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Disintegration of the midline epithelial seam (MES) is criat for palatal fusion, and failure
results in cleft palate. Palatal fusion and wound repair slia many common signaling
pathways related to epithelial-mesenchymal cross-talk. \& postulate that chemokine
CXCL11, its receptor CXCR3, and the cytoprotective enzyme éme oxygenase (HO),
which are crucial during wound repair, also play a decisiveote in MES disintegration.
Fetal growth restriction and craniofacial abnormalities @re present in HO-2 knockout
(KO) mice without effects on palatal fusion. CXCL11 and CXCRwere highly expressed
in the disintegrating MES in both wild-type and HO-2 KO animia. Multiple apoptotic DNA
fragments were present within the disintegrating MES and pdgocytized by recruited
CXCR3-positive wt and HO-2 KO macrophages. Macrophages loated near the MES
were HO-1-positive, and more HO-1-positive cells were presnt in HO-2 KO mice
compared to wild-type. This study of embryonic and palatal dvelopment provided
evidence that supports the hypothesis that the MES itself plys a prominent role in
palatal fusion by orchestrating epithelial apoptosis and acrophage recruitment via
CXCL11-CXCRS signaling.

Keywords: embryology, cleft palate, chemokine, macrophage, he me oxygenase, apoptosis

INTRODUCTION

Formation of the secondary palate requires adhesion by théimeiépithelial edge (MEE) of both
palatal shelves, formation of the transient midline epithlkdeam (MES), disintegration of the MES,
and fusion of the palatal shelve&akermans et al., 20).10nly after disintegration of the MES
the mesenchyme of the palatal shelves can fuse to form the dagopalate. Failure of epithelial
adhesion between both palatal shelMesdas et al., 20Q@®r a lack of MES disintegratior{ritli-
Linde, 2007; Iseki, 20) will result in cleft palate with (CLP) or without cleft lip (CPOMultiple
mechanisms have been proposed to explain the disappearance dE&eThe main hypotheses
underlying MES disintegration involve epithelial cell migoa to the oral or nasal epitheliumi(n
and Ding, 200} epithelial-to-mesenchymal transformation (EMTNgwshad, 2003epithelial cell
apoptosis Yaziri Sani et al., 2005; Xu et al., 2006; Vukojevic et all220an et al., 20)por a
combination of these eventsgki, 201).
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CLP is the most common congenital facial malformation inthe CXCL11-CXCR3 axis suppresses macrophage in ltration
humans and occurs in approximately 1/700 live birtliisqwn  (Kakutaetal., 2012; Torraca et al., 2 Recently, slower wound
and Sandy, 2007 However, CPO is the rarest form of oral closure and delayed CXCL11 expression in wounds was observed
clefting, with an incidence ranging from 1.3 to 25.3/10,000n HO-2 KO mice (Lundvig et al., 2014 Interestingly, HO-2
live births Burg et al., 2016 Although the exact biological de ciency was shown to result in impaired macrophage function
mechanisms underlying orofacial clefting are not completelyBellner et al.,, 2095 Although CXCL11-CXCRS3 signaling
understood {/ossey et al., 2009a combination of genetic and regulates diverse cellular functions, including in ux of inume
environmental factors is thought to play a role. Approximatelycells during in ammation Kaplan, 2001; Van Raemdonck et al.,
50% of children born with CPO have a genetic syndrome2015 and wound repair $atish et al., 2005; Balaji et al., 2015
(Watkins et al., 2014 compared to 30% with CLPD{ew, little is known about its role during palatal fusion.

2019. Notably, maternal smoking, diabetes, and infections We postulate that palatal fusion is hampered in HO-2 KO
have been shown to strongly increase the risk for babies witinice by disruption of epithelial cell and macrophage cross-talk
orofacial clefts Iflossey et al., 2009; Brocardo et al., 2011in the MES due to hampered CXCL11-CXCR3 signaling. In
suggesting that control of oxidative and in ammatory stes the present study, MES disintegration is investigated intita
important. to chemokine signaling and the e ects of HO-2 de ciency on

Accumulating data suggest that the heme-degradingmbryonic development and palatal fusion.
antioxidative enzyme heme oxygenase (HO) is a key regulator
during embryological developmentZ¢nclussen et al., 2003, MATERIALS AND METHODS
2011, 201% HO facilitates placentation, fetal growth, and
-development by restricting excessive free heme levels.eHerAnimals Used For The Study
promotes oxidative and in ammatory stres$\agener et al., To obtain fetuses for this study, 8-week-old female wild type
2001, 201pand may lead to intrauterine fetal growth restriction (wt) (n D 7) and HO-2 KO @ D 8) mice were mated with
and fetal loss4enclussen et al., 20l HO protects against this respectively wt and HO-2 KO male mice. Homozygote HO-2
in ammatory stress by degrading heme and generating fre&O mice generated by targeted disruption of the HO-2 gene
iron/ferritin, carbon monoxide (CO), and biliverdin/bitubin ~ (Poss et al., 1995; Bellner et al., 20@hd wt mice, both of a
(Wagener et al., 2003These HO e ector molecules regulate mixed 129Sv C57BL/6 background, were bred and maintained
vasodilation and anti-apoptotic signaling, inhibit plateletin our animal facility. The animals were housed under normal
aggregation, reduce leukocyte adhesion, and reduce prtaboratory conditions with 12 h light/dark cycle aradl libitum
in ammatory cytokines {Vagener et al., 2003; Grochot-Przeczelaccess to water and powdered rodent chow (Sni, Soest, The
et al., 201 Two functional isoforms of HO have been Netherlands) and were allowed to acclimatize for at least kwee
described, HO-1 and HO-2. HO-1 has low basal levels bupefore the start of the experiment. Ethical permission for the
is strongly inducible, whereas HO-2 is largely constitelyv study was obtained according to the guidelines of the Board
expressed. HO-2 is highly expressed in the brain, testes, afar Animal Experiments of the Radboud University Nijmegen
blood vessels Hwing and Maines, 2006 Interestingly, the (RU-DEC 2012-166).
cytoprotective HO-1 and HO-2 enzymes are both strongly o . )
expressed in the placenta during embryonic development anilormone Administration before Mating
in neural crest cells that form the craniofacial tissues iften Preliminary experiments (RU-DEC 2009-160) demonstrated
and humans Zenclussen et al., 2003: Shi et al., J0Btevated that young animals (8-10 weeks old), that were mated
in ammatory, oxidative, and angiogenic factors have beerfor the rst time, often did not carry fetuses. This was
demonstrated in the endothelial cells of HO-2 knockout (KO)demonstrated for both wt mice and HO-2 KO mice. The
mice Bellner et al., 2009 During pregnancy, down-regulation chance of pregnancy was therefore enhanced using the hormones
of both HO-1 (Sollwedel et al., 20p@nd HO-2 @enclussen Folligonan (Genadotropin serum, Intervet Nederland B.V.,
et al., 200p in the placenta is associated with pregnancyBoxmeer, The Netherlands) and Pregnyl (Human chorionic
failure. Spontaneous abortion, pre-eclampsia, or fetal gnowtgonadotropin, N.V. Organon, Oss, The Netherlands). Because
retardation are associated with lower HO-2 protein leveldhere is a lag time period of approximately 13 days between
compared to healthy pregnant controldgnclussen et al., 2003 hormone application and palatal formation, we expected minor

Palatal fusion and wound repair are regenerative processéisuence on the experimental outcome. At day3 at 16.00h
that share common signaling pathways and gene regulatofyolligonan (6E in 30m) and at day 1 at 16.00h Pregnyl (6E
networks Biggs et al., 20)5Epithelial-mesenchymal cross-talk in 30m) was administered by intraperitoneal injection.
is essential in both processes. Decreased signaling betiveen . ..
versatile CXCL11 and its receptor CXCR3 on epithelial cell€1Ugging Day and Obtaining wt and HO-2
leads to delayed re-epithelialization and impaired epidermi&O Fetuses
maturation during wound repair $atish et al., 2005Moreover, The presence of a vaginal copulation plug, indicating that ngati
CXCR3 KO mice present excessive scar formation followinbgas occurred, was taken as day 0 of pregnancy (embryonic day
injury (Yates et al., 20)0 Macrophages are important in 0; EO) Behringer et al., 20361 wt mouse and 2 HO-2 KO mice
regenerative and embryonic developmental processpsifnan demonstrated no plugged status. These animals were mated agai
et al., 2014, 2015; Roszer, 2015; Mass et al.),2arid blocking 4 weeks later, and all demonstrated then a plugged status.
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Since the palatal shelves fuse between embryonic day E1dére excluded for weight and size analysis. The body length,
and E15.5 in wt mice[udas et al., 20Q7we presumed that body surface and head surface of the fetuses were measuned fro
fetuses of E15 were suitable for our study. At embryonic daphotographs using ImageJ (1.48v) software (National instsu
E15, 7 wt and 7 HO-2 KO animals were killed by €02 of health, Bethesda, MD, USA) and used for statistical analysis,
inhalation for 210 min. Only 3 out of 7 plugged wt mice, and for details se€igure 2
4 out of 7 plugged HO-2 KO mice carried fetuses. In total,

16 wt fetuses of E15 and 11 HO-2 KO fetuses of E15 welkssessment of mMRNA Expression of HO-2,

obtained. .
In order to monitor the growth restriction found in HO-2 CXCL11, CXCRS3, and HO-1 in Fetus Head

KO fetuses in more detail, we also analyzed the body size sfamples by Quantitat'ive Real'TimQ PCR
E16 HO-2 KO fetuses. Therefore, 1 pregnant HO-2 KO mous&0 screen for dierences in gene expression between HO-2
was killed at embryonic day 16, resulting in 12 HO-2 KO fetuseKO and wt fetuses, cDNAs were synthesized from samples

of E16. from heads of wt (E15n D 5) and HO-2 KO (E15;
. n D 4) fetuses. Fetuses were decapitated and total RNA
Implantation Rate was extracted using Trizol (Invitrogen, Carlsbad, CA, USA)

The uterus and fetuses were photograph&@ygre ). For the and a RNeasy Mini kit (Qiagen, Hilden,Germany), and
fetus carrying mice the mean implantation rate was analyzedDNA was produced using the iScript cDNA synthesis kit
by calculating the percentage of fetuses to the total numier ¢Bio-Rad, Hercules, CA, USA). cDNAs were analyzed for
embryonic implantations (fetus€snon-viable or hemorrhagic gene expression of HO-1, HO-2, CXCL11, and CXCR3,

embryonic implantations). using custom-designed primerdgble 1) and iQ SYBR Green

Supermix (Invitrogen, Carlsbad, CA, USA) in a CFX96 real-
The wt and HO-2 KO Fetuses Compared time PCR system (Bio-Rad, Hercules, CA, USA). Relative gene
for Weight, Length, and Body Surface expression values were evaluated with thé 3! Y method

The weight and size of wt fetuses (E15) and HO-2 KO fetusassing GAPDH as housekeeping gerievék and Schmittgen,
(E15/E16) was measured. Severely malformed fetus& Z)  200).
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FIGURE 1 | (A) Isolation of the fetuses and measurement of body length, bodgurface, head surface. Plugged mouse (e.g., HO-2 KO at E15)as sacri ced by
CO0,/05, inhalation for 10 min, the uterus and organs were removed. Fases were isolated from the uterus. Location of the 6 fetusein the uterus before they were
removed (green arrows). Location of the 5 non-viable/hemadnagic embryonic implantations (red arrows)(B) A square scale bar was drawn at the ruler in each
photograph of 10 10 mm (1 cm2) and the total number of pixels within the square was determed (e.g. 13,225 pixels).(C) A line in the length of the body of the
fetus was drawn and the number of pixels was recorded (e.g. 18 pixels). The length was calculated (e.g. 15&/ 13,225 D 13,7 mm). (D) The outline of the total body
surface of the fetus was drawn and the number of pixels was rearded (e.g. 11,733 pixels). The total body surface was caldated (e.g. 11,733/13,225D 0.89 cmz).
(E) The outline of the head surface was drawn and the number of pels was recorded (e.g. 4,761 pixels). The head surface was teulated (e.g. 4761/13,225D 0.36
cm?).
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A WT
horizontal midline adhesion fusion

B HO-2 KO
horizontal midline adhesion fusion
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FIGURE 2 | Palatal fusion observed in both wt and HO-2 KO fetuses at E1ZHE stainings demonstrated horizontal orientation of the datal shelves, midline adhesion
and fusion within the same fetus(A) Wt fetus at E15 (magni cation: x100). Palatal shelves in a lat stage of the palatal fusion increased in size. The MES chged
from a multi-cell-layer into a continuous one-single-cellyer, to a disintegrating MES, during which islands of effielium in the midline were observed(B) HO-2 KO
fetus at E15 (magni cation: x100). Palatal shelves in a latestage of the palatal fusion increased to some extent in sizeSeveral islands of epithelium in the midline
were observed.

TABLE 1 | Custom-designed mouse primers used for assessment of mMRNAxpression of GAPDH, HO-1, HO-2, CXCL11, and CXCR3 in fetus la&l samples by
quantitative real-time PCR.

Marker Gene Name Forward primer (5 %39 Reverse primer (5 %39

Reference gene Gapdh GGCAAATTCAACGGCACA GTTAGTGGGGTCTCGCTCCTG
Cytoprotection Hmox1 CAACATTGAGCTGTTTGAGG TGGTCTTTGTGTTCCTCTGTC
Cytoprotection Hmox2 AAGGAAGGGACCAAGGAAG AGTGGTGGCCAGCTTAAATAG
Chemokine Cxclll CACGCTGCTCAAGGCTTCCTTATG TGTCGCAGCCGTTACTCGGGT
Chemokine receptor Cxcr3 CAGCCTGAACTTTGACAGAACCT GCAGCCCCAGCAAGAAGA
Haematoxylin-Eosin Staining of and screened for anatomical abnormalities. These series we
Transversal Sections through the used as reference to obtain transversal sections contppafatal
Secondary Palate shelves in midline adhesion and fusion for immunohistocliesh

Mouse tissue samples were xed for 24 hin 4% paraformaldehyd'setalnlng Figure 2).

and further processed for routine para n embedding. Para n

sections were depara nized using Xylol, rehydrated using arlmmunohistochemistry

alcohol range (100-70%), and used for immunohistochemistrgelected paran embedded sections were depara nized
and FragE[™ analysis. Serial transversal sections througlusing Xylol and rehydrated using an alcohol range (100-
the secondary palate region ofn thickness mounted on 70%). Endogenous peroxidase activity was quenched with
Superfrost Plus slides (Menzel-Glaser, Braunschweig, Ggfima 3% HO, in methanol for 20 min, and immunohistochemical
were routinely stained with Haematoxylin and Eosin (HE) forstainings for HO-1, CXCL11, CXCR3, and macrophage marker
general tissue survey. The exact location of the fusing palate4/80 were performed as previously describ&@n( et al.,
shelves was determined per individual fetus. The HE sta;ing2009. In brief, tissue sections were incubated for 60 min
were subdivided into the four stages of palatogenesis basedth a biotin-labeled secondary antibodiable 2. Next, the

on the anatomy of the palatal shelves: elevation, horizpntasections washed with PBSG (phosphate-bu ered saline with
midline adhesion and fusion, according foudas et al. (2007) glycine) and treated with avidin-biotin peroxidase complex
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TABLE 2 | Antibodies and antigen retrievals used for immunohistochmical stainings for HO-1, CXCL11, CXCR3 and F4/80.

Antibody Speci city Dilution Antigen retrieval Source
SPA-895 HO-1 1:600 Combi: Citrate buffer 70 C for 10 min Stressgen
Trypsin digestion in PBS 0.015% 37C for 5min
Sc-34785 CXCL11 1:200 Citrate buffer 70 C for 2h Santa Cruz Biotechnology, Santa Cruz, CA, USA
NB100-56404 CXCR3 1:50 Citrate buffer 70C for 2h Novus Biologicals, Littleton, USA
BM8 F4/80 1:400 Combi: Citrate buffer 70 C for 10 min eBioscience

Trypsin digestion in PBS 0.015% for 5 min

TABLE 3 | Secondary antibodies used for HO-1, CXCL11, CXCRS3, apoptat DNA fragments immunohistochemical staining, and F4/80 \th apoptotic DNA
fragments/CXCR3/HO-1 double stainings.

Secondary antibody Speci city Dilution Color Source
A11008 Goat anti-rabbit AlexaFluor-488 1:500 Green Invitrogen Thieno sher scienti ¢
145-712-065-153 in combination with S-11226 Donkey anti-at Biotin 1:500 - Jackson Immunoresearch Europe LTD
Streptavidin AlexaFluor-568 1:500 Red Invitrogen Thermo sher scienti ¢
715-065-151 Donkey anti-rat 1:500 Brown Jackson Immunoresearch Europe D
BiotinCABCCDAB
Donkey anti-rat 1:500 Blue Calbiochem, San Diego, CA, USA
BiotinCABCCAPCnbt/bcip

Antigen retrieval used for double stainings: Combi, Citrate buffer 7€ for 10 min C Trypsin digestion in PBS 0.075% 37C for 5min.

(ABC) for 45min in the dark. After extensive washing with Quanti cation of CXCL11, CXCR3 and

PBSG, diaminobenzidine-peroxidase (DAB) staining wa${(Q-1 Immunoreactivity within the
performed for 10min for the HO-1, CXCL11, and CXCRS3 Epithelium of the Palatal Shelves

stainings. Transversal sections through the secondary palate of wt and
HO-2 KO fetuses were screened. For quanti cation sections

Analysis of Apoptosis and Recruited F4/80 were selected following the inclusion criteria: transviseations

Positive Macrophages in the Palate containing palatal shelves in midline adhesion and fusiomait

For studying apoptosis in the MES, transversal section§astthe presence of a part of the MES.

containing palatal shelves in midline contact and fusion The immunostained sections were rst categorized into
stage of wt and HO-2 KO fetuses were selected. Durin§v0 categories based on their palatal morphology (palatal
apoptosis, cellular endonucleases cleave nuclear DNA hetwe@orphology classi cation): fusing palatal shelves, andrfgsi
nucleosomes, producing speci c DNA fragments with frée 3 Palatal shelves with adhesion to the nasal septunt-igeee 3

OH groups at the end. Thes€@ ®H group can be labeled using Within each section the epithelium of the palatal shelves
Fragment End Labeling (FragB{, Calbiochem, San Diego, Was then subdivided into three separate regiofigire 3)
CA, USA) allowing detection of apoptotic DNA fragments ataccording to morphological characteristics (Epithelium ioeg
the individual cell level as previously describetiefnieniuch, —classi cation): epithelium of the palatal shelves from thged
2009. The procedure was performed according to the protocoincluding the MES, to the half of the width of the shelves (in
of the manufacturer (Calbiochem, San Diego, CA, USA). IRED), epithelium of the lateral half of the palatal shelves (in
brief, rehydrated para n sections were subjected to proteie& BLUE), epithelium of the lateral wall of the nasal cavity, this
digestion (0.5ng/ml) for 10 min. Endogenous peroxidase activityregion is positioned outside the palatal shelves and served as
was quenched with 3% 4@, in methanol for 20min. TdT ~control region (in YELLOW), seBigure 3

(Terminal deoxynucleotidyl Transferase) added biotinelzil CXCL11, CXCR3, and HO-1 immunoreactivity was evaluated
deoxynucleotides to the end of these DNA fragments. AftePY two observers, by blindly scoring, independently of edbkio
addition of ABC, DAB was added and incubated at roomThe epithelial regions per single section were semi-quatietty
temperature for 10 min. For the F4/80 staini@ AP (alkaline Scored according to the immunoreactivity scoring scalehiree
phosphatase} NBT (nitro-blue tetrazolium)C BCIP (5-bromo- categories (HIGH, MODERATE, and LOW). For each individual
4-chloro-Rindolyphosphate) was used. For used antibodiedetus the modus of the scoring per epithelial region was used for
and antigen retrievals, s@ables 2 3. Photographs were taken further statistical analysis. For details $égure 3 To determine
using a Carl Zeiss Imager Z.1 system (Carl Zeiss Microimaginge inter-examiner reliability, 10 sections were measurgdhe

Gmbh, Jena, Germany) with AxioVision (4.8V) software (ZeisgWo observers and acceptable coe cient of determinatiétf)(
Géttingen, Germany). scores> 0.80 were obtained for immunoreactivity scoring.
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Fusing palatal shelves

Palatal morphology classification: Epithelium region classification:

-Fusing palatal shelves : Epithelium of the palatal shelves from the edge, including
the MES, to the half of the palatal shelves

-Fusing palatal shelves with adhesion
to the nasal septum

- : Epithelium of the lateral half of the palatal shelves

: Epithelium of the lateral wall of the nasal cavity

Immunoreactivity scoring scale: RegionScore

D HIGH
D MODERATE

Low

HIGH : Immunoreactivity in the
entire epithelial region

MODERATE : Immunoreactivity present partially
in the epithelial region

LOW : Almost no immunoreactivity in the
epithelial region

200 pm

FIGURE 3 | Palatal morphology classi cation: The CXCL11, CXCR3 and HQ-immunostained sections were categorized in two stages acording to their
morphological characteristics: fusing palatal shelves,ra fusing palatal shelves with adhesion to the nasal septunEpithelium region classi cation: For each section
epithelial layers were subdivided in 3 regions of interestcaording to morphological characteristics: epithelium othe palatal shelves from the edge, including the MES,
to half of the width of the shelves (in RED), epithelium of tHateral half of the palatal shelves (in BLUE), epitheliumtbie lateral wall of the nasal cavity, this region is
positioned outside the palatal shelves and served as a conit region (in YELLOW). Immunoreactivity scoring scale: Semuantitative scoring of CXCL11, CXCR3 and
HO-1 immunoreactivity in epithelium of the palatal shelveg&ach epithelial region was semi-quantitatively scored @ording to the following scale: HIGH,
Immunoreactivity present in the entire epithelial region; ®DERATE, Immunoreactivity present only partially in the épelial region; LOW, Almost no immunoreactivity
present in the epithelial region. Right lower panel: Immuneactivity scored for the 3 epithelial locations in a CXCL1mmunostained section (e.g. wt fetus, E15,
section with adhesion of the palatal shelves and adhesion tthe nasal septum). RED region was scored as HIGH, BLUE regionas scored as MODERATE, YELLOW
region was scored as LOW for CXCL11 immunoreactivity.

Quanti cation of CXCL11, CXCRS3, and Apoptotic DNA Fragments in Macrophages

HO-1 Positive Cells in the Mesenchyme of Transversal sections containing palatal shelves in midline
the Palatal Shelves adhesion and fusion of wt and HO-2 KO fetuses were selected for

The immunostained sections, wt and HO-2 KO, were rstthe F4/80-immuno staining—FragBY. DNA fragmentation kit

categorized based on their morphology (Palatal morpholog I:) mé)ln?non.kThefF4/80tsurface reciptotra_ls c?n|5|dzeégd ﬁ]bneo
classi cation,Figure 3). Since a signi cant variance in the size e best markers for mature macrophages(et al., » The

of the palatal shelves was present, expression was adjusted°f8xl\'/|rgtsy of gntarllcrophages to fapoptc:tlfl D[’)\IS Af rfagments; W't.r::.'
surface area. The individual surface of each pair of shelv € and the presence of apoptotic ragments within

was measured using ImageJ (1.48v) software (Zeiss, Gfmtingt e F4/80 positive macrophages were studied. For used angibodi

Germany). Then, the number of CXCL11, CXCR3 and HO-and antigen retrievals, s@ables 23.

1 positive cells within the outline of the mesenchyme of theCXCRS and HO-1 Expression in
palatal shelves was counted. For detailsKgare 4. For each

section the number of positive mesenchymal cells/mwas Macrophages Studied t_)y

calculated. Cell counting was performed twice, by two blthde Immuno uorescence Microscopy

observers independently of each other, and the mean value Bouble staining for F4/80 with CXCR3/HO-1 were performed on
positive cells/mrA per fetus was calculated and used for statisticgpara n sections of wt and HO-2 KO fetuses. Tissue samples were
analysis. To determine the inter-examiner reliability,s@tions  xed for 24 h in 4% paraformaldehyde and further processed for
were measured by the two observers and acceptable coe cienoutine para n embedding. Sections were depara nized using
of determination R%) scores>0.80 were obtained for cell Histosafe and rehydrated using an alcohol range (100-70%).
counting. Fluorescent immunohistochemical double stainings for o4/
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FIGURE 4 | Palatal shelf surface measurement for determining the nundb of
CXCL11, CXCR3 and HO-1 positive immunostained cells cells/m? within the
mesenchyme of the palatal shelves. A square scale bar was dven in the
microscopic picture (magni cation: x100) of the section of 1000 1,000 mm
(1 mm?) and the total number of pixels within the square was determed (e.g.
1 mm?2 D 3,442,880 pixels). The contour of the mesenchyme of the sheks
was drawn (yellow line). The number of pixels for this area waletermined by
the ImageJ (1.48 v) software (323,768 pixels). The number ofogitive
immunostained cells within this mesenchymal area of the patal shelves were
counted by direct observation using the Zeiss microscope (g. 52 CXCL11
positive cells). The number of cells/mrf was calculated (3,442,880/323,768
52 D 553 cells/mm?).

To determine the inter- examiner reliability, the coe ci¢of
determination R%) was calculated by the square of the Pearson
correlation coe cient for the quantitative data, and calated
by the square of the Spearman correlation coe cient for the
semi-quantitative data.

Di erences were considered to be signi cantgf< 0.05. All
statistical analyses were performed using Graphpad Prism 5.03
software (GraphPad Software, San Diego, CA, USA).

RESULTS

Fetal Growth Restriction and
Malformations Occur in the Absence of
HO-2 Expression

Quantitative real-time PCR con rmed the genotypes of mice by
showing that HO-2 mRNA was only present in samples from
wild-type (wt) fetuses, and not in HO-2 KO fetusé3< 0.001,
Figure 5. Hemorrhagic embryonic implantations were found in
both wt and HO-2 KO animals Kigure 1A). No signi cance

di erence in the mean implantation rate was found between
pregnant wt and HO-2 KO mice (46 vs. 52®,D 0.79). At
E15, HO-2 KO fetuses weighed signi cantly le$s < 0.05,

Figure 5B) with a signi cantly smaller body surface than wt
fetuses P < 0.01,Figure 50Q. The di erences fetus lengthP(

ith d Fa/ ith » q | D 0.25,Figure 5D) and in head/body surface ratid?(D 0.97,
with CXCR3, and F4/80 with HO-1 were performed. Nuc earFigure 5B for both genotypes were not signi cantly di erent

staining was performed with DAPI. For antibodies used, segi'g15 To monitor the restriction of fetal growth in HO-2 KO

Tables 23. fetuses in more detail, we also analyzed the body size of E16
HO-2 fetuses. No signi cant di erence was found between the
E15 wt fetuses and E16 HO-2 KO fetuses in regards to weight
,\gﬁigure 5B) and body surfaceRigure 5C). No malformations or
craniofacial anomalies were found in the wt fetudeiggre 55.
%mong the 15 HO-2 KO fetuses (E15 and E16), 1 E16 fetus
had severe malformationg-igure 5I), 1 E16 fetus exhibited a
craniofacial anomalyRigure 5J, and 1 E15 fetus appeared to be
the smallest fetus without anomalidsgure 5K).

Statistical Analysis

The data for the implantation rate, fetus weight, fetus léngt
fetus surface, fetus head surface and the PCR data for the mR
expression of HO-1, HO-2, CXCL11, and CXCR3 showed
normal distribution as evaluated by the Kolmogorov-Smivno
test (KS-test).

To compare di erences in implantation rate between the wt
group and HO-2 KO group the Independent-Samplesest was
performed. . .

To analyze the fetus weight, fetus length, fetus surfates fe Palatal Fusion Observed in Both wt and
head surface for the wt E15 group, the HO-2 KO E15 groug10-2 KO Fetuses at E15

and the HO-2 KO E16 group the ANOVA and Tukey's multiple Though the HO-2 KO fetuses were smaller in size, no di erence
comparisorpost hotest were used. in the adhesion and fusion of the palatal shelves was observed

The HO-1, CXCL11, and CXCR3 immunoreactivity in the between the sections from wt and HO-2 KO fetuses at E15. In 2 wt
epithelium regions was semi-quantitatively scored and aealy fetuses and 2 HO-2 KO fetuses at E15, the palatal shelves were no
using the non-parametric Kruskal-Wallis ANOVA on ranks test Yet elevated. In both genotypes, di erent phases of palatogenes
and Dunn's Multiple Comparisonpost hoctest to compare Were observed in histological sections from the same fetus. T
di erences between the wt group and HO-2 KO group. MES changes from a multi-cell layer into a continuous singgé-

The data from quanti cation of the number of HO-1 positive layer, toadisintegrating MES, during which islands of egithre
cells in the mesenchyme showed a non-normal distribution ag"e observed. For more details, $égure 2
measured by the KS-test and the non-parametric Mann-Whitney . .
test was used to compare di erences between the wt group arflgXCL11 Expression in the MES and
HO-2 KO group. Mesenchyme

Quanti cation data of the number of CXCL11 and CXCR3 Because CXCL11 plays an important role in wound repair, we
positive cells in the mesenchyme showed a normal distriloutio investigated the mRNA expression of chemokine CXCL11 in fetal
as measured by the KS-test. Independent-Samplesst was head samples. CXCL11 mRNA was observed in samples from
performed to compare di erences between the wt group andoth wt and HO-2 KO fetuses without reaching a signi cant
HO-2 KO group. di erence between the two genotypd3D 0.88 Figure 6).
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FIGURE 5 | Fetal growth restriction and malformations occur in the absnce of HO-2 expression.(A) HO-2 mRNA was not found in HO-2 KO fetuses. HO-2 mRNA
was observed in wt fetuses E151G D 5), but not in HO-2 KO fetuses E151 D 4). Wt fetuses (E15n D 15), HO-2 KO fetuses (E15n D 4), and HO-2 KO fetuses (E16;
n D 11) were compared for(B) weight, (C) body surface, and (D) length P D 0.25), (E) head/body surface ratio P D 0.97). Data presented as mean SD. (P <
0.05; *»*P < 0.01), (**P < 0.001). (F) wt fetus at E15 (0.28 g; 12.9 mm).(G) HO-2 KO fetus at E15 (0.13 g; 12.5mm)(H) HO-2 KO fetus at E16 (0.31g; 12.4 mm)(I)
HO-2 KO fetus at E16 demonstrating severe malformations (065 g; 10 mm). (J) HO-2 KO fetus at E16 demonstrating a craniofacial anomaly (20 g, 12.2 mm). (K)
HO-2 KO fetus at E15 appeared to be the smallest fetus withouanomalies (0.10g, 10.3 mm).

Next, we investigated the cellular expression of CXCL11 CXCR3 protein expression was signi cantly higher in the
during palatal fusion. CXCL11 protein was signi cantly highe epithelium of the MES than the other epithelial layers of the
expressed in the epithelium of the MES compared to the othgpalatal shelves and the epithelium of the nasal cavity in thadus
epithelial layers of the fusing palatal shelves and the epitnel palatal shelves of the wt fetuseé® € 0.05, Figures 7B,F-H.
of the nasal cavity in both wiR < 0.001) and HO-2 KO fetuses Higher CXCRS3 protein expression in the epithelium of the MES
(P< 0.001;Figures 6B,C,F-H. No signi cant di erence was was also observed in the fusing palatal shelves with adhesion
found between the genotypes. High CXCL11 protein expressiao the nasal septum from the HO-2 KO fetuselB € 0.001,
was also found within the epithelium of the tips of the palatalFigure 70Q.
shelves lacking midline adhesion, in sections of both ggrex Interestingly, CXCR3-positive cells were also observed in the
(data not shown). CXCL11-positive cells were also observadesenchyme of the palatal shelves. No signi cant di erence in
in the mesenchyme of the palatal shelves, but no signi canthe number of CXCR3-positive cells/nfnwas found between
di erence in the number of CXCL11-positive cells/mnwas the wt and HO-2 KO groups in the fusing palatal shelved)
found between the wt and HO-2 KO groupsP? (D 0.97, 0.96,Figure 7D) or the fusing palatal shelves with adhesion to
Figure 6D) or in the samples with fusing palatal shelves withthe nasal septumRD 0.20,Figure 7E).
adhesion to the nasal septufd D 0.47 Figure 6B).

CXCRS3 Expression in the MES and CXCR3-Positive Macrophages Were

Mesenchyme Located near the MES and Phagocytized

Next, we investigated the expression of CXCL11 receptor CXCRpoptotic Cell Fragments of the MES

at the mRNA level. In samples from heads of wt and HO-2 KOCXCR3-positive cells are suspected of being macrophages
fetuses, CXCR3 mRNA expression was observed but with fmased on morphology and because macrophages have been
signi cant di erence between the group® 0.16,Figure 7). shown to be positive for CXCR3Kg@kuta et al., 2012
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FIGURE 6 | CXCL11 expression in the MES and mesenchyme in both wt and HQ-KO fetuses. (A) CXCL11 mRNA expression was both present in wtn(D 5) and in
HO-2 KO E15 fetuses (1 D 4; P D 0.88). Data presented as mean SD. CXCL11 overexpression in the MES in wt and HO-2 KO fetuseS$coring was performed
according to Figure 3. (B) Signi cant higher CXCL11 expression was observed in the MESH{ RED; **P < 0.001) compared to the other epithelial regions in the
fusing palatal shelves (in BLUE) and the nasal cavity (in MYERW) in the wt group and HO-2 KO group.(C) Signi cant higher CXCL11 expression was observed in the
MES (in RED; **P < 0.001) compared to the BLUE region and YELLOW region in the HQ KO sections with fusing palatal shelves with adhesion tde nasal
septum. (D) No signi cant difference in the number of CXCL11 positive cid/mm? in the mesenchyme of the fusing palatal shelves was found beteen the wt and
HO-2 KO fetuses) P D 0.97). Data presented as mean SD. (E) No signi cant difference in the number of CXCL11 positive cé&8/mm?2 was found in the mesenchyme
between the wt and HO-2 KO group in the sections with fusing pkatal shelves with adhesion to the nasal septur(D 0.97). Data presented as mean SD.

(F) Representative CXCL11 immunostaining in fusing palatal slves without adhesion to the nasal septum of a wt fetus (E1§magni cation: x100). The MES (in RED)
was highly CXCL11 positive compared to the other epitheliakgions; epithelium of the lateral half of the palatal shedg (in BLUE) and epithelium of the lateral wall of
the nasal cavity (in YELLOWY)G) Several CXCL11 positive cells in the mesenchyme were obsesd (e.g. black arrow indicates a CXCL11 positive cell in the
mesenchyme) (magni cation: x400). This was found in both wtiad HO-2 KO fetuses. (H) Moderate CXCL11 expression in the epithelium of the laterdlalf of the
palatal shelve (in BLUE), and in the epithelium of the laténaall of the nasal cavity (in YELLOW) (magni cation: x400).

(Torraca etal., 20)5Therefore, we investigated whetherfragmentation assay in combination with F4/80). Macroplage
CXCR3-positive macrophages are present within the fusintpcated near the MES did phagocytose apoptotic DNA fragments
palate using immuno uorescence microscopy. F4/80-CXCR8Figures 9A-Q. Other macrophages were observed in the
double-positive macrophages were observed in the fusing palataesenchyme closely localized near the apoptotic DNA fragsent
shelves, with some located near the disintegrating MES, th bowithin the disintegrating MESKigure 9B).
wt and HO-2 KO fetusesHigure 8). o ]

In both wt and HO-2 KO fetuses, multiple apoptotic DNA More HO-1-Positive Cells Are Found in
fragments were present in the epithelial cells of the disirtigg ~ Palatal Shelves from HO-2 KO Fetuses
MES. No apoptotic cell fragments were observed in the otheas macrophages can express the cytoprotective enzyme HO-1
epithelial regions. To assess whether the recruited macggsha during the digestion of cellular debrisShibahara et al., 1979;
phagocytose these apoptotic cell fragments, we stained fokinaga et al., 1996 we studied whether HO-1-positive
both apoptotic fragments and macrophages (FrddEDNA  macrophages are present within the fusing palate. HO-1 mMRNA
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FIGURE 7 | CXCR3 expression in the MES and mesenchyme in both wt and HO-RO fetuses. (A) CXCR3 mRNA expression was found in wt fetuses E15(D 5)
and in HO-2 KO fetuses E1514 D 4; P D 0.16). Data presented as mean SD. (B) Statistically signi cant higher CXCR3 expression was obs&ed in the wt group in
the MES (in RED; p < 0.05) compared to the YELLOW region(C) Signi cant higher CXCR3 expression was observed in the MESn(iRED) (**P < 0.001) compared
to the BLUE region and YELLOW region in the HO-2 KO sections thi adhesion of the palatal shelves and adhesion to the nasakptum. (D) No signi cant difference
in the number of CXCR3 positive cells/mr in the mesenchyme of the fusing palatal shelves was found beteen the wt and HO-2 KO fetuses P D 0.96). Data
presented as mean SD. (E) No signi cant difference in the number of CXCR3 positive callmm? in the mesenchyme was found between the wt and HO-2 KO
group of the sections with adhesion of the palatal shelves ahadhesion to the nasal septumP D 0.47). Data presented as mean SD. (F) Representative CXCR3
immunostaining of fusing palatal shelves without adhesioto the nasal septum of a wt fetus (E15) (magni cation: x100). e MES (in RED) had higher CXCR3
expression compared to the other epithelial regions (in BLE) and (in YELLOWY)G) Some CXCR3 positive cells in the mesenchyme were observed his was found
for the wt sections and HO-2 KO sections (black arrow indicais a CXCR3 positive cell in the mesenchyme) (magni cation: 00). (H) Moderate CXCR3 expression in
the epithelium of the lateral half of the palatal shelve (inLBE), and in the epithelium of the lateral wall of the nasal ¢ty (in YELLOW) (magni cation: x400).

was observed in samples from the heads of both wt and HO-2 K@nomalies, we found no evidence of disruption of palatal fusion
fetuses without reaching a signi cant di erence betweentive in HO-2 KO fetuses. We showed that multiple apoptotic DNA
genotypesR D 0.35,Figure 10A). Double immunostaining for fragments were exclusively present in the MES of both genotypes,
macrophage marker F4/80 and HO-1 showed that many F4/8Gsupporting earlier ndings that apoptosis of epithelial cells ésv
positive macrophages were positive for HO-1. F4/80 and HOMES disintegration I(an et al., 2016 We demonstrated that
1-positive cells were observed in the fusing palatal shelvés aboth CXCR3 and its ligand, the chemokine CXCL11, were
near the disintegrating MES in both wt and HO-2 KO fetuseshighly expressed by epithelial cells in the MES, suggesting
(Figures 10B,G. that chemokine signaling acts via an autocrine loop to atéi

The number of HO-1-positive cells in the mesenchyme of thegrocesses involved in its own disintegration. Although, pitaiga
fusing palatal shelves was signi cantly higher in the HO-2 KQalso other downstream mechanisms play a role in this process,
group than in the wt group® D 0.02,Figures 10D—Q. Almost  such as caspases, other enzymes and apoptotic DNA fragments.
no HO-1 expression was observed in the epithelium of the palat&Ve demonstrated that apoptotic DNA fragments from the MES

shelves in the wt and HO-2 KO groups. were phagocytized by both wt and HO-2 KO macrophages.
It is likely that CXCR3-positive macrophages were recruited
DISCUSSION via CXCL11 expression by the MEBidure 11). However, we

cannot exlude that additionally, other mechanisms can in a
Although deletion of HO-2 expression in mice leads tolater phase facilitate macrophage recruitment. For example,
fetal growth restriction, severe malformations, and codacial ~apoptotic nucleotide fragments derived from the MES have
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FIGURE 8 | CXCR3 positive macrophages were located near the MESA) Representative immuno uorescent histochemical double staing for F4/80 (red) with
CXCR3 (green) in HO-2 KO section (E16). Nuclear staining WiDAPI (Blue). The mesenchyme demonstrates the presence offé4/80 positive HO-2 KO
macrophages, which also express CXCR3 (white arrows) (magoation: x200). One CXCR3 F4/80 positive HO-2 KO macrophage ws located near the disintegrating
MES (white arrow within the white square)B) Magni cation of a F4/80 positive HO-2 KO macrophage located nar the MES (area between the dotted white lines)
(magni cation: x400). (C) Magni cation of a F4/80 positive HO-2 KO macrophage located irthe mesenchym of the palate shelf (magni cation: x400).

(D) Magni cation of a F4/80 positive HO-2 KO macrophage located otside the palatal shelf (magni cation: x400).

been demonstrated to promote macrophage contributed t@ssociated with down-regulation of HO-2 in human pathologic
this recruitment Elliott et al., 200Q Macrophages near the pregnancies4enclussen et al., 203which is in line with our
disintegrating MES were positive for HO-1 in both wt and ndings that HO-2 deletion leads to a developmental growth
HO-2 KO fetuses, but more HO-1-positive cells were founddelay at E15 of approximately 1 day. Among the HO-2 KO
in the palate mesenchyme from HO-2 KO fetuses. AlthougHetuses, one was severely malformed and another presented a
HO-2 KO macrophages have been shown to be dysfunctiondlead anomaly, but no anomalies or malformations were found
in a mouse corneal epithelial debridement modélel(iner inwt fetuses.
et al., 201} HO-2 KO macrophages phagocytosis of apoptotic Environmental factors, such as maternal diabetes, oxidati
DNA fragments still function, possibly with help of HO-1 stress, and infections can have a disturbing in uence on pélat
overexpression. fusion and lead to clefting of the lip and palatérfcardo et al.,
Adult HO-2-decient mice are morphologically 201J). HO-2 is essential for regulating physiological levels of
indistinguishable from wt mice Koss et al., 1995but only reactive oxygen species (ROS)k(et al., 2010; Burgess et al.,
full-grown mice have been studied thus far. To the best 0£01). Although we found growth restriction and morphological
our knowledge, this is the rst study of HO-2 KO embryonic anomalies in HO-2 KO fetuses, proper fusion of the palatal
development. Down-regulation of HO-2 is associated withshelves was observed. In the absence of additional stré¥3es
spontaneous abortion in humansZé¢nclussen et al., 2003 2 KO fetuses can thus develop into mice with a normal palate,
We did not nd that the absence of HO-2 expression resultedoossibly due to compensation by elevated HO-1 expression.
in an increased fetal loss rate or decreased implantatioa ralNext, we studied palatogenesis in HO-2 KO mice in more
in mice. However, non-viable and hemorrhagic embryonicdetail.
implantations were frequently observed in both genotypes. We demonstrated increased expression of chemokine
Homozygote HO-2 KO mice were recently demonstrated taCXCL11 and its receptor CXCR3 within the disintegrating
be viable (undvig et al., 2014 though they demonstrated MES in both genotypes. CXCR3-CXCL11 signaling serves as a
delayed wound repairSeta et al., 2006; Lundvig et al., 20d4dd  coordinator in wound repair duen and Wells, 2012; Kroeze
an exaggerated in ammatory response after corneal epitheliat al., 201pand is involved in the process of re-epithelialization
wounding Bellner et al., 20)1 Fetal growth retardation is and epidermis maturation Lundvigetal., 2014 In
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FIGURE 9 | Macrophages located near the MES phagocytose apoptotic célfragments. (A) Representative FragElM DNA fragmentation assay (brown) in
combination with F4/80 (dark blue) macrophage staining. Fusg palatal shelves in a HO-2 KO fetus (E16) (magni cation: D). Multiple macrophages were observed
in the mesenchyme of the palatal shelves(B) Magni cation of the disintegrating MES (magni cation: x400black square). Multiple apoptotic DNA fragments are
observed within the MES (Red arrows). The only apoptotic DNfsagments in the palatum outside the MES are in macrophagesat had taken up epithelial cells seen.
Two macrophages were located near the MES (green arrows), @macrophage was in close contact with the MES (red circle)C) Magni cation of the macrophage in
close contact with the MES (black square). In this macrophagéred circle), two apoptotic cell fragments within its cell bdy are present (purple arrows). Apoptotic DNA
fragments near the macrophage were observed (red arrows).hese ndings were representative for both wt and HO-2 KO sectins.

keratinocytes, CXCR3 signaling activateecalpain to loosen In addition to CXCR3 expression in the epithelial MES layer,
the adhesions for migratiorSatish et al., 2005Scars in CXCR3 we also demonstrated CXCR3 expression in the mesenchyme
KO mice exhibited hyperkeratosis and hypercellularifates of the fusing palatal shelves. We found CXCR3-positive
et al., 201)) features that are also observed in hypertrophiand phagocytosing macrophages near the disintegrating MES,
scar formation in humans Huen and Wells, 202 CXCR3 suggesting that macrophages are actively recruited by CXCL1
plays a key role in coordinating the switch from regenerationThis demonstrates that the MES actively participates in its
of the epithelial compartment toward maturatiorvgtes et al., disintegration via chemokine signaling. However, we canno
2009 and modulates cell proliferation and apoptosisu(ton, exclude that other mechanisms play arole, such as caspdsess, ot
2009; Ma et al., 20)5In the disintegrating MES CXCL11- enzymes and enzyme inhibitors. Recruitment of CXCR3-positive
CXCR3 signaling is therefore likely involved in controlling macrophages by CXCL11 paracrine signaling was demonstrated
processes, such as migration and apoptosis of epithelipreviously also in other model&ékuta etal., 2012; Torracaetal.,
cells. 2015.

We found many apoptotic DNA fragments throughout  Although HO-2 deletion impaired macrophage function in
the disintegrating MES, supporting apoptosis as a drivingorneal epithelial wound repaiBgliner et al., 201)5in our study
mechanism in MES disintegrationVéziri Sani et al., 2005; both wt and HO-2 KO macrophages phagocytosed apoptotic
Xu et al., 2006; Vukojevic et al., 2012; Lan et al.,, pONB DNA fragments and, thus, were still functional. Although
apoptotic DNA fragments were found in the other epithelialimpairment of macrophage function by HO-2 deletion was
regions of the palatal shelves or the mesenchyme of the palafalind in a wound repair study in adult miceBgliner et al.,
shelves. Blocking cell death with z-VAD, an inhibitor of pases, 2019, we studied macrophage function in a non-pathological
leads to persistence of the MES structure, which interferés wienvironment during embryonic development. However, our
fusion of the palatal shelves vitro (Cuervo and Covarrubias, ndings contradict another wound healing study, demonsinat
2009, suggesting that this could lead to cleft palate. Howevethat HO-2 deletion was associated with impaired HO-1 induetio
a role of epithelial migration in MES disintegration cannot be(Seta et al., 2006Signi cantly more HO-1-positive cells were
excluded. found in the palatal mesenchyme of HO-2 KO fetuses compared
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FIGURE 10 | More HO-1-positive cells are found in palatal shelves from ®-2 KO fetuses. (A) HO-1 mRNA expression was similar in wt fetuses E15(D 5) and in
HO-2 KO fetuses E15 6 D 4; P D 0.35). Data presented as mean SD. (B) Representative uorescent immunohistochemical double stming for F4/80 and HO-1 of
fusing palatal shelves with adhesion to the nasal septum of wt fetus (E15) (magni cation: x400). A part of the mesenchymaround the MES, showing a F4/80
positive macrophage (red) expressing HO-1 (green) locate@vhite arrow). Nuclear staining with DAPI (Blug)C) Representative uorescent immunohistochemical
double staining for F4/80 with HO-1 of fusing palatal shelvewith adhesion to the nasal septum of a HO-2 KO fetus (E16) (magcation: x400). A F4/80 positive HO-2
KO macrophage (red) expressing HO-1 (green) located near¢itMES (white arrow). Nuclear staining with DAPI (Blugp) Representative HO-1 immunostaining of
palatal shelves of a wt fetus (E15) (magni cation: x400). Thpart of the mesenchyme demonstrates the presence of one HQ- positive cell (black arrow)(E)
Representative HO-1 immunostaining of fusing palatal shets of a HO-2 KO fetus (E16) (magni cation: x400). This part dhe mesenchyme demonstrates the
presence of seven HO-1 positive cells (black arrows)F) Signi cant higher numbers of HO-1 positive cells/mnf were observed in the HO-2 KO fetuses compared to
the wt fetuses in the fusing palatal shelvesR D 0.02). Data presented as mean SD. (G) Numbers of HO-1 positive cells/mn? in the mesenchyme of wt and HO-2
KO fetuses in the fusing palatal shelves with adhesion to theasal septum@ D 0.60). Data presented as mean SD.

to wt fetuses, in which HO-1-positive cells were scarce. Whighly expressed in the disintegrating MES in both wt and
suggest that the higher HO-1 expression during embryoni¢iO-2 KO animals. Both wt and HO-2 KO CXCR3-positive
development is a compensating mechanism for HO-2 deletion imacrophages were functional since apoptotic cells from the
recruited macrophages in the fusing palatal shelves. Anase@ disintegrating MES were phagocytosed. Increased numbers of
HO-1 induction could explain in part the discrepancy in funatio HO-1-positive cells were found within the mesenchyme of the
between HO-2 KO macrophages in adult and embryonic mice. fusing palatal shelves of the HO-2 KO fetuses. It is tempting

A limitation of the present study was the relatively smallto speculate that HO-2 deletion leads to up-regulation of HO-
number of fetuses. However, among the 23 HO-2 KO fetuseg, expression in macrophages, protecting them from oxidative
one demonstrated severe malformations and another viaitlsf  stress following ingestion of apoptotic epithelial fragmemnesr
had a craniofacial anomaly, suggesting that HO-2 supportd fetthe disintegrating MES. Our data supports the hypothesis that
growth and development. chemokine signaling by the MES orchestrates its disintaggati

In conclusion, we determined that HO-2 deletion leads toby epithelial apoptosis and macrophage recruitment via CXCL11-
fetal growth restriction and craniofacial anomalies. In tast CXCR3 signaling. However, also alternative pathways may have
to our hypothesis, no disturbance was observed in palataltfiusiccontributed to these processes. Further research is neesled t
in HO-2 KO fetuses. However, CXCL11 and CXCR3 werénvestigate whether hampered palatal fusion can be the result
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FIGURE 11 | MES mediated chemokine signaling facilitates MES disintegtion and palatal fusion. Conceptual model: Autocrine angiaracrine MES signaling
facilitates palatal fusion. CXCL11/CXCRS3 autocrine sigriaf controls migration and/or apoptosis of epithelial cellsluring disintegration of the MES. CXCL11-CXCR3
paracrine signaling recruits macrophages to clean up the M&s. HO-2 KO macrophages are still able to phagocytize apoptiic DNA fragments from the MES due to
induction of HO-1.

disrupted chemokine signaling and whether reduced protectio experiments. SvK: performed experiments. AK: wrote
against oxidative and in ammatory stresses promote craag@ manuscript, supervised research. FW: designed experiments,
malformations. analyzed data, wrote manuscript, supervised research.
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