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Background: Otitis media (OM) susceptibility has significant heritability, however the role of 

rare variants in OM is mostly unknown. Our goal is to identify novel rare variants that confer OM 

susceptibility.

Methods: We performed exome and Sanger sequencing of >1,000 DNA samples from 551 multi-

ethnic families with OM and unrelated individuals, RNA-sequencing, and microbiome sequencing 

and analyses of swabs from the outer ear, middle ear, nasopharynx and oral cavity. We also 

examined protein localization and gene expression in infected and healthy middle ear tissues.

Results: A large, intermarried pedigree that includes 81 OM-affected and 53 unaffected 

individuals co-segregates two known rare A2ML1 variants, a common FUT2 variant and a rare, 

novel pathogenic variant c.1682A>G (p.Glu561Gly) within SPINK5 (LOD=4.09). Carriage of the 

SPINK5 missense variant resulted in increased relative abundance of Microbacteriaceae in the 

middle ear, along with occurrence of Microbacteriaceae in the outer ear and oral cavity but not the 

nasopharynx. Eight additional novel SPINK5 variants were identified in twelve families and 

individuals with OM. A role for SPINK5 in OM susceptibility is further supported by lower RNA 

counts in variant carriers, strong SPINK5 localization in outer ear skin, faint localization to middle 

ear mucosa and eardrum, and increased SPINK5 expression in human cholesteatoma.

Conclusion: SPINK5 variants confer susceptibility to non-syndromic OM. These variants 

potentially contribute to middle ear pathology through breakdown of mucosal and epithelial 

barriers, immunodeficiency such as poor vaccination response, alteration of head and neck 

microbiota, and facilitation of entry of opportunistic pathogens into the middle ear.

Keywords

16S rRNA sequencing; exome sequencing; LEKTI; linkage analysis; Microbacteriaceae; 
microbiome; microbiota; otitis media; SPINK5

INTRODUCTION

Otitis media (OM) is a common childhood disease characterized by middle ear (ME) 

inflammation. OM affects almost half of children <1 year old.[1] Known risk factors for OM 

include lack of breastfeeding, allergies, upper respiratory infection, exposure to second-hand 

smoke exposure, low social status, daycare attendance, multiple siblings and family history.

[2] Around 17% of patients require surgery for recurrent acute (RAOM) or chronic OM 

(COM), whether suppurative (CSOM) or with effusion (COME), with a 5-fold increased risk 

for OM surgery among first-degree relatives.[3] As a complex genetic trait, the heritability 

of OM ranges from 22–74% depending on OM type and cohort.[4–5] Previous genome-wide 

association studies identified common variant loci for OM, however these loci explain only a 

small proportion of OM heritability.[6–7]

Previously we identified two rare A2ML1 (MIM 610627) variants (one duplication, one 

splice) and a common FUT2 (MIM 182100) c.604C>T (p.Arg202*) variant in an 

intermarried, indigenous Filipino population (N~250) with a ~50% prevalence of non-

syndromic OM (supplementary table S1).[8–11] Carriage of A2ML1 and/or FUT2 variants 

is associated with different OM types (supplementary table S1) and shifts in the ME 

microbiome,[8–12] e.g. carriers of the A2ML1 c.2478_2485dupGGCTAAAT 
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(p.Ser829Trpfs*9) duplication variant had increased relative abundance of Fusobacteria in 

the ME.[12] Furthermore multiple A2ML1 and FUT2 variants were identified in US, 

Finnish and Pakistani families and patients with OM.[8–10] In particular, a FUT2 stop 

variant c.461G>A (p.Trp154*) was associated with ME microbiome shifts among US 

patients with OM, and four FUT2 variants decreased A antigen levels in epithelial cells.[9]

However in the indigenous Filipino population, we identified individuals with chronic, 

effusive, acute or healed OM who were wildtype for A2ML1 or FUT2 variants, including 

one individual who had available exome data (supplementary table S1). Rather than dismiss 

these individuals as phenocopies, we analyzed the exome data to determine additional rare 

variant(s) that may contribute to OM within the population. We then followed up our exome 

findings with expression and microbiome studies, as well as potential replication in 

additional families.

METHODS

Ethics approval

Human studies were approved by these institutional review boards (IRB): Bahauddin 

Zakariya University; Colorado Multiple IRB; Helsinki University Hospital; National 

Commission on Indigenous Peoples; University of Maryland Baltimore; University of 

Minnesota; University of the Philippines Manila; University of Texas Medical Branch; 

University of Virginia; University of Washington. Informed consent was obtained from all 

study participants. Mouse studies were approved by the Institutional Animal Care and Use 

Committees of the University of Maryland Baltimore and the Veterans Affairs Medical 

Center, San Diego.

Subject ascertainment

A total of 145 indigenous Filipinos provided clinical data and saliva samples for DNA 

isolation using Oragene kits (DNAgenotek). All individuals with various OM types were 

considered affected (figure 1; supplementary table S1). Also using DNA Oragene kits, saliva 

samples were collected from eleven patients from PGH and 166 Texan probands who 

underwent surgery for RAOM, COME or CSOM.

DNA samples were obtained from two established OM family cohorts, including 140 

Minnesota and 217 Helsinki families.[5,7] All available relatives from Minnesota families 

were examined by an otolaryngologist, tested by tympanometry, and considered affected if 

OM-positive for ≥2 of the following: personal history, medical records, otoscopy, 

tympanometry. Data on OM history, risk factors and surgery were obtained from Finnish 

family members who were considered OM-affected if they had ventilation tubes, COME for 

>2 months, or RAOM (>3 episodes in 6 months or >4 episodes in 12 months).

For 16 Pakistani families, information on pedigree structure, comorbidities, OM onset and 

symptoms were obtained. Presence of ear discharge and air/bone conduction audiometry 

determined OM affection status. DNA was extracted from blood samples from participating 

family members. The different OM cohorts are further described in supplementary table S2.
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DNA sequencing

Six DNA samples from indigenous Filipinos with OM were submitted for exome sequencing 

at the University of Washington Center for Mendelian Genomics (UW-CMG), as previously 

described.[8–9] Of these six individuals, IPOM-2 is wildtype for A2ML1 or FUT2 variants 

(figure 1).[8–10] Sequence capture was performed using either the Roche NimbleGen 

SeqCap EZ Human Exome v.2.0 or the Big Exome 2011 Library. Exome sequencing was 

performed (average depth ~60×) using an Illumina HiSeq. Burrows-Wheeler Aligner/BWA 

[13] and Genome Analysis Toolkit/GATK [14] were used to generate BAM and vcf files, 

respectively. Selected exome variants (table 1) were Sanger-sequenced in all available 

indigenous Filipino DNA samples.

DNA samples from selected OM-affected members of 12 Minnesota families were also 

exome-sequenced at UW-CMG. Additionally DNA samples of affected individuals from 16 

Minnesota and 11 Finnish families plus 206 Finnish trio probands were exome-sequenced at 

the Northwest Genomics Center. From each of the 39 Minnesotan or Finnish families with 

multiple affected relatives, only two affected relatives were selected for exome sequencing, 

except for two families with exome data from 3–4 siblings each. For all available DNA 

samples from two Minnesota and four Finnish families, Sanger sequencing was performed 

for identified SPINK5 variants (supplementary figure S1).

DNA samples from probands of 14 Pakistani families were exome-sequenced at the 

University of Maryland, as previously described.[15] Libraries were constructed using the 

Agilent SureSelect Human Expanded All Exon V5 kit, then sequenced on an Illumina HiSeq 

2500 (~100× coverage). BWA and GATK were likewise used to generate BAM and vcf files.

Additional DNA samples from 112 Minnesota probands, 166 Texas probands, two Pakistani 

probands, and 11 PGH patients were Sanger-sequenced for the 33 coding exons of SPINK5 
(NM_006846). To estimate the Filipino minor allele frequency (MAF) of selected variants 

from the IPOM-2 exome and PGH patient data, DNA samples from unrelated Filipinos 

(n≥88) were obtained from the Cebu Longitudinal Health and Nutrition Survey (CLHNS) 

and Sanger-sequenced for these variants. The CLHNS DNA samples are from a community-

based birth cohort recruited in 1983–1984 in order to study health and nutrition outcomes, 

but not OM.[16] Population-specific MAF for all other variants identified in non-Filipino 

cohorts were derived from gnomAD.

Bioinformatic, linkage and statistical analyses

Exome variants were annotated using ANNOVAR software [17] and the gnomAD, avsnp150 

and dbNSFP33a [18] databases. Exome variants in the IPOM-2 exome were selected if: (a) 

passing all GATK quality control filters; (b) absent in gnomAD; (c) for indels, deemed 

disease-causing by MutationTaster;[19] (d) for single nucleotide variants, have a scaled 

CADD [20] score≥20 plus predicted damaging by ≥2 bioinformatics tools from dbNSFP.

Among the indigenous Filipinos, 134 ascertained individuals are connected by a single 

pedigree (figure 1). Two-point affecteds-only analysis was performed using Superlink 

software,[21] genotypes for A2ML1, FUT2 and selected exome variants (table 1), and 

CLHNS MAF per variant. For each analysis by variant (table 1), if a wildtype affected 
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individual carries a pathogenic A2ML1 or FUT2 variant, the specific individual is 

considered a phenocopy. Parameters included autosomal dominant inheritance with 90% 

penetrance, 5% phenocopy rate and 1% disease MAF. Analyses were also performed with 

disease MAF equals variant MAF. In addition, logistic mixed models regression analysis 

was used to determine the relation between carriage of any pathogenic variant and OM 

status. Using the R function glmmPQL from the MASS package, age, sex and the number of 

variant copies carried per individual were analyzed as fixed effects, while membership by 

household or pedigree branch was included as random variable (supplementary table S1).

Because the indigenous Filipino population is unique [8] and not represented in gnomAD, a 

gnomAD MAF of zero was used for selecting variants from the IPOM-2 exome. However 

due to the finding of OM-pathogenic variants with higher MAF and non-deleterious 

bioinformatics prediction in other cohorts (e.g. FUT2 c.461G>A has non-Finnish European 

MAF=0.47 and MutationTaster prediction as polymorphism [9]), SPINK5 variants in the 

exome data from non-Filipino cohorts were selected with less stringent criteria i.e. scaled 

CADD>3, considered deleterious by ≥1 bioinformatics tool and MAF<0.01 in an ethnically 

matched gnomAD population [10].

RNA-sequencing of saliva samples

Because ME tissue samples were not available from indigenous Filipinos, we collected 

saliva samples for RNA-sequencing to determine potential variant effects.[10] Nine 

indigenous Filipinos (three wildtype and six heterozygous for the SPINK5 variant; 

supplementary table S3) provided saliva samples using Oragene·RNA RE-100 kits. RNA 

samples (RIN=5.1–7.4) were processed with the NuGen Trio RNA-Seq Kit at the UCD-

AMC Genomics and Microarray Core. Libraries were sequenced on an Illumina HiSeq 4000 

generating 50-bp single-end reads, with samples pooled at equimolar concentrations and 

sequenced in a single lane. Reads were trimmed and adaptor sequences removed using the 

FASTX-Toolkit then aligned to the hg38 human genome using STAR.[22] Aligned reads 

were summarized at gene level using featureCounts.[23] Counts were normalized using 

log2-counts per million and analyzed by gene according to exome variant genotypes using 

limma [24].

16S rRNA gene sequencing and analysis

Outer ear (OE), ME, nasopharyngeal (NP), and oral cavity swabs were obtained from 90 

indigenous Filipinos with and without OM (supplementary table S4) using Oragene P117 

prototype kits. Microbial DNA isolation was performed using the Epicentre MasterPure™ 

Kit. Bacterial profiles were determined by broad-range PCR amplification and sequence 

analysis of the 16S rRNA gene V1-V2 regions, as previously described.[9] Illumina paired-

end sequencing was performed on MiSeq using the 600 cycle version 3 kit. Assembled and 

quality-filtered sequences were aligned and classified with SINA (1.3.0-r23838) using the 

418,497 bacterial sequences in Silva 115NR99.[25] Operational taxonomic units (OTUs) 

were produced by clustering sequences with identical taxonomic assignments (median 

34,508 sequences/sample; interquartile range: 25,832–54,136). Goods coverage scores were 

≥99% for all samples at the rarefaction point of 10,000 sequences, indicating adequate depth 

of sequence coverage for all samples.
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Overall differences in microbial community composition between SPINK5 genotypes were 

assessed by PERMANOVA tests using Morisita-Horn dissimilarity scores with 105–106 

permutations. Differences in relative abundances of individual OTUs between groups were 

assessed by linear regression of center-log-ratio-transformed relative abundance data as 

outcome variables and SPINK5 genotype as predictor variable. Standard measures of α-

diversity, including richness (number of OTUs per sample estimated by SChao1), community 

evenness (uniformity of OTU distributions estimated by Shannon H/Hmax), and complexity 

(Shannon diversity, H), were estimated at the rarefaction point of 10,000 sequences through 

1,000 re-samplings. Results were then assessed by analysis of variance tests with SPINK5 
genotype as predictor. For PERMANOVA analyses, relative abundance tests, and α-diversity 

analyses, these were evaluated as covariates: age (by quartiles), sex, OM status, FUT2 
genotype, A2ML1 genotype. Results were adjusted as follows, based on results of 

PERMANOVA analyses: OE and ME were adjusted by A2ML1 genotype, while NP and 

oral cavity were adjusted by age (figure 2; figure 3; supplementary figure S2). R and 

Explicet v2.10.8 [26] were used for data display, analysis, and figure generation. Regression 

tests used the “car” R package and report p-values based on type II sums of squares. 

Principal coordinates analysis (PCoA) was utilized to explore and visualize data similarities 

in 2-dimensional space; distance matrices were calculated using the Morisita-Horn index 

(vegdist function of vegan R package) [27] and applied to the cmdscale function in R.

ME expression and immunolocalization

Transbullar ME inoculation was performed on wildtype 320 WBxB6 F1 hybrid mice with 

PBS (sham control) or non-typeable H. influenzae (NTHi), as previously described.[28] Two 

independent samples were generated for each time point after inoculation: 0 hours (0h, 

uninfected controls), 3h, 6h, 1 day (1d), 2d, 3d, 5d, and 7d, from OM initiation to resolution. 

ME mucosal mRNA was profiled on Affymetrix mouse 430 2.0 whole-genome microarrays. 

Out of 3,605 genes (~14.4% of the mouse genome) that defined the signature of acute OM 

across time, SPINK5 expression in mouse ME was derived by comparing NTHi-infected 

versus healthy mice.

For immunolocalization in adult non-infected wildtype mouse ME, these primary antibodies 

were used: anti-SPINK5 (1:200, ab0138511, abcam); anti-b-catenin (1:1000, sc-7199, Santa 

Cruz Biotechnology). Mouse ears were harvested and fixed in 4% paraformaldehyde for 24h 

at 4°C, then decalcified using 0.25M EDTA (Promega) for 24h and incubated overnight with 

a 30% sucrose solution. Samples were processed for OCT embedding and kept at −80°C. 

OCT blocks were sectioned at 14μm thickness. Sections were permeabilized in 0.10% Triton 

X-100 for 1h, and blocked with 10% NGS in PBS for 1h. The tissue samples were probed 

with primary antibody overnight and, after three washes, were incubated with the secondary 

antibody for 1h at room temperature. Rhodamine Phalloidin (Invitrogen) was used at a 1:300 

dilution for F-actin labeling. Nuclei were stained with DAPI (Molecular Probes). Sections 

were imaged on a Zeiss 710 confocal microscope using a 4× objective for low magnification 

or a 100×1.46 NA oil immersion objective. Stacks of confocal images were acquired with a 

Z step of 0.5μm and processed using ImageJ software.
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SPINK5 localization was also determined in human cholesteatoma tissue. Paraffin sections 

were obtained from the Pathology Biorepository Shared Services, University of Maryland. 

Sections were deparaffinized using xylene and rehydrated gradually through graded 

alcohols. Sections were heat-treated at 95°C for 5min in a 10mM sodium citrate buffer, then 

processed for immunostaining.

RESULTS

Exome variants in IPOM-2 and salivary RNA levels

Of six indigenous individuals with current or previous CSOM and exome data, one child 

who is A2ML1-/FUT2-wildtype carried multiple, rare variants that were absent in gnomAD 

(table 1). Of the 16 rare damaging missense or stop variants (CADD≥22) that were present 

in other indigenous exomes but rare in the general Filipino population, a genome-wide 

significant LOD score of >3.3 was obtained for seven variants (table 1). When LOD scores 

were re-calculated with disease MAF equal to variant MAF, six variants with LOD>3.3 

remained, namely: SPINK5 c.1682A>G (p.(Glu561Gly)), 3.91; TMEM270 c.670C>T (p.

(Gln224*)), 5.62; SIDT2 c.1249G>T (p.(Asp417Tyr)), 4.32; JMJD7 c.553C>G (p.

(Leu185Val)), 3.83; CDH19 c.794T>C (p.(Val265Ala)), 6.75; and ZNRF3 c.2522G>A (p.

(Gly841Asp)), 4.88.

Salivary RNA-sequence data from nine indigenous individuals were analyzed based on 

variant carriage (table 1). Of the variants with LOD>3.3, only the SPINK5, SAT2 and 

ZNRF3 variants have some effect on RNA expression (table 1). When corrected for A2ML1 
genotypes, nominal p-values for the gene expression for each gene were as follows: 

SPINK5=0.08, SAT2=0.08, and ZNRF3=0.02 (table 1).

Changes in microbiota due to the SPINK5 c.1682A>G variant

SPINK5 was previously shown as expressed in skin, tonsils, and in sinonasal and oral 

mucosae,[29–31] consistent with findings in the Genotype-Tissue Expression database. 

Because SPINK5 variants are associated with infection risk,[32–33] we hypothesized that 

the SPINK5 c.1682A>G (p.(Glu561Gly)) variant may influence the commensal microbiota 

of various head and neck sites. We collected swabs of the ME, OE, NP and oral cavity of 

indigenous Filipinos (supplementary table S4) and submitted isolated bacterial DNA for 16S 

rRNA gene sequencing. As expected, significant differences in overall microbiota 

composition (i.e., β-diversity) were evident across sampling sites (p<1×10−6; supplementary 

figure S2), as well as between all pairs of sites (p<1×10−6) other than OE versus ME 

(p=0.78). Bivariate analyses (i.e., including sample site as a covariate) also indicated that age 

(p=0.001), but not sex (p=0.26) or OM (p=0.44), was associated with differences in 

microbiota across sites.

Analyzing β-diversity for individual sampling sites, age was highly significant in univariable 

analyses (supplementary table S5) for NP (p=0.0009) and oral cavity (p=0.0004), trended 

towards significance for OE (p=0.08), and was not significant for ME (p=0.82). Age 

remained significant only for NP and oral cavity in multivariable models (supplementary 

table S5; supplementary table S6). Occurrence of OM was associated with altered 
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microbiota in the NP (p=0.09 and p=0.047 for univariable and multivariable models, 

respectively (supplementary table S5; supplementary table S6), but not in the oral cavity 

(p=0.64). OM-microbiota associations could not be assessed in OE or ME because samples 

were available only from those with eardrum perforations (i.e., no non-OM control samples). 

Among those with OM, the oral cavity and NP microbiotas differed significantly from OE 

and ME microbiotas (pairwise p <1×10−6; supplementary figure S3), suggesting there was 

no overall convergence in microbiota between anatomical sites with OM occurrence.

SPINK5 genotype was associated with altered microbiota composition only within the oral 

cavity (p=0.02 in multivariable models; figure 2; supplementary table S6). On the other 

hand, A2ML1 genotype was significantly associated with altered microbiota composition in 

the OE (p=0.02) and the ME (p=0.02) in multivariable models, but not NP or oral cavity 

(supplementary table S6). No significant differences were noted for FUT2, SAT2, or ZNFR3 
genotypes in either univariable analyses or multivariable analyses adjusting for age, sex, 

OM, or other genotypes (supplementary table S5; supplementary table S6). Measures of 

microbial diversity (e.g., SChao1, Shannon diversity, Shannon evenness) did not differ 

significantly with SPINK5 genotype or OM (data not shown).

Numerous bacterial taxa differed in relative abundance in association with SPINK5 
genotype (figure 3A–3D) and OM occurrence (figure 3E–3F), with results varying by 

anatomical site. Interestingly most taxa that differed by SPINK5 genotype were of higher 

abundance in carriers of the SPINK5 variant (figure 3). In contrast, similar numbers of taxa 

were either elevated or reduced in abundance in OM versus non-OM. The genera that varied 

with SPINK5 genotype or OM status represented a variety of phyla, including 

Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria, Spirochetes and 

Tenericutes, suggesting that both SPINK5 genotype and OM resulted in broad-level 

differences in microbiota. However there was little overlap in the sets of genera that were 

altered across sites (figure 3A–3D). Only Microbacteriaceae differed significantly with 

SPINK5 genotype in more than one anatomical site (OE, ME, and oral cavity). This might 

suggest that OE and oral cavity, rather than NP, might serve as reservoirs for ME-colonizing 

bacteria within the context of SPINK5 variant carriage, e.g. the ME may be seeded with 

Microbacteriaceae from the OE through an eardrum perforation from previous OM. Within 

the NP, the genera Parvimonas and Haemophilus were enriched in SPINK5 variant carriers 

and those with OM (figure 3C, 3E). Only Lactobacillus was enriched in the oral cavity in 

association with SPINK5 genotype and OM.

Previously we identified Fusobacteria in the OE and ME as being nominally associated with 

A2ML1 genotype.[12] Re-analyses using the current data showed that in the OE the genus 

Fusobacterium was associated with A2ML1 genotype (p=0.02), but was non-significant after 

correction for sex or age. On the other hand, in the ME the genus Leptrotrichia from the 

phylum Fusobacteria was significantly associated with A2ML1 genotype (FDR-adjusted 

p=0.03), even after adjusting for age, sex or SPINK5 genotype. Interestingly, Leptotrichia is 

associated with SPINK5 genotype in the NP (figure 3C). Although Leptotrichia is 

commonly abundant in the oropharynx,[34] it has also been reported in adenoids and ME 

fluid from children with COME.[35]
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Phenotypic description of SPINK5 variant carriers

Individual IPOM-2 is A2ML1-/FUT2-wildtype but homozygous for a novel rare, missense 

variant c.1682A>G (p.(Glu561Gly)) within SPINK5 (table 1). Three other affected 

individuals with exome data were also heterozygous for the same SPINK5 missense variant 

(figure 1; table 1). Sanger sequencing of DNA samples from the CLHNS cohort showed that 

the SPINK5 c.1682A>G (p.(Glu561Gly)) variant is rare in the general Filipino population 

with MAF=0.004 (table 1).

Homozygous or compound heterozygous variants within SPINK5 (MIM 605010), a large 

majority of which are loss-of-function variants, are known to cause Comèl-Netherton 

syndrome (MIM 526500), a rare autosomal recessive disorder characterized by distinct skin 

and hair abnormalities.[32–33] Dermatologic examination of IPOM-2 who is homozygous 

for the SPINK5 missense variant c.1682A>G (p.(Glu561Gly)), her mother who is 

heterozygous (supplementary figure S4), and four additional heterozygous carriers ruled out 

the known clinical features of Comèl-Netherton syndrome. In particular, IPOM-2 is 

homozygous for the SPINK5 variant and has a history of left-sided CSOM which healed 

after medical treatment with Ofloxacin otic drops. Although IPOM-2 had a previous history 

of asthma, eczema and skin dryness, dermatologic examination revealed normal skin and 

hair and none of the known clinical features of Comèl-Netherton syndrome.

Sanger sequencing of 139 additional DNA samples revealed that 84 of 87 affected 

indigenous individuals carried an A2ML1, FUT2 and/or SPINK5 variant, suggesting that 

carriage of any of these variants is associated with OM (p=0.004; supplementary table S1). 

In addition, two-point linkage analysis resulted in LOD scores (θ=0) of 6.30 for the A2ML1 
duplication variant, LOD=2.83 for the FUT2 variant, and LOD=4.09 for the SPINK5 variant 

(figure 1). Based on guidelines from the American College of Medical Genetics,[36] the 

SPINK5 variant c.1682A>G (p.(Glu561Gly)) is classified as pathogenic and likely 

contributes to OM susceptibility.

Additional SPINK5 variants in OM-affected individuals

To further identify SPINK5 variants that play a role in OM susceptibility, additional DNA 

samples from US, Finnish and Pakistani families were submitted for exome and Sanger 

sequencing. A rare, damaging SPINK5 variant c.802C>T (p.(Arg268Cys)) co-segregates 

with OM in a Minnesota family in an autosomal dominant pattern, and is also heterozygous 

in two Texan probands and three children from two Finnish families, all of whom have both 

RAOM and COME (table 2; supplementary figure S1). However in Finnish family 34, 

incomplete co-segregation of the SPINK5 c.802C>T (p.(Arg268Cys)) variant with OM 

suggests intra-familial genetic heterogeneity (supplementary figure S1).[37] Furthermore 

affected individuals from four Finnish families (table 2) were heterozygous for rare, 

damaging missense variants c.551G>A (p.(Gly184Asp)), c.2243A>G (p.(Glu748Gly)), 

c.2493T>A (p.(Asn831Lys)) and c.2974A>T (p.(Met992Leu)). The stop variant c.652C>T 

(p.Arg218*) was previously identified as homozygous or compound heterozygous with a 

loss-of-function variant in individuals with Comèl-Netherton syndrome.[33] This variant 

was heterozygous in a Finnish mother-proband pair who did not exhibit syndromic features 

but had RAOM (with the child also having COME).
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Additionally we identified a recurrent, rare damaging variant SPINK5 c.1345C>A (p.

(Leu449Ile)) in two out of 11 PGH patients (table 2). One Texas proband is heterozygous for 

a 3’UTR variant c.*74A>G that is absent in gnomAD and predicted by MutationTaster to 

induce splice defects (table 2), however we have no available data to test potential epigenetic 

effects of this variant. No rare or low-frequency, potentially damaging SPINK5 variant was 

identified in the 16 Pakistani families. In summary, we found eight novel SPINK5 variants 

that are mostly heterozygous in individuals with non-syndromic OM from different ethnic 

groups (table 2). However these variants remain of unknown significance until replicated 

further for OM susceptibility.[36]

SPINK5 is strongly localized to the OE more than ME mucosa

In wildtype mouse ears, SPINK5 was localized strongly to OE skin, but was also present 

though faintly staining in ME mucosa and eardrum (figure 4). There was no increased 

SPINK5 staining in paraffinized human cholesteatoma (supplementary figure S5). There was 

also no significant SPINK5 regulation in mouse ME mucosa following acute NTHi infection 

based on previous microarray data (data not shown).[28] However our previous RNA-

sequencing study showed that SPINK5 was upregulated in fresh human cholesteatoma tissue 

compared to ME mucosa (DESeq2 nominal p=0.009; adj-p=0.07).[40] Unfortunately we 

have no RNA data from eardrum tissue.

DISCUSSION

In this report we investigated (A) the effect of carriage of a novel rare, pathogenic missense 

SPINK5 variant on gene expression and bacterial profiles at various sites of the head and 

neck including the ME, and (B) the occurrence of SPINK5 variants in families and 

individuals with OM. We also examined SPINK5 localization and gene expression in mouse 

ME. Our analyses of multi-ethnic families and individuals with OM identified rare single 

nucleotide variants within SPINK5, including a novel pathogenic missense variant 

c.1682A>G (p.(Glu561Gly)) that conferred susceptibility to non-syndromic OM and 

increased relative abundance of Microbacteriaceae in the ME (figure 1; figure 3). We also 

observed lower SPINK5 expression in saliva of variant carriers (table 1; supplementary table 

S3) and higher expression in cholesteatoma tissue [40]. In our previous RNA-sequencing 

study, SPINK5 was co-upregulated with A2ML1 in saliva of OM patients.[10] Both A2ML1 
and SPINK5 encode serine protease inhibitors. We hypothesized that defects in serine 

protease inhibitors lead to ME mucosal damage due to proteases secreted by bacteria or 

inflammatory cells.[8] Previously a SPINK5 missense variant c.1258A>G (p.Glu420Lys; 

overall gnomAD MAF=0.49) was reported to increase protease activity and breakdown of 

proteins that are essential for formation of epithelial barriers.[41] The rare p.Glu561Gly 

variant occurs between LEKTI Kazal-type domains D8-D9, which are cleaved from SPINK5 

protein in order to potently inhibit kallikreins and maintain the balance required for 

epidermal lipid barrier integrity.[33] In OM, kallikrein activity was shown to be higher in 

serous than in mucoid effusions in the ME.[42] Interestingly SPINK5 variant carriers had 

RAOM and/or COME, while indigenous Filipino variant carriers with eardrum perforations 

were noted to have mucoid or mucopurulent discharge. Taken together, these findings 

suggest that SPINK5 variants affect inhibition of kallikrein activity and increase 
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predisposition to mucoid or mucopurulent effusions in the ME as part of RAOM, COME or 

CSOM.

Moreover deficiency in lympho-epithelial Kazal-type 5 related inhibitor (LEKTI) protein 

due to autosomal recessive SPINK5 variants leads to Comèl-Netherton syndrome that 

includes skin barrier defects and increased frequency of infections such as recurrent OM.

[32–33] Among families with Comèl-Netherton syndrome, 92% had skin and hair 

phenotypes (e.g. trichorrhexis invaginata, scaly erythroderma, ichthyosis linearis 

circumflexa) due to diallelic, rare, loss-of-function SPINK5 variants.[33] In patients with 

OM as part of Comèl-Netherton syndrome, primary immunodeficiency with increased 

proinflammatory cytokine levels, decreased natural killer cell cytotoxicity, reduced memory 

B cells and defective response to pneumococcal vaccination was documented but the 

immune condition improved after immunoglobulin therapy.[32] In contrast, the families and 

individuals reported here do not have syndromic features and carry mostly missense variants 

that are heterozygous or with autosomal dominant inheritance, suggesting phenotypic 

heterogeneity due to rare variant allelic heterogeneity. Even though we present non-

syndromic OM due to rare SPINK5 variants as a distinct phenotype, treatment modalities 

designed for Comèl-Netherton syndrome might be modified for genotype-based OM 

treatment. Therapies suggested for SPINK5 defects are calcium, kallikrein inhibition, 

phototherapy and gene therapy.[43–46] SPINK5 variant carriers generally respond to 

standard OM therapies such as antibiotic otic drops and surgery (supplementary table S2), 

however we expect some OM cases to be recurrent or antibiotic-resistant.

Microbacteriaceae had elevated relative abundance in the ME, and also occurred in the OE 

and oral cavities, but not in the NP of SPINK5 variant carriers (figure 3). This might suggest 

that bacterial taxa gain entry into the ME through the OE and an eardrum perforation, 

usually from previous OM e.g. previous NTHi-induced OM. Within the indigenous Filipino 

community, ME pathogens are potentially acquired via swimming in contaminated seawater 

e.g. by wastewater effluent containing Microbacteriaceae/Actinobacterium.[47] Because 

SPINK5 is localized to skin, the OE acting as a reservoir for ME pathogens might be 

expected in SPINK5 variant carriers. OM due to Pseudoclavibacter which belongs to the 

Microbacteriaceae family is rare but was previously reported in an immunocompromised 

child.[48] Microbacteriaceae species were also identified as antibiotic-resistant (e.g. 

quinolones) or as opportunistic pathogens that flourish in the ME, skin wounds, lungs and 

gastrointestinal tracts of immunocompromised hosts.[49–51] Species-level determination 

will help guide antibiotic treatment, however our 16S rRNA sequence data does not allow 

species-level identification.

SPINK5 genotype was associated with differences in microbiota composition of various 

anatomical sites including the ME (figures 2 and 3). Altered microbiota may contribute to 

OM by diminishing the ability of commensal microbiota to compete with infectious agents 

or support immune homeostasis.[52–53] However our cross-sectional study design 

precluded determination of whether differences in microbiota arose before or after OM. 

Additionally false-discovery rate correction by the Benjamini-Hochberg method resulted in 

p>0.05 for all tests of individual taxa. Indeed, the substantial inter-subject variability in 

microbiota observed within each anatomic site (supplemental figure S2), coupled with 
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sample size limitation, and occurrence of multiple variants, likely decreased the power of 

statistical tests to discern between-group differences in α-diversity, β-diversity, or individual 

taxon abundance. Follow-up of these exploratory findings will require expanded 

longitudinal, taxa-specific or animal model studies.

To conclude, SPINK5 variants confer susceptibility to non-syndromic OM in multi-ethnic 

families and individuals. These variants potentially contribute to ME pathology through 

breakdown of mucosal and epithelial barriers, immunodeficiency such as poor vaccination 

response, alteration of head and neck microbiota, and facilitation of entry into the ME of 

opportunistic pathogens through a perforated eardrum from a previous OM episode.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Indigenous Filipino pedigree with otitis media.
All individuals with chronic (yellow fill), acute (pink fill), effusive (orange fill) and healed 

otitis media (gray fill) were considered affected. One individual with chronic otitis media 

has cholesteatoma (red fill). X=DNA sample sent for exome sequencing; N=normal ears, no 

DNA sample; U=unknown phenotype; ID=intellectual disability; C=cleft lip and palate. 

Wildtype individuals with normal ears are indicated by clear symbols with black lines, 
unascertained individuals by clear symbols with gray lines. Variants carried are indicated by 

line color as in the legend below the pedigree. Individual IPOM-2 is indicated with an X at 
the upper left corner of the pedigree drawing. This figure represents our most complete 

record of pedigree relations to date and only about half of the ascertained individuals in this 

pedigree were noted in previous publications for A2ML1 and FUT2.[8–10] Two-point 

affecteds-only analyses using 90% penetrance, 5% phenocopy and disease allele frequency 

of 0.01 revealed the following LOD scores (θ=0): A2ML1 duplication, 6.30; FUT2 nonsense 

variant, 2.83; SPINK5 missense variant, 4.09. When the linkage analyses were performed 

conditional on the proband who is wildtype for A2ML1 and FUT2 variants and with disease 

MAF equal to variant MAF, the LOD scores for the A2ML1 duplication and FUT2 stop 
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variants dropped to 1.22 and 1.43 respectively, while the LOD score for the SPINK5 variant 

remained significant at 3.91.
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Figure 2. Relative abundance profiles of bacterial genera comparing SPINK5-wildtype (+) and 
SPINK5-variant (−) individuals.
16S rRNA gene profiling was performed to profile bacterial communities in the outer ear 

(OE), middle ear (ME), nasopharynx (NP), and oral cavity. Each profile averages the relative 

abundances of genera across all members of a comparison group. Results of permutation-

based multiple analysis of variance (PERMANOVA) tests are indicated above the barcharts. 

Results for OE and ME were adjusted for A2ML1 genotype, while those for NP and oral 

cavity were adjusted for age. *: p<0.05. SPINK5 genotype was associated with altered 

microbiota composition within the oral cavity (p=0.02).
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Figure 3. Association of SPINK5 genotype and otitis media status with resident bacterial 
communities.
16S rRNA gene profiling was performed to profile bacterial communities in the outer ear 

(OE), middle ear (ME), nasopharynx (NP), and oral cavity. Manhattan plots display the -

log10(p-values) for linear model regression tests comparing the relative abundances (RA) of 

each genus (center-log transformed RA) between (A-D) SPINK5-wildtype and SPINK5-

variant individuals, and (E-F) otitis media status. Blue lines denote taxa with WT RA > 

variant RA (A-D) or Normal RA > OM RA (E-F). Red lines denote genera with WT RA < 

variant RA (A-D) or Normal RA < OM RA (E-F); -log10(p-values) for these genera are 
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plotted below the 0 line for graphing purposes to distinguish them from blue lines. Based on 

results of PERMANOVA tests, linear models for OE and ME included A2ML1 genotype as 

a covariate, while those for NP and oral cavity were adjusted for age. Genera that are 

significant in one or more statistical tests (p<0.1) are listed. Horizontal lines denote p-value 

thresholds of 0.1, 0.05, and 0.01.
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Figure 4. SPINK5 is faintly expressed in the mucosal epithelium of the middle ear and the 
tympanic membrane and strongly expressed in the external auditory canal skin of adult wildtype 
mice.
(A, B, C) Sagittal cryosections of an adult wildtype mouse ear showing the tympanic cavity 

(TC), the middle ear mucosa (MEM), the external auditory meatus (EAM), the tympanic 

membrane (TM) and the inner ear (IE). Confocal images of cryosections immunostained 

with anti-SPINK5 antibody (A, green), secondary antibody only (B, green) or anti-β-catenin 

antibody (C, green) and counterstained with rhodamine phalloidin (Actin, red) and DAPI 

(Nuclei, blue) are shown. (A) SPINK5 is mostly localized in the external auditory meatus 
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epithelium and faintly expressed in the middle ear mucosa and the tympanic membrane as 

compared to the negative control (B). (C) β-catenin immunostaining is used as a positive 

control. DIC: Differential interference contrast. Scale bars: 100 μm.
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Table 2.

SPINK5 variants identified in multiple cohorts with otitis media

Population Variant 
(NM_006846.3)

CADD 
score

Damaging 
prediction

Ancestry Control 
population

Control 
MAF

gnomAD 
population

gnomAD 
MAF

IPOM c.1682A>G (p.
(Glu561Gly))

25.4 MA,PP2,PR Filipino CLHNS 0.004 Overall 0

PGH (n=2) c.1345C>A (p.
(Leu449Ile))

21.1 PP2,SI Filipino CLHNS 0.008 OTH 0.0002

UMN8009
a c.802C>T (p.

(Arg268Cys))
23.1 MA,PP2,SI Eur-Am NFE 0.008 ASJ 0.02

UTMB (n=2) c.802C>T (p.
(Arg268Cys))

23.1 MA,PP2,SI Eur-Am NFE 0.008 ASJ 0.02

UTMB (n=1) c.*74A>G 9.98 MT (splice) Eur-Am NFE 0 Overall 0

UHF (n=1) c.551G>A (p.
(Gly184Asp))

27.5 MA,MT,PP2,Pr Finnish FIN 0.001 FIN 0.001

UHF (n=1) c.652C>T (p.
(Arg218*))

33.0 MT (NMD) Finnish FIN 0.0003 FIN 0.0003

UHF (n=2)
a c.802C>T (p.

(Arg268Cys))
23.1 MA,PP2,SI Finnish FIN 0.003 ASJ 0.02

UHF (n=1) c.2243A>G (p.
(Glu748Gly))

16.3 PP2,SI Finnish FIN 0.003 NFE 0.004

UHF (n=1) c.2493T>A (p.
(Asn831Lys))

4.7 PP2 Finnish FIN 0.0001 FIN 0.0001

UHF (n=1) c.2974A>T (p.
(Met992Leu))

23.1 PP2 Finnish FIN 0.00005 FIN 0.00005

Abbreviations as in table 1. Additional abbreviations: IPOM, indigenous Filipino population; PGH, Philippine General Hospital; UMN, Minnesota 
family with otitis media, of European-American ancestry; UTMB, University of Texas Medical Branch; UHF, Finnish probands/families with otitis 
media. For PGH, UTMB and UHF, number of carriers per variant is indicated. CLHNS represents the general Filipino population. The rest are 
matched populations from gnomAD: NFE, non-Finnish European; FIN, Finnish; ASJ, Ashkenazi Jewish; OTH, other.

a
The two families with multiple affected relatives carrying this variant are shown in supplementary figure S2. Due to lack of power, non-parametric 

linkage analysis for c.802C>T (p.(Arg268Cys)) and c.2478T>G (p.(Asp826Glu)) using MERLIN was non-significant for 41 Minnesotan or Finnish 
families who were mostly wildtype.
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