cells passage 1 salisphere cultures derived from young or old 

mice were dissociated into single cell solution, 10 000 cells suspended in equal volumes of �-MEM 

(Gibco) and injected into both submandibular glands of irradiated mice intra-glandular. Saliva was 

collected for 15 minutes at 30, 60, 90 and 120 days post irradiation. 

Data analysis 

All values are represented as mean ± standard error of the mean (SEM) (*** p < 0.001, ** p < 0.01, * 

p < 0.05). Student’s t-test was used for testing statistical significance in cell sorting and cell culture 

experiments. A 2-way analysis of variance (ANOVA) and Bonferroni post hoc test with alpha values of 

0.05 were applied to the analysis of saliva flow. n Numbers for tested groups throughout all 

experiments equal 3. All calculations were performed using GraphPad Prism (GraphPad software) 

software. 
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Figure 1. Quantification of putative stem cells in young and old mice (A-B) Representative 
fluorescence-activated cell sorting (FACS) gating strategy for lineage negative cells from (A) young 
and (B) old mice. (C) Quantification of endothelial and hematopoietic cells in young and old mice. (D-
E) Representative FACS plot for CD24 and CD29 putative stem cell marker expression from (D) young 
and (E) old mice. (F) Quantification of CD24hi/CD29hi putative stem cells in young or old mice. 
 

RESULTS 

We sought to study the initial number of putative stem cells in young and old mice using molecular 

markers that exclusively characterize purified SGSCs. Recently, we have shown that in the mouse, 

most, if not all, SGSCs reside within CD24hi/CD29hi fraction of salisphere derived cells (Nanduri et al., 

2014). Therefore, we quantified the number of CD24hi/CD29hi putative stem cells in young and aged 

salivary glands of 2-3 or 22-24 month old healthy mice. That in mind, the glands were isolated and 

digested into single cell suspension. After removing cell clumps, dead cells and debris, we excluded 

CD45+ and Ter119+ hematopoietic and CD31+ endothelial cells (Figure 1A, B). We observed an 

enlargement in hematopoietic and endothelial cell compartment from 33.0±5.2% in young to 

54.8±2.7 (p=0.0101) in old mice (Figure 1C). Interestingly, we noted a near 2-fold increase in the 

relative numbers of CD24hi/CD29hi cells from 8.3±0.5% in young mice (Figure 1D, F) to 13.9±1.0% in 

old mice (Figure 1E, F) (p=0.0067). To investigate whether aged stem cells in the salivary gland are 

functionally inert, we next asked whether the regenerative potential of salivary glands changes 
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Figure 2. Reduction in functional activity of SGSCs isolated from aged mice (A-B) Differential 
interference contrast (DIC) images of 3-day old salispheres derived from (A) young or (B) old mice.  
(C-E) Comparison of (C) submandibular gland weight, (D) number of salispheres derived and (E) 
number of cells enclosed in 3-day salispheres, between young and old mice. Scale bars 100 μm. 

 

during aging. Previously, we have shown that the number of spheres grown from salivary glands 

represents the number of stem cells present (Lombaert et al., 2008b). With that goal, the salivary 

glands from young and old mice were isolated and digested into single cells or small aggregates of 

cells, which formed primary salispheres within 3 days (Figure 2A,B). We did not observe any 

significant change in submandibular gland weight between young and old animals (Figure 2C). 

Interestingly, the number of salispheres (Figure 2D) as well as the number of cells enclosed (Figure 

2E) reduced more than 2-fold from 34.600±1700 spheres and 960.000±50.000 cells, respectively per 

mouse in young to 18.300±400 spheres and 430.000±20.000 cells, respectively per mouse in old 

animals. These data indicate that although containing a larger CD24hi/CD29hi population, aging 
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salivary glands are associated with a cell intrinsic reduction in the ability of SGSCs to give rise to new 

salispheres.  

 
Figure 3. Cell surface phenotype of SGSCs is unaltered during the course of aging (A-B) 
Representative FACS gating strategy used to isolate CD24hi/CD29hi, CD24hi/CD29med and 
CD24low/CD29low cell populations from 3-day old salispheres derived from (A) young or (B) old mice. 
(C) Quantification of the three CD24/29 subpopulations in 3-day old salispheres. (D) DIC images of 
secondary spheres in culture (end of passage 1) formed from CD24/29 subpopulations. (E) 
Quantification of sphere formation capability of CD24/29 subpopulations in the end of passage 1. 
Scale bars 100 μm. 
 

We next asked the question whether the cell surface phenotype of SGSCs changes over time. To this 

end, we tested whether subpopulations of CD24 and/or CD29 as shown previously by Nanduri et al. 

(Nanduri et al., 2014) exist in primary salisphere-derived cells isolated from old mice vs young mice 

using flow cytometry. First, based on population density analysis we separated cells into three 

subsets (CD24hi/CD29hi, CD24hi/CD29med and CD24low/CD29low) (Figure 3A,B). Further analysis of these 

subsets revealed no significant difference between salispheres grown from young and old mice 

(Figure 3C). Next, we sorted these three subsets and plated them into Basement Membrane Matrigel 

supplemented with our previously published Expansion Medium (EM) (Nanduri et al., 2014), known 

to allow self-renewal and expansion of young stem cells. After 5-7 days, secondary spheres were 

formed primarily from CD24hi/CD29hi, less from CD24hi/CD29med and not at all from CD24low/CD29low 
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subsets (Figure 3D), in agreement with what was found previously (Nanduri et al., 2014). 

Interestingly, quantification of sphere forming capacity showed no significant difference between 

cells derived from young or old salivary glands (Figure 3E). These data establish that cell surface 

phenotype of SGSCs as defined by CD24 and CD29 expression of cells grown in primary salispheres, is 

not altered with age and show the same in vitro sphere forming potential.  

 
Figure 4. Similar self-renewal and regeneration potential of young and old SGSCs (A) Population 
dynamics plot of expanded SGSCs derived from young or old mice. (B) Relative saliva production at 
120 days after irradiation in animals transplanted with one-time passaged SGSCs isolated from young 
or old mice. 

 

As a measure of stemness, self-renewal potential of young and old salisphere derived 

stem/progenitor cells was assessed. Primary salispheres were enzymatically dissociated after which 

the enclosed cells were again embedded into Basement Membrane Matrigel. To ensure the long-

term survival of SGSCs we used EM to supplement our cultures. At weekly intervals secondary 

spheres were dissociated and re-plated. Under these conditions we did not observe any significant 

difference in the self-renewing potential of young and aged SGSCs within 4 passages (Figure 4A) after 

the initial reduction in sphere forming capacity of primary salisphere cultures (Figure 2).  

Finally, to gauge the qualitative potential of young and old cells to rescue radiation-induced 

hyposalivation in vivo was compared. For this purpose, sphere cultures from young and old mice 

were initiated and expanded for one passage in Basement Membrane Matrigel supplemented with 

EM. Subsequently, cultures were collected, enzymatically dissociated into single-cell suspension and 

transplanted intraglandularly into young C57BL/6 recipient mice, which were previously locally 

irradiated with 15 Gy to the head and neck region (Lombaert et al., 2008a). Both glands in each 

mouse received equal cell numbers, so that a total cell number of 10.000 was transplanted per 

recipient mouse. The functionality of the transplanted glands was determined by pilocarpine 
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recipient mouse. The functionality of the transplanted glands was determined by pilocarpine 

CHAPTER 5



I 100

stimulated saliva flow rate as described previously (Lombaert et al., 2008a). As expected, 120 days 

after irradiation, in control animals (irradiated and non-transplanted), saliva production dropped to 

21±3% of pre-irradiation values (Figure 4B). In contrast, saliva flow of mice transplanted with young 

or old expanded SGSCs increased significantly to 41±3% and 40±3%, respectively (Figure 4B). 

Collectively these data indicate that apart from an initial drop in plating efficiency, aged SGSCs have 

normal growth capacity in vitro and reconstitution ability in vivo.  

 

DISCUSSION 

Here, we provide evidence that aged salivary glands contain more cells that express stem cell makers 

albeit with reduced potential. However, the remaining stem cells hold similar expansion- and in vivo 

regeneration potential as their young counterparts when cultured in a setting supplemented with 

appropriate extrinsic factors. 

Our data suggests that the tissue environment has a significant role in SGSC maintenance in vivo 

leading to reduced proliferation in vitro. Upon manipulation of systemic factors which promote 

proliferative expansion, aged SGSCs do have a similar in vitro growth and in vivo regeneration 

potential as their young counterparts. We therefore hypothesize that the aged micro-environment in 

the salivary gland is suboptimal for resident adult stem cells. A similar observation, albeit with partial 

restoration of the proliferation and differentiation potential of satellite cells, has been made for 

muscle stem cells upon exposure to young serum (Brack et al., 2007; Conboy et al., 2003; Conboy et 

al., 2005). However, these studies did not explore the possibility of increasing the number of 

functionally capable stem cells to the numbers reported here. 

Until now, the cause for aging-related decline of salivary gland function has remained unexplored. 

Recently, Yamakoshi and colleagues (Yamakoshi et al., 2015) reported age-related dysregulation of 

Bmi-1/p16Ink4a pathway and a subsequent decline of stem or progenitor cell function in 

submandibular glands.  While extending the current understanding of the molecular mechanisms 

underlying the aging-related decline of SMG function, the study (Yamakoshi et al., 2015) did not 

focus on refined populations of SGSCs. Due to widespread variation in attempts to characterize aging 

it is of vital importance to conduct analysis in purified cell populations. Here, with series of in vitro 

and in vivo assays we confirmed that the cell surface phenotype of SGSCs is not altered during aging 

and that the cells with the highest self-renewal potential remain in the CD24hi/CD29hi fraction of 

cells. Similar observations have been made in long-term HSCs (Rossi et al., 2005) and skeletal muscle 

(Chakkalakal et al., 2012). However, chromosomal rearrangements, stem cell malignant 
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transformation and with age genomic instability may increase and have to be assessed before clinical 

application. 

In conclusion, our studies show that the age-dependent decline in tissue regenerative potential of 

salivary glands may be caused due to age-related changes in micro-environment which can be 

reversed through exposure to extrinsic factors. This further suggests that tissue-specific stem cells 

retain much of their intrinsic proliferative potential during aging and that age-related changes in the 

salivary gland stem cell niche might prevent adequate activation of these cells for beneficial tissue 

recovery in vivo. Identification of all critical stimuli required for in vivo maintenance of SGSCs which 

decline with aging may increase our understanding of physiological regulation of these cells and may 

be exploited for clinical purposes. Therefore, it may become feasible to expand old SGSCs in vitro 

which holds clinical promise for regeneration of damaged salivary glands regardless of patient’s age. 
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DISCUSSION 

Here, we provide evidence that aged salivary glands contain more cells that express stem cell makers 

albeit with reduced potential. However, the remaining stem cells hold similar expansion- and in vivo 

regeneration potential as their young counterparts when cultured in a setting supplemented with 

appropriate extrinsic factors. 

Our data suggests that the tissue environment has a significant role in SGSC maintenance in vivo 

leading to reduced proliferation in vitro. Upon manipulation of systemic factors which promote 

proliferative expansion, aged SGSCs do have a similar in vitro growth and in vivo regeneration 

potential as their young counterparts. We therefore hypothesize that the aged micro-environment in 

the salivary gland is suboptimal for resident adult stem cells. A similar observation, albeit with partial 

restoration of the proliferation and differentiation potential of satellite cells, has been made for 

muscle stem cells upon exposure to young serum (Brack et al., 2007; Conboy et al., 2003; Conboy et 

al., 2005). However, these studies did not explore the possibility of increasing the number of 

functionally capable stem cells to the numbers reported here. 

Until now, the cause for aging-related decline of salivary gland function has remained unexplored. 

Recently, Yamakoshi and colleagues (Yamakoshi et al., 2015) reported age-related dysregulation of 

Bmi-1/p16Ink4a pathway and a subsequent decline of stem or progenitor cell function in 

submandibular glands.  While extending the current understanding of the molecular mechanisms 

underlying the aging-related decline of SMG function, the study (Yamakoshi et al., 2015) did not 

focus on refined populations of SGSCs. Due to widespread variation in attempts to characterize aging 

it is of vital importance to conduct analysis in purified cell populations. Here, with series of in vitro 

and in vivo assays we confirmed that the cell surface phenotype of SGSCs is not altered during aging 

and that the cells with the highest self-renewal potential remain in the CD24hi/CD29hi fraction of 
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ABSTRACT 

Adult stem cells are often touted as therapeutic agents in the regenerative medicine field, however 

data detailing both the engraftment and functional capabilities of solid tissue derived human adult 

epithelial stem cells is scarce. Here we show the isolation of adult human salivary gland (SG) 

stem/progenitor cells and demonstrate at the single cell level in vitro self-renewal and differentiation 

into multilineage organoids. We also show in vivo functionality, long-term engraftment, and 

functional restoration in a xenotransplantation model. Indeed, transplanted human salisphere-

derived cells restored saliva production and greatly improved the regenerative potential of irradiated 

SGs. Further selection for c-Kit expression enriched for cells with enhanced regenerative potencies. 

Interestingly, interaction of transplanted cells with the recipient SG may also be involved in 

functional recovery. Thus, we show for the first time that salispheres cultured from human SGs 

contain stem/progenitor cells capable of self-renewal and differentiation and rescue of saliva 

production. Our study underpins the therapeutic promise of salisphere cell therapy for the treatment 

of xerostomia.  

CHAPTER 6

INTRODUCTION 

The salivary glands (SGs) are exocrine organs whose parenchymal tissue manufactures and secretes 

saliva. Rat submandibular SG duct ligation induces dysfunction/atrophy of saliva-producing acinar 

cells, and rapid diminishment of saliva production, while ductal cells remained unharmed. Upon de-

ligation, proliferation and differentiation of these ductal cells into acinar cells was observed, and 

saliva flow rather rapidly returned to pre-ligation levels, indicating the pronounced regenerative 

potential of SGs (Cotroneo et al., 2010; Cotroneo et al., 2008; Katsumata et al., 2009; Osailan et al., 

2006; Takahashi et al., 2004). Label retaining cell studies hinted at the presence of putative 

stem/pro- genitor cell populations residing in the ducts of rodent SGs (Denny et al., 1993) and 

indicated that SGs are “slow-turnover” in nature, as opposed to “fast- turnover” tissues such as 

intestines. These data imply that SGs harbor a resident stem or progenitor cell population that is 

capable of regenerating the parenchyma of the SG. Studies using a malleable mouse embryonic SG 

model to study branching morphogenesis have identified populations of embryonic SG stem cells, 

defined both by their keratin-5 expression and reliance on nervous stimulation for maintenance 

(Knox et al., 2013; Knox et al., 2010). Numerous studies in adult SG models have now demonstrated 

isolation and culture of stem/progenitor-like cultures from rodent SGs. Using a variety of culture 

techniques, these studies suggest rodent SG stem/progenitor cells express well-established stem cell 

surface marker proteins such as CD24 (Nanduri et al., 2011), CD29 (David et al., 2008; Nanduri et al., 

2011; Neumann et al., 2012), CD49f (David et al., 2008; Nanduri et al., 2011; Neumann et al., 2012), 

CD117/c-kit (Banh et al., 2011; Lombaert et al., 2008a; Neumann et al., 2012), clusterin (Mishima et 

al., 2012), Sca-1 (Mishima et al., 2012), and Ascl3 (Rugel-Stahl et al., 2012). Murine SG 

stem/progenitor cells have been shown to be capable of in vitro expansion and differentiation into 

parenchymal acinar- and duct-like cell lineages (Banh et al., 2011; Kishi et al., 2006; Lombaert et al., 

2008a; Maimets et al., 2016; Nanduri et al., 2014; Neumann et al., 2012; Rugel-Stahl et al., 2012). 

Interestingly, the nascent regenerative potential of murine salisphere derived cells was enhanced 

upon selection of a CD24hiCD29hi subset, associated with stem/progenitor cells in other tissues 

(Shackleton et al., 2006). These CD24hiCD29hi salisphere cells showed pronounced self-renewal 

abilities indicated by high potential to form secondary salispheres and to differentiate into organoids 

containing both ductal and acinar cell lineages (Nanduri et al., 2014). Similarly, CD24+c-Kit+Sca-1+ 

murine salisphere cells also demonstrated greater salisphere-formation potential than their non-

marker expressing counterparts in a separate study (Xiao et al., 2014). In vivo functionality of murine 

SG stem/progenitor cells has been repeatedly demonstrated, whereby as few as 100 CD117/c-kit+ 

cells (Lombaert et al., 2008a), 300 CD24+c-Kit+Sca-1+ cells (Xiao et al., 2014), or 10,000 culture- 

enriched CD24hiCD29hi murine SG stem progenitor cells (Nanduri et al., 2014) rescued radiation-
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ABSTRACT 

Adult stem cells are often touted as therapeutic agents in the regenerative medicine field, however 

data detailing both the engraftment and functional capabilities of solid tissue derived human adult 

epithelial stem cells is scarce. Here we show the isolation of adult human salivary gland (SG) 

stem/progenitor cells and demonstrate at the single cell level in vitro self-renewal and differentiation 

into multilineage organoids. We also show in vivo functionality, long-term engraftment, and 

functional restoration in a xenotransplantation model. Indeed, transplanted human salisphere-

derived cells restored saliva production and greatly improved the regenerative potential of irradiated 

SGs. Further selection for c-Kit expression enriched for cells with enhanced regenerative potencies. 

Interestingly, interaction of transplanted cells with the recipient SG may also be involved in 

functional recovery. Thus, we show for the first time that salispheres cultured from human SGs 

contain stem/progenitor cells capable of self-renewal and differentiation and rescue of saliva 

production. Our study underpins the therapeutic promise of salisphere cell therapy for the treatment 

of xerostomia.  

INTRODUCTION 

The salivary glands (SGs) are exocrine organs whose parenchymal tissue manufactures and secretes 

saliva. Rat submandibular SG duct ligation induces dysfunction/atrophy of saliva-producing acinar 

cells, and rapid diminishment of saliva production, while ductal cells remained unharmed. Upon de-

ligation, proliferation and differentiation of these ductal cells into acinar cells was observed, and 

saliva flow rather rapidly returned to pre-ligation levels, indicating the pronounced regenerative 

potential of SGs (Cotroneo et al., 2010; Cotroneo et al., 2008; Katsumata et al., 2009; Osailan et al., 

2006; Takahashi et al., 2004). Label retaining cell studies hinted at the presence of putative 

stem/pro- genitor cell populations residing in the ducts of rodent SGs (Denny et al., 1993) and 

indicated that SGs are “slow-turnover” in nature, as opposed to “fast- turnover” tissues such as 

intestines. These data imply that SGs harbor a resident stem or progenitor cell population that is 

capable of regenerating the parenchyma of the SG. Studies using a malleable mouse embryonic SG 

model to study branching morphogenesis have identified populations of embryonic SG stem cells, 

defined both by their keratin-5 expression and reliance on nervous stimulation for maintenance 

(Knox et al., 2013; Knox et al., 2010). Numerous studies in adult SG models have now demonstrated 

isolation and culture of stem/progenitor-like cultures from rodent SGs. Using a variety of culture 

techniques, these studies suggest rodent SG stem/progenitor cells express well-established stem cell 

surface marker proteins such as CD24 (Nanduri et al., 2011), CD29 (David et al., 2008; Nanduri et al., 

2011; Neumann et al., 2012), CD49f (David et al., 2008; Nanduri et al., 2011; Neumann et al., 2012), 

CD117/c-kit (Banh et al., 2011; Lombaert et al., 2008a; Neumann et al., 2012), clusterin (Mishima et 

al., 2012), Sca-1 (Mishima et al., 2012), and Ascl3 (Rugel-Stahl et al., 2012). Murine SG 

stem/progenitor cells have been shown to be capable of in vitro expansion and differentiation into 

parenchymal acinar- and duct-like cell lineages (Banh et al., 2011; Kishi et al., 2006; Lombaert et al., 

2008a; Maimets et al., 2016; Nanduri et al., 2014; Neumann et al., 2012; Rugel-Stahl et al., 2012). 

Interestingly, the nascent regenerative potential of murine salisphere derived cells was enhanced 

upon selection of a CD24hiCD29hi subset, associated with stem/progenitor cells in other tissues 

(Shackleton et al., 2006). These CD24hiCD29hi salisphere cells showed pronounced self-renewal 

abilities indicated by high potential to form secondary salispheres and to differentiate into organoids 

containing both ductal and acinar cell lineages (Nanduri et al., 2014). Similarly, CD24+c-Kit+Sca-1+ 

murine salisphere cells also demonstrated greater salisphere-formation potential than their non-

marker expressing counterparts in a separate study (Xiao et al., 2014). In vivo functionality of murine 

SG stem/progenitor cells has been repeatedly demonstrated, whereby as few as 100 CD117/c-kit+ 

cells (Lombaert et al., 2008a), 300 CD24+c-Kit+Sca-1+ cells (Xiao et al., 2014), or 10,000 culture- 

enriched CD24hiCD29hi murine SG stem progenitor cells (Nanduri et al., 2014) rescued radiation-
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induced hyposalivation in a mouse model. All three stem/progenitor cell phenotypes showed 

integration into the recipient SG and displayed ductal and acinar cell-type morphologies (Lombaert et 

al., 2008a; Nanduri et al., 2014; Xiao et al., 2014). 

These data demonstrate the potential clinical utility of SG stem/progenitor cells as a novel 

therapeutic strategy to treat SG dysfunction. Hyposalivation, and its collection of associated 

ailments, resulting in xerostomia, is observed in 40% of patients receiving unavoidable radiation of 

the SGs during head and neck cancer therapy. Reduction in saliva production is immediate, 

irreversible, and impacts greatly on patient quality of life. Hyposalivation leaves in its wake life-long 

oral, dental, speaking, eating and sleeping problems, which have no current cure (Burlage et al., 

2001; Vissink et al., 2003a; Vissink et al., 2003b). New therapies for xerostomia therefore represent 

an unmet clinical need. Although stem cells have been isolated from several adult human tissues 

such as bone marrow, brain, eye, dental pulp, intestine, adipose tissue, lung, skin and muscle 

(Baglioni et al., 2009; Jones and Watt, 1993; Kajstura et al., 2011; Kaukua et al., 2014; Marg et al., 

2014; Ohyama et al., 2006; Pellegrini et al., 1997; Reynolds and Weiss, 1992; Sato and Clevers, 2013), 

very little is known about human SG stem or progenitor cells. Preliminary studies of cultures of 

various formats from human SGs have indicated expression of surface proteins CD44 (Maria et al., 

2012), CD24 (Pringle et al., 2013), CD29 (Pringle et al., 2013), CD49f (Sato et al., 2007), CD117 (Feng 

et al., 2009; Lombaert et al., 2008a; Pringle et al., 2013), CD133 (Pringle et al., 2013), CD90 (Banh et 

al., 2011), CD34 (Cotroneo et al., 2008), CD166 (Maria et al., 2012) and aldehyde dehydrogenase 

(Banh et al., 2011), similar but not the same to what has been shown in the rodent SG, and with 

limited examination of in vitro differentiation potential of human salispheres (Feng et al., 2009; 

Pringle et al., 2013). To date there has been no exploration of the engraftment capabilities or 

functional attributes of human SG stem/progenitor cells. Therefore, we present in this study the first 

data exploring the potential of human SG stem/progenitor cells, including their self-renewal and 

differentiation properties and in vivo engraftment and functionality. Our results pave the way for the 

development of a cell therapy for xerostomia. 

 

MATERIALS AND METHODS 

Source of SG Tissue 

Human non-malignant submandibular SG tissue was obtained from donors (after informed consent 

and IRB approval) with a squamous cell carcinoma of the oral cavity, in whom an elective head and 

neck dissection procedure is performed. During this procedure submandibular SG is exposed and 
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removed as part of the dissection procedure. This cohort represents the patient group most eligible 

for stem cell transplantation, following clinical translation. 

Salisphere Cultures 

Submandibular SG biopsies were collected after surgery into Hank’s Balanced Salt Solution (HBSS) 

containing 1% bovine serum albumin (BSA; Invitrogen, Carlsbad, CA, http://www.invi- trogen.com). 

Biopsies were mechanically digested using the gentleMACS dissociator (Miltenyi Biotec, Bergisch 

Gladbach, Germany, http://www.miltenyibiotec.com) and simultaneously subjected to digestion in 

HBSS/1% BSA buffer containing 0.63 mg/mL collagenase II (Invitrogen) and 0.5 mg/mL hyaluronidase 

(Sigma Aldrich, St. Louis, MO, https://www.sigmaaldrich. com), and calcium chloride at a final 

concentration of 6.25 mM, for two periods of 30 minutes at 37°C. Twenty mg of tissue was processed 

per 1 mL buffer volume, total volume was adjusted according to biopsy weight. Digested cells were 

collected by centrifugation, washed twice in HBSS/1% BSA solution, and passed through 100 m cell 

strainers (BD Biosciences, San Diego, http://www.bdbiosciences.com). Resultant cell suspensions 

were collected again by centrifugation and re-suspended in Dulbecco’s modified Eagle’s medium:F12 

medium containing Pen/Strep antibiotics (Invitrogen), Glutamax (Invitrogen), 20 ng/mL epidermal 

growth factor (EGF) (Sigma Aldrich, https://www.sigmaaldrich.com/), 20 ng/mL fibroblast growth 

factor-2 (Sigma), N2 (Invitrogen), 10 g/mL insulin (Sigma), and 1 M dexamethasone (Sigma), and 

plated at a density of 400,000 cells per well of a 12-well plate. For salisphere culture from mouse SG, 

both submandibular glands from a single mouse were digested in a 2 mL volume of the same 

hyaluronidase/collagenase buffer solution and processed otherwise in the same manner as human 

tissue. 

Self-Renewal Assay 

Salisphere cultures of 3–5 day (d) were dispersed to form single cell suspensions using 0.05% trypsin-

EDTA (Invitrogen), enumerated, and concentration adjusted to 0.4 x 106 cells per mL. 25 L of this 

cell solution was combined on ice with 50 mL volumes of Basement Membrane Matrigel (BD 

Biosciences, Franklin Lakes, NJ, https://www.bdbiosciences.com) and deposited in the center of 12-

well tissue culture plates. After solidifying the Matrigel for 20 minutes at 37°C, gels were covered in 

salisphere medium as defined above. New spheres appeared 2–3 days post seeding of single cells in 

Matrigel. One week after seeding, Matrigel was dissolved by incubation with Dispase enzyme 

(1mg/mL for 30 minutes to 1 hour at 37°C; Sigma). Spheres released from the gels were processed to 

a single cell suspension using 0.05% trypsin-EDTA, cell number and sphere number noted, and 

encapsulation in Matrigel repeated. This cycle was repeated up to five times (5 passages). Cell 

numbers seeded at the start of each passage and harvested at the end were used to calculate the 
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induced hyposalivation in a mouse model. All three stem/progenitor cell phenotypes showed 

integration into the recipient SG and displayed ductal and acinar cell-type morphologies (Lombaert et 

al., 2008a; Nanduri et al., 2014; Xiao et al., 2014). 

These data demonstrate the potential clinical utility of SG stem/progenitor cells as a novel 
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et al., 2009; Lombaert et al., 2008a; Pringle et al., 2013), CD133 (Pringle et al., 2013), CD90 (Banh et 

al., 2011), CD34 (Cotroneo et al., 2008), CD166 (Maria et al., 2012) and aldehyde dehydrogenase 

(Banh et al., 2011), similar but not the same to what has been shown in the rodent SG, and with 

limited examination of in vitro differentiation potential of human salispheres (Feng et al., 2009; 

Pringle et al., 2013). To date there has been no exploration of the engraftment capabilities or 

functional attributes of human SG stem/progenitor cells. Therefore, we present in this study the first 

data exploring the potential of human SG stem/progenitor cells, including their self-renewal and 

differentiation properties and in vivo engraftment and functionality. Our results pave the way for the 

development of a cell therapy for xerostomia. 

 

MATERIALS AND METHODS 

Source of SG Tissue 

Human non-malignant submandibular SG tissue was obtained from donors (after informed consent 

and IRB approval) with a squamous cell carcinoma of the oral cavity, in whom an elective head and 

neck dissection procedure is performed. During this procedure submandibular SG is exposed and 

removed as part of the dissection procedure. This cohort represents the patient group most eligible 

for stem cell transplantation, following clinical translation. 

Salisphere Cultures 

Submandibular SG biopsies were collected after surgery into Hank’s Balanced Salt Solution (HBSS) 

containing 1% bovine serum albumin (BSA; Invitrogen, Carlsbad, CA, http://www.invi- trogen.com). 

Biopsies were mechanically digested using the gentleMACS dissociator (Miltenyi Biotec, Bergisch 

Gladbach, Germany, http://www.miltenyibiotec.com) and simultaneously subjected to digestion in 

HBSS/1% BSA buffer containing 0.63 mg/mL collagenase II (Invitrogen) and 0.5 mg/mL hyaluronidase 

(Sigma Aldrich, St. Louis, MO, https://www.sigmaaldrich. com), and calcium chloride at a final 

concentration of 6.25 mM, for two periods of 30 minutes at 37°C. Twenty mg of tissue was processed 

per 1 mL buffer volume, total volume was adjusted according to biopsy weight. Digested cells were 

collected by centrifugation, washed twice in HBSS/1% BSA solution, and passed through 100 m cell 

strainers (BD Biosciences, San Diego, http://www.bdbiosciences.com). Resultant cell suspensions 

were collected again by centrifugation and re-suspended in Dulbecco’s modified Eagle’s medium:F12 

medium containing Pen/Strep antibiotics (Invitrogen), Glutamax (Invitrogen), 20 ng/mL epidermal 

growth factor (EGF) (Sigma Aldrich, https://www.sigmaaldrich.com/), 20 ng/mL fibroblast growth 

factor-2 (Sigma), N2 (Invitrogen), 10 g/mL insulin (Sigma), and 1 M dexamethasone (Sigma), and 

plated at a density of 400,000 cells per well of a 12-well plate. For salisphere culture from mouse SG, 

both submandibular glands from a single mouse were digested in a 2 mL volume of the same 

hyaluronidase/collagenase buffer solution and processed otherwise in the same manner as human 

tissue. 

Self-Renewal Assay 

Salisphere cultures of 3–5 day (d) were dispersed to form single cell suspensions using 0.05% trypsin-

EDTA (Invitrogen), enumerated, and concentration adjusted to 0.4 x 106 cells per mL. 25 L of this 

cell solution was combined on ice with 50 mL volumes of Basement Membrane Matrigel (BD 

Biosciences, Franklin Lakes, NJ, https://www.bdbiosciences.com) and deposited in the center of 12-

well tissue culture plates. After solidifying the Matrigel for 20 minutes at 37°C, gels were covered in 

salisphere medium as defined above. New spheres appeared 2–3 days post seeding of single cells in 

Matrigel. One week after seeding, Matrigel was dissolved by incubation with Dispase enzyme 

(1mg/mL for 30 minutes to 1 hour at 37°C; Sigma). Spheres released from the gels were processed to 

a single cell suspension using 0.05% trypsin-EDTA, cell number and sphere number noted, and 

encapsulation in Matrigel repeated. This cycle was repeated up to five times (5 passages). Cell 

numbers seeded at the start of each passage and harvested at the end were used to calculate the 
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number of population doublings that had occurred, using the following formula, where PD = 

population doublings and ln = natural log. 

�� = �� (��������� ����� / ������ �����)
��2  

 

For time-lapse microscopy, single cells were seeded as described, and imaged every hour for 96 

hours, using the Zeiss 780 confocal inverted microscope. 

Organoid Differentiation 

Single cell-derived salispheres were encapsulated in a three- dimensional matrix consisting of a 60:40 

ratio of Type I rat tail collagen to growth factor reduced Matrigel (BD Biosciences). After solidifying 

the gel at 37°C for 20 minutes, salisphere medium containing 10% fetal calf serum (FCS, Invitrogen) 

was added and cultures maintained for up to 3 weeks. 

Immunostaining 

Organoids were removed from plate and fixed in 4% formaldehyde (FA; 20 minutes, 4°C), before 

washing, embedding in paraffin wax, and processing to 5 m sections. Transplanted murine SGs were 

either snap-frozen in liquid nitrogen, stored at -80°C and processed to 8 m cryostat sections or FA 

fixed [24 hours, room temperature (RT)], and processed for paraffin sections. After air drying, frozen 

sections were fixed in 4% FA (10 minutes, RT), and washed with phosphate buffered saline (PBS). 

Hematoxylin and Eosin staining was performed according to standard protocols. For PKH26 cell-

tracing, nuclear counterstaining with 0.2mg/mL 40,6-diamidino-2-phenylindole (DAPI; 10 minutes, 

RT) was performed, and sections visualized in the phycoerythrin-fluorescence channel. An average of 

100 slides per SG were cut, and PKH26 screening performed every 10 slides. For immunohistological 

analysis of frozen tissues, relevant primary antibodies were added to fixed tissue in PBS (2 hrs, RT), 

washed thrice with PBS, incubated with secondary antibodies (1hr, RT) and counterstained with DAPI 

as above. Dilutions of primary antibodies used for immunostaining of frozen sections were: mouse 

anti-human nuclei (1:50, Chemicon, Temecula, CA, http://www.chemicon.com; clone 235-1); mouse 

anti-cytokeratins (1:00, Abcam, Cambridge, U.K., http://www.abcam.com; clone AE1/AE3); rabbit 

anti-human -amylase (1:100, Sigma, polyclonal); rabbit anti-aquaporin-5 (1:100, Abcam polyclonal). 

Secondary antibodies were goat anti-mouse-Alexafluor-488 or goat anti-rabbit-Alexafluor-594 

conjugates, used at 1:300 dilutions. Fluorescent stainings were visualized using the Leica 6000 series 

microscope or the Leica TCS SP8 confocal laser scanning microscope and Leica Application Suite 

software. For immunostaining on paraffin wax- embedded human submandibular gland sections and 
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transplanted glands, sections were boiled for 10 minutes in preheated 10 mM sodium citrate buffer 

(pH 6.0) containing 0.05% Tween 20 and washed prior to primary antibody exposure. No antigen 

retrieval was necessary for organoid sections. Dilutions of primary antibodies for paraffin-section 

immunostainings were: rabbit anti-mouse Ki67 (1:100, Cell Marque); rabbit-anti mouse fibronectin 

(1:500, Millipore, Billerica, MA, http://www.millipore.com), mouse anti-mouse b-catenin (1:100, BD 

Laboratories). Secondary conjugates as above; nuclear counterstaining was performed with DRAQ5 

(1:1,000, BD Laboratories). 

Masson’s Trichrome Staining 

Tissue sections of 5 lm were incubated in Erhlich’s Hematoxylin for 5 minutes and rinsed in tap 

water. Sections were then incubated for 5 minutes in a 2:1 ratio of 1% (w/v) acid fuschien (Sigma 

Aldrich) in 1% (v/v) glacial acetic acid (aq) with 1% Ponceau Xylidine (Sigma Aldrich) in 3% glacial 

acetic acid (aq). After washing in deionized water, sections were incubated for 1 minute in 1 % 

Aniline Blue (Klinipath, Duiven, Netherlands, http://www.klinipath.nl) in 3% glacial acetic acid (aq), 

washed in deionized water, and finally incubated for 5 minutes in 1 % (w/v) molybdenum phosphoric 

acid (aq) (Alfa Aesar, Halverville, MA, https://www.alfa.com) and washed again. Sections were 

dehydrated and mounted as standard. 

Quantitative Polymerase Chain Reaction 

Genomic DNA was extracted from human salisphere-transplanted SGs at relevant time points, using 

the Qiagen DNeasy Blood and Tissue kit and adjusted to a concentration of 5mg/mL (Qiagen, 

Valencia, CA, https://www.qiagen.com/gb). Total RNA was extracted using the Qiagen RNeasy 

Minikit. For cDNA generation, 1mg of total RNA was reverse transcribed using 0.5 mg oligo(dT)15–18 

primers, 0.5 mM dNTPs, 13First-strand Buffer, 0.01M dithiothreitol, 400 U RnaseOut, and 200 U of 

M-MLV Reverse Transcriptase (all Invitrogen), in a total volume of 20 L per reaction. Quantitative 

polymerase chain reaction (Bio-Rad, Hercules, CA, http://www.bio-rad. com) (qPCR) was performed 

using Bio-Rad iQ SYBR Green Supermix according to manufacturer’s instruction, primers at a final 

concentration of 1.67 M and 25ng load of genomic DNA or cDNA per reaction. Primer sequences are 

listed in Supplementary Information Table S1. For detection of human mitochondrial DNA, a standard 

curve was generated using a dilution series of human genomic DNA in mouse genomic DNA, with a 

constant load of 25ng DNA per qPCR reaction. A two-step qPCR reaction using the Bio-Rad iCycler 

was used to amplify human mitochondrial DNA, and approximate proportion of human cells in 

transplanted glands inferred from standard curve. 
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washed thrice with PBS, incubated with secondary antibodies (1hr, RT) and counterstained with DAPI 
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Laboratories). Secondary conjugates as above; nuclear counterstaining was performed with DRAQ5 
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Minikit. For cDNA generation, 1mg of total RNA was reverse transcribed using 0.5 mg oligo(dT)15–18 

primers, 0.5 mM dNTPs, 13First-strand Buffer, 0.01M dithiothreitol, 400 U RnaseOut, and 200 U of 

M-MLV Reverse Transcriptase (all Invitrogen), in a total volume of 20 L per reaction. Quantitative 

polymerase chain reaction (Bio-Rad, Hercules, CA, http://www.bio-rad. com) (qPCR) was performed 
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concentration of 1.67 M and 25ng load of genomic DNA or cDNA per reaction. Primer sequences are 
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Irradiation, Cell Transplantation, and Saliva Collection of/into/from Mouse SG 

All mice were housed in individually ventilated cages and in accordance with the Wet op de 

dierproeven (1977). Mice were fed ad libitum. SGs of NOD.Cg-PrkdcscidIl2rgtmlWjl/SzJ (NSG) mice were 

locally irradiated with a single X-ray dose of 5 Gy under isofluorane anesthesia. This dose ablated 

function of SGs without compromising general health of the animals. Cell transplantation was 

performed 1 month following irradiation. Cultures of human salispheres between 3 and 5 days post-

isolation were trypsinized to single cell suspensions using 0.05% trypsin-EDTA and labeled with 

PKH26 Red Fluorescent Cell Linker Kit (Sigma). Upon cell proliferation, the intensity of the PKH26 

labeling is halved; hence PKH26-mediated fluorescence indicates proliferative abilities of the cells. 

Following labeling, cells were suspended in a 5 L volume of alpha- modified eagle’s medium with 2% 

FCS. For transplantation, a 5 mm incision was made in the neck of NSG mice under iso- fluorane 

anesthesia and the submandibular SG exposed. 500, 5,000, or 50,000 human salisphere cells per 

gland were injected into the submandibular SG, where after the wounds were closed by suturing. At 

1, 2, and 3 months post- irradiation, whole stimulated saliva was collected from trans- planted and 

control animals. Two mg/kg pilocarpine was administered subcutaneously to the animals, and saliva 

collected by suction pump for 15 minutes. The quantity of saliva was determined gravimetrically, 

assuming a density of 1g/mL saliva and normalized to the weight of the animal and pre- irradiation 

saliva flow rate. 

Genome-Wide Expression Analysis 

Genome-wide gene expression was profiled in NSG submandibular SGs transplanted with 100,000 

human or autologous NSG salisphere cells per animal, at 1 week post- transplantation. Time-matched 

irradiated controls were used to eliminate effects of radiation on the transcriptome. Samples were 

analyzed in triplicate. Total RNA was isolated using the RNeasy Mini Kit. Highly pure total RNA 

(300ng/sample) was used for expression profiling on Illumina WG6v2.0 expression bead chip kit. RNA 

was amplified using the Illu- mina TotalPrep RNA Amplification Kit (Ambion, Austin, TX, 

http://www.ambion.com/Applied Biosystems, Foster City, CA, http://www.appliedbiosystems.com) 

and hybridized to Sentrix MouseWG-6 Version 2.0 expression beadchips (Illumina, San Diego, CA, 

www.illumina.com) according to the manufacturer’s instructions. Hybridization and washing were 

performed by in-house Genome Analysis Facility (University Medical Centre Groningen). Scanning 

was carried out on the iScan System (Illumina). Data were extracted using GenomeStudio software 

(Illumina). The data were normalized using the R version 3.0.1 neqc function of the BioConductor 

version 2.12 library limma 3.16.5 (Smyth et al., 2005) by control background correction, quantile 

normalization, and log2 transformation and batch effects between arrays. Differential expression 
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analysis was performed using eBayes function of the BioConductor library limma and an adjustment 

method BH (Benjamini Hochberg) to exclude false positives, with a p value of .05. Assignment of 

probes upregulated at 1 week post-transplantation to bio- logical pathways was performed using 

ENrichR online resources (http://amp.pharm.mssm.edu/Enrichr/). 

Statistical Analysis 

A two-way ANOVA and Bonferroni post hoc test with  values of 0.05 were applied to the time 

course analysis of saliva flow. n numbers for tested groups are stated in figure legend. A non- 

parametric one-way ANOVA (Kruskal Wallis test) and Dunn’s post hoc testing with  values of 0.05 

was applied to qPCR data in Figure 4. Additional methods for supplementary figures can be found in 

Supplementary Information file. 

 

 
Figure 1 Human salispheres have self-renewal capacity, can be expanded in vitro, and are bipotent. 
(A): Still frame images from time lapse microscopy of a human salisphere increasing in size in culture, 
time indicated in each still frame image (upper row) and phase contrast microscopy of salisphere 



111 I

Irradiation, Cell Transplantation, and Saliva Collection of/into/from Mouse SG 
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PKH26 Red Fluorescent Cell Linker Kit (Sigma). Upon cell proliferation, the intensity of the PKH26 

labeling is halved; hence PKH26-mediated fluorescence indicates proliferative abilities of the cells. 

Following labeling, cells were suspended in a 5 L volume of alpha- modified eagle’s medium with 2% 

FCS. For transplantation, a 5 mm incision was made in the neck of NSG mice under iso- fluorane 

anesthesia and the submandibular SG exposed. 500, 5,000, or 50,000 human salisphere cells per 

gland were injected into the submandibular SG, where after the wounds were closed by suturing. At 

1, 2, and 3 months post- irradiation, whole stimulated saliva was collected from trans- planted and 

control animals. Two mg/kg pilocarpine was administered subcutaneously to the animals, and saliva 

collected by suction pump for 15 minutes. The quantity of saliva was determined gravimetrically, 

assuming a density of 1g/mL saliva and normalized to the weight of the animal and pre- irradiation 

saliva flow rate. 

Genome-Wide Expression Analysis 

Genome-wide gene expression was profiled in NSG submandibular SGs transplanted with 100,000 

human or autologous NSG salisphere cells per animal, at 1 week post- transplantation. Time-matched 

irradiated controls were used to eliminate effects of radiation on the transcriptome. Samples were 

analyzed in triplicate. Total RNA was isolated using the RNeasy Mini Kit. Highly pure total RNA 

(300ng/sample) was used for expression profiling on Illumina WG6v2.0 expression bead chip kit. RNA 

was amplified using the Illu- mina TotalPrep RNA Amplification Kit (Ambion, Austin, TX, 

http://www.ambion.com/Applied Biosystems, Foster City, CA, http://www.appliedbiosystems.com) 

and hybridized to Sentrix MouseWG-6 Version 2.0 expression beadchips (Illumina, San Diego, CA, 

www.illumina.com) according to the manufacturer’s instructions. Hybridization and washing were 

performed by in-house Genome Analysis Facility (University Medical Centre Groningen). Scanning 

was carried out on the iScan System (Illumina). Data were extracted using GenomeStudio software 

(Illumina). The data were normalized using the R version 3.0.1 neqc function of the BioConductor 

version 2.12 library limma 3.16.5 (Smyth et al., 2005) by control background correction, quantile 

normalization, and log2 transformation and batch effects between arrays. Differential expression 

analysis was performed using eBayes function of the BioConductor library limma and an adjustment 

method BH (Benjamini Hochberg) to exclude false positives, with a p value of .05. Assignment of 

probes upregulated at 1 week post-transplantation to bio- logical pathways was performed using 

ENrichR online resources (http://amp.pharm.mssm.edu/Enrichr/). 

Statistical Analysis 

A two-way ANOVA and Bonferroni post hoc test with  values of 0.05 were applied to the time 

course analysis of saliva flow. n numbers for tested groups are stated in figure legend. A non- 

parametric one-way ANOVA (Kruskal Wallis test) and Dunn’s post hoc testing with  values of 0.05 

was applied to qPCR data in Figure 4. Additional methods for supplementary figures can be found in 

Supplementary Information file. 

 

 
Figure 1 Human salispheres have self-renewal capacity, can be expanded in vitro, and are bipotent. 
(A): Still frame images from time lapse microscopy of a human salisphere increasing in size in culture, 
time indicated in each still frame image (upper row) and phase contrast microscopy of salisphere 
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self-renewal cultures at passages 1, 3, and 5 (lower row). Scale bars = 10 m and 100 m for upper 
and lower rows, respectively. (B): Population dynamics of salisphere self-renewal cultures. 
Population doublings (formula in Materials and Methods section) and percentage of salisphere-
forming cells (as percentage relative to input cell number) were calculated at the end of each 
passage. Data points are means and SEM and are derived from a minimum of 3 and maximum of 10 
separate donor isolations per passage. (C): Phase contrast microscopy of differentiating single cell-
derived human salispheres at 2, 5, 8, and 12 days of organoid culture in differentiation conditions. 
(D): Hematoxylin and eosin staining of an organoid following 12 days of differentiation, depicting 
putative ductal and acinar-like structures. High-resolution images correspond to black boxes inset in 
low resolution panel. (E): Cytokeratin and AQP-5 immunostaining of organoids following 12 days in 
differentiation shows central localization of cytokeratin+ putative ductal cells and peripheral 
localization of a second AQP-5+ cytokeratin- cell type. (F): -Amylase expression in peripheral cells of 
12-day organoids. Empty arrows denote duct-like tubular structures; solid arrows denote acinar cell-
like spherical structures or cells, in all panels. Scale bars = 50 m (C–F). Abbreviation: AQP-5, 
aquaporin-5. 
 

RESULTS 

Single Cell-Derived In Vitro Self-Renewal and Organoid Formation from Human SG Stem Cells 

Human salispheres were cultured from healthy human SG biopsies according to an optimized 

previously published protocol (Feng et al., 2009). Primary human salispheres cultured from such 

mechanically and enzymatically dissociated human submandibular (SG) biopsies grew in size over 

time (Fig. 1A), in a similar manner to those from the mouse (Lombaert et al., 2008a; Nanduri et al., 

2014). These cells were actively dividing as indicated by abundant expression of proliferating cell 

nuclear antigen (Supplementary Information Fig. S1A, S1B). Culturing primary human salispheres did 

not induce karyotypic abnormalities, as demonstrated by karyotype spread analysis (Supplementary 

Information Fig. S2). 

To determine whether human salispheres contain stem/pro- genitors, in vitro self-renewal and 

differentiation potential was assessed. When primary human salispheres were enzymatically 

dispersed into single cells, they were able to form secondary human salispheres in a 3D matrix (Fig. 

1A; Supplementary Information Video 1). Moreover, this procedure could be repeated for at least 5 

passages and up to 10 passages in some cases, indicating extensive self-renewal potential. The 

maximum salisphere cloning frequency was 4.37% 6 1.09% SEM at passage 3 (Fig. 1A, 1B). When self-

renewal potential declines, we observed an increase in apoptotic cells (Supplementary Information 

Fig. S3), indicating that our culture conditions are not optimal yet for long-term in vitro self-renewal. 

Thus, human salispheres derived from clinical biopsies contain cells that are able to self-renew in 

vitro at the single cell level. To evaluate the potential of human salisphere cells to generate 

functionally mature SG cell lineages, we performed in vitro differentiation studies. Some 

differentiation into mucin producing acinar cells was observed in salispheres themselves 
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(Supplementary Information Fig. S1C), but transferring single cell-derived human salispheres to a 

Matrigel/collagen matrix induced formation of organoids with SG structures, with branching 

occurring as early as 2 days after transfer (Fig. 1C). After 12 days, complex structures developed 

which contained both branching and lobular structures (Fig. 1C, 1D). Moreover, branches expressed 

the ductal cell marker Cytokeratin (Fig. 1E; Supplementary Information Fig. S4) while lobular 

structures expressed -amylase (Fig. 1F; Supplementary Information Fig. S4), and aquaporin-5 (AQP-

5; Fig. 1E), a water channel protein expressed in the apical membrane of acinar cells, indicative of 

differentiation into multiple SG lineages. Collectively, the in vitro data demonstrate that human 

salispheres contain stem/progenitor cells capable of both self-renewal and multilineage 

differentiation. 
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self-renewal cultures at passages 1, 3, and 5 (lower row). Scale bars = 10 m and 100 m for upper 
and lower rows, respectively. (B): Population dynamics of salisphere self-renewal cultures. 
Population doublings (formula in Materials and Methods section) and percentage of salisphere-
forming cells (as percentage relative to input cell number) were calculated at the end of each 
passage. Data points are means and SEM and are derived from a minimum of 3 and maximum of 10 
separate donor isolations per passage. (C): Phase contrast microscopy of differentiating single cell-
derived human salispheres at 2, 5, 8, and 12 days of organoid culture in differentiation conditions. 
(D): Hematoxylin and eosin staining of an organoid following 12 days of differentiation, depicting 
putative ductal and acinar-like structures. High-resolution images correspond to black boxes inset in 
low resolution panel. (E): Cytokeratin and AQP-5 immunostaining of organoids following 12 days in 
differentiation shows central localization of cytokeratin+ putative ductal cells and peripheral 
localization of a second AQP-5+ cytokeratin- cell type. (F): -Amylase expression in peripheral cells of 
12-day organoids. Empty arrows denote duct-like tubular structures; solid arrows denote acinar cell-
like spherical structures or cells, in all panels. Scale bars = 50 m (C–F). Abbreviation: AQP-5, 
aquaporin-5. 
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vitro at the single cell level. To evaluate the potential of human salisphere cells to generate 
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occurring as early as 2 days after transfer (Fig. 1C). After 12 days, complex structures developed 
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Figure 2. Transplanted human salisphere (hS) cells proliferate in the irradiated mouse SG. (A): 
Scheme of workflow. (B): hS cells visualized using the PKH26 label at 1 day post-SG transplantation (1 
month + 1 day post-irradiation). At 2 months post-irradiation, PKH26+ cells were either not observed, 
detected as scattered cells, or detected as organized foci (C, summarized in D). (E): When PKH26+ foci 
were observed, dilution of the PKH26 label could be seen, indicative of proliferation of human 
salisphere cells. High resolution microscopy of white-boxed inset areas are shown. *Marks PKH26+ 
putative duct structure. (F): Colocalization of anti-human nuclei (AHN) immunostaining with PKH26 
label 2 months post-irradiation. (G): AHN immunostaining and correlation with PKH26 foci at 
different sites within a human salisphere transplanted gland. Numbers 1–3 correspond to boxed 
numbered regions in first panel. Scale bars = 100 m (B, C, and E) and 25 m (high resolution E). 
Scale bars = 50 m, 500 m, and 50 m (in F and G, respectively). Nuclei counterstained with DAPI 
where applicable. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; SG, salivary gland. 
 

In Vivo Proliferation and Differentiation of Human Salisphere Cells 

Next we investigated the regenerative potential of human salisphere cells in vivo. Immune-deficient 

NOD/SCIDIL2Rg-/- (NSG) mice were locally irradiated with 5 Gy in the neck region. After 1 month, 

mice received intra-submandibular SG transplantations of 500, 5,000, or 50,000 enzymatically 

dispersed human salisphere cells per gland, isolated from 3–5 day cultured primary human salisphere 

cells. Both glands in each mouse received equal cell numbers, so that a total cell number of 1,000, 

10,000, or 100,000 cells were transplanted per recipient mouse. At least seven animals per group 

were transplanted with human salisphere cells obtained from at least three donors, which were 

transplanted separately (see scheme in Fig. 2A). Prior to transplantation human salisphere cells were 

labeled with the PKH26 fluorescent cell membrane dye allowing visualization of donor cells after 

transplantation (Supplementary Information Fig. S5A). PKH26+ cells were found scattered throughout 

the gland 1 day after injection (Fig. 2B). Injection of PKH26 alone did not result in labeling of the SG 

(Supplementary Information Fig. S5B). At 2–3 months post-irradiation, scattered cells and foci of 

PKH26-labelled cells could be observed, with a peripheral dilution of PKH26-labelling intensity (Fig. 

2C, 2D), indicating proliferation of the transplanted cells. Within PKH26+ foci, duct-like arrangements 

of PKH26+ cells were present, suggesting cellular organization into functional units (Fig. 2E). 

Immunostaining with an antibody specific to human nuclei revealed co-localization with PKH26+ foci, 

confirming that PKH26+ cells are transplanted human salisphere cells (Fig. 2F, for specificity see 

Supplementary Information Fig. S6). Immunostaining with a human specific antibody against major 

histocompatibility complex (MHC) Class I confirmed the differentiation of transplanted cells in ductal 

and acinar cell arrangements (Supplementary Information Fig. S5C). Human cells were also detected 

beyond PKH26 foci, indicating that the label was diluted below the detection threshold (Fig. 2G). 

Quantification of PKH26+ foci revealed that 12% ± 7% and 36% ± 8% of foci cells displayed 

recognizable ductal (rectangular narrow shape, arrangement around lumen) or acinar (triangular 

shape with basally located nucleus) cell morphologies, respectively (Fig. 3A–3C; Supplementary 
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Information Fig. S5D). Quantification of MHC Class I labeled cells mirrored this distribution (4% ± 5% 

ductal and 10% ± 8% acinar cells, Supplementary Information Fig. S5E). Having established that 

PKH26+ cells are transplanted human cells with an ability to form organized structures, we then 

examined expression of marker proteins associated with the functional human SG. Differentiation of 

the transplanted cells into functionally mature tissue in the recipient gland was indicated by the co-

localization of -amylase, AQP-5, and cytokeratins with, or in close proximity to, PKH26+ cells (Fig. 3,  

 
Figure 3. Transplanted human salisphere cells differentiate and express proteins associated with the 
human salivary gland in the irradiated mouse salivary gland. (A–C): Representative images of acinar 
and ductal-like cells quantification in PKH26+ foci. (A) PKH26+ foci and (B) same PKH26+ as analyzed 
for acinar (yellow line) and ductal (green line) cells presence. Boundaries of analyzed foci are 
denoted with a white dashed line. (C): Quantification of proportion of acinar- and ductal-like cells in 
PKH26+ foci. PKH2+ foci at three depths within each transplanted glands were analyzed, from a total 
of three separate transplanted glands. Scale bars = SEM. (D–F): Immunostaining for the acinar cell 
marker proteins (D) -amylase, (E) AQP-5, and (F) ductal cell-associated proteins cytokeratins 
colocalizes with or is in close proximity to PKH26+ foci in cryostat sections of recipient gland, 2 
months post-irradiation. White boxed insets are shown in high resolution. Scale bars = 50 m. 
Abbreviations: AQP-5, aquaporin 5; DAPI, 40,6-diamidino-2-phenylindole. 
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Figure 2. Transplanted human salisphere (hS) cells proliferate in the irradiated mouse SG. (A): 
Scheme of workflow. (B): hS cells visualized using the PKH26 label at 1 day post-SG transplantation (1 
month + 1 day post-irradiation). At 2 months post-irradiation, PKH26+ cells were either not observed, 
detected as scattered cells, or detected as organized foci (C, summarized in D). (E): When PKH26+ foci 
were observed, dilution of the PKH26 label could be seen, indicative of proliferation of human 
salisphere cells. High resolution microscopy of white-boxed inset areas are shown. *Marks PKH26+ 
putative duct structure. (F): Colocalization of anti-human nuclei (AHN) immunostaining with PKH26 
label 2 months post-irradiation. (G): AHN immunostaining and correlation with PKH26 foci at 
different sites within a human salisphere transplanted gland. Numbers 1–3 correspond to boxed 
numbered regions in first panel. Scale bars = 100 m (B, C, and E) and 25 m (high resolution E). 
Scale bars = 50 m, 500 m, and 50 m (in F and G, respectively). Nuclei counterstained with DAPI 
where applicable. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; SG, salivary gland. 
 

In Vivo Proliferation and Differentiation of Human Salisphere Cells 

Next we investigated the regenerative potential of human salisphere cells in vivo. Immune-deficient 

NOD/SCIDIL2Rg-/- (NSG) mice were locally irradiated with 5 Gy in the neck region. After 1 month, 

mice received intra-submandibular SG transplantations of 500, 5,000, or 50,000 enzymatically 

dispersed human salisphere cells per gland, isolated from 3–5 day cultured primary human salisphere 

cells. Both glands in each mouse received equal cell numbers, so that a total cell number of 1,000, 

10,000, or 100,000 cells were transplanted per recipient mouse. At least seven animals per group 

were transplanted with human salisphere cells obtained from at least three donors, which were 

transplanted separately (see scheme in Fig. 2A). Prior to transplantation human salisphere cells were 

labeled with the PKH26 fluorescent cell membrane dye allowing visualization of donor cells after 

transplantation (Supplementary Information Fig. S5A). PKH26+ cells were found scattered throughout 

the gland 1 day after injection (Fig. 2B). Injection of PKH26 alone did not result in labeling of the SG 

(Supplementary Information Fig. S5B). At 2–3 months post-irradiation, scattered cells and foci of 

PKH26-labelled cells could be observed, with a peripheral dilution of PKH26-labelling intensity (Fig. 

2C, 2D), indicating proliferation of the transplanted cells. Within PKH26+ foci, duct-like arrangements 

of PKH26+ cells were present, suggesting cellular organization into functional units (Fig. 2E). 

Immunostaining with an antibody specific to human nuclei revealed co-localization with PKH26+ foci, 

confirming that PKH26+ cells are transplanted human salisphere cells (Fig. 2F, for specificity see 

Supplementary Information Fig. S6). Immunostaining with a human specific antibody against major 

histocompatibility complex (MHC) Class I confirmed the differentiation of transplanted cells in ductal 

and acinar cell arrangements (Supplementary Information Fig. S5C). Human cells were also detected 

beyond PKH26 foci, indicating that the label was diluted below the detection threshold (Fig. 2G). 

Quantification of PKH26+ foci revealed that 12% ± 7% and 36% ± 8% of foci cells displayed 

recognizable ductal (rectangular narrow shape, arrangement around lumen) or acinar (triangular 

shape with basally located nucleus) cell morphologies, respectively (Fig. 3A–3C; Supplementary 

Information Fig. S5D). Quantification of MHC Class I labeled cells mirrored this distribution (4% ± 5% 

ductal and 10% ± 8% acinar cells, Supplementary Information Fig. S5E). Having established that 

PKH26+ cells are transplanted human cells with an ability to form organized structures, we then 

examined expression of marker proteins associated with the functional human SG. Differentiation of 

the transplanted cells into functionally mature tissue in the recipient gland was indicated by the co-

localization of -amylase, AQP-5, and cytokeratins with, or in close proximity to, PKH26+ cells (Fig. 3,  

 
Figure 3. Transplanted human salisphere cells differentiate and express proteins associated with the 
human salivary gland in the irradiated mouse salivary gland. (A–C): Representative images of acinar 
and ductal-like cells quantification in PKH26+ foci. (A) PKH26+ foci and (B) same PKH26+ as analyzed 
for acinar (yellow line) and ductal (green line) cells presence. Boundaries of analyzed foci are 
denoted with a white dashed line. (C): Quantification of proportion of acinar- and ductal-like cells in 
PKH26+ foci. PKH2+ foci at three depths within each transplanted glands were analyzed, from a total 
of three separate transplanted glands. Scale bars = SEM. (D–F): Immunostaining for the acinar cell 
marker proteins (D) -amylase, (E) AQP-5, and (F) ductal cell-associated proteins cytokeratins 
colocalizes with or is in close proximity to PKH26+ foci in cryostat sections of recipient gland, 2 
months post-irradiation. White boxed insets are shown in high resolution. Scale bars = 50 m. 
Abbreviations: AQP-5, aquaporin 5; DAPI, 40,6-diamidino-2-phenylindole. 
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for specificity of antibodies see Supplementary Information Fig. S4). These in vivo data demonstrate 

that human salisphere derived cells are capable of proliferation, differentiation, and long-term 

engraftment after xenotransplantation into an irradiated environment. 

 

 
Figure 4. Transplanted hS cells are capable of rescuing radiation-induced hyposalivation and 
salisphere count, in a mouse model. (A): hS transplants in time course analysis of relative saliva 
production, in comparison to control and irradiated control animals Statistical analysis is shown in 
comparison to irradiated control group (***, p<.001; *, p<.05 at relevant time point. n>18 animals 
per time point in hS group and >9 for control groups. Scale bars = SEM. (B): Area under the curve 
analysis of saliva flow data in (A), **, p < .01, Student’s t test. Scale bars = SEM. (C): Relative saliva 
production in animals transplanted with 100, 10,000, or 100,000 hS cells per mouse, compared to 
non-transplanted, irradiated animals (“0” group). Data are normalized to animal weight. Scale bars = 
SEM. n>7 mice per group. *, p<.05, Student’s t test. (D): Wet weights of submandibular salivary 
glands (SGs from irradiated (irr), irradiated- transplanted (irr+hS), and sham-transplanted (sham) 
mice at 1, 2, and 8 weeks following irradiation. Transplanted mice received 100,000 human 
salisphere cells per animal. n>3 mice per control and sham groups and n>10 for hS transplanted 
groups. *, p<.05, Student’s t test. (E): Salisphere cultures from mouse SGs transplanted with 1,000, 
10,000, or 100,000 hS cells per gland harvested at three months post-irradiation and compared to 
age-matched nontransplanted, irradiated control group (“0”). Scale bars = SEM. n>7 mice per group. 
*, p<.05, Student’s t test. (F): Self-renewal assay using mouse SGs transplanted with 100,000 hS cells 
per animal, harvested 3 months post-irradiation. n = 9 animals in transplant group, n = 4 and 5 in 
control and irradiated control groups, respectively. Error bars represent SD. 
 

Rescue of Hyposalivation by Human Salisphere Cells 

To assess the functionality of the transplanted human salisphere cells, we determined pilocarpine 

stimulated whole saliva flow rate in the transplanted animals (Fig. 2A). In irradiated non-transplanted 
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animals saliva production dropped to 46% ± 4% of pre-irradiation values and was further maintained 

at 49% ± 4% at 3 months post-irradiation. Mice receiving sham transplantations of PBS displayed a 

similar reduction in saliva production, to 51% ± 5% at 3 months post-irradiation (Supplementary 

Information Fig. S7A). Primary human salispheres were isolated and transplanted 2–5 days following 

isolation. Saliva flow in mice transplanted with 100,000 human salisphere cells increased significantly 

to 79% ± 8% (p < .001) and 70% ± 7% (p < .05) of pre-irradiation saliva flow at 2 and 3 month human 

salisphere post-irradiation, respectively (Fig. 4A). Area under curve analysis demonstrated a 

significant (p < .01) increase in saliva production in human salisphere transplanted mice, compared 

to irradiated controls (Fig. 4B). Increasing the number of transplanted cells led to an increase in gland 

functionality, emphasizing the cell dose- dependent nature of the hyposalivation rescue (Fig. 4C). The 

range of functional responses to human salisphere transplantation can be partly explained by the 

heterogeneous nature of human biopsy material, as transplants from some donors were more 

efficacious than others (Supplementary Information Fig. S7B). Transplantation of human salisphere 

cells also increased the wet weight (p < .05) of transplanted glands in a time-dependent manner 

when compared to time-matched irradiated controls and sham transplanted animals (Fig. 4D). 

To examine the effect of human salisphere cell therapy on the regenerative potential of SGs, we 

assessed the possibility of irradiated and transplanted glands to generate new primary salispheres in 

culture. Irradiation alone reduced salisphere formation to 33% ± 7% SEM of age-matched non-

irradiated controls (Fig. 4E, “0” group), reflecting a deficit in resident SG stem/progenitor cells. Two 

months after irradiation, animals receiving 100,000 cells demonstrated enhanced salisphere 

formation compared to cultures generated from the irradiated control group (Fig. 4E). This effect was 

further dependent on transplanted cell dose, as mice receiving 1,000 or 10,000 cells showed less 

salisphere generation capability (Fig. 4E). Salisphere cultures from transplanted glands could 

furthermore be maintained in vitro in 3D cultures for more passages, producing more salispheres 

than non-transplanted glands, indicating a higher proliferative potential (Fig. 4F). These data provide 

further evidence that human salisphere transplants replenish SG stem/progenitor cell populations. 

Previous reports from our lab and others have suggested that stem and progenitor populations 

reside within salisphere cultures from rodent SGs, however this remains unresolved in human 

salisphere cultures (Lombaert et al., 2008a; Nanduri et al., 2011; Pringle et al., 2013). In order to 

assess the potential of stem/progenitor cell populations within the human salisphere pool, we 

selected cells expressing the established stem cell marker protein c-Kit, from human salisphere 

cultures. c-Kit+ cell derived salipsheres were indeed capable of organoid differentiation in vitro and 

also rescued saliva production in vivo, with a much lower cell number than their unfractionated 

counterparts (Fig. 5A, 5B) or c-Kit- cells (data not shown). Our recent study using autologous C57BL/6  
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for specificity of antibodies see Supplementary Information Fig. S4). These in vivo data demonstrate 

that human salisphere derived cells are capable of proliferation, differentiation, and long-term 

engraftment after xenotransplantation into an irradiated environment. 
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salisphere count, in a mouse model. (A): hS transplants in time course analysis of relative saliva 
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per time point in hS group and >9 for control groups. Scale bars = SEM. (B): Area under the curve 
analysis of saliva flow data in (A), **, p < .01, Student’s t test. Scale bars = SEM. (C): Relative saliva 
production in animals transplanted with 100, 10,000, or 100,000 hS cells per mouse, compared to 
non-transplanted, irradiated animals (“0” group). Data are normalized to animal weight. Scale bars = 
SEM. n>7 mice per group. *, p<.05, Student’s t test. (D): Wet weights of submandibular salivary 
glands (SGs from irradiated (irr), irradiated- transplanted (irr+hS), and sham-transplanted (sham) 
mice at 1, 2, and 8 weeks following irradiation. Transplanted mice received 100,000 human 
salisphere cells per animal. n>3 mice per control and sham groups and n>10 for hS transplanted 
groups. *, p<.05, Student’s t test. (E): Salisphere cultures from mouse SGs transplanted with 1,000, 
10,000, or 100,000 hS cells per gland harvested at three months post-irradiation and compared to 
age-matched nontransplanted, irradiated control group (“0”). Scale bars = SEM. n>7 mice per group. 
*, p<.05, Student’s t test. (F): Self-renewal assay using mouse SGs transplanted with 100,000 hS cells 
per animal, harvested 3 months post-irradiation. n = 9 animals in transplant group, n = 4 and 5 in 
control and irradiated control groups, respectively. Error bars represent SD. 
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To assess the functionality of the transplanted human salisphere cells, we determined pilocarpine 
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to 79% ± 8% (p < .001) and 70% ± 7% (p < .05) of pre-irradiation saliva flow at 2 and 3 month human 

salisphere post-irradiation, respectively (Fig. 4A). Area under curve analysis demonstrated a 

significant (p < .01) increase in saliva production in human salisphere transplanted mice, compared 

to irradiated controls (Fig. 4B). Increasing the number of transplanted cells led to an increase in gland 

functionality, emphasizing the cell dose- dependent nature of the hyposalivation rescue (Fig. 4C). The 

range of functional responses to human salisphere transplantation can be partly explained by the 

heterogeneous nature of human biopsy material, as transplants from some donors were more 

efficacious than others (Supplementary Information Fig. S7B). Transplantation of human salisphere 

cells also increased the wet weight (p < .05) of transplanted glands in a time-dependent manner 

when compared to time-matched irradiated controls and sham transplanted animals (Fig. 4D). 

To examine the effect of human salisphere cell therapy on the regenerative potential of SGs, we 

assessed the possibility of irradiated and transplanted glands to generate new primary salispheres in 

culture. Irradiation alone reduced salisphere formation to 33% ± 7% SEM of age-matched non-

irradiated controls (Fig. 4E, “0” group), reflecting a deficit in resident SG stem/progenitor cells. Two 

months after irradiation, animals receiving 100,000 cells demonstrated enhanced salisphere 

formation compared to cultures generated from the irradiated control group (Fig. 4E). This effect was 

further dependent on transplanted cell dose, as mice receiving 1,000 or 10,000 cells showed less 

salisphere generation capability (Fig. 4E). Salisphere cultures from transplanted glands could 

furthermore be maintained in vitro in 3D cultures for more passages, producing more salispheres 

than non-transplanted glands, indicating a higher proliferative potential (Fig. 4F). These data provide 

further evidence that human salisphere transplants replenish SG stem/progenitor cell populations. 

Previous reports from our lab and others have suggested that stem and progenitor populations 

reside within salisphere cultures from rodent SGs, however this remains unresolved in human 

salisphere cultures (Lombaert et al., 2008a; Nanduri et al., 2011; Pringle et al., 2013). In order to 

assess the potential of stem/progenitor cell populations within the human salisphere pool, we 

selected cells expressing the established stem cell marker protein c-Kit, from human salisphere 

cultures. c-Kit+ cell derived salipsheres were indeed capable of organoid differentiation in vitro and 

also rescued saliva production in vivo, with a much lower cell number than their unfractionated 

counterparts (Fig. 5A, 5B) or c-Kit- cells (data not shown). Our recent study using autologous C57BL/6  
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Figure 5. Human salispheres contain a subpopulation of c-Kit+ cells capable of organoid formation 
and functional rescue. (A): Single c- Kit+ cell derived organoids cultured for 10 days. Scale bar = 50 

m. (B): Relative saliva production in mice receiving 100, 1,000, or 100,000 unselected human 
salisphere cells total, no cell transplant (“0” group), or 600 c-Kit+ cells per gland. Scale bars = SEM. 
n>7 mice per group. *, p<.05, Student’s t test. Data are normalized to pre-irradiation saliva 
production value for each animal. (C): Frequency of c-Kit+ cells in patient biopsies grouped by age. 
 

unselected salisphere- derived cells for transplantation demonstrated a 10% increase in function of 

the recipient SG at 3 months post-transplantation (Nanduri et al., 2014). Here, we demonstrate 

improvement in SG function of 33.30% and 64.20% following transplantation of unselected and c-Kit+ 

human salisphere cells respectively, at 2 months following transplantation. Acknowledging caveats of 

the different mouse models used, these data suggest firstly that human salisphere cells hold great 

therapeutic promise for rescue of hyposalivation and secondly that purification of a potent stem cell 

subset from the heterogeneous salisphere population may enhance hyposalivation recovery. It 

should be noted, however, that the frequency of c-Kit+ cells in primary cultures is extremely low, and 

appears even to decrease with age, in agreement with our previous studies showing decrease in 
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overall primary salisphere yield with age (Feng et al., 2009; Maimets et al., 2015). These data suggest 

that other, more abundant stem cell marker proteins may be more suitable (Fig. 5C). 

 
Figure 6. Gene expression profiles of SGs 1 week following human and murine salisphere 
transplantation. (A): Top 20 upregulated genes in human salisphere (hS)-transplanted glands, 
following whole genome microarray analysis and compared with irradiated control mice. 
“Upregulated” defined as significantly different expression of a gene (p < .05) from irradiated control 
group, with a minimal fold increase in expression of 2. (B): Detection of human mitochondrial DNA in 
hS-transplanted SGs by quantitative polymerase chain reac- tion. Each data point represents a 
separate mouse; all mice received 100,000 hS cells. (C): Heat map showing differential expression of 
genes in NSG mice transplanted with autologous NSG salispheres (irr+mS), compared to irradiated 
(irr) NSG controls. Numbers represent biological replicates. (D): Top 20 upregulated genes in mS-
transplanted glands following whole genome microarray analysis and compared with irradiated 
control mice. “Upregulated” defined as (B). (E): Functional grouping of upregulated genes from mS- 
transplanted glands. Grouping was performed using EnrichR software, grouping genes into functional 
related clusters. Gene acronyms are standard Gene Symbol abbreviations. All data are relative to 
irradiated control expression (irr) and above a fold increase of 2 (threshold). n=3 biological replicates 
in transplanted and control group, errors bars = SEM. (F): Expression of SG-associated -amylase in 
NSG control (con), 5 Gy-irradiated and salisphere-transplanted (irr+mS), and time-matched irradiated 
NSG glands (irr). n=3 biological replicates, Student’s t test, *, p < .05. Error bars = SEM. Abbreviations: 
ECM, extracellular matrix; SG, salivary gland. 
 

To investigate to what extent the observed functional recovery was dependent on the continued 

presence of the human salisphere-derived cells, human chimerism was assessed using qPCR and 
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Figure 5. Human salispheres contain a subpopulation of c-Kit+ cells capable of organoid formation 
and functional rescue. (A): Single c- Kit+ cell derived organoids cultured for 10 days. Scale bar = 50 

m. (B): Relative saliva production in mice receiving 100, 1,000, or 100,000 unselected human 
salisphere cells total, no cell transplant (“0” group), or 600 c-Kit+ cells per gland. Scale bars = SEM. 
n>7 mice per group. *, p<.05, Student’s t test. Data are normalized to pre-irradiation saliva 
production value for each animal. (C): Frequency of c-Kit+ cells in patient biopsies grouped by age. 
 

unselected salisphere- derived cells for transplantation demonstrated a 10% increase in function of 

the recipient SG at 3 months post-transplantation (Nanduri et al., 2014). Here, we demonstrate 

improvement in SG function of 33.30% and 64.20% following transplantation of unselected and c-Kit+ 

human salisphere cells respectively, at 2 months following transplantation. Acknowledging caveats of 

the different mouse models used, these data suggest firstly that human salisphere cells hold great 

therapeutic promise for rescue of hyposalivation and secondly that purification of a potent stem cell 

subset from the heterogeneous salisphere population may enhance hyposalivation recovery. It 

should be noted, however, that the frequency of c-Kit+ cells in primary cultures is extremely low, and 

appears even to decrease with age, in agreement with our previous studies showing decrease in 

overall primary salisphere yield with age (Feng et al., 2009; Maimets et al., 2015). These data suggest 

that other, more abundant stem cell marker proteins may be more suitable (Fig. 5C). 

 
Figure 6. Gene expression profiles of SGs 1 week following human and murine salisphere 
transplantation. (A): Top 20 upregulated genes in human salisphere (hS)-transplanted glands, 
following whole genome microarray analysis and compared with irradiated control mice. 
“Upregulated” defined as significantly different expression of a gene (p < .05) from irradiated control 
group, with a minimal fold increase in expression of 2. (B): Detection of human mitochondrial DNA in 
hS-transplanted SGs by quantitative polymerase chain reac- tion. Each data point represents a 
separate mouse; all mice received 100,000 hS cells. (C): Heat map showing differential expression of 
genes in NSG mice transplanted with autologous NSG salispheres (irr+mS), compared to irradiated 
(irr) NSG controls. Numbers represent biological replicates. (D): Top 20 upregulated genes in mS-
transplanted glands following whole genome microarray analysis and compared with irradiated 
control mice. “Upregulated” defined as (B). (E): Functional grouping of upregulated genes from mS- 
transplanted glands. Grouping was performed using EnrichR software, grouping genes into functional 
related clusters. Gene acronyms are standard Gene Symbol abbreviations. All data are relative to 
irradiated control expression (irr) and above a fold increase of 2 (threshold). n=3 biological replicates 
in transplanted and control group, errors bars = SEM. (F): Expression of SG-associated -amylase in 
NSG control (con), 5 Gy-irradiated and salisphere-transplanted (irr+mS), and time-matched irradiated 
NSG glands (irr). n=3 biological replicates, Student’s t test, *, p < .05. Error bars = SEM. Abbreviations: 
ECM, extracellular matrix; SG, salivary gland. 
 

To investigate to what extent the observed functional recovery was dependent on the continued 

presence of the human salisphere-derived cells, human chimerism was assessed using qPCR and 
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primers specific for human mitochondrial DNA (for assay design see Supplementary Information Fig. 

S8). Human cells were detected at up to 9% ± 3% SEM of total cells following transplantation, a 

frequency which suggests the functional rescue observed might not completely be attributed to 

human cell engraftment. Regenerative signals emanating from the endogenous murine cells 

following human salisphere transplantation might also contribute to rescue. Analysis of RNA 

extracted from human salisphere- transplanted SGs 1 week post-transplantation, when human cells 

were most easily detected, revealed 471 probes upregulated, in comparison to time-matched 

irradiated control SGs (GEO accession number: GSE72871). The predominant function of these genes 

however appeared to be immune rejection/reaction (Fig. 6A; Supplementary Information Fig. S9A). 

Apparently, NSG mice still exhibit an immune response, which may explain spread in engraftment 

observed and the reduction in human cells present in the recipient tissue over time (Fig. 6B). Whole 

genome mRNA expression analysis of syngeneic salisphere transplantation (NSG salispheres into NSG 

SGs) was performed to circumvent the immune rejection phenotype, and revealed significant (p < 

.05) upregulation of 510 genes at 1 week following salisphere transplantation compared to irradiated 

controls (Fig. 6C, 6D) (GEO accession number: GSE72871). Using a significance threshold of p < .05 

and a minimal fold increase of 2, upregulated genes could be functionally organized into tissue 

remodeling (including extracellular matrix (ECM)-, cytoskeletal- and cell junction-associated genes) 

and proliferation-associated genes, in addition to highly upregulated expression of the canonical 

Wnt-signaling regulator -catenin (Fig. 6E). Further analysis demonstrated a moderate upregulation 

of soluble factors associated with SG branching and development (transforming growth factor 

(TGF)b1, TGFb3, bone morphogenetic protein1) (Han et al., 2013; Maimets et al., 2015), SG stem cell 

maintenance (insulin growth factor, EGF) (Supplementary Information Fig. S9B), and SG functionality 

( -amylase, AQP-1, DCPP2, DCPP3, PSP) (Fig. 6F; Supplementary Information Fig. S9C). In order to 

translate these data to xeno-transplants of human salisphere cells, we returned to check the 

expression of genes identified in Figure 6C–6E in NSG glands transplanted with human salisphere 

cells. Indeed, murine-specific transcripts upregulated in syngeneic salisphere microarray analysis, 

including regulators of the Wnt pathway, were also upregulated in the human salisphere 

xenotransplantation microarray (Fig. 7A, 7B). To assess the expression of some of the translated 

proteins, we performed immunohistochemical and histological stainings on human salisphere-

transplanted NSG SGs. We observed -catenin expression, the key mediator of the canonical Wnt-

signaling pathway, in the ducts of human salisphere transplanted glands, whereas it was lost in 

irradiated but non-transplanted glands (Fig. 7C). Similarly, immunostainings for collagen (Fig. 7D) and 

fibronectin (Fig. 7E) validated the microarray data suggesting upregulation of extracellular matrix 

proteins, and Ki67 labeling further confirmed the presence of more proliferating cells in both ducts 

and acinar cell compartments of human salisphere-transplanted glands (Fig. 7F; Supplementary infor- 
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Figure 7. Gene and protein expression profiles of SGs transplanted with human salisphere-derived 
cells. (A): Expression of ECM, cytoskeletal, and cell proliferation-associated genes upregulated in 
autologous salisphere microarray analysis. All data are relative to irradiated control expression (irr). 
n=>3 biological replicates. Gene acronyms are standard Gene Symbol abbreviations. Error bars = 
SEM. (B): Relative expression of canonical Wnt-signaling mediators in human salisphere transplanted 
glands. All data are relative to irradiated control expression (irr). n=4 biological replicates. Error bars 
= SEM. (C–F): Stainings for -catenin (C), Masson’s Trichrome staining for collagen (D), fibronectin (E), 
and Ki67 (F). Nuclear counterstainings are DRAQ5 for fluorescent images or hematoxylin for bright 
field microscopy. Scale bars = 100 m. Inset boxes represent high resolution of inset boxes in left 
columns. Abbreviations: SD, striated duct; ECM, extracellular matrix; irr, time-matched irradiated 
control; irr+hS, 1 week following human salisphere transplantation. 

 

mation Fig. S9A, S9B). Interestingly, when c-Kit+ cells were transplanted and mice sacrificed at the 

same time point (1 week following transplantation), increased expression of some genes in this 

regeneration-associated cohort, including the Wnt signaling reporter Axin-2 was observed 

(Supplementary Information Fig. S11A, S11B). This suggests that a small number of selected c-Kit+ 

stem/progenitor cells have similar potencies as unselected human salisphere cells, with respect to 

initiating functional recovery of the gland. The enhanced expression of these genes in recipient SGs 

at 1 week after c-Kit+ salisphere cell transplantation and the greater rescue in SG function at 2 

months following transplant, compared to unselected cells (Supplementary Information Fig. S11C) 
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including regulators of the Wnt pathway, were also upregulated in the human salisphere 

xenotransplantation microarray (Fig. 7A, 7B). To assess the expression of some of the translated 

proteins, we performed immunohistochemical and histological stainings on human salisphere-

transplanted NSG SGs. We observed -catenin expression, the key mediator of the canonical Wnt-

signaling pathway, in the ducts of human salisphere transplanted glands, whereas it was lost in 

irradiated but non-transplanted glands (Fig. 7C). Similarly, immunostainings for collagen (Fig. 7D) and 
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proteins, and Ki67 labeling further confirmed the presence of more proliferating cells in both ducts 
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regeneration-associated cohort, including the Wnt signaling reporter Axin-2 was observed 

(Supplementary Information Fig. S11A, S11B). This suggests that a small number of selected c-Kit+ 
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initiating functional recovery of the gland. The enhanced expression of these genes in recipient SGs 
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months following transplant, compared to unselected cells (Supplementary Information Fig. S11C) 
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would suggest indeed that subsets of human salisphere cells such as c-Kit+ cells are superior in 

inducing regeneration than others. 

These combined data suggest that transplanted human salisphere-derived cells restore homeostasis 

of the SGs by a combination of engraftment, proliferation, differentiation, and potential stimulation 

of recipient cells and that salispheres contain subsets of cells with greater regenerative potential. 

 

DISCUSSION 

Adult stem cells hold great therapeutic promise in regenerative medicine, however, translation to 

the clinic is hampered by rarity of data showing engraftment and functional capabilities of these 

cells. Here, we characterize for the first time the proliferation, differentiation, and regenerative 

potential of stem/progenitors from the human SG, at the single cell level in vitro, including their long-

term engraftment capabilities in vivo. We additionally demonstrate that a population of more potent 

stem cells, namely c-Kit+ cells, exists within the human SG stem cell pool. These cells, capable of 

rescuing hyposalivation after low cell dose transplantation, are the first documentation of in vivo 

functional properties of a defined stem cell population from the adult human SG. Our results follow 

on recent studies in the murine SG, where c-Kit+, CD24+ CD29+, or CD24+c-Kit+Sca-1+ cells rescued 

function of the irradiated SG and differentiated and engrafted within the recipient mouse (Lombaert 

et al., 2008a; Nanduri et al., 2014; Xiao et al., 2014). Of note, 300 transplanted c- Kit+ murine SG stem 

cells per SG were capable of rescuing hyposalivation in vivo, comparable with 500 human c-Kit+ SG 

cells per SG (Lombaert et al., 2008a). Indeed, we have previously shown the expression of a panel of 

stem cell associated marker proteins in human salispheres, suggesting that defining the specific stem 

cell may permit even greater therapeutic potential for the treatment of hyposalivation (Pringle et al., 

2013). While many stem cell populations have been characterized in mouse tissues and some have 

been tested in human stem cell populations, few human stem cell populations have shown 

engraftment and functional rescue potential such as that presented in this study (Han et al., 2013; 

Huch et al., 2013; Ng et al., 2014; Notta et al., 2011; Schuijers and Clevers, 2012; Shackleton et al., 

2006; Yui et al., 2012). 

Further to these data, we also suggest that transplantation of human salisphere cells and 

consequential regeneration might involve stem cell-associated signals for the recipient SG. Our 

expression analysis revealed enhancement of ECM protein expression and stimulation of 

endogenous stem cell proliferation as probable mediators of this effect. Several studies suggest that 

murine SG stem cells are receptive to such signaling from TGF/ BMP, FGF, and Wnt signaling 
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pathways (Haara et al., 2011; Hai et al., 2012; Hoffman et al., 2002; Jaskoll et al., 2005; Jaskoll and 

Melnick, 1999; Lombaert et al., 2006; Maimets et al., 2016). The low radiation dose (5 Gy) used to 

induce SG hypofunction in this study (chosen because of the severity of esophageal tract side effects 

in NSG mice irradiated with higher doses) permits the survival of endogenous murine SG 

stem/progenitor cells with regenerative potential, which might be amenable to signaling stimuli from 

transplanted human salisphere cells. Indeed, the study by Hai et al. demonstrated recovery of the 

post-irradiation murine SG following transient Wnt pathway activation (and not following irradiation 

alone), lending further weight to our hypothesis that Wnt signaling plays a critical role in functional 

recovery of radiation-damaged SG (Hai et al., 2012). 

We present the first evidence showing therapeutic potential of a new population of clinically 

relevant adult human stem cells. Syngeneic transplantation studies in the mouse have demonstrated 

long-term engraftment potential of salisphere cells, and we predict great engraftment potential of 

human salisphere cells, and amelioration of xerostomia, when autologous transplantations are 

performed. The autologous setting may provide better incorporation of the transplanted cells in SGs 

in patients in which few or no resident stem cells survive (Lombaert et al., 2008a; Nanduri et al., 

2014; Xiao et al., 2014). Surviving endogenous patient cells might additionally benefit from 

stimulation via transplanted salisphere cells and provide a boost to SG function (Lombaert et al., 

2008b). 

CONCLUSION 

In summary, we showed the presence of SG stem/progenitor cells in cultured human salispheres. 

These cells are capable of self-renewal and differentiation, which when transplanted into irradiated 

recipients, restore glandular function. The present data highlight the promising therapeutic potential 

of human SG stem/progenitor-like cells cultured from biopsy material for treatment of radiation-

induced hyposalivation.  
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would suggest indeed that subsets of human salisphere cells such as c-Kit+ cells are superior in 

inducing regeneration than others. 
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of the SGs by a combination of engraftment, proliferation, differentiation, and potential stimulation 
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alone), lending further weight to our hypothesis that Wnt signaling plays a critical role in functional 
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CONCLUSION 
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SUPPORTING INFORMATION 

Supplementary Methods 

PI Cell Cycle Analysis 

Human salispheres at passages 1 and 5 cultured as above were harvested and processed to single 

cells from self-renewal gels, as described above for passaging. After washing in PBS, cells were fixed 

in 1mL 70 % ethanol, added drop-wise to the pellet, and incubated on ice for 30 minutes. Cells were 

collected by centrifugation washed twice with PBS and treated with Ribonuclease A, to remove 

residual RNA (50uL of 100 μg/mL in PBS RNAse stock solution per sample (Sigma Aldrich). 400 μL of PI 

solution (50 μg/mL in PBS) was added to each sample, and incubated at room temperature for 5-10 

minutes before analysis using the BD FACSAria LSR-II Flow Cytometer and FACSDiva software.  

Karyotype Spread Analysis 

Primary human salisphere cultures were generated and 20 hours prior to harvesting, medium was 

supplemented with colcemid (Gibco) at 12.5 ng/mL. Chromosome preparations of cells were made 

after short-term culture, using standard cytogenetic techniques. The chromosomes were G-banded 

using pancreatin and karyotypes expressed in accordance with the ISCN 2013.  

Alcian Blue Staining  

8 μm sections of primary salispheres were incubated with 1 % alcian blue  (Chroma-Gesellschaft) in 3 

% acetic acid pH 2.5  (30 min, RT). Slides were then washed in water, counterstained with 0.1 % 

neutral fast red (Fisher Scientific) containing 2.5 % aluminum sulphate and washed again and 

dehydrated and mounted as standard.  

PCR  

Total RNA was extracted from primary salisphere cultures or whole human submandibular salivary 

gland using the Absolutely RNA Miniprep kit (Agilent Technologies), including DNase incubation, as 

per manufacturer’s instructions. One μg of total RNA was reverse transcribed using 0.5 μg oligo(dT)15-

18 primers, 0.5 mM dNTPs, 1X First-strand Buffer,  0.01M DTT, 400 U RnaseOut  and 200 U of M-MLV 

Reverse Transcriptase (all Invitrogen), in a total volume of 20 μL  per reaction. One hundred ng of 

resultant cDNA was mixed with PCR buffer, 0.2mM dNTPs , 1.5 mM MgCl2,  50 U Taq polymerase (all 

Invitrogen) and 2 μM of both forward and reverse primers for genes of interest, to a total volume of 
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50 μL in deionized water. Samples were subjected to a 3-step PCR reaction, using the PTC-100 Peltier 

Thermal cycler (MJ Research) and PCR products separated by gel electrophoresis using 2 % agarose-

TAE gels containing ethidium bromide and visualized by UV illumination.  Primer sequences can be 

found in Table S1. 

 

Supplementary Figures 

 

Figure S1 Human salisphere cells increase in size in culture, are proliferative and are capable of 
spontaneous differentiation. (A) Representative phase contrast microscopy of primary human 
salispheres at indicated days in culture. (B) Time course analysis of proliferating cell nuclear antigen 
(PCNA) expression in human salisphere culture. GAPDH = glyderaldehyde-3-phosphate 
dehydrogenase internal control gene; T = SG tissue control; -RT = control reaction without reverse 
transcriptase enzyme. (C) Detection of mucins (blue) using Alcian Blue staining, in human salispheres 
at indicated days in primary salisphere culture. Arrows denote mucin-producing areas. Nuclei 
counterstained with Neutral Fast Red. Scale bars represent 50 μm. 

 
Figure S2 Primary salisphere cultures do not harbor karyotypic abnormalities. Representative 
karyotype spread analyses of primary salispheres generated from female (A) and male (B) patient 
biopsy material.  
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Figure S3 Human salispheres undergo apoptosis and differentiation at later passages in self-renewal 
assay. Representative cell cycle analysis plots of human salispheres analyzed at passage 1 (A) and 5 
(B). Proportion of apoptotic (Ap), cells in G0/G1 (quiescent), Synthesis phase (S) and G2/mitotic 
(G2/M) cells are represented in C, where more apoptotic and less mitotic cells are noted in cells from 
later passage cultures. n = 1.  

 

 

 

 

Figure S4 Anti- -amylase and AQP-5 antibodies detect human proteins, with minimal cross-
reactivity in the irradiated mouse salivary gland. (A and B) Positive control immunostainings from 
frozen human salivary gland sections. Single fluorescence channel and merges are shown. (C) Isotype 
controls using human salivary gland tissue. (D) Irradiated mouse salivary gland exposed to the same 
labeling protocol. Nuclei are counterstained with DAPI. Scale bar represents 100 μm 
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Figure S5 Dynamics of transplanted human salisphere cells following submandibular SG 
transplantation. A) PKH26-labelling of hS cells detected by fluorescence emission at 575nM and 
plotted against forward scatter. Inset = unstained control. B) Volume of PKH26 staining buffer 
equivalent to that used for hS cell transplantation underwent all steps in the staining protocol, in the 
absence of any cells (dye control solution). Dye control solution was injected as per SG 
transplantations, and animal was sacrificed 60 days post-transplantation. Nuclei counterstained with 
DAPI. Scale bar = 500 μM. C) Transplanted human cells detected using human specific anti major 
histocompatibility complex class I (MHC Class I) antibody show ductal (white outline; first panel), and 
both mucous (white arrows; second panel) and serous acinar cells (white outline; last panel) 
morphology. An antibody highlighting all epithelial cells, including acinar cells, was used for definition 
in the middle panel. D) Examples of quantification of ductal- and acinar-like cells in PKH26+ foci. E) 
Examples of quantification of ductal- and acinar-like MHC Class I-positive transplanted human 
salisphere cells. C) – E) scale bars as indicated.  
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Figure S6 Anti-human nuclei antibody detects nuclei in human salivary gland and not in irradiated 
mouse salivary gland. (A and B) Human salivary gland tissue immunostained using anti-human nuclei 
antibody, showing approximately 50 % immunopositivity. Single channel and merged fluorescence 
images are shown. (C) Isotype control reaction did not demonstrate any immunoreactivity, and 
irradiated mouse salivary gland tissue demonstrated only non-specific staining typical of irradiated 
salivary tissue, when fluorescence was greatly enhanced (C inset). Scale bars 100 μm. 

 
Figure S7 Sham transplants do not result in functional recovery, and heterogeny of response to 
human salisphere transplantation is partially due to patient variability. (A) 3 mice were injected with 
transplantation medium only, in equivalent volumes to human salisphere transplants, and followed 
over time. Bars = S.E.M. Remaining data points are same as those presented in Fig 4a. (B) Breakdown 
of functional recovery data by donor. Error bars represent mean and S.E.M. ‘All’ groups represent 
mean saliva production from 7 individual patients detailed. Irr = irradiated control mouse, n = 10. M 
= male; F = female.  (C) Morphologies of PKH26 observed in transplanted glands 2-3 months 
following transplantation, and proportion of which demonstrating functional rescue of saliva 
production. Table is adapted from that in Figure 2.  

 
Figure S8 Primers specific for human mitochondria can be used determine proportion of human cells 
in a sample. (A) The threshold cycle of product amplification from ten-fold dilutions of human DNA 
were used to create a standard curve from which to analyze unknown samples. (B) Melt curve 
analysis to show purity of amplicon produced by anti-human mitochondrial primer pair.  
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Figure S9 Human salisphere stimulates expression of soluble mediators of SG development, and 
expression of some SG functional genes. A) Heatmap depicting probes significantly upregulated genes 
in 3 irradiated NSG submandibular SGs following transplantation with human salisphere cells, in 
comparison to irradiation alone. Numbers refer to individual mice. B) Mean fold change in soluble 
mediator expression following autologous salisphere transplantation. C) Mean fold change in 
expression of genes associated with SG function, following autologous salisphere cell 
transplantation. In B-C) data are expressed 1 week following transplantation, relative to expression in 
time-matched irradiated controls. n = 3 biological replicates.  

 
Figure S10 Sup 
plementary irradiated or hS-transplanted tissue immunostainings. (A) Ki67 expression in acinar (A) 
and myoepithelial cells (B) following human salisphere transplantation. Scale bar = 10 μm. Nuclei 
counterstained with DRAQ5.  
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Figure S11 c-Kit+ cells induce higher expression of regeneration-associated genes than unselected 
human salisphere cells, but do not induce Wnt signaling. (A) Expression of identified gene cohort 
from Figure 7, following transplantation with 200 c-Kit+ cells per mouse, compared to 100,000 
unselected human salisphere cells. Mice were sacrificed 1 week post-transplantation, as in Figure 7. 
(B) Expression of members of Wnt signaling pathway, previously demonstrated as upregulated after 
unselected human salisphere transplantation, when transplanted with 200 c-Kit+ cells. c-Kit+ cells 
from 3 separate patient isolations were transplanted. Data in (A) and (B) represents expression 
normalized to that in irradiated (non-transplanted) glands  (irr; red line). C) Highest expression of 
some paracrine signaling genes at 1 week following transplantation was correlated with highest 
functional recovery (c-Kit+ cell transplantation –versus- unselected cell transplantation) of the 
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Supplementary Table 

 

Gene Gene 
Symbol 

Species 
(m/h) 

Forward primer 5’-3’ Reverse primer 5’-3’ 

Proliferating cell nuclear 
antigen 

PCNA h ggctctagcctgacaaatgc gcctccaacaccttcttgag 

Glyceraldehyde-3-
dehydrogenase 

GAPDH h agcagttggtggtgcaggag tggagtccactggcgtcttc 

Mitochondrial DNA - h tacgagtacaccgactacgg ttagacgtccgggaattg 
Fibronectin FN1 m gcgactctgactggccttac ccgtgtaagggtcaaagcat 
Vimentin VIM m atgcttctctggcacgtctt agccacgctttcatactgct 
Claudin6 CLDN6 m tgagtccaagctccacctct gaactcttgggactgggaca 
Cell division cell protein 20 CDC20 m agaccacccctagcaaacct gagaccaggctttctgatgc 
Syndecan 3 SDC3 m agctgcagtcttggggacta acccactgcctcttctctca 
Secreted phosphoprotein 1 SPP1 m tgcacccagatcctatagcc ctccatcgtcatcatcatcg 
Glyceraldehyde-3-
dehydrogenase 

GAPDH m tgcaccaccaactgcttagc ggcatggactgtggtcatgag 

Osteoactivin  GPNMB m aaggggtatgctgtccctct ctgcagcaacctgaaatcaa 
b-catenin CTNNB m atggagccggacagaaaagc cttgccactcagggaagga 
DNASE1 DNASE1 m actcaatcgggacaaacctg atttccacagggttcacagc 
Tissue inhibitor of 
metalloproteinases 1 

TIMP1 m attcaaggctgtgggaaatg ctcagagtacgccagggaac 

Minichromosome 
maintenance complex 
component 5 

MCM5 m gaggaccaggagatgctgag ttgaggcgatagagcacctt 

Type 5 Collagen a1 COL5A1 m ggtccctgacacacctcagt tgctcctcaggaacctctgt 
Desmin DES m gtgaagatggccttggatgt gtagcctcgctgacaacctc 
Myosin heavy chain 1 MYH1 m cttcaaccaccacatgttcg aggtttgggcttttggaagt 
Myosin heavy chain 2 MYH2 m ggccaaaatcaaagaggtga cgtgcttctccttctcaacc 
Myosin heavy chain 8 MYH8 m tacaggcgaaggtgaaatcc cctcctgtgctttccttcag 
Matrix metalloprotease 12 MMP12 m tttcttccatatggccaagc ggtcaaagacagctgcatca 
Tyrosine 3-
monooxygenase/tryptophan 
5-monooxygenase activation 
protein 

YWHAZ m ttacttggccgaggttgct 
 

tgctgtgactggtccacaat 
 

Frizzled 1 FZD1 m caaggtttacgggctcatgt gtaacagccggacaggaaaa 
T-Cell Factor TCF1 m ggcctcctcttcccagtaac ggagcagcagtgtcaatgaa 
Axis inhibition protein 2 AXIN2 m gggggaaaacacagcttaca ttgactgggtcgcttctctt 
Leucine rich repeat 
containing G-protein 
coupled receptor 5 

LGR5 m accagcttaccccatgactg 
 

ctcctgctctaaggcaccac 
 

 
Table S1. Primer sequences 
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SUMMARY 

Head and neck cancer is the sixth most common cancer worldwide, with an estimated annual burden 

of 387,100 new cases in 2012 (Torre et al., 2015). The majority of these patients will be treated with 

radiotherapy alone or in combination with chemotherapy and/or surgery. Although radiotherapy 

treatment significantly improves the patient’s chances of survival, it often coincides with side effects 

due to the unavoidable co-irradiation of normal tissues surrounding the tumor, including salivary 

glands. For these patients, severe hyposalivation is a very common irreversible side effect, resulting 

in alterations in speech and taste, difficulties with mastication and deglutition, and increased risk of 

developing oral infections and dental caries (Vissink et al., 2015). Even with the current state-of-the-

art intensity-modulated radiotherapy still about 40% of the patients suffer from oral dryness, which 

severely hampers their quality of life. Considering there is currently no satisfactory treatment to 

reverse salivary gland damage, intense interest is now focused on bio-therapeutic approaches such 

as stem cell (SC) replacement via transplantation. 

Radiation-induced hyposalivation is the result of the inadequacy of salivary gland stem cells (SGSCs) 

to produce a sufficient number of mature functional cells (van Luijk et al., 2015). Collection of SGSCs 

prior to radiotherapy and transplantation into the glands after treatment could offer a potential 

therapy in order to restore the secretory function of the recipient tissue. However, the amount of 

biopsy material that can safely be obtained from a patient prior to radiotherapy treatment is limited. 

Therefore, a precise characterization and controlled expansion of SGSCs is crucial for further 

extrapolation to clinic. Although a large body of work supports the presence of SC populations within 

salivary gland (Bullard et al., 2008; Lombaert et al., 2008; van Luijk et al., 2015; Xiao et al., 2014) 

information about the localization of the SGSC and molecular interactions with the surrounding 

environment is scarce. Therefore, answering fundamental questions in regards to SGSC biology is of 

great importance. 

The work presented in this thesis is focused on uncovering the identity of SGSCs within their local 

niche and furthering our understanding on the molecular signals that govern their maintenance. This 

Chapter summarizes the main findings of the thesis and puts these studies into perspective. 

In Chapter 1, as an introduction, an overview of the available data on somatic SCs in the context of 

exocrine glands was provided. Moreover, differences and similarities between sebaceous, sweat, 

prostate, mammary and salivary gland were highlighted. Subsequently, the potential clinical 

relevance of culturing and expanding glandular tissue specific SCs in a laboratory setting was 

considered. The use of pivotal techniques in identifying glandular SCs, tracing their progeny during 

development and tissue maintenance and profiling their unique characteristics was discussed. 

CHAPTER 7

 

Finally, the importance of the utilization of novel three-dimensional organoid culture systems was 

emphasized and the potential opportunities and threats that are associated with steamrolling these 

systems towards the clinic were considered.  

In Chapter 2, the aim was to improve the characterization of salivary gland stem/progenitor cell 

population residing in the mouse salivary gland based on a panel of SC markers previously identified 

in other adult SCs. First, the expression of various SC-associated markers in homeostatic salivary 

gland was established and observed that cells displaying these markers reside in the ductal 

compartment of the gland, previously known for harboring SCs. Next, quantitative comparison of the 

fraction of cells expressing these SC-markers between SG tissue and an in vitro SGSC (salisphere) 

culture was performed. The results obtained broadly indicated that salispheres were enriched for 

cells with SC characteristics. Finally, the regenerative potential of SC-marker expressing cells was 

tested in an in vivo transplantation assay. Subsequently, we reported that multiple cell populations 

expressing various SC-markers were capable of recovering salivary gland function. However, the 

exact hierarchy of SGSC compartment, if existing, still required further research. 

As suggested in Chapter 2 and indicated previously by others (Denny and Denny, 1999; Man et al., 

2001), the ductal compartment of salivary gland contains SGSCs. Therefore, the molecular signals 

governing this niche with an emphasis of Wnt/ -catenin pathway were explored in Chapter 3. First, 

EpCAM was identified as a universal marker for ductal cells of the SG. Simultaneously, the basal 

expression of -catenin, a general indicator of activation of the Wnt-pathway, in the SG was 

established. Importantly, rare cells within excretory ducts were observed displaying nuclear 

expression of -catenin, a hallmark of active Wnt-signaling. This in mind, single EpCAM+ cells from 

healthy adult mouse salivary glands were isolated using fluorescence-activated cell sorting (FACS). 

Subsequently, sorted cells were embedded in a three-dimensional (3D) setting using Matrigel as 3D 

basal extra-cellular matrix and induced with high Wnt signaling by combining Wnt3a ligand and 

Rspo1 in addition to our previously reported growth factors in the culture medium. In these 

conditions, EpCAMhigh cells responded potently to Wnt signals stimulating self-renewal and long-term 

expansion of SG organoids while retaining their ability to generate differentiated SG epithelial cells. 

Conversely, by using a panel of chemical inhibitors of Wnt pathway, the requirement of Wnt signaling 

for the maintenance of SGSC cultures was shown. Finally, by assessing the in vivo regeneration 

potential of SG organoid-derived cells in transplantation assay, the possible use of SGSCs cultured 

under Wnt-inducing conditions for stem cell therapy to irradiation-damaged epithelium and possibly 

other cases of salivary gland dysfunction was shown.  
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SUMMARY 

Head and neck cancer is the sixth most common cancer worldwide, with an estimated annual burden 

of 387,100 new cases in 2012 (Torre et al., 2015). The majority of these patients will be treated with 

radiotherapy alone or in combination with chemotherapy and/or surgery. Although radiotherapy 

treatment significantly improves the patient’s chances of survival, it often coincides with side effects 

due to the unavoidable co-irradiation of normal tissues surrounding the tumor, including salivary 

glands. For these patients, severe hyposalivation is a very common irreversible side effect, resulting 

in alterations in speech and taste, difficulties with mastication and deglutition, and increased risk of 

developing oral infections and dental caries (Vissink et al., 2015). Even with the current state-of-the-

art intensity-modulated radiotherapy still about 40% of the patients suffer from oral dryness, which 

severely hampers their quality of life. Considering there is currently no satisfactory treatment to 

reverse salivary gland damage, intense interest is now focused on bio-therapeutic approaches such 

as stem cell (SC) replacement via transplantation. 

Radiation-induced hyposalivation is the result of the inadequacy of salivary gland stem cells (SGSCs) 

to produce a sufficient number of mature functional cells (van Luijk et al., 2015). Collection of SGSCs 

prior to radiotherapy and transplantation into the glands after treatment could offer a potential 

therapy in order to restore the secretory function of the recipient tissue. However, the amount of 

biopsy material that can safely be obtained from a patient prior to radiotherapy treatment is limited. 

Therefore, a precise characterization and controlled expansion of SGSCs is crucial for further 

extrapolation to clinic. Although a large body of work supports the presence of SC populations within 

salivary gland (Bullard et al., 2008; Lombaert et al., 2008; van Luijk et al., 2015; Xiao et al., 2014) 

information about the localization of the SGSC and molecular interactions with the surrounding 

environment is scarce. Therefore, answering fundamental questions in regards to SGSC biology is of 

great importance. 

The work presented in this thesis is focused on uncovering the identity of SGSCs within their local 

niche and furthering our understanding on the molecular signals that govern their maintenance. This 

Chapter summarizes the main findings of the thesis and puts these studies into perspective. 

In Chapter 1, as an introduction, an overview of the available data on somatic SCs in the context of 

exocrine glands was provided. Moreover, differences and similarities between sebaceous, sweat, 

prostate, mammary and salivary gland were highlighted. Subsequently, the potential clinical 

relevance of culturing and expanding glandular tissue specific SCs in a laboratory setting was 

considered. The use of pivotal techniques in identifying glandular SCs, tracing their progeny during 

development and tissue maintenance and profiling their unique characteristics was discussed. 

 

Finally, the importance of the utilization of novel three-dimensional organoid culture systems was 

emphasized and the potential opportunities and threats that are associated with steamrolling these 

systems towards the clinic were considered.  

In Chapter 2, the aim was to improve the characterization of salivary gland stem/progenitor cell 

population residing in the mouse salivary gland based on a panel of SC markers previously identified 

in other adult SCs. First, the expression of various SC-associated markers in homeostatic salivary 

gland was established and observed that cells displaying these markers reside in the ductal 

compartment of the gland, previously known for harboring SCs. Next, quantitative comparison of the 

fraction of cells expressing these SC-markers between SG tissue and an in vitro SGSC (salisphere) 

culture was performed. The results obtained broadly indicated that salispheres were enriched for 

cells with SC characteristics. Finally, the regenerative potential of SC-marker expressing cells was 

tested in an in vivo transplantation assay. Subsequently, we reported that multiple cell populations 

expressing various SC-markers were capable of recovering salivary gland function. However, the 

exact hierarchy of SGSC compartment, if existing, still required further research. 

As suggested in Chapter 2 and indicated previously by others (Denny and Denny, 1999; Man et al., 

2001), the ductal compartment of salivary gland contains SGSCs. Therefore, the molecular signals 

governing this niche with an emphasis of Wnt/ -catenin pathway were explored in Chapter 3. First, 

EpCAM was identified as a universal marker for ductal cells of the SG. Simultaneously, the basal 

expression of -catenin, a general indicator of activation of the Wnt-pathway, in the SG was 

established. Importantly, rare cells within excretory ducts were observed displaying nuclear 

expression of -catenin, a hallmark of active Wnt-signaling. This in mind, single EpCAM+ cells from 

healthy adult mouse salivary glands were isolated using fluorescence-activated cell sorting (FACS). 

Subsequently, sorted cells were embedded in a three-dimensional (3D) setting using Matrigel as 3D 

basal extra-cellular matrix and induced with high Wnt signaling by combining Wnt3a ligand and 

Rspo1 in addition to our previously reported growth factors in the culture medium. In these 

conditions, EpCAMhigh cells responded potently to Wnt signals stimulating self-renewal and long-term 

expansion of SG organoids while retaining their ability to generate differentiated SG epithelial cells. 

Conversely, by using a panel of chemical inhibitors of Wnt pathway, the requirement of Wnt signaling 

for the maintenance of SGSC cultures was shown. Finally, by assessing the in vivo regeneration 

potential of SG organoid-derived cells in transplantation assay, the possible use of SGSCs cultured 

under Wnt-inducing conditions for stem cell therapy to irradiation-damaged epithelium and possibly 

other cases of salivary gland dysfunction was shown.  
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By developing optimized in vitro organoid system for expansion of SGSCs retrieved directly from 

tissue in Chapter 3, we opened up a novel avenue for testing candidate SGSCs based on their i) 

phenotypical or ii) functional characteristics. Consequently, in Chapter 4 the identification of SGSCs 

based on a universal stem cell-associated functional property – quiescence, was attempted. A cell-

state independent histone H2B-GFP pulse-chase system was employed in order to characterize the 

putative dormant SGSC population that may exist within. We hypothesized that the majority of stem 

cell activity occurs during the embryonic development of the SG rendering the postnatal tissue 

remodeling as a task for the progenitor and more differentiated cells. Therefore, H2B-GFP label was 

induced in pregnant mothers until the birth of the litter after which the loss of the label was 

monitored in time as the mice aged. Subsequently, when the mice reached adulthood, label retaining 

cells (LRCs) were detected primarily positioned in excretory and striated ducts and not among acinar 

cells. Interestingly, subsequent to phenotypical profiling of LRCs with known SG markers, co-

localization of LRCs and K8+ ductal luminal or Vimentin+ mesenchymal but not CK5+ or CK14+ putative 

progenitor cells was observed. Next, by challenging these cells in the organoid formation assay the 

regenerative potential of LRCs was assessed. Coinciding with the previous observations, LRCs failed 

to generate organoids while a proportion of non-LRCs cells upheld differentiation and long-term 

expansion potential. Collectively, these data suggested that throughout postnatal development 

SGSCs are an active population of cells responsible for tissue re-modeling and maintenance.  

In many elderly people salivary gland dysfunction with consequential dry-mouth syndrome 

(Xerostomia) is a major complaint, which commonly results in reduced oral health with, e.g., an 

increased chance on aspiration pneumonitis. However, whether aging-related decline in SG 

functionality can be accredited to a reduced responsiveness to proliferation stimuli of SGSCs remains 

enigmatic. Therefore, in Chapter 5 previously developed techniques (Chapter 3 and (Nanduri et al., 

2014) were applied in order to study phenotypical and functional properties of SGSCs isolated from 

young and old mice. First, an increased number of CD24hi/CD29hi putative SGSCs residing in old mice 

was observed. However, when these SGSCs were isolated from aged salivary glands they exhibited a 

reduced functional potential when compared to young glands. Nevertheless, culturing the remainder 

of aged SGSCs in vitro in a previously described 3D setting unveiled a similar intrinsic expansion and 

in vivo regeneration potential to their young counterparts. Taken together, data gathered in this 

Chapter suggested that age-dependent decline in SG regenerative potential might be caused due to 

age-related changes in microenvironment, possibly reversible through exposure to extrinsic factors. 

In Chapter 6 the prospect of translating our previous findings from murine salivary glands into clinical 

application was addressed. Therefore, the existence and regenerative potential of human salivary 

gland stem cells (hSGSCs) isolated from healthy patient biopsies was studied. First, by utilizing 
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previously published conditions (Feng et al., 2009), we reported that human salispheres contain 

stem/progenitor cells capable of both self-renewal and multilineage differentiation in vitro. Next, the 

regenerative potential of salisphere-derived cells was investigated in vivo by challenging them in 

transplantation assay. The capability of proliferation, functional restoration and long-term 

engraftment after xenotransplantation into an irradiated environment of human salisphere-derived 

cells was demonstrated. Particularly, among salispheres a subset of c-Kit+ cells was defined that 

required dramatically lower cell numbers for functional recovery compared to their unfractionated 

counterparts. In line with what is described in Chapter 5 the frequency of c-Kit+ cells in primary 

cultures appeard to decrease with age suggesting that techniques for controlled expansion of hSGSCs 

would hold great therapeutic promise. Additionally, contributing to the noted functional recovery, 

the combination of human cell engraftment but also regenerative signals emanating from the 

surviving cells in the recipient SG was detected. This observation was further investigated by 

performing whole genome mRNA expression analysis on regenerating SG-s comparatively with 

irradiated controls. The expression analysis revealed enhancement of ECM protein expression and 

stimulation of several stem cell-associated signaling pathways. Specifically, in line with the observed 

dependence of SGSC on Wnt pathway (Chapter 3), this Chapter indicated the involvement of Wnt/ -

catenin signaling in initiating functional recovery of salivary glands treated with human salisphere-

derived cells. 

 

FUTURE PERSPECTIVES 

The work described in this thesis is focused on unraveling the identity of salivary gland stem cells 

(SGSCs) and the molecular signals governing them in their native niche. In addition, we studied the 

intrinsic regenerative capacity of SGSCs with the aim of future exploitation in clinical therapy. We will 

further discuss the progress achieved in these directions and speculate how the field may develop in 

the future.  

 

Salivary gland stem cell identity 

In recent years, the existence of SGSCs has been postulated from evidence that salivary gland 

demonstrates an extensive regeneration capacity subsequent to complete atrophy (Cotroneo et al., 

2010; Cotroneo et al., 2008) and that salivary gland can be regenerated by transplantation of ductal 

cells (Lombaert et al., 2008). However, until now, bona fide SGSCs have not been functionally 

identified owing to the lack of unique markers and the absence of stem cell assays (investigated in 
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By developing optimized in vitro organoid system for expansion of SGSCs retrieved directly from 

tissue in Chapter 3, we opened up a novel avenue for testing candidate SGSCs based on their i) 

phenotypical or ii) functional characteristics. Consequently, in Chapter 4 the identification of SGSCs 

based on a universal stem cell-associated functional property – quiescence, was attempted. A cell-

state independent histone H2B-GFP pulse-chase system was employed in order to characterize the 

putative dormant SGSC population that may exist within. We hypothesized that the majority of stem 

cell activity occurs during the embryonic development of the SG rendering the postnatal tissue 

remodeling as a task for the progenitor and more differentiated cells. Therefore, H2B-GFP label was 

induced in pregnant mothers until the birth of the litter after which the loss of the label was 

monitored in time as the mice aged. Subsequently, when the mice reached adulthood, label retaining 

cells (LRCs) were detected primarily positioned in excretory and striated ducts and not among acinar 

cells. Interestingly, subsequent to phenotypical profiling of LRCs with known SG markers, co-

localization of LRCs and K8+ ductal luminal or Vimentin+ mesenchymal but not CK5+ or CK14+ putative 

progenitor cells was observed. Next, by challenging these cells in the organoid formation assay the 

regenerative potential of LRCs was assessed. Coinciding with the previous observations, LRCs failed 

to generate organoids while a proportion of non-LRCs cells upheld differentiation and long-term 

expansion potential. Collectively, these data suggested that throughout postnatal development 

SGSCs are an active population of cells responsible for tissue re-modeling and maintenance.  

In many elderly people salivary gland dysfunction with consequential dry-mouth syndrome 

(Xerostomia) is a major complaint, which commonly results in reduced oral health with, e.g., an 

increased chance on aspiration pneumonitis. However, whether aging-related decline in SG 

functionality can be accredited to a reduced responsiveness to proliferation stimuli of SGSCs remains 

enigmatic. Therefore, in Chapter 5 previously developed techniques (Chapter 3 and (Nanduri et al., 

2014) were applied in order to study phenotypical and functional properties of SGSCs isolated from 

young and old mice. First, an increased number of CD24hi/CD29hi putative SGSCs residing in old mice 

was observed. However, when these SGSCs were isolated from aged salivary glands they exhibited a 

reduced functional potential when compared to young glands. Nevertheless, culturing the remainder 

of aged SGSCs in vitro in a previously described 3D setting unveiled a similar intrinsic expansion and 

in vivo regeneration potential to their young counterparts. Taken together, data gathered in this 

Chapter suggested that age-dependent decline in SG regenerative potential might be caused due to 

age-related changes in microenvironment, possibly reversible through exposure to extrinsic factors. 

In Chapter 6 the prospect of translating our previous findings from murine salivary glands into clinical 

application was addressed. Therefore, the existence and regenerative potential of human salivary 

gland stem cells (hSGSCs) isolated from healthy patient biopsies was studied. First, by utilizing 

 

previously published conditions (Feng et al., 2009), we reported that human salispheres contain 

stem/progenitor cells capable of both self-renewal and multilineage differentiation in vitro. Next, the 

regenerative potential of salisphere-derived cells was investigated in vivo by challenging them in 

transplantation assay. The capability of proliferation, functional restoration and long-term 

engraftment after xenotransplantation into an irradiated environment of human salisphere-derived 

cells was demonstrated. Particularly, among salispheres a subset of c-Kit+ cells was defined that 

required dramatically lower cell numbers for functional recovery compared to their unfractionated 

counterparts. In line with what is described in Chapter 5 the frequency of c-Kit+ cells in primary 

cultures appeard to decrease with age suggesting that techniques for controlled expansion of hSGSCs 

would hold great therapeutic promise. Additionally, contributing to the noted functional recovery, 

the combination of human cell engraftment but also regenerative signals emanating from the 

surviving cells in the recipient SG was detected. This observation was further investigated by 

performing whole genome mRNA expression analysis on regenerating SG-s comparatively with 

irradiated controls. The expression analysis revealed enhancement of ECM protein expression and 

stimulation of several stem cell-associated signaling pathways. Specifically, in line with the observed 

dependence of SGSC on Wnt pathway (Chapter 3), this Chapter indicated the involvement of Wnt/ -

catenin signaling in initiating functional recovery of salivary glands treated with human salisphere-

derived cells. 

 

FUTURE PERSPECTIVES 

The work described in this thesis is focused on unraveling the identity of salivary gland stem cells 

(SGSCs) and the molecular signals governing them in their native niche. In addition, we studied the 

intrinsic regenerative capacity of SGSCs with the aim of future exploitation in clinical therapy. We will 

further discuss the progress achieved in these directions and speculate how the field may develop in 

the future.  

 

Salivary gland stem cell identity 

In recent years, the existence of SGSCs has been postulated from evidence that salivary gland 

demonstrates an extensive regeneration capacity subsequent to complete atrophy (Cotroneo et al., 

2010; Cotroneo et al., 2008) and that salivary gland can be regenerated by transplantation of ductal 

cells (Lombaert et al., 2008). However, until now, bona fide SGSCs have not been functionally 

identified owing to the lack of unique markers and the absence of stem cell assays (investigated in 
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Chapter 2, 3 and 4). In Chapter 3 of this thesis, based on co-activation of Wnt/ -catenin signaling, 

conditions for culturing and expansion of SGSCs isolated directly from tissue were developed. In the 

future, the availability of this robust in vitro assay will allow the screening of putative SGSC 

populations for the differentiation and self-renewal capacity. Moreover, performing transcriptome 

profiling via RNA-sequencing (reviewed in (Wang et al., 2009)) on cells obtained from salivary gland 

organoid cultures can provide crucial information about genes responsible for the long-term self-

renewal of SGSCs. However, it is likely that the fraction of true stem cells in organoid cultures is not 

very large. Therefore, an ideal approach for capturing rare cells amongst heterogeneous pool would 

be to profile the cell type composition of the whole culture. Over the last six years single cell mRNA-

sequencing has been introduced as an unbiased method to discriminate cell types in healthy tissues 

(Jaitin et al., 2014; Zeisel et al., 2015), to study differentiation dynamics (Treutlein et al., 2014) or to 

discover rare cell types (Grun et al., 2015). Therefore, applying single cell sequencing technology on 

salivary gland organoid cultures could lead to the identification of true SGSCs and a possible 

discovery of other previously not know cell types within salivary gland. However, since any single-cell 

sequencing technique is based on amplification of minute amounts of material leading to substantial 

technical noise (Brennecke et al., 2013; Grun et al., 2014), data processing and analysis require extra 

care. 

Another option for interrogating the potency and fate of putative stem cells in their native context is 

lineage tracing (reviewed in (Kretzschmar and Watt, 2012)) using genetic introduction of either 

tamoxifen-regulatable or a tetracycline-responsive version of cre gene into mice. In recent years, cell 

fate studies have provided essential information about contribution of various cell populations in the 

development, homeostasis and regeneration of multiple tissues including mammary gland (Rios et 

al., 2014; van Amerongen et al., 2012; Van Keymeulen et al., 2011; Wang et al., 2015), which as 

discussed in Chapter 1 has many similarities with salivary gland regarding tissue composition and 

development. Nonetheless, in postnatal salivary gland, lineage tracing studies for most of the 

putative stem cell populations are not yet available. Previously, in a study conducted by Bullard and 

colleagues, transcription factor Ascl3 was shown to mark progenitors that generate acinar and duct 

cells (Bullard et al., 2008). However this study was conducted in a mouse line where cre allele was 

constitutively active. Therefore, it is feasible that the acinar and ductal cells were labeled in a 

prenatal state. More recently, the same group conducted fate-mapping experiments using 

tamoxifen-inducible cre under the control of acinar-specific Mist1 locus (Aure et al., 2015). Within a 

period of 6 months no decrease in the number of labeled acinar cells was observed. Moreover, by 

crossing Mist1-cre line with Rosa26Brainbow2.1 reporter strain, over time clusters of unicolored cells 

were detected. Together, these data demonstrate the proliferative activity and clonal expansion of 
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acinar cells in the adult salivary gland. However, the direct contribution of stem cells residing in the 

ducts on the development and regeneration of the salivary gland was not investigated. Therefore, in 

the future initiating lineage tracing experiments from luminal K8 (Van Keymeulen et al., 2011) and 

basal K5 (Van Keymeulen et al., 2011), K14 (Van Keymeulen et al., 2011) and possibly Procr (Wang et 

al., 2015) and Axin2 (van Amerongen et al., 2012) promoters would be essential in ascertaining the 

relative contributions of these lineages to development, homeostasis and regeneration. 

 

Molecular signals governing the niche 

Stem cell activity is often dictated by the microenvironment (the niche) so that stem cell output is 

precisely shaped to meet homeostatic needs or regenerative demands. In salivary gland, the 

existence of a specialized stem cell niche and the signals governing it has not been fully established. 

Previously, Wnt/ -catenin signaling pathway has been implicated in the control of stem/progenitor 

cells in the salivary gland. More specifically, Wnt signaling is activated after ligation and subsequent 

deligation of the main excretory duct and its forced activation in the basal epithelia expands 

stem/progenitor cells (Hai et al., 2010). Interestingly, as a result of radiation damage the activation of 

this pathway was not observed. However, in male mice transient activation of Wnt signaling during 

irradiation prevents both acute and chronic hyposalivation by inhibiting apoptosis and preserving the 

stem/progenitor pool (Hai et al., 2012). In Chapter 3 of this thesis, we provided evidence regarding 

the direct requirement of Wnt/ -catenin signaling in SGSC cultures. Still, in vivo manifestation of the 

-catenin signaling as a regulator of SGSCs is until now missing. Therefore, in the future 

it would be of great interest to utilize mouse models carrying loss-of-function (Brault et al., 2001; 

Huelsken et al., 2001) or gain-of-function (Harada et al., 1999) -catenin for further 

-catenin expression affect the SGSC compartment in tissue 

development, homeostasis and repair. Furthermore, employing an epitope-tagged functional Wnt3a 

knock-in mouse model (Farin et al., 2016) recently developed by the Clevers laboratory could provide 

spatial answers to how and which cells create the stem cell niche of the salivary gland. 

In addition to Wnt signaling, other core molecular pathways such as Hedgehog (Jaskoll et al., 2004), 

Notch (Garcia-Gallastegui et al., 2014) and FGF/FGFR (Lombaert et al., 2013) are essential for the 

organogenesis of the salivary gland and therefore also require thorough investigation in adulthood. 

Notch transduction pathway has been shown to play a role in growth and differentiation of adult 

salivary precursor cells and branching morphogenesis (Dang et al., 2009). Moreover, inhibition of 

Notch signaling via DLK1 leads to abrogated branching morphogenesis and innervation in embryonic 

salivary gland explant cultures (Garcia-Gallastegui et al., 2014). Currently, in our laboratory we are 
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Chapter 2, 3 and 4). In Chapter 3 of this thesis, based on co-activation of Wnt/ -catenin signaling, 

conditions for culturing and expansion of SGSCs isolated directly from tissue were developed. In the 

future, the availability of this robust in vitro assay will allow the screening of putative SGSC 

populations for the differentiation and self-renewal capacity. Moreover, performing transcriptome 

profiling via RNA-sequencing (reviewed in (Wang et al., 2009)) on cells obtained from salivary gland 

organoid cultures can provide crucial information about genes responsible for the long-term self-

renewal of SGSCs. However, it is likely that the fraction of true stem cells in organoid cultures is not 

very large. Therefore, an ideal approach for capturing rare cells amongst heterogeneous pool would 

be to profile the cell type composition of the whole culture. Over the last six years single cell mRNA-

sequencing has been introduced as an unbiased method to discriminate cell types in healthy tissues 

(Jaitin et al., 2014; Zeisel et al., 2015), to study differentiation dynamics (Treutlein et al., 2014) or to 

discover rare cell types (Grun et al., 2015). Therefore, applying single cell sequencing technology on 

salivary gland organoid cultures could lead to the identification of true SGSCs and a possible 

discovery of other previously not know cell types within salivary gland. However, since any single-cell 

sequencing technique is based on amplification of minute amounts of material leading to substantial 

technical noise (Brennecke et al., 2013; Grun et al., 2014), data processing and analysis require extra 

care. 

Another option for interrogating the potency and fate of putative stem cells in their native context is 

lineage tracing (reviewed in (Kretzschmar and Watt, 2012)) using genetic introduction of either 

tamoxifen-regulatable or a tetracycline-responsive version of cre gene into mice. In recent years, cell 

fate studies have provided essential information about contribution of various cell populations in the 

development, homeostasis and regeneration of multiple tissues including mammary gland (Rios et 

al., 2014; van Amerongen et al., 2012; Van Keymeulen et al., 2011; Wang et al., 2015), which as 

discussed in Chapter 1 has many similarities with salivary gland regarding tissue composition and 

development. Nonetheless, in postnatal salivary gland, lineage tracing studies for most of the 

putative stem cell populations are not yet available. Previously, in a study conducted by Bullard and 

colleagues, transcription factor Ascl3 was shown to mark progenitors that generate acinar and duct 

cells (Bullard et al., 2008). However this study was conducted in a mouse line where cre allele was 

constitutively active. Therefore, it is feasible that the acinar and ductal cells were labeled in a 

prenatal state. More recently, the same group conducted fate-mapping experiments using 

tamoxifen-inducible cre under the control of acinar-specific Mist1 locus (Aure et al., 2015). Within a 

period of 6 months no decrease in the number of labeled acinar cells was observed. Moreover, by 

crossing Mist1-cre line with Rosa26Brainbow2.1 reporter strain, over time clusters of unicolored cells 

were detected. Together, these data demonstrate the proliferative activity and clonal expansion of 

 

acinar cells in the adult salivary gland. However, the direct contribution of stem cells residing in the 

ducts on the development and regeneration of the salivary gland was not investigated. Therefore, in 

the future initiating lineage tracing experiments from luminal K8 (Van Keymeulen et al., 2011) and 

basal K5 (Van Keymeulen et al., 2011), K14 (Van Keymeulen et al., 2011) and possibly Procr (Wang et 

al., 2015) and Axin2 (van Amerongen et al., 2012) promoters would be essential in ascertaining the 

relative contributions of these lineages to development, homeostasis and regeneration. 

 

Molecular signals governing the niche 

Stem cell activity is often dictated by the microenvironment (the niche) so that stem cell output is 

precisely shaped to meet homeostatic needs or regenerative demands. In salivary gland, the 

existence of a specialized stem cell niche and the signals governing it has not been fully established. 

Previously, Wnt/ -catenin signaling pathway has been implicated in the control of stem/progenitor 

cells in the salivary gland. More specifically, Wnt signaling is activated after ligation and subsequent 

deligation of the main excretory duct and its forced activation in the basal epithelia expands 

stem/progenitor cells (Hai et al., 2010). Interestingly, as a result of radiation damage the activation of 

this pathway was not observed. However, in male mice transient activation of Wnt signaling during 

irradiation prevents both acute and chronic hyposalivation by inhibiting apoptosis and preserving the 

stem/progenitor pool (Hai et al., 2012). In Chapter 3 of this thesis, we provided evidence regarding 

the direct requirement of Wnt/ -catenin signaling in SGSC cultures. Still, in vivo manifestation of the 

-catenin signaling as a regulator of SGSCs is until now missing. Therefore, in the future 

it would be of great interest to utilize mouse models carrying loss-of-function (Brault et al., 2001; 

Huelsken et al., 2001) or gain-of-function (Harada et al., 1999) -catenin for further 

-catenin expression affect the SGSC compartment in tissue 

development, homeostasis and repair. Furthermore, employing an epitope-tagged functional Wnt3a 

knock-in mouse model (Farin et al., 2016) recently developed by the Clevers laboratory could provide 

spatial answers to how and which cells create the stem cell niche of the salivary gland. 

In addition to Wnt signaling, other core molecular pathways such as Hedgehog (Jaskoll et al., 2004), 

Notch (Garcia-Gallastegui et al., 2014) and FGF/FGFR (Lombaert et al., 2013) are essential for the 

organogenesis of the salivary gland and therefore also require thorough investigation in adulthood. 

Notch transduction pathway has been shown to play a role in growth and differentiation of adult 

salivary precursor cells and branching morphogenesis (Dang et al., 2009). Moreover, inhibition of 

Notch signaling via DLK1 leads to abrogated branching morphogenesis and innervation in embryonic 

salivary gland explant cultures (Garcia-Gallastegui et al., 2014). Currently, in our laboratory we are 
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investigating the direct involvement of Notch signaling to SGSCs (Serrano-Martinez et al., 

unpublished). Our preliminary data suggest that Notch receptors play a role in controlling salivary 

gland progenitor cell fate specification coinciding with observations from other tissues such as small 

intestine (Fre et al., 2005).  

Previously, Xiao and colleagues successfully identified and isolated a population of Lin–CD24+c-

Kit+Sca1+ stem cells in the submandibular glands of adult mice, which improved salivary gland 

condition and increased salivation when transplanted into irradiated animals (Xiao et al., 2014). 

Subsequent gene-expression analysis of this SGSC population revealed that a subpopulation of cells 

highly expressed glial cell line-derived neurotropic factor (GDNF). Importantly, mice given GDNF 

exhibited enhanced function and integrity of irradiated salivary glands without any apparent effects 

on head and neck tumor growth. These data suggest that administration of GDNF may serve as a 

pharmacological approach for improving salivary gland function. In a more recent study Kumar et al., 

successfully created a mouse model for hyper-regulation of endogenous GDNF protein which 

displayed two-fold elevated GDNF expression following introduction of a transcription stop signal in 

the 3’untranslated region (UTR) of the endogenous Gdnf gene (Kumar et al., 2015). Although the 

authors describe the occurring GDNF hypermorphism events on kidney branching morphogenesis, 

they do not study the salivary glands. As such, investigating the effects of elevated levels of GDNF on 

salivary gland development and regeneration could serve as a next step in taking GDNF as a potential 

(gene-) therapy for enhancing survival and function of SGSCs towards clinic. 

 

Extrapolation to the clinic 

Salivary gland stem cell therapy is expected to transition from a research promise to clinical reality in 

the upcoming years. For this, previously we have developed a method for culturing human salivary 

gland stem cells (hSGSCs) as spheres (salispheres) from submandibular glands (Feng et al., 2009). 

When placed in 3D matrix salispheres were able to develop organoids with differentiated salivary 

gland cell types present and displayed limited (up to 7 passages) self-renewal capability in vitro. In 

the work described in this thesis (Chapter 6) in vivo functionality, long-term engraftment and 

functional restoration of hSGSCs in immune-suppressed mouse xeno-transplantation model was 

shown. Indeed, transplanted salisphere-derived cells restored saliva production, gland weight and 

greatly improved intrinsic regenerative potential of irradiated salivary glands. Collectively, these data 

shows that salispheres cultured from human submandibular glands contain stem/progenitor cells 

capable of self-renewal, differentiation and rescue of saliva production. However, before the 

implantation of hSGSCs could occur, patients undergoing radiotherapy treatment would require a 
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time period of 15 weeks, including diagnosis, treatment and recovery. Thus, during this period 

hSGSCs will be either 1) cryopreserved until the patient is ready for transplantation or 2) cultured 

and expanded in vitro for a maximum cell yield. Previously, long-term cryopreservation of rat SG 

progenitors with little effect on cellular characteristics has been demonstrated (Neumann et al., 

2012). Furthermore, in our laboratory isolation and cryopreservation of hSGSCs is already possible 

using current good manufacturing practice (cGMP)-approved reagents (unpublished data). However, 

with regards to in vitro hSGSC expansion there are still considerable challenges to overcome. 

Although, the studies conducted in mouse (Chapter 3) serve as a proof-of-principle and a beneficial 

starting point for human system, it is likely that as is the case in other organs (Bartfeld et al., 2015; 

Boj et al., 2015; Huch et al., 2015), cultures of long-term human SGSCs could require modification of 

growth media. Therefore, currently in our laboratory we are testing a panel of growth factors and 

inhibitors for organoid-forming efficiency, phenotype of the organoids and longevity of the hSGSC 

cultures (Rocchi et al., unpublished data). In addition, not all materials utilized in the mouse study 

(Chapter 3) are cGMP-compliant. The use of biologically based culture system such as conditioned 

medium as a source for Wnt3a and R-spondin1 proteins will not be permitted according to strict 

cGMP-guidelines due to concerns over xenobiotic contamination and batch-to-batch variability. This 

complexity within a culture system makes it more difficult to understand and control the 

cell/material interface, which are prerequisites to developing a scalable and reproducible hSGSC 

culture system. Therefore, the production of large quantities of recombinant human Wnt3a and R-

spondin1 protein would be of use for the future development of hSGSC therapy. Furthermore, 

current methods for culturing SGSCs rely on the use of Matrigel, a proprietary basement membrane-

enriched extracellular matrix gel enriched for laminin, collagen IV and entactin (Kleinman et al., 

1982). As Matrigel is derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells it will provoke 

immune responses in other species. This feature disqualifies the use of Matrigel as a matrix for future 

translational therapies given stringent requirements instituted by the U.S. Food and Drug 

Administration (FDA) (Lee et al., 2010) and the European Medicines Agency (EMA). Therefore, further 

investigations on the use of artificial matrices such as Synthemax (Jin et al., 2012), StemAdhere 

(Nagaoka et al., 2010) or CellStart (Swistowski et al., 2009) as growth substrates can provide aid in 

translating hSGSC therapy to clinic. 

Overall, the work presented in this thesis summarized and contributed to the current knowledge 

regarding salivary gland stem cell identity and the core molecular pathways crucial for salivary gland 

regeneration. In addition, in various contexts, we highlighted the potential of salivary gland stem 

cells in regenerative medicine. Thus, these data provides a promising start to design a therapy for 

salivary gland dysfunction, associated diseases or even ageing.  
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investigating the direct involvement of Notch signaling to SGSCs (Serrano-Martinez et al., 

unpublished). Our preliminary data suggest that Notch receptors play a role in controlling salivary 

gland progenitor cell fate specification coinciding with observations from other tissues such as small 

intestine (Fre et al., 2005).  

Previously, Xiao and colleagues successfully identified and isolated a population of Lin–CD24+c-

Kit+Sca1+ stem cells in the submandibular glands of adult mice, which improved salivary gland 

condition and increased salivation when transplanted into irradiated animals (Xiao et al., 2014). 

Subsequent gene-expression analysis of this SGSC population revealed that a subpopulation of cells 

highly expressed glial cell line-derived neurotropic factor (GDNF). Importantly, mice given GDNF 

exhibited enhanced function and integrity of irradiated salivary glands without any apparent effects 

on head and neck tumor growth. These data suggest that administration of GDNF may serve as a 

pharmacological approach for improving salivary gland function. In a more recent study Kumar et al., 

successfully created a mouse model for hyper-regulation of endogenous GDNF protein which 

displayed two-fold elevated GDNF expression following introduction of a transcription stop signal in 

the 3’untranslated region (UTR) of the endogenous Gdnf gene (Kumar et al., 2015). Although the 

authors describe the occurring GDNF hypermorphism events on kidney branching morphogenesis, 

they do not study the salivary glands. As such, investigating the effects of elevated levels of GDNF on 

salivary gland development and regeneration could serve as a next step in taking GDNF as a potential 

(gene-) therapy for enhancing survival and function of SGSCs towards clinic. 

 

Extrapolation to the clinic 

Salivary gland stem cell therapy is expected to transition from a research promise to clinical reality in 

the upcoming years. For this, previously we have developed a method for culturing human salivary 

gland stem cells (hSGSCs) as spheres (salispheres) from submandibular glands (Feng et al., 2009). 

When placed in 3D matrix salispheres were able to develop organoids with differentiated salivary 

gland cell types present and displayed limited (up to 7 passages) self-renewal capability in vitro. In 

the work described in this thesis (Chapter 6) in vivo functionality, long-term engraftment and 

functional restoration of hSGSCs in immune-suppressed mouse xeno-transplantation model was 

shown. Indeed, transplanted salisphere-derived cells restored saliva production, gland weight and 

greatly improved intrinsic regenerative potential of irradiated salivary glands. Collectively, these data 

shows that salispheres cultured from human submandibular glands contain stem/progenitor cells 

capable of self-renewal, differentiation and rescue of saliva production. However, before the 

implantation of hSGSCs could occur, patients undergoing radiotherapy treatment would require a 

 

time period of 15 weeks, including diagnosis, treatment and recovery. Thus, during this period 

hSGSCs will be either 1) cryopreserved until the patient is ready for transplantation or 2) cultured 

and expanded in vitro for a maximum cell yield. Previously, long-term cryopreservation of rat SG 

progenitors with little effect on cellular characteristics has been demonstrated (Neumann et al., 

2012). Furthermore, in our laboratory isolation and cryopreservation of hSGSCs is already possible 

using current good manufacturing practice (cGMP)-approved reagents (unpublished data). However, 

with regards to in vitro hSGSC expansion there are still considerable challenges to overcome. 

Although, the studies conducted in mouse (Chapter 3) serve as a proof-of-principle and a beneficial 

starting point for human system, it is likely that as is the case in other organs (Bartfeld et al., 2015; 

Boj et al., 2015; Huch et al., 2015), cultures of long-term human SGSCs could require modification of 

growth media. Therefore, currently in our laboratory we are testing a panel of growth factors and 

inhibitors for organoid-forming efficiency, phenotype of the organoids and longevity of the hSGSC 

cultures (Rocchi et al., unpublished data). In addition, not all materials utilized in the mouse study 

(Chapter 3) are cGMP-compliant. The use of biologically based culture system such as conditioned 

medium as a source for Wnt3a and R-spondin1 proteins will not be permitted according to strict 

cGMP-guidelines due to concerns over xenobiotic contamination and batch-to-batch variability. This 

complexity within a culture system makes it more difficult to understand and control the 

cell/material interface, which are prerequisites to developing a scalable and reproducible hSGSC 

culture system. Therefore, the production of large quantities of recombinant human Wnt3a and R-

spondin1 protein would be of use for the future development of hSGSC therapy. Furthermore, 

current methods for culturing SGSCs rely on the use of Matrigel, a proprietary basement membrane-

enriched extracellular matrix gel enriched for laminin, collagen IV and entactin (Kleinman et al., 

1982). As Matrigel is derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells it will provoke 

immune responses in other species. This feature disqualifies the use of Matrigel as a matrix for future 

translational therapies given stringent requirements instituted by the U.S. Food and Drug 

Administration (FDA) (Lee et al., 2010) and the European Medicines Agency (EMA). Therefore, further 

investigations on the use of artificial matrices such as Synthemax (Jin et al., 2012), StemAdhere 

(Nagaoka et al., 2010) or CellStart (Swistowski et al., 2009) as growth substrates can provide aid in 

translating hSGSC therapy to clinic. 

Overall, the work presented in this thesis summarized and contributed to the current knowledge 

regarding salivary gland stem cell identity and the core molecular pathways crucial for salivary gland 

regeneration. In addition, in various contexts, we highlighted the potential of salivary gland stem 

cells in regenerative medicine. Thus, these data provides a promising start to design a therapy for 

salivary gland dysfunction, associated diseases or even ageing.  

SUMMARY AND FUTURE PERSPECTIVES
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DUTCH	  SUMMARY	  /	  NEDERLANDSE	  SAMENVATTING	  

Hoofd-‐	   en	   hals-‐kanker	   is	   de	   6de	  meest	   voorkomende	   kanker	  wereldwijd,	  met	   een	   geschat	   jaarlijks	  

aantal	   aantal	   nieuwe	   gevallen	   van	   bijna	   400.000	   (Torre	   et	   al.,	   2015).	   De	   meerderheid	   van	   deze	  

patiënten	   wordt	   behandeld	   met	   radiotherapie	   al	   dan	   niet	   in	   combinatie	   met	   chemotherapie	   en	  

chirurgie.	   Ondanks	   het	   feit	   dat	   de	   radiotherapeutische	   behandeling	   van	   tumoren	   de	   kans	   op	  

overleving	   van	  de	   patiënt	   significant	   verbetert,	   gaat	   dit	   vaak	   gepaard	  met	   neveneffecten	  door	   het	  

onvermijdbare	  bestralen	  van	  de	  normale	  weefsels	  die	  zich	  rondom	  de	  tumor	  bevinden,	  zoals	  onder	  

andere	  de	  speekselklieren.	  Ernstige	  hyposalivatie,	  vermindering	  van	  de	  speeksel	  afgifte,	   is	  een	  veel	  

voorkomend	  onomkeerbaar	  neveneffect	  hetgeen	  resulteert	  in	  een	  verandering	  van	  spraak	  en	  smaak,	  

moeilijkheden	  met	  kauwen	  en	  slikken	  en	  een	  toegenomen	  risico	  op	  het	  ontwikkelen	  van	  infecties	  in	  

de	  mondholte	   en	   tandcariës	   (Vissink	   et	   al.,	   2015).	   Zelfs	  met	  de	  huidige	  meest	  moderne	   Intensiteit	  

geModuleerde	   RadioTherapie	   (IMRT)	   zal	   noch	   steeds	   40%	   van	   de	   patiënten	   gaan	   leiden	   aan	  

droogheid	   van	   de	   mond,	   hetgeen	   de	   kwaliteit	   van	   leven	   ernstig	   kan	   aantasten.	   Gezien	   de	  

onbevredigende	   resultaten	   van	   huidige	   behandelingsmethoden	   ter	   vermindering	   van	  

speekselklierschade,	   is	   de	   aandacht	   verschoven	   naar	   de	   mogelijkheid	   van	   bio-‐therapeutica	   zoals	  

stamceltransplantatie.	  

Straling	   geïnduceerde	   hyposalivatie	   is	   het	   gevolg	   van	   het	   slecht	   functioneren	   van	   de	   speekselklier	  

stamcellen	  (SKSC)	  waardoor	  er	  onvoldoende	  volwassen	  functionele	  cellen	  gevormd	  kunnen	  worden	  

(van	  Luijk	  et	  al.,	  2015).	  Het	  verzamelen	  van	  SKSC	  vóór	  bestraling	  en	   transplantatie	   in	  de	  klieren	  ná	  

radiotherapie	  zou	  een	  potentiële	  therapie	  kunnen	  zijn	  om	  de	  secretoire	  functie	  van	  het	  aangedane	  

weefsel	   te	   herstellen.	   De	   hoeveelheid	   biopsiemateriaal	   die	   veilig	   kan	   worden	   verkregen	   van	   een	  

patiënt	  voorafgaand	  aan	  bestraling	  is	  echter	  beperkt.	  Daarom	  is	  een	  nauwkeurige	  karakterisering	  en	  

gecontroleerde	  expansie	  van	  SKSC	  cruciaal	  voor	  verdere	  translatie	  van	  de	  methode	  naar	  de	  kliniek.	  

Hoewel	  een	  groot	  aantal	  studies	  het	  bestaan	  van	  SKSC	  	  in	  de	  speekselklier	  ondersteunt	  	   (Bullard	   et	  

al.,	   2008;	   Lombaert	   et	   al.,	   2008;	   van	   Luijk	   et	   al.,	   2015;	   Xiao	   et	   al.,	   2014)	   is	   informatie	   over	   de	  

lokalisatie	   en	   moleculaire	   interacties	   met	   de	   omgeving	   van	   de	   SKSC	   schaars.	   Daarom	   is	   het	  

beantwoorden	  van	  fundamentele	  vragen	  met	  betrekking	  tot	  biologie	  van	  de	  SKSC	  van	  groot	  belang.	  

Het	  werk	  dat	  beschreven	  is	  in	  dit	  proefschrift	  is	  gericht	  op	  het	  ontrafelen	  van	  de	  identiteit	  van	  SKSC	  

binnen	  hun	  locatie	  in	  de	  speekselklier,	  ook	  wel	  micro-‐omgeving	  genoemd,	  en	  op	  het	  bevorderen	  van	  

onze	   kennis	   over	   de	   moleculaire	   signalen	   die	   het	   in	   standhouden	   van	   de	   SKSC	   reguleren.	   Deze	  

samenvatting	  geeft	  een	  overzicht	  van	  de	  belangrijkste	  bevindingen	  beschreven	  in	  dit	  proefschrift	  en	  

zet	  deze	  in	  het	  juiste	  perspectief.	  
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In	   Hoofdstuk	   1	   wordt,	   ter	   introductie,	   een	   overzicht	   van	   de	   beschikbare	   kennis	   over	   somatische	  

exocriene	  klier	  stamcellen	  verstrekt.	  De	  verschillen	  en	  overeenkomsten	  tussen	  talg,	  zweet,	  prostaat,	  

de	  melkklieren	  en	  speekselklier	  worden	  belicht.	  Vervolgens	  wordt	  de	  potentiële	  klinische	  relevantie	  

van	   het	   kweken	   en	   expanderen	   van	   specifieke	   stamcellen	   uit	   klierweefsel	   in	   het	   laboratorium	  

bediscussieerd.	   De	   essentiële	   technieken	   die	   gebruikt	   kunnen	   worden	   ter	   identificatie	   de	   unieke	  

eigenschappen	   van	   klierweefsel	   stamcellen	   zoals	   het	   traceren	   van	   hun	   nakomelingen	   tijdens	   de	  

ontwikkeling	  en	  het	  in	  stand	  houden	  van	  volwassen	  weefsel	  worden	  besproken.	  Ten	  slotte	  wordt	  het	  

belang	   van	  het	   gebruik	   van	  nieuwe	   kweeksystemen,	   zoals	   driedimensionale	  organoiden	   aangestipt	  

en	  de	  mogelijke	  kansen	  en	  problemen	  die	  kunnen	  voortkomen	  uit	  het	  vertalen	  van	  deze	  technieken	  

naar	  de	  kliniek	  worden	  beschouwd.	  

In	   Hoofdstuk	   2,	   was	   het	   doel	   om	   op	   basis	   van	   een	   eerder	   in	   andere	   volwassen	   stamcellen	  

geïdentificeerd	   panel	   van	   stamcel	   merkers	   de	   karakterisering	   van	   de	   speekselklier	  

stam/voorlopercellen	   cellen	   aanwezig	   in	   de	   muizenspeekselklier	   te	   verbeteren.	   Eerst	   werd	   de	  

expressie	   van	   diverse	   met	   stamcel	   geassocieerde	   merkers	   in	   homeostatische	   speekselklier	  

vastgesteld	  en	  bepaald.	  Er	  is	  al	  eerder	  gesuggereerd	  dat	  cellen	  die	  deze	  merkers	  dragen,	  zich	  in	  het	  

ductale	   compartiment	   van	   de	   klier	   bevinden.	   Vervolgens	   werd	   een	   kwantitatieve	   vergelijking	  

gemaakt	  van	  de	  fractie	  van	  cellen	  met	  deze	  stamcel	  merkers	  aanwezig	  in	  de	  speekselklier	  met	  uit	  in	  

de	   vitro	   SKSC	   kweek	   afkomstige	   salisferen.	   Inderdaad	   bleek	   dat	   de	   salisferen	   verrijkt	   waren	   met	  

cellen	  met	  stamcel	  kenmerken.	  Tenslotte,	  werd	  de	  regeneratieve	  capaciteit	  van	  stamcel	  merker	  tot	  

expressie	  brengende	  cellen	  getest	  in	  een	  in	  vivo	  transplantatie	  model.	  Het	  bleek	  dat	  verschillende	  cel	  

populaties	   die	   uiteenlopende	   stamcelmerker	   tot	   expressie	   brengen	   instaat	   zijn	   om	   de	  

speekselklierfunctie	  te	  herstellen	  na	  bestraling	  en	  transplantatie.	  Echter,	  het	  bestaan	  van	  de	  exacte	  

hiërarchie	  van	  het	  stamcel	  compartiment	  vereist	  echter	  nog	  verder	  onderzoek.	  

Zoals	  in	  Hoofdstuk	  2	  is	  beschreven	  en	  al	  eerder	  aangegeven	  werd	  door	  anderen	  (Denny	  and	  Denny,	  

1999;	  Man	  et	   al.,	   2001),	   bevinden	  de	   SKSC	   zich	   in	   het	   ductale	   compartiment	   van	  de	   speekselklier.	  

Daarom	   werd	   in	   Hoofdstuk	   3	   de	   rol	   van	   moleculaire	   signalen	   van	   met	   name	   de	   Wnt/β-‐catenine	  

signaal	   route	   verkend.	   Eerste	   werd	   EpCAM	   geïdentificeerd	   als	   een	   universele	   merker	   van	   ductale	  

cellen	   van	   de	   speekselklier.	   Tegelijkertijd	   werd	   voor	   de	   expressie	   van	   β-‐catenine	   als	   algemene	  

indicator	  van	  activering	  van	  de	  Wnt-‐route	  in	  de	  speekselklier	  bepaald.	  Een	  belangrijke	  bevinding	  was	  

dat	   uitsluitend	   zeldzame	   cellen	   in	   deze	   afvoergangen	   nucleaire	   expressie	   van	   β-‐catenine,	   een	  

kenmerk	   van	   actieve	   Wnt-‐signaal	   transductie,	   lieten	   zien.	   Vervolgens	   werden	   EpCAM+	   cellen	   uit	  

speekselklieren	   van	   gezonde	   volwassen	   muizen	   geïsoleerd	   met	   behulp	   van	   fluorescentie-‐

geactiveerde	   celsortering	   (FACS).	   Deze	   werden	   vervolgens	   ingebed	   in	   een	   driedimensionale	   (3D)	  

basale	   extracellulaire	  matrix	   (Matrigel)	   en	  werd	   in	   deze	   cellen	   de	  Wnt	   signaal	   route	   gestimuleerd	  
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door	   een	   combinatie	   van	   Wnt3a	   ligand	   en	   Rspo1	   toe	   te	   voegen	   bovenop	   de	   eerder	   gebruikte	  

groeifactoren	   in	  het	  kweekmedium.	  Onder	  deze	  omstandigheden,	   lieten	  cellen	  met	  veel	  EpCAM	  op	  

hun	   oppervlak	   een	   hoge	   mate	   van	   zelf-‐vernieuwing	   en	   lange	   termijn	   expansie	   van	   speekselklier	  

cellen	   zien.	   De	   cellen	   groeiden	   als	   organoiden	   (of	   mini-‐klieren)	   en	   behielden	   hun	   vermogen	   tot	  

generatie	   van	   gedifferentieerde	   speekselklier	   epitheelcellen.	   Omgekeerd	   kon	   met	   een	   panel	   van	  

chemische	  remmers	  van	  de	  Wnt	  signaal	  route	  worden	  aangetoond	  dat	  stimulatie	  van	  de	  Wnt	  signaal	  

route	   essentieel	   was	   voor	   het	   in	   stand	   houden	   van	   SKSC	   kweken.	   Tenslotte,	   werd	   het	   in	   vivo	  

regeneratie	   potentieel	   van	   cellen	   afkomstig	   uit	   speekselklier	   organoïden	   aangetoond	   in	   ons	  

transplantatie	   model,	   waardoor	   blijkt	   dat	   deze	   cellen	   mogelijk	   gebruikt	   kunnen	   worden	   als	  

stamceltherapie	   als	   behandeling	   van	   door	   straling	   beschadigde	   speekselklieren	   en	   mogelijk	   voor	  

andere	  aandoeningen	  van	  de	  speekselklier.	  

Het	  ontwikkelen	   van	  een	  geoptimaliseerde	   in	   vitro	  organoïde	   kweeksysteem	  voor	  de	  expansie	   van	  

SKSCs	   zoals	   beschreven	   in	   Hoofdstuk	   3,	   heeft	   geleid	   tot	   nieuwe	   mogelijkheden	   om	   kandidaat	  

stamcellen	   uit	   de	   speekselklier	   te	   testen	   op	   basis	   van	   fenotypische	   en	   functionele	   kenmerken.	  	  

Daarom	  is	   in	  Hoofdstuk	  4	  geprobeerd	  de	  SKSCs	  te	  identificeren	  op	  basis	  van	  een	  andere	  universele	  

met	  stamcel-‐geassocieerde	  functionele	  eigenschap,	  namelijk	  het	  gegeven	  dat	  deze	  cellen	  vaak	  in	  rust	  

zijn.	  Een	  cel	  stadium	  onafhankelijke	  histon	  H2B-‐GFP-‐stimulatie-‐vervolg	  systeem	  werd	  toegepast	  om	  

de	   mogelijke	   in	   rust	   zijnde	   SKSC	   populatie	   te	   karakteriseren.	   De	   hypothese	   was	   dat	   de	   meeste	  

stamcel	   activiteit	   optreedt	   tijdens	   de	   embryonale	   ontwikkeling	   van	   de	   speekselkier	   waarna	  

progenitor	  en	  gedifferentieerde	  cellen	  voornamelijk	  verantwoordelijk	  zijn	  voor	  het	   in	  stand	  houden	  

van	  de	  postnatale	  weefselstructuur.	  Het	  H2B-‐GFP	  label	  werd	  geïnduceerd	   in	  zwangere	  moeders	  tot	  

aan	  de	  geboorte	  van	  de	  pups,	  waarna	  het	  verlies	  van	  label	  als	  gevolg	  van	  celdeling	  werd	  vervolgd	  in	  

de	  tijd.	  Op	  het	  moment	  dat	  de	  muizen	  volwassen	  waren,	  werden	  de	  cellen	  die	  het	   label	  behouden	  

hadden	   (LRCS)	   voornamelijk	   in	   grotere	   excretie	   kanalen	   gevonden	   en	   niet	   in	   de	   acini	   met	   de	  

volwassen	  functionele	  secreterende	  cellen.	  Interessant	  is	  dat	  na	  fenotypische	  profilering	  van	  de	  LRCS	  

met	   bekende	   speekselklier	   merkers,	   co-‐lokalisatie	   werd	   waargenomen	   met	   K8+	   ductale	   lumale	   of	  

Vimentin+	   mesenchymale	   cellen,	   maar	   niet	   met	   CK5+	   of	   CK14+	   potentiele	   stamcellen.	   Vervolgens,	  

werd	  de	  regeneratieve	  capaciteit	  van	  LRCS	  bepaald	  door	  deze	  cellen	  in	  het	  organoïde	  kweek	  model	  

te	  laten	  groeien	  en	  hun	  lange	  termijn	  zelfvernieuwing	  en	  differentiatie	  potentieel	   in	  vitro	  te	  testen.	  

Het	  bleek	  dat	  LRCS	  niet	  in	  staat	  waren	  om	  organoïden	  te	  genereren,	  terwijl	  een	  deel	  van	  de	  niet-‐LRCS	  

cellen	   dit	   juist	   wel	   konden.	   Tezamen	   suggereren	   deze	   gegevens	   dat	   tijdens	   de	   hele	   postnatale	  

ontwikkeling,	   SKSCs	   die	   verantwoordelijk	   zijn	   voor	   het	   weefsel	   re-‐modellering	   en	   onderhoud	   een	  

actief	  delende	  populatie	  van	  cellen	  is.	  
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Veel	  ouderen	  hebben	  last	  van	  een	  gebrekkig	  functionerende	  speekselklier	  met	  als	  gevolg	  een	  droge-‐

mond	  syndroom	  (xerostomie),	  die	  gewoonlijk	  resulteert	   in	  een	  verminderde	  orale	  gezondheid	  met,	  

bijvoorbeeld,	   een	   verhoogde	   kans	   op	   aspiratie	   pneumonie.	   Het	   is	   echter	   onduidelijk	   of	   een	   aan	  

veroudering-‐gerelateerde	  daling	   van	  de	   speekselklierfunctionaliteit	   kan	  worden	   toegeschreven	   aan	  

een	   verminderde	   gevoeligheid	   voor	   prikkels	   tot	   proliferatie	   van	   de	   SKSC.	   Daarom	   werden	   in	  

Hoofdstuk	  5	  de	  eerder	  ontwikkelde	  technieken	  (Hoofdstuk	  3	  en	  (Nanduri	  et	  al.,	  2014))	  toegepast	  om	  

fenotypische	   en	   functionele	   eigenschappen	   van	   SGSCs	   geïsoleerd	   uit	   jonge	   en	   oude	   muizen	   te	  

bestuderen.	  Aldus	  werd	  in	  oude	  muizen	  een	  verhoogd	  aantal	  CD24hi/CD29hi	  tot	  expressie	  brengende	  

potentiele	  SKSCs	  waargenomen.	  Na	  isolatie	  bleken	  deze	  populatie	  cellen	  uit	  oude	  speekselklieren	  in	  

vergelijking	  met	   jonge	   klieren	   een	   verminderde	   functionele	   potentie	   te	   bezitten:	   ze	  waren	  minder	  

goed	  in	  staat	  om	  organoiden	  te	  vormen.	  Niettemin	  bleek	  na	  herhaald	  kweken	  dat	  de	  overgebleven	  

oude	   SKSCs	   een	   vergelijkbare	   intrinsieke	   potentie	   hadden	   om	   te	   expanderen	   en	   een	   vergelijkbare	  

regeneratief	   vermogen	   hadden	   na	   transplantatie	   als	   hun	   jonge	   collega's.	   Dus	   lijkt	   het	   erop	   dat	   de	  

leeftijdsafhankelijke	  daling	  van	  het	  regeneratieve	  potentieel	  van	  de	  speekselklier	  zou	  kunnen	  worden	  

veroorzaakt	   door	   een	   leeftijd	   gerelateerde	   veranderingen	   in	   de	   micro-‐omgeving,	   welke	   mogelijk	  

omkeerbaar	  is	  wanneer	  blootgesteld	  aan	  de	  juiste	  extrinsieke	  factoren.	  

In	   Hoofdstuk	   6	   is	   onderzocht	   of	   onze	   eerdere	   bevindingen	   met	   betrekking	   tot	   de	   muizen	  

speekselklieren	   vertaald	   zouden	   kunnen	   worden	   naar	   een	   klinische	   toepassing.	   Hiertoe	   werd	   de	  

aanwezigheid	   en	   het	   regeneratieve	   potentieel	   van	   humane	   speekselklier	   stamcellen	   (hSKSCs)	  

geïsoleerd	   uit	   biopsieën	   van	   gezonde	   patiënten	   onderzocht.	   Eerst	   werd	   aan	   de	   hand	   van	   eerder	  

gepubliceerde	  kweek	  methode	  (Feng	  et	  al.,	  2009)	  aangetoond	  dat	  ook	  humane	  salisferen	  geweekt	  uit	  

de	   biopten,	   stam-‐	   en	   progenitor-‐cellen	   bevatten	  welke	   in	   staat	   zijn	   tot	   in	   vitro	   zelfvernieuwing	   en	  

differentiatie	   in	   verschillende	   cel	   types.	   Vervolgens	   werd	   het	   regeneratieve	   potentieel	   van	   deze	  

cellen	  onderzocht	  na	  transplantatie	   in	  bestraalde	   immune-‐onderdrukte	  muizen.	  Het	  bleek	  dat	  deze	  

cellen	   na	   xeno-‐transplantatie	   inderdaad	   het	   vermogen	   tot	   proliferatie	   behielden	   en	   functionele	  

herstel	   induceerden	   terwijl	   ze	   zich	   langdurig	   en	   functioneel	   innestelden	   in	   een	   bestraalde	  

speekselklier.	   Vooral	   een	   klein	   aantal	   van	   c-‐Kit+	   subset	   van	   cellen	   verkregen	  uit	   humane	   salisferen	  

bleken	  zeer	  potent	  in	  het	  induceren	  van	  functioneel	  herstel	  in	  vergelijking	  met	  c-‐Kit	  negatieve	  cellen.	  

Echter	  bleek	  dat	  in	  overeenkomst	  met	  dat	  wat	  werd	  beschreven	  in	  hoofdstuk	  5	  dat	  de	  frequentie	  van	  

c-‐Kit+	  cellen	  in	  primaire	  kweken	  afneemt	  met	  de	  leeftijd,	  hetgeen	  suggereert	  dat	  de	  kweek	  methode	  

voor	  gecontroleerde	  expansie	  van	  hSKSCs	  nodig	  zou	  zijn	  voor	  optimale	  functionaliteit	  van	  hSKSG	  en	  

daardoor	   van	   grote	   therapeutische	  waarde	   is.	   Bovendien	  werd	  ontdekt	   dat	   regeneratieve	   signalen	  

geïnduceerd	  door	  de	  combinatie	  van	  het	  nestelen	  van	  de	  menselijke	  cellen	  en	  regeneratieve	  signalen	  

van	   de	   overlevende	   cellen	   in	   de	   ontvangende	  muizen	   speekselklier	   bijdragen	   aan	   het	   functionele	  
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herstel.	   Deze	   waarneming	   werd	   verder	   onderzocht	   door	   het	   vergelijken	   van	   de	   genomisch	  mRNA	  

expressie	  van	  speekselklieren	  na	  bestraling	  met	  en	  zonder	  getransplanteerde	  cellen.	  Deze	  expressie	  

analyse	  toonde	  verhogingen	  aan	  van	  mRNA	  van	  extracellulaire	  matrix	  eiwitten,	  en	  op	  regulatie	  van	  

verscheidene	   stamcel-‐geassocieerde	   signaaltransductie	   routes.	   Interessant	   genoeg	   werd	   in	  

overeenstemming	   met	   de	   waargenomen	   afhankelijkheid	   van	   SKSC	   voor	   Wnt	   signaal	   transductie	  

route	  (hoofdstuk	  3),	  werd	  een	  rol	  van	  het	   	  Wnt/β-‐catenine	  systeem	  in	  het	   initiëren	  van	  functioneel	  

herstel	   van	  speekselklieren	  door	  van	  humane-‐salisfeer	  afkomstige	  cellen	  gevonden.	  Samenvattend,	  

laten	  de	   resultaten	  beschreven	   in	  dit	  proefschrift	  de	  grote	  potentie	  van	  adulte	  stamceltherapie	   ter	  

vermindering	  van	  straling	  geïnduceerde	  speekselklier	  schade	  zien.	  	  
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