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GIMAP GTPase Family Genes: Potential Modifiers in
Autoimmune Diabetes, Asthma, and Allergy

Mirkka T. Heinonen,* ! Antti-Pekka Laine,*"' Cilla Soderhill,’ Olena Gruzieva,'
Sini Rautio,# Erik Melén,"’*"< Goran Pershagen," Harri J. Léihdesméiki,*’"

Mikael Knip,ﬁ’ﬂ’%’w Jorma Ilonen,§’”"’2 Tiina A. Henttinen,” Juha Kere,ﬂ”w’2
Riitta Lahesmaa,*> and The Finnish Pediatric Diabetes Registry’

GTPase of the immunity-associated protein (GIMAP) family members are differentially regulated during human Th cell differen-
tiation and have been previously connected to immune-mediated disorders in animal studies. GIMAP4 is believed to contribute to the
Th cell subtype—driven immunological balance via its role in T cell survival. GIMAPS has a key role in BB-DR rat and NOD mouse
lymphopenia. To elucidate GIMAP4 and GIMAPS5 function and role in human immunity, we conducted a study combining genetic
association in different immunological diseases and complementing functional analyses. Single nucleotide polymorphisms tagging the
GIMAP haplotype variation were genotyped in Finnish type 1 diabetes (T1D) families and in a prospective Swedish asthma and
allergic sensitization birth cohort. Initially, GIMAPS5 rs6965571 was associated with risk for asthma and allergic sensitization (odds
ratio [OR] 3.74, p = 0.00072, and OR 2.70, p = 0.0063, respectively) and protection from T1D (OR 0.64, p = 0.0058); GIMAP4
rs13222905 was associated with asthma (OR 1.28, p = 0.035) and allergic sensitization (OR 1.27, p = 0.0068). However, after false
discovery rate correction for multiple testing, only the associations of GIMAP4 with allergic sensitization and GIMAPS5 with asthma
remained significant. In addition, transcription factor binding sites surrounding the associated loci were predicted. A gene—gene
interaction in the T1D data were observed between the /L2RA rs2104286 and GIMAP4 rs9640279 (OR 1.52, p = 0.0064) and indicated
between INS rs689 and GIMAP5 rs2286899. The follow-up functional analyses revealed lower IL-2RA expression upon GIMAP4
knockdown and an effect of GIMAPS5 rs2286899 genotype on protein expression. Thus, the potential role of GIMAP4 and GIMAPS as

modifiers of immune-mediated diseases cannot be discarded. The Journal of Immunology, 2015, 194: 000-000.

TPase of the immunity-associated protein (GIMAP) family

proteins are expressed most extensively in the immune

system and are differentially regulated during early human
Th cell differentiation (1), highly expressed in the course of Thl
differentiation, and less so during Th2 differentiation. Although
GIMAPs have been shown to act as lymphocyte signaling molecules
(reviewed by Filén and Lahesmaa [2]), the function of these recently
identified putative GTPases remains poorly characterized (3-6).
Only a few studies focusing on the function of GIMAPs in humans
have been conducted to date. Previous animal studies have clearly

shown GIMAPs to interact with known apoptosis regulators and
have a role in the differentiation, survival, and apoptosis of T cells
and some other cell types (7-9).

Th cells represent an integral component of the immune system
and are thus intrinsic to immune-mediated diseases. Activated naive
CD4" Th cells differentiate into distinct subtypes in a balanced and
regulated manner to mediate immune responses. A disruption in this
balance can result in immune-mediated disorders. Examples of this
are illustrated in type 1 diabetes (T1D), where it is proposed that
T cell-mediated damage of the B cells is associated with a high
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Th1/Th2 ratio (10, 11), and in asthma, where the ratio is believed to
be the opposite (12). In a recent genome-wide association study
(GWAS) on patients with asthma, Li et al. (13) suggested that the
single nucleotide polymorphisms (SNPs) associated with both
asthma and autoimmune diseases might have opposite effects also
on the immunopathogenesis of these disorders. Thus, GIMAP
family proteins are of interest when considering T cell function,
balance, and immune-mediated diseases.

The highly conserved human GIMAP gene region consists of
seven functional genes and one pseudogene (6). Although they are
most likely regulated in a similar manner and act as heterodimers
in addition to homodimers, the subcellular localizations and the
structural differences suggest each gene to have specific functions
(2, 14). Based on current functional knowledge, two of the GIMAP
family members were chosen for the study. GIMAPS is the most
widely studied family member regarding immune-mediated dis-
eases. The spontaneously diabetic BioBreeding diabetes-prone rat
has a recessive frameshift mutation in the Gimap5 that leads to
a truncated form of the protein and a lymphopenic phenotype (15—
17). One of the causative mechanisms could be the Th17/T regu-
latory cell (Treg) balance and the ability of Tregs to suppress Th17
function resulting from Gimap5 misfunction (18-22). Also, the
Gimap5-deficient mouse T cells show poor proliferation and the
mouse is phenotypically lymphopenic (23). One of the earlier hu-
man studies of the functional implication of GIMAPS has linked its
polymorphism to systemic lupus erythematosus and to the risk for
development of IA-2 autoantibodies (24, 25).

The less extensively studied GIMAP4 has been implicated to play
arole in the development of Behcet’s disease in a GWAS conducted
in Korean and Japanese populations (26). We have recently shown
that human GIMAP4 plays a role in Th cell secretory processes (27).
Both GIMAP4 and GIMAPS5 have been shown to be regulated by
plant homeodomain finger protein 11 (28), polymorphisms of which
affect total IgE, allergic asthma, and eczema (29, 30). Moreover, most
of the GIMAP family proteins are downregulated in the Tregs of T1D
patients, possibly because of IL-2 deprivation (31). So far, according
to data from major GWAS studies, there is no strong evidence of an
association between the GIMAP gene region and asthma, allergy, or
autoimmune diabetes. Nevertheless, previous studies of the GIMAP
protein family in other immune-mediated diseases have provided firm
evidence for the roles of GIMAP4 and GIMAPS as regulators of
immune homeostasis and T cell function, and thus they are good
candidate modifiers of immune-mediated diseases.

To specifically assess the role of GIMAP4 and GIMAPS in human
immune-mediated diseases, we conducted two population-based
association studies, one for T1D and one for asthma and allergic
sensitization. For the study of T1D, samples represented by nuclear
families from the Finnish Pediatric Diabetes Registry (FPDRNF; n =
1732) were used. In the study of asthma and allergic sensitization,
the samples were from the Children, Allergy, Milieu, Stockholm,
Epidemiology (BAMSE; n = 2033) study. Each study was carried
out by genotyping SNPs tagging most of the haplotype variation of
both genes. To investigate the likely regulatory pathways through
which GIMAP4 and GIMAPS may affect the disease physiology, we
examined in silico predicted transcription factor binding sites around
the 5’ loci indicated to be associated with the disorders. In addition, we
analyzed pairwise allelic interaction between the genotyped GIMAP
SNPs and four established T1D susceptibility loci: INS (insulin gene),
which is known to be a major contributor in T1D progression; protein
tyrosine phosphatase, nonreceptor type 22 gene (PTPN22); IL2RA; and
CTLA4, which are key factors in T cell function in addition to their
known association with T1D. Finally, we studied GIMAP4 and
GIMAPS5 functionally by using human cord blood—derived CD4"
T cells and transfected HeLa cells, respectively. These results

GIMAP GENES AS IMMUNE-MEDIATED DISEASE MODIFIERS

support GIMAP4 and GIMAPS having a role as putative modifiers of
immune-mediated disorders, possibly acting in IL-2 and Forkhead
box Ol, transcription factor (FOXO1)/insulin signaling, respectively.

Materials and Methods
FPDRNF samples

The combined dataset used in T1D association analysis included 1732
FPDR TI1D nuclear (trio) families with both parents (4.4% of all parents
were affected with T1D, 2.9% of fathers and 1.5% of mothers) and one
affected child. The initial dataset included 956 families and the replication
dataset 776 families. The samples were collected in pediatric units treating
children with newly diagnosed T1D within the framework of the Finnish
Pediatric Diabetes Register and Biobank. All subjects with TID were di-
agnosed before the age of 15 y according to the World Health Organization
criteria. The study was approved by the Ethical Committee of the Hospital
District of Helsinki and Uusimaa, and written, informed consents were
obtained from the study subjects and/or their parents.

BAMSE samples

BAMSE is an unselected, population-based Swedish birth cohort originally
designed to assess risk factors for allergic diseases in childhood (32). A total
of 4089 newborn children from 4 municipalities in Stockholm County were
enrolled between 1994 and 1996. At the ages of 1, 2, 4, 8, 12, and 16 y,
a questionnaire regarding health, symptoms, and environmental exposures
was conducted with response rates of 96, 94, 92, 84, 82, and 78%, respec-
tively. The children were examined and blood samples were taken at 4 and/or
8 y of age. DNA was available from 2033 subjects collected at 8 y of age
(33). Subjects diagnosed with asthma at any follow-up from 1 to 16 y were
considered as asthma cases (n = 440, of which 300 are also allergy cases) and
healthy, nonasthmatic, nonallergic as controls (n = 839). Altogether, 754
samples did not fit in the asthma case—control set category and were thus
excluded from analyses. Subjects with diagnosed inhalant or food allergic
sensitization at any follow-up from 1 to 16 y (a positive test for inhalant or
food allergy was defined as specific IgE = 0.35 kU/l) were considered as
allergic sensitization cases (n = 1046, of which 300 are also asthma cases)
and nonallergic children as controls (n = 979, of which 140 are also asthma
cases). Altogether, eight samples did not fit in the allergic sensitization case—
control set category.

Genotyping and statistical analyses

BAMSE. Primers for multiplex PCR and extension reactions were designed by
the SpectroDesigner software (Sequenom, San Diego, CA) for BAMSE. PCRs
and extension reactions were performed according to manufacturer’s standard
protocols. The SNP analysis was performed by MALDI-TOF mass spec-
trometry (Sequenom) in the Mutation Analysis Core Facility at Karolinska
Institutet. Each assay was validated using 24 unrelated white subject DNA
samples and 3 CEPH (Utah residents of northern and western European
ancestry [CEU]) DNA samples, as well as 14 trios from the CEU population.

FPDRNF. SNP genotyping for the dataset was performed with the
Sequenom platform (Sequenom) in the Genome Center of Eastern Finland,
University of Eastern Finland, Kuopio, Finland. For genotyping quality-
control purposes, a number of random samples were retyped, Mendelian
inconsistencies were checked in families, and healthy parents were analyzed
for Hardy—Weinberg equilibrium (HWE). Retyped samples did not show
inconsistencies with the original genotyping results, and none of the SNPs
deviated significantly from HWE (p > 0.001). The genotyping success rate
was >98% for all SNPs. Mendelian errors were sorted out by removing
families with nonfitting family members from the analysis. For the hetero-
geneity analysis, the families were divided into two subgroups according to
the affected child’s place of birth: Southwest (SW) Finland or Northeast
(NE) Finland (Fig. 1).

The Tagger software (34) implemented in Haploview (35) was used to
select tag SNPs in GIMAP4 and GIMAPS. Pairwise tagging in CEU analysis
panel with square of the sample correlation coefficient (+%) thresholds of
0.8 for FPDRNF and 1.0 for BAMSE was performed. Transmission/
disequilibrium and interaction tests (—epistasis option, pseudocontrols for
the interaction test) in the FPDRNF families and allelic case—control test
(—assoc option) in the BAMSE dataset was carried out with the PLINK
v1.07 software (36). Genotype counts in the FPDRNF pseudocontrols
(Supplemental Table III) were inferred with UNPHASED 3.0.13 software
(37). R package multtest (38) was applied to adjust for the interaction test
p values and the asthma and allergic sensitization association test p values for
multiple testing. PLINK 1.07 was used for adjusting the FPDRNF dataset
transmission/disequilibrium test p values for multiple testing. PLINK and
multtest (39) use Benjamini and Hochberg false discovery rate (FDR) cor-
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rection (o = 0.05) that was used for multiple testing adjustment. Power for
the interaction analyses was calculated using Quanto software (40).

In silico transcription factor binding site predictions

The sequence surrounding the chosen loci (£400 bp) was examined based on
the known transcription factor consensus sequences. The predictions for TF
binding were determined with HOMER (41) motif track, which includes
motif positions for the human genome that are based on HOMER-motifs
(http://homer.salk.edu/homer/data/motifs/homer.KnownMotifs.hg19.bed.gz).
For each motif, a detection threshold, which determines whether a given
sequence is a match, has been optimized by the HOMER software.

Cell isolation, culture, and flow cytometry for IL-2RA detection

Mononuclear cells were isolated by Ficoll-Paque (GE Healthcare, Little
Chalfont, U.K.) gradient centrifugation from umbilical cord blood samples
collected from healthy neonates at Turku University Hospital. CD4" T cells
were enriched by anti-CD4—conjugated magnetic beads (Thermo Fisher
Scientific, Waltham, MA) and cultured in Yssel’s medium supplemented
with 1% AB serum (Red Cross Finland Blood Service, Helsinki, Finland).
CD4" T cells were nucleofected at the day of cell isolation with nontargeting
siScramble (5'-gcgegcetttgtaggattcg-3'; Sigma-Aldrich, St. Louis, MO) or
a pool of two GIMAP-specific small interfering RNA (siGIMAP4) gene—
specific (GIMAP4HSS 124340 and GIMAP4HSS124341; Invitrogen, Thermo
Fisher Scientific) RNA interference oligos (1.5 ng/4 X 10° cells/transfection).
All nucleofections were performed at a cell density of 4 X 10°/100 wl Opti-
MEM I (Invitrogen, Thermo Fisher Scientific) using the Nucleofector Device
(program U-14; Lonza, Cologne, Germany). Cells (1.5-2 X 10%ml) were
incubated in RPMI 1640 medium supplemented with 10% FCS, 100 U/ml
penicillin/100 pg/ml streptomycin (#P0781; Sigma-Aldrich), and 2 mM
L-glutamine before activation at 37°C for the optimal 48 h. The cells were
harvested and activated with 2.5 pg/ml plate-bound anti-CD3 and with
500 ng/ml soluble anti-CD28 (Immunotech, Vaudreuil-Dorion, QC, Canada)
in density of 1.7-2 X 10° cells/ml. To induce Thl differentiation, we added
2.5 ng/ml IL-12 (R&D Systems, Minneapolis, MN) to culture medium at the
time of activation. On the second day of culture, IL-2 (17 ng/ml; R&D
Systems) was added to half of the cells. All cultures consisted of a pool of
CD4" T cells isolated from at least five donors. The use of human blood from
unknown donors was permitted by the Finnish Ethics Committee.

The surface expression of IL-2RA was measured at 72 h after initial anti-
CD3/anti-CD28 activation of siGIMAP4 and nontargeting siScramble-treated
cord blood—driven CD4* T cells from six biological replicates. The cells were
harvested and incubated with rat anti-human IL-2RA/CD25-FITC or with rat
IgG1-FITC isotype control (BD Biosciences, San Jose, CA). The GIMAP4
knockdown was controlled by double-staining intracellular GIMAP4 in ac-
tivated and IL-2—-treated cells at 72 h after IL-2RA surface staining, fixing
(4% paraformaldehyde), and permeabilization (0.01% Na-Azide) with rabbit
anti-GIMAP4 antiserum (a gift from Dr. Cambot, Institut National de
Transfusion Sanguine), after which the secondary incubation was performed
with anti-rabbit-Alexa 649 (Invitrogen, Thermo Fisher Scientific). The ex-
pression of IL-2RA and GIMAP4 were measured by FACSCalibur Flow
Cytometer and analyzed with CellQuest Pro (BD Biosciences).

GIMAPS 3'-untranslated region reporter construct

The methodology for building the reporter construct was adapted based on
previous publications (42, 43). The primers were designed according to the
human GIMAPS sequence (National Center for Biotechnology Information
Reference Sequence: NM_018384.4). The 580-bp GIMAP5 3'-untranslated
region (UTR) was cloned into the firefly luciferase (luc) expression plasmid
(pGL3-promoter; Promega, Fitchburg, WI). The design of the amplifying
primers incorporated Xbal and BamHI sites to clone the PCR product
downstream of the luc gene into the reporter vector replacing the SV40
polyA signal. Two constructs were generated by incorporating the genotype
in the amplifying reverse primers: the R1-construct in which the GIMAP5 3'-
UTR SNP (152286899) genotype is TT and the R2-construct in which the
genotype is CC. The GIMAP5 3'-UTR region was amplified from genomic
DNA isolated from whole blood of one healthy donor by Qiagen FlexiGene
DNA Kit (Qiagen, Valencia, CA) by using a forward primer (5'-CATCTA-
GATCTGGACCCTGGAGCA-3’) and one of the reverse primers (R1 5'-
TGGGATCCAAATTTTTATTACTTTGAATG-3' or R2 5'-TGGGATCCA-
AATTTTTATTACTTCGAATG-3'). The nonmodified pGL3-promoter plas-
mid was used as a control in the experiments described later. The sequence
and genotype of all the constructs used were verified by sequencing.

Protein activity and mRNA stability in HeLa cells

HeLa cells (ATCC) were cultured in DMEM (Invitrogen, Thermo Fisher
Scientific) supplemented with penicillin and streptomycin (50 pg/ml), 2 mM

L-glutamine, and 10% FCS. The cells were cotransfected in a six-well plate
with the 3’-UTR-constructs and an internal control, pGL3, using Lipofect-
amine 2000 (Invitrogen, Thermo Fisher Scientific). The cells were harvested
48 h after transfection, and the luc activity was measured according to the
manufacturer’s instructions by Dual Luciferase Reporter Assay System
(Promega) from three biological and technical replicates. For the mRNA
stability experiments, the HeLa cells, cultured as described, were treated
with actinomyosin D (ActD; 1 wg/ml; Sigma-Aldrich) 24 h after reporter
plasmid transfection to suppress transcriptional activity, and the samples
were collected at the time of ActD addition (0 h), and 2, 4, 6, 8, and 24 h
after the ActD treatment. RNeasy minikit (Qiagen) was used to isolate the
total RNA, and the samples were treated with DNase I (Invitrogen, Thermo
Fisher Scientific) and used as a template for cDNA synthesis by SuperScript
II (Invitrogen, Thermo Fisher Scientific). The luc mRNA expression detec-
tion probe was a Universal ProbeLibrary probe #70 (Roche, Basel, Swit-
zerland), and the primers were 5'-atccggaagcgaccaacg-3’ and 5'-cggta-
agacctttcggtacttc-3'. The detected luc mRNA expression was normalized to a
housekeeping gene EFla, detected by 5'-ctgaaccatccaggcecaaat-3' and 5'-
gcegtgtggcaatecaat-3' primers and 5'-FAM-agegecggctatgeccetg-TAMRA-
3’ probe. Quantitative real-time PCR analyses were performed with an ABI
7900HT Fast Real-Time PCR system (Applied Biosystems, Thermo Fisher
Scientific). Duplicate samples from each of three biological replicates were
run in two technical replicates. Relative expression levels were calculated
from normalized cycle threshold (Ct) values, ACt values. The significance of
the gene expression differences was calculated from ACt values using two-
tailed paired Student ¢ test.

Results
GIMAPS is associated with TID in a population from SW
Finland

To assess the potential role of GIMAP4 and GIMAPS in T1D, SNPs
covering most of their genetic variation were genotyped and ana-
lyzed for association as a whole population and with geographical
stratification (Fig. 1) in 956 Finnish FPDRNF samples followed by
a replication study with 776 additional FPDRNF families for chosen
SNPs (Fig. 2, Table I). No significant association of GIMAP4 or
GIMAPS with T1D was observed in the complete dataset. However,
taking into consideration the genetic structure of the Finnish pop-
ulation, a heterogeneity analyses in geographical subgroups (Fig. 1)
revealed a significant association (before FDR correction) with T1D
in GIMAPS SNPs rs6965571 in SW Finland families (n = 229, odds
ratio [OR] 0.57, p = 0.008, FDR-corrected p = 0.096), but not with
the families from NE Finland (n = 261, OR 0.98) (Table II,
Supplemental Table I). The rs6965571 SNP was chosen for a follow-
up association analysis. In the additional set of SW Finland T1D
families, rs6965571 showed comparable association to the original
finding in SW families (n = 149, OR 0.76), but it did not reach
significance because of a smaller number of samples. The combined
dataset of original and follow-up SW families (378 families alto-
gether) was still significantly associated (OR 0.64, p = 0.0058, FDR
p = 0.070). The association in the combined dataset of NE Finland
families remained nonsignificant (n = 619, OR 0.93; Table II).

GIMAP4 and GIMAPS are associated with asthma and allergic
sensitization

In a similar technical setting as with T1D, we genotyped and ana-
lyzed the SNPs covering most of the genetic variation in GIMAP4
and GIMAPS (Fig. 2A, 2B, Table I) in the Swedish BAMSE cohort
comprising 2033 children with asthma and/or allergic sensitization,
or neither outcome. For the analysis, the whole data were divided
into two case—control datasets, one asthma set and one allergic
sensitization set, with individual sets of controls. GIMAP4 case—
control association analyses in the cohort revealed a significant
association with allergic sensitization and asthma in six SNPs that
belong to the same GIMAP4 haploblock (#* = 0.94 between all
pairwise comparisons of all six SNPs). Significant association with
allergic sensitization and asthma in 1df genotypic test was observed
in two GIMAP5 SNPs that are in strong linkage disequilibrium (LD;
= 0.98; Fig. 2C). GIMAP4 rs13222905 was selected to represent
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SW

)

FIGURE 1. A map of Finland indicating the geographical division of the
FPDRNF family data into SW and NE datasets. The SW population shows
a GIMAPS association with T1D.

the GIMAP4 haploblock (asterisk in Fig. 2A), and GIMAP5 SNP
r$6965571 was selected to represent the GIMAPS association (as-
terisk in Fig. 2B). The GIMAP4 1rs13222905 major allele G showed
a similar risk effect for both allergic sensitization and asthma (OR
1.27 and OR 1.28, uncorrected p = 0.0068 and p = 0.035, FDR-
corrected p = 0.046 and p = 0.22, respectively) with a weaker sig-
nificance for asthma because of the smaller sample size (Table III,
Supplemental Table II). The GIMAPS rs6965571 minor allele A
showed stronger allelic risk effect for asthma than allergic sensiti-
zation (OR 1.25 and 1.14, respectively; Supplemental Table II). The
1df recessive genotypic test for rs6965571 AA versus AG+GG
showed significant association in asthma and allergic sensitization,
respectively (OR 3.74 and OR 2.40, p = 0.00072 and p = 0.0063,
FDR-corrected p = 0.0094 and p = 0.065, respectively; Table III).
Overall, these results revealed an association of GIMAP4 with
asthma and allergic sensitization, but not with T1D. GIMAP5
r$6965571, in turn, is associated with T1D and asthma and allergic
sensitization, but with opposing genotypic effects.

Predicted transcription factor binding sites at the proximity of
GIMAP4 rs13222905 and GIMAPS rs6965571

The T1D-, asthma-, and allergic sensitization—associated SNPs,
rs13222905 in GIMAP4 and rs6965571 in GIMAPS, are located
at the 5’ end of the gene, making them putative sites for altered
transcriptional regulation upon genotypic variance. In an attempt to
connect the genetic association and the gene—gene interaction with
the disorder in question, we investigated in silico the sequence
surrounding the disease-associating loci (=400 bp) based on the
known transcription factor consensus sequences. No putative tran-
scription factor binding sites were found directly at GIMAP4
rs13222905 or at GIMAPS 1s6965571. However, the nearest up-
stream sites for GIMAP4 rs13222905 were zinc finger protein 711/
zinc finger protein, X-linked (—29 to 22 nt) and downstream v-myb
avian myeloblastosis viral oncogene homolog (20-27 nt). For
GIMAPS 1s6965571, the location of the nearest upstream site was
FOXO1 (=14 to 7 nt) and of the nearest downstream site, NFAT
(38-47 nt). FOXOL1 is linked to insulin signaling, whereas NFAT is
involved in Th cell regulation and calcium signaling. v-myb avian
myeloblastosis viral oncogene homolog and zinc finger protein 711/
zinc finger protein, X-linked are both important in the development of
hematopoietic cell lineages. The nature of the closest transcription
factor binding sites suggests that GIMAP4 and GIMAPS are regulated
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FIGURE 2. Genotyped SNP locations in GIMAP4 and GIMAPS5. SNPs
genotyped in GIMAP4 (A); IL2RA interacting rs9640279 is indicated by IL-
2RA and rs13222905, which associates with asthma and allergic sensitiza-
tion by asterisk (*). SNPs genotyped in GIMAPS5 (B); INS interacting
1rs2286899 is indicated by INS and SNP rs6965571, which associates with
T1D and asthma and allergic sensitization by asterisk (*). Representation of
LD structure (+%): (CI) GIMAP4 in BAMSE, (Cll) GIMAP5 in BAMSE, and
(CIll) GIMAPS in FDPRNEF. The associated SNPs are indicated with boxes.

during T cell development and in signaling, respectively, and indicate
different roles for these GIMAPs in the associated disease.

Gene—gene interactions between GIMAP4 or GIMAPS and
known T1D susceptibility genes involved in T cell function and
TiD

GIMAP4 and GIMAP5 SNPs were tested for interactions with
established T1D loci in genes known to be important in either dis-
ease progression or T cell function: INS rs689, PTPN22 rs2476601,
CTLA4 13087243, and IL2RA 152104286 (Supplemental Table IV).
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Table I. SNPs genotyped in T1D and asthma and allergic sensitization
datasets

Minor/Major
Gene SNP bp (NCBI36) Allele MAF
T1D
GIMAP4 rs11769703 149897768 A/IG 0.317
1s2293174 149898163 C/A 0.177
19640279 149899031 T/G 0.236
1s7806724 149900093 T/G 0.232
1s952642 149901983 T/G 0.220
rs2373816 149902062 G/A 0.285
GIMAPS 1s6965571 150065405 A/G 0.138
19657891 150066406 A/G 0.448
19657879 150067130 C/T 0.140
1513235400 150069263 G/A 0.448
rs10361 150071176 C/G 0.403
1s2286899 150071647 C/T 0.270

Asthma and Allergic Sensitization

GIMAP4 1510273606 149894086 C/G 0.213
rs2177189 149894256 A/G 0.189
rs2177188 149894694 A/G 0.181
rs13222905 149894922 A/G 0.175
rs6464084 149895536 T/C 0.006
rs2373814 149896304 T/G 0.389
rs2373815 149896408 C/IT 0.175
rs11769703 149897768 AIG 0.248
1s2293174 149898163 G/T 0.176
rs1317559 149898670 A/G 0.283
1s9640279 149899031 T/G 0.213
rs1317277 149899169 G/A 0.006
rs1317276 149899449 A/C 0.213
rs13242186 149900020 CIG 0.175
rs2293172 149900475 T/G 0.175

1s952642 149901983 A/C 0.210

GIMAPS 1$6965571 150065405 AIG 0.154
rs9657890 150066376 T/C 0.323
rs11973400 150068020 T/C 0.153
rs9657894 150068860 T/C 0.323
rs4725936 150069022 C/IT 0.441
154725359 150069071 A/G 0.117
rs13235400 150069263 AIG 0.441
rs9657886 150069491 T/G 0.320
1s9657900 150069732 T/G 0.320
1s759011 150070433 T/C 0.323
152286899 150071647 G/A 0.166

Minor allele frequencies (MAF) were calculated from parents in T1D dataset and from
nonasthmatic and nonallergic individuals in asthma and allergic sensitization dataset.

The analysis included 956 cases and their pseudocontrols derived
from 956 Finnish T1D trio families. We found no notable interaction
between GIMAP4 or GIMAP5 and PTPN22 or CTLA4. However,
IL2RA showed significant interaction with GIMAP4 SNP 159640279
(interaction OR 1.51, p = 0.0064, FDR p = 0.21), although it did not
survive FDR correction for multiple testing (indicated as IL-2RA
in Fig. 2A). The strongest, but nonsignificant, interaction effect for
GIMAPS SNPs was seen between GIMAPS5 SNP rs2286899 and INS

(interaction OR 1.24, p = 0.14; indicated as INS in Fig. 2B). To
replicate the interaction found between rs2104286 (IL2RA) and
159640279 (GIMAP4), and to assess whether there was any signif-
icant interaction between rs689 (INS) and rs2286899 (GIMAPS),
both GIMAP SNPs were analyzed with an additional set of 776
Finnish T1D families. No significant interaction was seen in the
additional dataset alone with either SNP, but the combined set of
1732 families still showed moderate interaction between GIMAP4
19640279 and IL2RA (OR 1.26, p = 0.031). Notably, the study was
underpowered to detect all but one of the observed interaction
effects: the GIMAP4-IL2RA interaction at the original dataset of
956 cases and control subjects (Table IV). The IL2RA rs2104286
risk allele A was more often present in patients with the GIMAP4
1s9640279 allele T compared with those with the 1s9640279 allele
G (OR 1.37 and p = 0.0030 for 956 cases, OR 1.24 and p = 0.0064
for 1732 cases).The INS rs689 risk allele A was more often present
in patients with the GIMAP5 rs2286899 allele T than expected by
the weak risk effect that it confers, although the difference was not
significant.

GIMAP4 effect on Th cell IL-2RA surface expression

To assess whether the observed statistical gene—gene interaction in
T1D between GIMAP4 and IL2RA also manifests as a functional
interaction, we downregulated GIMAP4 protein expression by RNA
interference during early human Th cell differentiation. The level of
intracellular GIMAP4 in activated and IL-2—treated cells was mea-
sured to verify a knockdown (p = 0.03; Fig. 3A). The expression of
IL-2RA was then measured by flow cytometry at 72 h after the cells
had been activated with anti-CD3/anti-CD28 with or without IL-2
(act. + IL-2 and act., respectively) and treated with IL-12 to induce
Thl differentiation with or without IL-2 (act.+ IL-12 + IL-2 and
act. + IL-12, respectively). The results in Fig. 3B show the average
GeoMean of IL-2RA expression in six biological replicates (act. p =
0.014, act. + IL-12 p = 0.019, act. + IL-2 p = 0.008, act. + IL-12 + IL-
2 p = 0.009); Fig. 3C illustrates representative histograms of IL-2RA
downregulation resulting from GIMAP4 depletion. The difference in
the IL-2RA expression between siGIMAP4-treated cells and the
control cells was small, 10-18% in all of the biological replicates, but
highly reproducible and statistically significant. Thus, it is likely that
in early differentiating human Th cells, GIMAP4 and IL-2RA belong
to the same regulatory pathway.

Genotypic variation (rs2286899) in the GIMAPS 3'-UTR alters
protein expression

GIMAPS 152286899 was established as a potential splice site for
the protein in a previous study on the role of GIMAPS in systemic
lupus erythematosus (24). This site was selected for further studies
after detecting a suggestive interaction with the INS-mediated
T1D risk marker and the in silico prediction of GIMAPS and in-
sulin signaling being linked via FOXOI regulation. A fragment
of GIMAPS 3'-UTR, amplified by two different reverse primers

Table II. Nominal or stronger transmission/disequilibrium test association findings in T1D trio families

Original Dataset (956 trios)

Original + Follow-up Datasets (1732 trios)

T1D Families Gene SNP Alleles Trans/Untrans OR (95% CI) p Value Trans/Untrans OR (95% CI) pValue

Unstratified GIMAPS5 136965571 A<G 208/228 0.91 (0.76-1.10)  0.34 376/407 0.92 (0.80-1.06)  0.27
trios

SW Finland 35/61 0.57 (0.38-0.87)  0.008* 63/98 0.64 (0.47-0.88)  0.0058**

NE Finland 55/56 0.98 (0.68-1.42) 0.92 125/134 0.93 (0.73-1.19)  0.58

T1D trio family is a T1D-affected child, two parents. Numbers of stratified trio families in the original dataset: SW = 229, NE = 261. Numbers of stratified trio families in the
combined dataset of original + follow-up trios: SW = 378, NE = 619. Numbers in bold represent significant p values.

*FDR-correct p = 0.096; **FDR-corrected p = 0.070
Trans, allele transmitted; Untrans, allele untransmitted.
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Table III. Nominal or stronger case—control association findings for asthma and allergic sensitization

Minor/Major
Trait Gene SNP Allele 1df Genotype Test Freq Aff/Unaff OR (95% CI) p FDR p
Asthma GIMAP4 rs13222905 A/G 0.142/0.175 0.78 (0.62-0.98) 0.035 NS
Allergic 0.140/0.171 0.79 (0.67-0.94) 0.0068 0.046
sensitization
Asthma GIMAPS 1$6965571 A/IG 0.186/0.154 1.25 (1.01-1.56) 0.042 NS
Allergic 0.175/0.158 1.14 (0.96-1.34) NS NS
sensitization
Asthma GIMAPS 1s6965571 AA versus AG+GG 0.040/0.011 3.74 (1.65-8.45) 0.00072 0.0094
Allergic 0.032/0.014 2.40 (1.264.59) 0.0063 0.065
sensitization

Aft, affected; Freq, frequency; Unaff, unaffected.

carrying homozygotic variants, R1 and R2, were incorporated into
Luc pGL3-promoter plasmids. The resulting constructs (Fig. 4A)
were transfected to HeLa cells to assess the effect on the ex-
pression of the reporter protein upstream. The luc activities of the
R1 and R2 constructs compared with the pGL3 control plasmid
were 94 (NS) and 68% (p = 0.035, two-tailed Student 7 test), re-
spectively, and the luc expression of the R2 was 26% less than that
of the R1 form (p = 0.043, two-tailed Student ¢ test), as shown in
Fig. 4B. For the measurement of the mRNA stability, which was
determined from comparison of the raw Ct values or the nor-
malized luc mRNA turnover values at multiple time points after
ActD treatment, no statistically significant differences were ob-
served (data not shown). The results indicated that there is a sig-
nificantly lower amount of active reporter protein expressed under
the rs2286899 CC genotype than the TT genotype. Thus, GIMAP5
expression is likely to be dependent on the genotypic variance at
this locus. All the measurements were performed in three replicate
cell cultures.

Discussion
A growing interest in the function of the GIMAP family small
GTPases as modulators and regulators of immune cell homeostasis
has slowly emerged since their discovery in the early 1990s (2). A
majority of the studies have focused on their function in T cell
survival and the BB-DP rat with Gimap5 mutation. To date,
however, only a few studies of GIMAPs in relation to human
disease have been reported (24, 25, 27). To elucidate the role of
the GIMAP family genes in human immunity, we first analyzed
the association between GIMAP4 and GIMAPS genetic variation
and immune-mediated diseases (T1D and asthma and allergic
sensitization). Second, we investigated the gene—gene interaction
between the GIMAP genes in question and four established T1D
risk genes, which are known to be important for T cell function.
For the last part, we studied whether the observed statistical gene—
gene interactions could be seen at the cellular level.

From these data, we determined that the GIMAP4 SNPs were not
associated with T1D. GIMAP5 (rs6965571), in contrast, was sig-
nificantly associated with T1D, but significance was reduced to

suggestive level (p < 0.1) after correction for multiple testing.
Nevertheless, the finding gives credence for GIMAPS5 having
a role in mechanisms involved in T1D also in humans. Interest-
ingly, this association was limited to families with children born in
the SW part of Finland. Although this finding could be dismissed
as a chance event that does not arise from actual susceptibility
gene(s) existing in this region, true association is supported by
several aspects. First, the geographic division in association effect
was seen in both the original and the follow-up dataset. Although
the difference in effect strength between regions was smaller in the
follow-up dataset, when combined the difference in association
between geographical regions still remained significant. Second, the
difference in association between geographical regions reflects the
known population structure of Finland. Due to historical bottle-
necks, the Finnish population exhibits a genetic structure with
significant genetic distance between the populations in the SW and
NE part of the country (44). This was taken into consideration as
a potential source of genetic heterogeneity, and families were hence
divided into geographical subgroups and analyzed separately. Pos-
sible mechanisms behind heterogeneity in association detection
between the different populations could be, for example, differences
in environmental factors, different allele frequencies, differential
LD, or population-specific gene—gene or gene—environment inter-
actions (45-47). Association studies in genetically distant pop-
ulations could implicate different SNPs in each population because
of varying allele frequencies, and hence differential LD between
studied SNPs and the functional disease polymorphism. Differences
in allele frequencies of SNPs and the functional polymorphism and
their interplay with effect size and gene—gene interactions have
been shown to greatly modulate the power to detect association
(48). Based on these aspects, it is conceivable that the observed
differences in T1D association findings between NE and SW Fin-
land (44) could stem from the polymorphism(s) at this genetic re-
gion and affect immune regulation.

With GIMAP4, we found association with both asthma and al-
lergic sensitization, although due to the larger number of available
samples, only the association with allergic sensitization remained
significant after correction for multiple testing. The effect size was

Table IV. GIMAP4 and GIMAP5 gene—gene interaction with other T1D susceptibility loci

Original Dataset
(956 Cases and Controls)

Combined
(1732 Cases and Controls)

Follow-up Dataset
(776 Cases and Controls)

Gene SNP T1D Locus T1D SNP Power OR INT p Value Power OR INT p Value Power OR INT p Value
GIMAP4 19640279 IL2RA rs2104286 0.88 0.66 0.0004 0.06 0.95 0.75 0.66 0.80 0.030
GIMAPS rs2286899 INS rs689 0.24 1.24 0.14 0.11 1.13 0.43 0.29 1.19 0.11

Interaction OR, p values (significant values in bold), and power to detect the observed interaction (OR INT) between GIMAP4 rs9640279 and IL-2RA rs2104286, and
GIMAPS 152286899 and INS rs689 in FPDRNF T1D family dataset cases and pseudocontrols derived from their nontransmitted parental alleles.
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FIGURE 3. GIMAP4 downregulation affects IL-2RA expression during early human Th cell differentiation. The siGimap4 and nontargeting siScramble-
treated cells were cultures 72 h after anti-CD3/anti-CD28 activation with or without IL-12 and with IL-2 added at 48 h or without IL-2. The intracellular
GIMAP4, to verity the knockdown (p = 0.03) and the extracellular IL-2RA expressions, were measured at 72 h after the activation (A). The average
GeoMean of IL-2RA expression under GIMAP4 downregulation in comparison with the matching control in six biological replicates (act. p = 0.01, act. +
IL-12 p = 0.02, act. + IL-2 p = 0.02, act. + IL-12+IL-2 p = 0.01, *p < 0.05) (B). A representative figure of the IL-2RA downregulation under GIMAP4
depletion, gated according to the living cell population in unstained sample (C).

similar in both cohorts, suggesting that rs13222905 in GIMAP4 is
conferring the same alleged susceptibility effect in both asthma and
allergic sensitization. The SNP rs6965571 in GIMAP5 showed only
nominal evidence of association with asthma in allelic test (OR
1.25, p = 0.042), but the allelic test had reduced power to detect
association because the observed rs6965571 risk effect follows
a recessive mode of inheritance (Supplemental Table III) and is thus
restricted to rare AA homozygotes. After correction for multiple
testing, the 1df genotypic test for rs6965771 (AA versus AG+GG)
was statistically significant for asthma and close to significant for
allergic sensitization (OR 3.74 and 2.40, FDR-corrected p = 0.0094
and 0.065, respectively). Most interestingly, in contrast with being
associated with protection from T1D, the GIMAP5 rs6965571 allele
A was associated with risk for both asthma and allergic sensitiza-

tion. This observation is consistent with the finding that GIMAPs
are transcriptionally upregulated under Thl induction and down-
regulated under Th2 induction (1), and with studies suggesting that
a Thl cell bias drives autoimmunity, whereas an increased Th2 cell
response promotes asthma and allergic sensitization (49).
Although we found evidence for association with T1D, asthma,
and allergic sensitization in GIMAP4 and GIMAPS, the findings
are not conclusive and need further independent replication. The
cumulated association evidence strongly suggests that GIMAP4
and GIMAPS, or nearby genes in LD with them, play a noteworthy
role in immune dysregulation. To gain further insight into the
possible mechanisms and regulatory pathways involved, we ex-
amined the transcription factor binding sites near the disease-
associated GIMAP4 and GIMAPS loci. The nearest predicted
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FIGURE 4. GIMAPS5 3'-UTR 152286899 genotype effect on protein
expression. A schematic model of the constructs R1(TT), R2(CC), and
pGL3-control with luc as a reporter gene (A). The average Luc protein
activity of pGL3-GIMAPS5 3’-UTR R2(CC) vector in comparison with the
pGL3-GIMAPS 3'-UTR RI(TT) vector (p = 0.044) and with the control
pGL3 reporter vector (p = 0.035). Results are based on three biological and
technical replicates (*p < 0.05) (B). Statistical significance was calculated
by using the two-tailed Student 7 test.

transcription factor binding sites and putatively interacting genes,
INS and IL2RA, correlate biologically. For GIMAPS, FOXO1 and
insulin signaling are tightly connected (50, 51), and for GIMAP4,
IL-2 signaling is important during T cell development (reviewed in
Ref. 52). Despite that no association was observed for GIMAP4 with
T1D, its protective gene—gene interaction with IL2RA in the T1D
dataset and the effect of GIMAP4 depletion on IL-2RA expression
in differentiating CD4" Th cells suggests a role in the physiology of
the disease. This is also in line with a previous study that reported
GIMAP family GTPases to be downregulated in the Tregs isolated
from T1D patients, compared with those isolated from the control
subjects, likely resulting from misfunction of IL-2 signaling (23).
The GIMAPS 152286899 suggested to interact with /NS has been
previously reported to be a splice site (24). Our results show that the
GIMAPS 3'-UTR 152286899 genotype has an effect on protein ex-
pression. The C allele was observed to protect from the INS con-
ferred risk and result in decreased protein expression. In addition, the
GIMAPS T1D-, asthma-, and allergic sensitization—associating locus
1s6965571 is located in close proximity to a site, which may bind
FOXO1, a transcription factor important in insulin signaling. This
complements an earlier study showing that changes in the Gimap5-
deficient mouse T cell pool are linked to the loss of Foxo family
transcription factor expression (53). Insulin-mediated FOXOI1 reg-
ulation of GIMAP5 could hypothetically connect the suggestive
association and interaction in the case of T1D, thus making
GIMAPS5 a modulator of the INS conferred risk. Moreover,
FOXOI1 has been shown to promote Th2 responses (54), providing
a possible connection to the GIMAPS association with asthma and/or
allergic sensitization with an opposing effect. These results are pro-
viding a reason and basis for a future studies regarding these aspects.

In conclusion, by a population-based genetic study, we were able
to identify genetic variants in GIMAP4 and GIMAPS that show

GIMAP GENES AS IMMUNE-MEDIATED DISEASE MODIFIERS

nominal association with T1D and significant association with
asthma and allergic sensitization. The most interesting finding,
that is, the suggestive association of 16965571 in GIMAPS5 with
T1D and significant association with asthma and allergic sensiti-
zation, indicates that GIMAPS is a potential mediator of human
immune dysregulation in addition to its well-established role in
mouse and rat. The results from our study indicate that GIMAP4
and GIMAPS are regulators of the immune system and emphasize
the importance of future studies of GIMAP genes also in human.
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Adnailgszeetd Gene SNP ((,ilfér; EZ) Min;)lrlgir;ajor Trans/Untrans OalTlgli:k ORaIrIT;::m Cl195% p-value
Al (f%"g;"es GIMAP4  rs11769703 149897768 AG 405/429 1.06 0.94 (0.82-1.08)  0.41
rs2293174 149898163 ciA 2721294 1.08 0.93 (0.78-1.09)  0.36
rs9640279 149899031 TIG 340/322 1.06 1.06 (0.91-123)  0.48
rs7806724 149900093 TIG 340/319 1.07 1.07 (0.91-124)  0.41
rs952642 149901983 TIG 319/313 1.02 1.02 (0.87-1.19)  0.81
rs2373816 149902062 GIA 397/366 1.09 1.08 (0.94-125)  0.26
GIMAP5 156965571 150065405 AG 208/228 1.10 0.91 (0.76-1.10)  0.34
rs9657891 150066406 AG 497/466 1.07 1.07 0.94-121)  0.32
rs9657879 150067130 crr 209/226 1.08 0.92 0.77-112)  0.42
rs13235400 150069263 GIA 497/470 1.06 1.06 (0.93-120)  0.39
rs10361 150071176 ClG 436/472 1.08 0.92 (0.81-1.05  0.23
rs2286899 150071647 crr 359/381 1.06 0.94 (0.82-1.09)  0.42
Adn;g/szeid Gene SNP (ﬁr(];ré EZ) Min;)lrlgir;ajor Trans/Untrans OaITI‘;’Ii:k OR&\IT;::(W Cl195% p-value
Sw(ggg‘)i"es GIMAP4  rs11769703 149897768 AG 90/102 113 0.88 (0.66-1.17)  0.39
rs2293174 149898163 cIA 70/60 117 117 (0.83-165)  0.38
rs9640279 149899031 TIG 72/85 118 0.85 (0.62-1.16)  0.30
rs7806724 149900093 TIG 72/85 118 0.85 (0.62-1.16)  0.30
rs952642 149901983 TIG 66/82 1.24 0.80 (058-1.11)  0.19
rs2373816 149902062 GIA 102/82 1.24 1.24 (0.93-166) 0.14
GIMAP5 156965571 150065405 AG 35/61 1.74 0.57 (0.38-0.87)  0.0080
rs0657891 150066406 AG 126/107 118 118 (0.91-152)  0.21
rs9657879 150067130 crr 36/59 1.64 0.61 (0.40-0.92)  0.018
rs13235400 150069263 GIA 127/113 112 112 (0.87-1.45)  0.37
rs10361 150071176 ClG 89/117 131 0.76 (0.58-1.00)  0.05
rs2286899 150071647 crr 80/89 111 0.90 (0.66-122)  0.49
Adnaig/szeetd Gene SNP ((,ilr(]:ré EZ) Min;)lrlgir;ajor Trans/Untrans Oam;i:k ORaIrIT;::m Cl195% p-value
NE (E%T)i"es GIMAP4  rs11769703 149897768 AG 107/105 1.02 1.02 (0.78-1.33)  0.89
rs2293174 149898163 cIA 73/86 118 0.85 (0.62-1.16)  0.30
rs9640279 149899031 TIG 84/92 1.10 0.91 (0.68-123) 0.5
rs7806724 149900093 TIG 85/90 1.06 0.94 0.70-127)  0.71
rs952642 149901983 TIG 80/88 1.10 0.91 (0.67-123)  0.54
rs2373816 149902062 GIA 101/88 115 115 (0.86-153)  0.34
GIMAP5 156965571 150065405 AG 55/56 1.02 0.98 (0.68-1.42)  0.92
rs9657891 150066406 AG 129/131 1.02 0.98 (0.77-126)  0.90
rs9657879 150067130 crr 57/57 1.00 1 (0.69-1.44) 1
rs13235400 150069263 GIA 130/128 1.02 1.02 (0.80-1.30)  0.90
rs10361 150071176 ClG 120/130 1.08 0.92 (0.72-1.18)  0.53
rs2286899 150071647 crr 94/104 111 0.90 (0.68-1.19)  0.48

Trans=allele transmitted,Untrans=allele untransmitted

Table S1. Type 1 diabetes TDT association results in the original dataset of 956 T1D trio families.




Chr7 BP

Minor/major

Minor allele

OR risk

OR minor

Gene SNP (NCBI36) allele Case/Control C?se/ControI allele allele Cl195% p-value
requency
GIMAP4 rs10273606 149894086 C/G 207/353 0.24/0.21 1.16 1.16 (0.96-1.41) 0.13
asthma rs2177189 149894256 AIG 139/312 0.16/0.19 121 0.82 (0.66-1.03) 0.085
rs2177188 149894694 AIG 132/299 0.15/0.18 1.22 0.82 (0.65-1.02) 0.079
rs13222905 149894922 AIG 123/290 0.14/0.18 1.28 0.78 (0.62-0.98) 0.035
rs6464084 149895536 TIC 7/10 0.0081/0.0060 1.34 1.34 (0.51-3.54) 0.55
rs2373814 149896304 TIG 331/644 0.38/0.39 1.02 0.98 (0.82-1.16) 0.78
rs2373815 149896408 CIT 123/289 0.14/0.17 1.28 0.78 (0.62-0.98) 0.04
rs11769703 149897768 AIG 213/410 0.25/0.25 1.01 0.99 (0.82-1.20) 0.95
rs2293174 149898163 GIT 125/291 0.15/0.18 1.26 0.80 (0.63-1.00) 0.049
rs1317559 149898670 AIG 257/468 0.30/0.28 1.07 1.07 (0.89-1.28) 0.46
rs9640279 149899031 TIG 206/353 0.24/0.21 1.16 1.16 (0.95-1.41) 0.15
rs1317277 149899169 G/IA 7/10 0.0081/0.0060 1.34 1.34 (0.51-3.54) 0.55
rs1317276 149899449 AIC 206/353 0.24/0.21 1.16 1.16 (0.95-1.41) 0.14
rs13242186 149900020 C/G 123/290 0.14/0.18 1.28 0.78 (0.62-0.98) 0.035
rs2293172 149900475 TIG 126/290 0.15/0.18 1.25 0.80 (0.64-1.01) 0.058
rs952642 149901983 AIC 200/347 0.23/0.21 1.13 1.13 (0.93-1.38) 0.22
GIMAPS rs6965571 150065405 AIG 159/253 0.19/0.15 1.25 1.25 (1.01-1.56) 0.042
asthma rs9657890 150066376 TIC 291/534 0.34/0.32 1.07 1.07 (0.89-1.27) 0.48
rs11973400 150068020 TIC 160/253 0.19/0.15 1.26 1.26 (1.01-1.56) 0.039
rs9657894 150068860 TIC 290/535 0.34/0.32 1.06 1.06 (0.89-1.26) 0.51
rs4725936 150069022 CIT 400/728 0.46/0.44 1.10 1.10 (0.93-1.29) 0.27
rs4725359 150069071 AIG 110/194 0.13/0.12 1.10 1.10 (0.86-1.42) 0.44
rs13235400 150069263 AIG 400/727 0.47/0.44 1.10 1.10 (0.94-1.30) 0.24
rs9657886 150069491 TIG 289/528 0.33/0.32 1.07 1.07 (0.90-1.28) 0.45
rs9657900 150069732 TIG 290/530 0.34/0.32 1.07 1.07 (0.90-1.28) 0.44
rs759011 150070433 TIC 290/535 0.34/0.32 1.06 1.06 (0.89-1.26) 0.54
rs2286899 150071647 G/A 129/274 0.15/0.17 1.13 0.88 (0.70-1.11) 0.29
GIMAP4 rs10273606 149894086 C/G 4741414 0.23/0.21 1.09 1.09 (0.94-1.26) 0.28
allergic rs2177189 149894256 AIG 337/356 0.16/0.18 1.16 0.86 (0.73-1.01) 0.068
sensitization rs2177188 149894694 AIG 304/342 0.15/0.18 1.25 0.80 (0.67-0.94) 0.0084
rs13222905 149894922 AIG 291/331 0.14/0.17 1.27 0.79 (0.67-0.94) 0.0068
rs6464084 149895536 TIC 11/12 0.0053/0.0062 117 0.85 (0.38-1.94) 0.70
rs2373814 149896304 TIG 769/746 0.37/0.39 1.07 0.94 (0.83-1.07) 0.33
rs2373815 149896408 CIT 291/330 0.14/0.17 1.27 0.79 (0.67-0.94) 0.0071
rs11769703 149897768 AIG 517/481 0.25/0.25 1.00 1.00 (0.87-1.16) 0.98
rs2293174 149898163 GIT 296/332 0.14/0.17 1.25 0.80 (0.68-0.95) 0.012
rs1317559 149898670 AIG 628/552 0.3/0.29 1.08 1.08 (0.95-1.24) 0.24
rs9640279 149899031 TIG 4741414 0.23/0.21 1.09 1.09 (0.94-1.26) 0.28
rs1317277 149899169 G/A 11/12 0.0053/0.0062 117 0.85 (0.38-1.94) 0.71
rs1317276 149899449 AIC 4741414 0.23/0.21 1.09 1.09 (0.93-1.26) 0.29
rs13242186 149900020 C/G 290/331 0.14/0.17 1.27 0.79 (0.66-0.93) 0.0059
rs2293172 149900475 TIG 294/332 0.14/0.17 1.26 0.80 (0.67-0.94) 0.0084
rs952642 149901983 AIC 470/406 0.23/0.21 1.10 1.10 (0.95-1.28) 0.21
GIMAPS rs6965571 150065405 AIG 362/302 0.18/0.16 1.14 1.14 (0.96-1.34) 0.13
allergic rs9657890 150066376 TIC 663/629 0.32/0.33 1.03 0.97 (0.85-1.11) 0.67
sensitization rs11973400 150068020 TIC 362/303 0.17/0.16 1.13 1.13 (0.96-1.34) 0.14
rs9657894 150068860 TIC 663/628 0.32/0.33 1.02 0.98 (0.86-1.12) 0.73
rs4725936 150069022 CIT 917/858 0.44/0.45 1.02 0.98 (0.87-1.12) 0.81
rs4725359 150069071 AIG 252/231 0.12/0.12 1.02 1.02 (0.84-1.23) 0.86
rs13235400 150069263 AIG 917/857 0.44/0.45 1.01 0.99 (0.87-1.12) 0.86
rs9657886 150069491 TIG 658/621 0.32/0.32 1.02 0.98 (0.86-1.12) 0.74
rs9657900 150069732 TIG 663/623 0.32/0.32 1.01 0.99 (0.86-1.13) 0.83
rs759011 150070433 TIC 664/628 0.32/0.33 1.02 0.98 (0.86-1.12) 0.72
rs2286899 150071647 G/IA 295/317 0.14/0.16 1.19 0.84 (0.71-1.00) 0.053
Table S2. Asthma and allergic sensitization case-control association test results.




T1D FPDRNF Finland  SNP Genotype  Case/Cont Case/Cont freq OR (95% CI) p-value
All families (1732) rs6965571 AA 29/33 0.017/0.020 0.92 (0.59-1.44)  0.65
AG 396/420 0.24/0.25 1.09 (0.69-1.70) 0.38
GG 1258/1233 0.75/0.73 1.18 (0.74-1.86) 0.28
SW families (378) rs6965571 AA 5/6 0.014/0.017 0.83 (0.25-2.75)  0.76
AG 68/101 0.19/0.29 0.59 (0.42-0.85) 0.0036
GG 278/244 0.79/0.70 1.67 (1.18-2.35) 0.0033
NE families (619) rs6965571 AA 11/10 0.019/0.018 1.10 (0.46-2.62) 0.83
AG 129/141 0.23/0.25 0.89 (0.68-1.17)  0.40
GG 425/414 0.75/0.73 1.11 (0.85-1.45) 045
BAMSE Sweden SNP Genotype  Case/Cont Case/Cont freq OR (95% CI) p-value
asthma rs6965571 AA 17/9 0.040/0.011 3.74 (1.65-8.45)  0.00072
AG 125/235 0.29/0.29 1.03(0.80-1.33) 0.82
GG 286/578 0.67/0.70 0.85 (0.66-1.09)  0.20
allergic sensitization rs6965571 AA 33/13 0.032/0.014 2.40 (1.26-4.59)  0.0063
AG 296/276 0.29/0.29 0.99 (0.82-1.21) 0.95
GG 703/669 0.68/0.70 0.92 (0.76-1.12) 041
asthma rs13222905 AA 8127 0.019/0.033 0.56 (0.25-1.24)  0.15
AG 107/236 0.25/0.29 0.83 (0.63-1.08) 0.16
GG 317/565 0.73/0.68 1.28 (0.99-1.66) 0.059
allergic sensitization rs13222905 AA 18/29 0.017/0.030 0.57 (0.31-1.03) 0.061
AG 255/273 0.25/0.28 0.83 (0.68-1.01) 0.062
GG 764/664 0.74/0.69 1.27 (1.05-1.55) 0.015

Odds ratio for each genotype has been calculated in reference to the combined counts of the two other genotypes.

SW=Southwest Finland, NE=Northeast Finland

Cont = Control, freq=frequency

Table S3. Genotypic association in T1D and asthma and allergic sensitization associated SNPs.




CHR Gene SNP MAE Minor/major Transmitted/ Risk allele Minor allele OR

allele Untransmitted OR (95%CI) p-value
1p13.2 PTPN22 rs2476601 0.14 AIG 677/379 1.79 1.79 (1.58-2.03) 4.7E-20
2033.2 CTLA4 rs3087243 0.35 AIG 713/853 1.20 0.84 (0.76-0.92) 0.0004
10p15.1 IL2RA rs2104286 0.23 G/A 476/619 1.30 0.77 (0.68-0.87) 1.6E-05
11p155 INS rs689 0.22 TIA 296/668 2.26 044 (0.39-0.51) 4 5E-33

Table S4. TDT association results and corresponding effect sizes for four established T1D susceptibility
loci in 1761 T1D families.
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