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Association of HLA-DQ
Heterodimer Residues —18 and
B57 With Progression From Islet
Autoimmunity to Diabetes in the
Diabetes Prevention Trial-Type 1

Diabetes Care 2022;,45:1610-1620 | https://doi.org/10.2337/dc21-1628

OBJECTIVE

The purpose was to test the hypothesis that the HLA-DQ«[3 heterodimer struc-
ture is related to the progression of islet autoimmunity from asymptomatic to
symptomatic type 1 diabetes (T1D).

RESEARCH DESIGN AND METHODS

Next-generation targeted sequencing was used to genotype HLA-DQA1-B1 class Il
genes in 670 subjects in the Diabetes Prevention Trial-Type 1 (DPT-1). Coding
sequences were translated into DQ «a- and 3-chain amino acid residues and used
in hierarchically organized haplotype (HOH) association analysis to identify
motifs associated with diabetes onset.

RESULTS

The opposite diabetes risks were confirmed for HLA DQA1*03:01-B1*03:02 (haz-
ard ratio [HR] 1.36; P = 2.01 * 10_3) and DQA1*03:03-B1*03:01 (HR 0.62; P =
0.037). The HOH analysis uncovered residue —18f in the signal peptide and 357
in the B-chain to form six motifs. DQ*VA was associated with faster (HR 1.49;
P = 6.36 * 10~?) and DQ*AD with slower (HR 0.64; P = 0.020) progression to dia-
betes onset. VA/VA, representing DQA1*03:01-B1*03:02 (DQ8/8), had a greater
HR of 1.98 (P = 2.80 * 10 3). The DQ*VA motif was associated with both islet cell
antibodies (P = 0.023) and insulin autoantibodies (IAAs) (P = 3.34 * 10~ 3), while
the DQ*AD motif was associated with a decreased IAA frequency (P = 0.015).
Subjects with DQ*VA and DQ*AD experienced, respectively, increasing and
decreasing trends of HbA, levels throughout the follow-up.

CONCLUSIONS

HLA-DQ structural motifs appear to modulate progression from islet autoimmu-
nity to diabetes among at-risk relatives with islet autoantibodies. Residue —18f3
within the signal peptide may be related to levels of protein synthesis and 357 to
stability of the peptide-DQab trimolecular complex.

Type 1 diabetes (T1D) is a chronic autoimmune disease resulting in the selective
loss of pancreatic B-cells and leads to insulin dependence for life. It is one of the
most common chronic diseases among children and young adults. Individuals with
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a positive family history have substan-
tially increased risk (1), and genetic fac-
tors contribute considerably to familial
aggregation of T1D (2-4). HLA class Il
genes contribute >50% of the inherited
genetic susceptibility compared with
>70 non-HLA genetic loci that individu-
ally contribute modestly to the genetic
risk (5,6). HLA proteins function as anti-
gen-presenting molecules and are key
restricting elements of adaptive T and B
responses. The importance of HLA also
derives from studies highlighting associa-
tions of certain HLA types in secondary
prevention studies to prevent progression
to clinical onset of T1D, which was noted
in subjects positive for HLA-DR4 but not
in those positive for HLA-DR3 (7).

The development of robust autoanti-
body markers to multiple autoantigens
and natural history studies of longitudi-
nal cohorts have uncovered the chronic
nature of islet autoimmunity. A combina-
tion of autoantibody and metabolic test-
ing led to T1D being classified as stage 1
in the presence of two or more autoanti-
bodies and the absence of dysglycemia,
stage 2 as progression to dysglycemia,
and stage 3 as diabetes (8). In many, but
not all, subjects, autoantibody serocon-
version may occur in the first years of
life primarily in those positive for DR4-
DQ8, with insulin autoantibodies (IAAs)
as the first-appearing autoantibody cate-
gory, while in those positive for DR3-
DQ2, it may occur later, with GAD65
autoantibodies as the first-appearing
autoantibody category (9-11). Unless
conducted from birth, autoantibody
screening of individuals at increased risk
of T1D because of family relation to a
proband, ascertained genetic risk, or
both, will typically identify those with
autoantibody positivity in whom the
time of seroconversion is unknown. This
is the case of the Diabetes Prevention
Tria-Type 1 (DPT-1) (12,13), data from
which are analyzed in here. Relatives
who tested positive for autoantibodies
(retrospectively classified as stage 1 and
2) were followed with periodic metabolic
evaluation to estimate B-cell function and
the development of stage 3 T1D. Progres-
sion to clinical symptoms was highly vari-
able, taking from a few months to several
years (14). It has been hypothesized that
genetic mechanisms underlying the initia-
tion and progression differ (10,15-17).
Because most of past T1D genetic studies
were case-control based, we have limited

understanding of the genetic mechanisms
that may influence T1D progression.
Preclinical stages 1 and 2 of T1D repre-
sent opportunities for secondary preven-
tion of T1D (13,14,18,19). A follow-up
investigation of DPT-1 showed that HLA-
DQB1*03:02 and HLA-DQB1*03:01 were
differentially associated with faster or
slower progression, respectively (20). In a
related study of DPT-1 subjects, the 5 year
risk of progression according to HLA-DQ
types was confirmed (21) to also include
earlier reports of strong protection afforded
by the HLA-DQB1*06:02 allele occasionally
found among relatives with autoantibody
positivity (22). Furthermore, lack of met-
abolic progression and a limited auto-
antibody response was reported among
at-risk relatives enrolled in the TrialNet
Pathway to Prevention study (23). We
also found evidence that the HLA-DQ2/
8 genotype was associated with fast
progression and young age at clinical
diagnosis, but the DQ2 association was
limited among young people (24).
HLA is critically important to host
immunity, and further studies of associa-
tions with disease progression remain of
great importance. Such knowledge could
inform risk assessment and guide enroll-
ment and stratification of subjects in natu-
ral history and prevention studies. For
example in most prevention trials, the
presence of the T1D-protective HLA-
DQB1*06:02 is used as an exclusion
criterion. Genetic risk factors, together
with the autoantibody profile, could
improve the assessment of disease pro-
gression and recruit at-risk subjects to
prevention studies. Finally, learning at
least some of the molecular mechanisms
by which HLA molecules are involved in
the progression of islet autoimmunity
from asymptomatic to symptomatic T1D
(or progression hereafter) may provide
new leads into therapeutic agents that
could target specific immunological
processes (i.e., stopping or slowing the
autoimmunity against B-cells). Indeed,
dissecting the contributions of HLA
genes to T1D progression could affect
the secondary prevention of T1D, a main
motivation of the current project, using
DNA resources collected by the DPT-1.

RESEARCH DESIGN AND METHODS
DPT-1

The DPT-1 screened first- and second-
degree relatives of patients with T1D to
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identify those expressing islet cell antibod-
ies (ICAs). Relatives positive for ICA who
did not carry the T1D-protective HLA-
DQB1*06:02 were randomly assigned
to placebo or treatment, as previously
described. After excluding participants
with no DNA samples or those with poor-
quality DNA, 670 subjects were included
in the current investigation. Among them,
316 had a projected T1D risk of >50%
over 5 years and were randomly assigned
to a parenteral insulin regimen or to pla-
cebo; 354 subjects had a projected risk of
25-50% over 5 years and were randomly
assigned to oral insulin and placebo, as
previously described (20,25).

Risk Factors and Clinical Outcome
The DPT-1 collected clinical and demo-
graphic factors from each subject, includ-
ing race, sex, age, treatment type, risk
level, and use of parenteral or oral insu-
lin. The distributions for all 670 subjects
were calculated (Supplementary Table 1).
All subjects were followed until the clini-
cal diagnosis of T1D or termination of
the trial, and progression from islet auto-
immunity to T1D was quantified through
a censored time to T1D. Incidences in
four combinations with two risk levels
and with treatment/placebo were calcu-
lated (Supplementary Fig. 1). Associations
of all risk factors with time to T1D were
evaluated using a Cox regression model
(Supplementary Table 1). Furthermore,
distributions of race, sex, treatment type,
and use of insulin were largely compara-
ble between subjects in the low- and
high-risk groups (Supplementary Table 2).
Both groups had comparable age distri-
butions (Supplementary Fig. 2).

Repeatedly Measured Biomarkers
Subjects were evaluated at 6 month
intervals. During each visit, they had
blood glucose, ICA, IAA, and HbA, levels
assessed and underwent a 2 h oral glu-
cose tolerance test, during which glucose
and C-peptide levels were measured at
—10, 0, 30, 60, 90, and 120 min.

Genotyping HLA Using Next-
Generation Targeted Sequencing
Technology

HLA typing was performed using the
ScisGo HLA v6 Kit (Scisco Genetics Inc.,
Seattle, WA), following the kit protocol.
Briefly, the method uses an amplicon-
based two-stage PCR, followed by
sample pooling and sequencing using
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a MiSeq v2 PE500 Kit (lllumina, San
Diego, CA). The protocol yielded three-
field coverage of HLA-DQA1 and HLA-
DQB1. Phase within each gene was
determined in part by overlapping
sequences for HLA class | and a database
lookup table for HLA class Il (26). Since
next-generation targeted sequencing
(NGTS) of DNA nucleotides of selected
exons was originally used to infer DQA1
and DQBI1 alleles (27), we determined
HLA-DQA1 and HLA-DQBI1 genotypes at
the high resolution of =6 digits based on
the IMGT HLA nomenclature (https://raw.
githubusercontent.com/ANHIG/IMGTHLA/
Latest/alignments/DQB1_prot.txt; released
July 2019; accessed July and October
2019). The physical positions of individ-
ual amino acids in the a-chain are refer-
enced from codon al to @232 and in
the B-chain from codon 31 to 3237. We
adopted the numbering system first sug-
gested in 1998 (28) and improved in
2007 (29) that essentially allows for
structural equivalence among residues
of various MHC |l alleles, regardless of
gene locus or species, and based on the
structure of the first published MHC II
allele HLA-DR1 (30,31). There were also
23 and 32 residues in the signal pepti-
des of DQA1l and DQB1, respectively,
and their positions were referenced as
positions —23 and —32 to position
—1. By convention, the first amino
acid of the mature functional chain
is numbered 1.

Haplotype Association Analysis With
Progression

HLA-DQA1 and HLA-DQBI1 are in strong
linkage disequilibrium, which can be
used to infer a pair of haplotypes, known
as diplotypes. Of 670 subjects, DQ
haplotypes were inferred unambigu-
ously for 667 (32). Of the remaining
three subjects, DQ haplotypes were
inferred with high confidence (corre-
sponding posterior probability 0.94). We
denote DQ diplotype as HLA-DQ or DQ
hereafter, and each diplotype DQ has
two DQ haplotypes H1/H2, each of
which can take one of K haplotypes (h;,
h,, . .., hy). To assess the haplotype asso-
ciation with progression, we converted
DQ diplotypes to a vector of K haplotype
counts (¢iz, €z, - - -, Ci), in which each
¢k = 0, 1, and 2 corresponded to
the number of observed haplotypes

hy observed on the i subject. The

haplotypic association analysis assessed
the association of haplotype counts
with the time to T1D using a Cox pro-
portional hazards regression model
(33), which may be modeled through a
hazard function and was written as

N(tlew, %i) = No(t)exp(Bren + v'xi),

where \o(t) is the baseline hazard func-
tion estimated from the data, the
coefficient B, quantifies the haplo-
typic association, and +v'x;, a linear
combination of covariates, is included for
adjustment.

Hierarchically Organized Haplotype
Association Analysis

Each DQ haplotype was coded by a
sequence of amino acid residues. To
uncover progression-associated residues,
we applied a hierarchically organized
haplotype (HOH) approach to cluster all
DQ haplotypes based on similarities of
their sequences and which clusters of
DQ haplotypes were identified. Focusing
on a cluster of multiple DQ haplotypes
that have variable associations with pro-
gression HOH identified those polymor-
phic residues within the cluster after
excluding monomorphic residues or
nearly monomorphic ones. HOH further
assessed the residue association within
the cluster, through haplotyping residue
and cluster, and selected those residues
that were significantly associated
with progression. The residue associa-
tion was modeled through the Cox
regression model described above. Mul-
tiple residues in phase form motifs and
their associations with progression can
be assessed through the same Cox
regression model.

Generalized Estimating Equation
Analysis of Repeatedly Measured
Biomarkers

To functionally validate motif associa-
tions, we assessed their associations
with protein-based biomarkers (ICA, 1AA,
and HbA;.) as well as with B-cell func-
tion (fasting blood glucose and C-pep-
tide) that were measured repeatedly
during the cohort study. Let y(t;) denote
the level of biomarker measured at time
t; for the ™ subject, we modeled the
biomarker association with the genetic
polymorphisms, after adjusting for the
temporal trend, through the linear
regression for the mean biomarker
value:
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Elyi(ty)lex] = me+vic +piti,

where vjcikx quantified the genetic
association of the k™ motif with the coef-
ficient v,, the temporal trend of the
biomarker under the adjustment p,t;,
and intercept 1. Recognizing that repeat-
edly measured biomarkers, denoted by
vector Y; = [yi(ta), vi(tn), ..., yi(ts)]"
had intraindividual correlations, we used
a generalized estimating equation (GEE)
to estimate coefficients (vi, My, i),
along with estimated SEs, Wald statis-
tics, and P values (34-37). Since the
temporal trend (p,t;) may vary with
the genetic polymorphisms, we modi-
fied the above linear regression model
by including an interaction term into
the average level of the biomarker,
which may be written as

E[Yi(tij)|cik} =T +vci + pktij + 8kCiktijy

where the coefficient 8, quantified the
allele-specific linear trend. GEE was used
to estimate all coefficients as described
above.

Statistical Analysis

All analyses in this project relied on sta-
tistical functions and packages in R. To
calculate distances between all unique
sequences pairwise, we used the
“stringdist” function with the Levenshtein
distance and then applied the “hclust”
function to perform the hierarchical clus-
tering with the agglomeration method of
ward.D2. For haplotyping DQA1 and
DQB1, we applied the “haplo.em” func-
tion to deduce DQ diplotypes. After
recoding DQ haplotypes, we performed
the Cox regression analysis by the
“coxph” function. Finally, we used the
“geeglm” function to perform GEE asso-
ciation analysis.

To minimize the influence of skewed
ICA, IAA, and HbA,. levels, we applied a
bidirectional power transformation so that
transformed values within normal and
abnormal ranges had symmetric distribu-
tions. The threshold values for ICA, I1AA,
and HbA,. are chosen to be 10 JDFU, 100
units/mL, and 6.5%, respectively.

There were multiple comparisons
involving multiple alleles, genotypes, res-
idues, and outcomes in various analyses.
To control for multiple comparisons in
the initial allelic association analysis, we
calculated the false-positive error rates
(38,39) (i.e., g-value, complementary to
the P value). Once DQ allelic associations
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were established, additional analyses
were aimed at characterizing associa-
tions and, thus, produced P values with-
out multiple comparisons adjustments.

Molecular Simulation and Depiction
of HLA-DQ Molecules

The simulation of the structure of HLA-
DQ7cis (DQA1*03:01-B1*03:01) in com-
plex with antigenic peptides had been
performed as previously described
(40-42) using antigenic peptides shown
experimentally to bind to the purified
molecule (41). The crystal structure of
the very closely related molecule HLA-
DQ8 (DQA1*03:01-B1*03:02) that con-
fers susceptibility to T1D was used as
the base molecule (42). Depictions of
simulated and known structures were
performed using the DSViewer Pro 6.0
and Weblab Viewer 3.5 programs
(Accelrys, San Diego, CA). Details of the
depictions are provided in the respective
figures.

RESULTS

HLA-DQA1 and HLA-DQB1
Haplotypes Are Associated With
Progression

By centering on a DQA1-B1 haplotype,
we counted the number of DQ haplo-
types observed in the data set, which
took a value of O, 1, or 2, corresponding
to the number of haplotype copies.
Regressing the haplotype count with time
to onset of T1D allowed us to estimate
hazard ratio (HR), SE, z-score, P value,
and g-value (Supplementary Table 3). The
sixth haplotype (DQA1*03:01-B1*03:02)
had 446 copies and was significantly asso-
ciated with faster progression (HR 1.36;
P = 2.01 * 1073 (highlighted green in
Supplementary Table 3). On the other
hand, the ninth haplotype (DQA1*03:
03-B1*03:01), with 79 copies, was signifi-
cantly associated with slower progression
(HR 0.62; P = 0.037) (highlighted red in
Supplementary Table 3). All 16 rare hap-
lotypes, with <10 observed copies, were
merged into a rare haplotype category
(Supplementary Table 3). All DQ haplo-
type—specific association analyses were
adjusted for disease severity and age
because these two were significantly
associated with progression and could
possibly be confounders (Supplementary
Table 1).

Subjects With DQ8.1 Have Variable
Associations With Disease
Progression

The nucleotide sequence of each DQ hap-
lotype was converted to a sequence of
amino acid residues. We then evaluated
distances between each pair of 29 DQ
haplotypes (including 16 rare haplotypes)
based on their amino acid sequence simi-
larity measure and performed hierarchical
cluster analysis over all DQ haplotypes.
The fan representation of DQ haplotype
clusters with rare haplotypes, neutral
haplotypes (P > 0.05), risk association,
and resistant association are illustrated in
Fig. 1A. As expected, similar DQ haplo-
types were clustered together because of
their sequence similarities. Six haplotypes,
belonging to DQ8.1, were clustered
together, and were referred accordingly.
Interestingly, the DQ8.1 cluster included
one risk haplotype, one resistant haplo-
type, two neutral haplotypes, and two
rare haplotypes, despite that they had
highly similar residue sequences and pro-
tein structures.

Residues —18p and 57 Among
Subjects With DQ8.1 Associate With
Disease Progression

Leaving out two rare haplotypes and
extracting all polymorphic residues across
four DQ8.1 haplotypes, we observed four
residues (—6a, o157, —18p3, and B57),
which retained the same haplotype associ-
ations (Table 1). We then assessed the
association of each residue, within the
DQ8.1 cluster through HOH and found
that residues —183 and (357 were signifi-
cantly associated with time to T1D (P =
0.0052 and 0.018, respectively) (Table 1).
In contrast, the residues on the a-chain
were not significantly associated with
progression.

Focusing on the two residues —18f3
and 357, we observed six motifs (AA, AD,
VA, VD, VS, W) in the cohort (Table 1).
Interestingly, only three motifs (AD, VA,
and VD) were present on DQ8.1 haplo-
types. Motif AD was associated with resis-
tance to disease progression (HR 0.62; P =
0.033), while VA was associated with an
increased risk to progression (HR 1.47;
P = 1.94 * 10~ %). Motif VD tended to be
associated with faster progression, but the
elevated risk was not significant because
of small sample size (P = 0.169). Surpris-
ingly, all six motifs were observed on
other haplotypes than DQS8.1, but none
were associated with progression. When
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pooling them together, motifs AD and VA
retained comparable associations to those
observed among subjects with DQ8.1
(Table 1).

To build the linkage of the identified
motifs with common DQ nomenclature,
we list all corresponding DQ haplotypes
that share the same motif (Supplementary
Table 4). For example, the risk motif VA
corresponds to the DQA1*03:01-B1*03:
02, DQA1*03:03-B1*03:02, and DQA1*05:
05-B1*03:02 haplotypes; the first two are
within the DQ8.1 cluster, while the third
represents a rare haplotype. The resistant
motif AD included seven different haplo-
types: Two were within the DQ8.1 cluster
and the others within rare haplotypes. In
contrast, the motif AA included DQA1*05:
01-B1*02:01 (DQ2.5), DQA1*02:01-B1*02:
02 and DQAI1*03:03-B1*02:02 (DQ2.2),
and a rare haplotype. Their haplotype fre-
guencies are shown among subjects with
DQ8.1 and subjects without DQ8.1 haplo-
types in the first and second columns of
Supplementary Table 4.

DQ Associations With Progression
Are Restricted to Subjects at High
Risk for Progressing to T1D

The DPT-1 began screening on 15 February
1994, and the first subject was randomly
assigned on 31 December 1994. This study
was conducted before the implementation
of the current disease staging (8). DPT-1
investigated whether parenteral insulin
could prevent T1ID among high-risk sub-
jects, most of whom were at what is
currently classified as stage 2. The inter-
vention with oral insulin was tested in
subjects with an estimated 25-50% 5 year
risk of T1D. Current staging would rather
place these individuals in a stage 1 cate-
gory. We thus performed the stratified
association analysis among high- and low-
risk subjects, adjusting for their age (Table
2). Interestingly, motifs AD and VA
retained their significant resistant and risk
associations with progression among the
high-risk subjects (HR 0.57 and 1.70; P =
0.010 and 7.09 * 10 >, respectively) in
the parenteral insulin arm, but while the
direction remained, the associations were
not significant (P = 0.383 and 0.381,
respectively) in the oral insulin arm.

Genotypic Associations of DQ Motifs
With Progression Among High-Risk
Subjects

Recognizing that DQ associations were
restricted to high-risk participants, we
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Figure 1—A: Fan representation of DQA1-DQB1 HOHs based on their residue sequences and their associations with progression accelerating pro-
gression (green), deaccelerated progression (red), averaged progression (black), and uncommon haplotypes (gray). A dashed line identifies a clus-
ter of DQ8.1 haplotypes. B: Estimated T1D incidence curves of six HLA-DQ genotypes: AA/AA, AA/AD, AA/Vx, AD/AD, AD/Vx, and Vx/Vx at amino
acid residue positions —18@3 and B57. High (AA/AA, AA/Vx, AD/Vx, and Vx/Vx; n = 290) differs from low (AA/AD and AD/AD; n = 26; P = 0.0019).
C: Detailed close-up T-cell receptor view of p9 from the modeled structure of HLA-DQ7 (A1*03:01-B1*03:01) in complex with the insulin A2-14
peptide (40,41). This allele has an identical peptide-binding motif as DQA1*03:03-B1*03:01 because of identical antigen-binding 181 domains.
The prominence of the B57Asp-a76Arg interaction is evident. The HLA-DQ7 residues are depicted in stick form (nitrogen, blue; oxygen, red; car-
bon, orange; sulfur, yellow; hydrogen, white) with transparent surface according to atomic charge (positive, blue; negative, red; neutral, gray; par-
tial positive or negative charges shown by shading in between). The bound antigenic peptide is in stick form (same atom convention except that
carbon is green). In addition to the specified salt bridge, these two residues form hydrogen bonds with proximal amide and carbonyl groups of the
antigenic peptide backbone (not shown for clarity). This interaction, in addition to the bulky 337Tyr, render the respective p9 as shallow; hence,
only small polar/apolar residues, such as p9Ser here, are accommodated. D: Detailed T-cell receptor view of p9 of HLA-DQS8 (A1*03:01-B1*03:02)
in complex with the insulin B11-23/Gly peptide from the respective crystal structure (1jk8.pdb), as previously reported (42). The B57Ala residue,
present in this molecule, cannot at all substitute for any of the interactions of B57Asp and provides more space for p9; rather, a p9Glu anchor, as
seen here, can well serve through a salt bridge to a76Arg to promote interactions between the antigenic peptide and the DQaf3 molecule. This
rendering has been rotated 20° around the x-axis (top side toward the reader, bottom side away from the reader) with respect to its conventional
view (all B-sheet floor segments nearly parallel to the plane of the page/screen) to better reveal the p9Glu-a76Arg interactions. The same atom
and surface color conventions are used as in panel C.

next investigated their genotypic associ- association results, in which all rare with only 17 copies, was significantly
ations. Six motifs formed 17 genotypes, genotypes (with <10 copies) were resistant to progression (HR 0.08;
and only 9 of them had >10 copies grouped into a single composite geno- P = 0.014). On the other hand, VA/
(Supplementary Table 5). The genotypic  type, showed that the genotype AA/AD, VA, observed among 35 subjects,
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Table 1—Results from HOH analysis

n Estimated coefficient HR SE z-score P* DQ haplotype
Motif
MAVA 446 0.31 1.36 0.10 3.09 2.01E-03 *03.01-*03.02
MDVA 70 0.31 1.36 0.20 1.58 1.15E-01 *03.03-*03.02
TDVD 10 0.64 1.90 0.45 1.42 1.57E-01 *03.02-*03.03
MDAD 79 —0.48 0.62 0.23 —2.09 3.69E-02 *03.03-*03.01
Residue
—6aT 0.53 1.70 0.45 1.17 2.43E.01
al57D —0.16 0.85 0.15 —1.10 2.72E-01
—18BA —0.64 0.53 0.23 —2.80 5.17E-03
B57D —0.49 0.61 0.21 —2.37 1.78E-02
DQ8.1 motif
Carriers
AA
AD —0.48 0.62 0.23 —2.13 3.28E-02
VA 0.38 1.47 0.10 3.73 1.94E-04
VD 0.62 1.86 0.45 1.37 1.69E-01
VS
A%
Noncarriers
AA —0.05 0.95 0.11 —0.45 6.52E-01
AD —0.43 0.65 0.24 —1.78 7.46E-02
VA —0.07 0.94 1.00 —0.06 9.48E-01
VD —0.10 0.91 0.19 —0.50 6.15E-01
VS —0.42 0.65 0.50 —0.84 4.01E-01
A% —0.17 0.84 0.15 —1.10 2.70E-01
Entire cohort
AA —0.09 0.91 0.11 —0.88 3.76E-01
AD —0.45 0.64 0.17 —2.71 6.70E-03
VA 0.40 1.49 0.10 3.88 1.06E-04
VD 0.03 1.03 0.18 0.14 8.87E-01
VS —0.28 0.76 0.51 —0.55 5.81E-01
vV —0.17 0.85 0.15 —1.08 2.80E-01

Extracted haplotype association results for DQ8.1 haplotypes with all polymorphic residues (—6a, 157, —18@3, and B57); individual residues
among DQ8.1 carriers; and motifs of —18B and B57 with progression among DQ8.1 carriers, noncarriers, and all subjects. *P value in individ-
ual haplotypes. When P < 0.05, the corresponding haplotype (or residue or motif) with HR >1 is taken as a risk haplotype, and, otherwise, is
a resistant haplotype.

was significantly associated with pro- be significant (P = 0.045). Note that single composite genotype Vx because
gression (HR 1.98; P = 0.0028). Interest- three genotypes VA/VA, VA/VD, and VA/ VA, VD, VS, and VV shared the same resi-
ingly, the T1D delaying effect of the VV shared the same association direc- due —18BV. The six genotype-specific
composite rare genotypes appeared to tion, and they would be grouped into a incidence curves shown in Fig. 1B

Table 2—Results from motif —183 and 57 association analysis among subjects in the DPT-1 parenteral insulin and oral
insulin arms

Parenteral insulin arm Oral insulin arm
Estimated Estimated
Motif coefficient HR SE z P* coefficient HR SE z P*
AA —0.13 0.88 0.13 —0.94 3.48E-01 0.03 1.03 0.18 0.15 8.79E.01
AD —0.56 0.57 0.22 —2.56 1.04E-02 Resistant —0.22 0.80 0.26 —0.87 3.83E-01
VA 0.53 1.70 0.13 3.97 7.09E-05 Risk 0.15 1.16 0.17 0.88 3.81E-01
VD 0.02 1.02 0.24 0.07 9.41E-01 0.03 1.03 0.28 0.12 9.07E-01
VS —0.47 0.63 1.00 —0.47 6.41E-01 —0.20 0.82 0.59 —0.34 7.36E-01
w —0.22 0.80 0.20 —1.10 2.72E-01 —0.11 0.89 0.24 —0.47 6.39E-01

*P value and g-value for false-positive error rate in individual haplotypes. When P < 0.05, the corresponding haplotype (or residue or motif)
with HR >1 is taken as a risk haplotype, and, otherwise, is a resistant haplotype.
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Table 3—Results from association analysis of motif —183 and B57 with repeatedly measured ICA, IAA, and HbA;.

ICA IAA HbA
Motif Freq Coeff SE z P Coeff SE z Coeff SE z P
Main
AA 421 —0.04 0.04 —1.07 2.83E-01 —0.08 0.06 —1.43 1.52E-01 0.02 0.03 0.70 4.85E-01
AD 151 —0.02 0.06 —0.40 6.88E-01 —0.21 0.08 —2.45 1.45E-02 —0.05 0.04 —1.34 1.79E-01
VA 519 0.09 0.04 2.28 2.28E-02 0.17 0.06 2.93 3.34E-03 0.04 0.03 1.50 1.35€E-01
vt 249 —0.05 0.05 —1.10 2.71E-01 0.03 0.06 0.53 5.93E-01 —0.04 0.03 —-1.41 1.60E-01
Trends
AA 421 0.01 0.04 0.31 7.55E-01 0.05 0.02 2.28 2.25E-02 0.01 0.02 0.50 6.17E-01
AD 151 —0.02 0.05 —0.34 7.33E-01 0.01 0.02 0.34 7.35E-01 —0.04 0.01 —2.98 2.87E-03
VA 519 0.03 0.04 0.75 4.53E-01 —0.02 0.02 —0.99 3.24E-01 0.03 0.01 2.51 1.21E-02
v+ 249 —0.04 0.05 —0.79 4.31E-01 —0.04 0.02 —-1.79 7.31E-02 —0.03 0.02 —1.57 1.17€-01

Main genetic effects and linear trend effects (estimated mean, SE, Wald statistic, and P value). Note: v* = VD, VS, and VV. When P < 0.05,
the corresponding motif with HR > 0 increases the level autoantibody, and, otherwise, depresses the autoantibody level. Coeff, coefficient.

reveal that the incidence curves of four
genotypes (AA/AA, AA/Vx, AD/Vx, Vx/Vx)
are intertwined, except that the Vx/Vx
curve tended to have an upward trajec-
tory. By contrast, AA/AD and AD/AD inci-
dence curves were substantially below
the four other genotypes. Comparing the
aggregate of the top four incidence
curves (high, gray line in Fig. 1B) with
the aggregate of the bottom two inci-
dence curves (low, gray dotted line in
Fig. 1B) reveals that they are significantly
different (P = 0.0019).

DQB1 Motifs Are Associated With
Levels of Autoantibodies ICA and IAA
and HbA;.
The DPT-1 measured ICA and IAA as well
as HbA, . repeatedly during the follow-up,
and the available data offered an opportu-
nity to assess whether identified DQ
motifs were associated with these bio-
markers. As typical immune responses,
these biomarkers had a skewed distribu-
tion with a long right tail along with some
extreme outliers (Supplementary Fig. 3).
Through bidirectional power transforma-
tion, these values were transformed to
have a bimodal distribution in which the
first modality corresponded to normal val-
ues and the second to the elevated levels.
The first analysis was to assess
whether biomarker levels were associated
with counts of each DQ motif through
GEE analysis to account for multiple
measurements for each subject. On each
DQ motif, the estimated coefficient quan-
tified the average change of biomarker
levels with the incremental of a single
observed DQ motif. From GEE, the associ-
ation statistics included SE, z-score, and P

value. We chose to group three less com-
mon motifs (VD, VS, W) as V¥, leaving
VA as a separate motif for assessment
(Table 3). Indeed, the motif DQ*VA was
associated with elevated ICA and IAA lev-
els (coefficients 0.09 and 0.17; P = 0.023
and 0.0033, respectively), but not with
HbA,. levels (P = 0.135). On the other
hand, the motif DQ*AD was associated
with lower IAA levels (coefficient —0.21;
P = 0.015), with no associations with ICA
or HbA,. (P = 0.688 and 0.179, respec-
tively). Note that each association analysis
was adjusted for the linear temporal
trend over the follow-up by incorporating
times of observations as a covariate in
the GEE analysis.

The next analysis investigated whether
DQ motifs influenced the linear trend of
biomarker levels over time during follow-
up (Table 3). Again, we used GEE to esti-
mate the coefficient that quantified the
change in the linear trend, along with
other association statistics. Interestingly,
DQ*AD was significantly associated with
the trend of decreasing values of HbA;.
during the follow-up (coefficient —0.04;
P = 0.0029), while DQ*VA was associated
with the increasing trend of HbA;. values
(coefficient 0.03; P = 0.0121). The motif
DQ*AA marginally contributed to the pos-
itive incline of IAA levels over time (coeffi-
cient 0.05; P = 0.0225).

The Residue at 57 Has Significant
Structural Properties, While the Role
of —18p Is a Complete Unknown
Residue 357 is part of pocket 9 (p9), the
last of the five pockets that contribute to
the binding of antigenic peptides to HLA-
DQ heterodimers (Fig. 1C and D). As this

residue is polymorphic, each different
amino acid at this position leads to a
radically different anchoring residue at
p9: B57Asp ensures a small aliphatic
anchor at p9 (Fig. 1C), while B57Ala/Ser
preferentially leads to an acidic anchor
at this pocket, interacting with a76Arg
(42) (Fig. 1D and Supplementary Fig. 4A
and B). The two alleles have four differ-
ing residues in the antigen-binding groove
and two outside it, with the first four resi-
dues having known important functional
roles (Supplementary Table 6). In the
HLA-DQ2 series of alleles, the spacious-
ness of this pocket places the preference
for aromatic anchors (43). The expres-
sion of the DQB1*03:01 and DQB1*03:
02 alleles was investigated at the
mRNA and protein level where it was
found that the former showed nearly
twofold higher expression at both levels
(44,45). This was due to polymorphisms
in the 5 upstream region that allowed
for better binding of transcription factors
in DQB1*03:01 than in DQB1*03:02. HLA
class Il expression levels are crucial in the
magnitude of the immune response (46).
The possible influence of the —18(3 resi-
due, or any other residue of the signal
peptide, in protein expression of HLA-DQ
proteins has not been investigated to our
knowledge. Structural studies of mamma-
lian ribosomes docked onto the signal
recognition particles (SRPs), with a newly
synthesized protein containing a signal
peptide emerging from the ribosomal
exit tunnel, did not show any particular
features of the signal peptide, as is nec-
essary for improved expression of the
given protein (47). Mutational studies of
preprorenin and preproinsulin have
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revealed mutations at positions near
—18 of the signal peptide as important
(Supplementary Fig. 5).

CONCLUSIONS

Leveraging clinical data and biospecimens
stored from DPT-1, we obtained high-reso-
lution HLA-DQA1 and HLA-DQBI1 geno-
types using NGTS to assess genetic
associations with T1D progression. We
uncovered two residues, —18( and 357,
that were associated with T1D progres-
sion to explain the association of DQ mol-
ecules carrying specific amino acid
residues in those unique positions. The
major finding that DQ*AD was signifi-
cantly associated with resistance and
DQ*VA with faster progression is novel,
especially as both associations were
restricted to those DPT-1 subjects
enrolled because they had an estimated
5 year risk of >50%. Our findings that
DQ*AD was associated with lower I1AA
levels and DQ*VA was associated with
elevated ICA and IAA levels underscore
the possible functional importance of
the —18 and 57 residues in the over-
all disease process. This was further sup-
ported by the genotypic association
analysis demonstrating that subjects
with AA/AD and AD/AD had exception-
ally slow progression to T1D. Taken
together, subjects with these genotype-
based motifs should be considered to
be excluded from secondary prevention
clinical trials, especially if the emphasis is
on prevention among high-risk individu-
als. Indeed, future therapeutic interven-
tions in subjects with these different
genotypes may have to be tailored dif-
ferently. It cannot be excluded that
molecular or genetic targeting could
be designed specifically for subjects
with VA/VA and AA/AD. Equivalently,
our observation that subjects with
DQ*AD were found in seven DQ haplo-
types (DQA1*01:03-B1*06:01, A1*03:03-
B1*03:01, A1*05:03-B1*03:01, A1*05:05-
B1*03:01, A1*05:05-B1*03:19, A1*05:05-
B1*03:29, and A1*06:01-B1*03:01) and
DQ*AA in four DQ haplotypes (DQA1*02:01-
B1*02:02, A1*03:03-B1*02:02, A1*03:03-
B1*03:04, and A1*05:01-B1*02:01) under-
scores the usefulness of identifying these
amino acid residue motifs, as the —183
and 357 residues somehow contribute to
disease progression associated with lower
IAA levels (Supplementary Table 7). The
identification of these motifs and their

association with progression provides a
novel approach that may advance predic-
tion and risk assessment. Importantly, the
NGTS to identify these residues also in
rare DQ haplotypes could be applied
toward distinguishing slow from rapid
progressors.

The strength of our study is based on
the DPT-1 (12,13) that was conducted
among first- and second-degree relatives
of subjects with T1D. ICA and IAA posi-
tivity were used as inclusion criteria,
which today would represent stage 1 or
stage 2 subjects (8). On the front of
structure-function relationships of HLA-
DQ as the main genetic component of
disease susceptibility, we note that again
the HLA-DQ8 (DQA1*03:01-B1*03:02)
haplotype was associated with faster
progression to disease. By contrast, the
HLA-DQ7 (DQA1*03:03-B1*03:01) haplo-
type was associated with slower progres-
sion, as noted previously (20). Their
difference at the most crucial position of
357, with HLA-DQ8 having an Ala resi-
due and DQ7 an Asp residue, determines
many diverse properties of the respec-
tive HLA-DQu[3 heterodimer (40). Sev-
eral T1D autoantigenic epitopes have
been linked to HLA-DQ8 with the cloning
of specific CD4™ T cells; however, this is
not the case for HLA-DQ7. There have
only been identifications of candidate
epitopes with strong binding, but no
specific and restricted CD4™ T cell lines
or clones of effector T cells or regulatory
T (Treg) cells were isolated and associ-
ated with T1D (41). The comparatively
more stable pDQ7, in no small part
due to B57Asp, would be expected to
lead to comparatively more Treg cells
(48). The most strongly T1D-protective
HLA-DQA1*01:02-B1*06:02 heterodimer
appears to protect through at least two
mechanisms: 1) by binding strongly to
diabetogenic epitopes, “stealing,” in fact,
such peptides from T1D-susceptible HLA
class Il heterodimers, and 2) by inducing
Treg cells able to block diabetogenic
effector T cells (49,50). Such studies
should be extended to heterodimers
such as HLA-DQ7, shown to confer pro-
tection from T1D. Surprisingly, our results
show that the HLA-DQ2 (DQA1*05:01-
B1*02:01) haplotype, also associated with
an increased risk of T1D, did not seem to
predispose significantly to progression.
The possible contribution of the HLA-DQ8
transdimer (DQA1*05:01-B1*03:02) may
therefore need to be taken into account
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(51). Furthermore, it should be noted
that the HLA-DQ typing by oligonucleo-
tide-specific clones and allele-specific sin-
gle nucleotide polymorphisms in prior
studies, missed the DQB1*02:02 allele.
This allele differs from DQB1*02:01 by
one residue, [3135Gly compared with
Asp, respectively. In DPT-1 subjects, as
well as in other populations, DQB1*02:02
pairs in cis with DQA1*02:01, while
DQBI1*02:01 pairs in cis with DQA1*05:01
(52).

Progression associated motif VA at
—18B and 57, discovered in the paren-
teral insulin arm, showed persistent asso-
ciations in the entire cohort, while there
was only a weak association in the oral
insulin arm. It was therefore of interest
that motif VA was found to be associated
with elevated IAA levels, while motif AD
was associated with reduced IAA levels.
The earlier ad hoc results of potential pre-
ventive benefit from oral insulin among
those with IAA levels exceeding 80 nU/mL
(12,13) makes it interesting to extend the
observed association of DQ motifs with
IAA levels. Indeed, assessing allelic associa-
tions of DQ motifs with IAA positivity
(<80 vs. =80 nU/mL), we found that VA
was positively (odds ratio 1.17; P = 0.02)
and AD negatively (odds ratio 0.70;
P = 0.02) associated with IAA levels
(Supplementary Table 7). It cannot,
therefore, be excluded that individuals
with the VA motif may benefit from
oral insulin.

A limitation of the study is that 41
(6%) of 711 subjects in the two arms of
DPT-1, parenteral (12) and oral (13) insu-
lin, were not available because of either
lack of sample or poor DNA. Another
limitation is the lack of studies that
potentially could be used to validate the
current findings. However, as both arms
of DPT-1 did not prevent progression to
clinical onset of diabetes, phase 2 or 3
clinical studies are not likely to material-
ize. The recent oral insulin study by Trial-
Net (53) had different inclusion criteria
and protocol to validate observations in
DPT-1.

The structural role of residue (57
has been shown to be pivotal and mul-
tifaceted (28-31,54). It lies at the anti-
genic peptide’s carboxy terminus and
when occupied by an acidic Asp residue,
its interaction with apposed «76Arg, as
well as with the carbonyl and amide
groups of the bound antigenic peptide,
adds to the stability of the complex (55).
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In addition, residue 57 is part of p9, the
last of the five pockets that contribute to
the binding of peptides to HLA-DQ.
Because of its polymorphism, each differ-
ent amino acid at this position leads to a
different anchoring residue at p9 (42).
The two alleles have a number of differing
residues in the antigen-binding groove,
ensuring different peptide-binding
motifs, particularly at p4 and p9 (56)
(Supplementary Table 6). Such differences
ensure that the same autoantigenic epito-
pes would rarely fit into both molecules
in the same binding register (32,41,56).
The identification of the polymor-
phism at —18f is novel and unexpected.
The localization in the signal peptide
may involve translocation of the -chain,
pairing with the a-chain and its expres-
sion on the cell surface, but this remains
to be investigated. Signal peptides, mark-
ing proteins for membrane insertion or
secretion, are mostly hydrophobic with
interspersed basic residues. We are not
aware of how variations in one residue,
as —18BAla/Val of HLA-DQB1, could
affect the process of biosynthesis and,
perhaps, the function of the mature
HLA-DQ protein (Supplementary Fig. 5).
Mutations in the signal peptide of the
human preprorenin gene are linked to
severe renotubular kidney disease (57).
Likewise, mutations at two positions of
the human preproinsulin signal peptide
result in mutant insulin gene-induced
diabetes of youth (58). These mutations
in the signal peptides are nonconserva-
tive and affect the expression of the
respective mature proteins. There is also
a single nucleotide substitution at codon
17 (Thr — Ala) of the signal peptide of
CTLA-4 (position —19 in our numbering
scheme) that along with two other poly-
morphisms in the same gene (one in the
5" upstream region, the other in the 3’
downstream region) have been associ-
ated with T1D susceptibility (termed
IDDM3) (59) as shown in Supplementary
Fig. 5. The structure of bovine preprolac-
tin signal peptide in complex with the
ribosome and endoplasmic reticulum
channel protein Sec61 (through which
the nascent polypeptide chain proceeds)
show that —18Val of this signal peptide
interacts with residues from the channel
protein (47). The role of residue —18Val
compared with Ala in the signal peptide
of HLA-DQB is unknown and needs to be
examined through the entire process of
biosynthesis of membrane/secreted

proteins anchoring the synthesizing
machinery to the endoplasmic reticulum
SRP receptor through the signal peptide
and SRP and proceeding to the Sec6l
channel protein. It is intriguing that deca-
mer and 1l-mer sequences within
the signal peptide (e.g., the 6-15
SLRIPGGLRA/V and 8-21 RIPGGLRA/
VATV for DQ7 and DQS8, respectively)
may serve as binding peptides for
HLA-A2 (anchors as indicated by bold-
face), the most common of HLA-A alleles
in Caucasians and perhaps also other
alleles. Future research should explore
the possibility that the signal peptide of
MHC Il molecules serve a similar stabiliz-
ing function as peptides of HLA class |
signal peptides for HLA-E molecules
(60). It cannot be excluded that the
—183 homozygous states may affect
intracellular and membrane HLA-DQ het-
erodimer levels in either the resting or
the cytokine/pathogen-stimulated state.
The subjects of this study, being T1D
autoantibody positive, are certainly in
the latter state that may enhance or
decrease HLA-DQ expression. Decreased
HLA-DQ cell surface mean fluorescence
intensity with an increasing number of
islet autoantibodies was observed in
CcD16" cells, CD147CD16~ classical
monocytes, CD4™ T cells, and CD8" T
cells in 10-15-year-olds at genetic risk
for T1D (61). Critical amino acid resi-
dues in the —18, 357 pair may explain
the reduction in HLA-DQ cell surface
expression.

In conclusion, we report that HLA-DQ
motifs of —183 and 357 were associ-
ated with the rate of progression to T1D
in DPT-1 subjects and that these associa-
tions were paralleled by higher or lower
autoantibody levels. By using genotypes
of HLA-DQ motifs, we effectively identi-
fied subjects with either more rapid or
slower progression to T1D. Our approach
to identify predicted amino acid residues
rather than alleles also allows rare risk
haplotypes to be included in the analy-
ses of risk. This may improve the design
and stratification strategies of future pre-
vention trials beyond what is possible by
examining individual alleles or geno-
types. Identification of these two specific
residues provides specific experimental
targets to investigate the functional role
of B57 and the possible regulatory role
of —183. Such a role might include
influencing cell membrane protein levels
or in any other manner the autoimmune
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response associated with specific HLA-
DQ molecules. Finally, further studies are
needed to determine whether DQ motifs
influence the preventive potential by
either parenteral or oral insulin.
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