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Abstract
Salivary gland (SG) hypofunction is a common post-radiotherapy complication. Besides the parenchymal damage after 
irradiation (IR), there are also effects on mesenchymal stem cells (MSCs) which were shown to contribute to regeneration 
and repair of damaged tissues by differentiating into stromal cell types or releasing vesicles and soluble factors supporting 
the healing processes. However, there are no adequate reports about their roles during SG damage and regeneration so far. 
Using an irradiated SG mouse model, we performed certain immunostainings on tissue sections of submandibular glands 
at different time points after IR. Immunostaining for CD31 revealed that already one day after IR, vascular impairment was 
induced at the level of capillaries. In addition, the expression of CD44—a marker of acinar cells—diminished gradually after 
IR and, by 20 weeks, almost disappeared. In contrast, the number of CD34-positive cells significantly increased 4 weeks 
after IR and some of the CD34-positive cells were found to reside within the adventitia of arteries and veins. Laser confo-
cal microscopic analyses revealed an accumulation of CD34-positive cells within the area of damaged capillaries where 
they were in close contact to the CD31-positive endothelial cells. At 4 weeks after IR, a fraction of the CD34-positive cells 
underwent differentiation into α-SMA-positive cells, which suggests that they may contribute to regeneration of smooth 
muscle cells and/or pericytes covering the small vessels from the outside. In conclusion, SG-resident CD34-positive cells 
represent a population of progenitors that could contribute to new vessel formation and/or remodeling of the pre-existing 
vessels after IR and thus, might be an important player during SG tissue healing.
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CD  Cluster of differentiation/cluster designation
CXCR1  CXC chemokine receptor 1
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MSC  Mesenchymal stem/stromal cell
3D-CRT   3-Dimensional conformal radiotherapy
IMRT  Intensity modulated radiation therapy
α-SMA  α-Smooth muscle actin
ip  Intraperitoneal
PFA  Paraformaldehyde
H&E  Hematoxylin and eosin
DAPI  4′,6-Diamidino-2-phenylindole
IL-1β  Interleukin-1β
TGF-β  Transforming growth factor-β
PECAM-1  Platelet endothelial cell adhesion molecule
CDH5  Cadherin 5
ANGPTL4  Angiopoietin-like 4
AQP5  Aquaporin 5
CEACAM1  Carcinoembryonic antigen-related cell 

adhesion molecule 1
TEM  Transmission electron microscope
EMT  Epithelial-mesenchymal transition
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KDR  Kinase insert domain receptor
HITA  Human internal thoracic artery

Introduction

The treatment for many patients with head and neck cancer 
is usually radiotherapy either alone or in combination with 
surgery and chemotherapy. After such treatment, although 
the patient’s prognosis is improved, radiation-induced dam-
age to normal tissue leads to organ dysfunction, especially 
SG hypofunction. Despite many advances in modern high-
precision radiotherapy techniques such as 3-dimensional 
conformal radiotherapy (3D-CRT) and intensity modulated 
radiation therapy (IMRT), the treatment still results in irre-
versible SG damage (e.g. xerostomia, dysphagia, dental car-
ies, oropharyngeal infections, and oral mucositis (Seiwert 
and Cohen 2005; St John et al. 2006; Braam et al. 2006). 
Among these side effects, radiation-induced xerostomia is 
the most common complication of radiotherapy for head 
and neck cancer, significantly lowering the quality of life 
in the long-term survivors (Malouf et al. 2003; Trotti et al. 
2003; Dirix et al. 2006). Therefore, various experimental 
approaches, such as the use of gene therapy, tissue engineer-
ing, and cell-based therapy, have been explored to develop 
strategies to functionally restore radiation damaged SGs 
(Baum et al. 2009; Sumita et al. 2011; Tanaka et al. 2018; 
I et al. 2019). However, there are currently no satisfying 
therapies for patients with such SG hypofunction.

Although salivary glands are basically composed of 
slowly proliferating highly differentiated cells, they are 
classified as exquisitely radiosensitive tissues like lymphoid 
organs, bone marrow, gonads and small intestines (Grund-
mann et al. 2009). In radiotherapy of patients suffering from 
head and neck cancers, it is known that irradiated glands 
exhibit distinct parenchymal loss accompanied by acinar 
atrophy, excessive progression of fibrosis and ductal dilata-
tion, which leads to serious pathological remodeling of the 
glands and reduced saliva production. However, the detailed 
mechanism of radiation-induced xerostomia is still unclear 
(Radfar and Sirois 2003; Wu and Leung 2019).

In contrast, recent studies have revealed that tissue-resi-
dent stromal cells may contribute to regeneration and repair 
of damaged tissues. For instance, it has been shown that 
stromal cells play a supportive role in satellite cell-mediated 
skeletal muscle regeneration during eccentric contraction-
induced skeletal muscle injury (Manetti et al. 2019). Moreo-
ver, joint-resident mesenchymal stromal cells support the 
repair of joint damage in osteoarthritis (McGonagle et al. 
2017; Sanjurjo-Rodriguez et al. 2019) and  CX3CR1+ syno-
vial tissue-resident macrophages modulate inflammation 
during chronic inflammatory diseases such as rheumatoid 
arthritis (Culemann et al. 2019). Likewise, tissue-resident 

macrophages help to maintain tissue homeostasis and con-
tribute to wound healing following injury in several tissues 
(e.g. skin, cardiac muscle, liver, skeletal muscle, and brain) 
(Rahmani et al. 2018; Dick et al. 2019; Santamaria-Barria 
et al. 2019; Kosmac et al. 2018; Hatton and Duncan 2019). 
One of the peripheral tissue niches that harbors different 
types of stem and progenitor cells is the vascular adventitia 
(Wörsdörfer et al. 2017). In this niche, vascular but also 
non-vascular stem and progenitor cells have been identified 
(Zengin et al. 2006; Klein et al. 2014; Wörsdörfer et al. 2017; 
Mekala et al. 2018). From the so-called “vasculogenic zone” 
of the vascular adventitia endothelial cells, smooth muscle 
cells and pericytes as well as antigen presenting cells such as 
macrophages and dendritic cells (Zengin et al. 2006; Psaltis 
et al. 2012; Psaltis and Simari 2015) were generated. More 
recently, a subpopulation of adventitial stem cells was shown 
to deliver spontaneously beating cardiomyocyte-like cells 
(Mekala et al. 2018). Only few studies focused on stromal 
cells in radiation damaged SGs so far, and their functional 
impact is not well understood. However, the morphological 
and functional analysis of irradiation-damaged SG stromal 
cells is an important prerequisite for the understanding of 
pathological processes leading to radiation-induced xeros-
tomia and more important, the development of treatment 
strategies to functionally restore atrophic SG tissue.

The aim of this study was to determine the exact localiza-
tion of CD34-positive resident stromal cells in the salivary 
gland and to follow their cellular fate after IR-induced dam-
age of SG in a mouse model. We performed immunostain-
ings on tissue sections of mouse SGs at different time points 
after IR and conducted statistical analyses based on the 
obtained results.

Materials and methods

Animals

C57BL/6JJcl mice (inbred strain) (CLEA Japan Inc., Tokyo, 
Japan) were used. All mice were kept under clean conven-
tional conditions at the Nagasaki University animal center. 
All experimental procedures were performed in accordance 
with the guidelines approved by the Nagasaki University 
Ethics Committee (1605271307).

Irradiation (IR)

Eight week-old female C57BL/6 mice were anesthetized 
with 10 μl/g body weight of ketamine (10 mg/ml) given 
by intraperitoneal (ip) injection and restrained in a con-
tainer for IR. The submandibular glands were damaged by 
exposing them to a single dose of 12-Gy using gamma rays 
from PS-3100SB (Pony Industry Co, Ltd., Osaka, Japan). 
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The radiation was collimated to the head and neck area to 
guarantee less than 10% beam strength in the rest of the 
body. After recovering from anesthesia, mice were returned 
to their cage and maintained in animal facility. At time of 
sacrifice (at 1, 3, 5 days, 1, 4, 8, and 20 weeks after IR), the 
mice submandibular glands were harvested.

Salivary flow rate (SFR)

To measure the secretory function (salivary flow rate: SFR) 
of SGs, mice were kept under general anesthesia by injec-
tion of 10 μl/g body weight of ketamine. Whole saliva was 
collected after stimulation of secretion by subcutaneously 
administration of 0.5 mg/kg body-weight pilocarpine (Sigma 
Aldrich). Saliva was obtained from the oral cavity using a 
micropipette, and placed into pre-weighed 1.5 ml micro-
centrifuge tubes. Saliva was collected for a 10-min period 
and its volume was determined gravimetrically. SFR was 
determined at week 0, 4, 8, and 12 post-IR; n = 4 in each 
group at each time points.

Histological and immunohistological analyses

The harvested submandibular glands were fixed in 4% 
paraform aldehyde (PFA) and embedded in paraffin. Five-
micrometer sections were stained with hematoxylin and 
eosin (H&E) and examined microscopically at each time 
point. After deparaffinization and rehydration, stainings were 
performed. Immunofluorescence analyses were performed 
using rabbit anti-mouse CD31 antibody (1:50; Abcam), rat 
anti-mouse CD34 antibody (1:100; Santa Cruz Biotechnol-
ogy), rat anti-mouse CD44 antibody (1:100; Biolegend), 
mouse anti-mouse α-SMA antibody (1:100; Abcam), goat 
anti-mouse Sca-1/Ly6 antibody (1:50; R&D Systems), rab-
bit anti-mouse c-Kit antibody (1:50; Abcam), mouse anti-
mouse CD90 antibody (1:50; Sigma-Aldrich), and rabbit 
anti-mouse Ki-67 antibody (1:100; Abcam). Secondary 
Cy2-, Cy3- or Cy5-labeled antibodies were used to visualize 
primary antibodies. Sections were incubated with second-
ary antibodies and nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories). All antibod-
ies were diluted in blocking solution. Immunofluorescence 

analyses detecting CD31, CD34, and CD44 were examined 
by fluorescence microscopy and the positive areas were ana-
lyzed by ImageJ software in a blinded manner under × 200 
magnification (CD31; n = 4 at each time point, five different 
fields/n = 1, CD34; n = 4 at each time point, five different 
fields /n = 1, CD44; n = 4 at each time point, five different 
fields /n = 1). For immunohistochemical analyses, rat anti-
mouse CD34 antibody (1:100; Santa Cruz Biotechnology), 
rabbit anti-mouse CEACAM1 antibody (1:100; Cell Signal-
ing Technology), rabbit anti-mouse CD4 antibody (1:100; 
abcam) and rabbit anti-mouse Ki-67 antibody (1:100; 
Abcam) were used. Secondary biotin-coupled antibodies 
(Vector Laboratories) were used to detect the primary anti-
bodies and the VECTASTAIN ABC Kit (Vector Laborato-
ries) in combination with 3,3′-Diaminobenzidine (DAB) was 
used to visualize the secondary antibodies. Specimens were 
counterstained with hematoxylin or Nuclear Fast Red. Tis-
sues were examined by light microscopy under × 200 mag-
nification. The number of positive cells for CD4 and Ki-67 
were counted in a blinded manner (CD4; n = 4, at each time 
point, ten different fields/n = 1, Ki-67; n = 2, at each time 
point, ten different fields/n = 1).

Gene expressions analyses (il‑1β, tgf‑β, pecam‑1, 
cdh5, angptl4 and aqp5) in SG

Quantitative real time-PCR was used to determine the 
mRNA expression of il-1β, tgf-β, pecam-1, cdh5, angptl4 
and aqp5 genes in submandibular glands; at 8-weeks post-
IR (n = 3) compared to non-irradiated mice (n = 3). Total 
RNA was extracted using TRIzol reagent (Thermo Fisher 
Scientific) and first-strand complementary DNA synthesis 
was performed using the SuperScript First-Strand Synthesis 
System (Thermo Fisher Scientific). Complementary DNA 
was amplified using Takara-Taq DNA Polymerase (Takara). 
PCR reactions were performed with Mx3000P QPCR Sys-
tem (Agilent). The specific primer pairs used for quantitative 
RT-PCR are shown in Table 1. The primers were designed 
using Primer 3 software, version 4.0.0 (https ://bioin fo.ut.ee/
prime r3/). Prior to use, the primer specificity was checked 
using the BLAST database at https ://blast .ncbi.nlm.nih.
gov/Blast .cgi. Glyceraldehyde-3-phosphate dehydrogenase 

Table 1  Mouse primer sets Gene Forward primer Reverse primer

il-iβ 5´-GCT GAA AGC TCT CCA CCT CA-3´ 5´-AGG CCA CAG GTA TTT TGT CG-3´
tgf-β 5´-TTG CTT CAG CTC CAC AGA GA-3´ 5´-TGG TTG TAG AGG GCA AGG AC-3´
aqp5 5´-CCT TAT CCA TTG GCT TGT CG-3´ 5´-CCC AGA AGA CCC AGT GAG AG-3´
cdh5 5´-ACC GAG AGA AAC AGG CTG AA-3´ 5´-AGA CGG GGA AGT TGT CAT TG-3´
angptl4 5´-CCA GCT TAA CAG CCT CCA AG-3´ 5´-AAA CTC CGT CAG TTG CTG CT-3´
pecam1 5´-TGC TCT CGA AGC CCA GTA TT-3´ 5´-TGT GAA TGT TGC TGG GTC AT-3´
gapdh 5´-TGT GTC CGT CGT GGA TCT GA-3´ 5´-TTG CTG TTG AAG TCG CAG AG-3´

https://bioinfo.ut.ee/primer3/
https://bioinfo.ut.ee/primer3/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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(gapdh) was used as an internal control for quantitative real 
time-PCR.

Statistical analysis

All statistical analyses were carried out with JMP software 
(SAS Institute, Cary, NC). The normality of distribution was 
analyzed with the Shapiro–Wilk test. Student’s t test and 
the Mann–Whitney U test were conducted to compare two 
groups for parametric and non-parametric data, respectively. 
Experimental values are presented as mean ± SD; p < 0.05 
was considered statistically significant.

Results

Histological observations in SG after IR

To investigate the pathological changes after IR, we per-
formed immunostainings on tissue sections of submandibu-
lar glands for different cell surface markers at different time 
points and quantified the obtained results. At 8-weeks after 
IR, CD4-positive inflammatory cells infiltrated the whole 
submandibular gland tissues (Fig.  1a–c, n) and mRNA 
expression of pro-inflammatory molecules (il-1β and tgf-β 
as well as molecules related to angiogenesis such as pecam-
1, cdh5, and angptl4 were significantly up-regulated (Suppl. 
Fig. 1). The number of acinar cells decreased gradually until 
20-weeks after IR, and were replaced by fibrous tissue. This 
is evidenced by the fact that the positive area of CD44, 
which is expressed on the cell membrane of serous acini in 
SG (Maria et al. 2012), was decreased in irradiated mice at 4, 
(*p < 0.05), 8 and 20 weeks (**p < 0.01) post-IR compared 
to non-irradiated mice (Fig. 1d–f, m). Aquaporin-5 (AQP5), 
an exocrine gland-type water channel, is expressed in the 
salivary glands, in which it is mainly localized at the apical 
membrane of the acinar cells (Matsuzaki et al. 2012). At 
8-weeks after IR, aqp5 mRNA expression was significantly 
down-regulated in submandibular glands compared to non-
irradiated mice (Suppl. Fig. 1). In addition, the expression 
of CEACAM1 was studied as a marker that has been shown 
to be present at the luminal surface of several glandular and 
ductal epithelia (Nguyen et al. 2014; Takeyama et al. 2015; 
Weng et al. 2016). In contrast to non-radiated submandibular 
gland tissue, CEACAM1 immunostaining was detectable at 
the whole acinar cell membrane after IR, which indicates 
the loss of apical-basal polarity of the acinar epithelial 
cells (Fig. 1g–I). Furthermore, CD31-stainings revealed 
that the radiation damage caused a continuous reduction 
of capillaries in the submandibular gland parenchyma after 
IR (**p < 0.01). Of note, vascular impairment was already 
induced one day after IR (**p < 0.01) (Fig. 1j–l, o). Owing 
to these pathological changes, the secretory function of SGs 

(SFR) was severely reduced in irradiated mice after 4-weeks 
(Suppl. Fig. 2).

Stable presence of resident CD34‑positive cells 
after IR and their localization in SG

Tissue-resident CD34-positive cells were observed in the 
parenchyma of submandibular glands with/without IR 
(Fig. 2a–c and Suppl. Fig. 2). Their positive area signif-
icantly increased at week 1, 4, and 8 (*p < 0.05) post IR 
when compared to non-irradiated mice (Fig.  2d). Most 
resident CD34-positive cells clustered around blood vessels 
(Fig. 2e–g and Suppl. Fig. 2). Larger arteries, composed of 
intima (CD31-positive cells), media (α-SMA) and adventi-
tia showed resident CD34-positive cells located within the 
adventitial layer of the vessel wall (Fig. 2h). Furthermore, 
some resident CD34-positive cells reached out to the tip of 
small capillaries directly contacting the endothelial cells 
(Fig. 2i–l).

Resident CD34‑positive cells support the maturation 
of blood vessels after IR

We observed that SG-resident CD34-positive cells accumu-
lated around radiation-impaired capillaries in the SG paren-
chyma at 1-week after IR (Fig. 3a). They were observed to 
be in close contact with the capillaries at 4-weeks after IR 
(Fig. 3b). In capillary cross-section of submandibular glands 
at 1-week after IR, resident CD34-positive cells enwrapped 
CD31-positive endothelial tubes from the outside (Fig. 4a) 
and exhibited co-immunostaining for α-SMA at 4-weeks 
after IR (Fig. 4b). Remarkably, at 8-weeks after IR, resident 
CD34-positive cells, which surrounded the endothelial layer 
of blood vessels, stained also strongly positive for α-SMA 
(Fig. 4c). At 20-weeks after IR, only weak expression of 
CD34 but a strong expression of α-SMA was detected which 
supports the assumption that a differentiation of CD34-pos-
itive cells towards a smooth muscle cell/pericyte phenotype 
(Fig. 4d) could have taken place.

Taken together, only few resident CD34-positive cells 
exhibited co-immunostaining for α-SMA in non-irradiated 
submandibular glands or 1-week after IR (Suppl. Fig. 4a, 
b). At 4- and 8-weeks after IR, most resident CD34-posi-
tive cells contacting small capillaries were also positive for 
α-SMA (Suppl. Fig. 4c, d). In contrast, their expression of 
CD34 decreased at 20-weeks after IR (Suppl. Figs. 4e, 2d).

The immune phenotype of resident CD34‑positive 
cells in SG

To characterize the immune phenotype of resident CD34-
positive cells in submandibular glands, co-localization with 
marker proteins that are known to be preferentially expressed 
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in MSC such as Sca-1, c-Kit, and CD90 was assessed. 
Double immunofluorescence revealed that some resident 
CD34-positive cells were also positive for Sca-1, c-Kit, and 
CD90 (Fig. 5a–c). The number of Ki-67-positive cells was 
decreased temporarily at 1- and 3-days (**p < 0.01) after IR. 
Thereafter, their number increased (Suppl. Fig. 5) and some 
of the CD34-positive cells did also show Ki-67 expression 
(Fig. 5d) at 7-days post IR. In contrast, they were negative 
for CD31 (endothelial cells) (Suppl. Fig. 6). These results 
indicate that a major portion of SG-resident CD34-positive 
cells shows an MSC-like phenotype. However, there is no 

considerable differentiation of SG-resident CD34-positive 
cells into endothelial cells.

Discussion

This study demonstrates that SG-resident CD34-positive 
cells have the capability to contribute to morphogenesis of 
new vessels and stroma formation in SG after IR in mice. 
Briefly: (i) IR induces a considerable degeneration of SG 
tissue indicated by a loss of acinar cells and a reduced 

Fig. 1  Histologic analysis of submandibular gland after IR. a–c 
Hematoxylin and eosin staining of non-irradiated submandibular 
glands (A), and SGs at 8-weeks (b), and at 20-weeks (c) after IR. 
Scale bar; 50  µm. d–f Immunofluorescence analyses of non-irradi-
ated SGs (d), and SGs at 4-weeks (e), and at 20-weeks (f) after IR 
using antibodies targeted against CD44 (Green). Scale bar; 100 µm. 
Blue; DAPI, Green; CD44. g–i Paraffin-sections of submandibu-
lar glands with no IR (g), at 4-weeks (h), and at 20-weeks (i) after 
IR were stained for carcinoembryonic antigen-related cell adhesion 
molecule 1 (CEACAM1). Sections were counterstained with hema-
toxylin. CEACAM1 expression was observed only luminal (#) of aci-
nar with no IR (g). In contrast, it was detectable at the whole acinar 
cell membrane, not luminal but also basal (arrow), at 4-weeks (h) 

and at 20-weeks (i) after IR. Scale bar; 10  µm. j–l Immunofluores-
cence staining for CD31 (Red) of submandibular glands with no IR 
(j), at 1-day (k), and 20-weeks (l) after IR. Scale bar; 50  µm. Red; 
CD31. m Changes of CD44-positive area (%) of salivary glands at 
4-, 8-, and 20-weeks after IR. Asterisk represents statistical signifi-
cance compared with no irradiated submandibular glands (**p < 0.01, 
*p < 0.05). n Changes of the number of CD4 positive cells at 4-, 8- 
and 12- weeks after IR. Asterisk represents statistical significance 
compared with no irradiated submandibular glands (**p < 0.01). o 
Changes of blood vessel area (%) in parenchyma of submandibular 
glands at 1-, 3-, 5-, 7-days, 4-, 8-, 12-, and 20-weeks after IR. Aster-
isk represents statistical significance compared with no irradiated 
submandibular glands (**p < 0.01)
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blood capillary density while SG-resident CD34-positive 
cells stably survive within the gland parenchyma and the 
adventitia of SG blood vessels, (ii) The number of SG-
resident CD34-positive cells increases after IR and some 
CD34-positive cells cover the endothelial lining of newly 
forming capillaries from the outside, and (iii) SG-resident 
CD34-positive cells exhibit a MSC-like immunopheno-
type and differentiate into α-SMA positive cells, prob-
ably smooth muscle cells or pericytes. Thus, they might 
contribute to repair and regeneration of small blood ves-
sels including capillaries. This suggests that SG-resident 
CD34-positive cells may serve as a source of progenitors 
that support morphogenesis, stabilization and maturation 
of blood vessels formed by postnatal vasculogenesis fol-
lowing IR.

Radiotherapy for head and neck cancers is one of the 
established therapeutic options. According to several pre-
vious studies it leads to side effects such as apoptosis of 
acinar cells and their loss that in turn results in reduction of 
saliva production and thus xerostomia. However, the detailed 
mechanisms of radiation-induced xerostomia remain unclear 
(Lim et al. 2013; Zhang et al. 2014). Since CD44 has been 
shown to be expressed in acinar epithelial cells of SG, we 
performed immunostaining for CD44 to assess severity of 
acinar cell damage as an indicative parameter for SG hypo-
function after IR. CD44 is a transmembrane glycoprotein 
mediating cell-to-cell and cell-to-extracellular matrix adhe-
sion that is involved in the preservation of the three-dimen-
sional structure of tissues by binding to specific ligands, 
such as osteopontin, collagen, and chondroitin (Cichy and 

Fig. 2  Localization of resident CD34-positive cells in submandibular 
glands. a–c Immunofluorescence staining for CD34 (Green) in paren-
chyma of submandibular glands with no IR (a), at 4-weeks (b), and at 
20-weeks (c) after IR. Scale bar; 50 µm. Blue; DAPI, Green; CD34. d 
Changes of CD34-positive area (%) in parenchyma of submandibular 
glands at 1-, 4-, 8-, and 20-weeks after IR. Asterisk represents statis-
tical significance compared with no irradiated submandibular glands 
(*p < 0.05). e–g Double immunofluorescence staining for CD34 
(Green) and CD31 (Red) in submandibular glands with no IR (e) and 

at 4-weeks (f), and 20-weeks (g) after IR. Scale bar; 50  µm. Blue; 
DAPI, Green; CD34, Red; CD31. h Triple immunofluorescence stain-
ing for CD34 (Purple), α-SMA (α-smooth muscle actin) (Green), and 
CD31 (Red) in submandibular glands with no IR. Scale bar; 50 µm. 
Blue; DAPI, Purple; CD34, Green; α-SMA, Red; CD31. i–l Double 
immunofluorescence staining for CD34 (Green) and CD31 (Red) in 
parenchymal of submandibular glands at 1-week (i), at 4-weeks (j), 
and 20-weeks (k, l) after IR. Scale bar; 10 µm. Blue; DAPI, Green; 
CD34, Red; CD31
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Puré 2003; Bourguignon et al. 2014). The most specific 
ligand for CD44 is hyaluronic acid that is an extracellular 
matrix polysaccharide deposited in the tissue stroma of dif-
ferent organs (Isacke and Yarwood 2002; Ponta et al. 2003). 
For many tissues CD44 is described as one of the markers 
for MSCs. However, in submandibular and parotid glands, 
CD44-positive cells show trans-epithelial electrical resist-
ance, form tight junction structures under the transmission 
electron microscope (TEM) and secrete amylase which dem-
onstrates that CD44 is a marker for serous acinar cells in SG 
(Maria et al. 2011). In this study, the CD44 positive area 
in SG gradually decreased at 4-weeks (61.07%), 8-weeks 
(12.26%), and 20-weeks (6.41%) after IR when compared 
with normal mice. Focusing on surviving acinar cells after 
IR, an excessive expression of CEACAM1 that indicates the 
loss of the apical-basal polarity was observed. CEACAM1 is 
a highly glycosylated cell adhesion molecule that belongs to 
the immunoglobulin super family and is involved in intracel-
lular signaling cascades during several biological processes 
such endothelial barrier regulation, angiogenesis and vas-
cular morphogenesis as well as tumor growth and immune 
regulation (Rueckschloss et al. 2016). Recently, the expres-
sion of CEACAM1 was shown to positively correlate with 
the expression of factors that are related to epithelial-mes-
enchymal transition (EMT) (Yoshikawa et al. 2017). Dur-
ing pathological fibrosis following radiation therapy, healthy 

salivary acinar cells undergo a partial EMT and differentiate 
into a fibroblast-like phenotype (Hall et al. 2010; Sisto et al. 
2018). Therefore, the extension of CEACAM1 membrane 
localization to the basal side of surviving acinar epithelial 
cells could indicate, on the one hand, an increased interac-
tion of these cells with the extracellular matrix (ECM) but 
on the other hand also an EMT process induced by IR. Radi-
ation directly leads to vascular damage and a recent study on 
microvascular endothelial cells of SG in mice showed that a 
single radiation dose is enough to cause a significant reduc-
tion in capillary density (Mizrachi et al. 2016). Consistent 
with this report, our results show that a single radiation with 
12 Gy induced severe capillary reduction in submandibu-
lar glands starting already 1 day after IR. Taking together, 
these data show that IR causes both, a loss of acinar cells 
and vascular impairment resulting in a severe, irreversible 
dysfunction of SG.

We asked the question, if a therapeutic dose of irradia-
tion negatively impact the entire regenerative capacity of 
SG tissue? Here we show, that SG-resident CD34-positive 
cells stably survive within the parenchyma and the adventitia 
of blood vessels although IR induced severe pathological 
abnormality in SG as mentioned above. Over the last dec-
ades, the mature vessel wall has been identified as a niche for 
a variety of stem and progenitor cell populations (Alessandri 
et al. 2001; Tintut et al. 2003; Ingram et al. 2005; Zengin 

Fig. 3  Resident CD34-positive cells accumulated around damaged 
blood vessels. a, b Triple immunofluorescence staining for CD31 
(Red), CD34 (Purple) and α-SMA (α-smooth muscle actin) (Green) 

in parenchyma of submandibular glands at 1-week (a) and 4-weeks 
(b) after IR. Scale bar; 20  µm. Blue; DAPI, Red; CD31, Purple; 
CD34, Green; α-SMA
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et al. 2006; Passman et al. 2008; Campagnolo et al. 2010; 
Psaltis et al. 2011; Klein et al. 2010, 2014; Mekala et al. 
2018). In vitro analyses using embryonic aorta revealed that 
 CD34+CD31−　cells in the aortic adventitia contribute to 
new vessel formation (Alessandri et al. 2001). Previously, 
we demonstrated the presence of such progenitors with 
 CD34+KDR+CD31− immunophenotype in the adventitia of 

adult human vessels using human internal thoracic artery 
(HITA) that give all vascular cell types including endothelial 
cells and more remarkably to some non-vascular cell types 
such as macrophages (Zengin et al. 2006).

Recently, it was reported that a SG-resident CD34-pos-
itive cell population contains a sub-population that could 
deliver MSCs with multi-lineage differentiation capability 

Fig. 4  Resident CD34-positive cells have capacity of differentiation 
into smooth muscle cells. a–d Triple immunofluorescence staining 
for CD31 (Red), CD34 (Purple) and α-SMA (α-smooth muscle actin) 

(Green) in submandibular gland at 1-week (a), 4-weeks (b), 8-weeks 
(c), and 20-weeks (d) after IR. Scale bar; 10 µm. Blue; DAPI, Green; 
α-SMA, Purple; CD34, Red; CD31
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under in vitro culture conditions. Moreover, RNA sequence 
profiling of SG-resident CD34-positive cells exhibited ele-
vated expression of genes encoding ERK, FGF/PDGF and 
Wnt signaling pathways that were shown to play key roles 
in the maintenance of homeostasis and regulation of organ 
regeneration (Togarrati et al. 2017). Furthermore, another 

recent study reported that CD34-positive cells which were 
found to be resident in minor SG were almost absent in 
patients who were suffering from severe primary Sjögren’s 
syndrome indicating a potential role of this progenitor 
cell population in the control of local tissue homeostasis 
(Alunno et al. 2015). However, little is known until now 

Fig. 5  Characteristic analysis of resident CD34-positive cells in sub-
mandibular glands. a–c Double immunofluorescence staining for 
CD34 (Red) and Sca-1 (Green) (a), c-Kit (Green) (b), CD90 (Green) 
(C) in parenchymal of submandibular gland with no IR. Scale bar; 

10 µm. Blue; DAPI, Green; Sca-1, c-Kit, and CD90, Red; CD34. d 
Double immunofluorescence for CD34 (Red) and Ki-67 (Green), in 
parenchymal of submandibular gland at 7  days after IR. Scale bar; 
10 µm. Blue; DAPI, Green; Ki-67, Red; CD34
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about the fate and functions of SG-resident CD34-positive 
cells in situ after injury. We and others previously reported 
that CD34-positive adventitial stem cells have the capac-
ity to differentiate into pericytes and smooth muscle cells 
in vitro and in vivo and contribute to new vessel forma-
tion (Invernici et al. 2007; Klein et al. 2011; Kramann et al. 
2016; Campagnolo et al. 2010). As far as we are aware, our 
results demonstrate for the first time that SG-resident vas-
cular wall-resident CD34-positive cells survive after IR and 
directly interact with radiation-injured and newly forming 
capillaries during the post-IR period enwrapping endothelial 
cells from the outside and differentiating into α-SMA posi-
tive cells. These could be pericytes and/or smooth muscles 
cells that are essential for vascular morphogenesis and sta-
bilization. Of note, additional α-SMA positive cells were 
observed lining the acini or being located within the connec-
tive tissue without direct contact to blood capillaries which 
are most likely myoepithelial cells or fibroblasts. Moreover, 
post-EMT glandular epithelial cells might become α-SMA 
positive as well. However, our study only focused on the 
CD34/α-SMA double positive cells directly contacting capil-
lary endothelial cells in IR-damaged SGs.

Although the entire role of SG-resident CD34-positive 
cells remains elusive, it is conceivable that this progenitor 
cell type could be involved in the healing and the regenera-
tive processes after SG injury by either direct differentiation 
into vascular and non-vascular stromal cells or by an indirect 
mechanism, e.g. by secreting micro vesicles and/or soluble 
factors that can help to (a) induce and sustain the regenera-
tive processes and (b) support revascularization of SG tissue 
in healing and/or regeneration after injury or pathological 
damage.

CD34 is predominantly regarded as the characteristic 
antigen of hematopoietic stem and endothelial progenitor 
cells (Kwon et al. 2014; Tanaka et al. 2018), and MSCs are 
thought not to express CD34. However, accumulating recent 
evidences demonstrate that CD34 is also expressed in freshly 
isolated MSC fractions from bone marrow and adipose tis-
sue, and that it disappears through the expansion of MSC in 
culture (Kaiser et al. 2007; Lin et al. 2008; Kuçi et al. 2010; 
Ferraro et al. 2013). Furthermore, CD34 is considered to 
be expressed in tissue-resident MSCs (Lin et al. 2012) and 
microarray analyses revealed that these cells express genes 
that are known to be involved in vasculogenesis and angio-
genesis (Copland et al. 2008). Interestingly, Campagnolo 
et al. reported that  CD34+CD31− cells, in human saphe-
nous veins contain a population of MSCs which promote 
neovascularization by physical and paracrine interaction 
with endothelial cells (Campagnolo et al. 2010). Here, we 
show, that a portion of SG-resident CD34-positive cells co-
express MSC-associated markers such as Sca-1, c-Kit and 
CD90. However, they are consistently negative for CD31 
after IR, which indicates that they are not progenitors which 

deliver endothelial cells during SG tissue regeneration. In 
summary, our data suggest that SG-resident CD34-positive 
cells putatively represent a sub-population of MSCs, which 
possess the plasticity to give rise to pericytes and smooth 
muscle cells and probably some other types of SG stromal 
cells and by this play a key role for homeostatic maintenance 
of SG tissue vascularization after radiation-induced injury. 
Some reports show that MSCs possess a better antioxidant 
reactive oxygen species-scavenging capacity and active 
double-strand break repair which increases their radiore-
sistance (Chen et al. 2006; He et al. 2019). We hypothesize 
that vascular wall resident CD34-positive cells might resist 
radiation via similar mechanisms. The number of SG-resi-
dent CD34-positive cells did not decline following IR and 
even increased temporarily. This suggests that SG-resident 
CD34-positive cells proliferate and/or reside in the vascu-
lar adventitia from where they can be mobilized and acti-
vated during tissue healing. 20 weeks after IR, the number 
of SG-resident CD34-positive cells gradually declined and 
returned to the level before IR. It has been suggested that 
CD34 expression correlates with replicative capacity and 
stemness, and loss of CD34 expression might be related to 
lineage commitment (Kaiser et al. 2007; Suga et al. 2009). 
We hypothesize that the regenerative processes after IR go 
alongside with an expansion of the stem/progenitor cell pool. 
After the healing phase, the number of CD34-positive cells 
return to the level before IR.

Communication between MSC and endothelial cells (EC) 
is recognized as important cellular interaction in angiogen-
esis. However, the underlying mechanisms of this biologi-
cal processes are not well understood. Xue et al. (2013) 
reported that co-culturing ECs with MSCs induces TGF-β 
signaling and an up-regulation of genes related to angiogen-
esis such as platelet/endothelial cell adhesion molecule-1 
(PECAM-1), cadherin 5 (CDH5), and angiopoietin-related 
protein 4 (ANGPTL4). These findings demonstrate that the 
crosstalk between ECs and MSCs has a significant impact 
on angiogenesis. In our report, we could observe that res-
ident-CD34 positive cells (MSC like phenotype) enwrap 
endothelial sprouts from the outside, probably supporting 
angiogenesis and the maturation of blood vessels. We per-
formed initial experiments demonstrating that tgf-β, pecam-
1, cdh5, angptl4 gene expression was increased in injured 
SGs after IR (Suppl. Fig. 1). Although, the most mechanisms 
of interaction between MSCs and ECs in angiogenesis are 
unknown, we assume that CD34 positive cells (MSC like 
phenotype) and CD31 positive cells (ECs) might commu-
nicate via TGF-β signaling. TGF-ß is also one of the key 
factors that induce endothelial-to-mesenchymal transition 
(EndMT) during which endothelial cells acquire a mesen-
chymal phenotype. We cannot exclude EndMT in processes 
after IR, though we did not observe a particular switch of the 
mature endothelial cells into an MSC phenotype. Therefore, 
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our initial findings need to be further investigated in more 
detail in future studies.

In conclusion, our results demonstrate that SG-resident 
CD34-positive cells show a MSC-like phenotype and sur-
vive and even expand after severe IR-induced SG damage. 
Moreover, they contribute to new vessel formation and/or 
remodeling of impaired capillaries within the parenchyma 
of SG. However, the exact mechanism of resident CD34-
postive cell migration and differentiation remains largely 
unknown. Therefore, additional future studies are worth to 
be done to use the potential of these progenitor cells thera-
peutically in healing of SG and particularly in radiation-
induced xerostomia.
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