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Abstract

Balancing natural selection is a process by which genetic variants arise in populations that are beneficial to heterozygous
carriers, but pathogenic when homozygous. We systematically investigated the prevalence, structural, and functional con-
sequences of pathogenic /ILI0RA variants that are associated with monogenic inflammatory bowel disease. We identify 36
non-synonymous and non-sense variants in the JL/ORA gene. Since the majority of these /L/0RA variants have not been
functionally characterized, we performed a systematic screening of their impact on STAT3 phosphorylation upon IL-10
stimulation. Based on the geographic accumulation of confirmed pathogenic /L/0RA variants in East Asia and in Northeast
China, the distribution of infectious disorders worldwide, and the functional evidence of IL-10 signaling in the pathogenesis,
we identify Schistosoma japonicum infection as plausible selection pressure driving variation in /L/ORA. Consistent with
this is a partially augmented IL-10 response in peripheral blood mononuclear cells from heterozygous variant carriers. A
parasite-driven heterozygote advantage through reduced IL-10 signaling has implications for health care utilization in regions

with high allele frequencies and potentially indicates pathogen eradication strategies that target IL-10 signaling.
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Introduction

Humans are exposed to numerous environmental variations
such as pathogen exposure, climate, toxins, irradiation, social
stress, food availability, and food quality. Natural selection of
genetic variants allows adaptation to these conditions resulting
in increased allele frequency of advantageous alleles and reduc-
tion in disadvantageous variants. Pathogens are considered the
strongest selection pressure acting on human populations with
particularly strong effects on the evolution of the immune sys-
tem [1-4]. For example, Yersinia pestis had an impact on the
TLR1-6-10 gene cluster [5] and MEFV that codes for the pyrin
inflammasome protein [6]. Leprosy impacted on the evolution
of the TLR1 gene [7], and tuberculosis on the WT1 gene [8].
Indeed, Mycobacterium tuberculosis represents a well-studied
human pathogen with strong evidence for the genetic basis of
susceptibility to chronic and deadly outcomes of infection [9,
10]. Due to the longer life span and chronic nature of helminth
infections with co-evolutionary interaction between parasites
and the human host, selective pressure of helminths on human
genetic evolution has been stronger than that of viral, protozoa,
or bacterial agents [1].

Natural selection of protective heterozygous variants can
lead to increased disease susceptibility in individuals who
are homozygous for these variants. For example, sickle cell
anemia occurs in biallelic individuals from variants that con-
fer protection against malaria in the heterozygote [11]. The
equilibrium between genetic variants in the immune system
is therefore not only of major importance for defining dis-
ease risk but potentially also for understanding mechanisms
that could be used to develop novel treatments.

One example of the translational potential is in HIV
infection. A CCR) loss of function (LOF) variant (CCRS5-
Delta32 allele) confers protection against HIV infection,
and as a result, CCR5-directed stem cell transplantation or
gene therapy can be used to cure HIV infection [12, 13].
This suggests that functional insight into genetic variation
and respective environmental interactions is important to
understand immune mediated disorders and may have clini-
cal translational impact.

Little is known about how evolutionary mechanisms
impact on susceptibility to inflammatory bowel diseases
(IBD). Those disorders that are classified as Crohn’s disease
(CD), ulcerative colitis (UC), and IBD unclassified (IBDu)
are characterized by chronic inflammation of the gastroin-
testinal tract. IBD can present at any age and is increasing in
prevalence and incidence worldwide [14]. Classical IBD is a
multifactorial polygenic group of diseases driven by common
genetic variants. These genetic risk variants for IBD are not
uniformly distributed across continents. Variants in NOD2
confer an up to 40-fold increased risk of developing Crohn’s
disease in the Caucasian population [15]. The strongest IBD
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NOD?2 risk variant p.Leul007ProfsTer2 is present in 2% of
the European population, whereas it is present in 0.15% in
South Asia and 0.05% in the East Asian population. NOD2
variants are not only present at different allele frequencies
but contribute differentially to the risk of IBD in different
populations [16]. Coding variants in /L23R have a strong
protective role against the development of IBD in individu-
als of Caucasian descent but not in South Asian cohorts [16].
The ATG16L1 p.Thr300Ala variant is associated with CD in
European cohorts but not within an East Asian cohort [17].
Risk variants in TNFSF15 have a similar allele frequency in
Europe and East Asia but significantly increase the risk for
the development of IBD in the East Asian cohorts compared
to European groups [15-17]. These examples highlight the
heterogenous distribution of common genetic predisposition
for developing IBD throughout the global population.

In rare cases, a single-gene defect can cause infantile
IBD. Those Mendelian forms of IBD [18] often present with
extreme phenotypes that are refractory to conventional medical
therapy. Biallelic LOF in interleukin-10 (IL-10), IL-10 recep-
tor subunit alpha (encoded by IL/0ORA), and IL-10 receptor
subunit beta (encoded by IL10RB) represent genetic defects in
3 out of those monogenic disorders that cause infantile-onset
IBD with high penetrance [19-21]. In patients with IL-10
signaling defects, the standard anti-inflammatory and immu-
nosuppressive therapies used in classical IBD are often not
effective as indicated by a high morbidity and mortality [19,
20, 22, 23]. Case reports and series suggest that patients with
IL-10RA defects might be common in East Asia. These reports
and series include the description of LOF variants in /L/0RA
p.R101W and p.T179T, that have been identified in patients
in China, Japan, and South Korea [24-26]. If untreated,
patients who present with IBD due to the presence of variants
p.R101W and p.T179T in IL10RA have a very poor outcome
with death in the neonatal or infantile period [24-26].

In this study, we systematically investigated the preva-
lence, structural, and functional consequences of pathogenic
IL10RA variants worldwide. We analyze the global spatio-
geographical distribution of infectious diseases and identify
regions with high allele frequencies of variants in IL/0RA.
We pinpoint candidate infections that might drive balanc-
ing natural selection, and provide functional evidence for
reduced IL-10 responsiveness in heterozygous carriers of
pathogenic variants in ILI0ORA.

Methods

Identification of Pathogenic and Potentially
Pathogenic Variants in IL-10 and Its Receptor Genes

Cases of infantile IBD due to IL-10 signaling defects were
identified by literature search of infantile IBD patient
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cohorts. The literature is based on a recent case series [23]
and complemented by an updated Pubmed search (terms
“IL-10” OR “IL-10 receptor” AND “very early onset inflam-
matory bowel disease” OR “infantile inflammatory bowel
disease”; articles published in English; last update 30th
September 2019; please also see Table S3). We included
pathogenic and potentially pathogenic variants published
including 2020. We also included previously unpublished
data from infantile onset IBD patients of the Children’s Hos-
pital of Fudan University. We extracted the geographical
origin of the patients and their variants in ILIORA, ILIORB,
and IL10.

Non-sense LOF variants in ILIORA, ILIORB, and IL10
(stop codon, frameshift, deletion) were identified in the
Genome Aggregation Database (gnomAD). Variants clas-
sified as pathogenic were extracted from:

e Online Mendelian Inheritance in Man (OMIM, https://
WWWw.omim.org)

e Clinvar (https://www.ncbi.nlm.nih.gov/clinvar/)

e Leiden Open Variation Database (https://www.lovd.nl)

Potentially pathogenic variants were defined as (i) vari-
ants identified in patients with infantile-onset IBD and (ii)
present as homozygous or combined with a compound het-
erozygous variant.

Pathogenic variants were defined as non-sense LOF vari-
ants (stop codon, frameshift, deletion) or previously func-
tionally validated synonymous or non-synonymous LOF var-
iants, (i) variants identified in patients with infantile-onset
IBD, (ii) consistent with a Mendelian inheritance where
biallelic variants present as homozygous or compound het-
erozygous, and (iii) functional evidence for LOF activity in
an IL-10 signaling assay.

Analysis of IL10RA, IL10RB, and IL10 Allele
Frequencies Worldwide

We analyzed the allele frequency of pathogenic ILI0ORA,
ILIORB, and ILI0 variants in the Genome Aggrega-
tion Database (GNOMAD), the Chinese Gene Mutation
Database (disease Dx/CNGMD), the Korean Reference
Genome Database (KRGDB)[27], the Human Genetic
Variation Database (HGVD), and the IndiGenomes data-
base. GNOMAD contains genome sequencing data of
approximately 200,000 alleles in different populations
worldwide, CNGMD v.5.0 (https://cngmd.virgilbio.
com/overview) contains a sample number up to 33,372
genomes in the Chinese population, KRGDB (http://152.
99.75.168:9090/KRGDB/menuPages/intro.jsp) contains
whole genome sequencing data for 1722 Korean individu-
als, HGVD (http://www.hgvd.genome.med.kyoto-u.ac.jp)
provides a resource for Japanese genetic variation (exome

sequencing of 1208 individuals), and the IndiGenomes
database contains whole genome sequences from 1029
individuals from diverse Indian regions (https://clingen.
igib.res.in/indigen/) [28]. These data are summarized in
Table S1.

Variant Annotation and Evolutionary Analysis

Sequence analysis of the non-synonymous /L/0RA variants
was performed based on the human Interleukin-10 recep-
tor subunit alpha ILIORA (Q13651-1; https://www.unipr
ot.org/). Structural data such as signal peptide, N-gluco-
sylation sites, cysteine-bond, and domain structure were
derived from Uniprot (https://www.uniprot.org/) or Pha-
ros (https://pharos.nih.gov/). The JAK1 binding site [29]
and E3 ligase binding sites [30, 31] were derived from the
literature.

The evolutionary conservation of IL-10RA across
species was analyzed using the ConSurf server [32, 33].
The IL-10RA Q13651-1 protein sequence was used as
reference. Multiple sequence alignment was performed
using the following settings: homolog search algo-
rithm = HMMER; number of iterations =1; E-value
cutoff =0.0001; reference database = UNIREF-90. 69
unique sequences were selected for comparison based on
“Maximal %ID between sequences” =95 and Minimal
%1D for homologs =35. The multiple sequence align-
ment method settings were as follows: MAFFT; cal-
culation method = Bayesian; evolutionary substitution
model = default settings (best model; JTT). The ConSurf
Database tool (https://consurfdb.tau.ac.il/) was used for
the structural visualization of the IL-10RA and IL-10
interaction and evolutionary conservation (PDB: 1Y6K)
with default settings and based on 201 HMMER sequence
hits for unique homologues.

To computationally predict variant pathogenic potential
(Table S2), the REVEL [34] and CADD [35, 36] scoring
systems were used.

Structural Analysis of IL10RA Variants

The structural consequences of nonsynonymous amino acid
substitutions were modeled based on the crystal structure
of the human IL-10RA and interaction with IL-10 [37, 38].
Briefly, the structure (PDB: 1Y6K) was visualized within
MolSoft ICM-Pro and the substitutions were independently
built using the mutate residue functionality. The resulting
models were then visually inspected to predict if the muta-
tions (i) were likely to have no effect on the stability of the
IL-10RA/IL-10 complex, (ii) were likely to destabilize the
structure of IL-10RA, or (iii) were directly involved in IL-
10RA/IL-10 interactions and therefore likely to modulate
affinity between the two.
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Plasmid Isolation

pcDNA3.1(+) vector coding for wild-type or mutant IL-
10RA were purchased from GenScript and expanded in
Stbl3 E. coli (Thermo Fisher) according to standard proto-
cols. Plasmids were purified using the E.Z.N.A.® Endo-Free
Plasmid Maini Kit (Omega bio-tek). Following expansion
in bacterial cultures and plasmid purification, all IL-10RA
sequences were re-validated by Sanger sequencing (Source
BioScience) to exclude mutagenesis during propagation.

Functional Characterization of IL10RA Variants
by Phosphoflow

To assess the quantitative effect of variants in /L/ORA on
IL-10 signaling, we established an in vitro assay using
HEK?293 cells that naturally lack /L/0ORA expression but
abundantly express IL/ORB. HEK293 cells were plated in
96-well flat bottom plates at the density of 25.000 cells/well
in DMEM (Sigma) supplemented with 10% FCS (Sigma),
penicillin (100 IU/mL), and streptomycin (100 pg/mL)
(Sigma-Aldrich). Following 24 h, cells were transfected with
the ratio 0.2 ug DNA/0.4 pL Lipofectamine2000 per well
in Optimem media (Gibco). A GFP-encoding plasmid was
co-transfected to allow gating on successfully transfected
cells. All transfections showed comparable efficiency based
on the GFP signal. 24 h post transfection HEK293 cells were
serum starved in plain DMEM for 2 h. Following starvation
cells were stimulated in DMEM with recombinant human
IL-10 (Peprotech) or universal type I interferon (pbl assay
science) for 15 min. After stimulation cells were washed
in PBS (Sigma-Aldrich) and stained on ice using the Fix-
able Viability Dye eFluor® 780 (eBioscience) for 15 min to
exclude dead cells from the analysis. Cells were then washed
with PBS supplemented with 0.5% FCS (Sigma-Aldrich) and
fixed by incubation in 3.7% Formaldehyde (Sigma-Aldrich)
at 37 °C for 20 min. Permeabilization was performed on
ice for 30 min in—20 °C 90% methanol (Merck). Staining
was performed for 1 h at room temperature in PBS supple-
mented with 0.5% FCS using the Alexa Fluor 647-conju-
gated antibody anti-phospho-STAT3 (pY705) (Becton Dick-
inson (BD); clone 4/P-STAT?3). Samples were acquired on
a LSRII (BD) flow cytometer and analyzed using FlowJo
version 10.6.1 (BD).

PBMC Isolation, Cell Culture, and STAT3
Phosphoflow

EDTA-anticoagulated blood was diluted with an equal
volume of phosphate-buffered saline (PBS). PBMC were
obtained by density gradient centrifugation (TBDsciences,
LTS1077, China). PBMC were washed twice in PBS, and
plated in 96-well flat bottom plates at the density of 5 x 10

@ Springer

cells/well in RPMI 1640 (Sigma) supplemented with 10%
fetal bovine serum (Gibco), 1% penicillin, and streptomy-
cin. Stimulations with recombinant human cytokines (IL-
10 (R&D Systems; Cat 217-IL-005), IL-6 (Peprotech; Cat
200-06), Universal type I interferon (pbl assay science;
Cat 11,200-1)) were performed for 15 min after resting
PBMC for 40 min. Following, cells were washed in Stain
Buffer (BD Pharmingen; Cat 554,656) and stained using
the APC-H7 Mouse Anti-Human CD3 (BD Pharmingen;
Cat 560,176; Clone: SK7), FITC Mouse Anti-Human CD4
(BD Pharmingen; Cat 555,346; Clone: RPA-T4), and PE
Mouse Anti-Human CD14 (BD Pharmingen; Cat 555,398;
Clone: M5E2) for 15 min at 4 °C. Cells were then washed
with Stain Buffer and fixed using Fix Buffer I (BD Phos-
flow; Cat 557,870) at 37 °C for 10 min. Permeabilization
was performed on ice for 30 min in Perm Buffer III (BD
Phosflow; Cat 558,050). Staining was performed for 1 h
at room temperature in Stain Buffer using the Alexa Fluor
647-conjugated antibody anti-phospho-STAT3 (pY705) (BD
Pharmingen; Cat 557,815; Clone: 4/P-STAT3) and Alexa
Fluor 647 Mouse 1gG2a, k Isotype Control (BD Phosflow;
Cat 558,053; Clone: MOPC-173). Samples were acquired
on a FACS Canto II flow cytometer (BD) and analyzed with
FlowJo version 10.6.1 (BD).

Spatial Analysis of Infection Disorders

We searched the Global Infectious Diseases and Epidemiol-
ogy Network (GIDEON) database for all available disorders
in GIDEON online (retrieved from www.gideononline.com
on 23.08.2018. A pathogen search across 229 countries or
regions in the GIDEON database identified 357 infectious dis-
eases. 188 diseases were excluded because of unspecific terms,
worldwide endemic distribution, or not endemic to any region.
In total, 169 infectious diseases were analyzed. Prevalence of
pathogens within each country or region was coded as not pre-
sent in humans (code 0.001), rare occurrence (code 100), and
endemic or potentially endemic (code 200). For the spatial cor-
relation analysis between disorders with variant enrichment,
global occurrences were excluded. For downstream analysis,
the data was processed and visualized using R (version 3.6.3)
and RStudio (version 1.2.5001). Per-country disease presence
codes were normalized and scaled with the Seurat R pack-
age (version 3.1) [39, 40]. Variable diseases were identified
using the “FindVariableFeatures” function. All 169 diseases
were used as input for principal component analysis (PCA). 24
PCs were selected for principal component analysis following
ranking of principle components based on the percentage of
variance explained using the “ElbowPlot” function. A shared
nearest neighbor graph was constructed using the “FindNeigh-
bors” function over the first 24 dimensions. Optimal resolution
for Graph-based clustering was determined using the Clus-
tree function [41] allowing the visualization of a range of
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Fig. 1 Global classification of A 1L10
ILI0RA variants. A Number of

patients with 710, ILIORA, and IL10RB
ILIORB defects presenting with IL10RA
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IL10, ILIORB, and IL10RA
gene expressed as percent of
amino acid length. C Percent
of patients with LOF variant
class. D Distribution of variants
among patients with infantile-
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resolutions (0.2—4) and performed on 24 components at a reso-
lution of 2.6. Cluster-associated markers were identified using
the Seurat “Findmarkers” function (mean log2 fold change > 2).
The uniform manifold approximation and projection (UMAP)
(Fig. 6A and Supplementary Fig. 6B) was computed using the
first 24 reduced dimensions. Identified clusters of countries
were mapped onto the world map using the R packages Goog-
leway (version 2.7.3), ggspatial (version 1.15), Iwgeom (version
0.2-5), Simple Features for R (version 0.9-8), rnaturalearth
(version 0.1.0), and rnaturalearthdata (version 0.1.0).

Classification of Candidate Infectious Disorders

The functional association between each infectious dis-
order and IL-10 signaling was classified as strong when

i p.L125R

p.G141R
p.Y157C
p.1169T

7 p.F190C
p.F192R

1 p.S211F

3 p.C223S

2 p.C223R
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1 p.R165X

2 p.G196EfsX10
p.R212X
p.R218X
p.L250Sfs*53
p.E431X

evidence in the literature suggested an association between
infection and increased IL-10 in humans and functional
mouse models suggest that blockade of IL-10 signaling by
gene targeting or monoclonal antibodies prevented immu-
nopathology and improved outcome. Evidence was rated
as moderate when either in vitro or and human data sug-
gest an association, but no functional data were available.

Statistics

Statistical analyses were performed with GraphPad
Prism, version 8.0 for Macintosh (GraphPad Software,
La Jolla, CA) or Microsoft Excel for Mac, version
15.32. P-values <0.05 were considered significant and
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Fig.2 Functional characterization of IL/IORA variants. Summary
of IL-10-induced (0.5 ng/mL) (A and B) and (C) Type I interferon-
induced (10* units/mL) (right panel) STAT3 phosphorylation in
HEK293 cells transfected with and empty vector, wild-type IL/0ORA
or distinct variants in the /L/ORA gene covering non-sense LOF vari-
ants, infantile-onset IBD-associated non-synonymous variants, and
two variants not associated with disease (Table S2) as measured by
flow cytometry. Relative mean fluorescence intensity (rMFI) to

indicated as follows: *P <0.05; **P <0.01; ***P <0.001;
*#xx%P <(0.0001. Statistical tests are described in figure
legends.

Results

An Atlas of the Genetic Architecture of IBD
and Human Pathogenic Variants in the IL-10
Signaling Pathway

We performed a comprehensive search of all pathogenic or
potentially pathogenic variants in ILIORA, ILIORB, and IL10
in published literature, large cohorts of infantile IBD, clini-
cal genetics databases, and complemented this with a search
of non-sense LOF variants in population-based databases
(gnomAD). Among the 207 reported patients with infantile
IBD caused by IL-10 signaling pathway defects, the majority
present with ILI0ORA deficiency (n=175; 84.5%), followed
by ILIORB (n=27; 13.0%), and IL10 defects (n=35; 2.5%)
[23] (Fig. 1A; Table S1; Table S2). Overall, we identified
67 confirmed or potentially pathogenic variants (/L/0RA,
n=45; ILIORB, n=20; IL10, n=2). While the two variants
in ILI0 that have been identified in patients with infantile-
onset IBD are both non-synonymous variants, the sequence
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untreated cells is shown on the x-axis and % pSTAT3 positive gated
cells on the y-axis. The mean+SD of two independent experiments
and each 2 to 4 technical replicates is shown. D Individual examples
of IL-10-induced STAT3 phosphorylation (rMFI) at the baseline or
following stimulation with 0.5 and 1 ng/mL exogenous cytokine.
Each data point indicates the mean+SD of 2 to 3 independent experi-
ments and each 2 to 4 technical replicates

length-normalized proportions of non-sense LOF variants and
confirmed splice variants in /L/ORB and ILI0RA are 2.5% and
1.8%, and 1.6% and 1.7%, respectively (Fig. 1B). In compari-
son, there are low sequence length-normalized and non-nor-
malized proportions of non-synonymous variants in /L/ORB
(2.2%, 33.3%) compared to ILIORA (4.5%, 57.8%) (Fig. 1B
and C). Unlike many other recessive disorders where there is a
high proportion of consanguineous families and a substantial
proportion of patients present with homozygous variants, a
large proportion of patients with potentially pathogenic vari-
ants in /L/0ORA are compound heterozygous (Fig. 1D). 60%
of the variants in /LIORA and 92% of patients have not been
functionally characterized (Supplementary Fig. 1).

Because of the non-synonymous nature of the majority of
the variants and the combinatorial variation among patients,
this means that the functional impact of the genetic vari-
ants is difficult to predict precisely and need to be validated
either individually using primary patient derived cells or in
a standardized assay.

Functional Characterization of IL10RA
Non-synonymous Variants

In light of the large number of functionally uncharacterized
variants that were found in patients with infantile IBD, we
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Fig.3 Conservation and structure of the IL-10RA. A ConSurf
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sequence are indicated. Domain structures with signal peptide, extra-
cellular domain, transmembrane domain, cytosolic domain, JAKI1
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are shown. B Structural model (PDB: 1Y6K) of the human IL-10RA
extracellular domain interacting with human IL-10. The ConSurf
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conservation across the amino acid sequence is indicated based on
201 HMMER-identified homologues. C Structural presentation show-
ing the location of pathogenic variants and their predicted impact on
protein structure and IL-10RA-IL-10 interaction. D Close-up view
on the predicted structural impact of 2 pathogenic variants in IL-
10RA affecting cytokine receptor—cytokine interaction (p.S211F and
p-R117C), and one example of a pathogenic variant that internally
affects the IL-10RA structure (p.T84I)
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performed a systematic functional characterization of those
potentially pathogenic ILI0ORA variants in HEK293 cells.
HEK?293 cells express endogenously /LI0ORB but not IL10RA
(Supplementary Fig. 2A). In agreement with the gene
expression of IL-10 receptor chains, wild-type HEK293 cells
only responded to IL-10 stimulation once transfected with
wild-type ILI0RA (Supplementary Fig. 2B). Irrespective of
the experimental conditions (non-transfected, transfected
with an empty vector, or transfected with a vector coding for
wild-type IL10RA), HEK293 cells responded comparably to
type I interferon (IFN) demonstrating intact and comparable
STAT3 phosphorylation (Supplementary Fig. 2B).

We performed a qualitative and quantitative analysis of
IL-10-induced signal transducer and activator of transcrip-
tion (STAT) 3 phosphorylation among 24 non-synonymous
IL10RA variants, 6 non-sense LOF ILI/0ORA variants, and
wild-type ILIORA. As a benchmark, we included 8 previ-
ously validated LOF variants in /L/ORA (Table S3). Fur-
thermore, we included 2 non-synonymous potentially
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non-pathogenic variants in /L/0RA that have a higher allele
frequency than 0.001 in the gnomAD database, rendering
a LOF effect unlikely (p.L61V, p.V113I). Additionally, we
analyzed a recently described rare variant in /L/ORA that
has been identified by association studies, p.P295L [42].
Empty vector transfected and IL-10 stimulated HEK293
cells served as negative control, and STAT3 phosphoryla-
tion induced by type I interferon stimulation served as
positive control. Interestingly, HEK293 cells transfected
with the polymorphisms p.L61V and p.V113I, or p.P295L
showed IL-10-induced pSTAT?3 responses similar to wild-
type ILIORA (Fig. 2A; Fig. 2D; Supplementary Fig. 3A;
Supplementary Fig. 4). At 0.5 ng/mL IL-10 stimulation, 24
variants that were identified in patients with infantile-onset
IBD, including the 8 previously validated LOF variants in
ILI0ORA, showed a statistically significant decrease STAT3
phosphorylation, demonstrating LOF. 6 variants, 1 located
in the signal peptide (p.M11), and 5 non-synonymous vari-
ants (p.A36T, p.Y5S7C, p.W6OR, p.R101Q, p.I169T) showed
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Fig.5 Geographical distribu-
tion of pathogenic variants in
ILIORA, ILIORB, and IL10. A
Allele frequencies of pathogenic
variants in /L/0RA in different
populations/continents of the
world (carrier). B Allele fre-
quencies of pathogenic variants
in ILI0ORA China, South Korea,
Japan, and India. C Allele
frequencies of pathogenic vari-
ants in /LIORA within different
regions in China and Taiwan.
Staged bars show aggregated
allele frequencies and the
respective variants. D-F Allele
frequencies of pathogenic vari-
ants in /LIORB and G-1 ILI0 in
different populations/countries
of the world including China,
South Korea, Japan, India, and
different regions in China and
Taiwan. All variants in data-
bases were found as heterozy-
gous carrier status. Only vari-
ants with allele frequencies >0
are shown. For the complete
list of allele frequencies, please
refer to Table S4
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a trend towards reduced responses to IL-10 stimulation, but  in IL-10 signaling at 10 ng/mL IL-10 stimulation (Supple-
these differences did not reach statistical significance of = mentary Fig. 3A). Importantly, type I IFN responses were
p <0.05 in the HEK?293 cell system (Fig. 2A; Supplemen-  not affected (Fig. 2C; Supplementary Fig. 3B). Together
tary Fig. 3A). Across tested concentrations, 13 out of 34 these results functionally validate 8 known and 22 unchar-
tested variants showed statistically significant reductions in ~ acterized variants in ILI0ORA, provide a hierarchy of the
IL-10 signaling at 1 ng/mL IL-10 stimulation, and 7 out of ~ impact on IL-10 signaling, and identify and validate 16 pre-
34 tested variants showed a statistically significant reduction  viously uncharacterized LOF variants in IL-10RA.
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Pathogenic Variants in the IL10RA Gene Affect
Critical Cytokine Binding Domains

We next investigated the potential structural consequences
of pathogenic variants in /LIORA. We focused on non-
synonymous variants assuming that stop-loss or frameshift
LOF variants as well as pathogenic splice variants will
have similar detrimental effects irrespective of the position
within the gene. The non-synonymous variants in /L/0ORA
are enriched in the extracellular domain irrespective whether
normalized to the length of the molecule or not. 26 of the
27 non-synonymous variants are located in the extracellular
domain that accounts for 214 amino acids (22—-235) of 578
amino acids (Fig. 3A). The majority of these variants involve
highly conserved regions in critical functional sites of IL-
10RA (Fig. 3A-C). Three of the five interaction sites [37]
critical for binding of the cytokine IL-10 to IL-10RA are
affected by pathogenic variants in /L/ORA. This includes the
contact amino acid residues of IL-10RA p.Y64C, p.R117C,
and p.S211F (highlighted in Fig. 3C and D). Multiple patho-
genic ILI0ORA variants disrupt secondary structures of the
extracellular domain such as beta strands (p.A36T, p.W45G,
p-Y57C, p.I169T, p.V100G, p.R101W, p.R101Q, p.L125R,
p.Gl41R, p.F190C, p.C223S, p.C223R) or alpha-helixes
(p-L90OP, p.YO1C, p.T841, p.Y157C) (Fig. 3C). The variants
p-C223S and p.C223R will disrupt the critical disulphide
bond between C202 and C223. Additional variants disrupt
the signal peptide (p.M1I and p.M1R). These findings sug-
gest that the vast majority of pathogenic non-synonymous
genetic defects affect structural elements that are critical for
the IL-10RA extracellular structure and cytokine binding.

Geographical Cluster of Patients with ILTORA
Defects in East Asia

There are substantial differences in the geographical distri-
bution of non-sense LOF defects in ILIORA, ILIORB, and
IL10 among different patient cohorts worldwide (Figs. 4A,
5A, 5D, and 5G; Table S1). The highest numbers of patients
with infantile IBD due to /LI0RA defects are found in East
Asia (or East Asian descent) (Fig. 4A; Table S1). In contrast,
the majority of patients with /L/ORB defects descent from
Central and South Asia as well as Europe (Turkey, Bangla-
desh, Pakistan, Sicily, Germany, Poland, France; Table S1)
and derive from consanguineous families (Zheng et al. 2019
[23] and unpublished results).

Importantly, geospatial analyses of age and gender-
adjusted prevalence rates of IBD by the Global Burden of
Disease 2017 Inflammatory Bowel Disease Collaborators
[43] have not revealed an enrichment in East Asia, suggest-
ing that IBD per se is not of high prevalence in the East Asian
region although it has been increasing over the previous
decades, but the monogenic condition /LI0RA-associated
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infantile enterocolitis has highest absolute case numbers
reported worldwide in the East Asian region (China, Japan
and South Korea). This suggests that biallelic variants cause
a high prevalence of monogenic infantile IBD but that the
heterozygote MAF of those variants unlikely has a strong
population effect. This is in keeping with the observa-
tion that the heterozygous patient parents of children with
IL10RA defects do not develop intestinal inflammation.

In East Asian patients with infantile IBD, multiple patho-
genic ILI0RA variants were detected (Fig. 4B and C). 99.1%
of patients with the ILIORA p.R101W variant and 97.0%
of patients with ILIORA p.T179T variant are located in
East Asia (Fig. 4A). Within China, and in particularly in
the eastern part of China, infantile IBD patients with patho-
genic ILI0RA variants were reported by multiple centers.
To exclude those patients genetically originated from a sin-
gle area, we identified the patients’ place of birth. These
analyses demonstrated that patients with pathogenic /L10RA
variants originated from different Chinese regions (Fig. 4C).

Geographical Accumulation of Pathogenic IL10RA
Variants in East Asia

The geographic cluster of patients with ILIORA defects
and infantile IBD in East Asia raises the question whether
this finding is due to the population size in China, recent
awareness of the condition, due to local founder effects,
or due to an accumulation of pathogenic variants as part
of an evolutionary enrichment. We therefore analyzed the
population allele frequencies of pathogenic /L/0RA variants
identified in different geographic regions (Fig. SA-C) and
compared these to the distribution of pathogenic /L/ORB
and /L10 variants (Fig. 5SD-I). 17 pathogenic ILI0ORA vari-
ants can be found in population databases (others are too
rare to be sampled based on currently available sequenc-
ing data). The highest accumulation of pathogenic /LI0RA
variants is present in North and East China. The 7 most
common variants in those regions each have a higher allele
frequency compared to the aggregated allele frequencies of
pathogenic ILI0RA variants in all other populations world-
wide (Fig. 5A).

We next investigated population allele frequencies within
East Asia. Although China, South Korea, and Japan have a
similar overall aggregated allele frequency, the variant dis-
tribution is significantly different (Fig. 5B and C). p.R101W,
the most common variant in China (MAF 0.0635%), is
absent in Japan. In contrast, the most common variant in
Japan p. T179T is significantly less frequent in China (MAF
0.12% versus 0.0096%, respectively). Furthermore, signif-
icant differences are present in respect to the geographic
distribution of pathogenic ILI0ORA variants within China
(Fig. 5C). The highest aggregated MAF of pathogenic
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variants is found in North and East China with 7 variants
contributing to this enrichment (Fig. 5C; Table S1).

The enrichment of 12 independent pathogenic /IL/0RA
variants across East Asia and their broad geographical dis-
tribution argue against a limited regional founder effect and
suggest that evolutionary selection pressure maintains these
variants within the population. In summary, regional dif-
ferences suggest that variants have expanded in different
regions.

Geospatial Association Analysis Between
Pathogenic IL10RA Variants and Human Pathogen
Distribution Worldwide

To identify pathogens that could be acting as selection pres-
sure on the ILI0ORA gene, we performed an unbiased geo-
spatial association study. We selected all 357 pathogens in
the GIDEON (www.gideononline.com) database (Supple-
mentary Fig. 5). We hypothesized that evolutionary selec-
tion is likely driven by pathogens endemic to the geographic
distribution of the East Asian region corresponding to the
increased allele frequency of pathogenic IL10RA variants. In
the absence of allele frequency data in several countries such
as Mongolia or the Siberian region of Russia, we assumed
that the core region would involve North and East China,
Korea, and Japan but would not necessarily be restricted to
this region. To identify those diseases that are the source
of variation in the data set and specifically enriched in the
region of interest, we performed linear dimensionality
reduction and uniform manifold approximation and projec-
tion (UMAP) of infections in individual countries worldwide
[39, 40] (Fig. 6A). We identified 10 clusters of countries
based on the absence, sporadic presence, or endemic pres-
ence of a given disease (Fig. 6A and B). China was located
in cluster 9 consisting of 17 countries (Fig. 6A-D). We
identified 12 infectious disorders specifically associated
with cluster 9 (Gnathostomiasis, Fasciolopsiasis, Filariasis
Brugia malayi, Echinostomiasis, Clonorchiasis, Filariasis
Brugia timori, Kyasanur forest disease, Opisthorchiasis,
Coltiviruses — old world, Schistosomiasis japonicum, Cap-
illariasis intestinal, and severe fever with thrombocytopenia
syndrome (SFTS)) (Fig. 6C and D; Supplementary Fig. 6A
and 6B). Among those diseases associated with cluster 9,
2 were not present in China, 1 was listed as sporadic, and
9 were endemic (Fig. 6D). Interestingly, 7 out of these 9
diseases are also endemic to India, where no increased fre-
quencies for pathogenic variation in /L/0RA have been docu-
mented (Figs. 5D-F and 6D). The remaining two candidate
disorders are SFTS caused by phlebovirus infection of the
Bunyaviridae family and Schistosomiasis japonicum caused
by infection with the Schistosoma japonicum parasite.
Next, we identified plausible candidate disorders
that might drive natural selection among those cluster

9-associated diseases. Strong evidence that IL-10 signaling
restricts host protective immune responses is available for
phlebovirus infection of the Bunyaviridae family and Schis-
tosomiasis japonicum (Schistosoma japonicum). In vitro
experimental evidence additionally suggests a beneficial role
for reduced IL-10 signaling in diseases including Filariasis
(Brugia malayi), Capillariasis intestinal (Capillaria philip-
pinensis), Opisthorchiasis (Opisthorchis felineaus) Clonor-
chiasis (Clonorchis sinensis), and Echinostomiasis (Echi-
nostoma caproni) [44-55] (Fig. 6C). Importantly, the recent
emergence of SFTS in rural areas of China [56, 57] sug-
gest that this infection is not a plausible candidate, whereas
Schistosomiasis japonicum, that has been endemic to China
for several thousands of years [58], is the most likely source
of long term pathogen-mediated selection pressure.

Pathogenic Variants in IL10RA Reduce IL-10
Responsiveness in the Heterozygous State

The enrichment of pathogenic /LI0ORA variants across East
Asia and characteristic endemic presence of infectious
disease with known functional link to the IL-10 signaling
pathway led us to hypothesize that these variants mediate
environment-specific increased fitness in heterozygous car-
riers. If this hypothesis is correct, one would hypothesize
that heterozygous variants would have a mild but measurable
functional impact on IL-10 signaling. We stimulated PBMC
from healthy controls, healthy heterozygous /L/0ORA variant
carriers (parents) and homozygous infantile patients with
IBD with IL-10 or type I interferon and measured STAT3
phosphorylation. The heterozygous carriers showed a shifted
dose response curve and significantly decreased responses
towards IL-10 stimulation in total PBMC, gated T cells, and
gated monocytes. These responses were absent in PBMC
from homozygous patients (Fig. 7A and B). Importantly,
IL-6 or type I interferon-induced phosphorylation of STAT3
was similarly detected in all 3 groups (Fig. 7C and D). These
results demonstrate a functional impact of the heterozygous
carrier state of pathogenic variants in /L/0RA on IL-10 sign-
aling and support the hypothesis that modest heterozygous
effects might have driven balancing natural selection due
to heterozygous advantage in the context of environmental
evolutionary pressure.

Discussion

We have summarized the spectrum of IL10RA variants
associated with infantile onset IBD and systematically
validated multiple pathogenic IL10RA variants. Our analy-
sis of IL-10 responses across a range of concentrations in
primary immune cells and HEK293 cells underlines the
dynamic contribution of the IL10A variants. Failure to
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Fig.6 Geospatial association of infectious disorders in East Asia
with pathogenic IL10RA variants. A UMAP presentation of identified
clusters of countries based on the distribution (not present, sporadic,
endemic) of 169 diseases. B Worldmap showing the geographical dis-
tribution of clusters of countries according to A. C Dotplot presenta-
tion of those diseases that were found to be associated (mean log fold

detect a functional effect of the GWAS-identified variant
p-P295L may indicate a more subtle modulatory effect that
may be relevant in the context of polygenic risk. We have
focused our functional analysis on variation of the canonical
variant of the ILIORA gene (ENST00000227752). Whether
the shown functional effects solely affect IL-10 binding, as
suggested by the modeling studies, or are at least partially
caused by changes in protein expression cannot be excluded.

Biallelic LOF variants in /L/0RA cause significant health
problems for the small number of children worldwide. These
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change > 2) with cluster 9 representing the region of interest. D Heat-
map presentation of cluster 9 countries and cluster-specific diseases,
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inhibition in respective pathogen clearance (functional evidence color
code: red indicates 3 levels of evidence; orange indicates 2 levels of
evidence, and yellow indicates one line of evidence)

children require genomic screening and personalized medicine
with allogenic hematopoietic stem cell transplantation [18, 20,
23]. Therefore, our population-based studies on pathogenic
ILI0RA variants have implications for health care provision.
A simplified model of equal distribution of the pathogenic
ILI0RA variants throughout China, with a combined MAF
of approximately 0.14% would mean that 1 in 2.5 million
children carry biallelic variants and present with neonatal
and infantile IBD. Due to the high frequency of pathogenic
IL10RA variants in North China (0.3%), this accounts for
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Fig.7 IL-10 responses are reduced in heterozygous carriers of
pathogenic ILIORA variants. A Line plots show IL-10-induced
STAT3 phosphorylation in PBMC from healthy non-carriers (n=4),
healthy heterozygous carriers (n=9, p.V100G, p.W33X, p.R101W,
p-T179T), and 3 patients with compound heterozygous carrier state
of a pathogenic variant in /LIORA (P1l: p.V100G/p.T179T; P2:

approximately 1 in 400,000 new-born in this region and likely
accounts for the highest incidence of neonatal IBD worldwide.

Although studies on the evolution of cytokines and their
receptors suggest that /L10 and ILIORA may be subject to
natural selection in response to pathogens, especially para-
sites [59-61], balancing selection of pathogenic genetic
variants has not specifically been demonstrated. Our data
suggest that accumulation of pathogenic /L/0ORA variants
is not due to a limited “founder effect” and geographical
isolation. Balancing natural selection is supported by several
lines of evidence: (i) despite complete penetrance of a lethal
phenotype in the biallelic setting; (ii) there is geographi-
cally restricted accumulation of multiple pathogenic IL10RA
variants that cause defective IL-10 signaling, some protein

p-W33X/p.T179T; P3: p.R101W/p.T179T) (Mann—Whitney test).
B XY-graphs show the quantitative (x-axis, rMFI) and qualitative
(y-axis, % pSTAT3") response to stimulation with 0.5 ng/mL IL-10
according to A. C The bar graphs show the pSTAT3 response to IL-6
(100 ng/mL) and Type I IFN (10.* U/mL) stimulation across diverse
lymphocyte populations (Mann—Whitney test)

coding defects encoded by two different DNA variants; (iii)
with a wide distribution in the East Asian region; and (iv)
biologic plausibility of potentially beneficial heterozygote
effects according to our current understanding of Schisto-
soma japonicum infection pathogenesis in human and ani-
mal models.

Interestingly, in /LI0RB, a comparable accumulation of
pathogenic variants was not identified. This likely reflects
the role of IL-10RB in mediating signaling across a range of
cytokines (IL-10, IL-22, IL-26, IL-28A, IL-28B, and IL-29).

Schistosomiasis japonicum, one of the most debilitating
and mortal parasitic diseases in the world, likely causes a
strong selection pressure during human evolution in East
Asia. An example of likely protective host adaptation to
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Schistosoma japonicum is cholesteryl ester transfer protein
(encoded by CETP) deficiency, which is common in endemic
regions of East Asia. Schistosoma japonicum requires nor-
mal plasma HDL for the embryonation of their eggs [62],
the pathway that is defective in cholesteryl ester transfer pro-
tein deficiency. Adaptation to IL-10 receptor defects might
confer a similar host protective adaptation to Schistosoma
Jjaponicum. Animal models support a direct pathogenic role
of IL-10. CD4™" T cells express high IL-10 levels in the
C57BL/6 mouse liver during Schistosoma japonicum [46]. A
recombinant protein (cercarial secreted Sj16 protein) derived
from Schistosoma japonicum stimulated IL-10 production,
inhibited LPS-induced bone marrow-derived dendritic
cell (BMDC) maturation via IL-10, increased the number
of IL-10 producing myeloid-derived suppressor cells, and
increased CD47CD25* T cells, thereby effectively suppress-
ing the anti-parasite immune response [47, 49, 63].

Serum IL-10 concentrations of 44.8 pg/mL in the acute
stage of Schistosoma japonicum infected patients [48] are
lower than those in solution concentrations used to validate
the biological effects of ILIORA variants in vitro. How-
ever, IL-10 concentrations in tissue microenvironment
are likely higher, and in vitro IL-10 stimulation may not
precisely reflect in vivo cytokine—cytokine receptor and
producer—consumer stoichiometry as described for other
cytokines such as IL-2 [64].

Whereas S. japonicum modulates immune responses
via the expression of host IL-10, there are viral functional
orthologs of cellular IL-10 encoded in the genome of Her-
pesvirales and Poxviridae that can directly modulate host
immunity [65]. Due to the geographic distribution and the
typically mild disease course, it is unlikely that endemic
herpesviruses such as human cytomegalovirus and Epstein-
Barr virus drive this selection process of pathogenic /L/0RA
variants via viral IL-10 but historic outbreaks of Poxviridae
might have been a potential evolutionary selection force.
Interestingly, EBV infection is more common in children
and adolescents in southern and northern China compared
to western countries, indicating differences in complex
host—pathogen interaction in these regions [66, 67], and
these may involve differences in IL-10 responsiveness.

Surprisingly, we could not find equivalent evidence for
balancing natural selection involving the IL-10 or IL-10
receptor genes in geographic regions with endemic Schisto-
soma haematobium and Schistosoma mansoni. These differ-
ences may reflect distinct urogenital tissue tropism of S. hae-
matobium and hepato-intestinal tissue tropism in the cases
of S. mansoni and S. japonicum [68-70]. Differences in the
nature of the infection such as in granuloma formation due to
distinct modulation of host immune responses through active
interference with CXCLS8 function by S. mansoni but not S.
Jjaponicum [71], and S. mansoni-specific hepatotoxicity [72]
may determine alternative selection pressure.
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Importantly, the implications of balancing selection of
pathogenic ILI0ORA variants in East Asia extend beyond a
rare childhood disease. It has the potential to influence our
understanding of the immune interaction between IL-10
and parasitic and other infections and could lead to future
strategies to targeted prevention and treatment of pathogens.
Similar to Schistosoma japonicum, the level of IL-10 have a
direct impact on protective immunity in Leishmaniasis major
and Leishmaniasis tropica infection models [73, 74]. Genetic
IL-10 deficiency as well as transient blockade of IL-10 signal-
ing via anti-IL-10 receptor antibodies resulted in sterile cure
of Leishmaniasis major, pointing towards a potential thera-
peutic mechanism [74]. It is tempting to speculate that natural
balancing selection of pathogenic IL10RA variants constitutes
an optimal equilibrium reducing IL-10 signaling in favor of
effector pathways that reduce parasite burden without com-
promising the ability of IL-10 to mediate inflammation con-
trol towards commensal intestinal bacteria. This is potentially
relevant for hundreds of millions of individuals infected with
those IL-10 dependent pathogens and is a strong genetic sup-
port to evaluate short term IL-10 balancing therapies. Indeed,
targeting the IL-10R not only via antibodies that have a long
half-life but aptamers [75], small molecule inhibitors, or bac-
teria engineered for intestinal IL-10 delivery [76] might allow
partial and transient modulation of this pathway.

Compared to Sickle cell disease, a well-studied example of
balancing natural selection, the frequencies of disease-caus-
ing IL10RA alleles are lower. Reasons may be less biological
benefit of the heterozygous IL10RA variants compared to the
Sickle cell disease causing hemoglobin variants that confer
selective advantage in the malaria setting and higher mortality
of ILI0RA variants in the homozygous state. In high-income
countries, patients with Sickle cell disease have a median sur-
vival of 67 years while mortality estimates in sub-Saharan
Africa and India, where access to high standard medical care
is limited, indicate that 50-90% of patients with Sickle cell
disease pass away before 5 years of age [77]. This means com-
parably higher numbers of patients with Sickle cell disease
reach reproductive age compared to biallelic /LI0RA signaling
defects that cause untreated neonatal or infantile mortality.

Although our data strongly suggest that the accumulation
of multiple pathogenic ILI0RA variants in East Asia is not
a chance finding, we cannot definitively link those genetic
variants to one single infectious disorder. This is due to a
lack of granularity of our genetic and infection spatial data,
due to the lacking historical perspective (the ILI0ORA variants
have arisen as a consequence of historic selection pressure)
or might reflect the fact that indeed several pathogens suc-
cessfully adapted IL-10-dependent strategies in this region.
Analysis of large- scale health care utilization datasets in
China [78] will allow to apply Mendelian randomization
techniques to investigate whether heterozygous IL10RA
variants confer improved outcome after certain infections.



Journal of Clinical Immunology

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10875-022-01366-7.

Author Contribution DA, ZY, WH, IB, and MC performed experi-
ments. DA, ZY, YZ, and IW performed database search and analysis.
7Y, YH, DK, CC, SS, AMM, YH, and HHU reviewed patient data. BM
performed structural analysis. YH and HU coordinated research. All
authors contributed to the manuscript.

Funding HHU is supported by the National Institute for Health
Research (NIHR) Oxford Biomedical Research Centre (BRC), Uni-
versity of Oxford, and The Leona M. and Harry B. Helmsley Chari-
table Trust. YZ and ZY are supported by the H.M. LUI Memorial
Fund. YH is supported by the National Children’s Medical Centre,
Haiju International Joint Lab Fund. IW is supported by a ACF fel-
lowship. BM is supported by the Kennedy Trust for Rheumatologi-
cal Research, AbbVie, Bayer Pharma AG, Boehringer Ingelheim,
Innovative Medicines Initiative (EU/EFPIA) (EUbOPEN grant
no. 875510), Janssen, Merck KGaA, Darmstadt, Germany, MSD,
Novartis Pharma AG, Pfizer, Takeda, and Wellcome (106169/
7714/7). HHU is supported by the Health Research (NIHR) Oxford
Biomedical Research Centre (BRC), University of Oxford. AM, CK,
SS, HHU, and MC are supported by The Leona M. and Harry B.
Helmsley Charitable Trust.

Data Availability The data supporting the findings described in this
study are available from the corresponding author upon request.

Code Availability Computer codes supporting the findings described
in this study are available from the corresponding author upon request.

Declarations

Ethics Approval The study was approved by a rare disease project of
the Oxford IBD cohort (ethics number: 09/H1204/30) and the eth-
ics committee of the Children’s Hospital of Fudan University (ethics
number: [2015]-130). All genetic datasets available are publicly avail-
able as part of population based and disease databases. Patient pheno-
type information was extracted from previously published datasets or
unpublished data from the Children’s Hospital of Fudan University. If
unpublished data were accessed or patient and parent samples were
analyzed functionally, written informed consent of parents or guard-
ians was available.

Consent to Participate Patients consented to clinical research via the
Children’s Hospital of Fudan University (ethics number: [2015]-130)
or via the Oxford GI biobank.

Consent for Publication Patients consented to publication via the Chil-
dren’s Hospital of Fudan University (ethics number: [2015]-130) or via
the Oxford GI biobank.

Conflict of Interest No conflict of interest related to this article. H.
H. U. has received research support or consultancy fees from Jans-
sen, UCB Pharma, Eli Lilly, MiroBio, BMS/Celgene, and AbbVie.
DA was supported by a UCB Pharma fellowship and is an employee
of Novartis Pharma AG. MC is an employee of SenTcell Ltd. S.B.S.
declares the following interests: Scientific advisory board partici-
pation for Pfizer, Pandion, Celgene, Lilly, Takeda, Cosmo Pharma-
ceuticals, Merck, and EcoR1. Grant support from Pfizer, Novartis,
Amgen, and Takeda. Consulting for Amgen, Kyverna, Bristol Myers
Squibb, Dualyx, Third Rock, Sonoma Biotherapeutics, 89bio, Gen-
tiBio and Apple Tree Life Sciences. SBS, AM, and CK also receive
funding from NIH SRC2DK122532.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Fumagalli M, et al. Signatures of environmental genetic adapta-
tion pinpoint pathogens as the main selective pressure through
human evolution. PLoS Genet. 2011;7(11):e1002355.

2. Barreiro LB, Quintana-Murci L. From evolutionary genetics to
human immunology: how selection shapes host defence genes.
Nat Rev Genet. 2010;11(1):17-30.

3. Karlsson EK, Kwiatkowski DP, Sabeti PC. Natural selection
and infectious disease in human populations. Nat Rev Genet.
2014;15(6):379-93.

4. CasanovaJL, Abel L. The genetic theory of infectious diseases:
a brief history and selected illustrations. Annu Rev Genomics
Hum Genet. 2013;14:215-43.

5. Laayouni H, et al. Convergent evolution in European and Rroma
populations reveals pressure exerted by plague on Toll-like
receptors. Proc Natl Acad Sci U S A. 2014;111(7):2668-73.

6. Park YH, et al. Ancient familial Mediterranean fever mutations
in human pyrin and resistance to Yersinia pestis. Nat Immunol.
2020;21(8):857-67.

7. Johnson CM, et al. Cutting edge: a common polymorphism
impairs cell surface trafficking and functional responses of TLR1
but protects against leprosy. J Immunol. 2007;178(12):7520-4.

8. Thye T, et al. Common variants at 11p13 are associated with
susceptibility to tuberculosis. Nat Genet. 2012;44(3):257-9.

9. Abel L, et al. Genetics of human susceptibility to active and
latent tuberculosis: present knowledge and future perspectives.
Lancet Infect Dis. 2018;18(3):e64-75.

10. Fortin A, et al. Host genetics of mycobacterial diseases in mice
and men: forward genetic studies of BCG-osis and tuberculosis.
Annu Rev Genomics Hum Genet. 2007;8:163-92.

11. Gong L, et al. Biochemical and immunological mechanisms by
which sickle cell trait protects against malaria. Malar J. 2013;12:317.

12. Hutter G, et al. Long-term control of HIV by CCRS5S
Delta32/Delta32 stem-cell transplantation. N Engl J Med.
2009;360(7):692-8.

13. Gupta RK, et al. HIV-1 remission following CCR5Delta32/
Delta32 haematopoietic stem-cell transplantation. Nature.
2019;568(7751):244-8.

14. Ng SC, et al. Worldwide incidence and prevalence of inflamma-
tory bowel disease in the 21st century: a systematic review of
population-based studies. Lancet. 2018;390(10114):2769-78.

15. Mahurkar S, et al. Common variants in NOD2 and IL23R are
not associated with inflammatory bowel disease in Indians. J
Gastroenterol Hepatol. 2011;26(4):694-9.

16. LiuJZ, et al. Association analyses identify 38 susceptibility loci
for inflammatory bowel disease and highlight shared genetic
risk across populations. Nat Genet. 2015;47(9):979-86.

17. Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat
Rev Gastroenterol Hepatol. 2015;12(12):720-7.

@ Springer


https://doi.org/10.1007/s10875-022-01366-7
http://creativecommons.org/licenses/by/4.0/

Journal of Clinical Immunology

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Uhlig HH, et al. Clinical genomics for the diagnosis of mono-
genic forms of inflammatory bowel disease: a position paper
from the Paediatric IBD Porto Group of European Society of
Paediatric Gastroenterology, Hepatology and Nutrition. J Pedi-
atr Gastroenterol Nutr. 2021;72(3):456-73.

Glocker EO, et al. Infant colitis—it’s in the genes. Lancet.
2010;376(9748):1272.

Glocker EO, et al. Inflammatory bowel disease and muta-
tions affecting the interleukin-10 receptor. N Engl J Med.
2009;361(21):2033-45.

Bolton C, et al. An integrated taxonomy for monogenic inflam-
matory bowel disease. Gastroenterology, 2021.

Kotlarz D, et al. Loss of interleukin-10 signaling and infantile
inflammatory bowel disease: implications for diagnosis and ther-
apy. Gastroenterology. 2012;143(2):347-55.

Zheng C, et al. Phenotypic characterization of very early-onset
inflammatory bowel disease with interleukin-10 signaling defi-
ciency: based on a large cohort study. Inflamm Bowel Dis.
2019;25(4):756-66.

Huang Z, et al. Mutations in interleukin-10 receptor and clini-
cal phenotypes in patients with very early onset inflammatory
bowel disease: a Chinese VEO-IBD Collaboration Group Survey.
Inflamm Bowel Dis. 2017;23(4):578-90.

Yanagi T, et al. Novel exonic mutation inducing aberrant
splicing in the IL10RA gene and resulting in infantile-onset
inflammatory bowel disease: a case report. BMC Gastroenterol.
2016;16:10.

Oh SH, et al. A synonymous variant in ILIORA Affects RNA
splicing in paediatric patients with refractory inflammatory bowel
disease. J Crohns Colitis. 2016;10(11):1366-71.

Jung KS, et al. KRGDB: the large-scale variant database of 1722
Koreans based on whole genome sequencing. Database (Oxford).
2020;2020.

Jain A, et al. IndiGenomes: a comprehensive resource of genetic
variants from over 1000 Indian genomes. Nucleic Acids Res.
2021;49(D1):D1225-32.

Ferrao R, et al. The structural basis for class II cytokine receptor
recognition by JAKI. Structure. 2016;24(6):897-905.

Jiang H, et al. Regulation of interleukin-10 receptor ubiquitination
and stability by beta-TrCP-containing ubiquitin E3 ligase. PLoS
One. 2011;6(11): e27464.

Walter MR. The molecular basis of IL-10 function: from receptor
structure to the onset of signaling. Curr Top Microbiol Immunol.
2014;380:191-212.

Landau M, et al. ConSurf 2005: the projection of evolutionary
conservation scores of residues on protein structures. Nucleic
Acids Res. 2005;33(Web Server issue):W299-302.

Glaser F, et al. ConSurf: identification of functional regions in
proteins by surface-mapping of phylogenetic information. Bioin-
formatics. 2003;19(1):163—4.

Ioannidis NM, et al. REVEL: an ensemble method for predicting
the pathogenicity of rare missense variants. Am J] Hum Genet.
2016;99(4):877-85.

Kircher M, et al. A general framework for estimating the
relative pathogenicity of human genetic variants. Nat Genet.
2014;46(3):310-5.

Rentzsch P, et al. CADD: predicting the deleteriousness of
variants throughout the human genome. Nucleic Acids Res.
2019;47(D1):D886-94.

Josephson K, Logsdon NJ, Walter MR. Crystal structure of the
IL-10/IL-10R1 complex reveals a shared receptor binding site.
Immunity. 2001;15(1):35-46.

Yoon SI, et al. Same structure, different function crystal structure
of the Epstein-Barr virus IL-10 bound to the soluble IL-10R1
chain. Structure. 2005;13(4):551-64.

@ Springer

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Butler A, et al. Integrating single-cell transcriptomic data across
different conditions, technologies, and species. Nat Biotechnol.
2018;36(5):411-20.

Stuart T, et al. Comprehensive Integration of Single-Cell Data.
Cell. 2019;177(7):1888-190221.

Zappia L, Oshlack A. Clustering trees: a visualization for evaluat-
ing clusterings at multiple resolutions. Gigascience, 2018. 7(7).
Gettler K, et al. Common and rare variant prediction and pen-
etrance of IBD in a large, multi-ethnic, health system-based
biobank cohort. Gastroenterology. 2021;160(5):1546-57.
Collaborators GBDIBD. The global, regional, and national burden
of inflammatory bowel disease in 195 countries and territories,
1990-2017: a systematic analysis for the Global Burden of Dis-
ease Study 2017. Lancet Gastroenterol Hepatol. 2020;5(1):17-30.
O’Regan NL, et al. Brugia malayi microfilariae induce a
regulatory monocyte/macrophage phenotype that suppresses
innate and adaptive immune responses. PLoS Negl Trop Dis.
2014:8(10):e3206.

Simons JE, Gray CA, Lawrence RA. Absence of regulatory
IL-10 enhances innate protection against filarial parasites
by a neutrophil-independent mechanism. Parasite Immunol.
2010;32(7):473-8.

Chen D, et al. Characteristics of Schistosoma japonicum infection
induced IFN-gamma and IL-4 co-expressing plasticity Th cells.
Immunology. 2016;149(1):25-34.

Sun XJ, et al. Unique roles of Schistosoma japonicum pro-
tein Sj16 to induce IFN-gamma and IL-10 producing CD4(+)
CD25(+) regulatory T cells in vitro and in vivo. Parasite Immu-
nol. 2012;34(8-9):430-9.

Wang X, et al. Antinuclear antibodies and interleukin responses in
patients with Schistosoma japonicum infection. Parasite Immunol.
2018;40(10):e12577.

Yang Q, et al. A Schistosoma japonicum infection promotes the
expansion of myeloid-derived suppressor cells by activating the
JAK/STATS3 pathway. J Immunol. 2017;198(12):4716-27.
Zhang L, et al. Severe fever with thrombocytopenia syndrome
virus-induced macrophage differentiation is regulated by miR-
146. Front Immunol. 2019;10:1095.

Choi Y, et al. Severe fever with thrombocytopenia syndrome phle-
bovirus non-structural protein activates TPL2 signalling pathway
for viral immunopathogenesis. Nat Microbiol. 2019;4(3):429-37.
Wang N, et al. The dynamics of select cellular responses and
cytokine expression profiles in mice infected with juvenile Clon-
orchis sinensis. Acta Trop. 2021;217:105852.

Jin Y, et al. Regulation of anti-inflammatory cytokines IL-10 and
TGF-beta in mouse dendritic cells through treatment with Clon-
orchis sinensis crude antigen. Exp Mol Med. 2014;46:e74.

Kim DK, Joo KH, Chung MS. Changes of cytokine mRNA
expression and IgG responses in rats infected with Capillaria
hepatica. Korean J Parasitol. 2007;45(2):95-102.

Trelis M, et al. Subcutaneous injection of exosomes reduces symp-
tom severity and mortality induced by Echinostoma caproni infec-
tion in BALB/c mice. Int J Parasitol. 2016;46(12):799-808.
Lam TT, et al. Evolutionary and molecular analysis of the emer-
gent severe fever with thrombocytopenia syndrome virus. Epidem-
ics. 2013;5(1):1-10.

Liu S, et al. Systematic review of severe fever with thrombocyto-
penia syndrome: virology, epidemiology, and clinical character-
istics. Rev Med Virol. 2014;24(2):90-102.

Ross AG, et al. Schistosomiasis in the People’s Republic of China:
prospects and challenges for the 21st century. Clin Microbiol Rev.
2001;14(2):270-95.

Lewandowska M, et al. Searching for signals of recent natural
selection in genes of the innate immune response - ancient DNA
study. Infect Genet Evol. 2018;63:62-72.



Journal of Clinical Immunology

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Gelabert P, et al. Malaria was a weak selective force in ancient
Europeans. Sci Rep. 2017;7(1):1377.

Fumagalli M, et al. Parasites represent a major selective force for
interleukin genes and shape the genetic predisposition to autoim-
mune conditions. J Exp Med. 2009;206(6):1395-408.
Yokoyama S. A potential screening factor for accumulation of
cholesteyl ester transfer protein deficiency in East Asia: Schisto-
soma japonicum. Biochim Biophys Acta. 2014;1841(4):495-504.
Sun X, et al. Recombinant Sj16 from Schistosoma japonicum con-
tains a functional N-terminal nuclear localization signal necessary
for nuclear translocation in dendritic cells and interleukin-10 pro-
duction. Parasitol Res. 2016;115(12):4559-71.

Altan-Bonnet G, Mukherjee R. Cytokine-mediated communi-
cation: a quantitative appraisal of immune complexity. Nat Rev
Immunol. 2019;19(4):205-17.

Ouyang P, et al. IL-10 encoded by viruses: a remarkable example
of independent acquisition of a cellular gene by viruses and its
subsequent evolution in the viral genome. J Gen Virol. 2014;95(Pt
2):245-62.

Qin C, et al. Clinicopathological features and EBV infection sta-
tus of lymphoma in children and adolescents in South China: a
retrospective study of 662 cases. Diagn Pathol. 2018;13(1):17.
Huang X, et al. Epidemiology of classical Hodgkin lymphoma and
its association with Epstein Barr virus in Northern China. PLoS
ONE. 2011;6(6):e21152.

Ross AG, et al. Schistosomiasis. N Engl J Med.
2002;346(16):1212-20.

Gryseels B, et al. Human schistosomiasis. Lancet.
2006;368(9541):1106-18.

70.

71.

72.

73.

74.

75.

76.

7.

78.

McManus DP, et al. Schistosomiasis. Nat Rev Dis Primers.
2018;4(1):13.

Chuah C, et al. Cellular and chemokine-mediated regulation
in schistosome-induced hepatic pathology. Trends Parasitol.
2014;30(3):141-50.

Hams E, Aviello G, Fallon PG. The schistosoma granuloma:
friend or foe? Front Immunol. 2013;4:89.

Belkaid Y, et al. CD4+CD25+ regulatory T cells con-
trol Leishmania major persistence and immunity. Nature.
2002;420(6915):502-7.

Belkaid Y, et al. The role of interleukin (IL)-10 in the persistence
of Leishmania major in the skin after healing and the therapeutic
potential of anti-IL-10 receptor antibody for sterile cure. J Exp
Med. 2001;194(10):1497-506.

Berezhnoy A, et al. Isolation and optimization of murine IL-10
receptor blocking oligonucleotide aptamers using high-throughput
sequencing. Mol Ther. 2012;20(6):1242-50.

Steidler L, et al. Treatment of murine colitis by Lactococcus lactis
secreting interleukin-10. Science. 2000;289(5483):1352-5.
Kato GJ, et al. Sickle cell disease. Nat Rev Dis Primers.
2018;4:18010.

Zhang L, et al. Big data and medical research in China. BMJ.
2018;360:j5910.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Pathogenic Interleukin-10 Receptor Alpha Variants in Humans — Balancing Natural Selection and Clinical Implications
	Abstract
	Introduction
	Methods
	Identification of Pathogenic and Potentially Pathogenic Variants in IL-10 and Its Receptor Genes
	Analysis of IL10RA, IL10RB, and IL10 Allele Frequencies Worldwide
	Variant Annotation and Evolutionary Analysis
	Structural Analysis of IL10RA Variants
	Plasmid Isolation
	Functional Characterization of IL10RA Variants by Phosphoflow
	PBMC Isolation, Cell Culture, and STAT3 Phosphoflow
	Spatial Analysis of Infection Disorders
	Classification of Candidate Infectious Disorders
	Statistics

	Results
	An Atlas of the Genetic Architecture of IBD and Human Pathogenic Variants in the IL-10 Signaling Pathway
	Functional Characterization of IL10RA Non-synonymous Variants
	Pathogenic Variants in the IL10RA Gene Affect Critical Cytokine Binding Domains
	Geographical Cluster of Patients with IL10RA Defects in East Asia
	Geographical Accumulation of Pathogenic IL10RA Variants in East Asia
	Geospatial Association Analysis Between Pathogenic IL10RA Variants and Human Pathogen Distribution Worldwide
	Pathogenic Variants in IL10RA Reduce IL-10 Responsiveness in the Heterozygous State

	Discussion
	References


