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HIGHLIGHTS

We generated a SCRNAseq dataset of chronic irradiation injury in parotid glands

e A newly identified Etvl+ epithelial population may be acinar precursors

e Ntrk2 and Erbb3 are highly specific Etvl+ cell receptors that may mediate cell-cell
communication with myoepithelial cells

e CD8+ T-cdllsand secretory acinar cells have the greatest transcriptional changes post-IR

SUMMARY

Trandational frameworks to understand the chronic loss of salivary dysfunction that
follows after clinical irradiation, and the development of regenerative therapies remain an unmet
clinical need. Understanding the transcriptional landscape long after irradiation treatment that
resultsin chronic salivary hypofunction will help identify injury mechanisms and develop
regenerative therapies to address this need. Advancesin single cell (sc)RNAseq have made it
possible to identify previously uncharacterized cell types within tissues and to uncover gene
regulatory networks that mediate cell-cell communication and drive specific cell states.
scRNAseq studies have been performed for virtually all major tissues including salivary glands,
however, there are currently no scRNAseq studies evaluating the long-term chronic effects of
irradiation on salivary glands. Here, we present ScCRNAseq from control and irradiated murine
parotid glands collected 10 months post-irradiation. We identify a population of epithelial cells
in the gland defined by expression of Etvl, which may be an acinar cell precursor. These Etvl+
cells also express Ntrk2 and Erbb3 and thus may respond to myoepithelial cell-derived growth
factor ligands. Furthermore, our data suggests that CD4+CD8+ T-cells and secretory cells are the

most transcriptionally affected during chronic injury with radiation, suggesting active immune
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involvement during chronic injury post-irradiation. Thus, our study provides a resource to
understand the transcriptional landscape in a chronic post-irradiation microenvironment and

identifies cell-specific pathways that may be targeted to repair chronic damage.

Introduction

Of the three maor pairs of salivary glands (SGs): the parotid (PG), submandibular
(SMG), and sublingual (SLG), the human PG is the largest and produces the largest volume of
saliva, particularly in response to gustatory simulation. In mice, the PG is smaller than the SMG
but also contributes to the majority of stimulated saliva *. In addition, the PG is the most
sensitive to irradiation (IR) damage, a therapeutic treatment for head and neck cancer that often
results in permanent salivary hypofunction. In terms of understanding saivary gland biology,
most studies have focused on the SMG both in the context of development and response to
injury; however, each gland has unique functions and transcriptional profile %. Here we set out to
investigate the effects of irradiation damage to PGs in mice using single cell (sc)RNAseq.

The PG is primarily comprised of serous acinar cells which produce large volumes of
watery serous saliva that is transported through the ductal system into the oral cavity to aid in
digestion and protection of mucosal surfaces. Despite advances in radiotherapy, it is estimated
that ~40% of head and neck cancer patients suffer from the chronic consequences of salivary
gland damage months to years after the completion of radiotherapy, even with newer modalities
such as intensity-modulated radiation treatment (IMRT) that reduces exposure to non-tumor
tissues *’. Animal studies show that the acute effects of radiotherapy in the PG occur in the days
and weeks following initial treatment and are likely a result of high levels of acinar cell death ®,

DNA damage °, dysregulated calcium signaling and ROS generation *°, inflammatory responses
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1 and alterations to the nerves and vasculature, whereas the chronic effects arise months to
years after initia treatment (Reviewed in ). Chronic loss of function is often attributed to
fibrosis and the inability of acinar regeneration to occur, and preclinical studies suggest that
persistent acinar cell proliferation, vascular damage, and parenchyma cell loss may be
contributing factors ***°. In a similar manner, patients with Sjogren’s syndrome, an autoimmune
disease that damages the acinar cells of salivary and lacrimal glands, life-long consequences
include dental caries, reduced taste and smell, malnutrition, mucositis, and increased risk for oral
infections leading to a significant decrease in quality of life *’. Therefore, trandational
frameworks to understand chronic glandular dysfunction following IR therapy along with the
development of regenerative therapies remains an unmet need.

The development of scRNAseq has made it possible to identify previousy
uncharacterized cell types within a tissue and to uncover and gene regulatory networks and
mechanisms regulating cell-cell communication and specific cell states *##. To date, there have
been scRNAseq studies performed for virtually al major tissues, including atlas-level sScRNAseq
datasets such as the Tabula Muris % or the Tabula Sapiens * which integrate data from multiple
organs in mouse and human, respectively. There are also numerous scRNAseq studies on
disease-specific models, which are important to understand the cellular mechanisms involved
that could be targeted for repair or regeneration. In SGs, scRNAseq studies have focused on

understanding homeostasis and devel opment %%

, aswell as particular disease states, such cancer
# Sjogren syndrome !, and COVID-19 infection %.
In this study, we use scRNAseq to characterize the adult mouse PG and compare the

transcriptional landscape 10 months after IR damage to explore chronic dysfunction post-

irradiation. Due to the complex heterogeneity of the SGs, distinguishing cell-type compositional
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differences and their specific and direct contribution to the loss of saliva following radiation
therapy is complex, and single-cell transcriptomics will begin to resolve thisissue.

This dataset alows for discovery and exploratory research into the mechanisms and
celular processes driving PG dysfunction post-IR in a model of fractionated IR with limited
acinar cdl loss. Our work has been validated by immunofluorescence staining to confirm the
presence of selected markers in specific cell populations, confirming the potential to reveal
meaningful biological insights. It is noteworthy that sScRNAseq of in vivo models of chronic IR
injury has only been performed in liver , lung *, and skin **, and datais only publicly available
for lung and skin. Thus, our study will also be an essential resource to better understand cell-

specific responsesto IR in general.

Results
Generation of a single-cell resour ce of healthy and irradiated mouse parotid gland

Using the 10X Genomics platform, we generated 2 individual scRNAseq libraries of
healthy and IR mouse PG collected 10-months post-irradiation (Figure 1A). Mice received 6 Gy
IR/day to the head and neck region on five consecutive days, for a total dose of 30 Gy. This
mouse model of IR damage to SGs results in chronic loss of saliva with partial loss of epithelial
cells . Control and IR PG samples were bioinformatically integrated with SEURAT v4 and
clustered following SEURAT’s standard workflow ***". The optimal resolution for clustering
was determined using clustree package * and the resulting 17 cell clusters were annotated based
on their gene expression profile (Figure 1B, S1A-B) and a previously generated atlas of SMG
development which provided cell type specific markers %. Stromal and myoepithelia cells

(MECs) clustered together with endothelial cells likely due to the low number of cells recovered

Page 4


https://doi.org/10.1101/2022.11.26.517939

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.26.517939; this version posted February 12, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

93 for these populations. Thus, they were manually annotated based on expression of a combination
94  of stromal (Collal2 and Vim) and myoepithelial (Krt14 and Acta2) markers which were highly
95  specific (Figure S1C-D). We did not identify discrete clusters of basal duct cells (Krt14+Krt5+)
96 or periphera nerves presumably due to limitations in the dissociation technique, which has been
97  previously reported for adult SG tissue dissociation .
98 The identified populations included acinar cells (Amyl+), intercalated duct (Dcppl-3+),
99 dtriated duct (Fxyd2+, Klkl+), MECs (Acta2+Krtl4+), stroma (Collal+Vimt), endothelial
100 (Pecaml+), and 9 distinct immune populations including B-cells (Cd79a+ and Immunoglobulin
101 genes), five subtypes of T-cells (CD4+; CD8+; CD4+CD8+; FoxP3+; Cxcr6+), macrophages
102  (Adgrel+), dendritic cels (S100a8/9+), and natural killer cells (Gzma+Nkg7+). We aso
103 identified a previously uncharacterized epithelial population defined by high expression of Etvl
104  and Krt8 and moderate expression of Amy1 (Figure 1B-C, S1B).
105
106  Etvl expression delineates a secretory subpopulation in acinar and duct compartments
107 The two most striking observations from our initial clustering anaysis are the
108 identification of an Etvl+ epithelial population and the prominence of multiple resident immune
109 cdl types after IR. Etvl has been described as one of the top transcription factors expressed in
110 the sdivary glands *. To characterize this Etvl+ cluster, and to generate gene expression
111 profiles of individua cell populations in healthy adult parotid glands, we performed differential
112  expression analysis with SEURAT in the annotated control sample (Figure 1C). Genes enriched
113  in a given cluster are herein referred to as cell-defining genes and were sometimes expressed

114  elsewhere at lower levels. The complete genelist isincluded in Supplementary File 1.
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115 The expression of Amyl in Etvl+ cels suggested an acinar-like phenotype. When
116  comparing the gene expression profile of major epithelial populations, 38% of acinar-defining
117  genes (30 of 79) were enriched in Etvl+ cells (Figure 2A-B). Both cell types expressed serous
118  secretory markers such as amylase (Amyl), parotid secretory protein (Bpifa2), prolactin induced
119 protein (Pip), and carbonic anhydrase 6 (Car6), but their expression was significantly higher in
120 acinar cells, while Etvl+ cells had higher expression of Krt8, Krtl8, and Phldal (Figure 2C).
121 When compared to duct populations, Etvl+ cells expressed 38% (19 genes) of intercalated duct
122  (ID)-defining genes (Figure S2A) and only 9.3% of striated duct (SD)-defining genes (Figure
123 2B, S2B), suggesting that Etvl+ cells are transcriptionally ssimilar to both acinar and ID
124  populations. Accordingly, Etvl protein was detected by immunofluorescence in a subset of duct
125 and acinar cells. Duct cells showed strong nuclear and cytoplasmic Etvl+ signal while it was
126  predominantly nuclear in NKCC1+ acinar cells (Figure 2D).

127 Next, we performed functional analysis of all acinar and Etvl+ cell-defining genes using

128 STITCH (search tool for interactions of chemicals, http://stitch.embl.de/), which integrates
129 information about interactions from metabolic and KEGG pathways, crystal structures, binding
130  experiments, and drug-target relationships. “°. As expected, KEGG pathway analysis on acinar
131  genes showed salivary secretion as one of the top pathways (Figure S2D). In contrast, in Etvl+
132 cellsthe top functions and pathways were associated with organ development and activation of
133  Rapl, TNF, and ErbB sgnaling pathways (Figure 2E, S2C), suggesting that the Etvl+
134  population has distinct functions despite their transcriptional similarities to acinar cells.

135

136 Acinar and Etvl+ cells communicate with MECsand stromal cellsvia Erbb3 and Ntrk?2
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137 Given that cellular functions are often initiated by ligand-receptor interactions that trigger
138 signaling cascades, we next used two bioinformatic approaches to predict putative cell-cell
139 interactions: First, we used differential expression analysis for each cluster and cross-referenced
140 the resulting cell-defining genes with a previously published database of curated ligand-receptor
141 pairs “*. For reproducibility of this approach, we used R-scripted code which is available as
142  supplementary material. In this database, a ligand is defined as any molecule that interacts with
143 known receptors and thus intracellular components such as Hras are included. As a
144  complementary approach, we used CellChat, which infers ligand-receptor pairs and associated
145  pathways based on a manually-curated list of literature-supported interactions grouped into 229
146  signaling pathways **. Both approaches were consistent and showed that acinar and duct cells
147  had the lowest number of enriched ligand and receptor genes compared to al other cell types
148  while MECs had the highest number across epithelial populations (Figure S3A-C).

149 Differential expression analysis identified 9 ligand and 5 receptor genes among the Etvl+
150 cell-defining genes, as well as 5 ligands and 2 receptors in acinar cells (Figure 3A). The
151 identified receptor genes enriched in Etvl+ cells included Ghr, Dddrl, 14, Erbb3, and Epha5,
152 which were highly specific to this population (Figure 3B, left panel). On the other hand, the
153  ligandsfound in Etvl+ cells were also enriched in other cell types, with the exception of Col7al,
154  which was highly specific (Figure 3B, right panel). A distinct set of ligands and receptors were
155 enriched in acinar cells, including the receptor genes Ntrk2 and Kcnn4, and the ligands P4hb,
156  Nucb2, Agt, Tcn2, and Pip. All of the resulting putative interactions from our differential gene
157  expression analysis are shown in Supplementary File 2. Interactions between acinar and Etvl+
158 celswith al other cell types are summarized as chord plots in Supplementary Figure S3D-E. All

159 interactions predicted by CellChat are available in Supplementary File 3. Based simply on the
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160 total number of possible pairs (without accounting for the level of expression of individual
161  genes), the strongest outgoing interactions from Etvl+ cell ligands were predicted to occur with
162  receptors in endotheial cells, whereas Etvl+ cell receptors corresponded to ligands from
163  myoepithelial and stromal cells. In contrast, the corresponding pairs for acinar cell ligands were
164 expressed primarily in T-cells (Supplementary Figure S3D). These findings were largely
165  corroborated by CellChat (Figue 3D), which does take into account the level of gene expression
166 aswel asthe proportion of cells expressing a given ligand-receptor pair in acluster.

167 CellChat analysis determined that Etvl+ cells were a source of ligands for
168 Thrombospondin (THBS) and EphrinA (EPHA) signaling pathways, and had receptors for
169  Carcinoembryonic antigen cell adhesion molecule (CEACAM) and Neuregulin (NRG) ligands,
170  whereas acinar cells were receptive to Neurotrophin (NT) signaling (Figure 3E). These results
171 revealed notable interactions between myoepithelial and Etv1l+ cells via the Erbb3 receptor and
172 two of itsligands, Neuregulinl (Nrgl) and Nrg2, and between myoepithelial and acinar cells via
173  the neurotrophin receptor Ntrk2 and its ligands, Neurotrophin 3 (Ntf3) and 5 (Ntf5) (Figure 3E-F,
174  Supplementary Figure S3D-E). Ntrk2 was also expressed in Etvl+, myoepithelial and stromal
175 cdls in our scRNAseq data but immunofluorescence staining confirmed enrichment of the
176  receptor in acinar cells of mouse parotid gland (Figure 3F). The cdlular functions of Ntrk2 in
177  acinar cells are currently unknown and thus further mechanistic studies are warranted.

178

179 CD8+CD4+ T-cdlsand acinar cellshavethe greatest transcriptional responseto IR

180 The model of SG IR used in this study is based on a fractionated dosing schedule of 6Gy
181 x5 consecutive days, which leads to significant loss of saliva ® but it does not result in extensive

182 loss of acinar cells and development of fibrosis (Figure 4A) as reported by Ferreira et al. While
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183  thismodel shows a milder phenotype compared to aternative models using a single 15Gy dose

184 in distinct mouse strains 4%

, i1t has been previoudly used to demonstrate the therapeutic
185 potential of adenovirus-based Neurturin gene transfer in the SMG to prevent the loss of saliva
186 caused by IR. Given that we did not perform multiple technical replicates of each treatment,
187 potential changes in cell proportions are reported as trends. In general, B cellsand T cells were
188 the most affected (Figure 4A-B). We observed a 33 % relative decrease in the proportion of B
189 cdlls, a 39 % increase in CD4+ T cells, and a 195% increase in CD4+CD8+ T cdlls. A 22 %
190 decreasein the proportion of acinar cells was also noted.

191 Differential expression analysis with SEURAT was performed between control and
192 irradiated cell types. The complete list of differentially expressed genes (DEGS) is shown in
193  Supplementary file 4. CD4+CD8+ T-cells had the highest number of dysregulated genes (~70)
194 post-IR across al identified cell populations, followed by acinar cells (Figure 4C). We did not
195 detect DEGs in MEC and stromal populations post-IR, and only 1 gene was differentially
196 expressed in IR endothelial cells. The lack of DEGs in MECs is likely explained because of the
197  low number of MECs analyzed (Figure 4B). Stromal and endothelial cells also did not show
198  significant changes in gene expression, but they were well-represented in our dataset; thus, cell
199 numbers aone are not likely to account for the lack of DEGs post-IR in these populations.
200 Instead, the lack of DEGs may reflect the fact that this model of IR damage is not highly fibrotic
201  (Figure 4A). Alternatively, it's possible that endothelial and stromal populations may have
202  recovered ayear after IR damage.

203 The top upregulated genes in acinar cells post-IR included Actb, Tmsb4x, and Pfnl which
204  areinvolved in actin polymerization (Figure 4D). The genes Gm42418, Hba-al, and Smr3a were

205 theonly downregulated genesin acinar cells and they were also downregulated in most other cell
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206  types (Figure SAA, Supplementary file 4), suggesting a global response to IR rather than an
207  acinar-specific one. In CD4+CD8+ T-cells, the top upregulated genes post-IR were Jun, Fos,
208  Ltb, KIf2, and KIf6, and the most downregulated genes were Ctla2a, Tcplll2, Cripl, Ramp3, and
209 Tubb4b (Figure 4D). In general, DEGs in acinar cells were associated with regulation of
210 transepithelial transport, electron transport, apoptosis, and translation processes according to
211 gene ontology analysis via The Gene Ontology Consortium “°, while DEGs in CD4+CD8+ T-
212 cels were associated with V(D)J recombination, lymphocyte differentiation, apoptosis,
213  axonogenesis, and ERK signaling pathway (Figure $4B).

214 When we cross-referenced the IR DEGs against the database of ligand-receptor pairs
215 from Ramilowsky et al., only a handful of ligands and receptors were represented (Figure 4E-F),
216  and only a few of these had a corresponding pair (Figure 4G-H, Supplementary File 5). Most
217  differentially expressed pairs were found between immune populations, MECs, stromal, and
218 endothelial cells. In acinar and CD4+CD8+ T-cells, which were the most transcriptionally
219  affected, weidentified 5 ligands (Ptma, Hsp90aal, Ltb, Hspala, and Hras) and 5 receptor genes
220 (Rpsa, Cd53, Ramp3, Cd28, and Ifngrl) differentially expressed post-IR (Figure 4E-F).
221  However, these DEGs were expressed across multiple clusters and were not defining for any
222  individua population. For instance, Hsp90aal was downregulated in al immune populations
223 except NK cells and macrophages, and both Hspala and Hras were downregulated in NK cells
224 (Figure 4E). Similarly, Rpsa was upregulated in acinar cells while Ifngrl was downregulated in
225 CD4+CD8+ T-cells post-IR (Figure 4F). Putative pairs were found for Rpsa (Ribosomal protein
226 SA (Rpsa), dso known as Laminin receptor 1), Ifngrl (Interferon Gamma Receptor 1),
227  Hsp90aal (Heatshock protein 90 Alpha Family Class A Member 1), Ltb (Lymphotoxin Beta),

228  and Hras oncogene (Supplementary File 5).
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229 This analysis suggested multiple signaling alterations including interactions with acinar
230 celsviaLamb2-Rpsa and between NK and CD8+ cells with CD4+CD8+ T-cells via Ifng-1fngrl
231  (Supplementary File 5, Figure 4G-H). Paracrine signaling via Hsp90aal from immune cells to
232 Edfr expressed in myoepithelial, stromal, and endothelial cells was potentially reduced, while
233 Ltb interaction with Tnfrsfla and Cd40 expressed by macrophages, endothelial cells, dendritic
234  cells, and B-cells was potentially increased.

235

236  Neurotrophin, neuregulin, ECM, and immune signaling are the main altered pathways in
237  Acinar and Etvl+ cells post-IR

238 Given that too few ligands and receptors were differentially expressed, we next used
239  CdlChat, which is sensitive to expression patternsin ligands and receptors themselves, as well as
240 their cofactors, and weighs the size of a given cluster and the proportion of cells within a cluster
241  expressing agene. CellChat predicted similar ligand-receptor interactions in the IR-PG compared
242  to those from the control glands (Supplementary File 3). There was an increase in the number of
243 interactions post-IR from 3128 in the control to 3191 in IR PG, although the predicted interaction
244  strength was dlightly reduced (Figure 5A). Interactions with Rpsa, Hsp90aal, or Hras could not
245  be confirmed since these are not included in CellChat’s database of ligand-receptor pairs.
246  CdIChat predicted that MECs, stromal, and endothelial cells had the highest number of
247  differentia interactions while B-cells and T-cells had the greatest difference in interaction
248  strengths (Figure 5B, Figure S5A). A summary of the number of differentia interactions per cell
249 typeisprovided in Supplementary File 6. Here, we focus specifically on acinar and Etv1+ cells.
250 CellChat predicted altered signaling from MECs, stromal, and endothelia cells to both

251  acinar and Etv1+ cells (Figure 5C-D). Generally, this seemed to be predominantly mediated by
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252  fewer interactions between Cd44 and Sdc4 with multiple collagens and laminins (Figure S5E). We
253  also saw a shift in Neurotrophin signaling interactions post-IR, which were decreased between
254  acinar cdls and MECs or Stromal cells, but increased with endothelial cells (Figure 5E); this
255 shift also involved changes in the ligand Ntf5 and the appearance of a more significant
256 contribution from Ngf-Ntrk1 interactions (Figure S5B). Disruption of neurotrophin signaling was
257  also recently reported in irradiated human salivary glands *’. Altered signaling in Etvl+ cells
258 aso involved loss of Igfl-1gflr interactions with stromal and endothelial cells, and increased
259 interactions via Nrg2-Erbb3 with stromal cells (Figure 5E). A key difference between the two
260 cel types was ther differential interactions post-IR with immune populations. In acinar cells,
261 there were increased interactions with T-cells and B-cells (Figure 5C, Figure 5F), but the
262  strength of the interactions was generally lower (Figure S5C). In contrast, Etv1l+ cells showed
263  generally stronger interactions with T-cells, with the exception of FoxP3+ cells, which had fewer
264  interactions (Figure 5D, Figure 5G, Figure S5C).

265 These results combined suggest that this model of IR injury shows alterations in cell
266  adhesion interactions with the extracellular matrix (i.e. via Cd44, Sdc4, collagen and laminin), as
267 wadll as changes in neurotrophin (Ntrk2, Ntf5, Ntf3), neuregulin (Nrgl, Nrg2, Erbb3), and IGF
268  (Igfl, Igflr) pathways. Furthermore, they suggest active involvement of immune cels,
269  particularly T-cdls, in mediating cdlular responses post-IR, although the specific mechanisms
270 involved are still unclear. Further mechanistic studies are encouraged to determine the functional
271  relevance of these predicted interactions.

272

273 Discussion
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274 We generated a sScRNAseq resource of adult PG that includes a chronic IR injury model.
275  This resource allowed us to identify a discrete cell cluster of secretory cells defined by Etvl
276  expression, and to predict putative ligand-receptor interactions that mediate key signaling
277  pathways between secretory cell types and their microenvironment during homeostasis and post-
278 injury.

279 The near exclusivity of Etvl expression in asingle cluster isintriguing but it is not known
280 whether it represents a cell-type-specific marker or a cell state. Their mixed histological
281 localization suggests the latter. We saw expression of Etvl in both acinar and duct
282  compartments, particularly close to the intercalated duct, similar to observations made by Song
283 et al.inadult mouse SMG “®. Etv1 is one of the top transcription factors in the salivary glands *
284 and it was previously reported to be enriched in putative salivary stem cells defined by
285 expression of Lin-CD24+c-Kit+Scal+ *. Etvl was aso recently associated with the
286  development of the acinar epithelium in the mouse SMG . These observations may be
287  suggestive of Etvl being involved in an intermediate state between intercalated duct and acinar
288  cdlls. Indeed, experiments in rodents suggest that intercalated duct cells may harbor stem cells
289  that can differentiate into acinar cells or other duct cells °**. Etvi+ cells showed enrichment of
290  Erbb3 expression, which was predicted to mediate signaling via neuregulin ligands derived from
291 MECs and stromal cells. Erbb3 signaling is critical for SG development and plays a crucial role
292 in organogenesis. Branching morphogenesis in the mouse SMG depends on intraepithelial
293  signaling mediated by ErbB2, ErbB3, and neuregulin 1 (Nrgl) >. Nrgl-null embryos show
294  reduced innervation and defective branching morphogenesis ***°. Thus, it is plausible that Etv1+
295 (Erbb3+) cels in the adult parotid gland could be involved in either replenishment of the

296  epithelium or wound healing, and may function as a proacinar population in the PG.
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297 Our finding that the neurotrophic receptor Ntrk2 is enriched in acinar cells is interesting
298  because of the precedent of using neurotrophic factors such as neurturin to preserve function in
299 irradiated SGs **°. Moreover, we recently reported that in humans, IR chronically dysregulates
300 the neurotrophin signaling pathway in both PG and SMG and is associated with functional and
301 morphological abnormalities *’. Ligand-receptor analysis predicts that stromal cells and MECs
302 communicate with Ntrk2-expressing acinar cells via Ntf5 and Ntf3, respectively. Considering the
303 localization of MECs surrounding acinar cells, it is likely that both juxtracrine and paracrine
304 signaling takes place. The function of the Ntrk2 receptor in salivary acinar cellsis not known but
305 thegeneisaso highly expressed in Neurogenin 3-positive (Ngn3+) endocrine progenitors in the
306 pancreas > and its activation regulates Ngn3+ cell fate commitment. Neurotrophin receptors are
307 aso mutated or upregulated in a variety of cancers, suggesting a role in proliferation and
308 differentiation. In the SMG, Ntrk2 is expressed in serous acinar cells but not in seromucous
309 acinar cells %, indicating that Ntrk2 signaling may be important for the serous acinar phenotype,
310 which is predominant in the PG. Furthermore, we recently identified that NTRK2 is highly
311  upregulated in MECs of irradiated human SGs along with other neurotrophin receptors and
312  stimulation of neurotrophin signaling in vitro promoted myoepithelial differentiation®. In the
313 lacrimal gland, neurotrophins are expressed in acini while neurotrophin receptors are expressed
314 by MECs *®, suggesting that neurotrophin signaling may mediate intercellular communication
315 between acinar cells and MECs in other exocrine tissues. Moreover, given that Ntrk2 is
316  expressed on the cell surface, it may also provide a viable strategy to FACS-sort acinar cells
317  from parotid gland to investigate expansion or differentiation of acinar cells in vitro. The latter
318 application would likely require a combination of markers since Ntrk2 is also expressed in

319  Etvl+, myoepithelial and stromal cells.
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320 The IR model used in our study has been previously used to demonstrate the protective
321  effect of neurturin gene-transfer to prevent loss of salivain the IR-SMG *. In contrast to more

1043455980 this model does not result in extensive loss of acinar cells

322  severe models of IR injury
323 and is only mildly fibrotic; thus, it is ideal for understanding transcriptional changes in acinar
324  cells before they are lost. Indeed, acinar cells had the second largest number of DEGs post-IR in
325 this mode. Surprisingly, CD4+CD8+ cells showed the highest number of DEGs post-IR,
326  suggesting that chronic damage post-IR may be sustained by immunologic mechanisms. Thereis
327 growing evidence of immune-epithelial interactions in the regulation of tissue homeostasis and
328  wound healing responses with macrophages and regulatory T-cells (Tregs; FOXP3+) garnering the
329 most atention ®. Through Notch-mediated signaling, mammary gland stem cells induced
330 resident macrophages to produce Wnt ligands ultimately leading to mammary stem cell
331 proliferation ®. Depletion of T in the intestine leads to a reduction in LGR5+ stem cells
332 Given the extensive ligand-receptor interactions between Etvl+ cells and immune célls, it is
333  interesting to speculate a functional role of Etvl+ cellsin directing the localization and activation
334  of resident immune populations. In the epidermis, distinct cellular populations around the hair
335 follicle produce distinct chemokines to direct innate immune cell populations ®. For example,
336 the interaction between Etvl+ and FoxP3+ cdlls via Cdhl-ltgae (E-cadherin and integrin-o-E)
337 may represent the physical tethering of this sub-population of T-cells to the salivary epithelium
338  under homeostasis ®, and it was increased post-IR (Figure 5G). It's interesting to note that
339 radiation treatment led to a 1.5-fold increase in Ty Without a concomitant change in Etvl+ cells
340 or macrophages. Given the extensive role macrophages and FoxP3+ cells serve in injury and
341  regeneration models, more work is required to unravel the impact of these T -epithelia

342  interactions population during SG dysfunction.
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343 Radiation treatment also resulted in the greatest increase in CD4+CD8+ populations and
344 the most DEGs observed in the CD4+CD8+ cells (Figure 4). Clinical evaluation of SMG by
345 immunohistochemistry following radiotherapy has revealed increased T-cells (CD3+, CD4+ or
346 CD8+) in the periacinar area and B cell (CD20+) nodules in the periductal area ®. The DEGs in
347 the CD4+CD8+ population suggest an imbalance in immune regulation following irradiation.
348 Increases in KLF2 in IR PGs may represent a shift in T-cell populations as KLF2 is highly
349  expressed in naive and memory T-cells and downregulated by TCR activation and cytokine
350  stimulation in effector T-cells ®’. Additionally, high levels of KLF2 inhibit T-cell proliferation
351 and clonal expansion ®. KLF6 also inhibits cell proliferation and is co-regulated with KLF2 in
352  MCF-7 cells ®. Thus, high levels of KLF2 and KLF6 coupled with a lack of cytokines and
353  chemokines on the DEGs suggest that the increase in CD4+CD8+ T-cells may represent a naive
354  population; however further kinetic analysisis required. This is also supported by a decrease in
355 Ctla2a, which encodes for a cysteine protease that serves an immunosuppressive function in

356  retinal pigment epithelium *™

and promotes the conversion of CD4+ T cells to Treg cells via
357  Transforming Growth Factor Beta (TGFp) signaling ™. Lymphotoxin-B (LT-p), encoded by Ltb,
358 is a TNF family member cytokine that has been predominantly studied in development and
359  organization of lymphoid tissues 2. LT-p can mediate both regeneration and chronic tissue injury
360 in epithelial organs via nuclear factor-kB (NF-xB) pathway ™. Blocking the LT-p receptor
361 suppresses immune responses by modulating trafficking mechanisms and disrupts the
362  progression of TIDM in NOD mice ". It is interesting to speculate whether the increased LT-B
363 interactions with Tnfrsfla or CD40 prevent the clearance of immune populations or maintenance

364 of naive T cels. Ltb is induced following oxidative stress ™ and has been proposed to enable

365 communication between lymphocytes and stromal cells ”, findings that are corroborated by this
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366  work predicting increased interactions with stromal and immune cell populations post-IR (Figure
367 5).

368

369 Limitationsof the study

370 A caveat of thisstudy isthe lack of isolation of basal ducts and peripheral nerve cells during PG
371 dissociation, which were not represented. Similar limitations have been reported in other
372 scRNAseq studies working with adult tissues, which could potentially be overcome using single
373 nucle RNAseq analysis. Furthermore, although multiple biological replicates were used, they
374  were pooled together during dissociation prior to sequencing, thus, cell proportion changes
375  should be considered with caution.
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Figure Legends

Figure 1. scRNAseq analysis of control and irradiated PG

A) Single cdl suspensions from 1-year-old control and irradiated PG from 2 C3H female mice
were used to build scRNAseq libraries. Representative UM AP plots are colored by treatment
group or cell type. Clusters were annotated based on the expression of known markers.

B) Balloon Plot with top 5 DEGs per cluster sorted by fold change. Statistical analysis
performed using SEURAT package in R. Color is relative to scaled gene expression and size
of the dot represents the percentage of cells expressing the gene.

C) Representative UMAP plots showing expression of Etvl and Amy1l

Figure 2. Characterization of acinar and Etv1+ cells

A) UMAP plot highlighting acinar, Etv1+, and duct populations with a representative heatmap
of their gene expression profiles.

B) Venn diagram of cell-defining genes in acinar and Etvl+ clusters showing the number of
unique and overlapping cell-defining genes. Representative genes from each group are
shown. The bar graph shows the percentage of overlap between cell-defining genes in acinar
and duct populations with Etv1+ cells.

C) Balloon plot showing expression of the 30 genes overlapping between acinar and Etv1+ cells.
Genes marked with an asterisk are differentially expressed between Etvl+ and acinar cells
(p<0.05, Wilcoxon rank sum test (SEURAT)). Color is relative to scaled gene expression and
size of the dot represents the percentage of cells within a cluster expressing the gene.

D) Immunofluorescence staining of PG from 1 year-old C3H mice stained for Etvl (Red),
NKCC1 (green) and DAPI (blue). The area delineated by the yellow dotted line is magnified
to theright for visualization. Scale bar = 50um.

E) Results from STITCH analysis showing top biological processes and KEGG pathways
associated with defining-genes from Etv1+ cdlls.

Figure 3. Ligand-receptor analysisof Etvl+ and acinar cells

A) Bar graphs with number of identified ligands and receptors among cell-defining genes from
epithelial populations.

B) Balloon plots of expression of ligands and receptors enriched in Etvl+ cells.
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C) Balloon plots of expression of ligands and receptors enriched in acinar cells.

D) Chord plots summarizing putative ligand-receptor interactions with Acinar and Etv1+ cells,
as predicted by CdlChat. The arrows point to the cell expressing the receptors and are
colored based on the source of the ligand. The thickness of the arrow is reative to the
number of putative pairs identified.

E) Heatmap shows the relative importance of each cell group based on CellChat-computed
network centrality measures of NRG, NT, THBS, EPHA, and CEACAM signaling networks.

F) Relative contribution of each ligand-receptor pair to the overall communication network of
NRG and NT signaling pathways, which is the ratio of the total communication probability
of theinferred network of each ligand-receptor pair to that of the signaling pathway.

G) Immunofluorescence staining for Smooth muscle actin (SMA, Red), NTRK2 (green) and
Parotid Secretory Protein (PSP, blue). The area delineated by the yellow dotted line is
magnified to the right for visualization. Scale bar = 50um.

Figure 4. Cell-specific IR-induced DEGs

A) Masson’s trichrome staining of control and IR-PG collected 10-months post-IR. Areas in
blue represent fibrotic/collagenous tissue.

B) Cell numbers and proportionsin scRNAseq datasets from control and irradiated PG.

C) Bar graph showing number of DEGs post-IR in individual cell populations. DE analysis was
performed with SEURAT’ s default Wilcoxon test (p<0.05).

D) Violin plots of top 5 (if present) up and downregulated genes in acinar and CD4+CD8+ T-
cells. Red and blue arrows denote upregulated and downregulated genes, respectively.

E-F) Violin plots of differentially expressed ligands and receptors from SEURAT’s DE analysis.

G-H) Chord plots of ligand-receptor interactions with IR-induced DE receptors and ligands.

Figure 5. Dysregulated ligand-receptor pairs post-IR

A) Number of ligand-receptor pairs and interaction strength in control and IR-PG determined by
CellChat.

B) Differential number of possible interactions between acinar and Etvl+ cells with all other

populations in IR-PG compared to control. Red (positive values) and blue (negative values) in
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the color bar indicate higher number of predicted interactions in IR-PG and controls,
respectively.

C-D) Differential ligand-receptor interactions in Acinar and Etvl+ cells between IR-PG and
control, as predicted by CelChat. The arrows point to the cell expressing the receptors. Red
arrows indicate increased number of interactions and blue arrows represent a decrease. The
thickness of the arrow is relative to the change in number of interactions between control and IR-
PG.

E) Comparison of the significant ligand-receptor pairs between control and IR-PG, which
contribute to the signaling from MECs, stromal and endothelial cells to acinar and Etv1l+ cdlls.
Dot color reflects communication probabilities and dot size represents computed p-values.
Empty space means the communication probability is zero. p-values are computed from one-
sided permutation test.

F-G) Comparison of the significant ligand-receptor pairs between control and IR-PG, which
contribute to the signaling from acinar and Etv1+ cells to immune populations. Dot color reflects
communication probabilities and dot size represents computed p-values. Empty space means the

communication probability is zero. p-values are computed from one-sided permutation test.

STAR METHODS

RESOURCE AVAILABILITY

L ead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Algandro Chibly (martinez-chibly.agustin@gene.com)

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
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The single-cell RNAseq libraries were deposited in GEO under accession number GSE223516.
The code used for analysis is available in github: https://github.com/chiblya/scRNAseq PG. All
package versions are reported in the gitgub repository. Ready-to- use Seurat objects are aso
available viafigshare: 10.6084/m9.figshare.20406219

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C3H miceand irradiation (IR) treatment

C3H female mice were used for the study and were housed at the NIDCR Veterinary Resource
Corein accordance with IACUC guidelines. At 6-10 weeks of age, mice received fractionated IR
treatment at 5 x 6 Gy (6 Gy/day for 5 days). Only head and neck area was irradiated by placing
each animal in a specially built Lucite jig so the animal could be immobilized without the use of
anesthetics. IR treatment was delivered with by an X-Rad 320ix system. The mice were housed
in a climate- and light-controlled environment, and allowed free access to food and water for 10
months post-IR before sScRNA-seq analysis.

METHODS

Single-cell Dissociation. Parotid glands from 2 female mice per treatment were dissociated in a
15ml gentleMACS C tube with 5ml of digestion enzyme using the human tumor dissociation kit
(#130-095-929, Miltenyi Biotech, Auburn CA) in RPM1 1640 w/L-Glutamine (Cell applications,
Inc, USA). Cell dissociation was performed in a Miltenyi gentleM ACS Octo Dissociator using
the manufacturer’s preset 37C_h_TDK_2 program. Following dissociation, 5ml of RPM| media
were added to the dissociated cells and centrifuged at 1100 rpm for 10 min. Cells were
resuspended in RPMI 1640 w/L-Glutamine with 5% PenStrep (Gibco, USA) and washed twice
with RPMI. Cells were passed through 70 um filters between centrifugation steps. Single-cell
dissociation was confirmed by microscopic examination and cell concentration determined with
a Cellometer (Nexcelom Biosciences). Cell concentration was adjusted to 5x10° — 1x10° cells/m

prior to analysis with a 10X genomics Next GEM Chromium controller.

Library prep and sequencing: Single-cell RNA-seq library preparation was performed at the
NIDCR Genomics and Computationa Biology Core using a Chromium Single Cell v3 method
(10X Genomics) following the manufacturer’s protocol. Pooled single-cell RNA-seq libraries
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were sequenced on a NextSeg500 sequencer (lllumina). Cell Ranger Single-Cell Software Suite
(10X Genomics) was used for demultiplexing, barcode assignment, and unique molecular
identifier (UMI) quantification using the mml0 reference genome (Genome Reference

Consortium Mouse Build 38) for read alignment.

Computational analysis. Cell Ranger files were imported to SEURAT v3 using R & R Studio
software and processed for clustering following their default pipeline. As a quality control
measure, cells with fewer than 200 genes were not included in subsequent analyses, and those
with >5% of UMIs mapping to mitochondrial genes were defined as non-viable or apoptotic and
were also excluded. These metrics were based on our previous scRNAseq analysis of murine
SMG %. Normalization and scaling were performed following SEURAT's default pipeline. Data
from control and irradiated glands were bioinformatically integrated prior to assigning cell
annotations. ‘Clustree’ package was used to determine an optimal resolution for clustering and
the resulting clusters were annotated based on the expression of known cell type markers. Cell-
defining genes were determined using the ‘FindAlIMarkers function which uses a Wilcoxon
Rank Sum dtatigtical test for analysis. Only genes with adjusted p-values <0.05 were considered
as cell-defining genes. To identify DEGs between treatments, each population was compared
individually using the ‘FindMarkers' function from SEURAT package.

Ligand-receptor analysis

A database of curated ligand-receptor pairs was downloaded from Ramikowski et al. (2015). We
used scripted code in R to automate the search for ligand and receptor genes within our dataset
and leverage that information against the curated database. Additionally, we used CellChat
v.1.6.1 (Jin, S. et al., 2021) to predict significant interactions and their associated pathways. Plots
were generated using the ‘circlize’ and complexHeatmap packagesin R. The codeis available in
https:.//github.com/chiblya/scRNAseq PG.

I mmunohistochemistry: PGs were fixed in 4% paraformaldehyde overnight a 4°C and
dehydrated with 70% Ethanol prior to paraffin embedding. 5um sections were deparaffinized
with xylene substitute for 10 minutes and rehydrated with reverse ethanol gradient for 5 minutes

each. Heat induced antigen retrieval was performed using a microwave maintaining sub-boiling

Page 23


https://doi.org/10.1101/2022.11.26.517939

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.26.517939; this version posted February 12, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

temperature for 10 minutes in a pH 6.0 Citrate Buffer (#21545, EDM Millipore, Darmstadit,
Germany) . Sections were washed for 5 minutes with 0.1% Tween20 (Quality Biological, Inc) in
PBS 1X (PBST). M.O.M.® (Mouse on Mouse) Immunodetection Kit (Vector Laboratories,
Burlingame, CA) was used to block non-specific sites for 1 hour at room temperature followed
by overnight incubation with primary antibodies at 4°C. Tissue sections were washed 3 times for
5 minutes each with PBST and incubated in secondary antibodies and nuclear stain (Hoechst
(Thermo Fisher Scientific, Marietta, OH)) at room temperature for 1 hour. Coverdips were
mounted with Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA), and imaging was
performed with a Nikon A1R confocal system.

Stitch analysis: Etv1l+ cell defining genes from control parotid sample (Supplementary File 1)

were directly imported into STITCH (http://stitch.embl.de/). For reproducibility, analysis was
performed selecting a minimum interaction score of 0.7 and limited to less than 10 interactions.
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KEGG pathways
Pathway ID Pathway description Gene count FDR
4015 Rap1 signaling pathway 13 4.92E-06
5210 Colorectal cancer 8 6.08E-06
4668 TNF signaling pathway 8 0.000203
5161 Hepatitis B 9 0.000203
4012 ErbB signaling pathway 7 0.000291
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Figure S1, related to Figure 1
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Figure S1: Annotation strategy

A) Unsupervised clustering of integrated control and irradiated mouse parotid gland (n=1 per treatment)

B) Balloon plot of top cluster-defining genes. Color is relative to scaled gene expression and size of the dot represents
the percentage of cells within a cluster expressing the gene

C) UMARP highlighting cells that express the stromal markers Col1al and Vim

D) UMAP highlighting myoepithelial cells that express Krt14 and Acta2
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Figure S2, related to Figure 2
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GO Biological Pr (Acinar cells)
Pathway ID Pathway description Gene count FDR
renin-angiotensin regulation of
G0.0002018 |aldosterone production 3 0.000359
regulation of systemic arterial blood
G0.0003081 pressure by renin-angiotensin 5 0.000359
regulation of systemic arterial blood
G0.0003073 pressure 6 0.00163
G0.0002035 brain renin-angiotensin system 3 0.00227
G0.0050708 regulation of protein secretion 9 0.00476
KEGG pathways (Acinar cells)
Pathway ID Pathway description Gene count FDR
4614|Renin-angiotensin system 5 2.21E-06
4150|mTOR signaling pathway 5 0.000499
4970|Salivary secretion 5 0.000867
Figure S2.

A) Venn diagram comparing defining genes for Etv1+ and ID populations. The numbers in the left and right panels
indicates the number of unique genes in the corresponding population whereas the number in the central panel reflects
the overlap between the two populations.

B) Venn diagram comparing defining genes for Etv1+ and SD populations. The numbers in the left and right panels
indicates the number of unique genes in the corresponding population whereas the number in the central panel reflects
the overlap between the two populations.

C) Bar graph with percentage of Etv1+ defining genes enriched in other epithelial cells.

D) Results from STITCH analysis showing top biological processes and KEGG pathways associated with defining-genes
from acinar cells.
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Supplementary Figure S3, related to Figure 3
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Figure S3. Ligand-receptor analysis of Etv1+ and acinar cells
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A-B) Bar graphs with number of identified ligands and receptors among cell-defining genes from all populations.
C) Heatmap of possible interactions between any two cell populations. Red (positive values) in the color bar indicate higher number

of predicted interactions.

D-E) Chord plot summarizing putative ligand-receptor interactions with Etv1+ cell ligands. The arrows point to the cell expressing the
corresponding receptors and are color-coded based on the source of the ligand. The thickness of the arrow is relative to the number
of putative pairs identified between Etv1 cells and the cell type pointed by the arrow. Representative ligand-receptor pairs are shown

beside the chord plots.
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Figure S4. Cell-specific IR-induced DEGs

(GO:0070372)
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Figure S4

A) Violin plots of top 10 (if present) up and downregulated genes in epithelial populations. Red and blue arrows denote upregulated
and downregulated genes, respectively.

B) Representative output from gene ontology analysis with IR-induced DEGs in acinar and CD4+CD8+ T-cells showing dysregulated
processes and their associated genes.
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Figure S5. Dysregulated ligand-receptor pairs post-IR
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A) 2D representation of incoming vs outgoing interaction strengths for all cell types relative to each other.

B) Heatmap shows the relative importance of each cell group in IR-PG based on CellChat-computed network centrality measures of
NRG, NT, THBS, EPHA, and CEACAM signaling networks. Relative contribution of each ligand-receptor pair to the overall

communication network of NRG and NT signaling pathways, which is the ratio of the total communication probability of the inferred

network of each ligand-receptor pair to that of the signaling pathway.

C) Differential interactions strength between acinar and Etv1+ populations with all other cell types in IR-PG compared to control. Red

respectively

(positive values) and blue (negative values) in the color bar indicate higher number of predicted interactions in IR-PG and controls,
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