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Cytotoxicity-Related Gene Expression and Chromatin
Accessibility Define a Subset of CD4™ T Cells That Mark
Progression to Type 1 Diabetes
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Type 1 diabetes in children is heralded by a preclinical
phase defined by circulating autoantibodies to pan-
creatic islet antigens. How islet autoimmunity is initi-
ated and then progresses to clinical diabetes remains
poorly understood. Only one study has reported gene
expression in specific immune cells of children at risk
associated with progression to islet autoimmunity.
We analyzed gene expression with RNA sequencing in
CD4* and CD8"* T cells, natural killer (NK) cells, and B
cells, and chromatin accessibility by assay for trans-
posase-accessible chromatin sequencing (ATAC-seq)
in CD4* T cells, in five genetically at risk children with
islet autoantibodies who progressed to diabetes over
a median of 3 years (“progressors”) compared with
five children matched for sex, age, and HLA-DR who
had not progressed (“nonprogressors”). In progres-
sors, differentially expressed genes (DEGs) were
largely confined to CD4"* T cells and enriched for cyto-
toxicity-related genes/pathways. Several top-ranked
DEGs were validated in a semi-independent cohort of
13 progressors and 11 nonprogressors. Flow cytome-
try confirmed that progression was associated with
expansion of CD4* cells with a cytotoxic phenotype.
By ATAC-seq, progression was associated with
reconfiguration of regulatory chromatin regions in
CD4"* cells, some linked to differentially expressed
cytotoxicity-related genes. Our findings suggest that

cytotoxic CD4" T cells play a role in promoting pro-
gression to type 1 diabetes.

Type 1 diabetes (T1D) in children at genetic risk has a
preclinical stage of asymptomatic pancreatic islet autoim-
munity characterized by circulating autoantibodies to islet
antigens. The rate of progression to clinical T1D varies,
but most children with autoantibodies to more than one
islet antigen become symptomatic within 10 years (1).
While islet autoantibodies remain the most reliable
marker of high risk for T1D, there is a clear need for addi-
tional biomarkers of preclinical disease and its natural
history to improve prediction and facilitate potential pre-
vention strategies. Epigenetic, gene expression, proteomic
and metabolomic, serum analyte, and immune cell func-
tion studies have the potential to contribute new insights
into disease pathogenesis and reveal biomarkers of dis-
ease progression. In the analysis of whole blood or periph-
eral blood mononuclear cells (PBMCs) investigators have
identified genes and/or pathways that are altered in chil-
dren at risk for T1D, including type 1-IFN-regulated
genes (2,3) and genes linked to lymphocyte activation (4),
natural killer (NK) cell-enriched transcriptional signatures
(5), and a ubiquitin-dependent protein degradation path-
way (6). However, gene expression in specific immune
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cells of children at risk has been the subject of only one
study, by Kallionpai et al. (7), who identified transcrip-
tional changes in T cells and PBMCs that preceded the
appearance of islet autoantibodies. Gene expression alone
provides limited insight into gene regulation, which can
be deduced with analysis of chromatin structure and its
cis- and trans-regulatory elements. We aimed to determine
whether gene expression and regulation in specific immune
cells could distinguish islet autoantibody—positive children
who progressed most rapidly to clinical T1D.

RESEARCH DESIGN AND METHODS

Study Cohort

Characteristics of the subjects in the primary discovery
cohort and the validation cohort can be found in Sup-
plementary Table 1. The discovery cohort comprised chil-
dren and adolescents from one center (Melbourne, Austra-
lia) who had participated in A Randomised, Double-blind,
Placebo-controlled Trial of Intranasal Insulin (440 IU) in
Children and Young Adults at Risk of Type 1 Diabetes:
Intranasal Insulin Trial II (INIT II) (clinical trial reg. no.
NCT00336674, ClinicalTrials.gov). They had a first-degree
relative with T1D and serum autoantibodies to at least two
islet antigens, and all were HLA-DR3,4. Five (ages 5.0-13.8,
median age 7 years) had progressed to clinical diabetes
within 4 years (median 3.0 years) (“progressors”), and five
(ages 7.1-13.8 years, median age 10.3 years) had not pro-
gressed over 3.1 years (median 2.9 years) (“nonpro-
gressors”). The first blood sample analyzed was taken before
treatment allocation in INIT II in the progressors. In both
the discovery and validation cohorts, the “at dinical diag-
nosis” time point corresponds to the onset of clinical T1D
in progressors; the criteria for the “earliest preclinical” time
point were that samples were taken 1) closest to 3 years
before clinical T1D and 2) before treatment allocation in
INIT II. Nonprogressors were matched with progressors for
sex and age at the time of collection of the earliest preclini-
cal sample. The validation cohort, included for confirmation
by quantitative RT-PCR (RT-gPCR) of the results of RNA-seq
from the discovery cohort, comprised islet autoantibody-
positive, HLA-DR3,4 subjects from several centers (Mel-
bourne, Munich, and Adelaide, Australia) who had partici-
pated in INIT II or in an observational study of intestinal
permeability (8). Samples for the validation cohort were col-
lected over a period of 3.5 years up until diagnosis in the
progressors. PBMCs were recovered from heparinized ven-
ous blood on a Ficoll-Hypaque density gradient and stored
in liquid nitrogen. HLA-DR genotypes were analyzed as pre-
viously described (9). Subjects or parents/guardians gave
written informed consent. INIT II was approved by the
Human Research Ethics Committee (HREC) of Melbourne
Health (2004.260) and the intestinal permeability study (9)
by the HREC of the Women’s and Children’s Health Net-
work, Adelaide (HREC/13/WCHN/29).
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Islet Autoantibodies

Autoantibodies to insulin (IAA) were measured with a
radiobinding assay as previously described (10) and auto-
antibodies to GAD65 (GADA), tyrosine phosphatase-like
insulinoma antigen (IA2A), and zinc transporter 8 (COOH
R/W dimer) (ZnT8A) with precipitation of 35S-methionine—
labeled recombinant human proteins. Assays for IAA,
GADA, TA2A, and ZnT8A scored 25%, 52%, 64%, and 52%
for sensitivity and 98%, 100%, 100%, and 98% for specific-
ity, respectively, in the Islet Autoantibody Standardization
Program (IASP) 2016 serum exchange workshop. Positive
cutoffs for autoantibodies had been defined as IAA =0.7
mU/L, GADA =5.0 units/mL, IA2A =3.0 units/mL, and
ZnT8A =3.1 units/mL.

Cell Subset Isolation

Thawed PBMCs, =92% viable by acridine orange-ethi-
dium bromide staining, were stained with anti-human of3
TCR (clone IP26, cat. no. 46-9986-42; eBioscience), anti-
human CD4 (clone RPA-T4, cat. no. 555349; BD Pharmin-
gen), anti-human CD45RA (clone 5H9, cat. no. 556626;
BD Pharmingen), anti-human CD25 (cdone M-A251, cat.
no. 557741; BD Pharmingen), anti-human CD14 (clone
63D3, cat. no. 367104; BioLegend), anti-human CD16
(clone 3G8, cat. no. 557758; BD Pharmingen), anti-
human HLA-DR (clone L1243, cat. no. 48-9952-42; eBio-
science), and anti-human CD19 (clone HIB19, cat. no.
302238; BioLegend). Naive CD4™ T cells (CD14~, CD16~,
TCRaB™, CD4", CD45RA™, CD257) and CD8" T cells
(CD14~, CD16, TCRaB™, CD4~, CD45RA™, CD257), B
cells (TCRaB~, HLA-DR™, CD19™), and NK cells (CD14 ",
CD16™, CD56") were flow sorted on a FACSAria (BD
Biosciences).

Flow Cytometry

PBMCs were stained with different antibody panels
(Supplementary Table 5). Intracellular staining was pet-
formed after fixation and permeabilization with use of
the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience). Samples were acquired using with a Cytek
Aurora flow cytometer and data analyzed with FlowJo
10.0.6 software (Tree Star, Inc.).

RNA Sequencing

RNA was isolated with the miRNeasy Micro Kit (QIAGEN)
and reverse transcribed to ¢cDNA with SuperScript II
Reverse Transcriptase (Invitrogen), and libraries were pre-
pared with the TruSeq Stranded Total RNA kit (Illumina)
according to the manufacturer’s protocol. Libraries were
sequenced on the Illumina NextSeq 500 platform to pro-
duce 2 x 75 paired-end reads. All samples were aligned
to the human genome, build hg38, with the Rsubread
aligner, version 1.32.2 (11). Fragments overlapping human
genes were then summarized into counts with Rsubread’s
featureCounts function. Genes were identified using the
GENCODE annotation of the human genome (Human
Release 35).
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Chromosome Accessibility

The Omni-ATAC protocol (12) for transposase-accessible chro-
matin sequencing (ATAC-seq) was used to determine chromo-
some accessibility.

Differential Gene Expression Analysis

Differential expression was analyzed with edgeR v3.30.3
(13) and limma v3.44.3 (14) software packages. Prior to
analysis, the XIST gene and genes unique to the Y chro-
mosome were removed to avoid sex bias, together with all
non-protein-coding genes. Each cell type was then ana-
lyzed independently, with comparison of progressors to
nonprogressors at each time point and for the combined
time points. For each cell type, genes were filtered with
use of edgeR’s filterByExpr function with default parame-
ters. For B cells, hemoglobin genes were also removed.
Compositional differences between samples were then
normalized with the trimmed mean of M values method in
each case. Each cell type was then analyzed as described in
Supplementary Material. Differential gene expression anal-
ysis of publicly available data was performed as described
in Supplementary Material. For all analyses, genes with a
false discovery rate <5% were classified as differentially
expressed.

Quantitative RT-PCR

Total RNA from CD4" T cells was isolated with a miRNeasy
Micro Kit (QIAGEN) and 120 ng reversed transcribed with
SuperScript IIT Reverse Transcriptase (Invitrogen). Quantita-
tive real-time PCR (qPCR) was performed in duplicate with
use of TagMan Fast Advanced Master Mix (Thermo Fisher
Scientific) and predesigned TagMan Gene Expression Assays
(EOMES, Hs00172872_m1; GZMB, Hs00188051_m1; CST7,
Hs00175361_m1; NKG7, Hs01120688_gl, DPYSL4, Hs00
428780_m1; GZMH, Hs00277212_ml; GAPDH, Hs0278
6624_gl, XRRA1, Hs01566298_m1). The expression of any
given gene was quantified relative to GAPDH expression
with use of the 2-ACt method. RNA-sequencing (RNA-seq)
data confirmed that the expression of GAPDH did not differ
between progressors and nonprogressors across time.

Analysis of the Flow Cytometry and qPCR Data
Normality of data were confirmed with use of the
ggqqplot and ggpubr R packages. Flow cytometry and
gPCR gene expression data were each analyzed using lin-
ear mixed models with the function lmer from the lme4,
version 1.1-27 R (15), on the log2-transformed data. The
model included the progressor status * time point interac-
tion term and was adjusted for age and batch and a ran-
dom factor that accounts for the correlation between
counts from the same donors across the time. The P value
of the interaction term exceeded 0.05 in all the associa-
tions computed, indicating that the relationship between
progression status and gene expression did not vary
across time.
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ATAC-seq Data Preprocessing and Peak Calling
Preprocessing of the ATAC-seq data was performed
according to the methods of Reske et al, 2020 (16).
(Details can be found in Supplementary Material.) Peaks
were called on the merged BAM file using Model-based
Analysis of ChIP-Seq (MACS2) (v2.1.0) callpeak (with
parameters —nomodel, —format BAMPE, —qvalue 0.05).
ATAC-seq reads overlapping the peaks were summarized
using Rsubread’s featureCounts function. Lowly accessible
peaks were filtered out if their average log2 count per mil-
lion, computed with edgeR’s aveLogCPM function, was
negative, resulting in a final set of 31,262 peaks. ATAC--
seq was evaluated against standard parameters including
the number of total reads, number of mapped reads,
number of final usable reads, and fraction of reads in
called peaks and transcription start site (TSS) scores
(Supplementary Table 6).

Analysis of the Chromatin Accessibility

Differential accessibility analysis was undertaken using
edgeR v3.32.1 (13) and limma v3.46.0 (14) software pack-
ages. The trimmed mean of M values method was applied
to normalize compositional differences between libraries.
A mean-dependent trend was fitted to the negative bino-
mial dispersions with the estimateDisp function, and dif-
ferential accessibility between all cell types was assessed
with the likelihood ratio tests in edgeR. As with the dif-
ferential expression analysis, linear models incorporated a
correction for donor age effect. P values were adjusted for
multiple testing with the Benjamini-Hochberg method.
Peaks with a false discovery rate <5% were defined as dif-
ferentially accessible regions (DARs).

Enrichment of TF Binding Motifs

We used the Hypergeometric Optimization of Motif EnRich-
ment (HOMER) suite, v4.10 (17), to determine transcription
factor (TF) binding motif enrichment within ATAC-seq
peaks, using the findMotifsGenome.pl function (with param-
eters hg38 and -size given).

Footprinting Analysis

The TOBIAS package (18) was used to analyze footprinting
signatures from the ATAC-seq data. Merged BAM files
from progressors and nonprogressors were processed with
ATACorrect, footprint scores calculated with Footprint-
Scores, and differential binding analysis performed with
BINDetect. TFs with absolute differential binding scores
>0.075 and P values >0.0001 were defined as differen-
tially bound.

Annotation of ATAC-seq Peaks
ATAC-seq peaks were annotated as described in Supplementary
Material.

Visualization of Data
Plots were generated in R and ggplot. Multidimensional scal-
ing (MDS) plots were constructed with limma’s plotMDS
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function applied to the filtered and normalized log2-counts
per million values for each library. limma’s removeBatch-
Effect function was used to adjust for the effect of the age
and batch in the data. ATAC-seq and RNA-seq coverage was
plotted with the plotBedgraph function of the Sushi version
1.22.0 R package.

Data and Resource Availability

Processed RNA-seq and ATAC-seq data generated for this
study are available from the National Center for Biotech-
nology Information Gene Expression Omnibus as GEO
series GSE185191 (reviewer token: gxgnokoobrsjjab). Raw
data are available on request, subject to approval by our
institutional Data Access Committee (dataaccess@wehi.
edu.au) to ensure preservation of subject confidentiality.
The codes used for the analysis of RNA-seq data from
CD4" T cells are available at https://bioinf.wehi.edu.au/
resources/BediagaT1D2021/.

RESULTS

A Cytotoxicity-Related Gene Expression Signature in
CD4"* T Cells of Progressors

To define gene expression changes associated with pro-
gression from islet autoantibody positivity to clinical
T1D, we performed RNA-seq analysis of CD4" T cells,
CD8" T cells, NK cells, and B cells in a discovery cohort
of 10 genetically at risk children and adolescents with
autoantibodies to two or more islet antigens, 5 of whom
progressed to clinical T1D (Supplementary Table 14). Pro-
gressors and nonprogressors were matched for age, sex,
and HLA (DR3,4). MDS of the gene expression data
showed that samples clustered by progression status over
dimension 1 in CD4™ T cells but not in CD8" T, NK, or B
cells (Fig. 1A). Distances correspond to the leading fold
change, i.e., the average log2-fold change for the most
divergent 500 genes between each pair of samples. For
each cell type, we compared gene expression between pro-
gressors and nonprogressors. This yielded 77, 19, 5, and 3
differentially expressed genes (DEGs) in CD4™ T, CD8"
T, NK, and B cells, respectively (Fig. 1B and Supplementary
Table 2). Six DEGs were shared between CD4" and CD8"
T cells; four (GPDIL, NTPCR, MANBA, GLIS3) decreased,
and two (XRRA1, PNMAS8A) increased in progressors and
only one (XRRAI) that increased in progressors was com-
mon to the four cell types (Fig. 1B). Pathway analysis of
the upregulated DEGs in CD4" T cells with the Gene
Ontology (GO) database revealed enrichment for immune
system-associated GO terms including “cytolysis” (GO:
0019835), “cytolytic granule” (GO:0044194), “cell killing”
(GO:0001906), “granzyme-mediated apoptotic signaling
pathway” (GO:0008626), “cell activation” (GO:0001775),
“immune effector process” (GO:0002252), and “leukocyte
mediated immunity” (G0:0002443), among others. DEGs
in the other cell types did not show enrichment for any
pathway. To further characterize identified DEGs, we com-
pared the CD4" T cell signature with predefined modules
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of immune genes previously constructed, based on coex-
pression between relevant marker genes (cell surface and
TF genes) and all other genes in whole blood and/or puri-
fied cells (19). Genes overexpressed in progressors were
enriched for those in “cytotoxic” modules. These include
the module of genes associated with EOMES (EOMES.
mod), the master TF regulator of cytotoxicity in CD8" and
CD4Y T cells (20,21), as well as other modules that
share significant numbers of genes with EOMES.mod
(GZMA.mod, FASLG.mo, GNLY.mod, KLRD1.mod, NKG?7.
mod, PRF1.mod, GZMB.mod, KIR2DL1.mod, KIR2DS4.mod,
NCAM1.mod, GZMM.mod, RUNX3.mod, CD160.mod,
CD244.mod, and IL2RB.mod gene modules; hypergeo-
metric P value <1E—03) (Fig. 2A [genes with asterisks
in the heat map]). Moreover, upregulated DEGs in pro-
gressors were also enriched for target genes of EOMES
(eomesodermin) (21) (hypergeometric P value =
0.0005, top-ranked 200 EOMES targets) (Fig. 24, genes
in boldface type in the heat map). Last, when we com-
pared this signature to single-cell RNA profiles of dif-
ferent subsets of CD4% T cells (central memory
[CD45RA™, CCR7"], effector memory [CD45RA™,
CCR77], naive [CD45RA™, CCR7'], and T effector
memory T cells reexpressing CD45RA, termed TEMRA
cells [CD45RA™, CCR77] [22]), we found that upregu-
lated DEGs in CD4" T cells from progressors were
enriched for genes that characterize TEMRA cells (fry test
P value < 4E-04) (Supplementary Fig. 1), which are known
to have a cytotoxic phenotype.

To compare gene expression changes in preclinical and
clinical T1D, we performed differential expression analysis
of samples drawn a median of 3 years before (“earliest
preclinical” T1D) and at the time of clinical diagnosis (“at
clinical diagnosis”) in progressors. At the earliest preclini-
cal time point, 37 and 2 DEGs were identified in CD4"
and CD8" T cells, respectively, (Supplementary Table 3),
of which 11 (CX3CR1, XRRA1, GZMH, DPYSL4, NTPCR,
NMT2, JAKMIP3, GPD1, SYNGR1, EFHD2, and BOK) and
two (XRRA1, ROBOI), respectively, remained differen-
tially expressed at clinical diagnosis (Supplementary Table
4). The latter therefore represent potential disease pro-
gression biomarkers.

It is important to note that the changes in gene expres-
sion we observed were not related to treatment in INIT
II. Gene expression in samples taken both at the earliest
preclinical and clinical diagnosis time points did not differ
between subjects in the placebo and nasal insulin arms of
INIT II (Supplementary Fig. 2).

Validation of the Cytotoxicity-Related Gene Signature
in Progressors

By RT-qPCR of RNA from CD4" T cells, we validated the
RNA-seq findings in a semi-independent cohort of geneti-
cally at risk children with autoantibodies to two or more
islet antigens (13 progressors and 11 nonprogressors,
including the 5 progressors and 5 nonprogressors from
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Figure 1—Transcriptional changes in four immune cell types associated with progression to clinical T1D. A: MDS plots of RNA-
seq log2 counts per million values with samples colored by progression status and shaped by time point for CD4* T, CD8™ T, NK,
and B cells. The log2 counts per million values are corrected for the age and batch variables. B: Venn diagram showing the num-
ber of overlapping DEGs between progressors and nonprogressors in the cell types analyzed. logFC, log2-fold change. dim,

dimension.
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Figure 2—Transcriptional changes in CD4" T cells associated with progression to clinical T1D. A: Heat map of genes differentially
expressed in CD4™ T cells, determined by RNA-seq, between progressors (n = 5) and nonprogressors (n = 5) in the discovery cohort at
the earliest preclinical and at clinical diagnosis time points. The z score below the heat map represents the number of SD units a specific
data point is from the mean (derived from the entire set of genes expressed in CD4" T cells). Red and blue indicate increased and
decreased expression, respectively. Samples and genes were arranged according to the ward.D2 clustering method with the function
coolmap in the limma package. Genes with an asterisk denote cytotoxicity-related genes (19), while those in boldface type are EOMES
target genes (21). Samples are color coded by progression status and time point. B: Box plots showing corrected (for age and batch)
expression by RT-qPCR of DEGs over time in the validation cohort (n = 24). The x-axis shows time intervals measured in years from time
0 (clinical T1D in progressors). Number of samples tested in each time point is as follows: time 0, 9 nonprogressors and 8 progressors;
time —1, 7 nonprogressors and 10 progressors; time —2, 6 nonprogressors and 8 progressors; and time —3, 5 nonprogressors and 4 pro-
gressors. Shown are the median (central horizontal line), interquartile range (boxes), values of the upper and lower quartiles (whiskers),
and outliers beyond 1.5 interquartile range (filled circles). Statistical comparisons were performed using linear mixed models and included
the progressor status * time point interaction term and adjustment for age, batch, and donor identifier as a random factor.

the discovery cohort) (Supplementary Table 1B), sampled
at diagnosis and 1 to =4 years before diagnosis. Genes
selected for validation were XRRA1 and DPYSL4 (shared
DEGs between earliest preclinical and at clinical diagnosis
time points) and CST7, GZMB, GZMH, NKG7, and EOMES
(cytotoxicity-related DEGs). All were confirmed as differ-
entially expressed in progressors compared with nonprog-
ressors over the period of observation (Fig. 2B).

Subjects in the discovery and validation cohorts had all
seroconverted. To investigate whether genes differentially
expressed in progressors might be altered before the
appearance of islet autoantibodies we took advantage of
the RNA-seq data of Kallionpaa et al. (7) (accession no.
EGAS00001004071), from PBMCs and T cells of 14

children with HLA DR and DQ risk alleles for T1D, fol-
lowed from 3 months to 3 years of age, one-half of whom
seroconverted and progressed to clinical T1D. In reanalyz-
ing their data set with our informatic pipelines (see
RESEARCH DESIGN AND METHODS), we observed that 20% (n =
17) of our progression-associated genes were differentially
expressed when progressors were compared with non-
progressors before seroconversion (Fig. 3). This suggests
that the genes that predispose to islet autoimmunity may
not necessarily be the same as those that promote subse-
quent progression to clinical T1D. The overlapping genes
included CASZ1 and CD300A. CASZ1, which was downre-
gulated in progressors in our data set, is a conserved zinc-
finger TF reported to restrain the expression of some of
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the genes that drive Thl lineage commitment in the
mouse (23). CD300A, which was upregulated in progres-
sors, is a member of the CD300 glycoprotein family of
leukocyte surface proteins on Thl cells that upregulate
EOMES after stimulation (24). Down- and upregulation of
CASZ1 and CD300A, respectively, could therefore favor
Th1 lineage differentiation during disease progression.

A Cytotoxic CD4" T Cell Phenotype in Progressors

Because progression to clinical T1D was associated with
differential expression of cytotoxicity-related genes, we
sought to confirm their protein expression in CD4" T cells.
Antibodies were available for four proteins of differentially
expressed cytotoxicity-related genes (Supplementary Table
5). Additional phenotype-defining markers included CD4,
CD8, CCR7, CD28, CD62L, and CD45RA (Supplementary
Table 5). Progressors had a higher frequency of CX3CR1",
GPR56", GZMB™, and perforin” CD4" T cells than non-
progressors over the period of observation (Fig. 4). CD4™"
TEMRA cells were also present at higher frequency at all
time points in progressors (Fig. 4) and displayed higher
expression of cytotoxicity-related proteins in progressors
(Supplementary Fig. 3). Analogous to RNA expression, the
cytotoxicity-related proteins were not differentially exp-
ressed between progressors and nonprogressors in CD8"
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T cells. Thus, progression to T1D was associated with
expansion of CD4™ T cells with a cytotoxic phenotype.

Changes in Chromatin Accessibility in Progressors

In samples taken at the earliest preclinical time point, we
used ATAC-seq to profile chromatin accessibility and iden-
tify regulatory elements associated with the transcrip-
tional changes we observed in CD4™ T cells. As far as we
are aware, this is the first chromatin accessibility mapping
in immune cells from individuals with preclinical T1D.
The quality of the ATAC-seq data was demonstrated by
the fragment size distribution and clear nucleosomal peri-
odicity, as well as by the strong enrichment of ATAC-seq
reads around TSS and by other standard parameters
(Supplementary Table 6). Annotation of the ATAC-seq
peaks using the ChromHMM states (25) from the
Roadmap Epigenomics Project, as described in
Supplementary Material, revealed that these open chro-
matin regions (OCRs) were heavily enriched for regulatory
regions, with 43% of the OCRs at predicted active TSS or
flanking TSS regions (compared with 1.3% genome wide)
and 24% at predicted enhancers (compared with 2.7%
genome wide) (Fig. 5A). OCRs were also enriched for TF
binding sites (TFBS) recognized by TFs involved in regula-
tion of chromatin architecture (CTCF, CTCFL) and T cell
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Figure 3—Differential expression of genes in progressors in relation to seroconversion. A: Box plots showing normalized (log2 counts per
million [logCPM]) expression values by RNA-seq in total CD4™ T cells from the Kallionp&a et al. (7) data set (n = 14). DEGs plotted repre-
sent genes differentially expressed between progressors and nonprogressors to T1D both before and after seroconversion. Preserocon-
version DEGs were defined using data from Kallionpaa et al. (7), while postseroconversion DEGs were from the current study. Shown are
the median (central horizontal line), interquartile range (boxes), values of the upper and lower quartiles (whiskers), and outliers beyond 1.5

interquartile range (circles).
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function (ETS1, FLI1, ERG, GABPA, EHF, ELK1, ELK4,
RUNX, EOMES, and T-bet, among others) (Fig. 5B and
Supplementary Table 7A). Of the 1,004 T1D single nucleo-
tide polymorphisms (SNPs) in the GWAS catalog
(Supplementary Material), 191 were located in OCRs, which
is more than expected (binomial test, P < 2.2 10 x 1079).
In comparing progressors and nonprogressors, we iden-
tiied a total of 211 DARs in progressors (Supp-
lementary Table 8), the majority of which (191 of 211)
increased in accessibility. Annotation of the DARs for
ChromHMM states and SNPs revealed modest enrich-
ment for active promoters (binomial test, P value < 0.05)
(Fig. 4B), while no further enrichment was observed for
GWAS SNPs with respect to the OCRs. Results of analysis
of the DARs using HOMER showed enrichment of TFBS
for ETS1, ETV2, ETV4, CTCF, ETV1, FlI1, GABPA, and
ERG (Fig. 5C and Supplementary Table 8B [q value

<0.05]), while no enrichment was observed for EOMES
or T-bet. With TF binding analysis using TOBIAS we iden-
tified 79 differentially bound TFs in progressors including
JUND, JUNB, BACH?2, and BATF (up) and NRF1, KLF15,
EGR1, and IRF9 (down) (Fig. 5D). EOMES and T-bet did
not show differential binding between progressors and
NnONprogressors.

To focus on potential regulatory functions for DEGs,
we selected DARs within 250 kb of a TSS from a
DEG. Of the 211 DARs, four spanned the TSS of
SLAMF7, CAPG, GNLY, and CX3CR1. By using pro-
moter-enhancer interactions previously identified in
CD4™" T cells by promoter-capture Hi-C (pHiC) (26),
we confirmed two of these interactions, with SLAMF7
and CAPG (Supplementary Fig. 4), and identified a new
one, namely, EOMES (Fig. 5). Interestingly, these three
potential “promoter-interacting” DARs also overlapped
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Figure 5—Chromatin accessibility changes in CD4 ™ T cells associated with progression to clinical T1D. A: Bar plots showing the distribu-
tion of predicted chromatin states (using the ChromHMM states from the Roadmap Epigenomics Project) in both the complete set of
OCRs and progression-associated DARs. BivFink, flanking bivalent TSS/enhancer; Enh, enhancers; EnhBiv, bivalent enhancer; EnhG,
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polycomb; ReprPCWk, weak repressed polycomb; ZNF/Rpts, ZNF genes and repeats. B: Top six enriched DNA motifs in OCRs. C: Top
six enriched DNA motifs in DARs. D: Pairwise comparison of TF activity between progressors and nonprogressors. The volcano plot
shows the differential binding score against the —log10 (P value) (from TOBIAS) of all analyzed TF motifs, where each dot represents one
motif. TFs with increased occupancy in progressors are labeled in red, while those with decreased occupancy are labeled in blue. E: Nor-
malized read coverage plots of ATAC-seq and RNA-seq libraries around EOMES loci in both progressors (Prog.) (red) and nonprogressors
(Non-prog.) (turquoise). The DAR is indicated by a gray rectangle at the right-hand side. pHiC shows promoter-enhancer interactions in
primary CD4™" T cells predicted by pHiC (26) overlapping the DAR. ChromHMM shows ChromHMM tracks from Roadmap Epigenomics
Project for “Primary T helper naive cells from peripheral blood” (E038). F: Box plot showing normalized (log2 counts per million [logCPM])
chromatin accessibility data (nonadjusted for age) in DAR linked to EOMES.

enhancers predicted by ChromHMM or the H3K27ac his-
tone marks (27) (Fig. 5 and Supplementary Fig. 4). Together,
these findings indicate that progression to T1D is associated
with a modest reconfiguration of the chromatin at regula-
tory regions and that some DARs are linked to cytotoxicity-
related DEGs.

DISCUSSION

We characterized gene expression by RNA-seq in naive
CD4" and CD8" T cells, NK cells, and B cells from islet
autoantibody-positive, HLA-DR3,4 children 1-4 years before
and at the time of clinical diagnosis in five progressors and
five age- and sex-matched nonprogressors. Changes in gene
expression across time and between progressors and

nonprogressors were most apparent in CD4" T cells. DEGs
were validated by RT-qPCR of RNA from CD4" T cells of
24 multiple islet autoantibody-positive HLA-DR3,4 children
also followed over time. Previous genome-wide studies
investigating T1D-specific gene expression in immune cells
have mostly been restricted to bulk whole blood and PBMCs
in both clinical (28-30) and preclinical (2-5,31) disease. The
interpretation of such studies is confounded by cellular het-
erogeneity within PBMCs and genetic heterogeneity between
individuals. The exceptions are the studies of Irvine et al.
(32) in monocytes, Kallionpaa et al. (7) in total CD4" and
CD8™ T cells, Vecchio et al. (33) in neutrophils, and Terraz-
zano et al. (34), Ferraro et al. (35), and Jailwala et al. (36) in
different types of regulatory CD4" T cells. Other studies
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have used single-cell transcriptomics to characterize differ-
ent immune cells in at risk or recently diagnosed individuals
(7,37-39). However, among these bulk and single-cell stud-
ies, only Kallionpaa et al. (7) investigated longitudinal T cell
transcriptomes in genetically at risk individuals before and
after seroconversion. In reanalyzing the data of Kallionpaa
et al., we observed that only a minority of DEGs associated
with progression after seroconversion were also detected
in their preseroconversion data set. Moreover, differential
expression analysis of our data sets separately at the preclin-
ical and clinical stages of T1D revealed that only 11 of the
37 genes at the earliest preclinical time point were also dif-
ferentially expressed at clinical diagnosis. This suggests that
genes that predispose to islet autoimmunity may not neces-
sarily be the same as those that promote subsequent pro-
gression to clinical T1D, with the caveat that we and
Kallionpaai et al. (7) studied different subjects and T cell sub-
types. Furthermore, whether the changes we observed in
gene expression are “intrinsic” to progressors remains unclear.
Further studies of much larger numbers of children followed
from birth will be required to discern the relative contribu-
tions of genes and environment to differential gene expres-
sion and rates of progression to seroconversion and then
clinical T1D.

The CD4" T cell gene signature in progressors was
enriched for cytotoxicity-related genes GZMH, GZMB,
GZMA, NKG7, FCRL6, SLAMF7, CX3CR1, and PRF1, among
others. The progression signature was also enriched for
previously reported EOMES-associated transcriptional pro-
files (19). Furthermore, the T-box family TFs, T-bet, and
EOMES, master regulators of cytotoxicity in both CD8"
and CD4" T cells, bind to the promoters of GZMB, NKG?7,
PRF1, EOMES, EFHD2, F2R, and SLAMF7 (20,21). These
cytotoxicity-related genes were strongly upregulated in pro-
gressors, suggesting that the transcriptional reprograming
of EOMES and TBX21 during progression to T1D might
mediate the observed upregulation of cytotoxicity-related
genes. Moreover, flow cytometric profiling showed that
progression to T1D was associated with an increase in the
frequency of CD4" T cells expressing cytotoxic markers.
Expansion of circulating EOMES™ CD4" cytotoxic T cells
was observed in multiple sclerosis during progression from
relapsing-remitting to secondary progressive disease, and
the pathologic significance of these cells was inferred by
their presence in the brain lesion (40). The 1858T PTPN22
gene variant, linked to several autoimmune diseases includ-
ing T1D (41), has been associated with a higher frequency
of EOMES™ CD4" T cells (42). Furthermore, EOMES risk
variants themselves have been associated with the autoim-
mune diseases rheumatoid arthritis (43) and multiple sclero-
sis (44). Altogether our findings indicate that progression
from islet autoantibody positivity to clinical T1D is associ-
ated with an expansion of cytotoxic CD4" T cells that
appears to be driven by EOMES.

CD4" T cells with cytotoxic potential have been des-
cribed for several decades (45,46). They circulate at very
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low numbers in healthy humans but are markedly
expanded in the context of chronic infection, particularly
viral (45-47), within tumors (48), and in autoimmune
diseases including rheumatoid arthritis (49) and multiple
sclerosis (50-52). These studies, with some exceptions
(47,48), defined cytotoxic phenotypes, not cytolytic func-
tion. This is a limitation of the current study as well.
However, based on the expression of mediators of cyto-
toxicity, granzyme B and perforin, it is reasonable to
assume that more rapid progression to clinical T1D is
reflected by expansion of CD4" T cells that are cytolytic.
Human cytotoxic CD4" T cells are reported to be enriched
in TEMRA cells, defined as CD3"CD4"CD45RA"CCR7"
(22), believed to be induced by chronic antigen stimulation
(53). An increase in CD4" and CD8" T cells with the
TEMRA phenotype was reported in individuals with long-
standing T1D and attributed potentially to chronic stimula-
tion by persisting virus or by autoantigens (54). The anti-
gen specificity of cytotoxic CD4" T cells in T1D will be
important to address in future studies. Our findings sug-
gest that their induction may occur early in the develop-
ment of T1D, in which case their monitoring may help
identify children at high risk of progression to clinical T1D.

To investigate whether progression from islet autoim-
munity to clinical T1D is associated with reconfiguration
of the chromatin landscape, particularly around EOMES
and T-bet DNA motifs, we analyzed genome-wide chroma-
tin accessibility in CD4" T cells. In progressors compared
with nonprogressors, 211 regions were differentially accessi-
ble, clearly distinguishing the two groups. DARs were
enriched for promoter-TSS regions and could be linked to
differential expression of EOMES and CAPG with use of
publicly available data on enhancer-promoter interactions
defined by capture-Hi-C in human CD4" T cells. DARs
were also enriched for TFBS involved in T cell function,
namely, CTCF, ETS1, and ETV2, but not EOMES or T-bet.
Likewise, neither EOMES nor T-bet showed differential
binding between progressors and nonprogressors. This sug-
gests that EOMES and T-bet might contribute to transcrip-
tomic reprograming by virtue of changes in their expression
rather than alterations in their chromatin assembly, as pre-
viously reported for cytotoxic CD8" T cells (55).

A strength of the current study is that the children
were relatively homogeneous in terms of age, ethnicity,
and HLA class II type. Non-HLA-related genotypic hetero-
geneity is likely to influence the rate of disease progres-
sion, but its genome-wide analysis would require a much
larger sample size. Furthermore, phenotypic variability,
e.g., in BMI, ethnicity, age at onset, first islet autoanti-
body, suggests genetic variation in pathways to B-cell
destruction. Therefore, a further caveat is that our find-
ings may not be broadly applicable and must be further
validated in larger cohorts of at risk children with more
diverse genetic backgrounds. Nevertheless, it is not unrea-
sonable to suggest that the cytotoxic signature we

220z Yoie L0 U0 Josn NIHONININ INNYLNIZ ZLTOHWT3H Ad Jpd'Z1901.2aP/92 1L 0.9/99G/€/ 1 L/ipd-aloiue/sa)jaqelp/Bio s|euinolsajagelp//:dpy wouy papeojumoq



576 Cytotoxic CD4* T Cells Mark Progression to T1D

identified in CD4" T cells may be a final common feature
associated with B-cell destruction.

In summary, we demonstrate that CD4" T cells with a
cytotoxicity-related phenotype distinguish children posi-
tive for multiple autoantibodies who progress more rap-
idly to clinical T1D. We also provide the first map of
chromatin accessibility in immune cells of islet autoanti-
body-positive children as a resource for exploring the
transcriptomic and epigenomic basis of T1D.
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