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Abstract

Cell transplantation of autologous adult biopsies, grown ex vivo as epithelial organoids or 

expanded as spheroids, are proposed treatments to regenerate damaged branching organs. 

However, it is not clear whether transplantation of adult organoids or spheroids alone is sufficient 

to initiate a fetal-like program of branching morphogenesis in which coordinated branching of 

multiple cell types including nerves, mesenchyme and blood vessels occurs. Yet this is an essential 

concept for the regeneration of branching organs such as lung, pancreas, and lacrimal and salivary 

glands. Here, we used factors identified from fetal organogenesis to maintain and expand adult 

murine and human epithelial salivary gland progenitors in non-adherent spheroid cultures, called 

salispheres. These factors stimulated critical developmental pathways, and increased expression of 
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epithelial progenitor markers such as Keratin5, Keratin14, FGFR2b and KIT. Moreover, physical 

recombination of adult salispheres in a laminin-111 extracellular matrix with fetal salivary 

mesenchyme, containing endothelial and neuronal cells, only induced branching morphogenesis 

when neurturin, a neurotrophic factor, was added to the matrix. Neurturin was essential to improve 

neuronal survival, axon outgrowth, innervation of the salispheres, and resulted in the formation of 

branching structures with a proximal-distal axis that mimicked fetal branching morphogenesis, 

thus recapitulating organogenesis. Epithelial progenitors were also maintained, and developmental 

differentiation programs were initiated, showing that the fetal microenvironment provides a 

template for adult epithelial progenitors to initiate branching and differentiation. Further 

delineation of secreted and physical cues from the fetal niche will be useful to develop novel 

regenerative therapies that instruct adult salispheres to resume a developmental-like program in 

vitro and to regenerate branching organs in vivo.
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INTRODUCTION

The goal to regenerate organs with branched structures has resulted in approaches using 

stem/progenitor cells, scaffolds, and specific regulatory factors to provide a 

microenvironment that mimics organogenesis. Recently, progress has been made in culturing 

somatic tissues such as liver, lung, and kidneys (reviewed in [1]). However, a major barrier is 

our ability to engineer and/or direct adult tissue-derived stem/progenitors to form multi-cell-

type 3D branched structures, recapitulating in vivo organogenesis. This is confounded by the 

lack of sufficient tissue-specific adult epithelial stem/progenitor cells, termed progenitors 

hereafter, obtained from small patient biopsies, and the problem of maintaining and 

expanding them ex vivo.

To achieve functional branching organs, the correct spatial organization of the epithelial 

progenitors within their organ-specific microenvironment and innervation of the epithelial 

tissue are essential. One approach to culture adult epithelial progenitors involves dissociating 

tissues and placing the cells in floating spheroid culture, where tissue-specific epithelial 

progenitors proliferate, are maintained and/or expanded with specific media conditions 

(reviewed in [2]). Floating spheroids are distinct from organoids in that the cells are not 

embedded in an extracellular matrix (ECM), and rely on cell-cell adhesion and their own 

matrix production. Inducing organ-like structures in this floating cellular context is 

challenging, and thus spheroids from pancreas [3], prostate [4], intestine [5] and salivary 

glands [6] have been embedded in ECM, such as Matrigel, with specific growth factors to 

form organoids. Budding organ-like structures can also be produced from induced 

pluripotent stem cells [7–9], embryonic stem cells [10], or from single salivary, intestinal, 

lung, and brain cells [1, 11]. These “mini-organs” are easily replicated, making them ideal 

for drug testing and in vitro analysis. However, the structures are limited in size and lack 
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interactions with other cells types such as nerves and blood vessels and do not undergo 

complex branching morphogenesis, characteristic of developing branching organs.

Another challenge with spheroids and organoids is the in vitro maintenance and expansion 

of progenitors without differentiation. Self-renewal of epithelial progenitors improved when 

tissue-specific mesenchymal cells and ECMs were used, as opposed to generic fibroblasts or 

ECM’s [12]. While the inclusion of mesenchymal or endothelial cells enhanced lung and 

liver organoid growth and differentiation [13–17], their sole presence did not fully induce in 

vivo-like branching. Importantly, the developmental stage of the niche appeared critical for 

optimal progenitor expansion. ECM produced by fetal compared to adult mesenchymal 

cells, offered superior long-term adult mesenchymal progenitor expansion and maintained 

their differentiation potential [12, 18]. This suggests that the physical and/or non-physical 

properties of tissue-specific fetal niches may improve adult progenitor expansion and 

differentiation in vitro.

With respect to the fetal niche, we previously found that nerves and mesenchymal cells 

provide critical input for epithelial progenitor maintenance during submandibular gland 

(SMG) branching morphogenesis [19] [20]. The neurons maintain and expand keratin 5 

(K5)-expressing progenitors in acetylcholine and HBEGF-dependent pathways, while the 

mesenchyme produces stem cell factor (SCF) and FGF10, ligands that maintain and expand 

a second important pool of KIT+FGFR2b+ fetal epithelial progenitors [20]. These KIT

+FGFR2b+ progenitors produce the neurotrophic factor neurturin (NRTN) [20], which 

increases neuronal survival and organ innervation [21, 22]. In contrast, blocking the receptor 

for NRTN, or genetically deleting NRTN or its receptor, reduces SMG innervation [21, 23, 

24]. The nerves in turn produce vasoactive intestinal peptide (VIP) to regulate tubulogenesis 

and lumen formation of the developing epithelial K5+ ducts [25], which results in enhanced 

branching morphogenesis. Considering that bidirectional epithelial-neuronal communication 

is essential for organogenesis, we hypothesized innervation of adult epithelial progenitors 

may be critical to maintain and expand progenitors to initiate branching morphogenesis in 

vitro.

Here, we use factors produced by the fetal microenvironment to maintain and expand adult 

salivary epithelial progenitors in the floating spheroid culture (termed salispheres). 

Furthermore, adult salispheres recombined in a laminin-111 ECM gel with a fetal 

mesenchymal microenvironment, which included neurons, required the addition of 

recombinant neurturin (NRTN) to the ECM to promote epithelial innervation and branching 

morphogenesis. These findings may improve regenerative approaches using adult epithelial 

progenitors that require the instructive capabilities of nerves within a complex 

microenvironment. Neurotrophic support enhanced innervation to induce epithelial 

branching morphogenesis with the rearrangement of cell types resembling in vivo 

organogenesis.
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MATERIALS AND METHODS

Salisphere culture

Submandibular glands from adult mice (ICR and K5-venus strains) were dissociated into 

single cells and plated in basal media (BM; DMEM-F12, 1% glutamax, 10 μg/mL insulin (or 

ITS, 1x), 1% N2, 1 μM dexamethasone, 20 ng/mL FGF2, and 20 ng/mL EGF) at 37°C (5% 

CO2, 95% air atmosphere), as described previously [26]. All animal experiments were 

approved by the Animal Care and Use Committee at NIDCR, NIH. The supplemented media 

(SM) had additional FGF7 or FGF10 (100 ng/mL, R&D Systems, MN), recombinant mouse 

stem cell factor (SCF, 100 ng/mL, R&D Systems, MN), the cholinergic-agonist carbachol 

(Cch, 10 nM, C4382, Sigma), and a ROCK-inhibitor (RI, 5 μM Y27632, Sigma). An EGFR-

inhibitor (PD, 10 nM, PD168393, Calbiochem EMD Biosciences) was added (SM+PD). 

After three days of culture salispheres were analyzed for their size and number. To count the 

number, salispheres were diluted in PBS (1:30) and counted using a 10x objective. The 

diameter was measured from 40x images taken with the EVOS-microscope. The diameter 

and count were combined to give a morphometric-index in arbitrary-units (AU) by 

multiplying ½ the diameter squared by the count, ((0.5*diameter)2)*count.

qPCR

Gene expression of progenitor cell-type and signaling-pathway markers were measured by 

qPCR at day zero (D0), three days (D3) and ten days (D10) to track changes in progenitor 

cell maintenance and expansion in culture. Other genes relevant for SMG development were 

screened on D10 salispheres. Primers were designed using Beacon Designer software. 

DNase-free RNA was isolated from salisphere cell lysates and prepared using an 

RNAqueous-Micro kit and DNase removal reagent (Ambion, Inc. Austin, TX). cDNA (0.5–

1 ng) was generated and analyzed by qPCR as previously published [27]. Melt curve 

analysis was used to verify the generation of a single amplicon. Expression levels were 

normalized by the delta-delta Ct method to both the housekeeping-gene Rsp29 and the 

experimental control group [19].

Immunostaining

Salispheres were fixed in 1–4% PFA or ice-cold acetone-methanol (1:1) after being 

embedded in a drop of laminin-111 gel (4 mg/ml, Trevigen, MD) on track-etched 

polycarbonate filters (13 mm, 0.1 μm pore). Samples were blocked for 90 minutes with 10% 

donkey serum (Jackson Laboratories, ME), 1% BSA, and MOM IgG blocking-reagent 

(Vector Laboratories, CA) in 0.1% PBS-Tween-20, and incubated with primary-antibodies 

overnight at 4°C, including rat-anti-Kit (1:100, R&D Systems, MN), rabbit-anti-Keratin-5 

(1:2000, Covance Research, NJ), rat-anti-Keratin-19 (1:300, Developmental Biology 

Hybridoma Bank, University of Iowa) ), rabbit-Aqp5 (1:200, Alomone Labs, Israel), mouse-

anti-SMA (1:200, Sigma Aldrich, MO), mouse-anti-Ki67 (BD Biosciences), rabbit-anti-

Keratin-14 (1:2000, Covance Research, NJ) and rabbit-anti-E-cadherin (1:100,Cell Signaling 

Technology, MA). Nuclei were stained with Hoechst (1:2000), antibodies were visualized 

with Cy3- and Cy5-conjugated secondary-Fab fragment antibodies, and samples were 

imaged with confocal laser-scanning microscopy (CLSM, Zeiss 710 LSM microscopy, 
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Zeiss, NY). K5-venus+ salispheres were also imaged by EVOS fluorescent-imaging and 

confocal-microscopy.

Western blot analysis

Salispheres were lysed for protein after 10 days of culture in RIPA Buffer (50mM Tris-HCl 

pH 7.4, 15 0mM NaCl, 0.1% SDS, 0.5% Na deoxycholate and 1% NP40) and protein 

concentrations were determined using a BCA standard assay (Pierce, Rockford, IL). 

Invitrogen 4–12% NuPAGE Bis-Tris Mini Gels were used for electrophoresis of 30–40 ug of 

protein per lane in reduced conditions, following manufacturer’s instructions (Life 

Technologies, Carlsbad, CA). Proteins were then transferred to PDVF membranes using 

Invitrogen iBlot Dry Blotting System (Life Technologies, Carlsbad, CA). After transfer, 

blots were blocked with 5% dehydrated milk in 0.1% TBS-Tween for 1 hour at room 

temperature. Blots were then incubated in each primary antibody for 1 hour at room 

temperature or at 4°C overnight. Prior to and following 1 hour secondary incubation (IgG 

with HRP) at room temperature, blots were washed three times for five minutes, two times 

for thirty minutes, and three times for five minutes again with 0.1% TBS-Tween. 

SuperSignal West Dura Chemiluminescent Extended Duration Substrate was used to expose 

blots (Pierce, Rockford, IL). All Western blots were analyzed using NIH ImageJ software 

and normalized to Gapdh (Research Diagnostics Inc., Flanders, NJ). The following 

antibodies were used for western blot analysis: Keratin 5 (Covance, No. PRB-160P) 

1:10,000 rabbit, c-Kit (Research Diagnostics, Inc., No. MAB1356) 1:1,000 rat, Smooth 

Muscle Actin (Sigma Aldrich, No. A 2547) 1:1,000 mouse (monoclonal anti-alpha smooth 

muscle actin clone 1A4) and GAPDH (Research Diagnostics, Inc., No. RDI-TRK564–6C5) 

1:10,000 mouse.

Fluorescence-activated cell sorting

SMGs were prepared for FACS analysis as described [19] with the following modification. 

Analysis of KIT, FGFR2b, K14, and K5, was previously described (Lomabert et al., 2013), 

and antibodies labeled with fluorochromes using Dylight (ThermoScientific, NC) or LYNX 

(AbD Serotec, NC) conjugation kits, according to the manufacturer’s instructions. 

Fluorescence levels were analyzed using FlowJo (Tree Star).

Human salispheres

Human submandibular specimens were procured by Dr. Robert Witt, Newark, DE, from 

patients undergoing head and neck surgery as previously described [28]. An exemption from 

the Office of Human Subjects Research at the National Institutes of Health was obtained as 

no patient identifiers were provided and the specimens were not coded. Salispheres were 

prepared using the same protocol for mouse salisphere isolation and culture, with 6–8 

iterations of enzyme treatment to obtain cell suspension.

Ex vivo recombination

Salispheres from adult female ICR, membrane-Tomato mouse SMGs and human SMG 

biopsies were cultured in SM for seven to ten days. Salispheres were centrifuged and rinsed 

in FACs tubes with HBSS/1% BSA. We previously completed dose-response analysis to 
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determine the NRTN concentration to use with SMG culture and ganglia culture (see 

Methods in [21]). A solution of 1 ng/μL NRTN + laminin-111 (Cultrex 3D Culture Matrix 

Laminin 1, 3 mg/ml, Trevigen, MD) was prepared by combining 1 μL of 25 μg/mL NRTN 

with 24 μL of 50% laminin-111 in cold PBS. Salispheres were pelleted and then a 0.5 uL 

aliquot of pelleted spheres was mixed in a 0.5 μL drop of the 50% laminin/NRTN on a 

Sterlitech filter (0.1 μm, PC filter #177601) to achieve a final NRTN concentration of 0.5 ng/

μL in the hydrogel. The plates containing the filters were incubated at 37°C for 5 minutes to 

polymerize the laminin-111. E13 SMGs were harvested from ICR mice and digested with 

lipase and dispase as previously described. Each E13 SMG organ contains approximately 

35,000 cells total, which contain ~27,000 mesenchyme cells and ~700 neuronal cells. We 

combined 3–4 mesenchymes, which have ~1 PSG ganglia/mesenchyme, to each drop of 

laminin-111 and salispheres. Controls for the recombination experiments included - intact 

E13 SMGs cultured for 4 days, embryonic E13 epithelium recombined with endogenous 

mesenchyme, and salispheres cultured in laminin-111 gel without recombination. 

Recombination assays were cultured on filters at 37°C for four days with 200 μL of 

DMEM/F12/P/S media with 150 μg/mL Vitamin C and 50 μg/ml transferrin. The media was 

replaced every 24 hours. These assays were very consistent with salispheres from multiple 

preparations undergoing similar levels of branching in all experiments. Branching was 

quantified by Sholl analysis. Briefly, images were imported in FIJI background subtracted, 

median filtered, thresholded (Otsu), skeletonized by plugin “Skeletonize 2D/3D”, and 

pruned to match image [29]. Branching area was measured by the polygon tool and Sholl 

analysis was performed to measure N (sum of intersections) and to fit a Sholl analysis index 

for the degree of branching (Schoenen Ramification Index obtained from fitted profile) [30].

Immunostaining of recombined salispheres

The recombination assays were fixed and permeabilized as described above. Then blocked 

overnight at 4°C in 10% DS, 1% BSA, 1.8% IgG MOM and 0.1% PBST. Primary antibodies 

were incubated overnight at 4°C in 16% MOM and 0.1% PBST: Pna-Rhodamine (1:75), 

rabbit anti-K5 (1:2000), mouse anti-Tubb3 (1:200), rabbit anti-Ecadherin (1:100), rat anti-

perlecan (1:100). Primary antibodies for human-mouse recombination incubated overnight at 

4°C in 16% MOM and 0.1% PBST: mouse anti-Ki67 (1:100), goat anti-Kit (1:100), mouse 

anti-human nuclear antigen (1:100, Millipore), rabbit anti-Ecadherin (1:100), mouse anti-

Tubb3 (1:200), rat anti-integrinβ1 (1:100, Gift of Dr. K.M. Yamada) and rabbit anti-K5 

(1:2000). Secondary antibodies incubated for one hour at room temperature in 16% MOM 

protein and 0.1% PBST: 1:2000 Hoescht, anti-Rabbit cy3 and cy5 (1:200), anti-Mouse cy2 

(1:100), anti-goat cy 5 (1:200), and anti-rat cy3 and cy2 (1:200).

Statistical analysis

Error bars represent mean ± standard error of mean (SEM). Experiments were performed 

with multiple replicates from a minimum of three biologically independent experiments, as 

specified. Unpaired Student’s t-tests, one-way ANOVA with Dunnett’s or Tukey post-hoc 

tests, and multiple T-test comparisons with Holm-Sidak method were used to determine 

statistical-significance of differences, P<0.05, between the experimental groups and control 

(Prism, GraphPad Software). The differences in qPCR data were analyzed by the log(delta-

Ct) transform in order to allow us to assume a normal distribution. We used ANOVA with 
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post-hoc tests and multiple T-test comparisons for analyzing data with multiple genes and 

conditions to yield much more stringent statistical tests. Error bars show standard error of 

mean of at least three biological replicates unless otherwise noted.

RESULTS

Signaling pathways important for fetal organogenesis increase the number and size of 
adult salispheres expressing Krt5 and Kit.

First, we examined whether soluble cues from fetal SMG development could maintain adult 

SMG progenitors in floating salisphere culture. Adult SMG progenitors were cultured using 

the standard non-adherent floating salisphere assay, which generates salispheres from adult 

epithelial cells within 3 days [26, 31, 32]. Salispheres are aggregates of multiple cells, are 

often not derived from a single cell type, but are enriched for epithelial stem/progenitors. We 

hypothesized soluble cues from fetal SMG development would help prevent differentiation, 

and either maintain or increase the cell number of adult progenitors. Fetal KIT+ progenitors 

require FGFR2b ligands (FGF7 or FGF10 and heparan sulfate), and KIT receptor ligand 

(SCF) [20], while K5+ progenitor proliferation is induced by the cholinergic agonist 

carbachol (Cch). On the other hand, ductal K19+ differentiation of K5+ progenitors is 

blocked by inhibition of the EGF pathway (PD198509) [19]. Therefore, BM was compared 

to BM supplemented with FGFR2b ligands (FGF10 with heparan sulfate (HS) or FGF7), 

SCF, and Cch (SM), and/or PD198509 (SM+PD). Our previous works have shown that 

FGF7 stimulates K5+ progenitor cells and FGF10+HS promotes KIT+ progenitor cells [33, 

34]. Rock Inhibitor (RI) was included in both SM and SM+PD to increase survival of any 

single cell in non-adherent culture [35].

Initially, cells from transgenic K5-venus mice were used to visualize K5+ cells in real time 

(Fig. 1A). We confirmed that adult K5-venus expression overlapped with endogenous K5 

protein (Suppl. Fig. 1A), which is expressed in myoepithelial cells (αSMA+K14+) [36–38] 

and various duct cells (intercalated KIT+, striated, and excretory K14+ cells) [39–41] 

(Suppl. Fig. 1B–C). By three days (D3) in culture, more K5-containing spheres were visible 

in SM+/−PD versus BM. In time (D10), even larger K5-venus expressing spheres were 

visible in both SM+/−PD (Fig. 1A). The diameter and number of salispheres were measured 

at D10 to obtain a salisphere index, Index = R2N (R, radius of sphere; N, number of spheres) 

(Fig. 1B, graph). Culture in SM+/−PD significantly increased the salisphere index, by 

increasing sphere diameter and count. Stimulating FGFR2b with either FGF7 (Fig. 1A–E) or 

FGF10+HS (data not shown) resulted in a similar salisphere index, illustrating both ligands 

can be applied to increase the sphere index, which suggests a relative increase in epithelial 

progenitors compared to BM. In preliminary experiments we tested multiple concentrations 

of each growth factor or used concentrations previously published (data not shown) to obtain 

an optimal sphere index.

Although not a direct measure of cell number, total RNA content is used as a surrogate 

measure of cell number when comparing similar cell types, and cultured spheres with SM+/

−PD contained significantly more RNA than BM conditions (Fig. 1C). qPCR analysis 

showed an increased trend of Krt5 mRNA levels with time in SM+/−PD compared to BM 
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(Fig. 1D). Interestingly, the expression of the ductal differentiation marker Krt19 remained 

unchanged during culture, suggesting the EGFR inhibitor PD was not required to prevent 

K5+ cell differentiation to K19+ cells in culture. Importantly, SM+/−PD media did 

significantly increase Kit expression with time compared to BM Day 3, although Kit 
expression at Day 10 was not significantly different between the three groups. Western blot 

analysis of protein expression confirmed that SM+/−PD media generated spheres expressing 

KIT and increased levels of K5 (Fig. 1E). The level of KIT protein expression at Day 10 was 

not different between the three groups, which was consistent with Kit gene expression at 

Day 10 (Fig. 1D).

Together, these data suggest that spheres containing adult K5+ and KIT+ progenitors were 

enhanced when supplemented with factors from the organ-specific fetal microenvironment.

Multiple epithelial cell types expressing progenitor and myoepithelial markers are present 
in SM-cultured salispheres at D10.

Immunostaining and confocal imaging of murine K5-venus salispheres at D10 in BM 

conditions confirmed that they contain multiple cell types expressing K5 and KIT (Fig. 2A). 

However, salispheres cultured in SM [FGF7] contained more epithelial (ECAD, E-cadherin) 

cells expressing K5 and/or KIT (Fig. 2A), compared to those cultured in BM. Interestingly, 

various KIT/K5 subpopulations were observed in SM culture; KIT+K5+ (Fig. 2A, dotted 

arrows), KIT+K5- (Fig. 2A, arrows), and KIT-K5+ (Fig. 2A, arrowheads) cells. Similarly, 

myoepithelial cells expressing K5, K14 and αSMA (Fig. 2B–C, arrows) as well as basal 

ductal K5/14+ cells (Fig. 2B–C, arrowheads) and differentiated K19+ cells (Fig. 2C, dotted 

arrows) were observed. These data suggest that SM maintains the presence of myoepithelial 

cells, various KIT+ progenitors, basal and differentiated duct cells in culture.

Quantification by FACS analysis (Fig. 2D) confirmed a ~ 3-fold increase in the number of 

K5-venus expressing cells (21±4% vs. 65±7%) in D10 SM [FGF7 or FGF10+HS] compared 

to BM. The fraction of KIT+ cells was increased 3-fold (7±2% vs. 19±2%) in SM 

[FGF10+HS] compared to BM, as well as a trend of increasing FGFR2b+ cells (7±2% vs. 

11±3%). The fraction of K14+ cells was increased in SM [FGF7] compared to BM. These 

data suggest that salisphere culture with SM [FGF7 or FGF10+HS] promoted an increased 

number of K5+ cells, and that adult KIT+/FGFR2b+ cells are stimulated in SM 

[FGF10+HS], which is consistent with our previous reports on fetal KIT+/FGFR2b+ cells 

[20, 34].

Next, we measured expression of genes related to epithelial KIT/FGFR2b, EGFR signaling 

and acinar cells by qPCR (Fig. 2E) at D10. The expression of epithelial marker Cdh1, and 

downstream targets of KIT/FGFR2b signaling, Etv5 and Ccnd1, were similar in both D10 

BM and SM [FGF7] when compared to BM conditions at D3 (dotted line, time when initial 

spheres form), suggesting FGFR2b-dependent signaling and proliferation at D10 remained 

at similar levels as D3 in BM. There was no difference in Egfr expression, which is 

expressed in ducts, or its downstream transcription factor Egr1, suggesting that ductal 

differentiation did not change in SM. Similarly, expression of Aqp5, which is expressed on 

acinar cells and intercalated duct cells proximal to the acini [42], did not significantly 

change in SM. However, we found a significant reduction of Amy1 and Muc10, markers of 
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mature secretory acinar cells in SM conditions, suggesting SM reduces terminal acinar 

differentiation over BM conditions. Lastly, the myoepithelial marker, Acta2, was 

significantly higher in BM or SM versus D3 BM conditions, confirming our previous protein 

results (Fig. 2B–C) that myoepithelial cells survive and grow during salisphere culture.

Taken together, we conclude that salispheres cultured in SM still maintain multiple epithelial 

cell types within the spheres, with increased expression of progenitor and myoepithelial cell 

markers, and reduced markers of terminal acinar differentiation.

SM also maintains human epithelial progenitors and myoepithelial cells in salisphere 
culture

We next investigated whether the beneficial effects of SM conditions were translated to 

human salisphere culture. Using cells from primary human salivary gland biopsies, D10 

spheres in SM [FGF7] conditions formed similar to murine salispheres (Suppl. Fig. 2A). 

Immunostaining showed that D10 SM salispheres contained epithelial (integrin-β1, ITGB1) 

cells that expressed K5, K14, KIT and/or αSMA (Fig. 3A). This pattern of protein 

expression was consistent with murine salispheres, in which the spheres contain multiple 

epithelial cell types. The latter included KIT+ progenitors, which are present in various 

human ducts and all or not co-express K5 and/or K14 (Suppl. Fig. 2B). FACS analysis of 

D10 SM [FGF7] spheres confirmed a consistent presence of ~30–60% KIT+, FGFR2b+, 

K5+ and K14+ cells. Similar to the mouse model, gene expression levels indicated that KIT/

FGFR2b signaling remains present during SM culture (D10 versus D3, dotted line). 

Myoepithelial markers, KRT14 and KRT5 were significantly increased together with an 

increased trend in ACTA2. Most strikingly, we also found a decreasing trend in maturing 

secretory acinar markers (PIP, MUC7, PSP) over time in SM.

Overall, these data indicate that human-derived spheres in SM culture also keep the presence 

of various human progenitors, and myoepithelial cells, and most importantly reduce terminal 

differentiation of acinar cells.

Adult murine salispheres only undergo branching morphogenesis in a fetal mesenchymal 
microenvironment when innervated

An ex vivo fetal recombination model was used to examine whether D10 SM-cultured adult 

salispheres could undergo branching morphogenesis in a fetal niche. Adult human or mouse 

salispheres were placed in laminin-111 extracellular matrix hydrogel to recombine with fetal 

mouse mesenchyme (Mes) containing developing blood vessels, and the parasympathetic 

ganglia (PSG) from embryonic day 13 (E13) SMGs (Fig. 4A). Based on our previous work 

showing that NRTN improves PSG survival and axon outgrowth [19, 21, 22], we 

hypothesized that NRTN could indirectly promote branching morphogenesis of adult SMG 

salispheres by enhancing neuronal survival and growth. The laminin hydrogel was used to 

provide matrix adhesive ligands and to physically position the salispheres in close proximity 

to mesenchyme tissue (Mes) and/or PSG in order to mimic the spatial orientation of 

developing organ buds (E13 epi+Mes+PSG).

First, human spheres were recombined within the fetal mouse microenvironment (Suppl. 

Fig. 3A). We used a Human Nuclear Antigen (HNA) antibody to confirm that cells in the 
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spheres were human-derived. HNA staining was only observed in the human epithelial E-

cadherin (ECAD) compartment, confirming the absence of any contaminating mouse-

derived epithelial cells. The human cells in recombined spheres did proliferate, based on 

KI67 protein staining, and expressed either KIT and/or AQP5. The human salispheres in 

some cases did grow in association with TUBB3+ nerves (arrow, Suppl. Fig. 3A), but 

branching was not observed.

There was a significant increase in expression of CDH1 (an epithelial marker), FGFR2b 

signaling (ETV4, MYC), KRT5, KRT14, ACTA2 (a myoepithelial marker), and markers of 

ductal differentiation KRT19 and EGFR (Suppl Fig. 3B). However, expression of acinar 

markers AQP5, AMY1, PIP and MUC19 were reduced compared to an adult human SMG. 

This suggested that, as expected, multiple epithelial cell types were enriched in the 

recombination assay, but that maturing secretory acinar cells did not develop within 4 days 

of recombination. The human cells mainly remained as large salispheres within the mouse 

fetal niche and did not undergo branching morphogenesis, even after 4 weeks in culture (not 

shown). Further, human salispheres did not undergo branching with the addition of human 

mesenchymal supplements (SM without PD or ROCK inhibitors) when recombined with 

PSG+NRTN, but rather grew as aggregates of spheres (Suppl. Fig. 3C). Cross-species 

incompatibility of mouse fetal tissue with adult human cells may have contributed to this 

result.

In contrast, syngeneic recombination of mouse adult salispheres with the fetal mouse niche 

did initiate branching morphogenesis of adult salispheres. In a similar assay, we compared 

salispheres encapsulated in a laminin-111 hydrogel recombined with the PSG-containing 

mesenchyme (Mes+PSG) +/− NRTN after 4 days (D4) of culture, compared with primary 

SMG epithelium in laminin recombined (E13) with PSG-containing mesenchyme as a 

positive control in the assay for branching morphogenesis, and spheres in laminin without 

recombination as a negative control (Fig. 4A). Remarkably already by D4, increased 

epithelial morphogenesis was observed with salispheres recombined with fetal mesenchyme, 

PSG and NRTN (Fig. 4B–C). The spheres branched in a similar manner to control SMG 

epithelium. Spheres cultured in the laminin-111 hydrogel simply aggregated without 

branching, as expected. Surprisingly, when salispheres were recombined with mesenchyme 

and PSG alone they did not undergo branching morphogenesis, as we initially predicted, and 

although the spheres were enlarged in size, the PSG neurons did not innervate the 

epithelium. In contrast, when salispheres were recombined with laminin-111 ECM 

containing NRTN, with mesenchyme and PSG, the spheres self-assembled, were innervated 

by PSG neurons (TUBB3, green), and initiated branching morphogenesis, as shown by the 

formation of ductal structures (K19, cyan) and endbuds (ECAD, red) similar to the fetal 

epithelium (Fig. 4C). Quantification of skeletonized branching patterns by Sholl analysis 

showed a trend of higher branching density (N/mm2) and significantly higher degree of 

branching (Sholl ramification index) of Sph+Mes+PSG+NRTN compared to Sph+Mes+PSG 

without NRTN (Fig. 4D).

Higher magnification confocal projections confirmed that neurons (TUBB3) sparsely 

survived when salispheres were recombined with mesenchyme and PSG without NRTN, 

suggesting that cues to induce innervation are low or absent under these conditions (Fig. 

Vining et al. Page 10

Biomaterials. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4E). In contrast, innervation was stimulated in recombined salispheres in laminin-111 ECM 

containing NRTN with mesenchyme and PSG, as well as in fetal epithelial recombinations, 

suggesting that exogenous NRTN in the ECM, in addition to NRTN produced by fetal 

epithelium, stimulate neuronal survival and innervation. The receptor for NRTN, GFRα2, is 

expressed on the PSG not in the epithelium and so the effect of exogenous NRTN on the 

epithelium is mediated by the nerves not by NRTN stimulating the epithelium directly [19, 

22]. K19 staining further illustrated that the salispheres formed ductal structures and 

reestablished a proximal-distal axis within the tissue (Fig. 4E), thus recapitulating fetal 

organogenesis. We previously showed that fetal SMG epithelium expresses NRTN [20], 

which is why the epithelial recombination was used as a positive control in the assay. We 

confirmed there was increased expression of Tubb3, a marker of neurons, as well as Ret, a 

coreceptor for NRTN, in recombined salispheres with NRTN compared to recombination 

without NRTN (Fig. 4F). There was also a trend of increased expression of Vacht and Vip, 

both functional markers of nerves. Vacht is a marker of cholinergic activity and VIP was 

shown to increase epithelial tubulogenesis in SMGs [21].

Immunostaining with peanut agglutinin (PNA+), which binds the epithelial surface and 

highlights epithelial morphology, showed epithelial branching structures with highly dense 

innervation (TUBB3+) along the proximal epithelial ducts where K5+ progenitors were 

maintained (Fig. 5A). The branching structures contained KIT+ progenitors in the distal 

endbuds, which were proliferating (KI67+) and expressed the water channel AQP5, a marker 

for intercalated ducts and acinar cells (Fig. 5B). Thus, cells expressing K5, KIT and AQP5 

were localized in the branching adult structures in a similar pattern as in fetal epithelium 

undergoing branching morphogenesis. This suggests that progenitors within spheres rapidly 

re-organized themselves within the fetal microenvironment to establish tissue polarity in a 

similar manner observed during fetal organogenesis. Salisphere recombination with 

laminin-111 ECM containing NRTN+Mes+PSG not only induced a morphogenesis pattern 

similar to recombined fetal epithelium, but also showed similar rapid growth kinetics over 4 

days (Fig. 4B–C). The epithelial buds and encapsulated spheres showed very little 

organization at D1, but became fully assembled and branched by 4 days. Furthermore, we 

confirmed that branched epithelial structures were derived from adult salispheres rather than 

residual fetal epithelium left in the mesenchyme, by recombining adult mouse spheres from 

membrane-bound Tomato (mT)-expressing mice with mesenchyme from control mice. 

Confocal sections clearly illustrated ductal and end-bud structures derived from adult 

salispheres in the embryonic mesenchyme (Suppl. Fig. 4A–B). Fluorescence imaging of K5 

epithelium and Tubb3+ nerves further support the dependence on Mes+PSG+NRTN to 

generate innervated branching epithelial structures (Suppl. Fig. 4C). We hypothesized that 

the fetal mesenchyme could be replaced by the addition of SM supplements (without ROCK 

or PD inhibitors). However, salispheres recombined with PSG+NRTN+Suppl formed 

aggregates without branching morphogenesis, even when cultures were extended to Day 8 

(Suppl. Fig. 4D).

We further characterized the epithelial gene expression profile of the D4 recombined adult 

salispheres +/− NRTN. Interestingly, we did not find significant changes for genes involved 

in KIT/FGFR2b signaling, ductal differentiation and/or myoepithelial markers (Suppl. Fig 

5A). These data suggest all the cell types survive in the recombinations, with or without 
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NRTN in the ECM. However, this is in striking contrast to the immunostaining that clearly 

shows the organization and morphogenesis +/− NRTN is different (Fig. 4B–E). In addition, 

similar to the human salisphere recombinations, we were unable to detect mature secretory 

acinar markers (Psp, Smgc) by D4. However, when recombined glands+NRTN were 

cultured longer (D8), we were able to observe detectable gene expression levels of Psp and 

Smgc compared to D4 E13 SMGs, which had also begun to undergo acinar differentiation 

(Suppl. Fig 5B). In addition, compared to an intact E13 SMG at D4, the recombined adult 

salispheres +/− NRTN expressed significantly lower levels of Ccnd1 and Fgfr2b, and 

significantly higher levels of Krt5 and Pecam, as well as an increasing trend of higher Acta2 
and Egfr expression (Suppl. Fig. 5C).

Thus, we show that recombined adult spheres in a laminin-111 ECM +NRTN+PSG and a 

complex mesenchymal microenvironment grow as innervated branching structures with 

proper alignment of ductal and acinar cells similar to in vivo development.

DISCUSSION

The regeneration of complex branching adult organs will require multiple cell types and 

factors, including growth support for nerves and blood vessels. A major challenge in 

regenerative stem cell therapies is providing sufficient cues to support branching 

morphogenesis of cells expanded in ex vivo culture, which may lose their capacity for 

morphogenesis. Here we show how neurotrophic growth factor delivery within a 

laminin-111 ECM hydrogel has the potential to promote morphogenesis of epithelial 

progenitors by stimulating neuronal growth and interaction with epithelial cells, which is 

necessary to recapitulate in vivo organogenesis. We used the intrinsic complexity of the fetal 

mesenchymal microenvironment as a model system to investigate whether we could 

stimulate fetal-like branching morphogenesis of adult epithelial salispheres. We discovered 

that branching was enhanced by the addition NRTN. Importantly, the fetal 

microenvironment contains neuronal cells. However, additional neurotrophic factor delivery 

was necessary to promote epithelial innervation, and allow adult progenitors to initiate the 

developmental program of branching morphogenesis. This approach has significant potential 

to improve therapeutic regeneration of transplanted tissue-specific progenitor populations or 

develop implantable artificial tissues.

It has been appreciated for a long time that branching morphogenesis of fetal epithelium 

requires the physical presence of the surrounding mesenchymal niche [43]. More recently 

the importance of nerves [19] and blood vessels [44, 45] within this niche has been reported. 

Although secreted growth factors can support epithelial proliferation and morphogenesis in 

3D ECM in the absence of nerves and mesenchyme [33, 46], the epithelial cultures do not 

recapitulate the robust branching morphogenesis that occurs in the endogenous 

mesenchyme. The addition of recombinant NRTN improves parasympathetic innervation of 

the epithelium which aligns with its role as a critical neurotrophic factor for salivary gland 

innervation during development. In fact, genetic deletion in mice of NRTN or its receptor 

Gfrα2, results in small parasympathetic ganglia and the mice have multiple defects in 

epithelial function due to reduced innervation of the gastrointestinal and reproductive tracts 

as well as the lacrimal and salivary glands [23, 24]. It remains to be determined if the 
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delivery of NRTN along with adult salispheres into an in vivo adult gland will be necessary 

to improve innervation and regeneration of the transplanted cells in the adult 

microenvironment.

In our experiments, human salispheres were unable to branch within a murine fetal 

microenvironment in a similar manner to mouse salispheres, even with the delivery of 

NRTN and recombinant human growth factors in the media. We conclude that there may be 

species-specific cues from human nerves necessary to initiate innervation and branching 

morphogenesis of the human salispheres. Deciphering these differences between species will 

be important for human tissue regeneration.

Regeneration of adult salivary glands does occur in rodent models of degeneration caused by 

ductal ligation. After removal of the ligature, histological structures can be observed that 

resemble fetal branching morphogenesis, within the context of an adult microenvironment 

[47]. Importantly, the gland only regenerates if the nerve to the gland is intact. In our 

recombination studies with salispheres, basal K5+ progenitors within the ductal structures 

remained in close proximity to nerves, similar to fetal organogenesis. In the proximal 

endbud, basal KIT+ progenitors surrounded the luminal progeny with a distal-proximal axis, 

again similar to fetal organogenesis. Moreover, a pattern of gene expression occurred in the 

adult progenitors similar to fetal organ development. Together, these data suggest that 

innervation causes adult epithelial progenitors to induce fetal-like gene expression and 

establish cellular architecture which initiates branching morphogenesis.

An important goal for tissue regeneration is to transplant cells that survive, adapt and 

function when implanted. Intact fetal salivary and lacrimal glands, pancreas, and kidneys 

were transplanted in adult rodent environments where they survived and initiated organ-

specific functions [48–50], suggesting the adult niche can support a fetal organ transplant. 

Others developed a functional human liver from an iPSC-derived liver organoids with 

endothelial and mesenchymal stem cells, which integrated within the local environment and 

the endothelial cells in reconnected with the host circulation within 48 hours [51]. The 

physical and biological properties of the microvasculature and surrounding ECM are tissue 

specific and mesenchymal cell-driven condensation of epithelial progenitors, endothelial 

cells and mesenchymal stem cells are thus also critical for transplantation of organoids [8]. 

Thus far, orthotopic gland transplantation of mouse embryonic stem cell-derived salivary 

gland epithelial aggregates developed into structures with mature acinar cells that became 

innervated by the recipient mice [10]. Interestingly, an additional recombination of the 

aggregates with fetal E13.5 mesenchyme was not necessary for this maturation. This 

suggests that major differences may lie between fetal aggregates and adult spheres, as used 

in our study, which may require the need for additional neuronal cells and/or NRTN.

Yet, our experiments do not directly address whether the fetal niche may have different 

effects than an adult niche. Stage-specific signals from fetal niches direct differentiation in 

ES or iPS-derived cells differently [12]. Fetal rather than adult mesenchyme, induced more 

differentiation of embryonic stem cell-derived dental epithelial cells [52]. Here, we show 

that secreted signals from the fetal niche that stimulate FGFR2b, KIT and muscarinic 

signaling, expand adult epithelial progenitors. We previously showed that K5 expressing 
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progenitors produce multiple secreted Wnt signals to induce innervation of the duct early in 

organogenesis [45] and others have shown a role for Wnt ligands [11, 53] during 

regeneration. The specific role of Wnt signaling in our experimental model of innervation 

and branching morphogenesis remains to be defined. Further, the potential role of other 

neuronal cell types, such as Schwann cells or their precursors [54], derived from the co-

encapsulated parasympathetic ganglion were not explored here, but likely contribute to 

branching morphogenesis of adult epithelial progenitors.

In summary, we show that adult epithelial progenitors can be maintained and/or expanded in 

salisphere culture by factors critical for organogenesis. Salispheres embedded in a 

laminin-111 ECM containing NRTN form a complex branching tissue when combined with 

a complex fetal microenvironment that includes neuronal cells. The branching 

morphogenesis resembles fetal organogenesis, with the correct positioning of epithelial 

progenitors, their progeny, and induction of fetal gene expression. We propose that support 

of the neuronal niche, will be essential for regenerative approaches that involve innervation 

of adult progenitors, so they undergo branching morphogenesis and enable functional organ 

regeneration.
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Figure 1. Stimulating signaling pathways important for fetal organogenesis increases the number 
and size of adult salispheres.
(A) Basal media (BM) was supplemented with FGFR2b ligand FGF7, KIT receptor ligand 

stem cell factor (SCF), acetylcholine receptor agonist carbachol (Cch), and ROCK inhibitor 

(RI) to make supplemented media (SM [FGF7]). EGFR inhibitor (PD198509) was added to 

make SM+PD [FGF7]. Fluorescent images of adult salispheres obtained from K5-venus 

mice (green) at day three (D3) or D10 in culture. Scale bar, 0.5 mm. (B) Bright field pictures 

of D10 salispheres cultured in BM, SM, or SM+PD. Scale bar, 25 μm. Quantification of 
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diameter, number (count), and index [Radius2 x Count] in arbitrary units (AU) of D10 

salispheres. N=10 biological replicates. Mean±SEM. *, P<0.05, **, P<0.01, one-way 

ANOVA with post-Dunnett test compared to BM. (C-D) Amount of RNA (ng) obtained 

from D3 or D10 salispheres in BM, SM and SM+PD, and qPCR analysis of Krt5, Krt19 and 

Kit. Fold changes of gene expression are normalized to Rsp29 and D3 BM salispheres. N=3 

biological replicates. Mean±SEM. *, P<0.05, one-way ANOVA with post-Dunnett test 

compared to BM. (E) Western blot analyses of salispheres at Day 10. Graph depicts 

quantification of K5 and KIT normalized to GAPDH expression in arbitrary units (AU). N=4 

biological replicates, representative blot is shown.
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Figure 2. Fetal cues in adult murine salisphere culture (SM) reduce expression of secretory 
markers and increase cell number of various progenitors.
(A-C) Images of 10 μm confocal sections through D10 salispheres cultured in BM or SM 

[FGF7], (A) showing K5-venus expression with staining for E-cadherin (ECAD, red), KIT 

(cyan) and/or nuclei (DAPI, blue). Arrowhead, K5+KIT- cells. Arrow, K5-KIT+ cells. 

Dotted arrow, K5+KIT+ cell. (B-C) confocal analysis of αSMA (myoepithelial marker), 

K19 (ductal marker), endogenous K5, K14, and/or nuclei (DAPI, blue). (B) arrows indicate 

αSMA+K19-K5+ cells, arrowheads indicate αSMA-K19-K5+ cells. (C) arrows represent 
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K19-K14+αSMA+ cell; arrowheads indicate a K19-K14+αSMA- cell. Dotted arrow shows 

K19+ duct cell. Scale bar, 50 μm. (D) FACS analysis (% of total cells) of D10 salispheres 

cultured in BM, SM [FGF7] or SM [FGF10+HS] media. N=3 biological samples. Mean

±SEM. *, P<0.05, **, P<0.01, one-way ANOVA with post-Dunnett test compared to BM 

D10. (E) Gene expression of D10 salispheres in BM or SM [FGF7], normalized to Rsp29 
and D3 BM salispheres (--). N=3 biological samples. Mean±SEM. *, P<0.05, **, P<0.01, 

one-way ANOVA with post-Dunnett test.
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Figure 3. Adult human salispheres in SM contain multiple cell types expressing progenitor and 
myoepithelial markers.
(A) Confocal 10 μm section of stained D10 salispheres cultured in SM [FGF7] for epithelial 

marker β1 integrin (ITGB1), K5, αSMA, K14, KIT, and/or nuclei (DAPI, blue). Scale bar, 

50 μm. (B) FACS analysis (% of cells) of KIT+, FGFR2b+, K5+ and K14+ cells present in 

D10 SM cultured salispheres. N=3 biological samples. Mean±SEM. (C) Gene expression of 

human D10 salispheres cultured in SM [FGF7] and BM, normalized to RPS29 and SM D3 
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(dotted line). *, P<0.05, one-way ANOVA with post-Dunnett test compared to D3, N = 4 

biological samples.
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Figure 4. Adult murine salispheres only undergo branching morphogenesis when innervated 
within a complex fetal microenvironment containing mesenchyme and parasympathetic nerves 
treated with NRTN.
(A) Cartoon depicting the recombination of adult mouse salispheres that were cultured in 

SM [FGF7] for 10 days prior to encapsulation in laminin-111 hydrogels. Recombination 

conditions include E13 parasympathetic ganglia (PSG), mesenchyme containing blood 

vessels (Mes), and/or recombinant NRTN. Murine E13 SMG epithelia were recombined as a 

positive control. (B) Phase images at days 1 and 4 after recombination. Scale bar, 0.5 mm. 

(C) Confocal 10μm sections of D4 recombined assays of (A), following staining for nerves 
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(TUBB3, green), epithelia (ECAD – red), ducts (K19 - cyan) and/or nuclei (DAPI, blue). 

Scale bar, 100 μm. (D) Branching density (N/mm2) and index for degree of branching (Sholl 

Ramification Index) from Sholl Analysis [29] of D4 recombinations +/− NRTN. *, unpaired 

two-tailed t-test, P<0.05. (E) Magnified confocal 10μm sections showing D4 recombinations 

+/− NRTN stained for nerves (TUBB3, green) and epithelial ducts (ECAD - red, K19 - 

cyan). Scale bar, 100 μm. (F) Fold changes of gene expression of neuronal markers in D4 

recombined mouse salispheres with or without NRTN, normalized to housekeeping gene 

Rps29 and Spheres+Mes+PSG. N=4 biological samples. Mean±SEM. *, unpaired two-tailed 

t-test, P<0.05.
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Figure 5. Innervated salisphere-derived branching epithelial structures resemble an ex vivo fetal 
gland.
D4 recombined mouse adult salispheres (A) and fetal epithelium (B) in laminin hydrogels 

with Mes, PSG and NRTN were stained for Peanut Agglutinin (PNA, red) to outline the 

epithelia, TUBB3 (green) for nerves, K5 (cyan), KIT (cyan), AQP5 (red), KI67 (green) for 

proliferation and/or DAPI (blue) for nuclei. Confocal images of 10μm sections. Scale bars, 

100 μm (A) and 50 μm (B).
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