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Dental caries is a chronic infectious disease that affects billions of people with large individual differences in ac-
tivity.We investigatedwhether PRH1 and PRH2 polymorphisms in saliva acidic proline-rich protein (PRP) recep-
tors for indigenous bacteria match and predict individual differences in the development of caries. PRH1 and
PRH2 variation and adhesion of indigenous and cariogenic (Streptococcusmutans)model bacteriaweremeasured
in 452 12-year-old Swedish children along with traditional risk factors and related to caries at baseline and after
5-years. The children grouped into low-to-moderate andhigh susceptibility phenotypes for caries based on allelic
PRH1, PRH2 variation. The low-to-moderate susceptibility children (P1 and P4a−) experienced caries from eating
sugar or bad oral hygiene or infection by S. mutans. The high susceptibility P4a (Db, PIF, PRP12) children hadmore
caries despite receiving extra prevention and irrespective of eating sugar or bad oral hygiene or S. mutans-infec-
tion. They instead developed 3.9-fold more caries than P1 children from plaque accumulation in general when
treated with orthodontic multibrackets; and had basic PRP polymorphisms and low DMBT1-mediated S. mutans
adhesion as additional susceptibility traits. The present findings thus suggest genetic autoimmune-like (P4a) and
traditional life style (P1) caries, providing a rationale for individualized oral care.
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1. Introduction

Dental caries, a chronic infectious disease, affects billions of people
with large individual differences in disease activity (Kassebaum et al.,
2015; Selwitz et al., 2007). The global economic burden of dental dis-
eases amounted to 442 billionUSD in 2010 andwas4.6%of global health
expenditure (Listl et al., 2015). The prevalence of caries has declined
dramatically in Western countries, with ~80% of children being healthy
or nearly caries-free and ~20% children having a high caries burden
(Källestål, 2005). The high caries burden is poorly explained by eating
and oral hygiene habits (relative risk 0.9–1.2) and is almost unaffected
by prevention based on fluorides and life style (Källestål, 2005). Dental
caries is detected when clinical symptoms arise but not by saliva, bacte-
ria, or life style biomarkers, which do predict cross-sectional caries
(Nordlund et al., 2009; Selwitz et al., 2007). Thus, new models to diag-
nose, prevent, and treat caries based on etiology are needed.

The traditional concept of dental caries is an imbalance in saliva de-
fense, microbial load and life style habits (Nordlund et al., 2009; Selwitz
et al., 2007). Saliva and salivary protein pellicles on teeth provide innate
an open access article under
immunity clearance of bacteria, tooth homeostasis and adhesion-medi-
ated colonization of both indigenous biofilms of Actinomyces and Strep-
tococcus species and the caries pathogen Streptococcus mutans (Dawes,
2012; Gibbons, 1989; Esberg et al., 2017). Acidification of plaque from
eating sugar emanates from S. mutans and other acid tolerant species,
such as the abundant but moderate acid-producing non-mutans strep-
tococci, and increases caries risk and shift ecology toward acid-produc-
ing species (Bradshaw et al., 1989; de Soet et al., 2000; Esberg et al.,
2017). Bad oral hygiene, which increases the number of plaque bacteria,
and eating sugarmay act synergistically in plaque acidification. Howev-
er, the presence of highly cariogenic adhesin biotypes of S. mutans, some
with stroke and endocarditis risk (Nakano et al., 2011), points to specific
diseasemechanisms (Esberg et al., 2017). Despite such advances, dental
caries is still grouped into different types based on affected surfaces (e.g.
root, occlusal, approximal, coronal), dentition (i.e. primary, permanent)
and age group (e.g. early childhood, adolescents, elderly) (Selwitz et al.,
2007).

Twin (Boraas et al., 1988), human experimental (Krasse, 2001) and
association studies, including genome wide association studies
(GWAS) (Werneck et al., 2010), have suggested that genetic factors
play a role in caries. Salivary acidic and basic proline-rich proteins
(PRPs) (Ayad et al., 2000; Stenudd et al., 2001), agglutinin/DMBT1
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Jonasson et al., 2007) and HLA (Lehner et al., 1981) involved in innate
and adaptive immunity, and proteins involved in enamel formation
(Vieira et al., 2008), have been associated with susceptibility to caries
and may be used to resolve the etiological types of disease.

Acidic and basic PRPs, encoded by PRH1-2 and PRB1-4 respectively,
are major salivary innate immunity polypeptides (Bennick, 1987; Hay
et al., 1994). Whereas basic PRPs survey and neutralize microbial path-
ogens in saliva (Burgener et al., 2012), acidic PRPs are pellicle receptors
for adhesion of indigenous Actinomyces (e.g. A. oris). and Streptococcus
(e.g. S. gordonii) species (Gibbons, 1989), which co-operate (mutual-
ism) in biofilm formation (Kolenbrander et al., 2002). Acidic PRPs also
modulate adhesion of S. mutans (Esberg et al., 2012), provide a barrier
against bacterial acids (Bennick, 1987), and are degraded into bioactive
peptides that modulate biofilm properties (Drobni et al., 2006). Allelic
acidic PRP variants PRP1, PRP2 (PRH2) and Pa, Db, PIF (PRH1) and
their post-translational variants generate many mixed PRP phenotypes
in saliva (Azen, 1993; Hay et al., 1994). Db-positive phenotypes have
been implicated in the susceptibility to caries and S. mutans adhesion
and Db-negative phenotypes in resistance to caries and indigenous ad-
hesion (Stenudd et al., 2001; Jonasson et al., 2007).

Salivary agglutinin, which aggregates S. mutans, is also known as
DMBT1or gp340 (Prakobphol et al., 2000). TheDMBT1pattern-recogni-
tionmolecule binds to S. mutans and awide array ofmicrobes, aswell as
innate and adaptive immunity factors, through its multiple domains
(Madsen et al., 2010; Loimaranta et al., 2005). Thus, DMBT1 modulates
innate and adaptive immunity, including complement activation, NF-κb
signaling via Toll receptors and cellular proliferation (Madsen et al.,
2010). A 6.2 kb dmbt1 deletion variant has been associated with cancer
(Madsen et al., 2010) and inflammatory bowel disease via increasedNF-
κB mediated inflammation in humans (Renner et al., 2007). The corre-
sponding salivary size variant (designated gp340 or DMBT1 size variant
I) coincides with increased caries and S. mutans adhesion in children
(Jonasson et al., 2007).

The present study was performed to further explore the etiology of
caries. The primary aim was to replicate and further explore the role
of acid PRP polymorphisms and adhesion of indigenous (A. oris LY7)
and cariogenic (S. mutans Ingbritt) model bacteria in caries develop-
ment.We thereforematched PRH1, PRH2 genetic variationwith individ-
ual differences in baseline caries and 5-year development of caries in
Swedish children measured also for traditional variables and bacterial
adhesion.

2. Materials and Methods

2.1. Study Participants

A total of 452 12-year-old children were enrolled as two indepen-
dent samples (n= 218, n= 234) from 13 Public Dental Service Clinics
in the county of Västerbotten, Sweden. The first sample collected in
2008 included children born in 1996 with caries cases (≥1 decayed,
filled surfaces [DFS] in the permanent dentition) and controls (DFS =
0 in 2007) in a 1:1 ratio. The second sample collected in 2010 included
children born in 1998 and caries cases (≥ 2 DFS lesions) and controls
(DFS = 0 in 2009) in a 2:1 ratio to increase the portion of caries cases
in the total sample of 452 children (Table S1). All children in the study
received ordinary dental care at the clinics. The exclusion criterion
was unwillingness to participate in the study. Both samples were re-ex-
amined after 5 years (n=390 children, 14% drop-out). Twenty children
had moved out of the area and 42 had repeatedly missed the examina-
tion so they were not included in the follow-up. The children received
operative treatment and caries prevention between 12 and 17 years of
age, and 15% of the children underwent orthodontic treatment with
multibrackets after 12 years of age (as established from dental records)
according to ordinary routines and policies at the clinics. The Ethics
Committee for Human Experiments at Umeå University, Sweden, ap-
proved the study, and informed consentwas obtained from the children
and their parents prior to participation. All parents signed consent to
participate.

2.2. Measurement of Caries

Caries were recorded by three dentists (intra- and inter-examiner
kappa ≥ 0.98) using a mirror, probe and two bitewing radiographs.
The mean number of decayed (enamel caries included), filled surfaces
in the permanent dentition (DeFS) were the primary caries outcome
measure (Källestål, 2005; Nordlund et al., 2009). The 5-year change in
caries (ΔDeFS, increment), a good estimate of incidence rate in this
age group and population (Källestål and Stenlund, 2003), was calculat-
ed by subtracting latest DeFS measure from earliest DeFS measure, di-
viding it by the number of observed years, and then multiplying by 5.
The 1:1 ratio in the first sample and increased 2:1 ratio in the second
sample and DeFS index generated a continuous gradient of discrimina-
tory caries DeFS scores in the entire sample at baseline (Table S1)
(Esberg et al., 2017).

2.3. Collection of Biological Samples

Parotid and whole saliva (PS and WS, respectively) secretions were
measured (mL/min), collected and stored frozen at −80 °C (Nordlund
et al., 2009; Stenudd et al., 2001). All saliva analyses used baseline sam-
ples. Plaque was collected by pelleting from the buccal surfaces of pre-
molars and the first molar of the left lower jaw (teeth 34–36). Fresh
WS and plaque (pl) sampled at baselinewere cultured on selective sub-
strates to establish whether children infected with S. mutans (ms) or
lactobacilli (lbc), as well as the proportion of ms out of oral streptococci
(strept) in saliva (% ms) and plaque (% ms pl) (Nordlund et al., 2009).

2.4. Sociodemographic and Life Style Data

Sociodemographic data (sex and ethnicity) were collected from par-
ents via pre-posted questionnaires, and oral behavior data, such as oral
hygiene, intake frequency of sweets (e.g., cookies, biscuits, ice cream, or
dried fruit) and sugary drinks (never, once per month, once per week,
several times per week, once per day, several times per day), and the
use of extra fluoride were collected from the children at the clinic
using a questionnaire that was previously utilized in a cohort of 3400
12-year-old children (Källestål, 2005). Strict Swedish ethnicity was de-
fined when both parents reported Swedish ethnicity. Oral hygiene was
measured as how often the child brushes his/her teeth: irregularly, once
per day, twice per day, more than twice per day. Extra fluoride treat-
ment in addition to fluoride in toothpaste was recorded as: none, fluo-
ride mouth rinse more than once per month, fluoride-containing
chewing gum 1–3 pieces per day, or 1–3 fluoride tablets per day.

2.5. Typing Acidic PRP Phenotypes in Saliva

Acidic PRPs in PSwere typed using native alkaline electrophoresis as
described (Azen and Yu, 1984; Esberg et al., 2012). Saliva was lyophi-
lized and re-dissolved to the same volume using distilledwater contain-
ing 1% glycine, 10% glycerol and 0,025% bromphenol blue. Roughly 40
test and reference saliva samples (each 25 μL)were separated in a single
run under native conditions on 7.0% (w/w) polyacrylamide (27:1
bisacrylamide w/w) gels using a 1.5 mM TRIS, 38 mM glycine electro-
phoresis buffer (pH 8.4) and a PROTEAN IIxi apparatus (BioRad). The
gels were stained with 0.1% Commassie Brilliant Blue (CBB-R250) in
20% trichloroacetic acid for 1 h and destained over night in 2% acetic
acid. A total of 218 samples were analyzed and typed in a double-
blind fashion, with the vast majority typable (n= 213), and quantified
via densitometry (optical density x mm2) using Molecular Analyst 1.5
software (BioRad). Single representatives of each PRP phenotype were
validated using high-performance liquid chromatography on a Bischoff
LC-caDI22-14 HPLC system (Bischoff, Germany) and a Gen-Pak™ FAX



Table 1
Association of mixed PRH1, PRH2 genotypes with caries in Swedish children.

Genotypea DeFS-12yb DeFS-17yb ΔDeFSc

n mean ± SD pd n mean ± SD pd n mean ± SD pd

Whole sample
P4a 75 3.1 ± 3.1 0.008 65 8.1 ± 8.3 0.004 65 4.7 ± 6.6 0.102
P6 102 2.3 ± 2.5 0.285 93 6.1 ± 6.7 0.209 93 3.6 ± 5.8 0.477
P1 115 1.9 ± 2.3 Ref. 96 4.9 ± 5.7 Ref. 96 3.0 ± 4.7 Ref.

P4a− 279 2.2 ± 2.4 0.022 245 5.8 ± 6.8 0.024 245 3.6 ± 5.6 0.214

Orthodontic treatmente

P4a 11 4.6 ± 3.9 0.032 11 10.6 ± 6.0 0.002 11 5.5 ± 5.0 0.021
P6 14 2.4 ± 2.4 0.382 14 5.6 ± 8.2 0.631 14 2.7 ± 5.4 0.923
P1 20 1.9 ± 2.4 Ref. 18 3.3 ± 3.1 Ref. 18 1.4 ± 2.2 Ref.

P4a− 47 2.2 ± 2.3 0.040 43 5.2 ± 6.0 0.005 43 2.7 ± 4.4 0.044

Virtually identical results were obtained for P4a (13 children) vs. P1 (23 children) in the whole sample; ΔDeFS ± SD 5.34 ± 4.82 vs. 1.33 ± 2.16, p= 0.016.
a Swedish ethnicity (n = 369). Mixed acidic PRP phenotypes from PRH1, PRH2 genotyping.
b DeFS, decayed, enamel included, filled surfaces.
c ΔDeFS = 5 year caries increment.
d p-Values were obtained using the Mann-Whitney U test compared to the reference (Ref.).
e Children treated with orthodontic multibrackets between 12 and 17 years of age.
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anionic exchange column (Waters, MA) as described previously (Hay et
al., 1994).

2.6. Slot-blot Measurements of DMBT1 in Saliva

DMBT1 in PS was quantified using a slot-blot assay and densitome-
try (Stenudd et al., 2001; Esberg et al., 2012). Briefly, saliva diluted
1:50 was transferred to a 0.45 μm nitrocellulose membrane (Protran
BA85-SB, Whatman) followed by blocking with 5% dry milk in buffer
(50 mM Tris, 150 mM NaCl, pH 7.4) containing 0.05% Tween-20. The
membrane was then incubated with anti-gp340 antibody (mAb-143,
1:60,000, kindly provided by Dr. Malamud, University of Pennsylvania,
Philadelphia), for 1 h, washed twice for 10min and incubated with sec-
ondary antibody SAB-100 (1:60,000, Nordic Biosite AB, Sweden). After
two washes, binding was visualized using the Super Signal West Dura
Table 2
Development of caries in P4a, P6 and P1 children related to S. mutans or lactobacilli infection a

Group and genotypea Group DeFS-12yb

n Mean ± SD pc

S. mutans infectiond P4a + 34 4.3 ± 3.7 0.004
– 40 2.1 ± 2.1

P6 + 47 3.5 ± 2.9 b0.001
– 55 1.4 ± 1.6

P1 + 48 2.5 ± 2.4 0.012
– 67 1.5 ± 2.1

Lactobacilli infectiond P4a + 39 3.2 ± 2.6 0.275
– 36 3.0 ± 3.7

P6 + 48 2.9 ± 2.4 0.013
– 54 1.9 ± 2.6

P1 + 47 2.5 ± 2.6 0.030
– 68 1.6 ± 2.0

S. mutans bindingd P4a High 14 2.6 ± 2.1 0.984
Low 16 3.3 ± 3.9

P6 High 31 1.4 ± 2.1 0.141
Low 26 2.4 ± 2.8

P1 High 28 2.1 ± 2.7 0.547
Low 31 1.4 ± 1.7

Correlatione n r-value p
P4a Binding 30 0.257 0.156
P4a DMBT1 30 0.502 0.003

a Children of Swedish ethnicity (n = 369). Allelic acidic PRP saliva phenotypes from PRH1, P
b DeFS, decayed, enamel included, filled surfaces, ΔDeFS, 5-year increment of between 12 an
c p-Values obrained using the Mann-Whitney U test.
d Infection by S. mutans (+ N 10,000 cfu), lactobacilli (+ N 20,000 cfu) and S. mutans bindin
e Spearman correlation of S. mutans saliva binding and DMBT1 (quantified by mAb143) wit
Detection kit (Pierce Protein Research Products, IL) and quantified by
densitometry (INTxmm2) using Chemidoc (Bio-Rad).

2.7. Adhesion of Indigenous and Pathogenic Model Bacteria by Saliva

Adhesion of 35S-Met metabolically labeled reference strains were
done with individual saliva's coated on hydroxyapatite beads (Bio-Rad
Laboratories) in 96-well plates (Nunclon™ surface, Thermo Scientific Fi-
scher, Denmark) (Loimaranta et al., 2005; Esberg et al., 2012). Briefly,
after hydration of the hydroxyapatite beads in adhesion buffer at 4 °C
overnight (5 mg beads in 125 μL per well), the beads were coated
with 125 μL of PS diluted in adhesion buffer (1:64 for A. naeslundii or
S. gordonii and 1:1 for S. mutans or S. pyogenes) for 1 h, washed, and in-
cubatedwith 35S-labeled bacteria (125 μL, 108 cells/mL; 1000 cells/cpm)
for 1 h under agitation. After three washes with 200 μL adhesion buffer,
nd S. mutans-binding.

DeFS-17yb ΔDeFSb

n Mean ± SD pc n Mean ± SD pc

28 9.3 ± 8.5 0.114 28 4.5 ± 5.7 0.871
36 7.1 ± 8.2 36 4.9 ± 7.4
42 8.9 ± 10.1 b0.001 42 5.2 ± 7.8 0.025
51 3.8 ± 3.7 51 2.3 ± 2.7
43 6.8 ± 6.9 0.004 43 4.4 ± 6.1 0.013
53 3.4 ± 3.8 53 1.9 ± 2.7
33 10.0 ± 8.8 0.026 33 6.3 ± 8.2 0.101
32 6.2 ± 7.4 32 3.2 ± 4.2
44 8.5 ± 9.8 0.002 44 5.2 ± 7.5 0.007
49 4.0 ± 4.0 49 2.2 ± 2.9
55 5.7 ± 6.5 0.332 55 3.4 ± 5.3 0.788
41 4.4 ± 4.9 41 2.8 ± 4.1
13 4.8 ± 2.9 0.028 13 1.9 ± 1.8 0.005
15 12.7 ± 10.8 15 7.5 ± 6.2
29 5.6 ± 6.9 0.542 29 3.5 ± 4.5 0.834
25 7.2 ± 11.4 25 4.4 ± 8.9
23 5.6 ± 5.6 0.231 23 3.3 ± 3.9 0.241
27 4.3 ± 4.7 27 2.5 ± 3.4

n r-value p n r-value p
28 −0.212 0.252 28 −0.490 0.007
28 0.124 0.522 28 −0.076 0.694

RH2 genotyping.
d 17 years of age.

g to individual parotid salivas.
h caries.



Fig. 1. Acidic PRP phenotypes, their allelic composition and association with baseline
caries. (AB) Allelic types and amounts of mixed acidic PRP phenotypes P1-P10 from gel
electrophoresis of parotid saliva in 218 12-year-old children. (C) PLS loading plot
showing the association of P4, P6 and P1 children (grey circles) and traditional risk
factors (S. mutans, lactobacilli N oral hygiene N sweets NN drinks) with baseline caries in
children with Swedish ethnicity (n = 185); Sex = 0 boys, 1 girls; F = extra fluoride; Oh
= oral hygiene; WS = whole saliva flow; PS = parotid saliva flow; lbc = lactobacilli in
saliva; ms, ms pl, % ms and % ms pl = S. mutans and % of total streptococci in saliva and
plaque; strept, strept pl = total streptococcal in saliva, plaque; IBadh = S. mutans
adhesion, % and tot; LY7adh = A. oris adhesion, % and tot); Db+ etc. and Db etc. =
qualitative, +, and quantitative acidic PRP variants from electrophoresis; PRPtot = total
amounts of PRPs; P1, P4 etc. = mixed acidic PRP phenotypes from electrophoresis.
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the beads were counted in a scintillation counter (MicroBeta2,
PerkinElmer) and attached bacteria expressed as percent bound out of
added bacteria (percent adhesion, adh%) or total radioactivity count
(adhtot). Reference strains used were: Streptococcus gordonii strain
SK12 and Actinomyces oris strains LY7 and T14 V with types 1 and 2
pili (and its mutant T14Vm without type-2 pili) as representative for
clinical isolates of indigenous actinomycetes and streptococci
(Loimaranta et al., 2005); strain Ingbritt as representative for clinical
isolates of S. mutans (Esberg et al., 2012) and strain A8173 for isolates
of Streptococcus pyogenes involved in GAS infections (Loimaranta et al.,
2005).

2.8. PRH1, PRH2 and PRB1-4 Genotyping

Buccal epithelia were collected using swabs (Catch-All™ Sample
Collection Swab, Epicentre Biotechnologies) and genomic DNA isolated
using the QIAamp DNA Micro Kit (Qiagen). The genomic DNA was
whole genome amplified (Illustra Ready-To-Go™ GenomiPhi V3 DNA
kit, GE Healthcare) and genotyped using 6 tag and 39 additional single
nucleotide polymorphisms (SNPs) with an allele frequency generally
N5% of PRH1 and PRH2 and 16 tag SNPs of PRB1–4 in an Illumina Golden
Gate array at the SNP&SEQ Technology Platform in Uppsala (Table S2).
Five PRH1, PRH2 SNPs and one PRB3 SNP with no call frequencies were
excluded. Mixed PRH1, PRH2 genotypes were resolved in the vast ma-
jority of subjects (n = 441) by principal component analysis of the re-
maining PRH1, PRH2 SNPs (n = 40). The 40 SNPs used to resolve the
mixed PRH1, PRH2 genotypes were highly conserved in the Db, PIF, Pa
(PRH1) and PRP1, and PRP2 (PRH2) alleles. Illumina and protein typing
as well as TaqMan typing using protein coding SNPs rs2923234,
rs1049117 and rs1049112 (Table S2) revealed 98–100% typing congru-
ence and generated essentially identical caries-related outcome results.

2.9. Measurement of S. mutans in Whole Saliva by qPCR

Bacterial DNA was prepared from WS using the GenElute Bacterial
Genomic DNA Kit (Sigma). S. mutans was measured by qPCR (Corbett
Rotor Gene 6000 apparatus) from the purified DNA using the KAPA
Sybr Fast Universal qPCR kit (Kapa Biosystems) and S. mutans-specific
primers as described (Yano et al., 2002; Esberg et al., 2017).

2.10. Statistical Analysis

Multivariate partial least squares (PLS) models, which relates two
data matrices (X and Y) to each other, were generated using Simca+

P12.01 (Eriksson et al., 2004). The PLS models show the ability of the
X variables to explain (R2) or predict (Q2) the variation in Y and the rel-
ative variable importance in the projection is given by VIP-values (VIP
≥ 1.0 marks influential x variables). The predictive ability (Q2) is esti-
mated by cross-validation via step-wise exclusion of 1/7th of the data
in the model which is used to predict the left out data. Data were log
transformed and auto-scaled to unit variance before PLS models were
generated.

Univariate statistical analyseswere performed using the chi-squared
test, Fischer's exact test, Mann-Whitney U test, or Spearman's rank cor-
relation (SPSS version 23 or GraphPad software 5)with p b 0.05 consid-
ered significant.

3. Results

3.1. Role of Allelic PRH1, PRH2 Variation in Caries

We previously showed that allelic PRH1, PRH2 acidic PRP variation
coincides with caries and adhesion of indigenous (A. oris LY7) and cari-
ogenic (S. mutans Ingbritt) model bacteria (Stenudd et al., 2001;
Jonasson et al., 2007; Esberg et al., 2012). To replicate and further ex-
plore allelic PRH1, PRH2 variation in caries and bacterial adhesion, we
measured the parotid saliva (PS) of 218 12-year-old children for acidic
PRP allelic variants and adhesion of S. mutans Ingbritt and indigenous
A. oris LY7 model bacteria with specificity for acidic PRP receptors (Fig.
1).

The children grouped into three major P4 [Db, PIF/PRP12], P6 [Pa,
PIF/PRP1, PRP2] and P1 [PIF2, PRP12] andminor allelic acidic PRP pheno-
types based on the composition of allelic variants Db, Pa, PRP2, PIF or
PIF/PRP1 (which was unresolved by electrophoresis) (Fig. 1A,B).

We explored the association of PRP phenotype and bacterial adhe-
sion with caries by modeling of these variables among traditional risk
factors against baseline caries in the 185 children of strict Swedish eth-
nicity (i.e. omitting the 33 children of other ethnicities) using PLS pre-
diction models (Fig. 1C). Traditional risk factors (e.g. oral hygiene,
sweet consumption, cariogenic S. mutans and lactobacilli) and P4 chil-
dren (VIP = 1.11) correlated positively with caries, whereas P6 was
non-influential and P1 negatively correlated with caries. The P4, P6
and P1 children accordingly had high (DeFS± SD 2.75± 1.91), moder-
ate (1.66 ± 3.07) and low (2.41 ± 2.26) number of caries, respectively,
with P4 children presenting 1.6-fold more caries than P1 children (p=
0.049). However, the saliva adhesion of indigenous or cariogenic model
bacteria did not correlate with caries (Fig. 1C).

3.2. Risk Factor Profiling in P4a, P6 and P1 Children

Having identified acidic PRP phenotypes with high (P4), moderate
(P6) and low (P1) caries, we explored their intra type risk factor
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patterns by modeling against baseline caries (Fig. 2). The P4, P6 and
P1 prediction models, which were stronger for P4 (R2 = 42% Q2 =
23%, n = 40) and equally strong for P6 (R2 = 33% Q2 = 20%, n =
62) and P1 (R2 = 36% Q2 = 16%, n = 72) compared to the model
for the whole sample (R2 = 25% Q2 = 18%, n = 218), had influential
S. mutans and lactobacilli risk factors (VIP ~ 1.5) (Fig. 2). However,
oral hygiene and sweet consumption were risk factors only in P1
children (VIP = 1.3–1.5), and extra fluoride treatment in P4 children
(VIP N 1.0). Moreover, bacterial adhesion risk profiles were different
in P4, P6 and P1 children for baseline caries, but these differences
were not significant. Thus, P1 children experience fewer caries le-
sions and are dependent on high loads of negative life style factors
(life style type), P4 children experience more caries though they
are diagnosed and treated as high risk subjects at our clinics (genetic
type).
Fig. 2.Differential life style risk factor profiles for the high (P4), low (P1) andmoderate (P6) ph
factors (right) showing their associationwith caries (DeFS) in P4, P6, and P1 phenotypes (P4=
Oh=oral hygiene;WS=whole salivaflow; PS=parotid salivaflow; lbc= lactobacilli counts i
and plaque; strept, strept pl= total streptococcal counts in saliva, plaque; IBadh= S. mutans adh
variants from electrophoresis; PRPtot = total amounts of PRPs.
3.3. Verification of Genetic (P4a) and Life Style (P1) Caries by Genotyping

To substantiate ourfindings of genetic- and life style-dependent car-
ies based on PRH1 and PRH2 variation, we recruited a second sample of
234 children and analyzed the pooled sample of 452 children by PRH1
and PRH2 genotyping in relation to caries at baseline and 5-year pro-
spectively (Table 1).

Illumina array and TaqMan genotyping of 45 and 3 diagnostic SNPs,
respectively, in the 452 children resolved P4 (Db-PIF/PRP12, n=84) into
P4a (Db-PIF-PRP12, n=75) and P4b (Db2-PIF-PRP1, n=9)with low and
high caries experiences, respectively (3.08 vs. 1.44 DeFS; Table 1 and
Table S2 and S3). The P4a children had 1.6- to 1.7-fold more caries at
12 and 17 years than P1 children (p = 0.008, p = 0.004), and 1.4-fold
more caries at 12 and 17 years than P4a-negative children (p = 0.022,
p = 0.024) (Table 1 and Table S3). Thus, P4a children developed more
enotypes. PLS loading plots of various factors (left) and influential (VIP) values for selected
40, P6= 62, P1=72 children). Sex= 0 boys, 1 girls; Ethn= ethnicity; F= extra fluoride;
n saliva;ms,ms pl, %ms and %ms pl= S. mutans counts and % of total streptococci in saliva
esion, % and tot; LY7adh= A. oris adhesion, % and tot; Db, Pa etc.=quantitative acidic PRP
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baseline and prospective caries, although they experienced adolescence,
puberty and treatment for caries by operative and preventive means
(Table S1), during the study period.

In addition, a dependence of baseline caries on oral hygiene in P1
and P4a− (both p b 0.007), but not in P1−, P4a or P6 (all p N 0.12), chil-
dren was verified (Table S4).

3.4. Role of Plaque and S. mutans Infection in 5-year Caries Increment in
P4a, P6 and P1 Children

As many factors may coincide or predict cross-sectional caries but
only true etiological or prognostic factors predict the development of
caries (Nordlund et al., 2009), we further evaluated how presence of S.
mutans infection ± or plaque-accumulating orthodontic multibrackets,
a well known risk factor for caries (Ren et al., 2014), affected 5-year car-
ies development, ΔDeFS, in P4a, P6 and P1 children (Table 1, 2 and Fig.
3A).

Treatment with multibrackets, but not infection with S. mutans or
lactobacilli, increased ΔDeFS 3.9-fold in P4a children compared to P1
children (5.5 vs. 1.4, p = 0.021; Table 1 and Fig. 3A). In contrast,
ΔDeFS increased in P1 and P6 children due to infection with S. mutans
alone and S. mutans or lactobacilli, respectively, but not treatment
with multibrackets (Tables 1 and 2). Moreover, P1 children with
multibrackets developed markedly fewer caries lesions than those
without, indicating that P1 children respond to the prevention given
as part of the orthodontic treatment. Thus, high susceptible P4a children
seemed sensitive to plaque accumulation in general, whereas the low
P1 and moderate P6 susceptible phenotypes required infection by spe-
cific cariogenic species for the development of caries over 5 years.

3.5. Role of S. mutans and Indigenous Bacterial Adhesion in P4, P6 and P1
Children

Because P4, P6 and P1 children seemed to exhibit different adhesion
risk factor patterns at baseline (Fig. 2), we investigated whether saliva
binding of S. mutans Ingbritt (with DMBT1 and acidic PRP receptors
Fig. 3. P4a children had more caries from orthodontic treatment, low S. mutans-binding and b
17 years of age compared to P1 children, (B) Low versus high DMBT1-mediated binding of S
PRB4 SNP 4-2 (rs7138858) and SNP 4-3 (rs1863843) coincided with increased caries in P4a a
Mann-Whitney U test (ΔDeFS).
and coreceptors, respectively) and indigenous A. oris LY7 (with acidic
PRP receptors) affected ΔDeFS in P4a, P6 and P1 children (Table 2 and
Fig. 3B).

Low saliva binding of S. mutans Ingbritt correlated with increased
ΔDeFS in P4a children exclusively, whereas amount of DMBT1 did not
(Table 2 and Table S5). Thus, P4a children may harbor a qualitatively
different DMBT1 and acidic PRP innate immunity complex. In addition,
P4 children had comparably high S. mutans but low indigenous adhe-
sion at baseline (Fig. 4A; Esberg et al., 2012).

High versus low saliva adhesion of indigenous A. oris LY7 did not af-
fectΔDeFS in P4a, P1 or P6 children (Table S6, S7). However, PRH1, PRH2
variation modulated saliva adhesion of indigenous A. oris (strains LY7
and T14 V) and S. gordonii (strain SK12) with different PRP specificities
similarly as shown by PLS modeling (Figs. 4C and S1). The adhesion of
indigenous bacteria was nearly linearly predicted by acidic PRP compo-
sition regardless of species or strain (Fig. 4C), and positively correlated
with phenotype P6, aswell as Pa, PRP2 and acidic PRP amount, and neg-
atively with phenotypes P4 and P1, but was non-influential with Db
(Fig. S1).

P4a, P1 and P6 children did not differ in gross saliva or plaque num-
bers of indigenous streptococci or S. mutans (data not shown). Thus, sa-
liva-mediated adhesion of indigenous model bacteria and the S. mutans
Ingbritt adhesin type, as well as colonization of indigenous streptococci
or S. mutans, did not explain caries experience or development.

3.6. P4a and P6 Children Differ in Basic PRB4 Polymorphisms

Because PRH1, PRH2 and PRB1-4 encoding basic PRPs are closely
linked on chromosome 12, and basic PRPs are salivary innate immunity
polypeptides, we screened PRB1-4 tag SNPs in P4a, P6 and P1 children
using an Illumina array (Fig. 3C,D). Heterozygosity at two noncoding
PRB4 SNPs, PRB4-2 (rs7138858) and PRB4-3 (rs1863843), which were
more frequently found in P4a children, increased ΔDeFS in P4a and P6
children, respectively. These findings suggest a PRH-PRB haplotype in
which acidic and basic PRP properties co-operate to formhigh andmod-
erate susceptible P4a and P6 phenotypes.
asic PRB4 allelic variation. (A) Treatment with orthodontic multibrackets between 12 and
. mutans to individual salivas coated onto hydroxyapatite beads; (CD) Heterozygocity at
nd P6 children respectively. The p-values were obtained using chi2 test (frequencies) or
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4. Discussion

The present study shows that PRH1, PRH2 composition specifies high
(P4a), moderate (P6) and low (P1) caries experience and susceptibility
in children/adolescents. This study is the first demonstration of specific
human genes that match and predict individual differences in prospec-
tive caries development (summarized in Table 3). The susceptible P4a
childrenmay develop caries from an autoimmune-like condition, as op-
posed to the low-to-moderately susceptible children (P1 and P6) that
experience caries from eating sugar, bad oral hygiene, or S. mutans-in-
fection. The P4a children, who were sensitive to plaque accumulation
in general but not to eating sugar, bad oral hygiene or S. mutans infec-
tion, harbored additional DMBT1 and PRB4 polymorphic behaviors.
That P4a children developed 3.9-fold more caries from orthodontic
multibrackets, which accumulate plaque and disrupt saliva flow
through the biofilm, emphasizes that children, adults and elderly with
the genetic caries type (P4a) may be at risk at vulnerable sites intro-
duced by fillings or prosthetic replacements. Thus, secondary caries is
still the major reason for failure of operative treatment. In contrast to
the P1 children, the P4a children responded poorly to traditional
Fig. 4. Relationship between acidic PRP phenotypes and adhesion of indigenous and cariogenic
P6 and P1 children. Data are from adhesion to individual saliva's and presented asmean adhesi
observed adhesion of S. gordonii SK12 (R2 = 78%, Q2 = 56%) upon PLS prediction modeling o
gordoniimodel bacteria to individual saliva's (n = 218 children). Adhesion increases from left
brackets).
prevention even though they were diagnosed and treated as high risk
subjects at our clinics. Accordingly, P1 children will benefit from tradi-
tional oral hygiene and diet preventive measures, whereas susceptible
P4a subjects will require intensified or novel prevention regimes.

We assume that the susceptible P4a children represent an autoim-
mune-like condition with impaired PRH-PRB and dmbt1 innate and
adaptive immunity and bacterial clearance; and that adhesion-mediat-
ed colonization of S. mutans and indigenous bacteria per se, although
only a few model bacteria were used, is less likely to explain caries de-
velopment. The PRH1, PRH2 background of P4a childrenmaymisbehave
in acidic PRP barrier and innate defenses against dissolution of hydroxy-
apatite. This capacity of acidic PRPs tomodulate early events at the host-
microbe interface is evident from their composition predicting the bind-
ing of indigenous bacteria to salivary pellicles in a nearly linear fashion
regardless of species. These individually unique adhesion patterns and
the high specificity and co-operativity between indigenous biofilm bac-
teria may promote diverse biofilm compositions, even though they do
not drive or explain caries development in the present PRP phenotypes.
Because low saliva adhesion of S.mutans correlatedwith caries develop-
ment only in P4a children, DMBT1 binds a wide array of bacteria and
model bacteria. (A) Caries and saliva adhesion of indigenous and pathogenic bacteria in P4,
on (95% CI). (B) Pattern cognition of phenotypes P1-P10 and (C) nearly linear prediction of
f acidic PRP allelic composition and amounts against indigenous adhesion of A.oris and S.
to right in each phenotype as the amount of acidic PRPs increases (marked by circles and
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DMBT1 size variant I coincideswith caries, P4a childrenmay rathermis-
behave in DMBT1-mediated binding and neutralization of oral bacteria
in general and abundant non-mutans streptococci (de Soet et al.,
2000). S. mutans cariogenicity, on the other hand, seems to involve
high affinity binding to and neutralization of DMBT1 (Esberg et al.,
2017), emphasizing a key etiological role of DMBT1 in caries. Moreover,
unique basic PRP innate immunity properties also occur because two
PRB4 SNPs coincided with caries in P4a and P6 children, and P6 children
alone developed caries from infection by lactobacilli. However, an auto-
immune-like condition, which could make P4a individuals sensitive to
various infections and bacteria-related diseases, should be further ex-
plored for genes and functions reported to be altered in autoimmune
diseases (Wang et al., 2011). It should also be exploredwhether the po-
tential PRH-PRB haplotype and dmbt1 complex of P4a children select for
a unique oral microbiota, non-mutans streptococci or different S.
mutans adhesin biotypes (Esberg et al., 2017).

Our results extend our previous notion of a role of Db and DMBT1 in
caries (Stenudd et al., 2001; Jonasson et al., 2007), and fully resolve the
Db, PIF, PRP12 susceptibility phenotype P4a in a larger and more repre-
sentative sample of 452 Swedish children. The high prevalence of P4a
(19%) and P6 (28%) children with DMBT1 and PRB4 polymorphic prop-
erties, argues for a platform to identify susceptibility genes and etiolog-
ical subtypes of caries with different treatment needs. The finding that
baseline factors, such as infection status, predicted 5-year caries incre-
ment markedly different in P4a, P6 and P1 children, emphasizes that
subtyping cariesmay be a prerequisite formultimarker risk assessment.
The finding that the S. mutans counts predicted cross-sectional caries in
P4a children, although infection status (+or -) of the organism failed to
predict 5 year caries increment, suggests that S. mutans and sugar con-
sumption co-operate in gross plaque acidification and the cross-section-
al risk of caries. Prospective risk assessment requires stable genetic
factors acting at the tooth-bacteria interface. In this respect, cross-sec-
tional and prospective risk assessment may use different factors, and
many factors identified in cross-sectional studies will not be valid for
predicting the future development of caries.

The high association between genetic group and cross-sectional and
prospective caries, even though the children received oral health pre-
vention and treatment, and experienced puberty and adolescence dur-
ing the study, strengthens the group-specific differences in caries.
However, it is difficult to estimate susceptibility or risk in absolute
terms because of these experiences, in addition to the treatment of car-
ies with fillings reducing the surfaces at future risk. Moreover, puberty
could modulate the mucine-like glycosylation of DMBT1, explaining
Table 3
Summary of genetic and life-style-dependent types of caries defined by PRH1 and PRH2
variation.

PRH1, PRH2 children

P4a P6 P1

Caries type Genetic Genetic/life style Life style
Prevalence 19% 32% 28%
Composition PRH1 Db, PIF Pa, PIF PIF, PIF

PRH2 PRP1, PRP1 PRP1, PRP2 PRP1, PRP1
Caries DeFS score High Moderate Low
Susceptibility High Moderate Low
Dependence on

Life style (DeFS-12y)a No No Yes
Orthodontic treatmentb Yes No No
Infection status (ΔDeFS)c

S. mutans No Yes Yes
Lactobacilli No Yes No

DMBT1 immunity Yes No No
PRB4 immunity Yes Yes No

a Data from PLS models of P4 (R2 = 42%, Q2 = 23%), P6 (R2 = 33%, Q2 = 20%), P1 (R2

= 36%, Q2= 16%) in 218 children and from chi2 analyses of P4a, P6 and P1 in 452 children
using baseline caries, DeFS-12y.

b Children treated with orthodontic multibrackets between 12 and 17 years of age.
c Infection status (+,−) related to 5-year caries increment, ΔDeFS.
why S. mutans binding correlated differentlywith baseline and prospec-
tive caries. The P4a caries type was more pronounced in children/ado-
lescents of Swedish ethnicity than in the entire sample with greater
genetic and cultural diversity, but it was evident in both samples. There-
fore, we consider the present sample representative of Swedish chil-
dren/adolescents, and assume that the genetic (P4a, P6) and lifestyle
(P1) types of caries are generalizable, although PRH1, PRH2 variation is
ethnicity-dependent (The International HapMap Consortium, 2003),
in broader populations. However, the role of acidic PRP phenotypes in
caries should be replicated in longitudinal studies of early primary and
permanent dentitions in different populations and ethnicities and relat-
ed to initiation versus progression of caries.

Taken together with our recent report on S. mutans adhesion bio-
types with high caries and systemic virulence (Esberg et al., 2017), the
present findings may be generalized to indicate that many of the high-
risk children who are non-responders to traditional prevention carry
highly cariogenic strains or defective innate and adaptive immunity.
On the other hand, the many individuals of low-to-moderate genetic
risk may develop caries largely from eating sugar and bad oral hygiene
and respond to traditional self-care. Our findings give intriguing insights
into the etiology of caries, and a rationale for typing individuals for risk
in individualized oral care. In this way, high risk individuals may be iden-
tified and treated before caries and other symptoms arise, when these
conditions may be more easily cured or prevented than when fully
established (The Look AHEAD Research Group, 2013). Moreover, missing
teeth fromchronic infection and inflammation constitutes a risk factor for
cardio-vascular diseases (Vedin et al., 2015) and both S. mutans adhesin
biotypes of high virulence and caries susceptibility may accentuate this
risk (Nakano et al., 2011; Watanabe et al., 2016). Our findings also pro-
vide a rationale for developing novel therapeutics based on PRH-PRB
and dmbt1 encoded functions, as high susceptibility individuals may re-
quire intensified traditional prevention and ultimately innate immunity
supplementation or immunostimulatory therapeutics.
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