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We sought to identify genetic/immunologic contributors
of type 2 diabetes (T2D) in an indigenous American com-
munity by genotyping all study participants for both high-
resolution HLA-DRB1 alleles and SLC16A11 to test their
risk and/or protection for T2D. These geneswere selected
based on independent reports that HLA-DRB1*16:02:01 is
protective for T2D and that SLC16A11 associates with
T2D in individuals with BMI <35 kg/m2. Here, we test the
interaction of the two loci with a more complete data set
and perform a BMI sensitivity test. We defined the risk
protection haplotype of SLC16A11, T-C-G-T-T, as allele
2 of a diallelic genetic model with three genotypes,
SLC16A11*11, *12, and *22, where allele 1 is the wild
type. Both earlier findings were confirmed. Together in the
same logistic model with BMI $$35 kg/m2, DRB1*16:02:01
remains protective (odds ratio [OR] 0.73), while SLC16A11
switches from risk to protection (OR 0.57 [*22] and 0.78
[*12]); an added interaction term was statistically signifi-
cant (OR 0.49 [*12]). Bootstrapped (b = 10,000) statistical
power of interaction, 0.4801, yielded a mean OR of 0.43.
Sensitivity analysis demonstrated that the interaction is
significant in the BMI range of 30–41 kg/m2. To investi-
gate the epistasis, we used the primary function of the
HLA-DRB1 molecule, peptide binding and presentation,
to search the entire array of 15-mer peptides for both the
wild-type and ancient human SLC16A11 molecules for a
pattern of strong binding that was associated with risk
and protection for T2D. Applying computer binding algo-
rithms suggested that the core peptide at SLC16A11
D127G, FSAFASGLL, might be key for moderating risk for
T2Dwith potential implications for type 1 diabetes.

In 2011, we reported the protective effect of HLA-DRB1*02
on the susceptibility to type 2 diabetes (T2D) via an effect
on insulin secretion in a population of southwestern indige-
nous Americans that suggested a role for the immune sys-
tem in T2D as well as type 1 diabetes (T1D) (1). In a recent
multiethnic study of T2D that included a stratum of Ameri-
can Indians, it was reported that 41.3% of patients had
cellular islet autoimmunity and 13.5% had humoral islet au-
toimmunity (2). The natural correlate of these findings is to
search for risk and protection HLA alleles for T2D in our
southwestern indigenous sample with a very high preva-
lence of the disease (3,4). Since our 2011 article (1), we

ARTICLE HIGHLIGHTS

• This study enlarged our sample of high-resolution
HLA-DRB1 alleles and 5 individually typed mutations
for the SLC16A11 locus and used these to test for pro-
tection, risk, and interaction for type 2 diabetes.

• Weconfirmedour earlier reports of protection (DRB1*16:02)
and risk (SLC16A11) and used all genotypes in a sensi-
tivity analysis for BMI.

• HLA-DRB1*16:02 was found to be protective, and
sensitivity analysis demonstrated that SLC16A11 is a
risk in lower BMI strata and protective in higher ones.

• Epistasis for individuals with DRB1*16:02 and T-C-G-
T-T reduces the odds for type 2 diabetes in a BMI
range of 30–41 kg/m2, and binding studies implicate
core peptide FSAFASGLL.
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have HLA typed nearly the entire study group with targeted
next-generation sequencing and computer algorithms that
revealed high-resolution alleles. Our HLA-DRB1*02 resolves
to DRB1*16:02:01 (5–7). In the present article, we present
an analysis of the role of this protective molecular allele
and its interaction with the monocarboxylate transporter
SLC16A11, a known T2D risk locus specific to American an-
cestral groups, and determine their combined contributions
to the genetic immunological risk for T2D. We used binding
prediction algorithms to identify 15-mer SLC16A11 pepti-
des that might work synergistically with DRB1*16:02:01 in
the mechanics of protection, develop polygenic statistical
models that reflect their joint action, and test for interac-
tion and epistasis.

A haplotype of SLC16A11, defined by five single nu-
cleotide polymorphisms (SNPs), four missense and one
synonymous, including rs117767867(T), rs13342692(C),
rs13342232(G), rs75418188(T), and rs75493593(T), was
reported by the Slim Initiative Genomic Medicine for the
Americas (SIGMA) Type 2 Diabetes Consortium to be strongly
associated with T2D in Mexicans and Latin Americans, with
age and weight effects (8). In addition, this ancient human
haplotype dates from the origins of modern humans and
the genus Homo as much as 500,000–750,000 years ago (9).
We subsequently used the G340S missense mutation and re-
ported risk for T2D in leaner people and protection from
the disease in very heavy individuals (10). The association
was replicated in the Hispanic Community Health Study/
Study of Latinos (HCHS/SOL) in a large Mexican American
study but not in other Latino samples with little indigenous
American admixture (11). The search for the association of
the ancient human haplotype with other expressions of T2D
and with clinical markers of the disease has continued to be
an active area of research (12–21). The ancient human
SLC16A11 haplotype shares features with the concept of a
private allele that was first defined by James Neel (22).

RESEARCH DESIGN AND METHODS

Population
A sample of 6,669 Southwest American Indians who have
some portion of American Indian heritage, who participated
at some time in a longitudinal study of T2D conducted
from 1965 to 2007, and who had exome sequencing data
available were chosen for this study.

Diabetes Diagnosis
Diabetes was diagnosed using 1997 American Diabetes
Association criteria: fasting plasma glucose $7.0 mmol/L,
2-h plasma glucose $11.1 mmol/L, or a diagnosis made
in routine clinical care as previously described (10).

Genotyping Method
The five coding SNPs that define the ancient SLC16A11
haplotype were genotyped for association analyses using
the TaqMan Allelic Discrimination (AD) Assay (Applied
Biosystems) on an ABI 7900HT (Applied Biosystems). For

genotyping using AD-PCR, we followed the manufacturer’s
instructions (Applied Biosystems). AD-PCR primers and probes
were custom designed from a published sequence using the
Custom TaqMan Assay Design Tool (Thermo Fisher Scien-
tific) (23–25).

HLA Typing
HLA typing was performed from exome sequencing data,
as previously described (5–7). HLA alleles were resolved at
the four-field level of resolution from whole-genome se-
quences and at the three-field level from exomes. All anal-
yses were performed at three-field resolution.

Statistical Analysis
Allele frequencies were calculated either by gene counting
or the estimator-maximum (EM) method (26). Haplotype
frequencies were computed by the EM algorithm (27). Hap-
lotypes were defined for each functional DRA-DRB1 hetero-
dimer assigned to genotypes by a weighted probability
function based on the estimated EM haplotype frequencies
(5–7). Descriptive statistics and general linear models for
the association of T2D with covariates were calculated using
SAS 9.4 software (28). Covariates for the linear models in-
cluded age, sex, and the first 5 principal components (PCs)
derived from a genome-wide association study (PC1–PC5)
(29). Each observation in the logistic regression was cor-
rected for sibship using the REPEATED option in the SAS
PROC GENMOD procedure that corrects for the familial
correlation of the members of the sibship. The statistical
power of the interaction term was calculated by a 10,000-
iteration bootstrap of the fully parametrized logistic regres-
sion, with the power defined by the proportion of iterations
<0.05. The sensitivity analysis was calculated from logistic
regressions in strata defined by BMI categories <BMI and
$BMI in BMI range 25–45 kg/m2.

MHC Binding Prediction
MHC binding prediction for HLA-DRB1 was performed
using the algorithm NetMHCIIpan 4.0 EL from the Im-
mune Epitope Database and Analysis Resource (30–32).
For input, the program uses 15-mer peptides from a
FASTA file for a given protein and a vector of class II
alleles and calculates for each a probability of strong binding
score and a percentile rank (rank%). The rank% compares
the peptide’s score against the scores of 5 million random
15-mers selected from the Swiss-Prot database. A small
rank% indicates high affinity of the allele with the 15-mer
peptide. The program moves over one amino acid at a time
and calculates the two parameters for each MHC allele,
and then, by this method, continues to the end of the
amino acid sequence.

Data and Resource Availability
Data and resource availability will be considered following
joint guidelines developed with the indigenous community.
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RESULTS

The Ancient Human SLC16A11 Haplotype Has a High
Allele Frequency
In Supplementary Table 1, the EM-estimated frequencies
of DRB1 alleles are presented. DRB1*16:02:01(DRB1*02),
has an EM-estimated allele frequency of 0.077. The haplo-
type frequencies for SLC16A11 reveal the segregation of
two common specificities, the wild type (C-T-A-C-G, the
1 allele) and the ancient human risk (T-C-G-T-T, the
2 allele), and results in a simple diallelic, additive genetic
model (SLC16A11*11, *12, *22). In the all-people stratum,
the frequency of the wild-type allele is 0.603 and the risk
allele, 0.397.

Association of SLC16A11 With T2D Is a Function of BMI
The allele DRB1*16:02:01, in a dominant model, and the
locus SLC16A11 were first incorporated in fully specified
logistic models (LMs) with T2D as the dependent variable
in three strata: all people, BMI <35 kg/m2, and BMI
$35 kg/m2 (Table 1). Furthermore, four logistic regres-
sions were run within each stratum: each locus alone, to-
gether, and with interaction (Table 2). For all people, and
when included with SLC16A11, DRB1*16:02:01 is signifi-
cantly associated with T2D and protective, with an odds
ratio (OR) of 0.80 (95% CI 0.66, 0.97); when tested alone
or with the DRB1 allele, SLC16A11 has ORs not signifi-
cantly different from 1.0. In the BMI <35 kg/m2 stratum,
DRB1*16:02:01 has similar ORs to the larger sample, with
and without adjustment for SLC16A11 (0.86 and 0.83, re-
spectively) but with marginal statistical significance. How-
ever, carriers of the SLC16A11 haplotype have a strong risk
for T2D, with and without adjustment for DRB1*16:02:01.
Genotype SLC16A11*22 has an OR in both models of
�1.8 (1.3, 2.3; P < 0.0001), while among heterozygotes, it
is �1.3 (1.1, 1.6; P �0.01). In the interaction model LM8,
the ORs for SLC16A11 have a similar magnitude and sig-
nificance, but the interaction term has an OR not signifi-
cantly different from 1.0.

DRB1*16:02:01, SLC16A11 Interact to Amplify
Protection for People With BMI $$35 kg/m2

In the BMI $35 kg/m2 stratum, the early human SLC16A11
T-C-G-T-T haplotype switches from risk to strong protection
for T2D (Table 2 and Fig. 1), with an OR of 0.58 (95% CI
0.43, 0.78) and 0.78 (0.64, 0.96) for SLC16A11*22 and
SLC16A11*12, respectively, in both LM10 and LM11. Allele
DRB1*16:02:01 shows T2D protection, without adjustment

for SLC16A11 (OR 0.73; 0.56, 0.95) and with adjustment for
SLC16A11 (OR 0.73; 0.56, 0.95). The surprising result is
model LM12, in which the interaction term between
DRB1*16:02:01 and the SLC16A11*12 is statistically
significant (OR 0.49; 0.28, 0.86) and the DRB1 allele
and the early human SLC16A11 haplotype together re-
duce the risk of T2D by 51% (Fig. 1 and Supplementary
Figs. 1 and 2). In contrast, there is no significant interaction
between the DRB1 allele and SLC16A11*22 in LM12.

Joint, Polygenic, Functional Analysis
We designed a different, joint model for the combined
protective alleles at DRB1*16:02:01 and SLC16A11 in the
BMI $35 kg/m2 stratum where we observed the protec-
tive effect of SLC16A11. People with three or four protective
alleles also had an OR of 0.49, with a model significance
P < 0.0001 (Supplementary Table 2).

Statistical Power Estimation
To estimate the power of the interaction term in LM12
(Table 2) with the SLC16A11*12 and DRB1*16:02:011
we performed a 10,000-iteration bootstrap of the model.
The sample size for the BMI $35 kg/m2 stratum is 2,513.
For the interaction term, 4,801 iterations had P < 0.05
(Supplementary Fig. 3). Therefore, the power estimate is
0.4801, or 48%. The distribution of these significant
P values has a mean very close to that of the term in the
logistic model of �0.01. The bootstrap also allows us to es-
timate the interaction term’s bootstrap-mean or moment
for the b and OR with 95% confidence interval (OR 0.43;
0.22, 0.80). These are empirical CIs that are free of any as-
sumptions about the shape of the distribution of the data.

Sensitivity Analysis
We first chose BMI $35 kg/m2 as the stratum because
the mean in the entire sample is 34.8 and we had used
this cutoff in an earlier article (10). However, we decided
to perform a sensitivity analysis to further define the role
of BMI in the associations and interaction. Such an analy-
sis usually tracks a single event, i.e., risk, whereas we have
two events to monitor, i.e., risk and protection. Therefore,
we performed three separate sets of logistic regressions with
BMI values from 25 to 45 kg/m2: protection ($BMI strata
in Table 3 and Supplementary Table 3) and risk (<BMI
strata in Supplementary Table 4). In Table 3, between
BMIs of 31 and 39 kg/m2, both the SLC16A11*22 and
the interaction term have statistical significance with

Table 1—Description of the Southwest American Indian sample

Stratum n BMI, mean (SD) Age, mean (SD) T2D, % Female sex, %
DRB1

16:02:01, %
SLC16A11

T-C-G-T-T, %

All people 5,707 34.8 (8.6) 36.4 (15.2) 36.4 57.9 14.7 63.8

BMI <35 kg/m2 3,194 28.8 (4.0) 36.7 (16.5) 33.8 52.3 14.4 64.7

BMI $35 kg/m2 2,513 42.4 (6.7) 36.1 (13.4) 39.6 65.0 15.6 62.7

1004 Epistasis Between HLA-DRB1*16:02:01 and SLC16A11 Diabetes Volume 73, June 2024

https://doi.org/10.2337/figshare.25460452
https://doi.org/10.2337/figshare.25460452
https://doi.org/10.2337/figshare.25460452
https://doi.org/10.2337/figshare.25460452
https://doi.org/10.2337/figshare.25460452
https://doi.org/10.2337/figshare.25460452
https://doi.org/10.2337/figshare.25460452
https://doi.org/10.2337/figshare.25460452


the joint maximum approximately at BMI $35 kg/m2.
We performed a second set of regressions with SLC16A11
genotypes alone in the $BMI strata, which maximizes pro-
tection in stratum BMI $35 kg/m2 but exhibits a range of
protections in BMI strata 31–41 kg/m2 (Supplementary
Table 3 and Fig. 2). For the risk analyses, we performed re-
gressions in the <BMI strata where the risk OR for
SLC16A11*22 maximizes in the BMI <26 kg/m2 stratum
(OR 2.95; P = 0.0019) but has statistical significance in
the BMI 26–39 kg/m2 strata (Supplementary Table 4 and
Fig. 3).

Protective Allele DRB1*16:02 Strongly Binds SLC16A11
15-mer Peptides at D127G
To explore potential mechanisms that may explain the ob-
served interactions, we analyzed the predicted binding of
HLA class II alleles with SLC16A11. For HLA class II, the
seven polymorphic DRB1 alleles in Table 1 were applied
to the NetMHCIIpan EL 4.0 algorithm with the 15-mers
of the ancient human SLC16A11 protein, which yielded
3,192 records (Supplementary Table 5). The program pro-
vides two numbers: the probability of a strong binding
score and rank% for each 15-mer peptide. A total of

Table 2—Association of HLA-DRB1*16:02:01 and SLC16A11 (risk allele T-C-G-T-T = 2) with T2D in Southwest American
Indiansa

Explanatory loci Interaction

LM

DRB1*16:02:01 SLC16A11*22 SLC16A11*12 *16:02:01 × *12 *16:02:01 × *22

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P Overall Pb

All individuals (N = 5,707)
1 0.80 (0.66, 0.97) 0.0214
2 1.02 (0.84, 0.125) >0.05 1.00 (0.87, 1.16) >0.05
3 0.80 (0.66, 0.97) 0.0210 1.03 (0.84, 1.25) >0.05 1.01 (0.87, 1.17) >0.05
4 0.94 (0.67, 1.30) >0.05 1.01 (0.82, 1.25) >0.05 1.06 (0.90, 1.24) >0.05 0.71 (0.46, 1.07) >0.05 1.06 (0.63, 1.80) >0.05 0.105

Last BMI < 35 kg/m2 (n = 3,194)

5 0.86 (0.66, 1.13) >0.05
6 1.76 (1.34, 2.31) <0.0001 1.32 (1.07, 1.64) 0.0097
7 0.83 (0.64, 1.09) >0.05 1.78 (1.36, 2.33) <0.0001 1.33 (1.08, 1.65) 0.0083
8 0.71 (0.41, 1.21) >0.05 1.72 (1.28, 2.30) 0.0003 1.30 (1.04, 1.63) 0.0227 1.22 (0.64, 2.33) >0.05 1.29 (0.61, 2.74) >0.05 0.755

Last BMI $35 kg/m2 (n = 2,513)

9 0.73 (0.56, 0.95) 0.0183
10 0.58 (0.43, 0.78) 0.0003 0.78 (0.64, 0.96) 0.0173
11 0.73 (0.56, 0.95) 0.0178 0.58 (0.43, 0.80) 0.0009 0.78 (0.64, 0.96) 0.0173
12 1.03 (0.68, 1.57) >0.05 0.58 (0.43, 0.80) 0.0009 0.87 (0.70, 1.08) >0.05 0.49 (0.28, 0.86) 0.0133 0.93 (0.42, 2.06) >0.05 0.024

aAlso controlled for relatedness, sex, age at last biennial examination, and PC1–PC5. bOverall P value for interaction on 2 df.

Figure 1—Logistic regression of genotypes on T2D in Southwestern American Indians. Logistic regressions with T2D as the dependent
variable included both HLA-DRB1*16:02 and the SLC16A11 polymorphisms controlled for age at last biennial examination, sex, first-
degree relationship, and PC1–PC5, stratified by BMI (Table 2). When last BMI <35 kg/m2, HLA-DRB1*16:02:01 is protective, and the
ancient human haplotype T-C-G-T-T is risk for T2D, with no significant interaction. However, when last BMI $35 kg/m2, HLA-DRB1*16:02:01
remains a protective allele while SLC16A11 T-C-G-T-T becomes protective and the two loci have significant interaction, epistasis. This switch
in risk/protection in the heavier stratum demonstrates that the function of SLC16A11 in the physiology of the body makes it a separate source
of risk and protection, while in the heavier stratum, the two loci work together to amplify protection for T2D.
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89.5% of the binding scores were in the interval 0.0–0.1,
whereas only 1.4% of the 15-mers had a strong binding
>0.4 (Supplementary Table 6). To assess the predicted
binding in a larger sample of proteins, we directed the
seven polymorphic DRB1 alleles against 113 proteins,
which yielded 624,358 records (Supplementary Tables 5
and 6). Predicted strong binding scores >0.3 represented
only 2.4% of the peptides. The rank% of binding is based
on a library of >5 million random 15-mers in the Swiss-
Prot database. The top 2% of binding values are consid-
ered as strong binding, 2.0–10% as weak binding, and
>10% as what we classify as null binding.

The presence of four missense mutations (V113I, D127G,
G340S, and P443T) in the ancient human haplotype of
SLC16A11 allows the comparison of the wild-type amino
acid and its substitution. Table 4 presents the 15 15-mers at
D127G for predicted binding results with DRB1*16:02 (the
prediction algorithm allows two levels of allele precision)
and contrasts the wild-type SLC16A11 protein with aspar-
tic acid (D) with the ancient human mutation with a
substituted glycine (G). For the core peptide FSAFASDLL
the DRB1*16:02 exhibits a maximum binding of 0.4717
for peptide 6 that includes the D amino acid, which is

within the top 2% of values in Supplementary Table 6. Com-
pared with the ancient human mutation, the effect is ampli-
fied. With the G amino acid in the core peptide FSAFASGLL,
the maximum binding increases to 0.5650, with a range of
�0.52–0.57, which is now within the top 1% of scores
(Supplementary Tables 5 and 6). In addition, DRB1*16:02
recognizes a consistent core of amino acids in 15-mers 3–8,
FSAFASDLL in the wild type and FSAFASGLL in the ancient
human haplotype. A search with the UniProt peptide finder
for Homo sapiens found that the wild-type peptide is unique
in the human genome for SLC16A11. A search for the G mu-
tation returned no match, meaning that the minor allele
and its amino acid substitution are not represented in the
protein database. Patterns of peptide binding for DRB1*16:02
and the three remaining missense mutations are found
in Supplementary Tables 7–9. Supplementary Table 10
presents the 442 15-mer peptides for the ancient human
protein when tested against DRB1*16:02 in amino acid
order, excluding the leader sequence.

DISCUSSION

There is increasing recognition of the complexity of the
human immune system (33,34). However, a fundamental

Table 3—Sensitivity analysis of SLC16A11-HLA-DRB1*16:02:01 interaction ORs across the $$BMI strata in a Southwest
American Indian sample for the fully parametrized logistic regression

Genotype SLC16A11*22
Interaction: SLC16A11*12 and

*16:02:01

$BMI Mean BMI n b OR P b OR P

25 36.22 5,116 �0.02294 0.98 >0.05 �0.40134 0.67 >0.05

26 36.61 4,939 �0.04939 0.95 >0.05 �0.31729 0.73 >0.05

27 37.06 4,727 �0.07589 0.93 >0.05 �0.35868 0.70 >0.05

28 37.63 4,463 �0.09437 0.91 >0.05 �0.38616 0.68 >0.05

29 38.15 4,222 �0.17126 0.84 >0.05 �0.38228 0.68 >0.05

30 38.75 3,952 �0.18612 0.83 >0.05 �0.49026 0.61 0.0313

31 39.46 3,638 �0.28460 0.75 0.0330 �0.54627 0.58 0.0219

32 40.12 3,363 �0.38201 0.68 0.0058 �0.59205 0.55 0.0151

33 40.82 3,078 �0.43205 0.65 0.0032 �0.67306 0.51 0.0074

34 41.55 2,800 �0.45732 0.63 0.0028 �0.60496 0.55 0.0205

35 42.35 2,513 �0.53720 0.58 0.0009 �0.71882 0.49 0.0100

36 43.32 2,203 �0.44240 0.64 0.0104 �0.68365 0.50 0.0238

37 44.22 1,947 �0.45043 0.64 0.0131 �0.71460 0.49 0.0300

38 45.05 1,735 �0.41760 0.66 0.0300 �0.85719 0.42 0.0140

39 45.90 1,536 �0.44075 0.64 0.0305 �0.92799 0.40 0.0114

40 46.80 1,345 �0.39334 0.67 >0.05 �0.82461 0.44 0.0361

41 47.65 1,187 �0.30461 0.74 >0.05 �0.92529 0.40 0.0260

42 48.61 1,028 �0.35996 0.70 >0.05 �1.08041 0.34 >0.05

43 49.47 902 �0.37587 0.69 >0.05 �0.87119 0.42 >0.05

44 50.57 762 �0.30607 0.74 >0.05 �0.74239 0.48 >0.05

45 51.47 664 �0.36346 0.70 >0.05 �0.81343 0.44 >0.05
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reaction among the cascades is the presentation of pep-
tide by the class I and class II HLA heterodimers. In the
past, many studies of the association of HLA alleles alone
have shown a statistical relation, risk or protective, with
diseases. We expanded this model to identify and include
a potential peptide and its protein source and to search
for an epistatic relationship between them.

Since the 1977 Oxford HLA Workshop and Conference,
when the serological HLA-DR locus was first elaborated
and applied to disease association studies, the antigen
HLA-DR2 has been found to be protective for T1D (35).
In 1985, Tiwari and Terasaki (36) compiled data on HLA
disease associations and reported results for HLA-DR2
from 14 studies from seven countries with a total of
1,268 patients with T1D and 2,768 control individuals.
The mean relative risk was 0.18. Antigen HLA-DR2, in
later serology, split into HLA-DR15, DR16. In 2008, as
part of the Type 1 Diabetes Genetics Consortium, Erlich
et al. (37) identified in a sample of individuals primarily
of European, Caucasian heritage the protective molecular
haplotype from HLA-DR15 as DRB1*15:01-DQA1*01:02-
DQB1*06:02, with an OR of 0.03 (95% CI 0.01, 0.07;
P = 2 × 10�29). People with this haplotype did not de-
velop the disease.

In 2011, we reported a protective effect in this popu-
lation for the A allele at rs9268852 that tagged HLA-
DRB1*02, which we had earlier typed as DRB1*16:02
with an OR of 0.723 (P = 0.002) (1,5). We have now ex-
tended this finding of protection for T2D and identify the
associated haplotype as DRA*01:01:01-DRB1*16:02:01-
DQA1*05:03:01-DQB1*03:01:01 (6). In an earlier report,
we also showed the interaction between SLC16A11 and

BMI such that in people with BMI $35 kg/m2, the ancient
human haplotype at SLC16A11 was protective for T2D in
Southwest American Indians (10). The natural question is,
what is the relationship between the two loci? This is a three-
part question: Is there epistasis in which the loci interact; if
yes, can we identify a 15-mer and core peptide in the protec-
tive allele with a strong binding pattern for DRB1*16:02?
Furthermore, with the HLA-DR2 protective effect being a
property common to T1D and T2D, can we identify a poten-
tial common immunological component and link among HLA-
DRB1, the two diseases, and SLC16A11?

Our sensitivity analysis shows that there is strong epis-
tasis between HLA-DRB1 and SLC16A11 in the fully pa-
rametrized logistic regression with a power of 0.4801 and
a bootstrap estimate OR of 0.43. It is not, however, only
a property of the BMI $35 kg/m2 stratum, but the inter-
action term for DRB1*16:02:011 and SLC16A11*12 has
statistical significance between BMI 30 and 41 kg/m2,
with mean BMI values of 38.75–47.65 kg/m2 (Table 3).

As for the second question, our hypothesis is that this
epistatic effect comes from the binding of 15-mer peptides
of SLC16A11 by the HLA-DRB1*16:02:01 heterodimer. Ev-
idence comes from the monocarboxylate transporter mu-
tation being both risk and protection for T2D in this
population, while the DRB1 allele has consistent protec-
tion and strong predicted binding to both the wild-type
and ancient human haplotype. In Table 4, the core pep-
tide FSAFASDLL at mutation site D127G has a maximum
predicted binding probability of 0.4717 for the basic as-
partic amino acid, while for the nonpolar glycine muta-
tion and core peptide FSAFASGLL, the predicted binding
score increases to 0.5650. This is the seventh largest

Figure 2—Odds ratios for logistic regression of SLC16A11 on T2D within cumulative$BMI strata for Southwestern American Indian sam-
ple (protection allele = “2”). Twenty-one sample strata were created from the total number of 5,707 by partitioning the data into those
groups greater than or equal to BMIs ranging from 25 to 45 kg/m2, e.g., for a BMI of 25 kg/m2, all members of the sample who have a BMI
$25 kg/m2, then a sample with BMI $26 kg/m2, and so forth (see Supplementary Table 3). Within each stratum, a logistic regression was
performed with no interaction, controlled for age, sex, relationship, and PC1–PC5, and the ORs for the SLC16A11*12 (triangles) and
SLC16A11*22 (squares) genotypes were captured and plotted. The most protective OR was for the BMI$35 kg/m2 stratum.
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binding probability over the entire set of 15-mers from
SLC16A11 (Supplementary Table 10). HLA-DRB1*16:02:
01 demonstrates protection for the all-people stratum in
Table 2, while the increase in predicted binding with the
glycine mutation might contribute to its enhancement of
protection for the BMI$35 kg/m2 stratum.

What we have, then, is the observation of epistasis for
the two molecules and the observation of strong predicted
binding for the DRB1 protective allele; what we lack is the
detailed mechanics of risk and protection observed here.
They are almost certainly independent, with SLC16A11 hav-
ing both risk and protection mechanisms deriving from its
action as a monocarboxylate transporter. Rusu et al. (14)
suggested two mechanisms by which this proton-coupled
monocarboxylate transporter’s function could be changed by
mutations: 1) The expression of SLC16A11 could be reduced
in the liver, and 2) its interaction with basigin (CD147,
BSG), a multifunctional protein with two immunoglobulin-
like domains that plays a role in the orientation of monocar-
boxylic acid transporters, could disrupt the expression and/or
orientation of SLC16A11 on the cell surface. Further study
is needed to make more precise the effects of the muta-
tions. It likely plays a passive role in epistasis with HLA-
DRB1*16:02:01 in that it supplies a 15-mer peptide to the
molecule when the protein is being turned over in the cell.
What immunological cascade is initiated by the binding of
peptide and heterodimer that leads to protection is also
unknown. When the protective HLA allele and mutant
transporter both are present, then the 15-mer will be a
self-peptide, and its strong recognition might play a role
in maintaining self-recognition and the prevention of

autoimmune antibodies that might otherwise contribute
to T2D.

With the historic role of protection for HLA-DRB1*15
and T1D, and now HLA-DRB1*16 for T2D, is there a common
pattern in their binding for SLC16A11? Table 5 presents the
probability of a strong binding score for HLA-DRB1*15:01, the
most protective of the alleles in European-derived, Caucasian
populations among whom the ancient human mutation haplo-
type at SLC16A11 is mostly absent. For 15-mers 4–6, the allele
has binding scores of 0.2783–0.3526 and recognizes the same
core peptide, FSAFASDLL, as does DRB1*16:02:01 for the
wild-type protein. The ranks% of binding are all in the top 5%
of binding scores compared with the Swiss-Prot database. In
addition, DRB1*15:01 has very strong binding for peptides 13
and 14, with scores of 0.3035 and 0.4140, that recognize the
core peptide LHLYLGLGL and for which the ranks are also in
the top 5% of scores; the aspartic acid at position D127 lies
outside the vector of amino acids of this core.

There is virtually no T1D in this Southwest American
Indian population, which is consistent with the absence
of the risk alleles for the disease in full indigenous Ameri-
can heritage people: HLA-DRB1*04:01, *04:02, *04:05,
and *03:01 (37) (Supplementary Table 1). Furthermore,
in contrast with HLA-DRB1*15:01 and *16:02, the highest
probability of binding for these T1D risk alleles at the
D127G missense site, >60 15-mers, is only 0.1139 with a
rank% of 11. However, outside of the four missense sites
and in the parts of the molecule common to the wild-type
and mutant forms of SLC16A11, there is strong predicted
binding for the T1D risk alleles (Supplementary Table 11).

With respect to locus SLC16A11, the private ancient
human haplotype and risk allele has among the highest

Figure 3—Odds ratios for logistic regression of SLC16A11 on T2D within cumulative$BMI strata for Southwestern American Indian sam-
ple (risk allele = “2”). Twenty-one sample strata were created from the total number of 5,707 by partitioning the data into those groups less
than the BMIs ranging from 25 to 45 kg/m2, e.g., for a BMI of 25 kg/m2, all members of the sample who have BMI <25 kg/m2, then a sam-
ple <26 kg/m2, and so forth (see Supplementary Table 4). Within each stratum, a logistic regression was performed with no interaction,
controlled for age, sex, relationship, and PC1–PC5, and the ORs for the SLC16A11*12 (triangles) and SLC16A11*22 (squares) genotypes
were plotted. The highest risk OR of 2.95 was for SLC16A11*22 in the BMI <26 kg/m2 stratum. Only in the BMI 31–37 kg/m2 strata were
the ORs for both genotypes significantly different from 1.0 in the model, with mean BMI values of 26.6–29.9 kg/m2.
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reported frequencies in this Southwest American Indian
sample, with 0.397 in all people and 0.421 in full indige-
nous American heritage people. Of more importance than
the allele frequency is the proportion of people with at
least one early human mutant haplotype of 64%. This com-
munity has one of the highest frequencies of T2D and a
distribution of SLC16A11 risk haplotypes that blankets two
thirds of the population. The SIGMA Type 2 Diabetes

Consortium article (8) on the association of SLC16A11
with T2D in Mexico reported a risk haplotype frequency in
the entire SIGMA sample of 30%, while within people who
were >95% Native American ancestry (n = 290), 48%, al-
though it is not clear whether these are allele or combined
genotype frequencies. The 1000 Genomes Project reported
a frequency of 0% for the African sample (n = 185), <2%
for the European sample (n = 379), 12% for the East Asian

Table 4—Predicted binding of HLA-DRB1*16:02 with wild-type and early human mutation from SLC16A11 at D127G
polymorphism

Wild type Ancient human haplotype

Peptide Core peptide Score Rank% Peptide Core peptide Score Rank%

1 VLASLGFVFSAFASD LGFVFSAFA 0.0129 54.0 NL ILASLGFVFSAFASG LGFVFSAFA 0.0088 62.0 NL

2 LASLGFVFSAFASDL FVFSAFASD 0.0129 54.0 NL LASLGFVFSAFASGL FVFSAFASG 0.0079 65.0 NL

3 ASLGFVFSAFASDLL FSAFASDLL 0.1062 16.0 NL ASLGFVFSAFASGLL FSAFASGLL 0.1188 15.0 NL

4 SLGFVFSAFASDLLH FSAFASDLL 0.4303 2.7 WB SLGFVFSAFASGLLH FSAFASGLL 0.5183 1.7 SB

5 LGFVFSAFASDLLHL FSAFASDLL 0.4503 2.4 WB LGFVFSAFASGLLHL FSAFASGLL 0.5438 1.5 SB

6 GFVFSAFASDLLHLY FSAFASDLL 0.4717 2.2 WB GFVFSAFASGLLHLY FSAFASGLL 0.5650 1.3 SB

7 FVFSAFASDLLHLYL FSAFASDLL 0.2054 8.6 WB FVFSAFASGLLHLYL FSAFASGLL 0.2440 7.0 WB

8 VFSAFASDLLHLYLG FSAFASDLL 0.0655 23.0 NL VFSAFASGLLHLYLG FSAFASGLL 0.0697 22.0 NL

9 FSAFASDLLHLYLGL FASDLLHLY 0.0041 78.0 NL FSAFASGLLHLYLGL FASGLLHLY 0.0014 94.0 NL

10 SAFASDLLHLYLGLG FASDLLHLY 0.0019 90.0 NL SAFASGLLHLYLGLG FASGLLHLY 0.0010 97.0 NL

11 AFASDLLHLYLGLGL LHLYLGLGL 0.0215 43.0 NL AFASGLLHLYLGLGL LHLYLGLGL 0.0214 43.0 NL

12 FASDLLHLYLGLGLL LHLYLGLGL 0.0404 31.0 NL FASGLLHLYLGLGLL LHLYLGLGL 0.0380 32.0 NL

13 ASDLLHLYLGLGLLA LHLYLGLGL 0.0783 21.0 NL ASGLLHLYLGLGLLA LHLYLGLGL 0.0734 22.0 NL

14 SDLLHLYLGLGLLAG LHLYLGLGL 0.1204 15.0 NL SGLLHLYLGLGLLAG LHLYLGLGL 0.1150 15.0 NL

15 DLLHLYLGLGLLAGF LHLYLGLGL 0.0465 29.0 NL GLLHLYLGLGLLAGF LHLYLGLGL 0.0433 30.0 NL

NL, null binding; SB, strong binding; WB, weak binding.

Table 5—Predicted binding of wild-type SLC16A11 15-mer peptides by HLA-DRB1*15:01 at D127G missense site
Start End Peptide Core peptide Probability Rank%

1 113 127 VLASLGFVFSAFASD GFVFSAFAS 0.0080 44.0

2 114 128 LASLGFVFSAFASDL GFVFSAFAS 0.0060 50.0

3 115 129 ASLGFVFSAFASDLL FSAFASDLL 0.0293 24.0

4 116 130 SLGFVFSAFASDLLH FSAFASDLL 0.2783 4.5

5 117 131 LGFVFSAFASDLLHL FSAFASDLL 0.3157 3.9

6 118 132 GFVFSAFASDLLHLY FSAFASDLL 0.3526 3.4

7 119 133 FVFSAFASDLLHLYL FSAFASDLL 0.1095 11.0

8 120 134 VFSAFASDLLHLYLG FSAFASDLL 0.0284 24.0

9 121 135 FSAFASDLLHLYLGL FSAFASDLL 0.0019 74.0

10 122 136 SAFASDLLHLYLGLG LLHLYLGLG 0.0007 90.0

11 123 137 AFASDLLHLYLGLGL LHLYLGLGL 0.0626 15.0

12 124 138 FASDLLHLYLGLGLL LHLYLGLGL 0.1700 7.4

13 125 139 ASDLLHLYLGLGLLA LHLYLGLGL 0.3035 4.1

14 126 140 SDLLHLYLGLGLLAG LHLYLGLGL 0.4140 2.7

15 127 141 DLLHLYLGLGLLAGF LHLYLGLGL 0.1776 7.1
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sample (n = 286), and 28% for a small sample of Mexican
Americans from Los Angeles (n = 66). The frequency of the
ancient human risk haplotype in Mexican Americans and
admixed Mexicans and Latin Americans is likely derived by
genetic admixture from indigenous American populations.

Our observation that enhanced protection from T2D
associated with HLA DRB1*16:02:01 and SLC16A11 in the
most obese stratum may seem counterintuitive given that
obesity increases the risk of T2D. However, the current
analyses are based on cross-sectional associations and do
not reflect longitudinal risk. Our previous longitudinal
analyses in this population suggested that the ancient
SLC16A11 haplotype associates with increased risk in the
leanest stratum and that the lower prevalence of diabetes in
the heavier stratum was partially the result of increased
weight loss that occurs after diabetes onset (10). However, in
the present analysis, the heavier stratum (BMI $35 kg/m2)
has a higher percentage of T2D than the leaner one (39.6 vs.
33.8%) (Table 1). The risk-to-protective switch is a key piece
of evidence of the mechanics of SLC16A11’s overall function
when further epidemiological studies and in vitro or animal
experiments address it (38–40).

In summary, the demonstration of epistasis between
HLA-DRB1 and SLC16A11 in the amplification of protection
in the heavier stratum suggests that the two loci together
have a complicated interplay of functions. The ancient hu-
man haplotype is a strong risk allele for T2D in the leaner
stratum of people, where the combined risk genotypes’ fre-
quency closely mimics the prevalence of the disease in the
population. We suggest that the likely missense mutation in
this risk is D127G because of the amplification of HLA-
DRB1*16:02 binding in protection for the disease, while the
independent mechanism of risk for SLC16A11 has yet to be
completely elaborated. Absence of T1D in Southwest American
Indians, and in full heritage indigenous people throughout the
New World, is likely because of the absence of the HLA-DRB1
risk alleles. However, the strong protection of HLA-DRB1*
15:01, and its shared binding pattern with DRB1*16:02 and a
shared core peptide, suggests that the epistasis might not be
exclusive to T2D in protection from diabetes.
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