5620 - The Journal of Neuroscience, June 30, 2021 - 41(26):5620-5637

Development/Plasticity/Repair

Chitinase-Like Protein Ym2 (Chil4) Regulates Regeneration
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The adult olfactory epithelium (OE) regenerates sensory neurons and nonsensory supporting cells from resident stem cells after injury.
How supporting cells contribute to OE regeneration remains largely unknown. In this study, we elucidated a novel role of Ym2 (also
known as Chil4 or Chi3l4), a chitinase-like protein expressed in supporting cells, in regulating regeneration of the injured OE in vivo
in both male and female mice and cell proliferation/differentiation in OE colonies in vitro. We found that Ym2 expression was
enhanced in supporting cells after OE injury. Genetic knockdown of Ym2 in supporting cells attenuated recovery of the injured OE,
while Ym2 overexpression by lentiviral infection accelerated OE regeneration. Similarly, Ym2 bidirectionally regulated cell proliferation
and differentiation in OE colonies. Furthermore, anti-inflammatory treatment reduced Ym2 expression and delayed OE regeneration
in vivo and cell proliferation/differentiation in vitro, which were counteracted by Ym2 overexpression. Collectively, this study revealed
a novel role of Ym2 in OE regeneration and cell proliferation/differentiation of OE colonies via interaction with inflammatory

responses, providing new clues to the function of supporting cells in these processes.
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ignificance Statement

\link between Ym2 and inflammation in this process.

The mammalian olfactory epithelium (OE) is a unique neural tissue that regenerates sensory neurons and nonsensory sup-
porting cells throughout life and postinjury. How supporting cells contribute to this process is not entirely understood. Here
we report that OE injury causes upregulation of a chitinase-like protein, Ym2, in supporting cells, which facilitates OE regen-
eration. Moreover, anti-inflammatory treatment reduces Ym?2 expression and delays OE regeneration, which are counteracted
by Ym2 overexpression. This study reveals an important role of supporting cells in OE regeneration and provides a critical
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Introduction

The olfactory epithelium (OE) is a pseudostratified epithelial
structure mainly composed of supporting cells, olfactory sensory
neurons (OSNs), and progenitors/basal cells (Schwob, 2002).
Mitotically active globose basal cells (GBCs) continuously gener-
ate OSNs throughout life (Schwob et al., 2017), while dormant
horizontal basal cells (HBCs) adherent to the basal lamina do not
contribute to the maintenance of normal OE (Leung et al., 2007).
After severe tissue injury, HBCs are activated and transited to
GBCs, leading to the regeneration of various cell types constitut-
ing the OE (Schnittke et al., 2015; Gadye et al., 2017; Schwob et
al., 2017). Selective loss of OSNs by olfactory bulbectomy is
shown to recruit HBCs in some studies (Iwai et al., 2008) but not
in others (Leung et al., 2007). Depletion of supporting cells in the
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OE activates HBCs to generate supporting cells, but rarely neu-
rons (Lin et al, 2017). Although supporting cells have been
implicated in OE regeneration, the underlying mechanisms are
largely unknown.

Chitinases and chitinase-like proteins (CLPs) belong to
the glycoside hydrolase family 18 (Shuhui et al., 2009;
Sutherland et al., 2009). Chitinases are enzymatically active,
but chitinase-like proteins do not have enzymatic activity
(Bussink et al., 2007; Funkhouser and Aronson, 2007).
There are eight subtypes of chitinase-like proteins, includ-
ing Ym1(Chil3) and Ym2 (Chil4), which share ~95% iden-
tity in mice (Ohno et al,, 2014). Ym1/Ym2 serve multiple
functions in regulating inflammation and infection (Falcone
et al., 2001; Nair et al., 2005; Miiller et al., 2007; Cai et al.,
2009; Qureshi et al., 2011), immunity (Chupp et al., 2007;
Ober et al., 2008), and progression of certain diseases
(Furuhashi et al., 2010; Burman et al., 2016; Kumagai et al.,
2016; Kzhyshkowska et al., 2016). A number of studies indi-
cate that CLPs are involved in tissue injury and regeneration
(Bonneh-Barkay et al.,, 2010; Pizano-Martinez et al., 2011;
Maddens et al., 2012; Zhou et al., 2014; Puthumana et al.,
2017; Zhang et al., 2018). Although Ym1/Ym?2 expression has
been reported in the OE (Giannetti et al., 2004; Heron et al.,
2013), their roles in OE remain elusive.

Acute and chronic inflammation have different effects on
neurogenesis (Chesnokova et al., 2016). Chronic inflammation
has direct inhibitory effect on OE progenitor/stem cell prolifera-
tion, mediated by secreted tumor necrosis factor (TNF)-a (Lane
et al.,, 2010). Suppression of inflammatory reaction promotes ol-
factory nerve recovery after injury (Kobayashi et al, 2018).
Inflammation also impairs sensory neurogenesis in a chronic
rhinosinusitis model (Rouyar et al., 2019). In olfactory tissue cul-
tures, TNF-« and interleukin (IL)-5 inhibit olfactory regenera-
tion through promoting apoptosis (Kim et al, 2019). These
findings are consistent with a study in the CNS, which demon-
strates that chronic inflammation impairs adult hippocampal
neurogenesis (Monje et al., 2003). By contrast, acute inflamma-
tion exhibits the opposite effect on neurogenesis, leading to
enhanced proliferation of neural progenitors (Kyritsis et al.,
2012). In the OE, acute inflammation has been shown to facili-
tate regeneration (Pozharskaya et al., 2013; Chen et al,, 2017).
Since Ym1/Ym2 proteins regulate inflammatory responses in
several tissues (Falcone et al., 2001; Nair et al., 2005; Miiller et al.,
2007; Cai et al., 2009), it is tempting to test the potential interac-
tion between Ym1/Ym?2 and inflammatory responses during OE
regeneration.

Here we elucidated the potential role of Ym2 in regulating
cellular dynamics during OE regeneration and in OE colo-
nies. This protein was highly expressed in supporting cells of
the open-side OE after unilateral naris occlusion and in the
methimazole-lesioned OE. Genetic knockdown of Ym2 in
supporting cells attenuated regeneration of the injured OE,
while Ym2 overexpression accelerated OE recovery. Anti-
inflammatory treatment inhibited Ym2 expression and
delayed OE regeneration, counteracted by Ym2 overexpres-
sion, which increased inflammatory cells. Moreover, Ym2
downregulation inhibited cell proliferation/differentiation in
cultured OE colonies. Anti-inflammatory treatment downre-
gulated Ym2 and attenuated cell differentiation, reversed by
Ym2 overexpression. This study reveals a novel function of
supporting cells in OE regeneration via regulating Ym?2
expression, providing a critical link between Ym2 and
inflammation in OE regeneration.
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Table 1. Primary antibodies used in this study

Primary
antibody Source/vendor/catalog no. Cell type
Gt@Sox2 Santa Cruz Biotechnology, #s¢-17320 Supporting cell, basal cell
Gt@Sox2 R&D Systems, #AF2018 Supporting cell, basal cell
Rb@Sox2 Proteintech, #11064—1-AP Supporting cell, basal cell
Rb@Ym2 Dr. Shioko Kimura (Ward et al., 2001) Supporting cell
Mo@Sus4 Dr. James Schwob (Goldstein and Schwob,  Supporting cell

1996)
Rb@PGP9.5 Proteintech, #14730—1-AP Olfactory sensory neuron
Rb@Krt14 Proteintech, #10143-1-AP Horizontal basal cell
Rb@OMP Abcam, #ab183947 Olfactory sensory neuron
Mo@Tuj1 Abcam, #ab78078 iOSN
Gt@ICAM1 R&D Systems, #AF796 Horizontal basal cell
Chk@OMP Dr. Qizhi Gong (Chen et al., 2005) Olfactory sensory neuron
Mo@Ki67 BD Biosciences, #550609 Proliferating cell
Mo@Krt18 Abcam, #ab668 Supporting cell
Rb@TurboGFP  Thermo Fisher Scientific, #PA5-22688 Lentiviral infected GFP™

cell

Ra@CD45 eBioscience, #14-0451-81 Inflammatory cell
Ra@F4/80 Bio-Rad, #MCA497GA Macrophage

Materials and Methods

Animals. Transgenic Sox2-Cre®™ 2 mice (stock #017593, The
Jackson Laboratory; Arnold et al, 2011) in which expression of Cre
recombinase is under the control of the Sox2 (SRY-box containing gene
2) promoter were purchased from The Jackson Laboratory. Transgenic
Ym2"" mice in which the Chil4 gene (encoding Chitinase-like four pro-
tein, Ym2) is flanked by LoxP sites were purchased from the Wellcome
Trust Sanger Institute Mouse Genetics Project [Sanger MGP Allele:
Chilgm1aEUCOMMHmg (g1 ding and associated primary phenotypic in-
formation may be found at www.sanger.ac.uk/mouseportal; White et al.,
2013]. Sox2-Cre"™ "2 mice were crossed with Ym2! mice to achieve in-
ducible knockdown of Ym2 in Sox2" cells. OMP (olfactory marker pro-
tein)-Cre mice (stock #006668, The Jackson Laboratory; Li et al., 2004)
and Rosa26-TdTomato mice [stock #007909, The Jackson Laboratory
(also known as Ai9 or Cre-dependent TdTomato reporter line); Madisen
et al,, 2010] were from The Jackson Laboratory. OMP-Cre mice were
crossed with Rosa26-TdTomato mice to generate OMP-TdTomato mice
from which OMP-TdTomato " OE colonies were derived. Breeding pairs
of wild-type C57BL/6] mice were purchased from Shanghai Model
Organisms. The procedures of animal handling and tissue harvesting
were approved by the Institutional Animal Care and Use Committees.
Both male and female mice were used in this study, and the data were
grouped because no sex difference was evident.

Chemicals. Dexamethasone (Dex; Sigma-Aldrich) was dissolved
in DMSO to make a 1000x stock solution. The concentrations of
dexamethasone were 0.1 and 1 um in cultured colonies, and 1 mg/
kg in animals. Recombinant Ym2 protein (#CSB-YP842057MO,
Cusabio) was dissolved in PBS. The concentrations of Ym2 protein
were 0.5, 1, and 2 ug/ml in OE colonies, which were incubated for
10d.

Unilateral naris occlusion. On postnatal day 1 (P1), mice were anes-
thetized by hypothermia. Unilateral naris occlusion was achieved by a
brief (<1 s) cauterization of one nostril (Small Vessel Cauterizer Kit, cat-
alog #18000-00, Fine Science Tools). Pups were then placed on a heating
plate until they recovered from anesthesia. Two weeks after the proce-
dure, the cauterized nostril was examined under a stereo microscope.
Only mice with complete occlusion were killed at P30 for tissue
collection.

Ym2 identification by mass spectrometry. Proteins extracted from
the olfactory mucosa of the closed and open sides were precleared with
200 pl of Protein G Sepharose overnight and separated by SDS-PAGE.
Gel was fixed for 3 h (10% acetic acid, 40% ethanol), stained with
Coomassie Blue [10% (NH4)2SO4, 1.2% orthophosphoric acid, 0.1%
Coomassie Blue], and destained in H,O. Bands ~38 kDa in size were
cut out from the gel and analyzed via mass spectrometry at Penn
Quantitative Proteomics Resource Core.
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Ym2 is highly expressed on the open side of naris-occluded mice. A, Coomassie Brilliant Blue staining on an SDS-PAGE gel revealed a protein at ~38 kDa (arrows) with the greatest dif-

ference between the closed and open sides. Tissues were collected from three mice that underwent unilateral naris closure from P1 to P30. S, Septum; T, turbinates. B, Mass spectrometric analysis
revealed that the protein was most likely to be Ym2 with the highest emPAI (exponentially modified protein abundance index). Ym1 had the second highest emPAI (but much lower than Ym2), pre-
sumably because of its high sequence homology with Ym2. €, Higher Ym2 expression was observed in the open side. Arrowheads denote Ym2 antibody staining in the supporting cell layer and
asterisks denote the lamina propria. D, Schematic of the OF containing multiple cell types with biomarkers in parentheses. E~H, Immunostaining and FISH indicated Ym2 was abundant in the sup-
porting cell layer in the open side (F, H) compared with the closed side (E, G). I, J, Statistical analysis of Ym2 protein and mRNA intensity in the closed and open side (n =9 and 10 sections, respec-
tively, from three mice; arbitrary unit). K—M, Immunostaining against Ym2 and Ki67 in the OE of the open side of naris-occluded mice (K, L) and untreated control mice (M). Arrowheads mark
Ki67™ cells. N, Statistical analysis of the number of Ym2™ and Ki67 ™ cells per 100 em OF (n=10 and 11 sections in control and open side from three mice in each condition). Because of the
patchy expression of Ym2 in the open-side OF, the most densely labeled regions under the two conditions were captured and compared. Statistical significance was determined by unpaired
Student’s ¢ test. I **p = 0.009 (t17) = 2.986); J: *p = 0.046 (t17) = 2.524); N: ***p << 0.001; Ki67*: fao) = 5.537; Ym2*: fag) = 5.808. Scale bars: €, 0.5 mm; H, K-M, 20 pm.

Olfactory epithelium lesion. Four- to 6-week-old animals were in-
traperitoneally injected with a single dose of methimazole (50 ug/g
body weight) as previously reported (Leung et al., 2007). In lentivi-
ral experiments, methimazole was administrated on day 10 after vi-
ral injection. In saline controls, the animals were injected with the
same amount of PBS.

ELISA. The ELISA was performed to measure the concentration of
Ym?2 in the nasal lavage, which was collected from nostrils of methima-
zole-treated mice (30 d postinjection) or age-matched control mice. The
mice were placed horizontally on the operating table with their heads
tilted up 45° to avoid choking. Sterile PBS (100 pl) was slowly dropped
into the single side of nasal cavity, and the liquid was sucked out and col-
lected after 10 s. A mouse Ym2 ELISA kit (catalog #EM0806, Fine
BioTech) was used, and the kit protocol was followed. Briefly, 100 ul of
standard and lavage samples were added to each well, and the plate was
incubated for 90 min at 37 *C. After being rinsed with wash buffer,
100 ul of biotin-labeled antibody working solution was added, and the
plate was incubated for 60 min at 37°C. Then, 100 ul of HRP-streptavi-
din conjugate working solution was added and incubated for 30 min at

37°C, and subsequently 90 ul of TMB (3,3’,5,5-tetramethylbenzidine)
substrate solution was added per well and incubated for 20 min at 37°C.
After adding 50 ul of stop solution, the plate was read at 450 nm
immediately.

Genetic ablation of Ym2. For genetic ablation of Ym2 in Sox2™ cells
including supporting cells, Sox2-Cre" "2 mice were crossed with Ym2""
mice. Tamoxifen dissolved in sunflower oil at 0.22mg/g body weight
was injected every other day until the animals were killed. In the control
group, the Sox2-Cre™*2/Ym2™® mice were injected with the same doses
of sunflower oil.

OE colony culture. The OE colony culture was followed by our previ-
ously reported protocol (Dai et al., 2018). Briefly, intact nasal epithelium
of wide type C57BL/6] mice at 2-3 months of age was dissected and
digested in 0.25% trypsin-EDTA, and a single-cell suspension was pre-
pared. Cells were cultured in conditioned OE colony growth medium.
The ingredients of growth medium is based on DMEM/F12 medium
(Thermo Fisher Scientific) supplemented with R-spondin-1 (200 ng/ml;
PeproTech), Noggin (100 ng/ml; PeproTech), Wnt3a (50 ng/ml; R&D
Systems), Y27632 (10 um; Sigma-Aldrich), epidermal growth factor
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Figure 2.

Ym2 is highly abundant in the lesioned OE. A-F, Inmunostaining revealed that Ym2 protein was upregulated in methimazole-lesioned OE on day 10 (B, E) and day 30 (C, F) com-

pared with the unlesioned OE (saline injection; A, D). G-I, FISH analysis revealed higher Ym2-mRNA expression in the lesioned OF on day 10 (H) and day 30 (/) compared with the unlesioned
control (G). J-L, Statistical analysis of the percentage of Ym2™ /Sox2™ cells (J; n =4, 10, and 9 sections from three mice in each group), immunostaining signal intensity (K; n =5, 10, and 14
sections), and FISH signal intensity (L; n =6, 12, and 20 sections). M, Statistical analysis of the total intensity of immunostaining against Ym2 in unlesioned and lesioned O (months 1, 2, and
3 postinjury; n=5, 6, 6, and 5 sections from three mice in each group). a.u., arbitrary unit. N, Concentration of Ym2 in the nasal lavage from methimazole-treated (30d postinjection) and
age-matched unlesioned mice (7 =3 mice in each condition). Statistical significance was determined by one-way ANOVA with Dunnett's multiple-comparisons test (J—M) and by unpaired ¢
test (N). ns, Not significant. J: F5.50) = 16.21, p < 0.0001; K: F556) = 5.764, p=0.0085; L: F535) = 4.902, p=0.0133; M: F315) = 8.456, p = 0.0016; N: *p = 0.022 (t(s) = 2.268). Asterisks
indicated the significance when compared with the unlesioned group. The rectangles in A-C are enlarged in D-F. Arrowheads in D~F point to Sox2™/Ym2™ cells. The unit of Ym2-protein

and Ym2-mRNA intensity in K, L, and M is arbitrary. The dashed lines in G—I mark the OE borders. Met, methimazole. Scale bars: A-C, 100 pm; F, 1, 20 pum.

(50 ng/ml; Thermo Fisher Scientific), N2 (1%; Thermo Fisher Scientific),
B27 (2%; Thermo Fisher Scientific), HEPES (1 mm; Thermo Fisher
Scientific), GlutaMAX (1%; Thermo Fisher Scientific), and Matrigel [4%
(v/v); BD Biosciences]. Medium was changed every 3 d. Visible colonies
were observed on day 3 after culturing. Colonies were passaged every
10d.

Viral infection. Lentiviral vectors expressing the full length of Ym2
c¢DNA (Lenti-Ym?2) or three different short hairpin RNAs (shRNAs:

Lenti-shYm2-1, Lenti-shYm2-2, and Lenti-shYm2-3, which target differ-
ent parts of Ym2 sequence) were constructed. Lentivirus was collected
and purified by Shanghai Tauto Biotech Co., Ltd. Lentivirus expressing
the empty vector (Lenti-Ctrl) or scramble shRNA (Lenti-shCtrl) was
used as a negative control. For the in vitro infection, the OE colonies
were digested by 0.25% trypsin-EDTA to prepare a single-cell suspen-
sion and seeded in a low-attached 96-well plate with a density of 5000
cells/well; 2.5 x 10° transduction units (TU) of virus were added into
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Figure 3.  Ym2 knockdown in Sox2-Cre™12/Ym2"" mice with tamoxifen induction. 4, Confocal image of FISH against Ym2-mRNA and immunostaining against Sox2 on an OE section from a
3-week-old mouse. B, Scheme of tamoxifen-induced Ym2 knockdown in methimazole-lesioned OE. Repeated tamoxifen injections ensure Ym2 knockdown in continuously generated supporting
cells. G, Statistical analysis on intensity of Ym2 antibody staining in the OE on day 7 post-methimazole injection (n = 20 and 17 sections from three control and tamoxifen-treated mice, respec-
tively). a.u., Arbitrary units. D-I", Confocal images of immunostaining against Ym2 and Sox2 in anterior (D, D'), middle (F, F’), and posterior (H, H') regions with tamoxifen induction com-
pared with the corresponding regions (anterior, E, E'; middle, G, G'; posterior, I, I’) in controls injected with sunflower oil (day 7 post-methimazole injection). Statistical significance was
determined by unpaired Student’s ¢ test. C: ***p = 0.0002 (t(35) = 4.157). SC, Supporting cell; BC, basal cell; Tam, tamoxifen; Ctrl, control. Scale bars: D, F, H, 100 um; A, D', F', H', 20 um.

each well, and apparent green fluorescence was observed on day 3 post-
infection. For the in vivo injection, 5 ul of saline solution containing
1 x 10° TU of lentivirus was injected into each side of OE using a 1 ul
microsyringe (Fine Science Tools) on a stereotaxic instrument (RWD).

OE colony cryosection preparation. The protocol was described pre-
viously (Lancaster and Knoblich, 2014). Briefly, colonies were collected
through centrifuging, washed with PBS, and fixed in 4% paraformalde-
hyde for 15 min. Then, colonies were dehydrated in 30% sucrose at 4°C
overnight, followed by being wrapped into warm gelatin/sucrose solu-
tion and stored at 37°C for 15 min to equilibrate the colonies. Then, col-
onies in a small amount of gelatin/sucrose solution (~20ul) were
solidified at room temperature and then were covered completely by
warm gelatin/sucrose solution, which was polymerized at 4°C. The entire
block of gelatin-containing colonies was immersed in a cold bath, and
the sections at 20 wm thickness were prepared using a Cryostat (model
CM1950, Leica).

Immunohistochemistry. Mice were deeply anesthetized by intraperi-
toneal injection of ketamine-xylazine (200 and 15mg/kg body weight,
respectively) before decapitation. The heads were fixed in 4% parafor-
maldehyde (Sigma-Aldrich) overnight at 4°C and infiltrated with a series
of sucrose solutions before being embedded in OCT (optimal cutting
temperature) compound. The frozen tissues were cut into 20 um coronal
sections on a cryostat. After rinsing with PBS, the tissue sections
were blocked for 60 min in 0.3% Triton X-100 in PBS with 5% bovine se-
rum albumin, and then incubated at 4°C with the primary antibodies
overnight. The primary antibodies included rabbit anti-TurboGFP
(1:500; Thermo Fisher Scientific), goat anti-Sox2 (1:100; Santa Cruz
Biotechnology), rabbit anti-Sox2 (1:100; Proteintech), goat anti-Sox2
(1:500; R&D Systems), rabbit anti-Ym2 (1:200; a gift from Shioko
Kimura, National Cancer Institute, Bethesda, Maryland; Ward et al,
2001), mouse anti-Sus4 (1:200; provided by James Schwob, Tufts
University, Boston, MA; Goldstein and Schwob, 1996), rabbit anti-
PGP9.5 (1:200; Proteintech), rabbit anti-Krt14 (Proteintech; 1:200), rab-
bit anti-OMP (1:200; Abcam), chicken anti-OMP (1:500; provided by

Qizhi Gong, University of California, Davis, Davis, CA; Chen et al,
2005), mouse anti Tujl (1:200; Abcam), rat anti-CD45 (1:200; Thermo
Fisher Scientific), rat anti-F4/80 (1:500; Bio-Rad), or goat anti-ICAM1
(1:500 R&D Systems). All the antibodies and their specific targets are
listed in Table 1. The secondary antibodies (Thermo Fisher Scientific)
were diluted at 1:300 with which the sections were incubated for 1 h at
room temperature. The nuclei were counterstained with DAPI (Thermo
Fisher Scientific). Tissues were mounted in Vectashield (Vector
Laboratories).

For the immunostaining on cultured colonies, the cryosections of
colonies were prepared as described above. Sections were washed by
PBS, followed by incubation with blocking buffer containing SuperBlock
(Thermo Fisher Scientific), 2% (v/v) donkey serum and 0.3% Triton X-
100 at room temperature for 1 h. Primary antibody incubation was per-
formed overnight at 4°C. After washing with PBS, appropriate secondary
antibodies were used to visualize staining. The nuclei were counter-
stained with DAPI (Thermo Fisher Scientific). Sections were mounted in
Vectashield (Vector Laboratories). The primary antibodies used were as
follows: rabbit anti-Ym2 (1:200), rabbit anti-Sox2 (1:100; Proteintech),
mouse anti-Ki67 (1:100; BD Biosciences), chicken anti-OMP (1:500; pro-
vided by Qizhi Gong at University of California, Davis; Chen et al,,
2005), mouse anti-Tujl (1:200, Abcam), mouse anti-Krt18 (1:200;
Abcam), and mouse anti-Sus4 (1:200, provided by James Schwob at
Tufts University; Goldstein and Schwob, 1996). Fluorescent images were
taken under a confocal microscope (model SP8, Leica) with LAS AF Lite
software. The contrast and brightness of the images were set at an equal
level.

Fluorescent in situ hybridization. FITC-labeled riboprobes were syn-
thesized using an FITC RNA labeling kit (catalog #11175025910,
Roche). The template for Ym2 gene was amplified from mouse OE
c¢DNA by PCR and subcloned into vector pGEM-T Easy (catalog
#A1360, Promega). Primers used to amplify Ym2 cDNA were as follows:
5'-CATCTCTTCAGTGTTCTGGTGC-3" and 5'-CCTAAATTGTITG
TCCTTGAGCC-3'. fluorescence in situ hybridization (FISH) was
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Figure 4.  Genetic downregulation of Ym2 attenuates regeneration in the lesioned OE. A-L, Immunostaining showed that Ym2 downregulation through tamoxifen (Tam) induction in Sox2-

Cre™2/Ym2"" mice decreased the percentage of OMP™ cells (A-D), ICAM1™ cells (E~H), and Sox2™ supporting cells in the OF (I-L) on day 7 and day 31 postinjury compared with oil-
injected controls (Ctrl). M, Statistical analysis on the number of OMP™ cells per 100 m OF on day 7 and day 31 postinjury in control and Ym2 downregulation groups (n = 26 sections from
three mice in each group). N, Statistical analysis of the ICAM1 expression intensity on day 7 and day 31 postinjury (n = 12 sections in each group). 0, Statistical analysis on the number of api-
cal Sox2™ cells/100 um OF (n=15 and 22 sections on day 7 and day 31 postinjury). The dashed line in E~H separated OF from lamina propria. Statistical significance was determined by
two-way ANOVA. M: (7 190) = 24.45, p << 0.0001; N: F(; 49 = 48.70, p << 0.0001; 0: F(7 70) =15.16, p=0.0002. ns, Not significant. Asterisks were determined by Sidak's multiple-comparisons

test. Scale bars, 20 pm.

performed as described previously with some modification (Fleming et
al., 2012). Briefly, the sections were hybridized with 1-2 ng/ul FITC-la-
beled riboprobes diluted in hybridization buffer (containing 50%
formamide, 5x SSC, 0.3mg/ml yeast tRNA, 100 ug/ml heparin, 1x
Denhardt’s solution, 0.1% Tween 20, 0.1% CHAPS, and 5 mm EDTA in
RNase-free H,O) overnight under Parafilm at 62°C. The sections were
incubated in anti-FITC-POD (1:100 in 0.5% blocking reagent; catalog
#11426346910, Roche) overnight at 4°C. FITC riboprobes were developed
using the TSA Plus System (catalog #NEL741001KT, PerkinElmer). Slides
were then rinsed in PBS and mounted with Vectashield (Vector
Laboratories). Images were taken under a confocal microscope (model
SP8, Leica) with LAS AF Lite software. The contrast and brightness of the
images were set at equal levels.

Quantitative real-time PCR. Total RNA was extracted by using the
E.Z.N.A. Total RNA Kit I (catalog #R6834-02, Omega) according to the
manufacturer manual. The extracted RNA was immediately dissolved in
RNase-free water, and the purity and concentration were determined
using a BioPhotometer (Metash). First-strand cDNA was synthesized
using a PrimeScript RT Master Mix (catalog #RR036A, Takara). Primers
used in this study were synthesized by Ruidibio. Quantitative real-time
PCR was performed on an AnalytikJena Real-Time PCR System. The
reaction mixtures included a cDNA template, 0.2 mM primers, SYBR
qPCR SuperMix (catalog #E096-01B, Novoprotein), and double distilled
H,O. Reaction conditions included an initial denaturation at 95°C for
1 min, followed by 40 cycles of 95°C for 20 s, 60°C for 20 s, and 72°C for
30 s. The relative expression levels were calculated using the 2744
method. Primer sequences were as follows: IL-18: AGCCCATCCTCTG
TGACTCA and TGTCGTTGCTTGGTTCTCCT; TNF-a: CCCAGGC

AGTCAGATCATCTTC and GGTTTGCTACAACATGGGCTACA;
Ym2: TTGGAGGATGGAAGTTTGGACCT and TGACGGTTCTGA
GGAGTAGAGACCA and GAPDH: TCAATGAAGGGGTCGTTGAT
and CGTCCCGTAGACAAAATGGT.

Experimental design and statistical analysis. Cell counting under any
experimental condition was derived from three mice or three independ-
ent cultures. For each mouse, multiple sections along the anterior—poste-
rior axis were used. The locations of sections and image capturing were
kept consistent across animals to minimize counting bias. For each sec-
tion, 10 nonoverlapping fluorescent images were captured to cover
nearly the entire section, and the number of a particular cell type (per
linear length) was quantified from ~4 mm OE (~0.4 mm/image). The
only exception was Figure 1N, in which regions with the most densely la-
beled Ym2™" cells were compared because of patchy Ym2 expression in
the open-side OE of naris-occluded mice. While images were not cap-
tured by someone blinded to experimental conditions, cell counting was
performed by blinded individuals. For quantitative PCR and ELISA, data
were derived from at least three independent experiments. Cell counts
from the confocal images were performed using Image] and corrected
using formula of Abercrombie (1946), as follows: corrected number =
count X [section thickness/(section thickness + mean nuclei size)].
Fluorescence intensity data in immunohistochemistry and in situ
hybridization were obtained in Image] using built-in functions. For all
the fluorescence intensity, except for that seen in Figure 2M, we calcu-
lated the following average optical density = (fluorescence gray value —
background gray value)/area. For Figure 2M, we calculated the inte-
grated optical density (IntDen) as follows: IntDen = (fluorescence mean
- background mean) X area. To make the statistical assessment as
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Ym2 regulates the recovery of the lesioned OF. A, The timeline of lentiviral and methimazole administration. B, Confocal image of Lenti-shYm2-infected OF immunostained with

anti-TurboGFP. €, Statistical analysis of ICAM1™, PGP9.5™, OMP™, apical Sox2™, basal Sox2™, Krt14™, and Sus4™ cells/100 um OE in Lenti-shCtrl, Lenti-shYm2, Lenti-Ym2, and Lenti-Ctrl
groups on day 14 postlesion (n =9 sections from three mice in each group). D-G, Confocal images of ICAM1™ and PGP9.5" (D), apical Sox2™ and OMP™ (), basal Sox2™ (F), and Sus4™*
and Krt14™ () cells in the OF on day 14 post-OE lesion from mice injected with Lenti-shCtrl, Lenti-shYm2, Lenti-Ym2, or Lenti-Ctrl. Apical and basal Sox2™ cells are denoted by arrowheads
and arrows in E and F. Statistical significance was determined by unpaired Student’s ¢ test. ICAM1F: **¥p =0.0003 (t=5.47) and *p =0.022 (t = 2.664); PGP9.5™: *p=0.018 (t=2.769)
and **p=0.0013 (t=4.261); OMP™: *p = 0.041 (t=2.372) and *p = 0.027 (t = 2.781); apical Sox2™: *p =0.028 (t = 2.605) and ****p < 0.0001 (t =7.109); basal Sox2™*: ***p = 0.0002
(t=>5.55) and ***p = 0.0003 (t =4.631); Krt14*: p=0.237 (t=1.251) and **p = 0.008 (t = 3.05); apical Sus4": *p = 0.02 (t = 2.742) and *p = 0.023 (t = 2.065). The degree of freedom for

all t tests is 16. Scale bars, 10 zem.

accurate as possible, all images from each OE section were included.
Data were presented as the mean * SEM. The statistical difference
between two groups was determined by unpaired Student’s ¢ test and
across multiple groups by one-way ANOVA or two-way ANOVA using
GraphPad Prism 6.0 software.

Results

OE injury induces higher expression of Ym?2 in supporting
cells

To search for molecules potentially involved in neurogenesis of
the OE, we initially used mice that underwent unilateral naris
occlusion from P1 to P30 because the open-side OE has

enhanced neurogenesis (among other changes) compared with
the closed side (Coppola, 2012; Coppola et al., 2014), and this
model provides within-subject comparison between the two
sides. We compared the denatured proteins in the OE between
the open and closed sides using SDS-PAGE electrophoresis.
Coomassie Brilliant Blue staining revealed a protein at ~38 kDa
that displayed the most dramatic difference between sides (Fig.
1A). It was highly abundant in the open side, but faintly detecta-
ble in the closed side and in untreated mice. Using mass spectro-
metric analysis, this protein was identified as Ym?2, a chitinase-
like protein (Fig. 1B). In the naris-occluded mice, we observed
patchy Ym2 expression via antibody staining in the open side
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Figure 6.  Ym2 regulates regeneration in the lesioned OF. A-D, Confocal images of ICAM1™, PGP9.5*, OMP™, and Sox2™ cells in the lesioned OF from mice injected with Lenti-shCtrl,
Lenti-shYm2, Lenti-Ym2, or Lenti-Ctrl on day 7 and day 31 postinjury. E~I, Statistical analysis on the number of OMP™, PGP9.5™, apical Sox2™, basal Sox2™, and ICAM1™ cells/100 um O of
mice injected with Lenti-shYm2, Lenti-shCtrl, Lenti-Ym2, or Lenti-Ctrl on day 7, day 14, and day 31 postinjury (OMP: n = 6 sections from three mice in each group; PGP9.5: n = 5-7 sections;
apical Sox2™: n=5-7 sections; basal Sox2™*: n = 5-9 sections; ICAM1™: 57 sections). Statistical significance was determined by unpaired Student’s ¢ test between Lenti-shCtrl and Lenti-
shYm2 or between Lenti-Ym2 and Lenti-Ctrl at the same time points, or by two-way ANOVA at all three time points together. Statistical analysis shown in E-I was based on two-way ANOVA.
E: F3.60 = 12.10, p < 0.0001; F: Fi355 = 16.49, p < 0.0001; G: F3,59) = 17.9, p << 0.0001; H: F3.65) = 22.36, p << 0.0001; [: F3 57 = 12.21, p << 0.0001. Asterisks was determined by Tukey’s

multiple-comparisons test. Scale bars, 10 xm.

(Fig. 1C). The OE is a pseudostratified epithelium mainly com-
posed of supporting cells, immature OSNs (iOSNs), mature
OSNs (mOSNs), immediate neuronal progenitors, GBCs, and
HBCs (Fig. 1D). Biomarkers used in this study to label different
OE cell types are shown in Figure 1D and Table 1. Double stain-
ing indicated enhanced Ym2 expression in Sox2™ supporting
cells (Fig. 1E,F). The intensity of Ym2 staining increased by

62 *13% in the open side compared with the closed side (Fig.
11). Since the antibody against Ym2 labels both Ym1 and Ym2,
we designed an antisense RNA probe specific to Ym2 and
detected Ym2-mRNA expression via FISH (Fig. 1G,H). The in-
tensity of Ym2-mRNA in the open side was drastically enhanced
by 106 = 25% compared with the closed side (Fig. 1]). Thus, uni-
lateral naris occlusion increased Ym2 expression in supporting
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cells of the open-side OE. Compared with
untreated mice, the number of Ym2™"
cells (per 100 pm OE length throughout
this article) increased by 98 = 11% on the
open side of naris-occluded mice (Fig.
1K,M,N), and Ki67" cells increased by
387 £ 65% (Fig. 1K,M,N). In the open-
side O, regions with fewer Ym2" cells
also contained fewer Ki67" cells (Fig.
1L). Therefore, the abundance of Ym2™"
cells seemed to be correlated with the
proliferation of basal cells, suggesting
a potential role of Ym2 in OE
neurogenesis.

Given that the open-side OE experien-
ces other changes during postnatal devel-
opment (e.g, increased airflow and
trauma), unilateral naris occlusion does
not provide an optimal model for neuro-
genesis. We then turned our attention to
a pharmacological OE injury regenera-
tion model and asked whether Ym2
expression changed in this process. After
the OE was ablated via methimazole
injection, which spared basal cells, more
Ym2" cells were present in Sox2™ sup-
porting cells on day 10 (Fig. 2B,E) and
day 30 (Fig. 2C,F) compared with saline
controls (Fig. 2A,D). The percentage of
Ym2"/Sox2" supporting cells increased
by 201 * 53% on day 10 and 449 = 39%
on day 30 after methimazole administra-
tion compared with the unlesioned OE
(Fig. 2]). The intensity of Ym2 antibody
staining increased in the lesioned OE on
day 30 by 35* 6% compared with the
unlesioned OE (Fig. 2K). Higher Ym2-
mRNA expression in the lesioned OE was
also confirmed by FISH. Compared with
the unlesioned control (Fig. 2G), Ym2-
mRNA signals were widely spread across
the lesioned OE on both day 10 (Fig. 2H)
and day 30 (Fig. 2I). The lack of Ym2-
mRNA signals in the basal cell layer
suggests that Ym2 is only expressed in
supporting cells (Fig. 2H,I; see below).
The intensity of Ym2-mRNA increased
by 113 = 15% on day 10 and 111 * 13%
on day 30 (Fig. 2L). The intensity of Ym2 antibody staining
showed a decrease 2 and 3 months postinjury compared with
1 month (Fig. 2M). The concentration of secreted Ym2 in the
nasal cavity was elevated in lesioned OE on day 30 (Fig. 2N; for
potential technical limitations, see Discussion). Thus, methima-
zole-induced lesion enhanced Ym2 expression in supporting
cells of the OE.

Figure 7.

Ym?2 regulates regeneration of the injured OE

We wished to test whether Ym2 contributes to OE regeneration
by manipulating Ym2 expression in supporting cells. Sox2-
Cre®™ "/ Ym2"™" mice received intraperitoneal injections of ta-
moxifen to achieve inducible knockdown of Ym?2 expression in
Sox2™ cells (for details, see Materials and Methods). Since Sox2
labels both basal cells and supporting cells in the OE, we first
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Presumptive supporting cells in OE colonies express Ym2, and lentiviral infection in OE colonies is not cell type
specific. A-F, Confocal images of Ym2™ and CK18™ (A), Sus4™ (B), Tuj1™ (C), OMP™ (D), ICAM1™ (E), and Ki67™ () cells
in OE colonies. G—L, Lentiviral-infected (GFP™) OE colonies were immunostained with Sus4 (G), Ym2 (H), ICAM1 (1), Ki67 (J),
Sox2 (K), and F4/80 (L). Lenti-Ctrl was used in H; Lenti-shYm2 was used in G, and /-L. Arrowheads mark Ym2 " /CK18™,
and Ym2 ™" /Sus4™ cells in A and B, and positively stained GFP™ cells in G-L. Scale bars: €~L, 20 um; A, B, 10 um.

confirmed Ym2 expression exclusively in supporting cells, not in
basal cells by immunostaining against Sox2 protein and FISH
against Ym2 mRNA in OE sections (Fig. 3A). Therefore, tamoxi-
fen injection in Sox2-Cre™™2/Ym2"" mice provided a viable
approach to downregulate Ym2 expression specifically in sup-
porting cells (Fig. 3B). The tamoxifen-injected mice showed
reduced Ym2 staining on day 7 post-methimazole lesion com-
pared with controls receiving sunflower oil (solvent for tamoxi-
fen) injections. The overall intensity of Ym2 decreased by
45 + 7% with tamoxifen induction (Fig. 3C). The weaker Ym2
expression was found in all regions examined, anterior, middle,
and posterior (Fig. 3D-ID'-I"), confirming inducible knock-
down of Ym2 expression in OE supporting cells of Sox2-
Cre™27ym2"" mice.

We then determined whether Ym2 knockdown could affect
OE regeneration. On day 7 post-methimazole injection,
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immunostaining against ICAM1. On day 7
postlesion, the intensity of ICAM1 staining
was significantly weakened by 52 = 4% in
the OE with Ym2 knockdown (Fig. 4E,F,
N). Similar observation was present on day
T 31, with the ICAMI intensity reduced by

37 = 5% (Fig. 4G,H,N). This finding sug-

gested that Ym2 knockdown impeded

A B
T @ 1.0 T 0 1.0
$2 1.0 >3
40 - C
< T <2
=3 =0 *k
o N x O -
[= ﬁ 0.51 N £ w 0.51
& - o 2
;E_ £ > T

0.0 T T T T 0.0 T

N Q N v
A A A & &
& & & & &
& & N 3 S

T recruitment of HBCs in lesioned OE,
which may lead to attenuation in OE
recovery. Furthermore, genetic knock-
down of Ym2 also decreased Sox2™

supporting cells by 42 +11% on day 7
(Fig. 41,],0) and by 29 = 9% on day 31

-

o] =
=

@ Y
om— -t
"":‘ c
7] 3
—

T o
E £
= >
% =
e o
S 2
—

G H

® 0.6 *%

= @ 1.04

8 : ::s;‘z 3 = Lenti-Ctrl

x © 0.8{ M Lenti-Ym2

o 0.41 x

g <Qt 0.6

2 0.2; = 2 041

x & 0.2-

3 3

© 0.0 © 0.0-

Ki67+ Sox2+ Ki67+ Sox2+

Figure 8.  Ym2 regulates cell proliferation of OE colonies. A, B, Quantitative PCR analysis showed the efficiency of Lenti-

shYm2 of downregulating Ym2-mRNA expression in Ym2-overexpressed HEK293 cells or OE colonies (n=3 independent
experiments). shYm2-1, shYm2-2, and shYm2-3 were lentiviruses targeting three different parts of the Ym2 sequence. C-F,
Confocal images of Ki67" or Sox2™ cells in Lenti-shCtrl-, Lenti-shYm2-, Lenti-Ctrl-, or Lenti-Ym2-infected OF colonies. G, H,
Statistical analysis of the percentage of Ki67* and Sox2™ cells in OF colonies with Lenti-shCtrl, Lenti-shYm2, Lenti-Ctrl, or
Lenti-Ym2 infection (n=12, 12, 6, and 6 sections from three independent cultures, respectively). Statistical significance in 4
and B was determined by unpaired ¢ test. A: *p =0.0156, fiqy = 7.923; B: **p =0.0013, t(sy = 27.93; *p =0.0247, () =
6.239; and **p=0.0017, t4) = 8.443. Statistical significance was determined by two-way ANOVA in G and H, and asterisks
were determined by Sidak’s multiple-comparisons test. shCrtl and shYm2: F; 49y = 34.59, p << 0.001; Lenti-Ctrl and Lenti-

Ym2: £ 0 = 9.951, p = 0.005. Scale bars, 20 pem.

compared with control Sox2-Cre®®12/ym2™ mice (Fig. 4A),
there were 58 = 8% fewer OMP" cells in tamoxifen-injected
mice (Fig. 4B,M), suggesting that Ym2 knockdown attenuated
neuronal regeneration in the OE. Similarly, on day 31 post-OE
lesion, OMP™ cells were reduced by 17 + 7% in tamoxifen-treated
mice compared with the controls (Fig. 4C,D,M). Since supporting
cells play an important role in keeping HBCs in dormancy (Lin et
al,, 2017), we examined the effect of Ym2 knockdown on HBCs by

(Fig. 4K,L,0). Collectively, these data indi-
cated that Ym2 knockdown delayed recov-
ery of the injured OE.

In addition to genetic knockdown of
Ym2 expression, we also examined the
effects of Ym2 downregulation and up-
regulation on methimazole-lesioned OE
using viral infection. Wild-type C57BL/6]
mice were injected with Lenti-shYm2
(lentivirus expressing shRNA targeting
Ym?2) or Lenti-Ym?2. Initially, we injected
lentivirus 1d after OE injury, but OE
regeneration was not affected under this
condition. This is likely because OE
regeneration actively occurs within a few
days after lesioning, whereas lentiviral
infection may take longer to effectively
change Ym2 expression in enough cells.
We then injected lentivirus 10d before
methimazole injection (Fig. 5A). This
protocol allowed sufficient time for lenti-
* viral infection to regulate Ym2 expression
in the OE before and during the process
of OE ablation. Multiple OE cell types,
including supporting cells, OSNs, and ba-
sal cells, could be infected based on posi-
tive GFP signals on day 14 postinjury
(Fig. 5B; for implications of this finding,
see Discussion). On day 7 postinjury, OE
regeneration was attenuated since the cell
numbers in different layers were signif-
icantly decreased (Fig. 6A,B). Compa-
red with the Lenti-shCtrl group, Ym2
downregulation via Lenti-shYm?2 infec-
tion led to 88 = 12% fewer PGP9.5"
neurons (Fig. 6A,F), 71 *19% fewer
apical Sox2™ supporting cells (Fig. 6B,
G), 71 = 7% fewer OMP ™ cells (Fig. 6B,
E), 69 = 25% fewer ICAM1™" cells (Fig.
6A,I), and 92 + 7% fewer basal Sox2™"
cells (Fig. 6H). By contrast, overexpres-
sion of Ym2 via Lenti-Ym2 infection
led to increases in PGP9.57, apical Sox2™, OMP™, ICAM17,
and basal Sox2™ cells by 236 = 75% (Fig. 6A,F), 149 * 63%
(Fig. 6B,G), 300 +95% (Fig. 6B,G), 127 = 22% (Fig. 6A,I)
and 58 = 14% (Fig. 6H), respectively.

Two weeks after OE injury, Lenti-shYm2 infection mice had
fewer PGP9.5" and OMP ™" neurons (by 44 + 9% and 77 * 6%,
respectively) compared with the Lenti-shCtrl group (Fig. 5C-E).
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Figure 9. Ym2 requlates cell differentiation in OF colonies. A-D, Confocal images of OMP™ cells in colonies infected with Lenti-shCtrl, Lenti-shYm2, Lenti-Ctrl, or Lenti-Ym2. E-H,
Immunostaining against Sus4 in Lenti-shCtrl-, Lenti-shYm2-, Lenti-Ctrl-, or Lenti-Ym2-infected colonies. /, Statistical analysis of Susa™ and OMP™ cell ratios in colonies with Lenti-shCtrl, Lenti-
shYm2, Lenti-Ctrl, or Lenti-Ym2 infection (Sus4*: n=7, 6, 7, and 6 sections from three independent cultures in each group; OMP: n=6 sections in each group). J~M, Confocal images of
Sox2™ and Ki67 ™" cells in OF colonies treated with 0, 0.5, 1, and 2 pg/ml Ym2. N-Q, Confocal images of OMP™ and Krt14™ cells in OF colonies treated with 0, 0.5, 1, and 2 pg/ml Ym2. R,
Statistical analysis of Ki67 ™, Sox2™, Ki67"Sox2™, Krt14™, and OMP™ cells in untreated and recombinant Ym2-treated colonies (Ki67 ", Sox2™, Ki67 ™ Sox2™": n = 6 sections from three inde-
pendent cultures in each group; Krt14™, OMP™: n = 5 sections in Ctrl and 0.5 1g/ml Ym2-treated groups; n = 6 sections in 1 and 2 wg/ml Ym2-treated groups). Statistical significance in /
was determined by two-way ANOVA: F3 1) = 26.05, p << 0.0001. Asterisks in / were determined by Sidak's multiple-comparisons test. Statistical significance in R was determined by one-way
ANOVA, and asterisks were measured by Dunnett’s multiple comparisons test. Ki67 ™" Fi3.20 = 5.691, p=0.0055; Sox2™: Fi320 = 2.389, p=0.0997; ki67*Sox2*: Fi3.20) = 6.707, p=0.0026;

Krt14™: Fi3 15 = 1.696, p = 0.2036; OMP™: F; 1) = 7.838, p = 0.0015. Scale bars, 10 m.

Likewise, there were fewer apical Sox2* and Sus4" supporting
cells by 83*9% and 56 * 12%, respectively (Fig. 5CE,G).
Furthermore, Ym2 downregulation reduced the generation
of basal cells, evidenced by decreased Sox2" basal cells by
90 + 7% (Fig. 5C,F), ICAM1* HBCs by 46 + 8% (Fig. 5C,D),
and Krt14 " HBCs by 21 = 12% (Fig. 5C,G). By contrast, Ym2
overexpression significantly increased the cell numbers at
this time point, as follows: PGP9.5" neurons by 106 + 17%
(Fig. 5C,D), OMP* OSNs by 62 =23% (Fig. 5C,E), apical
Sox2™" supporting cells by 348 + 43% (Fig. 5C,E), Sus4 " sup-
porting cells by 95 = 26% (Fig. 5C,G), Sox2" basal cells by
246 + 48% (Fig. 5C,F), ICAM1* HBCs by 121 = 31% (Fig.
5C,D), and Krt14" HBCs by 64 + 13% (Fig. 5C,G).

On day 31 postlesion, Ym2 downregulation led to 67 * 9%
fewer PGP9.5" cells (Fig. 6CF), whereas Ym2 overexpression
caused an increase by 167 +40% (Fig. 6C,F). While Ym2
downregulation led to 53 + 8% fewer OMP™ neurons (Fig.
6D,E), Ym2 overexpression did not significantly alter the
number of OMP™ cells (Fig. 6D,E), suggesting a ceiling effect
of the Ym?2 level on OE regeneration. Changes in apical and
basal Sox2™ cells as well as ICAM1 " cells are summarized in
Figure 6G-1. Together, these findings support the idea that
Ym?2 regulates regeneration of the injured OE.

Ym?2 regulates cell proliferation and differentiation in OE
colonies

We then determined whether Ym2 is expressed in OE colonies.
Ym2 was colocalized with Krt18" and Sus4 ™" cells in vitro, but
not in Tujl" and OMP™" sensory neurons, ICAM1" HBCs, or
Ki67 " proliferative cells Ym2 (Fig. 7A-F). This is consistent with
the staining pattern in the OE, suggesting that Ym?2 is exclusively
expressed in presumptive supporting cells. OE colonies were
then infected with lentivirus to regulate Ym2 expression to fur-
ther verify its role. Similar to the OE (Fig. 5B), lentiviral infection
in OE colonies was not cell type specific. Infected GFP™ cells
included Sus4® and Ym2" supporting cells, ICAM" HBCs,
Ki67 " proliferative cells, Sox2" progenitor or supporting cells,
and even F4/80" inflammatory cells (Fig. 7G-L; for implications
of this finding, see Discussion). The efficiency of shYm2-3 lenti-
viral infection was confirmed in HEK293 cells overexpressing
Ym?2 (Fig. 8A) as well as in OE colonies (Fig. 8B). Thus, we used
Lenti-shYm2-3 to infect OE colonies for further analysis. Ym2
downregulation decreased the percentage of Ki67" (marker of
proliferation) by 46 + 9% and Sox2™" cells by 78 + 7% in OE col-
onies compared with the control colonies infected with Lenti-
shCtrl (Fig. 8C,E,G). By contrast, Ym2 overexpression led to an
increase in the percentage of Ki67" cells by 153+ 30% and
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Sox2" cells by 36 = 10% (Fig. 8D,F,H). Ym2 downregulation
reduced the percentage of Sus4™ supporting cells by 71 = 14%
and OMP" mOSNs by 68+ 5% in shYm2-infected colonies
compared with the Lenti-shCtrl group (Fig. 9A,B,E,F,I). By con-
trast, Ym2 overexpression via Lenti-Ym2 infection led to an
increase in the percentage of OMP " cells by 30 + 9% (Fig. 9C,D,
I). However, we did not observe a significant change in the per-
centage of Sus4” cells in OE colonies infected with Lenti-Ym2
(Fig. 9G-I). To confirm the effect of Ym2 overexpression on cell
proliferation and differentiation, OE colonies were treated with
recombinant Ym2 protein. The ratio of Ki67 " cells increased by
69 * 11%, 52 = 7%, and 35 % 16% in the presence of 0.5, 1, and
2 ug/ml Ym2 protein, while the Sox2™ cell ratio was not significantly
altered (Fig. 9J-M,R). Meanwhile, the ratio of Ki67 "Sox2™ cells
increased by 71 = 10%, 47 = 8%, and 42 = 15%, and the ratio of
OMP" cells increased by 253 * 66%, 292 * 40%, and 226 * 45%
with treatment of 0.5, 1, and 2 ug/ml Ym2 protein (Fig. 9N-R).
However, we did not find significant changes in the ratio of Krt14 "
cells with Ym2 incubation (Fig. 9N-R). Collectively, these data sup-
port that Ym2 regulates cell proliferation and differentiation in OE
colonies.

Attenuation of acute inflammatory responses inhibits Ym2
expression and delays OE regeneration

Previous studies suggest that OE regeneration is accompanied by
acute inflammatory responses (Chen et al., 2017). Since Ym2
plays essential roles in inflammation in other tissues (Rouse et
al., 2007; Cai et al, 2009; Lee et al, 2011; Ooi et al., 2012;
Kurpinska et al., 2019), we asked whether Ym2 elevation in the
injured OE was a prerequisite for the occurrence of inflamma-
tion or vice versa. We administrated methimazole to lesion
the OE as well as Dex, a type of corticosteroid with anti-
inflammatory effects (Fig. 10A). Dex treatment significantly
decreased the Ym2-mRNA level in the injured OE compared
with the untreated control (Fig. 10B). Inhibition of inflam-
matory responses after Dex treatment was confirmed by sig-
nificantly reduced TNF-a and IL-1B levels (Fig. 10B).
Interestingly, Dex-induced reduction in TNF-a and IL-18
levels was not evident on day 1 postinjury when a decrease of
the Ym2 level was apparent (Fig. 10B). Given that injury
enhanced Ym?2 expression in the OE (Fig. 2), these data sug-
gested that the modulation of Ym2 by Dex in the injured OE
occurred before the inhibition of inflammatory responses.
Dex administration in methimazole-lesioned mice drastically
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reduced the intensity of Ym2 expression in the supporting cell
layer by 62 = 8% compared with saline controls on day 14
postinjury (Fig. 10C,E,K), and led to 86 = 10% fewer OMP "
neurons (Fig. 10C,E,L) and 75 = 11% fewer PGP9.5" neurons
(Fig. 10D,FL). On day 31, 36+ 13% fewer OMP" cells
(Fig. 10G,I,M; not statistically significant) and 47 = 13% fewer
apical Sox2™ cells (Fig. 10H,J,M) were found in the OE with
Dex administration. Thus, the inhibition of acute inflamma-
tory responses downregulated Ym2 expression and attenuated
regeneration in the injured OE.

Ym?2 overexpression counteracts the inhibitory effect of Dex
on OE regeneration

To further corroborate the interaction between Ym2 and inflam-
matory responses, we induced Ym2 overexpression in the
injured OE of Dex-injected mice (Fig. 11A). Compared with the
Lenti-Ctrl group, Ym2 overexpression via Lenti-Ym2 infection
increased various cell types in the OE on day 14 postlesion, as
follows: PGP9.5" neurons by 306+ 59% (Fig. 11B-D,N),
ICAM1" HBCs by 197 = 25% (Fig. 11B-D,N), Sox2 " supporting
cells by 1385 + 265% (Fig. 11E-G,N), and OMP" mOSNs by
181 = 59% (Fig. 11E-G,N). On day 31, the ICAM1", PGP9.5",
and Sox2" cells in the Ym2-overexpressed OE increased by
40 £ 7%, 70 = 11%, and 154 * 25%, respectively, compared with
the Lenti-Ctrl group (Fig. 11H-M,O). However, there was no sig-
nificant change in the number of OMP™ cells on day 31 (Fig.
11K-M,0). Ym2 overexpression in Dex-injected mice led to an
increase in OE thickness by 39 = 8% on day 14 and 9 = 2% on
day 31 postinjury (Fig. 11P). To further verify the potential

=18.15, p=0.0002; IL-18:

connection between Ym2 and inflammation, we counted F4/80 "
macrophages and CD45" inflammatory cells in the OE. On day
14 postinjury, Ym2 overexpression led to significant increases of
F4/80" and CD45" cells by 110 = 16% and 78 *+ 19%, respec-
tively, compared with Lenti-Ctrl mice (Fig. 11Q-U). Collectively,
these data showed that Ym?2 overexpression could counteract the
inhibitory effect of Dex on OE regeneration, implying that Ym2
plays a regulatory role in inflammation-mediated OE recovery
from lesion.

Anti-inflammation downregulates Ym2 and inhibits cell
differentiation in OE colonies

We then determined whether Dex affected Ym2 expression and
cell differentiation in OE colonies. Ym2 downregulation in vitro
(Fig. 12A) led to a drastic decrease in the TNF-a-mRNA level
compared with the control (Fig. 12C). Compared with the colo-
nies infected with Lenti-shCtrl, Ym2 downregulation also
reduced the IL-18-mRNA level (Fig. 12C). These data further
support the notion that Ym2 may regulate inflammatory
responses in the OE. Furthermore, OE colonies with 1 um Dex
treatment (Fig. 12B) showed a decreased Ym2-mRNA level com-
pared with untreated controls on day 5 and day 10 (Fig. 12D),
demonstrating that anti-inflammation in vitro also restrained
Ym2 expression. In addition, treatment with 1 um Dex decreased
TNF-a-mRNA and IL-18-mRNA expression (Fig. 12D).
Immunostaining analysis on OE colonies showed 67 = 8% or
63 * 13% fewer Ym2™" cells with the treatment of 0.1 or 1 um
Dex, compared with untreated controls (Fig. 13A4,B). Treatment
of 0.1 or 1 um Dex significantly reduced the percentage of Sus4
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cells by 50 * 16% or 63 * 8% in OE col-
onies (Fig. 13C,D). Furthermore, 1 um
Dex treatment reduced the percentage
of OMP" cells in OE colonies by
46 = 7% (Fig. 13E,F). This was further
supported by an 18+ 3% decrease in
OMP-TdT" (TdTomato) colonies in
the presence of 1 um Dex (Fig. 12E,F),
suggesting that the inhibition of inflam-
matory responses restrained neuronal
differentiation in OE colonies. We then
overexpressed Ym2 in Dex-treated OE
colonies (Fig. 13G), which led to an
increase in the percentage of Sus4 " cells
by 120 = 31% (Fig. 13H,I), and OMP*
cells by 102 = 30% (Fig. 13H,]). These
data indicated that anti-inflammatory
treatment inhibited Ym2 expression
and hindered cell differentiation in OE
colonies, and this effect was counter-
acted by Ym2 overexpression.

Discussion

In this study, we discovered a novel role
of Ym2 in regeneration of the injured
OE and provided a critical link between
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matory treatment reduces Ym2 exp-
ression and delays OE regeneration in
vivo and cell proliferation/differentia-
tion in vitro, which is counteracted by
Ym2 overexpression.

Basal cells play central roles in media-
ting OE regeneration (Schwob et al,
2017). Selective depletion of supporting
cells leads to HBC activation (Lin et al.,
2017), suggesting a potential role of
supporting cells in HBC recruitment.
However, it is not entirely clear how
supporting cells contribute to this pro-
cess. The accumulation of Ym1/2 pro-
tein in the apical part of the injured mouse OE was first
reported in ZnSO4 irrigation and bulbectomy models
(Giannetti et al., 2004). Five days after unilateral bulbectomy
when basal cell proliferation is greatly increased, Chil4
(Chi3l4) mRNA is significantly higher on the lesion side, and
remarkably, it is the mRNA with the greatest fold difference
among all transcripts (Heron et al., 2013). Consistent with
these studies, we showed increased Ym2 expression in the
open-side OF of unilateral naris occlusion mice as well as in
the methimazole-induced OE lesion model (Figs. 1, 2). In the
naris occlusion model, the open side (the obligated breathing
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nostril) is subject to extra airflow, dryness, and environmen-
tal insults, and thus resembles a lesion model. Through
genetic ablation and viral infection, we found that Ym2 regu-
lates regeneration of OMP " and PGP9.5" sensory neurons;
apical Sox2* and Sus4” supporting cells; and Sox2¥,
ICAM1", and Krt14" basal cells in the injured OE. Genetic
or viral knockdown of Ym2 attenuates, while Ym2 overex-
pression accelerates recovery of the lesioned OE (Figs. 4-6),
demonstrating that Ym2 serves as an important regulator in
OE regeneration. Interestingly, Ym2 expression stays high 1-
3 months postinjury when OE recovery is presumably com-
plete (Fig. 2). We speculate that higher Ym?2 expression may
be necessary to maintain the turnover of the recovered OE
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Figure 14.  Summary of the main findings in this study. Green lines denote “facilitate,”
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and/or Ym?2 expression increases with age, as reported previ-
ously (Giannetti et al., 2004).

Our ELISA data from the nasal lavage supports that Ym2 is a
secreted protein (Fig. 2N), which is consistent with a previous
report (Ward et al., 2001), and the presence of the secretory sig-
nal peptide in the Ym2 N terminus, as in Ym1 (Nio et al., 2004).
Although we cannot completely rule out the possibility of con-
tamination from nonsecreted Ym2 in the supporting cells
during collection of the nasal lavage, the higher level of
Ym2 in the lesioned OE compared with the control is con-
sistent with the upregulation of Ym2 after injury. Although
more studies are required to determine how Ym2 (presum-
ably secreted from supporting cells) regulate OE regenera-
tion, there are several possible scenarios, which are not
mutually exclusive. First, Ym2 protein could act on sup-
porting cells themselves in a cell-autonomous fashion to
modulate their own functions, which in turn influence
other cell types (e.g., basal cells and sensory neurons).
Different cell types may mutually interact during OE regen-
eration. Cell-cell interactions between newly born neurons
and progenitor cells control the ratio of supporting cells
and neurons (Kam et al., 2016). Second, secreted Ym2 could
act on other cell types such as basal cells in a cell-nonauton-
omous manner to regulate OE regeneration. Since Ym?2
expression also affects the ICAMI intensity and ICAM1"
cell percentage of HBCs in the OE (Figs. 4-6), Ym2" sup-
porting cells may regulate the basal cell activity through
modifying ICAM1 expression and then affect cell turnover
during OE recovery. The effectiveness of recombinant Ym?2
in promoting cell proliferation and differentiation in vitro
(Fig. 9) lends further support to this scenario. Third, Ym2
protein could exert its action via OE inflammatory cells
(Fig. 11), which in turn modulate basal cell function (see
below).

Lentiviral infection allows the manipulation of Ym?2
expression in the OE (Figs. 5, 6). We applied Lenti-shYm2
infection 10 d before methimazole injection to allow suffi-
cient time for lentiviral infection to regulate Ym2 expres-
sion in the OE. Upon methimazole injection, most OE cells
are depleted within a couple of days. The effectiveness of
this protocol suggests that manipulating Ym?2 level before
and during the process of OE ablation is sufficient to influ-
ence the function of the remaining HBCs and OE regenera-
tion. Alternatively, viral infection may affect Ym2 level in
the remaining basal cells (especially in overexpression
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experiments), which may lead to different Ym2 levels in
regenerated supporting cells.

In genetic or viral downregulation of Ym2 expression
experiments, the observed effects are likely because of the
downregulation of Ym2 expression solely in supporting
cells, since other cell types (e.g., basal cells) do not express
detectable Ym?2 in both the in vivo and in vitro systems (Figs.
1-3, 7). However, in Lenti-Ym2 viral overexpression experi-
ments, infection can occur in multiple cell types (including
supporting cells and basal cells; Figs. 5, 7), which may contrib-
ute to the observed effects of Ym2 overexpression.

Similar to Ym2, neuropeptide Y (NPY), a neuroproliferative
factor, is synthesized in the postnatal OE by a subset of support-
ing cells (Hansel et al., 2001; Montani et al., 2006; Jia et al., 2013).
Genetic knockout of NPY causes a decreased number of dividing
olfactory neuronal precursor cells and results in significantly
fewer OSNs, revealing a role of NPY in maintaining neuronal
homeostasis in the OE (Hansel et al., 2001; Montani et al., 2006).
Moreover, NPY is also reported to mediate injury-induced neu-
roregeneration in the OE (Jia and Hegg, 2012). Our study adds
Ym?2 to the list of critical factors synthesized by supporting cells
that affect OE regeneration.

The specific mechanism regulating Ym?2 expression in OE
supporting cells requires further investigation. It has been
reported that Ym?2 expression depends on IL-4 and IL-13 signal
transduction in remodeling of the airway wall in the allergic lung
(Webb et al., 2001). Meanwhile, mouse CLPs including Ym2 can
induce the accumulation of neutrophils through regulating IL-17
(Sutherland et al., 2014). It is likely that IL-4 and IL-13 are
upstream, while IL-17 is downstream of Ym2 expression.
Accordingly, it is plausible that the interaction with interleukin
molecules may contribute to Ym2 function in regulating OE
regeneration.

Inflammation exerts complex influences on regeneration
and neural function of the OE. TNF-a-induced chronic
inflammation leads to olfactory sensory neuron dysfunction
revealed by electro-olfactogram (Sousa Garcia et al., 2017)
and represses neurogenesis (Lane et al., 2010). However,
TNF-a-mediated acute inflaimmation promotes stem cell
proliferation and contributes to OE regeneration (Chen et
al.,, 2017). These results suggest that TNF-a regulates OE
stem cell behavior differentially in acute versus chronic
inflammation. Murine Ym1/Ym?2 is a critical regulator of
inflammation in airway allergy (Zhao et al., 2005; Song et al.,
2008) and pulmonary infection (Miiller et al, 2007).
Through genetic ablation and viral infection, we found that
Ym?2 regulates the regeneration of sensory neurons, support-
ing cells, and basal cells in the injured OE (Figs. 4-6) via its
interaction with inflammatory responses. This is supported
by the fact that anti-inflammatory treatment reduces Ym2
expression and delays OE regeneration, reversed by Ym2
overexpression, which increased inflammatory cells in the
OE (Fig. 11). Similarly, Ym2 interacts with inflammatory
responses and regulates cell proliferation and differentiation
in OE colonies in vitro (Figs. 12, 13). Collectively, this is the
first study to demonstrate the interaction of Ym2 and acute
inflammatory responses in OE regeneration. Some steroids
such as glucocorticoids are routinely used to treat chronic
rhinosinusitis, preventing inflammation, relieving nasal
obstruction, impeding OSN deaths, and facilitating the re-
covery of olfactory functions (Wolfensberger and Hummel,
2002; Kim et al., 2017). However, it is paradoxical that gluco-
corticoids cause impairment in OSN regeneration via
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downplaying protein synthesis (for review, see Chang and
Glezer, 2018). Since Ym?2 regulates OE recovery via interac-
tion with inflammatory responses, it may act as an important
mediator to balance the injury and regeneration induced by
inflammation.
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