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Orofacial clefts (OFC) are frequent congenital malformations characterized by
insufficient separation of oral and nasal cavities and require presurgical infant
orthopedics and surgical interventions within the first year of life. Wound
healing disorders and higher prevalence of gingivitis and plaque levels are
well-known challenges in treatment of children with OFC. However, oral
inflammatory mediators were not investigated after birth using non-invasive
sampling methods so far. In order to investigate the impact of OFC on oral
cytokine levels, we collected tongue smear samples from 15 neonates with
OFC and 17 control neonates at two time points (T), TO at first consultation after
birth, and T1, 4 to 5 weeks later. The samples were analyzed using multiplex
immunoassay. Overall, we found significantly increased cytokine levels (TNF,
IL-1B/-2/-6/-8/-10) in tongue smear samples from neonates with OFC
compared to controls, especially at TO. The increase was even more
pronounced in neonates with a higher cleft severity. Further, we detected a
significant positive correlation between cleft severity score and distinct pro-
inflammatory mediators (GM-CSF, IL-1B, IL-6, IL-8) at TO. Further, we found
that breast-milk (bottle) feeding was associated with lower levels of pro-
inflammatory cytokines (IL-6/-8) in neonates with OFC compared to
formula-fed neonates. Our study demonstrated that neonates with OFC,
especially with high cleft severity, are characterized by markedly increased
inflammatory mediators in tongue smear samples within the first weeks of life
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potentially presenting a risk for oral inflammatory diseases. Therefore, an
inflammatory monitoring of neonates with (severe) OFC and the
encouragement of mother to breast-milk (bottle) feed might be advisable
after birth and/or prior to cleft surgery.

KEYWORDS

orofacial clefts, cleft lip and palate, neonates, cytokines, oral, oral inflammation,
mucosal immunity, mucosal homeostasis

1 Introduction

With an average occurrence of 1 in 700 newborns
worldwide, orofacial clefts (OFC) are considered one of the
most frequent malformations of craniofacial development (1, 2).
OFCs develop between the 5™ and the 12" week of
embryogenesis due to disturbances in the fusion of the medial/
lateral nasal and maxillary processes (3). These defective
processes were associated with genetic predisposition (4), e.g.,
candidate loci 8q24, 1p22 and 10q25 (5, 6), or environmental
factors, e.g., maternal smoking, folate deficiency and excessive
alcohol consumption (7-9). OFCs present phenotypic variability
and severity (10), e.g. unilateral cleft lip and palate (UCLP),
bilateral cleft lip and palate (BCLP), isolated cleft palate (CPo)
and isolated cleft lip (CLo) (11), leading to altered orofacial
anatomical features and functional challenges. Within the first
year of life, neonates with OFC require presurgical infant
orthopaedics (PSIO), which aims to support preoperative
growth of the palatal segments, normalize feeding and reduce
asymmetries using palate plates (12, 13) before surgical lip and/
or palate repair (12, 13). Even though, feeding difficulties like
chronic aspiration and choking can pose a challenge and impede
breast-feeding (14, 15) and, therefore, feeding alternatives like
Haberman feeders are recommended and applied (16, 17).

In addition to these functional challenges, it is known that
infants and adolescents suffer from aggravated oral health
compared to controls, e.g., increased plaque levels, enhanced
gingival inflammation and deeper periodontal pockets (18).
Further, it was recently shown that neonates with OFC suffer
from oral dysbiosis with increased levels of potentially
pathogenic bacteria, e.g., Enterobacteriaceae (Citrobacter,
Enterobacter, Escherichia-Shigella, Klebsiella), Enterococcus,
Bifidobacterium, Corynebacterium, Lactocaseibacillus,
Staphylococcus, Acinetobacter and Lawsonella (19). In infants
and children with OFC, pre- and post-operative oral
inflammation pose a main risk for wound healing disorders
and failure of surgery (20), yet, preventive strategies, e.g.
antibiotics prior to cleft lip surgery, did not achieve the
desired results (21). Besides, early life inflammation was
shown to increase the risk for other inflammation-associated
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diseases, e.g. autoimmunity (22). Hence, further knowledge
about inflammatory processes associated with clefting are
necessary, especially in neonates within the first year of life
before surgical cleft closure. However, for investigation of oral
local inflammation within the first year of life, solely an invasive
method was used for investigation of cytokine levels so far:
collection of lip tissue from infants with OFC during cleft
surgery (3 to 18 months of age) (23, 24). Interestingly, the
authors found positive correlations between certain pro-
inflammatory cytokines in lip tissue from neonates with OFC
(without a control group) (23). Further,overall higher
concentrations of cytokines were found in lip tissue from
neonates with OFC compared to a non-age-matched and site-
matched control group (tissue from extraction site of
adolescents) (24). Since the invasive collection of lip tissue (23,
24) is ethically unacceptable in neonates without OFC, non-
invasive methods for oral sample collection in neonates are
necessary to ensure an age- and site-matched control group. It
was recently shown that non-invasive sampling methods were
suitable for cytokine and microbiota analyses in oral niches from
adults (smear samples from tongue, hard palate, cheek and
sublingual area, spitting method for collection of saliva, plaque
sampling and collection of gingival crevicular fluid using paper
strips) (25) and non-invasive collection of tongue and smear
samples for microbiota analyses in neonates with and without
OFC (19). Since smear samples from the cheek presented lowest
cytokine concentrations in adults (high saliva flow rate: small
salivary grands in the cheek) (25) and since no significant
microbial differences were seen between niche tongue and
cheek (19), non-invasive sampling of tongue smear samples
might be the most suitable representative of the oral cavity for
cytokine analyses in neonates.

Therefore, the aim of this study was to prove that a non-
invasive collection methodology using tongue smear samples
from neonates for investigation of cytokines is applicable. We
aimed to analyse distinct cytokines (GM-CSF, INF-y, TNF, IL-
1B/-2/-4/-6/-8/-10), that were shown to have anti- or pro-
inflammatory functions in wound healing processes,
inflammatory pathways and mucosal immunity (Table 1), in
neonates with OFC compared to neonates without OFC at first

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1044249
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Seidel et al.

10.3389/fimmu.

TABLE 1 Measured cytokines and their main functions in wound healing, inflammatory pathways and in mucosal immunity.

2022.1044249

Cytokine Source Functions in wound Functions in inflammatory Functions on mucosal ~ References
abbreviation healing pathways immunity
‘pro-inflammatory’ cytokines
Granulocyte- Macro-phages GM-CSF activated phagocytes GM-CSF upregulates CCL17 pathway in Role in inflammatory signaling and (26-29)
macrophage T cells cause tissue damage (26) inflammation (27) dendritic cell recruitment into
colony- GM-CSF stimulates TNF production (28) mucosa (29)
stimulating
factor
(GM-CSF)
Interferon B/NK/NKT/T  activation of antimicrobial and leukocyte adhesion, differentiation of weakening of epithelial integrity (30, 31) (33)
gamma cells antiviral pathways (30); immune cells, stimulation of macrophages  (migration of bacteria through
(INF-y) APCs increase of inflammation-induced (30, 32); altered barrier) (30, 31)
tissue damage (31) negatively regulated by IL-4/-10 (30)
Tumor necrosis ~ Macrophages, high levels of TNF were Primary pro-inflammatory cytokine (37): Stimulation of IL-8 production by (28, 34-36,
factor T cells, NK associated with surgical site vasodilatation, oedema formation, leukocyte mucosal neonatal epithelial cells 38, 40, 42)
(TNF) cells, mast infection (34); adhesion (28); (39); (43) (37, 39)
cells TNF inhibitor treatment slightly ~ cross-regulation between IL-8, IL-188 and high levels were associated with
reduced surgical site infection TNF (37, 38); stimulated by GM-CSF (28) worsening of the mucosal epithelial
(35, 36) barrier function (40, 41)
Interleukin-1p  Monocytes Primary host defense, response to  Primary pro-inflammatory reactions by the  Stimulation of IL-8 production by (37, 39, 41,
(IL-1B) macrophages  injury, enhancement of tissue innate immune system, mucosal neonatal epithelial cells 44)
damage in injury-associated activation of IL-8 (37) (39);
mechanisms (44) capable to compromise mucosal
barrier function (41)
Interleukin-6 T cells, promoting migration of immune  high levels (in plasma) were associated with  capable to compromise mucosal (32, 41, 46)
(IL-6) macrophages, cells to the damaged site/wound  severity of infectious neonatal diseases (33);  barrier function (41) (45) (33)
mast cells (45); increased levels were shown produced after IL-1 B, TNF and INF-y
to alter tissue integrity (41) stimulation (32)
Interleukin-8 Phagocytes promotion of tissue destruction  Secondary pro-inflammatory cytokine in produced under the stimulus of (32, 38, 41,
(IL-8) mesenchymal  (neutrophil accumulation and inflammatory reactions by the innate TNF and IL-1pB by neonatal nasal 47-49) (26)
cells granules release) (47, 48); immune system after IL-1p trigger and TNF mucosa epithelial cells (39); (39)
mast cells reduced IL-8 production stimulus (37, 38) capable to compromise mucosal
associated with scarless wound barrier function (41)
healing (49)
‘pro- and anti-inflammatory’ cytokines
Interleukin-2 CD4" T cells  anti-inflammatory: treatment important regulator in communication of regulation of oral mucosal (32, 43, 45,
(IL-2) with IL-2 promotes tissue innate and adaptive immunity; inflammation (activation of NF-xB 50, 51)
integrity, defense, tolerance and activation of T/B/NK cells (32); stimulation  pathway) (51)
strengthens the wound (43, 45, of CD8" cytotoxicity (32);
50)
Interleukin-10 CD4" T cells  anti-inflammatory: pro-inflammatory: in a comprised micro- promoting oral tolerance (55) (32, 52, 54,
(IL-10) B cells controlling the extend and environment (54), upregulated during anti-inflammatory in mucosal 55) (58) (33,
monocytes duration of inflammation in inflammation when other pro-inflammatory inflammation (down regulation of 54)
dendritic cells  wound healing (major suppressor ~cytokines, e.g., TNF and IL-6, increase (33)  immune responses to pathogens/
of immune responses) (52, 53) IL-10 inhibits the production of IL-13 and ~ microbiota) (52)
TNF (32) upregulated during inflammation
high levels (in plasma) were associated with ~ when other pro-inflammatory
severity of infectious neonatal diseases (33)  cytokines increase, e.g. IL-2, INF-y
in gingival crevicular fluid (56, 57)
‘anti-inflammatory’ cytokine
Interleukin-4 Mast cells, important role in wound healing ~ decreased levels of IL-4 were correlated to mucosal wound healing was (32, 46, 59—
(IL-4) CD4" T cells, (activation of fibroblasts, progression of inflammatory diseases (60); associated with increased IL-4 62)
Baso-phils, keratinocytes, neoangionesis and  antagonistic effects in inflammatory levels (62);

Eosino-phils

reepithelization) (46)
application of IL-4 accelerates
wound healing (59)

diseases: IL-4 inhibits TNF and IL-1 8
production (61)

APC, antigen presenting cell; NK cell, natural killer cell; NKT cell, natural killer T cell; CD, cluster of differentiation.
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Anti-inflammatory and
immunoregulatory functions in
mucosal immune reactivity (60)
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consultation after birth and 4 to 5 weeks later. Moreover, the
impact of cleft phenotype and severity on cytokine levels were
determined. The overarching goal was to increase knowledge
about inflammatory changes within the first weeks of life and to
identify neonates at risk for oral inflammation and wound
healing disorders.

2 Material and methods

2.1 Study design

This study was designed as a prospective, exploratory
observational clinical trial and has been approved by the local
ethics committee of the Friedrich-Alexander-University
Erlangen-Niirnberg (Krankenhausstrafle 12, 91054 Erlangen,
Vote number: 168_20 B, 28.04.2020) prior to the beginning of
the study. The trial was performed in accordance to the
declaration of Helsinki. Patients were recruited following
predefined inclusion criteria: I) Neonates with non-syndromic
orofacial cleft with their first consultation at the Department of
Orthodontics and Orofacial Orthopedics within the first days
and weeks of life, IT) neonates without orofacial cleft (born in the
Department of Gynecology and Obstetrics Erlangen with
ongoing regular consultations in local pediatric practices) and
III) written informed consent by the parents and/or legal
guardians. Exclusion criteria were defined as the following: I)
Neonates with syndromic cleft lip and palate, II) preterm birth
(< 37 weeks gestational age), IIT) neonates with underweight at
birth (<2500g), IV) neonates with systemic and metabolic or
autoimmune diseases, V) neonates with antibiotic intake, VI)
revoked written informed consent by the parents and/or legal
guardians. Two informed consent forms for participation in the
trial and for utilization of tongue smear samples, data protection
sheets and information material explaining the study in
adequate language were provided. Written informed consent
forms and data protection sheets by the parents and/or legal
guardians were mandatory for enrollment in the trial. Moreover,
written questionnaires were given to the parents and/or legal
guardian to collect information about neonates’ clinical
parameters including weight and height at birth, nutrition
protocol, intake of antibiotics and/or supplements as well as to
collect information about the mother including information type
of birth and intake of antibiotics intrapartum (Table 2).
Neonates were included regardless of birth type (vaginal birth
or via C-section) and, hence, neonates whose mothers received
intrapartum antibiotics due to C-section, were not excluded.

2.2 Recruitment

After eligibility screening, a total of 40 study participants
were enrolled in this study and diveded into two groups
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(Figure 1). The study group, neonates (n=18) with orofacial
clefts, was recruited at the Department of Orthodontics and
Orofacial Orthopedics, Universititsklinikum Erlangen,
Friedrich-Alexander Universitit (FAU) Erlangen-Niirnberg.
The control group, neonates without orofacial clefts (n=22),
was recruited at the Department of Gynaecology and
Obstetrics, Universitatsklinikum Erlangen, FAU Erlangen-
Niirnberg. Dropouts were registered due to the following
reasons: 1) Failure to appear to the consultation and study
appointments (n=1), 2) revoke of consent by the parents and/
or legal guardians (n=4) or 3) meeting the exclusion criteria
during the course of the study (n=3) (e.g. diagnosis of a
syndrome or acute systemic or metabolic disease). In total,
the dropout rate was 15% (n=8 in total, n=3 CLP patients and
n=>5 controls) with a final sample size of 15 study participants
in the CLP group and 17 study participants in the control
group (Figure 1).

2.3 Sample collection

Overall, 132 tongue smear samples were collected during a
timespan ranging from June 2020 to June 2021. Tongue smear
were obtained using sterile swabs and wiping carefully over the
middle and anterior part of the tongue several times for about 10
seconds. Parents were instructed to pause feeding their infants 2-
3 hours prior to sample collection and inform the study leader, if
medical treatment (e.g., antibiotic treatment) was performed
prior to sample collection or during the study course leading to
an exclusion of the study participant. For the control group,
sample collection was performed during routine appointments
at the Department of Gynaecology and Obstetrics,
Universitdtsklinikum Erlangen, FAU Erlangen-Niirnberg
(U2 =TO) as well as at local pediatricians: (U3 = T1). For the
OFC group, the sample collection was performed at the
Department of Orthodontics and Orofacial Orthopedics
during initial consultation (T0) and during regular
appointments (T1). For sufficient preservation, samples were
stored on dry ice within seconds after sample collection
performed on neonates and then either immediately frozen at
-80° C or stored in freezers at -20°C for a maximum of 5 days
and subsequently transferred to a ultra-low freezing unit at -80°
C for definite storage. An uninterrupted cold chain was
preserved permanently. Storage as well as further processing
was conducted in the research laboratory of the Department of
Orthodontics and Orofacial Orthopedics, Universititsklinikum
Erlangen, FAU Erlangen-Niirnberg.

2.4 Study population

Male and female subjects were distributed equally in both
groups (Tables 2, 3). The average age at TO is slightly different
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between the OFC and the control group since initial clinical
surveillance at orthodontists for treatment of OFC neonates is
often slightly later than the initial consultation (U2) at
gynaecologists (median age OFC neonates = 3 days; control
neonates = 2 days) (Tables 2, 3). Samples at T1 were collected
at a median age of 32 days (CLP group) and 31 days (control
group), hence, there were no differences in the distribution
between the two groups (Tables 2, 3). With a median weight of
3480 g, the control group was consistent with the European
average 26, whereas orofacial cleft patients’ weight was

TABLE 2 Characteristics of Study population.

Characteristics of the control group

10.3389/fimmu.2022.1044249

significantly lower with a median weight of 3120 g (Table 3)
which is in line with previous studies presenting evidence for
reduced birth weight and height at birth 27 and belated growth
and development mostly due to feeding difficulties 28-30.
Similarly, there is a mild almost significant difference
regarding the height at birth in both groups that is in average
51 cm for orofacial cleft patients and 53 cm for the control
group (Table 3). The mode of birth (vaginal and caesarean) and
antibiotic intake by mothers intrapartum were equally
distributed in both groups (Table 3). However, in contrast to

# Ageat TO (d) AgeatTl(d) Gender  Weight TO (g)  Height TO (cm) Type of birth' PROM* Antibiotics® Nutrition®

001 2 36 f 3350 52 1 0 2 0

002 2 34 m 3800 53 1 0 2 0

003 2 27 m 4120 55 1 0 2 0

004 2 23 f 3150 50 1 1 2 0

005 2 32 m 3340 50 0 0 0 0

008 3 29 f 3180 51 0 1 0 0

009 2 35 m 4030 54 0 0 0 0

010 2 38 m 3640 53 0 0 0 0

011 2 31 m 3050 50 0 1 0 0

012 2 20 f 2930 50 0 1 0 0

013 3 32 m 3670 54 0 1 0 0

015 3 34 f 3200 50 0 1 0 0

016 2 42 m 3940 53 1 1 2 0

018 2 24 f 3570 54 0 0 0 0

020 3 36 f 4200 56 1 0 2 0

021 3 22 m 3480 54 1 0 2 0

022 3 24 m 2950 50 0 0 0 0

Characteristics of the study group (CLP)

# Age at TO (d) Age at T1 (d) Gender ~ Weight TO (g) Height TO (cm) Type of birth' PROM* Anti-biotics Nutrition®

001 7 24 m 2590 48 0 0 2 2

002 n.d. 19 m 3130 44 1 0 1 2,4

003 3 38 m 3040 51 1 0 1 2

004 5 n.d. f 2980 51 0 0 0 0

005 2 37 f 2940 51 0 0 0 1

007 2 29 m 3220 51 0 0 0 1

009 3 29 m 3240 49 0 0 1 3

010 3 38 m 3320 51 1 0 1 34

011 3 34 m 3350 53 0 0 0 1

012 3 25 m 3900 51 0 0 0 2,4

014 2 31 m 3120 47 1 0 1 2

015 1 22 f 2800 51 0 0 0 2

016 11 39 f 3120 51 0 0 0 1,4

017 14 40 m 2860 50 0 0 0 3

018 8 34 f 3890 51 0 0 0 0
(Continued)
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TABLE 2 Continued

Special characteristics of the study group: classification, severity, type of treatment

# Etiology* BCLP* UCLP* CPo* CLo*
001 ps 0 1 0
002 s 0 0 1
003 ps 0 1 0
004 s 0 0 1
005 s 0 0 1
007  ps 0 1 0
009 ps 1 0 0
010  ps 1 0 0
011 ps 0 1 0
012 ps 1 0 0
014  ps 0 1 0
015 ps 1 0 0
016 s 0 0 1
017 s 0 0 1
018 p 0 0 0

o ©O ©O ©O O ©o o o o o o o o o©

—

10.3389/fimmu.2022.1044249

LAHSHAL Code®  LAHSHAL Severity®  Severity Score” pAM*
- - - SHAL 0002222 8 1
--hSh - - 0012100 4 0
- - - SHAL 0002222 8 1
--hSh - - 0012100 4 0
--HSH - - 0022200 6 1
- - - SHAI 0002221 7 1
1AHS - - 1 1222001 8 1
LAHSHAL 2222222 14 1
LAHS - - - 2222000 8 1
LAHSHAL 2222222 14 1
1AHS - - - 1222000 7 1
laHSHAL 1122222 12 1
--HSH - - 0022200 6 1
- - HSH - - 0022200 6 1
la----- 1100000 2 0

s, cleft of the secondary palate; p, cleft of the primary palate; ps, cleft of the primary and secondary palate; d, days; g, grams; cm, centimeter; f, female; m, male; n.d., not done

* 0, no; 1, yes; Ly, vaginal; ¢, caesarian.

20 = no antibiotic intake of neonates or mother before birth, 1 = mother before birth, 2 = neonates after birth.

* 0 = breastfeeding, 1 = bottle feeding breast milk, 2 = bottle feeding partly breast milk, partly artificial formula, 3 = bottle feeding artificial formula, 4 = postnatal tube feeding for <1 week

(=T0).

* p = cleft of the primary palate, s = cleft of the secondary palate, ¢ = combined clefting of the primary and secondary palate.
® LAHSHAL Code: minus sign (-) =not affected, small letter = incompletely affected, capital letter = completely affected.

¢ LAHSHAL Severity: 0 = not affected, 1 = incompletely affected, 2 = completely affected.

7 LAHSHAL Score, sum of the LAHSHAL Severity.

the mainly breast-fed control group, neonates with OFC were
mostly fed with bottles (breast milk, mixed nutrition,
exclusively formula-fed) and some required tube feeding after
birth, which was expected due to the explained feeding issues in
neonates with OFCs 14-17. The LAHSHAL classification
scheme by Kriens et al. 10 uses letters to describe the cleft
phenotype. Based on the LAHSHAL code 10, we created a
severity score for subgroup investigations. Capital letters
representing complete affection of the anatomical structure
10 were given by the value two (2), while small letters
representing incomplete affection 10 were given the value
one (1) and minus signs representing not-affected parts 10
were given the value zero (0). At the end, all numbers were
summed up for each individual patient and the final sum value
was used as severity score (the higher the final number, the
more severe was the clefting) (Table 2).

2.5 Cytokine analysis

For the measurement of cytokine concentrations, collected
tongue smear samples were isolated from swabs by
centrifugation at 21.130 x g (1 minute at 4°C) as previously
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described by Seidel CL et al. (25). Then the samples’ volume
was measured and diluted with diluent 43 (Mesoscale
Discovery, R50AG-2) to a volume of >50 pL. A few samples
needed to be diluted more than 14-fold, due to their very small
initial volume (< 4pl). For some of these high diluted samples
the cytokine-measurement failed because they resulted below
the detection range. These not reliable concentration-values
were filtered and excluded from the analysis. In particular,
regarding the CLP group at T0, sample 018 was diluted 37-fold
and excluded from GM-CSF, IL-10 and IL-4 analysis; sample
015 was diluted 28 times and excluded from IL-4
measurements. In the control group at TO the sample 008
was diluted 37-fold and excluded from IL-4 measurements. In
the control group at T1 the samples 009 and 010, diluted 22-
fold, were included only for IL-8 and IL-1£ analysis, 003 was
excluded from IL-4, IL-10 and TNF measurement. Cytokine
concentrations were analyzed by multiplex immunoassay in 96
well plates with a U-PLEX Biomarker Group 1 (hu) assay
(Mesoscale discovery; K15067L-2) on a MESO QuickPlex SQ
120 instrument (Mesoscale discovery). The assay was
performed according to the manufacturer’s instructions. The
elaboration of the data was made with the Program Mesoscale
Discovery Workbench.
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Patient recruitment before
clinical examination
Failure of screening:
Exclusion criteria met
Eligibility screening ]—h (n=52)
Refused informed
consent (n=15)
Inclusion criteria met
Signed informed consent
Oral and written information about
the study design
I Study group (n=18) Control group (n=22) ]
I Dropouts due to meeting exclusion criteria in the process, revoking consent or failure to appear ‘
I Study group (n=15) Control group (n=17) I
FIGURE 1

Flow of patients.

2.6 Statistics

The calculation of cytokine concentrations and statistical
analyses was done with Microsoft Excel 2016 (Microsoft,
Redmond, WA, USA) and GraphPad Prism 9 statistical
software (GraphPad Software, San Diego, CA, USA). The data
sets were analyzed by using the Mann-Whitney U-test, Chi
Square test, Kruskal-Wallis test and Dunn’s multiple
comparisons test. Differences were considered significant with
p-values < 0.05. Correlations between cytokines and severity-
score were calculated with Pearson’s correlation coefficient.

3 Results

3.1 CLP neonates present significantly
higher levels of pro-inflammatory
mediators compared to controls

The concentration of nine inflammatory mediators (GM-
CSF, INF-y, TNF, IL-1f3/-2/-4/-6/-8/-10) in tongue smear
samples was measured with multiplex immunoassay in each of
the following four groups (Figures 2A-H): CLP patients (CLP)
and healthy controls (ctrl) at T0O and T1. TNF, IL1-B, IL-6, IL-8
and IL-10 concentration were significantly higher in the CLP
group compared to the control group at both time points
(Figures 2C, D, G-I). The concentration of IL-2 and IL-4 was
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significantly higher in the CLP group, however only at TO
(Figures 2E, F). Considering the CLP group, the concentration
of the pro-inflammatory cytokines IL-1f and IL-8 and the anti-
inflammatory cytokine IL-4 decreased significantly from TO to
T1 (Figures 2D, F, H). Regarding the control group, the
concentrations of pro-inflammatory cytokines (GM-CSF, IL-
1B, IL-6 and IL-8) declined significantly from TO to T1
(Figures 2A, D, G, H), while anti-inflammatory cytokines (IL-2
and IL-4) increased significantly from TO to T1 (Figures 2E, F)
resulting in higher levels of IL-4 at T1 in the control group than
in the CLP group (Figure 2F).

To conclude, a general reduction of cytokine levels was
observed in tongue smear samples within the first weeks of life
in neonates. Moreover, several pro-inflammatory cytokines
showed significantly higher concentrations in the CLP group
compared to controls, while controls were characterized by
highest levels of anti-inflammatory IL-4 after the first weeks
of life.

3.2 Defining a numerical classification
scheme to differentiate CLP neonates
into low and high cleft severity

In order to investigate the impact of cleft severity
numerically, we created a severity score according to the
LAHSHAL classification 10 (Table 2, Supplementary Figure 1).
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TABLE 3 Descriptive statistics and statistical comparisons between CLP group and Control group.

Age in days, median (IQR):
At TO
At T1

Gender:
Female, n (%)

Male, n (%)

Birth weight (grams) median (IQR):

10.3389/fimmu.2022.1044249

Birth height (cm) median (IQR):
Mode of Delivery:
Vaginal, n (%)
Caesarean section, n (%)
Antibiotics:
None, n (%)
Mother before birth, n (%)
Neonate after birth, n (%)
Nutrition:
Breastfeeding, n (%)
Bottle feeding breast milk, n (%)
Bottle feeding partly breast milk, partly artificial baby food, n (%)
Bottle feeding artificial baby food
Postnatal tube feeding for <1week=T0, n (%)

*Mann-Whitney Test; °chi-square Test. Bold font = p < 0.05.

The higher the sum of the LAHSHAL code, the more anatomical
parts were completely affected by clefting, while low values
indicate that solely the lip or the palate were affected by
clefting (Table 2, Supplementary Figure 1). A heatmap
analyses in accordance to severity score was performed
(Figure 3). Interestingly, a trend of higher cytokine
concentrations was seen in tongue smear samples from CLP
neonates with higher severity score in comparison to CLP
neonates with lower severity score at TO (Figure 3) depicting a
visual separation into CLP neonates with severity scores greater
than value 7 and neonates with severity scores up to the value 7
(Figure 3 red line). In accordance to the results found in the heat
map, we defined a cut-off value dividing CLP patients in high
cleft severity (severity score 8-14) and low cleft severity (severity
score 2-7) for further investigations.

3.3 Neonates with high cleft severity
present significantly higher levels of pro-
inflammatory mediators compared to
low cleft severity after birth

Interestingly, significantly higher pro-inflammatory
cytokine concentrations (GM-CSF, IL-1£8 and IL-8) were seen
in tongue smear samples from neonates with high cleft severity
compared to low severity at TO (Figures 4A, D, H). All other
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CLP group (n=15) Ctrl group (n=17) p-value
3(2-7.25) 2(2-3) 0.046°
32 (24.75-38) 31 (24-35.5) 0.717°
5 (33) 7 (41) 0.789°
10 (67) 10 (59) 0.561°
3120 (2920-3328) 3480 (3165-3870) 0.024°
51 (49.75-51) 53 (50-54) 0.051°
11 (73) 10 (59) 0.659°
4(27) 7 (41) 0.485°
9 (47) 10 (59) 0.638°
5 (33) 7 (41) 0.718°
1(7) 0 (0) 0.287°
2 (13) 17 (100) 0.001°
3 (20) 0 0.065"
4(27) 0 0.033°
2 (13) 0 0.132°
4(27) 0 0.033°

measured cytokines (except for IFN-y) also presented elevated
levels in the high severity group compared to the low severity
group (Figure 4). Moreover, in CLP neonates with high cleft
severity, most measured cytokines (TNF, IL-13/-2/-4/-6/-8, GM-
CSF) showed a significant reduction from TO0 to T1 (Figures 4A,
C-H), while in neonates with low severity solely IL-6 decreased
significantly (Figure 4G).

3.4 Distinct cytokine correlation clusters
were found in each group for each
time point

To investigate the relationship between cytokine
concentrations in tongue smear samples and orofacial cleft
severity, Pearson correlation analysis was performed for both
groups (CLP, ctrl) and both time points (T0, T1). Regarding the
CLP group at TO, positive correlations were seen for: 1) GM-
CSF, 1L-2/-4/-8; 2) TNF, IL-1B/-6/-10 (Figure 5A). Considering
the control group at T, the following positive correlations were
detected: 1) TNF, IL-6/-8/-10; 2) IL-2/-4/-10; 3) IL-4, IEN-Y; 4)
IL-1B/-6 (Figure 5 B). As for the CLP group at T1, IL-8
correlated positively with all measured cytokines (GM-CSF,
IFN-y, IL-1B, -2, -4, -6, -10) except for TNF (Figure 5C) and
IL-4 correlated with all measured cytokines (GM-CSF, IFN-v,
IL-1B, -4, -6) except for TNF, IL-2 and IL-10 (Figure 5C).
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FIGURE 2

Concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-CSF, Interferon gamma = INF-y,
Tumor-necrosis-factor = TNF, Interleukin (IL)-1R/-2/-4/-6/-8/-10) in cleft patients (CLP) compared to controls (Ctrl) at both time points (TO =
after birth, T1 = 4-5 weeks after birth). A color scheme represents each group — time point — combination (CLP-TO: = green, Ctrl-TO = blue,
CLP-T1 = orange, Ctrl T1 = red). Histograms presenting the cytokine concentrations are given for each measured cytokine (A-1), both groups
(CLP vs. ctrl) and both time points (TO vs. T1). Each histogram is a scatter dot plot with the mean and standard error of mean (SEM). The
cytokine concentration in pg/mlis given on the Y axis, while the X axis represents the four groups: CLP_TO, Ctrl_TO, CLP_T1, Ctrl_T1. The
comparisons were statistically analyzed with t test and Mann-Whitney U-test, statistically significant comparisons are indicated by *p < 0.05,
**p < 0.01, ***p < 0.001, **** p < 0.0001

Furthermore, correlations were seen for: 1) TNF, IL-183; 2) IL-2/-
10 (Figure 5C). Considering the control group at T1, positive
correlations were seen for GM-CSF, TNF, IL-2/-4/-10
(Figure 5D), while the pro-inflammatory mediators IL-1(3/-6/-

3.5 Breast-milk (bottle) feeding
correlated with reduced levels of pro-
inflammatory cytokines IL-6 and IL-8 in
neonates with orofacial clefts

8 correlated negatively with all measured cytokines (Figure 5D).

Considering the severity score in the CLP group, positive
correlations with pro-inflammatory mediators (GM-CSF, IL-

1B) were seen at TO (Figure 4A).
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In contrast to control neonates, most neonates with CLP
suffer from feeding difficulties and require bottle feeding and in
very severe cases even postnatal tube feeding after birth. Overall,
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Heat map representing the cytokine concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-
CSF, Interferon gamma = INF-y, Tumor-necrosis-factor = TNF, Interleukin (IL)-1R/-2/-4/-6/-8/-10) for each subject in the cleft patients (CLP)
group compared to the control (Ctrl) group at both time points (TO = after birth, T1 = 4-5 weeks after birth). The subjects in the CLP group are
organized left to right from the lowest severity score (severity score 2) to the higher (severity score 14). The severity score and the cleft type for
each individual subject are ordered horizontally for each patient and are represented by color scheme: severity score is given by a color

gradient from low (blue) to medium (green) to highest (yellow) ¢

left severity; cleft phenotype is given above: Cleft lip only (CLo) =blue letters,

Cleft palate only (CPo) = green letters, unilateral cleft lip palate (UCLP) = yellow letters, bilateral cleft lip palate (BCLP) = orange letters. The red
line represents the cut-off between low and high severity score. The range of concentration for each cytokine (pg/ml) is given on the right side
and the measured cytokines are organized vertically from highest to lowest concentration. A double gradient map represents the levels of
cytokines for each subject (yellow = highest concentration, pink = intermediate concentration, dark violet = lowest concentration). The gray
squares with X are excluded multiplex-cytokine measurements due to concentrations below the detection range.

a trend to higher cytokine levels in tongue smear samples was
seen in bottle-fed neonates receiving mixed baby food (MF) and
artificial food (AF) compared to the breast-milk (bottle) fed
group (BM) at T0, while differences were only significant for IL-
8 (Supplementary Figure 3). At T1, IL-6 displayed significantly
higher levels in tongue smear samples from neonates receiving
artificial baby food compared to breast-milk (bottle) feeding
(Supplementary Figure 3). Notably, one neonate (LKG_017)
with CPo presented a peak of GM-CSF at T1 (Figure 3), which
received AF exclusively (Table 2).

4 Discussion

OFCs present different phenotypes and severities (10, 11)
and are characterized by an insufficient separation of oral and
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nasal cavity (10, 11) hereby presenting a risk for intraoral
inflammation (20). However, characterisation of local oral
cytokine milieu in non-invasively collected tongue smear
samples has neither been performed in healthy neonates nor
in neonates with OFC. In order to identify inflammatory
alterations and potential risk factors for wound healing
disorders, we investigated cytokine concentrations in tongue
smear samples from neonates with OFC compared to controls
and correlated them with cleft phenotypes and severity.

The non-invasive sampling method using tongue smear
samples was chosen due to several reasons. So far, two
invasive methods were used to analyse cytokine concentrations
in infants with OFC: 1) Two previous studies (23, 24) collected
lip tissue during cleft surgery in infants (3-18 months of age) to
investigate cytokine concentrations, but lacked an adequate
control group since surgical collection of lip tissue from
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Concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-CSF, Interferon gamma = INF-y,
Tumor-necrosis-factor = TNF, Interleukin (IL)-18/-2/-4/-6/-8/-10) in neonates with low cleft severity (Severity 2-7) compared to neonates with
high cleft severity (Severity 8-14) at both time points (TO = after birth, T1 = 4-5 weeks after birth). A colour scheme represents each group —
time point — combination (Severity 2-7 TO: = green, Severity 8-14 TO = blue, Severity 2-7 T1 = orange, Severity 8-14 T1 = red). The
concentrations (pg/ml) of the measured cytokines (GM-CSF, INF-y, TNF, IL-1B/-2/-4/-6/-8/-10) are given from the top left to the bottom right
histogram (A-1). Floating bars (max to min) with dots represent the cytokine concentration distributed in two subsets (Severity 2-7 and Severity
8-14) and both time points (TO vs. T1). The horizontal line in the bars represents the mean. The statistical analysis was made with Mann-Whitney

U-Test, *p value < 0.05, **p < 0.01.

healthy neonates would be ethically inacceptable. 2) One study
investigated cytokine concentrations and osteocalcin in
peripheral blood samples collected from children with OFC
(0-12 months, 1-3 years, 4-9 years, 10-15 years; n=80)
compared to an age-matched control group (n=10/per age
group) (63). The authors detected significantly higher pro-
inflammatory cytokine concentrations in OFC children and
distinct age-related correlations between IL-4 and osteocalcin
with a focus on immune-skeletal interactions and postnatal
osteogenesis (63), however, they did not detect differences
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between different cleft phenotypes and did not correlate their
results to oral parameters. With respect to non-invasive methods
to investigate cytokine concentrations in the oral cavity, several
methods were used in patients with OFC: 1) Collection of
stimulated saliva (64) or unstimulated saliva (65) using the
spitting method: patients are asked to collect saliva in their
mouth in an upright position with the head slightly tilted
forward (unstimulated saliva: without moving the head or
regurgitation) and to spit the collected saliva in a sterile tube
several times until the required amount of saliva is collected (65);
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2) Usage of sterile swabs to collect smear of defined areas, e.g.,
wiping over the tongue or the palate several times (areas with
low saliva flow rate) or wiping over the cheek or sublingual area
(high saliva flow rate) (25); 3) Sampling of gingival crevicular
fluid by putting sterile paper strips in gingival pockets for a
defined amount of time (in dentulous individuals) (25, 66-70);
4) Gathering of dental biofilm [supragingival plaque (25) or
subgingival plaque (71)] with sterile dental instruments (in
dentulous individuals). Some authors used the term ‘saliva
swab’ referring to non-invasive methods described above, e.g.,
the spitting methods (72, 73), or mixing up different methods,
e.g., stimulation of saliva by coughing and wiping over tongue,
cheek, palate and gums afterwards (74). A previous study
detected distinct differences and similarities between the
cytokine concentration in different oral niches and defined
immunological metaniches (plaque and gingival crevicular
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fluid; tongue and hard palate; sublingual area and cheek) (25).
We chose tongue smear samples as a representative of the
metaniche ‘tongue and hard palate’, since the tooth-associated
metaniche ‘plaque and gingival crevicular fluid is cannot be
found in neonates and since metaniche ‘sublingual area and
cheek’ was characterized by overall lowest cytokine
concentrations due to the high saliva flow rate in this area
(25). Moreover, neither the collection of unstimulated or
stimulated saliva would be possible in neonates due to well-
known cooperation difficulties in this age. The advantage of the
collection of tongue smear samples is the applicability in
neonates, the repeatability due to the defined methodology, the
non-invasiveness and the local investigation of cytokine samples
in the oral cavity.

As to cytokine detection using tongue smear samples from
neonates, all the analyzed cytokines (GM-CSF, INF-y, TNF, IL-
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1B/-2/-4/-6/-8/-10) were detected presenting a broad spectrum
of concentrations ranging from the highest values represented by
IL-8 (10000-40000 pg/ml) to lowest values represented by IL-4
(0.3-0.9 pg/ml). Similarly, a previous study detected highest
concentrations of IL-8 and lowest concentrations of IL-4 in
tongue samples from young adults with periodontal health (25).
Using a more invasive sampling method (collection of lip tissue
during cleft surgery) and an elderly study population (4-13
months of age) without a control group, Pilmane et al. (23)
found lower concentrations relatively highest concentrations of
TNF (36.93 pg/mL) and low cytokine concentrations of all other
measured cytokines (IL-2 1.58 pg/mL, IL-4 1.06 pg/mL, IL-6
0.59 pg/ml, IL-10 1.13 pg/mL, INF-y 0.79 pg/mL, GM-CSF 0.70
pg/mL), which is partly in contrast to our results investigating
tongue smear samples. Taken together, our non-invasive
sampling method and our measurements were sensitive
enough to analyze small sample volumes (with some
limitations in volumes below 4 pl requiring high dilution,
mostly IL-4 and IL-10) and were able to detect even higher
concentrations of cytokines compared to invasive sampling
methods (23).

The oral mucosa, including the tongue mucosa, constantly
interacts with the external environment and plays a pivotal role
in maintaining the tolerance with the local symbiotic bacteria on
the one hand and as a defense against pathologic microbes on
the other (75). Thereby, epithelial cells of the oral and tongue
mucosa and tissue specific immune cells communicate via
cytokines and soluble mediators to maintain the physiological
oral homeostasis (75) (Table 1). Considering healthy neonates
without OFC, we found a similar order of magnitude
considering cytokine concentrations at T1 compared to
detected cytokines in smear samples from the tongue of orally
healthy adults (25): As to longitudinal changes of the cytokine
levels in tongue smear samples, we found that the concentration
of most measured cytokines decreased significantly from TO to
T1 in both the CLP and the control group. In a mice model, it
was reported that the oral epithelium thickened gradually after
birth due to keratinization and exhibited adult features within
the first month after birth resulting in less permeability and less
vulnerability to microbial infections and that saliva flow was
upregulated (76, 77). Further, longitudinal changes in microbial
alpha diversity [species richness or evenness (78, 79)] and beta
diversity [variance in species composition (78, 79)] were
observed in neonates within the first weeks of life (19).
Notably, while we observed a decline of cytokine levels from
TO to T1 in both groups, alpha diversity increased significantly
from TO to T1 (19). Further, while we found that differences
between the OFC and control group regarding cytokine levels
were more significant at T0, the distinction between both groups
became more evident at T1 regarding beta diversity (19). Hence,
the observed reduction of cytokine concentrations in tongue
smear samples might be due to a gradual epithelium remodeling
process and increased saliva flow rate changes. Interestingly, the
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observed attenuated immunological reaction from TO to T1 was
contrariwise to reported increased microbial changes from TO0 to
T1 (19) indicating that postnatal immunological and microbial
processes in the oral cavity do not always depend on each other.

Further, a significant increase of IL-2 and IL-4 from T0 to T1
was found resulting in highest levels of IL-4 at T1 in neonates
without OFC. Regarding age-related changes of cytokine levels
(in peripheral blood), children without OFC were characterized
by a significant increase of IL-4 between 1 year and 3 years of age
(63). IL-2 is an important regulator in communication of innate
and adaptive immunity, e.g., by activation of T/B/NK cells (32);
promotes tissue integrity, defense and tolerance in wound
healing processes (50) and is a key regulator of regulation of
oral mucosal inflammation (51). IL-4 is well-known for
antagonistic effects in inflammatory diseases (inhibition of
pro-inflammatory cytokines) (61) and enholds anti-
inflammatory and immunoregulatory functions in mucosal
immune reactivity (60) (Table 1). Further, IL-4 has a main
role in wound healing by activation of fibroblasts, keratinocytes,
neoangionesis and reepithelization (46) and, notably, high levels
of IL-4 (or application of IL-4) were associated with accelerated
mucosal wound healing (59, 62), hereby strengthening the
wound (Table 1). Contemplating, the increase of IL-2 and IL-4
in healthy neonates might play an important role in maintaining
oral mucosal homeostasis within the first weeks of life when
neonates cope with an increase of microbiota in the oral
cavity (19).

Regarding local cytokine concentrations in tongue smear
samples from neonates with OFC, we found significantly higher
levels of TNF, IL1-3, IL-6, IL-8 and IL-10 compared to controls
at both time points. A study comparing lip tissue from infants
with OFC (3-18 months) during cleft surgery compared to
mucosal tissue gained during extraction therapy from
adolescents with hyperdontia (non-age-matched control)
showed a higher concentration of TNF in lip tissue from
neonates with OFC compared to adolescent controls without
OFC (24). Another study investigating lip tissue from infants
with OFC (4-14 months) during cleft surgery without a control
group, found overall highest concentrations of TNF compared to
other measured cytokines in lip tissue from neonates with OFC
(23). Considering systemic cytokine levels (in peripheral blood),
infants with OFC (0-12 months) presented significantly
increased levels of IL-17 and INF-y compared to an age-
matched control group, however, levels of IL-6 and IL-8 were
similar in both groups (63), which is in contrast to our results
found in tongue smear samples. TNF is a primary pro-
inflammatory cytokine (37) and promotes vasodilatation,
edema formation, leukocyte adhesion, regulation of blood
coagulation (28). Remarkably, high levels of TNF were
associated with surgical site infection (34) and worsening of
the mucosal epithelial barrier function (40, 41), while TNF
inhibitor treatment was shown to reduce surgical site infection
(35, 36) (Table 1). IL1-B triggers primary pro-inflammatory
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reactions by the innate immune system, e.g., by activation of IL-8
(37), primary host defence responses to injury as well as
enhancement of tissue damage in injury-associated
mechanisms (44) (Table 1). IL-6 promotes migration of
immune cells to damaged sites (45) and increased levels were
shown to alter tissue integrity (41) (Table 1). IL-8 is a secondary
pro-inflammatory cytokine in inflammatory reactions by the
innate immune system stimulated by IL-1B and TNF (37, 38),
induces tissue destruction by neutrophil accumulation and
granules release (47, 48) and reduced IL-8 production was
associated with almost scarless wound healing (49). IL-10 is
commonly known as anti-inflammatory cytokine promoting
oral tolerance (55), controlling the extend of inflammation in
wound healing (52, 53) and down regulation of immune
responses to pathogens/microbiota in mucosal inflammation
(52), but it was also shown to have pro-inflammatory effects in
a compromised immune-environment (54) and was shown to be
upregulated during inflammatory processes and gingival
inflammation when other pro-inflammatory cytokines
increase, e.g. IL-2, INF-y in gingival crevicular fluid (33, 56,
57) (Table 1). Therefore, higher levels of TNF and IL1-f/-6/-8
found in neonates with OFC might contribute to altered mucosal
barrier and tissue integrity hereby increasing the risk for
impaired wound healing. Notably, IL-10 seems to be
upregulated next to other pro-inflammatory cytokines in the
altered oral milieu of neonates with OFC.

Concerning different cleft phenotypes and severities, we
detected higher levels of GM-CSF, TNF, IL-1B3/-6/-8 in
neonates with high cleft severity (complete UCLP/BCLP)
compared to low cleft severity (CPo) at TO. Further, neonates
with CPo presented significantly lower levels of IL-2 compared
to UCLP/BCLP. Differences between different cleft phenotypes
and severities diminished at T1 probably due to the significant
reduction of cytokine levels in the BCLP group. Pilmane et al.
(23) detected higher levels of IL-2, GM-CSF and TNF in lip
tissue (collected during lip surgery) of neonates with UCLP/
BCLP neonates compared to neonates with CPo, however, those
difterences were found at a later time point (4-18 months of age)
and are not comparably to TO or T1. As discussed above, both
TNF, IL1-B, IL-6 and IL-8 levels were shown to compromise
mucosal barrier function (40, 41) and high levels were associated
with wound healing disorders (34, 44, 49) (Table 1). GM-CSF is
key player in inflammatory signaling and dendritic cell
recruitment into mucosa (29) and GM-CSF activated
phagocytes cause tissue damage during wound healing (26).
IL-2 is an important regulator in the communication of innate
and adaptive immunity, holds both anti- and pro-inflammatory
functions (32), regulates oral mucosal inflammation and
increases migration of immune cells, fibroblasts and capillaries
into damaged tissue (hereby strengthening the wound) (45).
Interestingly, treatment with IL-2 was shown to promote tissue
integrity, defense, tolerance and strengthens the wound (43, 45,
50) (Table 1). Hence, neonates with high severity score and with
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clefts affecting the lip and alveolus (BCLP/UCLP) presenting
higher levels of GM-CSF, TNF, IL-13/-6/-8 on tongue smear
samples might therefore be more at risk for progression of
inflammatory processes than neonates with low severity score
or cleft of the palate only (CPo). Whereas in CPo neonates, the
lack of IL-2 might be associated to surgical site infection
presenting a risk for residual clefts or fistulas in the hard
palate. The higher cytokine concentrations found in UCLP/
BCLP neonates compared to CPo neonates might be
explicated by the affection of extraoral structures hereby
leading to an altered microenvironment considering different
aspects: 1) The affection of extraoral structures leads to an
incompetent mouth closure and increases the airflow in the
oral cavity. This might not only lead to altered immune
reactions, but also to more ‘evaporation or dehydration’. A
previous study investigating the saliva of 5-year-old children
with OFC did not detect differences in saliva secretion rate (mL/
min) between children with OFC compared to controls without
OFC (80), however, so far no study evaluated saliva flow rate in
newborns, which is probably due to the missing compliance for
usual methods to measure saliva secretion rate (measuring the
amount of time for collection of a defined amount of saliva using
the spitting method). 2) Differences detected between CPo and
UCLP/BCLP neonates regarding cytokine concentrations can be
explained by altered oral microbiota in both phenotypes.
Significant differences between neonates with high cleft
severity (UCLP/BCLP) and low cleft severity (CPo) were
found regarding beta diversity, which were more distinct at
T1, and alpha diversity, presenting lowest alpha diversity in
neonates with high cleft severity (UCLP/BCLP) at TO (19). Since
low alpha diversity is linked to higher inflammation levels, the
low alpha diversity in UCLP/BCLP neonates might explain the
higher concentrations of pro-inflammatory cytokines in
neonates with UCLP/BCLP. Taken together, evaporation
might play a role, but the high cytokine concentrations in
UCLP/BCLP can also be elucidated by other factors, e.g., the
interplay with oral microbiota.

Considering correlations between cytokines in neonates with
OFC, we found strong positive correlations between 1) GM-CSF
and IL-6/-8, 2) IL-1P and TNF and 3) IL-6/-10 and TNF at TO.
Notably, the cleft severity score correlated positively also with
GM-CSF, IL-1f and IL-10 at T0. During inflammatory reactions
by the innate immune system, GM-CSF is capable to stimulate
TNF production (28), while TNF and IL-183 were shown to
stimulate IL-8 production in mucosal cells (38, 39) and IL-6 is
produced after IL-1 8, TNF and INF-y stimulation (32)
(Table 1). IL-10 was shown to inhibit the production of IL-1j
and TNF (32), however, it holds also pro-inflammatory
functions in a comprised micro-environment (54) (Table 1).
Similar to a previous study presenting positive correlations
between IFN-y and IL-2 as well as IL-4 with IFN-y in lip tissue
of infants with OFC (23), we also detected positive correlations
between IL-2 and INF-y and between IL-4 and IFN-y at T1 in
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OFC neonates. Control neonates were characterized by negative
correlations between GM-CSF and all other cytokines at TO and
between IL-1B/-6/-8 with all other cytokines. During
inflammation, a stimulation between GM-CSF and IL-1(3/-6/-8
(28, 32, 38, 39) was observed (Table 1). Taken together, the
cross-upregulation mechanisms between IL-13/-6/-8 (and IL-
10), TNF and GM-CSF might be linked to activation of
inflammatory pathways in neonates with OFC shortly after
birth, especially in neonates with high cleft severity, while in
neonates without OFC a cross-regulation between those primary
and secondary cytokines was not observed. Notably, while
correlations between cytokine concentrations were mainly seen
at TO, a previous study that microbial differences between
neonates with OFC compared to controls were more distinct
at T1 (19). Hence, we suppose that those cytokine interactions
might be linked to prenatal or very early immunological
reactions shortly after birth.

With regard to nutrition methods, the control group received
breast-feeding only, while neonates with OFC presented individual
nutrition modes due to feeding issues (14-17). Different nutrition
methods were distributed equally with regard to cleft phenotype and
severity (Table 2). Significantly higher pro-inflammatory cytokine
levels (e.g., IL-6 and IL-8) were seen in bottle-fed neonates receiving
mixed and completely artificial baby food compared to the breast-
milk (bottle) fed group (data not shown). Breast milk encloses anti-
inflammatory cytokines, e.g., TGF-P, IL-4/10, that can have an effect
on oral tolerance and regulate immune responses (81). Hence, a
positive impact of breast-milk (bottle) feeding on oral immunity can
be supposed, however, larger sample sizes are needed in future studies
and eventually further inflammatory mediators should be evaluated.

To conclude, this study showed that the sampling methodology
using swabs is suitable for the detection of oral cytokine
concentrations in neonates and presents a non-invasive alternative
compared to tissue sampling. Further, early life physiological
immune responses in the oral cavity seem to be characterized by
high levels of oral inflammatory mediators after birth. Within the first
weeks of life a significant decrease is detectable probably due to
adaptation processes due to gradual epithelium remodeling. While a
reduction of cytokine concentrations was found, a previous study
detected an increase of microbial alpha and beta diversity was found
in neonates within the first weeks of life (19). Hence, future studies
should focus on the dissimilarities between the postnatal
immunological and microbial reactions in the oral cavity within
the first weeks of life and investigate whether possible prenatal
immunological alterations might help to explain the presented
high cytokine concentrations within the first days after birth.
Interestingly, neonates without OFC were characterized by an
elevation of IL-2 and IL-4 from TO to T1 indicating that these
patterns might be representable for physiological oral homeostasis
(75) and ‘symbiosis’ (58, 82). Our results have high clinical relevance
as we found that neonates with OFC (especially with high cleft
severity) presented higher levels of pro-inflammatory cytokines.
Further, pre-operative oral inflammation was associated with
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failure of intraoral surgeries (20), hence, the high inflammation
found in neonates with OFC in early life might be a major risk
factor for pre-operative inflammation prior to lip surgery with 6-7
months of age. Since prophylactic use of antibiotics prior to cleft lip
surgery did not reduce the risk for wound healing disorders (21), we
assume that preventive strategies to reduce pre-surgical
inflammation should start after birth or at least as long as
necessary to reduce the inflammatory state. Future studies should
investigate oral cytokine concentrations using the non-invasive
sampling method described here to investigate cytokine
concentrations prior to and after surgical lip and/or palate closure
to identify subjects with enhanced risk for wound healing disorders.
Further, it would be interesting to analyse whether cytokine levels
remain elevated after surgical lip and palate closure since a higher
prevalence for gingivitis and periodontitis was found in children and
adolescents with OFC (83, 84). In case that those studies would
identify neonates at risk for wound healing disorders or an
association with oral diseases later in life, new preventive strategies
should investigate methods to reduce oral inflammation and to guide
oral immune responses towards oral homeostasis. The
encouragement of mothers of neonates with OFC to bottle feed
their neonates with breast-milk rather than with artificial baby food
might also be beneficial especially in severe cleft cases favoring an
anti-inflammatory cytokine profile and the development of
oral homeostasis.
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SUPPLEMENTARY FIGURE 1

Schematic drawing of the LAHSHAL classification scheme and different
cleft phenotypes is given: a) LAHSHAL scheme, b) Cleft Palate only (CPo),
c) unilateral cleft lip and palate (UCLP) and b) bilateral cleft lip and palate
(BCLP). The schematic drawing represents a occlusal view on the maxilla
and a bottom view of the nose. The nose is presented on top of the
scheme, followed by the lip, the vestibulum, the alveolus and the hard and
soft palate and the pharynx on the bottom of the scheme. The parts
affected by clefting are presented by discontinuities of the presented
anatomical parts. The LAHSAL scheme uses letters to describe the
affected anatomical parts (L = lip; A = alveolus, H = hard palate, S =
soft palate).

SUPPLEMENTARY FIGURE 2

Concentrations (pg/ml) of measured cytokines (Granulocyte-
macrophage colony-stimulating factor = GM-CSF, Interferon gamma =
INF-y, Tumor-necrosis-factor = TNF, Interleukin (IL)-1R/-2/-4/-6/-8/-10)
in different cleft types (bilateral cleft lip palate = BCLP, unilateral cleft lip
palate = UCLP, cleft palate only = CPo) at both time points (TO = after
birth, T1 = 4-5 weeks after birth). A color scheme represents each cleft
phenotype — time point — combination (BCLP-TO: = blue, UCLP-TO =
dark green, CPo-TO = light green, BCLP-T1 = red, UCLP T1 = orange, CPo
T1 = bright orange). The concentrations (pg/ml) of the measured
cytokines (GM-CSF, INF-y, TNF, IL-1R/-2/-4/-6/-8/-10) are represented
in this panel from the top left to the bottom right histogram (a to i).
Floating bars (max to min) with dots (row data) represent the cytokine
concentration distributed in each CLP subset (BCLP vs. UCLP vs. CPo; n =
4-5) at each time point (TO vs. T1). The line in the bars represents the
mean. The statistical analysis between the subsets at TO and T1 was made
with the Kruskal-Wallis test. The Mann-Whitney U-Test was applied for
comparison between the two time points. Differences were considered
significant with p-values < 0.05.

SUPPLEMENTARY FIGURE 3

Concentrations (pg/ml) of measured cytokines (Granulocyte-
macrophage colony-stimulating factor = GM-CSF, Interferon gamma =
INF-y, Tumor-necrosis-factor = TNF, Interleukin (IL)-18/-2/-4/-6/-8/-10)
in neonates with orofacial clefts at both time points (TO = after birth, T1 =
4-5 weeks after birth) considering different nutrition modes (breast-milk
(bottle) feeding (BM), mixed baby food (MF), artificial baby food (AF). A
color scheme represents each group — time point — combination (BM-TO:
= green, MF-TO = light blue, AF-TO = dark blue, BM-T1 = orange, MF T1 =
rose, AF T1 = red). The concentration of the cytokines GM-CSF, INF-y,
TNF, IL-1R/-2/-4/-6/-8/-10 is represented in this panel from the top left
graph to the bottom right. Each histogram, from top to the bottom, shows
the concentration of a cytokine (pg/ml) in defined group-time point-
combinations. Each histogram has floating bars (mean with max to min).
The circles represent the row data. The statistical analysis was made with
Kruskal-Wallis test (no statistical significance) and Mann-Whitney U-Test
(dotted lines). Differences were considered significant with p-
values < 0.05.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1044249/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1044249/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.1044249
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Seidel et al.

References

1. Emodi O, Capucha T, Shilo D, Ohayon C, Ginini JG, Ginsberg Y, et al. Trends
in cleft palate incidence in the era of obstetric sonography and early detection. J
Matern Fetal Neonatal Med (2022) 6:1-6. doi: 10.1080/14767058.2022.2032635

2. Garland MA, Reynolds K, Zhou CJ. Environmental mechanisms of orofacial
clefts. Birth Defects Res (2020) 112:1660-98. doi: 10.1002/bdr2.1830

3. Voigt A, Radlanski RJ, Sarioglu N, Schmidt G. Lippen-Kiefer-Gaumen-
Spalten. Der Pathologe (2017) 38:241-7. doi: 10.1007/s00292-017-0313-x

4. Nasreddine G, El Hajj J, Ghassibe-Sabbagh M. Orofacial clefts embryology,
classification, epidemiology, and genetics. Mutat Res Rev Mutat Res (2021)
787:108373. doi: 10.1016/j.mrrev.2021.108373

5. Mangold E, Ludwig KU, Néthen MM. Breakthroughs in the genetics of orofacial
clefting. Trends Mol Med (2011) 17:725-33. doi: 10.1016/j.molmed.2011.07.007

6. Leslie EJ, Marazita ML. Genetics of cleft lip and cleft palate. Am ] Med Genet
C Semin Med Genet (2013) 163C:246-58. doi: 10.1002/ajmg.c.31381

7. Dixon MJ, Marazita ML, Beaty TH, Murray JC. Cleft lip and palate:
understanding genetic and environmental influences. Nat Rev Genet (2011)
12:167-78. doi: 10.1038/nrg2933

8. Bell JC, Raynes-Greenow C, Turner RM, Bower C, Nassar N, O'Leary CM.
Maternal alcohol consumption during pregnancy and the risk of orofacial clefts in
infants: a systematic review and meta-analysis. Paediatr Perinat Epidemiol (2014)
28:322-32. doi: 10.1111/ppe.12131

9. Xuan Z, Zhongpeng Y, Yanjun G, Jiagi D, Yuchi Z, Bing S, et al. Maternal
active smoking and risk of oral clefts: a meta-analysis. Oral Surg Oral Med Oral
Pathol Oral Radiol (2016) 122:680-90. doi: 10.1016/j.0000.2016.08.007

10. Kriens O. What is a cleft lip and palate? proceedings of an advanced
workshop. Kriens O, editor (1989). Available at: https://openlibrary.org/books/
OL21319105M/What_is_a_cleft_lip_and_palate.

11. Reiter R, Haase S, Brosch S. [Orofacial clefts]. Laryngorhinootologie (2012)
91:84-95. doi: 10.1055/s-0031-1285886

12. Hotz M, Gnoinski W. Comprehensive care of cleft lip and palate children at
ziirich university: a preliminary report. Am ] Orthod (1976) 70:481-504.
doi: 10.1016/0002-9416(76)90274-8

13. Hotz MM, Gnoinski WM. Effects of early maxillary orthopaedics in
coordination with delayed surgery for cleft lip and palate. ] Maxillofac Surg
(1979) 7:201-10. doi: 10.1016/s0301-0503(79)80041-7

14. Kucukguven A, Calis M, Ozgur F. Assessment of nutrition and feeding
interventions in Turkish infants with cleft lip and/or palate. J Pediatr Nurs (2020)
51:e39-44. doi: 10.1016/j.pedn.2019.05.024

15. Miller CK. Feeding issues and interventions in infants and children with
clefts and craniofacial syndromes. Semin Speech Lang (2011) 32:115-26.
doi: 10.1055/s-0031-1277714

16. Goyal M, Chopra R, Bansal K, Marwaha M. Role of obturators and other
feeding interventions in patients with cleft lip and palate: a review. Eur Arch
Paediatr Dent (2014) 15:1-9. doi: 10.1007/s40368-013-0101-0

17. Palaska PK, Antonarakis GS, Suri S. A retrospective longitudinal treatment
review of multidisciplinary interventions in nonsyndromic robin sequence with
cleft palate. Cleft Palate Craniofac ] (2021) 59(7):882-90. doi: 10.1177/
10556656211026477

18. Marzouk T, Youssef M, Tsigarida A, McKinney C, Wong C, DeLucia L, et al.
Association between oral clefts and periodontal clinical measures: A meta-analysis.
Int ] Paediatr Dent (2022) 32(4):558-75. doi: 10.1111/ipd.12934

19. Seidel CL WM, Tschaftari M, Strobel K, Willershausen I, Rodrian G, Unertl
C, et al. Orofacial clefts alter early life oral microbiome maturation towards
dysbiosis. NPJ Biofilms Microbiomes (2022). doi: 10.21203/rs.3.rs-1932731/v1.
online PrePrint ResearchSquare, Version 1.

20. Liu L, Zhang Q, Lin J, Ma L, Zhou Z, He X, et al. Investigating oral
microbiome profiles in children with cleft lip and palate for prognosis of alveolar
bone grafting. PLos One (2016) 11:¢0155683. doi: 10.1371/journal.pone.0155683

21. Wu M, Zhu ZB, Shi B, Gong CX, Li Y. Effect of the prophylactic use of
antibiotics on wound infection after cleft lip surgery. Hua Xi Kou Qiang Yi Xue Za
Zhi (2021) 39:709-11. doi: 10.7518/hxkq.2021.06.013

22. Misra R, Mulligan JK, Rowland-Jones S, Zemlin M. Editorial:
Autoimmunity and chronic inflammation in early life. Front Immunol (2021)
12:761160. doi: 10.3389/fimmu.2021.761160

23. Pilmane M, Jain N, Jain S, Akota I, Kroica J. Quantification of cytokines in
lip tissue from infants affected by congenital cleft lip and palate. Children (Basel)
(2021) 8(2):140. doi: 10.3390/children8020140

Frontiers in Immunology

17

10.3389/fimmu.2022.1044249

24. Reiser SC, Tellermann J, Akota I, Pilmane M. Profiling and characterization
of localized cytokine response in congenital cleft affected lip tissue. Life (Basel)
(2021) 11(6):556. doi: 10.3390/life11060556

25. Seidel CL, Gerlach RG, Wiedemann P, Weider M, Rodrian G, Hader M, et al.
Defining metaniches in the oral cavity according to their microbial composition and
cytokine profile. Int ] Mol Sci (2020) 21(21):8218. doi: 10.3390/ijms21218218

26. Becher B, Tugues S, Greter M. GM-CSF: From growth factor to central
mediator of tissue inflammation. Immunity (2016) 45:963-73. doi: 10.1016/
jimmuni.2016.10.026

27. Hamilton JA. GM-CSF in inflammation. J Exp Med (2020) 217(1):
€20190945. doi: 10.1084/jem.20190945

28. Zelova H, Hosek J. TNF-o signalling and inflammation: interactions
between old acquaintances. Inflammation Res (2013) 62:641-51. doi: 10.1007/
s00011-013-0633-0

29. Hirata Y, Egea L, Dann SM, Eckmann L, Kagnoff MF. GM-CSF-facilitated
dendritic cell recruitment and survival govern the intestinal mucosal response to a
mouse enteric bacterial pathogen. Cell Host Microbe (2010) 7:151-63. doi: 10.1016/
j.chom.2010.01.006

30. Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an
overview of signals, mechanisms and functions. J Leukoc Biol (2004) 75:163-89.
doi: 10.1189/j1b.0603252

31. Ye L, Schnepf D, Staeheli P. Interferon-A orchestrates innate and adaptive
mucosal immune responses. Nat Rev Immunol (2019) 19:614-25. doi: 10.1038/
541577-019-0182-z

32. Nesin M, Cunningham-Rundles S. Cytokines and neonates. Am ] Perinatol
(2000) 17:393-404. doi: 10.1055/5-2000-13457

33. Ng PC, Li K, Wong RP, Chui K, Wong E, Li G, et al. Proinflammatory and
anti-inflammatory cytokine responses in preterm infants with systemic infections.
Arch Dis Child Fetal Neonatal Ed (2003) 88:F209-213. doi: 10.1136/fn.88.3.209

34. Saika S. Yin and yang in cytokine regulation of corneal wound healing: roles
of TNF-alpha. Cornea (2007) 26:570-74. doi: 10.1097/ICO.0b013e31812f6d14

35. Ksontini R, MacKay SL, Moldawer LL. Revisiting the role of tumor necrosis
factor alpha and the response to surgical injury and inflammation. Arch Surg
(1998) 133:558-67. doi: 10.1001/archsurg.133.5.558

36. Berksoy Hayta S, Durmus K, Altuntas EE, Yildiz E, Hisarciklio M, Akyol M.
The reduction in inflammation and impairment in wound healing by using
strontium chloride hexahydrate. Cutaneous Ocular Toxicol (2018) 37:24-8.
doi: 10.1080/15569527.2017.1326497

37. Tetyczka C, Hartl S, Jeitler R, Absenger-Novak M, Meindl C, Frohlich E, et al.
Cytokine-mediated inflammation in the oral cavity and its effect on lipid nanocarriers.
Nanomaterials (Basel) (2021) 11(5):1330. doi: 10.3390/nano11051330

38. Mitsuyama K, Toyonaga A, Sasaki E, Watanabe K, Tateishi H, Nishiyama T,
et al. IL-8 as an important chemoattractant for neutrophils in ulcerative colitis and
crohn's disease. Clin Exp Immunol (1994) 96:432-6. doi: 10.1111/j.1365-
2249.1994.tb06047 .x

39. Miller D, Turner SW, Spiteri-Cornish D, McInnes N, Scaife A, Danielian PJ,
et al. Culture of airway epithelial cells from neonates sampled within 48-hours of
birth. PLos One (2013) 8:¢78321. doi: 10.1371/journal.pone.0078321

40. Droessler L, Cornelius V, Markov AG, Amasheh S. Tumor necrosis factor
alpha effects on the porcine intestinal epithelial barrier include enhanced
expression of TNF receptor 1. Int ] Mol Sci (2021) 22(16):8746. doi: 10.3390/
ijms22168746

41. Kim HJ, Li H, Collins JJ, Ingber DE. Contributions of microbiome and
mechanical deformation to intestinal bacterial overgrowth and inflammation in a
human gut-on-a-chip. Proc Natl Acad Sci United States America (2016) 113:E7-15.
doi: 10.1073/pnas.1522193112

42. Shinozaki M, Okada Y, Kitano A, Ikeda K, Saika S, Shinozaki M. Impaired
cutaneous wound healing with excess granulation tissue formation in TNFalpha-
null mice. Arch Dermatol Res (2009) 301:531-7. doi: 10.1007/s00403-009-0969-z

43. Doersch KM, DelloStritto DJ, Newell-Rogers MK. The contribution of
interleukin-2 to effective wound healing. Exp Biol Med (2016) 242:384-96.
doi: 10.1177/1535370216675773

44. Lopez-Castejon G, Brough D. Understanding the mechanism of IL-1B
secretion. Cytokine Growth Factor Rev (2011) 22:189-95. doi: 10.1016/
j.cytogfr.2011.10.001

45. DeCunzo LP, Mackenzie JW, Marafino BJJr., Devereux DF. The effect of
interleukin-2 administration on wound healing in adriamycin-treated rats. J Surg
Res (1990) 49:419-27. doi: 10.1016/0022-4804(90)90190-d

frontiersin.org


https://doi.org/10.1080/14767058.2022.2032635
https://doi.org/10.1002/bdr2.1830
https://doi.org/10.1007/s00292-017-0313-x
https://doi.org/10.1016/j.mrrev.2021.108373
https://doi.org/10.1016/j.molmed.2011.07.007
https://doi.org/10.1002/ajmg.c.31381
https://doi.org/10.1038/nrg2933
https://doi.org/10.1111/ppe.12131
https://doi.org/10.1016/j.oooo.2016.08.007
https://openlibrary.org/books/OL21319105M/What_is_a_cleft_lip_and_palate
https://openlibrary.org/books/OL21319105M/What_is_a_cleft_lip_and_palate
https://doi.org/10.1055/s-0031-1285886
https://doi.org/10.1016/0002-9416(76)90274-8
https://doi.org/10.1016/s0301-0503(79)80041-7
https://doi.org/10.1016/j.pedn.2019.05.024
https://doi.org/10.1055/s-0031-1277714
https://doi.org/10.1007/s40368-013-0101-0
https://doi.org/10.1177/10556656211026477
https://doi.org/10.1177/10556656211026477
https://doi.org/10.1111/ipd.12934
https://doi.org/10.21203/rs.3.rs-1932731/v1
https://doi.org/10.1371/journal.pone.0155683
https://doi.org/10.7518/hxkq.2021.06.013
https://doi.org/10.3389/fimmu.2021.761160
https://doi.org/10.3390/children8020140
https://doi.org/10.3390/life11060556
https://doi.org/10.3390/ijms21218218
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.1084/jem.20190945
https://doi.org/10.1007/s00011-013-0633-0
https://doi.org/10.1007/s00011-013-0633-0
https://doi.org/10.1016/j.chom.2010.01.006
https://doi.org/10.1016/j.chom.2010.01.006
https://doi.org/10.1189/jlb.0603252
https://doi.org/10.1038/s41577-019-0182-z
https://doi.org/10.1038/s41577-019-0182-z
https://doi.org/10.1055/s-2000-13457
https://doi.org/10.1136/fn.88.3.f209
https://doi.org/10.1097/ICO.0b013e31812f6d14
https://doi.org/10.1001/archsurg.133.5.558
https://doi.org/10.1080/15569527.2017.1326497
https://doi.org/10.3390/nano11051330
https://doi.org/10.1111/j.1365-2249.1994.tb06047.x
https://doi.org/10.1111/j.1365-2249.1994.tb06047.x
https://doi.org/10.1371/journal.pone.0078321
https://doi.org/10.3390/ijms22168746
https://doi.org/10.3390/ijms22168746
https://doi.org/10.1073/pnas.1522193112
https://doi.org/10.1007/s00403-009-0969-z
https://doi.org/10.1177/1535370216675773
https://doi.org/10.1016/j.cytogfr.2011.10.001
https://doi.org/10.1016/j.cytogfr.2011.10.001
https://doi.org/10.1016/0022-4804(90)90190-d
https://doi.org/10.3389/fimmu.2022.1044249
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Seidel et al.

46. Komi DEA, Khomtchouk K. & Santa maria, p. 1. a review of the contribution
of mast cells in wound healing: Involved molecular and cellular mechanisms. Clin
Rev Allergy Immunol (2020) 58:298-312. doi: 10.1007/s12016-019-08729-w

47. Baggiolini M, Clark-Lewis I. Interleukin-8, a chemotactic and inflammatory
cytokine. FEBS Lett (1992) 307:97-101. doi: 10.1016/0014-5793(92)80909-z

48. Lacy P. Mechanisms of degranulation in neutrophils. Allergy Asthma Clin
Immunol (2006) 2:98-108. doi: 10.1186/1710-1492-2-3-98

49. Liechty KW, Crombleholme TM, Cass DL, Martin B, Adzick NS.
Diminished interleukin-8 (IL-8) production in the fetal wound healing response.
J Surg Res (1998) 77:80-4. doi: 10.1006/jsre.1998.5345

50. Pickard JM, Zeng MY, Caruso R, Nufiez G. Gut microbiota: Role in
pathogen colonization, immune responses, and inflammatory disease. Immunol
Rev (2017) 279:70-89. doi: 10.1111/imr.12567

51. Li M, Li R. IL-2 regulates oral mucosa inflammation through inducing
endoplasmic reticulum stress and activating the NF-xB pathway. ] Recept Signal
Transduct Res (2020) 40:187-93. doi: 10.1080/10799893.2020.1725570

52. Wei H-X, Wang B, Li B. IL-10 and IL-22 in mucosal immunity: Driving
protection and pathology. Front Immunol (2020) 11:1315. doi: 10.3389/
fimmu.2020.01315

53. Saraiva M, Vieira P, O'Garra A. Biology and therapeutic potential of
interleukin-10. J Exp Med (2020) 217(1):e20190418. doi: 10.1084/jem.20190418

54. Melgar S, Yeung MM, Bas A, Forsberg G, Suhr O, Oberg A, et al. Over-
expression of interleukin 10 in mucosal T cells of patients with active ulcerative
colitis. Clin Exp Immunol (2003) 134:127-37. doi: 10.1046/j.1365-
2249.2003.02268.x

55. Strobel S, Mowat AM. Immune responses to dietary antigens: oral tolerance.
Immunol Today (1998) 19:173-81. doi: 10.1016/s0167-5699(97)01239-5

56. Azatyan V, Yessayan L, Shmavonyan M, Melik-Andreasyan G, Perikhanyan
A, Porkshenyan K. Evaluation of IL-2, IL-10, IL-4 and ¥-interferon levels in the oral
fluids of patients with hepatitis C, B and HIV. J Infect Dev Ctries (2019) 13:69s-74s.
doi: 10.3855/jidc.10919

57. Fenol A, Sasidharan RK, Krishnan S. Levels of interleukin -10 in gingival
crevicular fluid and its role in thelnitiation and progression of gingivitis to
periodontitis. J Oral Hygiene Health (2014) 2014:1-7. doi: 10.4172/2332-
0702.1000135

58. Hajishengallis G. Periodontitis: from microbial immune subversion to
systemic inflammation. Nat Rev Immunol (2015) 15:30-44. doi: 10.1038/nri3785

59. Salmon-Ehr V, Ramont L, Godeau G, Birembaut P, Guenounou M, Bernard
P, et al. Implication of interleukin-4 in wound healing. Lab Invest (2000) 80:1337-
43, doi: 10.1038/labinvest.3780141

60. West GA, Matsuura T, Levine AD, Klein JS, Fiocchi C. Interleukin 4 in
inflammatory bowel disease and mucosal immune reactivity. Gastroenterology
(1996) 110:1683-95. doi: 10.1053/gast.1996.v110.pm8964392

61. Woodward EA, Préle CM, Nicholson SE, Kolesnik TB, Hart PH. The anti-
inflammatory effects of interleukin-4 are not mediated by suppressor of cytokine
signalling-1 (SOCS1). Immunology (2010) 131:118-27. doi: 10.1111/j.1365-
2567.2010.03281.x

62. Slomiany BL, Piotrowski J, Slomiany A. Role of endothelin-1 and
interleukin-4 in buccal mucosal ulcer healing: effect of chronic alcohol ingestion.
Biochem Biophys Res Commun (1999) 257:373-7. doi: 10.1006/bbrc.1999.0483

63. Nesterova I, Mitropanova M, Chudilova G, Lomtatidze L. Osteocalcin and
regulatory cytokine imbalance in children with congenital cleft lip and palate.
Immunol Med (2020) 43:130-4. doi: 10.1080/25785826.2020.1775465

64. Syrjildinen S, et al. Salivary cytokine biomarker concentrations in relation to
obesity and periodontitis. J Clin Med (2019) 8(12):2152. doi: 10.3390/jcm8122152

65. Justino AB, Teixeira RR, Peixoto LG, Jaramillo OLB, Espindola FS. Effect of
saliva collection methods and oral hygiene on salivary biomarkers. Scand J Clin Lab
Invest (2017) 77:415-22. doi: 10.1080/00365513.2017.1334261

Frontiers in Immunology

18

10.3389/fimmu.2022.1044249

66. Barros SP, Williams R, Offenbacher S, Morelli T. Gingival crevicular fluid as
a source of biomarkers for periodontitis. Periodontol 2000 (2016) 70:53-64.
doi: 10.1111/prd.12107

67. Tsuchida S, Satoh M, Takiwaki M, Nomura F. Current status of proteomic
technologies for discovering and identifying gingival crevicular fluid biomarkers
for periodontal disease. Int J Mol Sci (2018) 20:86. doi: 10.3390/ijms20010086

68. Delima A]J, Karatzas S, Amar S, Graves DT. Inflammation and tissue loss
caused by periodontal pathogens is reduced by interleukin-1 antagonists. J Infect
Dis (2002) 186:511-6. doi: 10.1086/341778

69. Thunell DH, Tymkiw KD, Johnson GK, Joly S, Burnell KK, Cavanaugh JE,
et al. A multiplex immunoassay demonstrates reductions in gingival crevicular
fluid cytokines following initial periodontal therapy. J periodontal Res (2010)
45:148-52. doi: 10.1111/j.1600-0765.2009.01204.x

70. Holmlund A, Hanstrém L, Lerner UH. Bone resorbing activity and cytokine
levels in gingival crevicular fluid before and after treatment of periodontal disease. J
Clin periodontol (2004) 31:475-82. doi: 10.1111/j.1600-051X.2004.00504.x

71. Buchbender M, et al. Investigation of the expression of inflammatory
markers in oral biofilm samples in patients with systemic scleroderma and the
association with clinical periodontal parameters-a preliminary study. Life (Basel)
(2021) 11(11):1145. doi: 10.3390/life11111145

72. Lai J, German J, Hong F, Tai SS, McPhaul KM, Milton DK, et al.
Comparison of saliva and midturbinate swabs for detection of SARS-CoV-2.
Microbiol Spectr (2022) 10:e0012822. doi: 10.1128/spectrum.00128-22

73. Abasiyanik MF, Flood B, Lin J, Ozcan S, Rouhani SJ, Pyzer A, et al. Sensitive
detection and quantification of SARS-CoV-2 in saliva. Sci Rep (2021) 11:12425.
doi: 10.1038/541598-021-91835-7

74. Kojima N, Turner F, Slepnev V, Bacelar A, Deming L, Kodeboyina S, et al.
Self-collected oral fluid and nasal swabs demonstrate comparable sensitivity to
clinician collected nasopharyngeal swabs for coronavirus disease 2019 detection.
Clin Infect Dis (2020) 73:€3106-9. doi: 10.1093/cid/ciaal589

75. Senel S. An overview of physical, microbiological and immune barriers of
oral mucosa. Int ] Mol Sci (2021) 22(15):7821. doi: 10.3390/ijms22157821

76. Koren N, Zubeidat K, Saba Y, Horev Y, Barel O, Wilharm A, et al.
Maturation of the neonatal oral mucosa involves unique epithelium-microbiota
interactions. Cell Host Microbe (2021) 29:197-209.e195. doi: 10.1016/
j.chom.2020.12.006

77. Zenobia C, Luo XL, Hashim A, Abe T, Jin L, Chang Y, et al. Commensal
bacteria-dependent select expression of CXCL2 contributes to periodontal tissue
homeostasis. Cell Microbiol (2013) 15:1419-26. doi: 10.1111/cmi.12127

78. Walters KE, Martiny JBH. Alpha-, beta-, and gamma-diversity of bacteria varies
across habitats. PLos One (2020) 15:¢0233872. doi: 10.1371/journal.pone.0233872

79. Whittaker RH. Vegetation of the siskiyou mountains, Oregon and
California. Ecol Monogr (1960) 30:279-338. doi: 10.2307/1943563

80. Sundell AL, Ullbro C, Dahlén G, Marcusson A, Twetman S. Salivary
microbial profiles in 5-year old children with oral clefts: a comparative study.
Eur Arch Paediatr Dent (2018) 19:57-60. doi: 10.1007/s40368-018-0326-z

81. Dawod B, Marshall JS. Cytokines and soluble receptors in breast milk as
enhancers of oral tolerance development. Front Immunol (2019) 10:16.
doi: 10.3389/fimmu.2019.00016

82. Hajishengallis G. Immunomicrobial pathogenesis of periodontitis:
keystones, pathobionts, and host response. Trends Immunol (2014) 35:3-11.
doi: 10.1016/.it.2013.09.001

83. Passinato Gheller SA, Porto AN, Borba AM, Veiga KA, Aranha AMF.
Periodontal findings in children and adolescents with cleft lip and/or palate: A
case-control study. Pediatr Dent (2021) 43:133-9.

84. Veiga KA, Porto AN, Matos FZ, de Brito PC, Borges AH, Volpato LE, et al.
Caries experience and periodontal status in children and adolescents with cleft lip
and palate. Pediatr Dent (2017) 39:139-44.

frontiersin.org


https://doi.org/10.1007/s12016-019-08729-w
https://doi.org/10.1016/0014-5793(92)80909-z
https://doi.org/10.1186/1710-1492-2-3-98
https://doi.org/10.1006/jsre.1998.5345
https://doi.org/10.1111/imr.12567
https://doi.org/10.1080/10799893.2020.1725570
https://doi.org/10.3389/fimmu.2020.01315
https://doi.org/10.3389/fimmu.2020.01315
https://doi.org/10.1084/jem.20190418
https://doi.org/10.1046/j.1365-2249.2003.02268.x
https://doi.org/10.1046/j.1365-2249.2003.02268.x
https://doi.org/10.1016/s0167-5699(97)01239-5
https://doi.org/10.3855/jidc.10919
https://doi.org/10.4172/2332-0702.1000135
https://doi.org/10.4172/2332-0702.1000135
https://doi.org/10.1038/nri3785
https://doi.org/10.1038/labinvest.3780141
https://doi.org/10.1053/gast.1996.v110.pm8964392
https://doi.org/10.1111/j.1365-2567.2010.03281.x
https://doi.org/10.1111/j.1365-2567.2010.03281.x
https://doi.org/10.1006/bbrc.1999.0483
https://doi.org/10.1080/25785826.2020.1775465
https://doi.org/10.3390/jcm8122152
https://doi.org/10.1080/00365513.2017.1334261
https://doi.org/10.1111/prd.12107
https://doi.org/10.3390/ijms20010086
https://doi.org/10.1086/341778
https://doi.org/10.1111/j.1600-0765.2009.01204.x
https://doi.org/10.1111/j.1600-051X.2004.00504.x
https://doi.org/10.3390/life11111145
https://doi.org/10.1128/spectrum.00128-22
https://doi.org/10.1038/s41598-021-91835-7
https://doi.org/10.1093/cid/ciaa1589
https://doi.org/10.3390/ijms22157821
https://doi.org/10.1016/j.chom.2020.12.006
https://doi.org/10.1016/j.chom.2020.12.006
https://doi.org/10.1111/cmi.12127
https://doi.org/10.1371/journal.pone.0233872
https://doi.org/10.2307/1943563
https://doi.org/10.1007/s40368-018-0326-z
https://doi.org/10.3389/fimmu.2019.00016
https://doi.org/10.1016/j.it.2013.09.001
https://doi.org/10.3389/fimmu.2022.1044249
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Seidel et al.

Glossary

A Alveolous (LAHSHAL code)

BCLP Bilateral cleft lip and cleft palate

C caesarian

CCA constrained correspondence analysis
CLo Cleft lip only

CLP Cleft lip and cleft palate

cm centimeter

CPo Cleft palate only

d days

d.ns. data not shown

f female

g grams

GM-CSF Granulocyte-macrophage colony-stimulating factor
H Hard Palate (LAHSHAL code)

L Interkeukin

INF-y Interferon gamma

L Lip (LAHSHAL code)

m male

n number

NAM Nasoalveolar Molding

NGS next generation sequencing

OFC Orofacial clefts

p Cleft of the primary palate

pAM Passive Alveolar Molding

ps cleft of the primary and secondary palate
s Cleft of the secondary palate

S Soft Palate (LAHSHAL code)

T Tongue

TO Time Point TO after birth

T1 Time point T1 4-5 weeks after birth
TNF tumor necrosis factor

UCLP Unilateral cleft lip and cleft palate

v vaginal
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