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Circulating CD103+ γδ and CD8+ T cells are clonally shared
with tissue-resident intraepithelial lymphocytes in celiac disease
Louise F. Risnes1,2, Linn M. Eggesbø1, Stephanie Zühlke1,2, Shiva Dahal-Koirala1, Ralf S. Neumann1, Knut E. A. Lundin1,3,
Asbjørn Christophersen1 and Ludvig M. Sollid1,2

Gut intraepithelial γδ and CD8+ αβ T lymphocytes have been connected to celiac disease (CeD) pathogenesis. Based on the
previous observation that activated (CD38+), gut-homing (CD103+) γδ and CD8+ αβ T cells increase in blood upon oral gluten
challenge, we wanted to shed light on the pathogenic involvement of these T cells by examining the clonal relationship between
cells of blood and gut during gluten exposure. Of 20 gluten-challenged CeD patients, 8 and 10 had increase in (CD38+CD103+) γδ
and CD8+ αβ T cells, respectively, while 16 had increase in gluten-specific CD4+ T cells. We obtained γδ and αβ TCR sequences of
>2500 single cells from blood and gut of 5 patients, before and during challenge. We observed extensive sharing between blood
and gut γδ and CD8+ αβ T-cell clonotypes even prior to gluten challenge. In subjects with challenge-induced surge of γδ and/or
CD8+ αβ T cells, as larger populations of cells analyzed, we observed more expanded clonotypes and clonal sharing, yet no
discernible TCR similarities between expanded and/or shared clonotypes. Thus, CD4+ T cells appear to drive expansion of clonally
diverse γδ or CD8+ αβ T-cell clonotypes that may not be specific for the gluten antigen.

Mucosal Immunology (2021) 14:842–851; https://doi.org/10.1038/s41385-021-00385-8

INTRODUCTION
Celiac disease (CeD) is a common disorder where gluten
consumption causes chronic inflammation in the small intestine.
The only available treatment for the disease is a gluten-free diet
(GFD), which generally leads to normalization of the gut mucosal
pathology1. The disease has strong association with certain HLA-
class II allotypes, specifically HLA-DQ2.5, HLA-DQ2.2 and HLA-
DQ82. CD4+ T cells of CeD patients selectively recognize
deamidated gluten peptides in context of these disease-
associated HLA-DQ molecules, strongly speaking to a central role
of T cells in the pathogenesis. These gluten-specific CD4+ T cells,
detectable by HLA-DQ2.5:gluten tetramers, are found at high
frequency in the celiac lesion of the small intestine and at much
lower frequency in peripheral blood3–6. Several studies have
reported a transient surge of gluten-specific CD4+ T cells peaking
at day 5–8 in blood after CeD patients in remission are exposed to
gluten7–10. One of these studies also demonstrated that con-
comitant with this increase of CD4+ T cells, there is an increase of
gut-homing (CD103+), activated (CD38+) γδ and CD8+ αβ T cells
in the blood during gluten challenge10. Single-cell TCR repertoire
analysis of both γδ and CD8+ αβ T cells occurring in blood on day
6 after gluten challenge, revealed clonal expansion and highly
focused repertoire. These results led the authors to suggest an
involvement of an antigen-driven induction of certain γδ and
CD8+ αβ T-cell clonotypes. Relevant to this, it was reported that
gut CD8+ αβ T cells in CeD, mainly localised in the lamina propria
though, recognize gluten peptides in the context of HLA class I
molecules11,12. Alternative to TCR mediated activation and

expansion of intraepithelial lymphocytes (IELs), it has been
demonstrated that in the IL-15 rich environment of the CeD gut,
T cells via their expression of NK-cell receptors can get activated
and also expand by recognition of stress induced molecules on
enterocytes13–15.
To further understand the role of IELs in CeD, we wanted to

examine the occurrence of CD38+CD103+ γδ and CD8+ αβ
blood T cells on day 6 of gluten challenge, as well as to compare
the TCR repertoires of such blood-derived cells with that
of tissue-resident T cells in the small intestine. One could expect
that the activated and gut-homing T cells that increase in blood
on day 6 of gluten challenge should seed the lesion and make
up the majority of newly arrived IELs. Likewise, one could expect
that these activated blood T cells mirror either all the IELs in the
lesion, or, if responding to a distinct antigen, only a subset of
these IELs. A way to investigate these matters is to determine
the clonality and diversity of the TCR repertoire. A more focused
and expanded TCR repertoire at peak response on day 6 or in
tissue after challenge might possibly indicate a TCR-dependent
induction supporting the findings by Han et al.10. To address
these issues, we have analyzed the frequency of gut-homing,
activated γδ and CD8+ αβ T cells in blood on day from 20
treated CeD patients undergoing either a 14-day oral
gluten challenge or a 3-day oral gluten challenge, and we
have performed single-cell paired TCR sequencing of γδ and
CD8+ αβ T cells in blood and in gut biopies at baseline, at day 6
and day 14 in five patients that underwent the 14-day gluten
challenge.

Received: 26 June 2020 Revised: 21 December 2020 Accepted: 3 February 2021
Published online: 2 March 2021

1K. G. Jebsen Centre for Coeliac Disease Research, University of Oslo, Oslo, Norway; 2Department of Immunology, University of Oslo and Oslo University Hospital- Rikshospitalet,
Oslo, Norway and 3Department of Gastroenterology, Oslo University Hospital-Rikshospitalet, Oslo, Norway
Correspondence: Ludvig M. Sollid (l.m.sollid@medisin.uio.no)
These authors contributed equally: Louise F. Risnes, Linn M. Eggesbø
These authors jointly supervised this work: Asbjørn Christophersen, Ludvig M. Sollid

www.nature.com/mi

© The Author(s), under exclusive licence to Society for Mucosal Immunology 2021

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00385-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00385-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00385-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00385-8&domain=pdf
mailto:l.m.sollid@medisin.uio.no
www.nature.com/mi


RESULTS
Increased frequency of gut-homing, activated γδ and CD8+ αβ
T cells in blood corresponds with increased density of IELs after
gluten re-exposure
From our previously reported gluten challenge study16, we obtained
IEL samples from eight patients whose HLA-A and HLA-B genotypes
are shown in Table S1. In order to estimate the absolute number and
the distribution of γδ and CD8+ αβ IELs, we compared the relative
number of γδ and CD8+ αβ IELs of total CD3+ IELs as measured by
flow cytometry with the total number of IELs per 100 intestinal
epithelial cells (IECs) as assessed by histological examination of
parallel biopsies (Table 1). Based on this, the increase of IELs in
response to gluten seemed to be predominantly due to the CD8+

αβ IELs, and not by the γδ IEL subset. In contrast to a clear increase
in blood on day 6 of CD103+CD38+ γδ and CD8+ αβ T cells as was
reported by Han al10, we could only detect a distinct increase of
these T-cell populations on day 6 in a subset of patients (Fig. 1a, b).
The increase of CD103+CD38+ CD8+ αβ T cells in blood (Fig. 1b)
corresponded with the estimated absolute increased number of
CD8+ αβ IELs on day 14 (Table 1, right column,). Interestingly, both
of the patients CD1340 and CD1342, who had the highest IEL count
on day 14, had a clear gut-homing CD8+ αβ T-cell response in blood
on day 6. However, only CD1340 exhibited a γδ T-cell response in
blood. Representative flow plots of the blood samples for patients
CD1340 and CD1342 can be found in Fig. S1. Of note, all patients
that exhibited a γδ T-cell response in blood also displayed a CD8+

αβ T-cell response but not vice versa. We also investigated the
expression of CD103 and CD38 on γδ and CD8+ αβ IELs. As
expected, virtually all IELs were CD103+. Interestingly, all γδ IELs
were CD38+ throughout the entire challenge period in contrast to
CD8+ αβ IELs, where the CD38 expression increased with the
ingestion of gluten (Fig. 1c, d). In the population of γδ IELs we
observed bimodal expression of CD8 (Fig. 1e, f), and the fraction of
γδ IELs expressing CD8 ranged from 14 to 70% (Fig. S2). When
comparing this figure in treated CeD with those of untreated CeD
and healthy controls17, there was no significant differences.

Gut-homing γδ and CD8+ αβ T cells in blood share TCR features
with IELs
We performed single-cell paired TCR sequencing of γδ and CD8+

αβ T cells in blood and IEL samples from four of these eight
patients (CD442, CD1340, CD1342, CD1300). All four had a gluten-
specific CD4+ T-cell response16, while only one had an increase in
γδ T cells and three had an increase in CD8+ αβ T cells during
gluten challenge. In addition, we also obtained TCR sequences
from the IEL samples of patient CD1178 who did not respond to
the challenge. We primarily sorted the CD103+ populations with
co-expression of CD38, but in samples where there were few
CD38+ T cells we also index-sorted the CD103+CD38− population
to increase the number of potentially relevant cells from blood.
This was in particular the case for the baseline blood samples
(Fig. S3). For the γδ T cells, up to half of the cells sorted and
sequenced were CD38+ (Fig. S3a). All CD8+ αβ T cells sorted from
the baseline blood sample of CD1342 were CD38+ while we
sorted mostly CD38- cells for the other three patients at baseline
(Fig. S3b). For the CD8+ T cells we obtained in total paired TCR
sequences from 1310 single cells giving rise to 872 CD8+ αβ T-cell
clonotypes. For the γδ T cells we obtained paired TCR sequences
from 1200 cells giving a total of 764 γδ T-cell clonotypes.
We found that the TRGV and TRDV gene usage of CD103+ γδ

T cells found in blood were near identical to that of γδ IELs

Table 1. Approximate quantification of absolute number of γδ and
CD8+ αβ IELs based on HE-section based IEL count and γδTCR/CD8
flow cytometry staining.

IEL count
per 100
IECa

TCRγδ (%
CD3 IEL)b

γδ IEL per
100 IECc

CD8 (%
CD3 IEL)d

CD8 IEL
per 100
IECe

Patient BL D14 BL D14 BL D14 BL D14 BL D14

CD1342 16.2 72.4 31% 10% 5.0 7.2 65% 86% 10.5 62.5

CD1340 21.4 59.5 57% 36% 12.1 21.4 39% 60% 8.3 35.5

CD1300 15.8 52.9 14% 7% 2.2 3.6 74% 83% 11.7 43.8

CD442 26.8 56.9 20% 11% 5.5 6.2 73% 83% 19.5 47.2

CD1339 29.7 48.4 31% 32% 9.2 15.3 63% 60% 18.7 28.8

CD1299 23.9 26.5 27% ND 6.4 ND 68% ND 16.2 ND

CD1178 24.4 33.1 22% 29% 5.5 9.4 72% 68% 17.6 22.3

CD1298 17.9 19.1 41% 43% 7.4 8.1 56% 55% 10.0 10.5

aIntraepithelial lymphocyte (IEL) count based on HE-sections (taken from
ref. 9).
bFraction (%) of CD3+ cells stained positive to γδTCR antibody in flow
cytometry (IEL sample obtained from gut biopsies).
cEstimation of total number of γδ IELs per 100 intestinal epithelial cells
(IECs) by dividing the total number of IELs per 100 IECs by the relative
number of γδTCR+ CD3+ cells measured by flow cytometry.
dFraction (%) of CD3+ cells stained positive to CD8 antibody in flow
cytometry (IEL sample obtained from gut biopsies).
eEstimation of total number of γδ IELs per 100 intestinal epithelial cells
(IECs) by dividing the total number of IELs per 100 IECs by the relative
number of CD8+ CD3+ cells measured by flow cytometry.
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Fig. 1 γδ and CD8+ αβ T cells in blood during 14-day gluten
challenge in treated CeD patients. a γδ T-cell responses and
b CD8+ αβ T-cell responses. c, d Frequency of CD103+CD38+

intraepithelial lymphocytes (IELs), γδ T cells in c and CD8+ αβ T cells
in d. e Representative γδ and CD8+ αβ IEL flow plots shown for
CD1340 and CD1342. f Bimodal expression of CD8 in γδ IELs shown
for different subjects at baseline (BL) and on day 14 (D14).
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(Fig. 2a), and the usage and pairing preference was similar to what
was observed in untreated CeD17. Likewise, pairing preference was
very similar for these γδ T cells (Fig. 2b, c). Interestingly, we found
identical γδ T-cell clonotypes with and without CD8 expression in
both tissue and blood samples. A complete list of all shared γδ
and CD8+ αβ T clonotypes across time points and tissue with
CD38 and CD8 status for each patient can be found in the
Supplementary File 1.
Next we looked into the V-gene usage and pairing of the CD8+

αβ T cells. Focusing on the top 10 gene segments, we found that
both for TRAV and TRBV these were similar between gut and blood
tissues and accounted for ~50% of the overall V-gene usage in

both blood and gut (Fig. 2d). This TRBV gene usage was similar to
what has been described to be predominant TRBV families used in
the IEL or blood compartment of healthy individuals18. Of note, we
did not observe any pairing preference in any of the compart-
ments (Fig. 2e, f).

γδ T-cell clonotypes: sharing across tissue and time and analysis of
expanded clones
We observed extensive sharing of CD103+ γδ T-cell clonotypes
across tissue and time in all patients (Fig. 3a). The most expanded
clonotypes contributed to clonotype sharing in several of the
samples (Fig. S3a, Supplementary File 1). The clonal sharing also
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included a large fraction of T cells that were negative for CD38. It
was only patient CD1340 who had a clear γδ T-cell response in
blood at day 6. For this subject we observed clonal sharing
between all time points and tissues (Fig. 3a), and the highest
degree of sharing was observed between day 6 in blood and day
14 in gut. Here, 13 out of 47 clonotypes (28%) at day 6 was shared
with γδ IELs at day 14. Further we compared more carefully the
samples with most sharing (>20%, >5 shared clonotypes and
shared with gut tissue) to look for the contribution of expanded
clonotypes and the data are depicted as donut charts in Fig. 3b.
We observed a high degree of sharing between the gut samples at
baseline and day 14 for all five patients except CD1342, and the
clonal sharing was dominated by expanded clonotypes compared
to the non-shared clonotypes (Fig. 3b). The shared cells for
CD1340 between day 6 and day 14 also were from expanded
clones (Fig. 3b). In contrast to CD1340 and despite the small
number of sequenced cells due to no clear γδ response for patient
CD1300 at day 6 in blood, six out of eight γδ clonotypes were
shared with γδ IELs at baseline.
Next we wanted to analyze the paired V-gene usage of the TCRγ

and TCRδ chains of the shared clonotypes displayed as Circos
plots (Fig. 3c). The shared clonotypes have the same dominating
TRDV1 usage but variable TRGV usage for all patients, similar to the
overall observations shown in Fig. 2b and c. Focusing on
the expanded clones (>2) and the CDR3s at day 6, no similarities
in the CDR3 across the clonotypes could be discerned (Table 2).
Neither did we find an overrepresentation of previously identified
CeD-associated sequence motifs, specifically the H-J1 motif19 or
motifs reported by Han et al.10, among these expanded clones nor
clonotypes present in blood on day 6. Altogether, these findings
demonstrate that diverse CD103+ γδ T-cell clonotypes found in
the IEL compartment are commonly present in the circulation
regardless of gluten challenge.

CD8+ αβ T-cell clonotypes: sharing across tissue and time and
analysis of expanded clones
To investigate clonal relationship between CD103+CD8+ αβ T cells
in blood with those of CD8 IELs, we conducted a similar analysis as
for the γδ T cells. Three out of the four CeD patients with paired
blood and gut samples showed clonal sharing across tissues, and
this included sharing prior to gluten challenge (Fig. 4a). Similar to
the γδ T cells, the most expanded CD8+ αβ clonotypes could be
found in multiple samples of the same patient (Fig. S3b). The four
CeD patients examined had a CD8+ T-cell response at day 6 in
blood, but we observed some interesting differences in their T-cell
responses at the clonal level in these patients. Altogether, 36% of
the clonotypes made up 70% of the cells at baseline and these
were also present in the IEL compartment at day 14 as expanded
clones (Fig. 4b). CD1340 and CD1300 had the highest degree of
clonal sharing between day 6 in blood and in gut at day 14, while
CD442 did not have many shared clonotypes despite a compar-
able number of sequenced cells. Unexpectedly, compared to what
was observed for γδ IEL clonotypes, CD8+ αβ IEL clonotypes
showed a much lower degree of sharing in the tissue. This
observation was also similar for CD1178 who did not respond to
the gluten challenge (Figs. 3a and 4a).
Similar to the γδ T cells, we wanted to explore if there were any

particular TCR features between the expanded T-cell clonotypes
that were present in blood and in gut tissues. The paired V-gene
usage for the shared clonotypes visualized as Circos plots in Fig. 4c
did not demonstrate any TCR pairing preference across the shared
CD8+ αβ clonotypes. Similarly, when assessing the most expanded
T-cell clones at day 6, we could not demonstrate any similar TCR
features between different clonotypes within a patient or across
patients (Table 3). Looking at the CDR3β motifs CxxxxGN (with
TRBV7-9) and CxxxxGT (with TRBV7-8) as reported by Han et al.10,
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we did not observe these in our dataset. A third motif, CxxxF (with
TRBV28), that was reported by the same authors, were present in 6
clonotypes from gut samples of patient CD1178 (Table S1). Of
note, the 6 TRBV28-expressing clonotypes had TCRα sequences
with unique TRAV and TRAJ genes. Overall, these findings
demonstrate that CD103+ CD8+ αβ T cells with an activated
phenotype in blood are clonally expanded and shared with those
in the IEL compartment without any TCR or TCR commonality
standing out as shared across tissue and time or representing
expanded clones.

The frequency of gut-homing, activated γδ and CD8+ αβ T cells
correlates with the frequency of CD4+ gluten-specific T cells in
blood on day 6
In contrast to previous reports10,20, we could detect an increase of
CD38+ CD103+ γδ and CD8+ αβ T cells on day 6 only in a subset
of patients. On the other hand, we have previously reported an
increase of gluten-specific CD4+ T cells following gluten challenge
in the majority of treated CeD patients7,9. To further explore the
connection between these different CD8, CD4 and γδ T-cell
responses in blood on day 6, we analyzed blood from another 12
treated patients that underwent a 3-day gluten challenge. Here, 10
out of the 12 patients responded to challenge according to the
elevation of HLA-DQ2.5:gluten tetramer+ CD4+ T cells on day 6
compared to baseline. Similar to the 14-day gluten challenge
study, we did not observe an increased frequency of
CD103+CD38+ CD8+ and γδ T cells on day 6 in all patients.
Strikingly, we observed a range in responses of all three T-cell
populations, and correlation analyses demonstrated that the

degree of the different T-cell responses on day 6 were highly
correlated (Fig. 5).

DISCUSSION
In this study with oral gluten challenge of CeD subjects, we
observed a response of HLA-DQ2.5:gluten tetramer+ integrin β7+

effector-memory CD4+ T cells in the majority of the subjects and
less frequent responses of (CD38+CD103+) γδ and CD8+ αβ T cells
in blood. All of the subject who had increase CD38+CD103+ γδ
T cells, also had an increase in CD38+CD103+ CD8+ αβ T cells.
Thus, there was a correlated and hierarchical pattern of the
responses. We further observed that circulating CD103+ γδ and
CD8+ T cells were clonally shared with the IELs in CeD, and this
was so even prior to the gluten challenge. Diverse clonotypes
were present among the CD103+ γδ and CD8+ T cells in patients
who had surge of cells in blood on day 6. Thus, gluten-specific
CD4+ T cells appear to drive expansion of diverse γδ or CD8+ αβ T-
cell clonotypes in CeD. In blood on day 6 almost all patients had
increase in HLA-DQ2.5:gluten tetramer+ integrin β7+ effector-
memory CD4+ T cells and fewer had increased in CD38+CD103+

γδ T cell and CD38+CD103+ CD8+ αβ T cells.
In line with our previous findings17, we found that the TRGV/

TRDV usage in gut IELs in CeD patients undergoing gluten
challenge is similar to that observed in untreated CeD. Moreover,
we observed that the CD103+ γδ T cells from the blood have a
near identical V-gene usage and chain pairing to that of resident
γδ IELs. Focusing on the top 10 used TRAV and TRBV genes due to
the high TCRαβ diversity, we found that the usage of both TRAV

Table 2. Top shared and most expanded CD103+ γδ T-cell clonotypes on day 6.

Patient+
Clone ID

Total
clone size

Tissue Time-
point

Clone size TRGV // TRGJ // CDR3γ TRDV // TRDD // TRDJ // CDR3δ Dual TRG/TRD

CD1340

2 9 Blood BL 2 TRGV4 // TRGJP1 //
ATWDGPGATGWFKI

TRDV1 // TRDD2 // TRDJ1 //
ALGELASSYGRWGRATDKLID6 4

D14 1

IEL BL 2

3 8 Blood BL 1 TRGV4 // TRGJP1 //
ATWSTTGWFKI

TRDV1 // TRDJ1 //
ALGERCHGDTLVKPDKLID6 4

IEL BL 1

D14 2

14 5 Blood D6 3 TRGV4 // TRGJP1 //
ATWDGVPQTGWFKI

TRDV1 // TRDD2 // TRDJ1 //
ALGERYGGPYKTGGYLRTDKLIIEL D14 2

7 4 Blood D6 2 TRGV2 // TRGJ2 //
ATWDGYYKKL

TRDV1 // TRDD2 // TRDJ1 //
ALGELSVLQKLGDTTLTYTDKLIIEL BL 1

D14 1

CD1342

13 3 Blood D6 2 TRGV8 // TRGJP2 //
ATWDNWIKT

TRDV3 // TRDD3 // TRDJ1 //
AFTGGPYTDKLIIEL D14 1

17 2 Blood BL 1 TRGV9 // TRGJP //
ALWDITGRKKIKV

TRDV1 // TRDD2 // TRDJ1 //
ALGDPHFNTGVNFRWGPRKLI

TRGV8 // TRGJ2 //
ATKSYKKLD6 2

CD1300

1 27 Blood D6 3 TRGV9 // TRGJP //
ALWEAELGKKIKV

TRDV1 // TRDD3 // TRDJ1 //
ALGGSSKHGGYASYTDKLI

TRGV3 // TRGJ1 //
ATWDRPDYKKLIEL BL 8

D14 16

2 17 Blood D6 2 TRGV2 // TRGJP2 //
ATWDGRGSDWIKT

TRDV1 // TRDD3 // TRDJ1 //
ALGGTWGGTQKFFPYTDKLI

TRGV8 // TRGJ1 //
ATWDSRVYYKKLIEL BL 11

D14 4
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and TRBV genes were similar in blood and gut. It may be that the
similar V-gene usage only reflect that certain V genes are more
frequently used than others. In fact, the top 10 TRBV genes used
here correspond well to the reportedly used TRBV families in gut

and blood of healthy individuals18. Moreover, at the level of chain
pairing we did not observe any pairing preference of TCRαβ
neither in blood nor in gut. Apart from the CxxxF motif carried
with TRBV28 in CD8+ αβ T cells, we did not observe the CeD
conserved motifs reported by Han et al.10 or Mayassi et al.19 in our
dataset. A limited number of clonotypes examined with our
single-cell sequencing approach and the use of cryopreserved
samples could be a reason for these disparate results, but we find
this unlikely as Han et al.10 also sequenced single cells from
cryopreserved samples. A limited number of sequences were also
examined by Mayassi et al.19. For the motifs carried by the CD8+

αβ T cells, the representation of study subjects with different HLA
class I allotypes could be a confounder. Information on the HLA
class I allotypes of the study subjects of Han et al.10 is not
available, but our study subjects carried typical CeD HLA-A and
HLA-B alleles21 with seven out of seven being HLA-B8 and five out
of seven being HLA-A1. Given this HLA profile of the patients, the
lack of sharing of T-cell clonotypes between the patients is likely
not explained by HLA heterogeneity of the study subjects.
Our observation of bimodal expression of CD8 in the γδ IEL

population is in keeping with previous observations22. Among
human IELs the CD8αβ heterodimer is dominating with 10% of the
cells expressing the CD8αα homodimer23. Our staining with anti-
CD8α will include both cell populations. The role of the CD8
molecule in γδ T cells is to best of our knowledge unknown. Our
observation that identical γδ T-cell clonotypes are present with
and without the expression of CD8 suggests that the acquisition
or loss of CD8 could be a regulated process in these cells.
Our group has previously shown that gluten-specific CD4+ T-

cell clonotypes are shared between blood and gut tissue4. We
wanted to determine if the same phenomenon occurs for γδ and
CD8+ αβ T cells. In our previous study17, we highlighted the
importance of accurate clonotype assignments as we observed
many identical TCRγ sequences that paired with different TCRδ
sequences. In addition, the presence of dual TCR sequences even
further strengthen the correct annotation of clonotypes. With this
in mind, it was remarkable to detect sharing of γδ and CD8+ αβ T-
cell clonotypes across blood and gut tissues, also prior to gluten
challenge. The degree of clonal sharing between the different
samples appeared to be higher for γδ T cells compared to CD8+

αβ T cells, especially for the sharing of IEL clonotypes. As the CD8+

IELs in CeD are believed to have an oligoclonal TCR repertoire24,25,
one could expect to observe a higher degree of sharing of CD8 IEL
clonotypes. On the contrary, CD8+ IELs in CeD patients appear to
have a much more diverse TCR repertoire than previously
believed. These findings suggest that clonal sharing is a common
feature that is independent of continuous gluten exposure. The
sharing of γδ and CD8+ αβ T-cell clonotypes across blood and gut
tissue could possibly relate to the extraintestinal manifestations of
CeD, but this possibility remains speculative.
Relevant to our observation of clonal sharing between gut

tissue and blood, it was reported in a recent paper that small
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Table 3. Top shared and expanded CD103+ CD8+ αβ T-cell clonotypes on day 6.

Patient+
Clone ID

Total
clone size

Tissue Time-
point

Clone size TRAV // TRAJ // CDR3α TRBV // TRBD // TRBJ // CDR3β Dual TRA/TRB

CD1340

2 21 Blood D6 11 TRAV20 // TRAJ26 //
AVQVNRGQNFV

TRBV15 // TRBJ2-7 // TRBD1 //
ATSPMTGGEQYD14 2

IEL BL 2

D14 6

3 22 Blood D6 9 TRAV25 // TRAJ43 // AVNNDMR TRBV27 // TRBJ1-2 // TRBD1 //
ASSPGTGLDYGYTIEL BL 1

D14 12

1 36 Blood D6 6 TRAV26-1 // TRAJ20 //
ISWASNDYKLS

TRBV12-3 // TRBJ1-2 // TRBD2 //
ASSPSPGAWYGYTD14 1

IEL BL 18

D14 11

6 7 Blood D6 2 TRAV10 // TRAJ34 //
VVSALSNTDKLI

TRBV4-2 // TRBJ2-1 // TRBD2 //
ASSPLESYNEQFD14 2

IEL 3

7 4 Blood D6 2 TRAV38-2/DV8 // TRAJ48 //
AYSDFGNEKLT

TRBV27 // TRBJ2-7 // TRBD2 //
ASSLSLAGDHEQYD14 1

IEL 1

CD1342

4 11 Blood BL 1 TRAV38-2/DV8 // TRAJ57 //
AIPQDLAQGGSEKLV

TRBV5-5 // TRBD2 // TRBJ1-2 //
ASSLGSVFNYGYTD6 6

IEL D14 4

1 33 Blood BL 9 TRAV3 // TRAJ8 //
AVRDSQSGFQKLV

TRBV28 // TRBD2 // TRBJ2-2 //
ASSLRDPGELFD6 3

IEL BL 2

D14 19

6 5 Blood D6 2 TRAV12-1 // TRAJ17 //
VLYGAAGNKLT

TRBV20-1 // TRBD1 // TRBJ2-1 //
SGGTGSHEQFD14 2

IEL 1

12 4 Blood BL 1 TRAV19 // TRAJ8 //
ALSEANTGFQKLV

TRBV5-1 // TRBD1 // TRBJ2-3 //
ASSLEGQHTDTQYIEL D6 3

17 3 Blood D6 2 TRAV2 // TRAJ15 //
AVEDENQAGTALI

TRBV4-1 // TRBD2 // TRBJ2-7 //
ASSQAPGNEQYIEL D14 1

CD1300

2 17 Blood D6 12 TRAV5 // TRAJ45 //
AESGGYSGGGADGLT

TRBV7-9 // TRBD2 // TRBJ2-1 //
ASSLLSPQRDNEQFD14 1

IEL 4

6 10 Blood D6 8 TRAV19 // TRAJ36 //
ALSEARRTGANNLF

TRBV20-1 // TRBD2 // TRBJ1-6 //
SATETGFYNSPLHIEL D14 2

7 10 Blood D6 8 TRAV17 // TRAJ49 //
ASLDASFTGNQFY

TRBV4-1 // TRBD2 // TRBJ2-7 //
ASRYTGTSVYEQYIEL D14 2

4 5 Blood D6 3 TRAV5 // TRAJ15 //
AEPGQAGTALI

TRBV4-1 // TRBD1 // TRBJ2-3 //
ASSRGPLSTDTQYD14 1

IEL 1

8 4 Blood D6 3 TRAV39 // TRAJ57 // GGSEKLV TRBV16 // TRBD1 // TRBJ1-1 //
ASSPTAASEAF

TRAV38-1 // TRAJ54 //
APGLLIQGAQKLVIEL D14 1

CD442

2 17 Blood D6 16 TRAV12-1 // TRAJ6 //
VVNMEGGSYIPT

TRBV5-8 // TRBD1 // TRBJ1-3 //
ASSFTGSGNTIYIEL D14 1

– 5 Blood D6 5 TRAV21 // TRAJ16 //
AVEDGQKLL

TRBV12-3 // TRBD1 // TRBJ2-1 //
ASSLDSSYNEQF

– 4 Blood D6 4 TRAV5 // TRAJ11 //
AVDSGYSTLT

TRBV6-2 // TRBD1 // TRBJ2-3 //
ASSPTGGNTQY
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intestinal resident memory T cells recirculate in the blood of
mice26. Furthermore, these resident T cells that rejoined the blood
displayed a preference for homing back to their original tissue
upon reactivation. While this study was performed in mice, our
data indicate that a similar circulation of resident T cells may occur
in humans as well, however further studies are needed are prove
this concept. Taken together, these observations based on single-
cell sequencing support the notion that the activation of clonally
diverse CD8+ αβ T cells in blood and gut of CeD subjects might be
inflammation-induced, and where IL-15 and NK-cell receptors on
the T cells could be involved.
In conclusion, our gluten challenge study has revealed that

there is γδ and CD8+ αβ clonotype sharing between blood and
gut tissues and that this sharing is seen prior to gluten
consumption. We found no evidence that gluten-induced immune
activation in CeD involves particular patient-shared γδ or CD8+ αβ
T-cell clonotypes. Our observations suggest that CD4+ T cells
employing the disease-associated HLA-molecules as restriction
elements can drive expansions of clonally diverse γδ and CD8+ αβ
T cells.

METHODS
Human subjects and study design
14-day gluten challenge. Twenty treated CeD patients were
recruited to a clinical study with the aim to determine whether
an oral gluten challenge of 14 days is sufficient to demonstrate
mucosal changes in well-treated CeD patients16. Duodenal
biopsies were collected prior to and at day 14 of the gluten
challenge. In addition to histological assessments, eight biopsies
were collected to investigate immune cells in the small intestine

by flow cytometry. Blood was drawn and collected throughout the
gluten challenge; at baseline, day 6 and day 14. The detailed
information of the clinical study can be found elsewhere16. For this
study, we obtained complete or partly complete sets of biological
samples from eight of the patients from the 14-day gluten
challenge study.
In order to obtain single-cell suspension of the lamina propria

cells of the duodenal biopsies, we first treated the biopsies with
EDTA for 10–20min at 37 °C in order to remove the epithelial
layer. Subsequently, the biopsies were treated with collagenase
for 30–60min, at 37 °C with rotation. The initial isolation step
allowed us to separate the intraepithelial lymphocyte (IEL) from
the lamina propria cells, and the samples were cryopreserved prior
to further analysis.
Peripheral mononuclear blood cells (PBMCs) were isolated using

a density gradient method with Lymphoprep and directly
subjected to tetramer staining and magnetic bead enrichment,
as described in Sarna et al.16. The tetramer-enriched sample were
further analysed while the depleted PBMC fraction were
cryopreserved until further use. For patient CD1300, we suspected
baseline and day 6 samples were mixed up prior to sorting due to
the presence of a distinct population of CD38+CD103+ T cells only
in the baseline sample. This patient was a clear responder on all
other parameters. This suspicion of sample mixup was later
confirmed when this patient participated in a later gluten
challenge study. Hence, the data presented here for blood
samples on baseline and day 6 for CD1300 have been swapped.

3-day gluten challenge. For further analysis of the different T-cell
responses on day 6 in blood, we had access to blood samples
from another 12 treated CeD patients that underwent a 3-day

Table 3. continued

Patient+
Clone ID

Total
clone size

Tissue Time-
point

Clone size TRAV // TRAJ // CDR3α TRBV // TRBD // TRBJ // CDR3β Dual TRA/TRB

1 4 Blood D6 2 TRAV13-2 // TRAJ41 //
AETRSGYALN

TRBV5-5 // TRBD1 // TRBJ2-7 //
ASSLRPSLEQYIEL BL 1

D14 1

6 3 Blood D6 2 TRAV14/DV4 // TRAJ57 //
GGSAQGGSEKLV

TRBV24-1 // TRBD1 // TRBJ2-5 //
ATSDSTGVETQY

TRAV24 // TRAJ20 //
AFEVSNDYKLSIEL D14 1

a b c
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Fig. 5 Correlation analyses between the different T-cell responses in blood on day 6 after 3-day challenge with cookie or bread.
a CD103+CD38+ CD8+ αβ and CD103+CD38+ γδ T cells. b HLA-DQ2.5:gluten tetramer+ integrin β7+ effector-memory CD4+ T cells and
CD103+CD38+ CD8+ αβ T cells. c HLA-DQ2.5:gluten tetramer+integrin β7+ effector-memory CD4+ T cells and CD103+CD38+ γδ T cells.
Patients challenged with cookie or bread are depicted with circles and triangles, respectively. Two patients who did not respond to the gluten
challenge (determined by tetramer response) are indicated with open circles. P value (p) was calculated by Pearson correlation coefficient.
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gluten challenge. Six of the patients ate a gluten-containing,
FODMAP-free, cookie for 3 days and has been described
previously8. The other half ate 4 slices of white bread for 3 days.
Blood was collected in BD Vacutainer Cell Preparation Tubes (CPT)
and processed and cryopreserved as described8. Upon analysis,
the frozen samples were thawed and enriched for gluten-specific
T cells using a cocktail of five HLA-DQ2.5 tetramers. In parallel, the
depleted PBMC fraction was used for analysis of CD8+ and γδ T-
cell populations.

Surface marker staining, flow cytometry analysis and single-cell
sorting
The frozen tetramer-depleted PBMCs from 14-day gluten chal-
lenge study were first thawed and filtered. We then stained the
cells with PE-conjugated anti-γδTCR for 20 min followed by an
anti-PE bead enrichment step due to low frequency of CD103+ γδ
T cells (<1% of total yδ T cells). The γδTCR-enriched sample was
used for sorting of γδ T cells while the depleted fraction was used
to sort CD8+ αβ T cells. The samples were then stained with a
cocktail of the following antibodies: CD8-PerCP-Cy5.5 (clone SK1,
BioLegend), CD27-PE-Cy7 (clone LG.7F9, eBioscience), CD38-FITC
(clone HB7, BioLegend), CD103-APC (clone B-ly7, eBioscience),
CD4-APH-H7 (clone SK3, BD Biosciences), CD3-eVolve605 (clone
OKT3, eBioscience). The depleted fraction was additionally stained
with γδTCR-PE (clone 5A6.E9, Invitrogen), and a dump channel
consisting of CD11c-Pacific Blue (clone B-ly6, BD Biosciences),
CD14-Pacific Blue (clone M5E2, BioLegend), CD19-Pacific Blue
(clone HIB19, BioLegend) and CD56-Pacific Blue (clone MEM-188,
BioLegend). Cryopreserved IELs were thawed and filtered. They
were directly stained without bead enrichment with a similar
panel to the blood samples. The exceptions were the use of
epithelial antigen-FITC (clone BerEP4, DAKO) and CD38-PE-Cy7
(clone HIT2, eBioscience).
For the additional 3-day gluten challenge studies, the cryopre-

served PBMCs were thawed as described above and the samples
were first subjected to PE-conjugated tetramer bead enrichment.
These cells were then analysed as described8 whereas the
depleted PBMC fraction was labelled with the same panel of
antibodies as described above but without γδTCR-enrichment
prior to flow cytometry analysis on FACS AriaIII. Data was analysed
using FlowJo software v10 (Flowjo LLC). Gating strategy is
provided in Supplementary Fig. 4.

Library preparation for single-cell γδ and αβ TCR sequencing
Single-cell TCR sequencing of γδ and αβ T cells were performed as
described4,17. After preparing separate γδ and αβ libraries, we
combined the two libraries and sequenced them in the
same Illumina Miseq sequencing run. Sequencing was performed
at the Norwegian Sequencing Center and sequence data
deposited at the European Genome-Phenome Archive (EGA)
under the accession number EGAS00001004484.

TCR repertoire analysis
Data processing and analysis was performed as described in4,17.
Briefly, obtained reads from Illumina sequencing were pre-
processed using selected tools from the pRESTO toolkit27. Using
an in-house Java program the γδ and αβ TCR sequences were
subjected to further filtration and processing as previously
described4,17. Only sequences with >50 reads were included in
further analysis. We allowed for dual chains with a maximum of
three chains in total. For both TRG/TRD and TRA/TRB sequences
from each patient, cells were classified to the same clonotype
when having identical V and J gene as well as identical nucleotide
CDR3 region.
Circos plots were generated using the online circos tool (http://

circos.ca/circos_online). Other graphs were made in Graphpad
Prism 8 and Adobe Illustrator.

Statistics
Integrated statistical tools in Graphpad Prism 8 was used for
statistical analyses.

Study approval
The studies were approved by the Regional Committee for
Medical and Health Research Ethics South-East Norway (2010/
2720, 2012/341 and 2013/1237), and registered at www.
clinicaltrials.gov (NCT0246415). All patients gave written informed
consent.
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