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Disease-driving CD4* T cell clonotypes persist
for decades in celiac disease
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Little is known about the repertoire dynamics and persistence of pathogenic T cells in HLA-associated disorders. In celiac
disease, a disorder with a strong association with certain HLA-DQ allotypes, presumed pathogenic T cells can be visualized

and isolated with HLA-DQ:gluten tetramers, thereby enabling further characterization. Single and bulk populations of HLA-
DQ:gluten tetramer-sorted CD4* T cells were analyzed by high-throughput DNA sequencing of rearranged TCR-o and - genes.
Blood and gut biopsy samples from 21 celiac disease patients, taken at various stages of disease and in intervals of weeks to
decades apart, were examined. Persistence of the same clonotypes was seen in both compartments over decades, with up to
53% overlap between samples obtained 16 to 28 years apart. Further, we observed that the recall response following oral gluten
challenge was dominated by preexisting CD4* T cell clonotypes. Public features were frequent among gluten-specific T cells, as
10% of TCR-a, TCR-B, or paired TCR-aff amino acid sequences of total 1813 TCRs generated from 17 patients were observed in 2
or more patients. In established celiac disease, the T cell clonotypes that recognize gluten are persistent for decades, making up
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Introduction

As T cells recognize peptide antigen with their TCRs in the context
of MHC (HLA in humans) molecules, T cells very likely play a cen-
tral role in HLA-associated disorders (1,2). Each naive T cell has a
unique ofpTCR as a result of gene recombination of different V, D,
and ] germline segments and random deletion or insertion of non-
germline nucleotides at the V(D)] junction. Upon antigen recogni-
tion by the TCRs, T cells become activated and clonally expand,
and naive T cells change phenotype to become memory T cells.
The TCR repertoire is made up of the collective representation of
unique, rearranged TCRs. Technology developments have opened
avenues to explore TCR repertoire in infectious and autoimmune
conditions with high-throughput methods (3-5). Obviously, in
HLA-associated disorders, monitoring of the dynamics of patho-
genic T cells in time and body space will be of interest. This is, how-
ever, challenging, mainly due to difficulties in defining pathogenic
T cells, and no studies have so far investigated changes in the reper-
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fixed repertoires that prevalently exhibit public features. These T cells represent an attractive therapeutic target.

toires of antigen-specific and disease-relevant T cells. By harness-
ing HLA-DQ:gluten tetramers (6-11) relevant to celiac disease (CD)
covering the immunodominant gluten epitopes (DQ2.5-glia-ala,
DQ2.5-glia-02, DQ2.5-glia-w1, DQ2.5-glia-02, DQ8-glia-ol, and
DQ8-glia-y1b) (12-16) and undertaking large-scale TCR sequenc-
ing of HLA-DQ:gluten tetramer-binding cells, we have performed
astudy addressing TCR repertoire dynamics and maintenance. CD
is an autoimmune and inflammatory disease of the small intestine
driven by gluten-specific CD4* T cells that recognize deamidated
gluten peptides in the context of the disease-associated HLA-
DQ2/8 molecules (17-19). More than 20 gluten T cell epitopes have
been identified, but each individual patient does not mounta T cell
response to all epitopes (16). More frequent responses are seen to
immunodominant epitopes, and within each patient, the immuno-
dominant epitopes make up substantial parts of the total antigluten
T cell responses. The disease activity in CD is controlled by dietary
gluten exposure, and hence, life-long gluten-free diet (GFD) is an
effective treatment of the disease.

In this study, we have followed the dynamics of the TCR rep-
ertoire of disease-driving T cells in blood and gut tissue of patients
after they start treatment with GFD and monitored changes in the
TCR repertoire over an extended period of time and after gluten
challenge in treated CD patients.

Results

Identical gluten-specific clonotypes are found in peripheral blood and
gut mucosa. We sorted gluten-specific CD4" T cells binding to a
pool of 4 HLA-DQ:gluten tetramers presenting the most immuno-
dominant HLA-DQ2.5-restricted gluten epitopes from matched
blood and gut biopsy samples from 3 untreated CD (UCD) patients
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Figure 1. The number of circulating gluten-specific T cells decreases after commencement of GFD, and the T cell repertoires overlap in samples taken
weeks or years apart. (A) Frequency of gut-homing effector-memory CD4* T cells binding to a pool of HLA-DQ:gluten tetramers in blood and gut samples
taken from 6 patients during the first weeks and 1to 2 years after commencement of GFD. (B) Distribution of TCR-a3 clonotypes obtained by single-cell
TCR sequencing of gluten-specific T cells from 2 patients with the most available TCR data. Data from the remaining 4 patients are shown in Supplemen-
tal Figure 3A. Clonotypes observed in at least 2 cells are plotted as stacked boxes in the percentage of the total number of cells. The clonal size of the
most dominant clonotype is displayed as a number. The total numbers of clonotypes and cells in each sample are shown below each stacked bar. (C) Area-
proportional Venn diagrams of TCR-af3 clonotypes obtained by single-cell sequencing at various time points after commencement of GFD. The patients
indicated in the top panels were followed for 10 weeks up to 1year, whereas the patients indicated in the lower panels were followed for 1to 2 years after
commencement of GFD. The dark red areas represent clonotypes that were observed both at the latest time points and when the patients were untreated.
The percentages denote the proportion of these shared clonotypes (dark red areas) at the latest time point (black border). The remaining clonotype over-
laps are marked in light red. Asterisks indicate that data were obtained from blood sample only.

(Supplemental Figure 1; supplemental material available online
with this article; https://doi.org/10.1172/JCI98819DS1). While
such tetramer-binding cells amount to around 2% of CD4* T
cells in intestinal lamina propria of untreated patients, these cells
are rare in blood, ranging from 3 to 70 cells per million CD4* T
cells (Figure 1A and Supplemental Table 1). Identical TCR-p clo-
notypes defined by a unique nucleotide sequence were found in
both sampled compartments (Supplemental Figure 2A). Because
of sampling limitations, the maximum observed clonotype over-
lap between 2 independent sequencing experiments of the same
sample was around 50% (95% CI, 42%-59%) (Supplemental Fig-
ure 2B). Based on the high degree of clonotype sharing and the

fact that the HLA-DQ:gluten tetramer-binding effector-memory
T cells in blood were gut homing (Supplemental Figure 1), we
conclude that the more easily accessible gluten-specific T cells in
blood reflect the repertoire of the gluten-specific T cells in gut.
Frequency of gluten-specific CD4* T cells decreases upon GFD.
We analyzed gluten-specific T cells in gut biopsies and in periph-
eral blood of 6 UCD patients who were followed up until 2 years
after commencement of GFD. Upon commencement of GFD,
the frequency of gluten-specific T cells in blood decreased in all
subjects, but at a variable rate. Most subjects had a clear decline
by 1 year, except 2 subjects (CD1283 and CD1268) who showed a
decrease in the frequency of gluten-specific CD4* T cells only at
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Figure 2. Preexisting T cell clonotypes
expand and dominate during and
after gluten-challenge response. (A)
Frequency of CD4* T cells binding to

a pool of HLA-DQ:gluten tetramers in
blood and duodenal biopsy samples
from 7 patients during gluten chal-
lenge. Tem, effector-memory T cells.
(B) Distribution of TCR-af clonotypes
obtained by single-cell TCR sequenc-
ing of tetramer-binding T cells from
the 2 patients who showed the most
response. Data from the remaining 5
patients are shown in Supplemental
Figure 3C and Supplemental Figure 4.
The x axes denote the sampling time
points baseline before challenge (B)
and day 6 (D6), day 14, and day 28 after
the initiation of gluten challenge. The
y axes show the percentage share of
each clonotype represented as stacked
boxes. Only clonotypes observed in at
least 2 cells are plotted, and the most
dominant clonotypes are displayed as
numbers within the boxes. The colored
boxes represent the 3 most dominant
clonotypes at day 6 that were also
observed at other time points. The
isolated and nonstacked colored boxes
represent shared clonotypes with
clonal size 1. The total numbers of
clonotypes and cells in each sample are
shown below each stacked bar. Reoc-
currence of identical TCR clonotypes

in different samples from patients
CD1300 and CD442 is depicted in area-
proportional Venn diagrams (C and D).
(€) TCR-0 clonotype data obtained by
single-cell sequencing. (D) TCR-B clono-
type data compiled from both single-
cell and bulk sequencing. The dark red
areas represent clonotypes that were
observed both at baseline and at the
latest time point. The percentages
denote the proportion of these shared
clonotypes (dark red areas) at the lat-
est time points (black border). The light
red areas represent all other clonotype
overlaps. Asterisks show only single-
cell data for day 28.
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additional follow-up after 2 years of GFD. From all 6 patients, we
sorted circulating and gut tissue-resident gluten-specific CD4* T
cells as single cells and performed paired TCR-af sequencing. We
observed expansion of multiple clones in all samples. The extent
of clonal dominance, calculated by the sample-corrected Shannon
diversity index, was highest in UCD patients and decreased upon
GFD (Figure 1B and Supplemental Figure 3, A and B). Thus, clonal
contraction contributes to the observed decrease in the frequency
of circulating gluten-specific CD4* T cells upon GFD.

The same clonotypes are found in multiple samples taken weeks
to years apart. Next, we studied whether cells of the same clo-
notype, defined by cells expressing paired identical nucleotide
Volume 128  Number 6
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Day 28 & Baseline

Overlap % =
verlap % 5 Day 28

TCR-ap chains, were present in samples taken at different time
points from the same individual. We found in all 6 patients the
reoccurrence of many clonotypes in multiple samples (Figure 1C).
The proportion of clonotypes found after commencement of GFD
that were also found in the first samples when the patients were
untreated varied somewhat, likely due to limited sampling. More
importantly, there was no trend of decreasing overlap over time.
Since the patients were on GFD after the initial sampling point,
new gluten-specific clonotypes should not have been recruited
from the naive to the memory repertoire. Thus, after commence-
ment of GFD, the clonally expanded gluten-specific T cells con-
tract and remain as memory T cells.
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Figure 3. T cell clonotypes persist in gut tissue and blood for decades. Gluten-specific TCR clonotypes observed at various time points in years after
commencement of GFD from patients CD412, CD114, and CD373 are depicted in area-proportional Venn diagrams. (A and B) Single-cell data (TCR-af) and
combined single-cell and bulk sequencing data (TCR-p), respectively. The dark red areas represent clonotypes that were observed both at the latest time
point and when the patient was untreated (CD412) or in the earliest samples we had access to (19.5-year or 20-year GFD for CD114; 2-year GFD for CD373).
The percentage (black font) denotes the proportion of shared clonotypes (dark red areas) at the latest time point (black border). For CD114, the proportion
of shared clonotypes at 19.5-year GFD and 20-year GFD is also shown (blue font). Asterisks show data obtained from blood sample only. Double asterisks

show data obtained from TCL generated from single biopsy.

Gluten-specific memory T cells expand and dominate on oral
gluten challenge. To study the impact of gluten antigen reintroduc-
tion on the gluten-specific T cell repertoire, we challenged treated
CD patients with dietary gluten for 14 days. In 7 participants who
showed significant increase in the number of HLA-DQ:gluten tet-
ramer-binding T cells after gluten challenge, we performed paired
single-cell TCR-af sequencing (Figure 2A). Similarly to what was
shown in earlier findings (20), we found that the total number
of circulating gluten-specific T cells reached a peak level on day
6 (Figure 2A) and that the repertoires were composed of clonally
expanded cells from a diverse set of clonotypes (Figure 2B). The
degree of clonal expansion increased, as demonstrated by a lower
sample-corrected Shannon diversity index, in the circulating glu-
ten-specific T cells on day 6 (Supplemental Figure 3, C and D).

A major question coming from this challenge study is whether
the gluten-specific T cell response induced by reexposure to gluten
will consist of reactivation of preexisting memory T cells or will
involve recruitment of naive cells. When we compared clonotypes
sampled on day 6 with the baseline memory repertoire, we found
a considerable overlap (Figure 2C and Supplemental Figure 4A).
These data suggest that the gluten-specific T cell repertoire on day
6 is made up by clonal expansions of preexisting memory T cells.

Unchanged dominance of memory clonotypes 28 days after rein-
troduction of gluten. We next compared paired nucleotide TCR-
ap clonotype data from blood and biopsy samples taken on day
14, or an additional day-28 blood sample after gluten challenge,

with clonotype data at baseline. From the single-cell data of all 7
patients, we found that 12%-44% of TCR-ap clonotypes detected
at the latest time point were also found in the memory T cell rep-
ertoire at baseline prior to challenge (Figure 2C and Supplemental
Figure 4A). To maximize the sample sizes, we performed, in addi-
tion, bulk sequencing of samples from 2 patients who had many
gluten-specific T cells. With more clonotypes being detected by
bulk sequencing, we found that 52%-55% of TCR-f clonotypes
detected at the latest time point were present in the baseline sam-
ples (Figure 2D). Note that the proportion of clonotypes in samples
taken at day 6, day 14, and day 28 that had already been observed
at baseline remained remarkably stable (48%-58%), with no indi-
cation of declining dominance of memory clonotypes over time
(Supplemental Figure 4B). The data suggest that reintroduction of
gluten causes a transient clonal expansion of the existing gluten-
specific memory T cells. The overlap observed was largely within
the range of maximum expected clonotype overlap between 2
independent sequencing experiments (Supplemental Figure 2B),
indicating little change of the overall gluten-specific T cell reper-
toire upon gluten challenge.

Similar fraction of clonotypes is observed 6 months and 27 years
apart. Patients in the challenge study were followed for only up
to 28 days. It is possible that the gluten-specific T cell repertoire
changes slowly or only after repeated gluten antigen exposure. To
compare TCR repertoires many years apart, we invited 5 patients,
from whom we had historic T cell material from decades ago, to
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Figure 4. Public TCR sequences amount to 10% of the gluten-specific T cell repertoire. (A) Number of public TCRs defined as identical TCR-a, TCR-f,
or paired TCR-of3 amino acid sequences observed in at least 2 individuals in a data set of a total of 1,813 gluten-specific TCR amino acid sequences from
17 HLA-DQ2.5* patients. (B and €) Number of public TCR-a and TCR- sequences, respectively, that were found in the number of patients plotted on the
y axes. The open bars show public TCR-a or TCR-f sequences defined as identical amino acid sequences, whereas gray bars show semipublic TCR-a and
TCR-B motifs generated by collapsing TCR-a. or TCR-B amino acid sequences that differ by 3 residues or less.

donate new blood and biopsy samples. By single-cell sequenc-
ing, we observed paired TCR-af clonotype sharing on the nucleo-
tide level, including identical nucleotide sequences of secondary
productive TCR-a chains (Supplemental Figure 5), between his-
toric and recent samples, but to a variable degree (Figure 3A). For
patients CD373 and CD412, the sharing was low (2%-4%) due to
the small number of clonotypes we could retrieve from the few
cryopreserved blood cells from the 1990s. By bulk sequencing a T
cell line (TCL) established from a single biopsy specimen of CD412
in the 1990s, we obtained a higher number of unique TCR-p clo-
notypes and found an overlap of 18% (Figure 3B). For CD114, who
was diagnosed in his early childhood, we had 2 historic samples
from the 1980s that were taken 19.5 and 20 years after the diag-
nosis and commencement of the GFD. These 2 samples taken 6
months apart had 51 clonotypes in common, which made up 71%
of the smaller 19.5-year GFD sample (total of 72 clonotypes), but

jci.org  Volume128  Number6  June 2018

only 19% of the much larger (n = 264) 20-year GFD sample (Figure
3B). Interestingly, we found a degree of TCR- clonotype overlap in
the recent samples taken 47 years after the diagnosis that was simi-
lar to that of the previous samples taken more than 2 decades ago
(22%-53%). Identical clonotypes, especially those with the largest
clonal sizes, were also observed in samples taken 16 to 20 years
apart in the remaining 2 patients (CD364 and CD436, Supplemen-
tal Figure 6). Taking the limited sampling from a diverse repertoire
into account, we conclude that the gluten-specific T cell repertoire
in CD patients remains remarkably stable over several decades.
Public TCR sequences observed in 10% of gluten-specific T cells.
We collected a total of 1,813 unique paired amino acid TCR-af
sequences from 17 HLA-DQ2.5* CD patients by single-cell TCR
sequencing. Within this data set, we frequently observed identi-
cal amino acid sequences for either the TCR-a or TCR-B chain
in different individuals (Figure 4 and Supplemental Table 2).
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Table 1. The top semipublic CDR3o motifs

TRAV CDR3a. TRAJ No. CD patients

4 LVGDDTGFQKLV 8 3
F

26-1 IX, NDYKLS 20 11
Y
A

4 LVGG GGYNKLI 4 10
S
E

12-3 AMX, AAGNKLT 17 9
Q

X1: A, S, orV, XZ: I,L,orS.

Closer inspection of these public TCR sequences revealed com-
mon CDR3 motifs. We collapsed public TCR sequences that used
the same V- and J-gene segment, had the same CDR3 length, and
differed by no more than 3 amino acids in the CDR3 sequences to
generate a list of semipublic TCR sequence motifs (Figure 4). Lists
of the top semipublic CDR3a and CDR3p motifs are given in Table
1 and Table 2, respectively. In addition, we identified 40 paired
public TCR-0ff sequences in which identical amino acid TCR-
aff sequences were found among cells from 2 to 4 individuals. In
most cases, this public response was a result of convergent recom-
bination in which each individual expresses unique nucleotide
sequences that converge toward identical amino acid sequences
(Supplemental Table 3). In total, there were 188 publicly used
TCR-a, TCR-B, or paired TCR-off sequences amounting to 10% of
all paired TCR-af amino acid sequences in this study (Figure 4).

Discussion

In most autoimmune diseases, MHC genes are the chief genetic
determinants, and this underlies the phenomenon of HLA associa-
tion with disease (21, 22). Given the crucial role of MHC molecules
in presenting antigenic peptides to T cells, a key role of T cells in the
pathogenesis of HLA-associated disorders has been invoked (1, 2).
Yet for most human diseases, the antigen presented by HLA mol-
ecules, and hence driving the pathogenic T cell response, remains
elusive (23). The clear HLA association, the existence of T cells
that recognize gluten epitopes in the context of disease-associated
HLA-DQ allotypes, and the extraordinary performance of disease-
relevant HLA-DQ:gluten peptide tetramers together present CD as
anideal model disorder to characterize the dynamics of pathogenic
T cells in a human HLA-associated disorder. By studying patients
at different stages of disease and patients undergoing oral gluten
challenge, we found that the clonotypes of gluten-specific T cells
are shared between the gut and blood compartments, that the
recall response to gluten is dominated by expansion of preexisting
memory T cells, and that T cell clonotypes persist for decades. We
also found that about 10% of the TCR-a, TCR-B, or paired TCR-
af} sequences are publicly used in the response to gluten. The find-
ings demonstrate that in an HLA-associated disease, after antigen
sensitization, the patients are marked with permanent and stable
immunological scars of disease-driving T cells.

RESEARCH ARTICLE

Our work was possible because of the ability to combine
tetramer-based cell isolation with high-throughput sequencing
of TCR-a and TCR-B genes of thousands of single cells and of
bulk cell populations. Uniquely, we had access to historic patient
samples, allowing us to assess the changes in TCR repertoire
over decades. Our conclusion is dependent on the high specific-
ity of HLA-DQ:gluten tetramer staining. Previously, we found that
80% of HLA-DQ:gluten tetramer-sorted T cell clones cultured in
vitro from celiac patients showed antigen-specific proliferative
responses (10). Further, our conclusions are critically dependent
on the correct assignment of clonotype sharing across samples.
Potentially, faulty excessive sharing could be caused by sample
contamination, sequencing errors, or bioinformatics mistakes. For
single-cell data, we rigorously required identical paired TCR-of
nucleotide sequences for clonotype assignment. The few cases of
identical paired TCR-off nucleotide sequences across individuals
in our single-cell data originated from different sequencing librar-
ies prepared and analyzed months apart and thus represented a
truly public response. Therefore, the extensive clonotype sharing
we found in samples from the same individuals was not caused by
cross contamination.

The finding of the same T cell clonotypes in samples collected
decades apart raises the question of how the clonotypes are pre-
served in patients. Possibly this could be due to the longevity of
memory cells. Relevant to this, in multiple sclerosis, CD8" T cell
clones have been found to persist for years in the brain (24), and
myelin basic protein-specific CD4" T cell clones have been traced
by TCR-B sequence analysis in peripheral blood of patients as
well as controls for up to 7 years (25). In the gut of humans, it was
recently demonstrated that plasma cells survive for decades (26).
Even though long-lived memory CD4" T cells have been described
in humans (27), it might be that gluten antigen challenge due to
dietary transgressions contributes to the maintenance of the T cell
clonotypes in CD. Upon oral gluten challenge in patients in remis-
sion, we observed that the majority of expanded clonotypes found
at the peak of the response were present prior to challenge as
expanded populations of memory T cells. Moreover, the majority
of T cell clonotypes observed in the gut lesion following challenge
were identical to those circulating in the blood at peak response,
suggesting that these clonotypes dominate the recall response.

Table 2. The top semipublic CDR3f motifs

TRBY CDR3p TRBJ No. CD patients
7-2 ASSxRxTDTQY 2-3 17
73 ASSxRxTDTQY 23 14
A
7-2 ASSLRAGG DTQY 23 7
G
AQ T
29-1 S G GG GELF 2-2 7
VA S
29-1 SVGX VSTDTQY 2-3 7

x: any amino acid; X;: A, L, Q, or T.
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Thus, a head start of memory T cells on antigen reexposure will
result in stable maintenance of the TCR repertoire. We cannot
rule out that there is no recruitment of new T cell clonotypes over
many years with CD. Extensive recruitment does seem unlikely,
however, given the persistence of clonotypes over decades.

We observed that 10% of TCR-a, TCR-f, or paired TCR-af
sequences were publicly used among 1,813 unique paired TCR-o3
sequences from 17 HLA-DQ2.5* patients. Such public sequences
can potentially be exploited as diagnostic markers in a nonin-
vasive blood test. Critical for this test will be whether the public
sequences can be found in healthy subjects. Further investigations
are required to explore this diagnostic approach.

The long-term persistence of disease-driving gluten-specific
T cells point to these cells as an attractive therapeutic target in
CD. Eradication of these cells, perhaps most effectively done
by removing activated T cells after oral gluten challenge in CD
patients in remission, could be a way to treat the disease. HLA-
DQ:gluten tetramers could be used to monitor the efficacy of the
treatment. Alternatively, T cells can be targeted with epitope-spe-
cific immunotherapy. This approach is currently being explored in
the clinic (28). Overall, the findings of the current study with long-
term persistence and stable repertoires of pathogenic T cells have
implications for the understanding of and treatment approaches
to other HLA-associated disorders in which the detailed insights
into disease pathogenesis are much less mature.

Methods

Human biological material. All patients donated up to 100 ml of blood
and 6 to 12 duodenal biopsy samples. In addition, we had access to
cryopreserved peripheral blood mononuclear cells (PBMCs) or TCLs
derived from single duodenal biopsies (18) from 5 subjects donated
from 1988 t0 2000. In the gluten-challenge study, treated CD patients
on GFD were recruited to a 14-day gluten challenge clinical study (29).
We obtained 50-100 ml of citrated blood at baseline, day 6, and day
14 as well as 8 duodenal biopsies at baseline and on day 14. In 1 case
(CD1300), we also obtained a blood sample on day 28. Patient charac-
teristics are given in Supplemental Table 1.

We isolated PBMCs by Ficoll-based density gradient centrifuga-
tion before cryopreservation. Duodenal biopsies were collected in ice-
cold RPMI-1640 and treated for 2 x 10 minutes with 2 mM EDTA in
2% FCS in PBS at 37°C to remove the epithelial layer prior to further
digestion with collagenase (1 mg/ml) in 2% FCS in PBS at 37°C for 30
to 60 minutes. The samples were then homogenized using a syringe
with a1.2 mm needle and filtered through a 40 pm or 70 um cell strain-
er to obtain lamina propria cell suspension prior to cryopreservation.

Tetramer staining and cell sorting. Frozen lamina propria cell
suspensions of duodenal biopsies or PBMC samples were thawed
and stained with a pool of PE-conjugated HLA-DQ:gluten tetra-
mers (10 pg/ml each). For the majority of subjects who were HLA-
DQ2.5%, samples were stained with 4 HLA-DQ:gluten tetramers in
which each tetramer consisted of the HLA-DQ2.5 molecule linked
with the DQ2.5-glia-ala (QLQPFPQPELPY; the 9-mer core region
is underlined), the DQ2.5-glia-02 (PQPELPYPQPQL), the DQ2.5-
glia-ol (PQQPFPQPEQPFP), or the DQ2.5-glia-02 (FPQPEQP-
FPWQP) epitope. Similarly, samples from 1 HLA-DQS8* subject
(CD1374) were stained with a mix of 2 HLA-DQ:gluten tetramers
in which each tetramer consisted of the HLA-DQ8 molecule linked
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with the DQ8-glia-al (SGEGSFQPSQENPQ) or the DQ8-glia-y1b
(FPEQPEQPYPEQ) epitope. The recombinant HLA-DQ:gluten tet-
ramers were produced as previously described (6, 14). The samples
were incubated with the tetramers for 30 to 45 minutes at room
temperature. After tetramer staining, the duodenal biopsy samples
were cooled and then directly stained with surface antibody mix
and LIVE/DEAD marker for 20 minutes on ice. PBMC samples were
subjected to enrichment after HLA-DQ:gluten tetramer staining
according to a previously described protocol (10). Cryopreserved
chymotrypsin/trypsin-digested, gliadin-stimulated TCLs were
thawed, split in 4, and stained directly with 10 pg/ml of individual
HLA-DQ:gluten tetramers with a prolonged incubation step of 2
hours at 37°C in order to upregulate mRNA expression of the TCR
genes. Subsequently, the TCLs were placed on ice before antibody
surface staining. We used the following surface-staining antibodies:
CD62L-PerCP/Cy5.5 (clone DREG-56), CD14-Pacific Blue (M5E2),
CD15-Pacific Blue (W6D3), CD19-Pacific Blue (HIB19), CD56-
Pacific Blue (MEM-188), and integrin-B7-APC (FIB504) (all from
BioLegend); CD3-FITC (OKT3), CD1lc-Horizon V450 (B-Ly6),
CD4-APC (SK3), or CD4-APC-H7 (SK3) (all from BD Biosciences);
CD45RA-PE-Cy7 (HI100), CD3-eVolve605 (OKT3), CD8-PE-Cy7
(RPA-T8), or CD8-PerCP (SK1) (all from eBioscience). Pacific Blue/
Horizon V450-labeled antibodies together with LIVE/DEAD mark-
er fixable violet stain (catalog L34955, Invitrogen, Thermo Fisch-
er) were used to exclude unspecific binding (dump channel). For
PBMCs, cells within the singlet lymphocyte population were further
gated to isolate tetramer-binding CD4" effector-memory gut-hom-
ing T cells that were as follows: CD3*, CD11c, CD14-, CD15°, CD19,
CD56°, CD45RA", CD62L, integrin 7+, and CD4". For lamina pro-
pria cell suspensions of duodenal biopsies, live cells within the sin-
glet lymphocyte population were further gated to obtain tetramer-
binding CD4* T cells that were as follows: CD3*, CD11c,, CD14,
CD15-, CD19, CD56°, CD8", and CD4". All sorting was performed
on an Aria II Cell Sorter (BD Biosciences) at the Flow Cytometry
Core Facility at Oslo University Hospital. In samples with a relative-
ly high number of tetramer-positive T cells, we performed bulk-cell
sorting in addition to single-cell sorting. Flow cytometry data were
analyzed with FlowJo software (FlowJo LLC).

TCR sequencing and data processing. Paired TCR-o and TCR-B
sequences from single cells were obtained by 3 nested PCR with multi-
plexed primers covering all TCR-a and TCR-f V genes according to the
published protocol (30) and paired-end 250 bp sequencing using the
Mlumina MiSeq platform. For bulk TCR sequencing, we used a modi-
fied SMART protocol (31). The bulk TCR library was then sequenced
using paired-end 300 bp Illumina MiSeq sequencing. A detailed pro-
tocol for TCR sequencing is given in Supplemental Methods.

A full description of the data processing pipeline is given in Sup-
plemental Methods. In brief, we used selected steps of the pRESTO
toolkit (32) for preprocessing and the International ImMunoGeneT-
ics Information System (IMGT)/HighV-QUEST online tool (33)
for identification of V, D, and J genes and the CDR3 junctions. The
IMGT results were then filtered and collapsed. For single-cell data,
only valid singleton cells containing no more than 3 chains (dual T
cell receptor a [TRA] and T cell receptor B [TRB]) with 100 or more
reads were considered for downstream analysis. For bulk data, only
sequences present in 2 or more replicas and having cumulative
reads of 10 or more were used.
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To assess data quality with regard to cross-contamination due
to sample contamination or errors, we searched for identical paired
TCR-ap nucleotide sequences across individuals in our single-cell
data. Of a total of 3,834 single cells expressing 1,859 unique TCR-
ap clonotypes, we found 4 paired TCR-of nucleotide sequences that
were identical across individuals. In every case, samples sharing the
same sequences were prepared and sequenced in different libraries.
Similarly, in our bulk sequencing data, we found 12 TCR-f sequences
that were identical across individuals out of a total of 1,129 unique
TCR-B sequences. Of these, 9 sequences were found in different
libraries. Overall, identical nucleotide sequences across patients
were found in approximately 1% of all sequences when clonotype
was defined by TCR-B nucleotide sequence alone. When clonotype
was defined by paired TCR-af nucleotide sequences, sharing across
patients was found in 0.2% of the clonotypes, demonstrating that
cross-contamination was not an issue.

All original TCR sequence data were deposited in the NCBI’s
Sequence Read Archive database (SRA SRP102399 and SRP102402).

Statistics. Repertoire diversity was quantified in samples with
more than 20 cells with a nonparametric estimate of the classic Shan-
non entropy where corrections were made for undersampling by tak-
ing into account the unseen species (clonotypes) in the samples (34).
This sample-corrected version of Shannon diversity index performs
largely independently of sample sizes.

Study approval. The studies were approved by the Regional Com-
mittee for Medical and Health Research Ethics South-East Norway
(2010/2720 and 2011/2472). All patients gave written informed consent.
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