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ORIGINAL RESEARCH
Single-Cell Analysis of Refractory Celiac Disease Demonstrates
Inter- and Intra-Patient Aberrant Cell Heterogeneity
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SUMMARY

Using high-dimensional single-cell and spatial technologies,
we demonstrate substantial intertumoral and intratumoral
heterogeneity of the aberrant cell population in patients
with refractory celiac disease type II (RCDII). These findings
may have implications for future diagnostics and treatment
of RCDII.

BACKGROUND & AIMS: Refractory celiac disease type II (RCDII)
is a rare indolent lymphoma in the small intestine characterized
by a clonally expanded intraepithelial intracellular CD3þsurfa-
ceCD3-CD7þCD56- aberrant cell population. However, RCDII
pathogenesis is ill-defined. Here, we aimed at single-cell charac-
terization of the innate and adaptive immune system in RCDII.

METHODS: Paired small intestinal and blood samples from 12
RCDII patients and 6 healthy controls were assessed by single-cell
mass cytometry with a 39–cell surface marker antibody panel,
designed to capture heterogeneity of the innate and adaptive
immune system. A second single-cell mass cytometry panel that
included transcription factors and immune checkpoints was used
for analysis of paired samples from 5 RCDII patients. Single-cell
RNA sequencing analysis was performed on duodenal samples
from 2 RCDII patients. Finally, we developed a 40-marker imaging
mass cytometry antibody panel to evaluate cell–cell interactions in
duodenal biopsy specimens of RCDII patients.

RESULTS: We provide evidence for intertumoral and intra-
tumoral cell heterogeneity within the duodenal and peripheral
aberrant cell population present in RCDII. Phenotypic discrep-
ancy was observed between peripheral and duodenal aberrant
cells. In addition, we observed that part of the aberrant cell
population proliferated and observed co-localization of aber-
rant cells with CD163þ antigen-presenting cells (APCs) in situ.
In addition, we observed phenotypic discrepancy between pe-
ripheral and duodenal aberrant cells.

CONCLUSIONS: Novel high-dimensional single-cell technolo-
gies show substantial intertumoral and intratumoral hetero-
geneity in the aberrant cell population in RCDII. This may
underlie variability in refractory disease status between pa-
tients and responsiveness to therapy, pointing to the need for
personalized therapy in RCDII based on patient-specific im-
mune profiles. (Cell Mol Gastroenterol Hepatol
2022;14:173–192; https://doi.org/10.1016/j.jcmgh.2022.03.005)

Keywords: Tumor Heterogeneity; Mass Cytometry; Imaging
Mass Cytometry; Gluten Enteropathy; Enteropathy-Associated
T-Cell Lymphoma.
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eliac disease (CeD) is a frequently occurring
Abbreviations: Ab, antibody; APC, antigen-presenting cell; CeD, celiac
disease; Ctrl, control; CyTOF, cytometry by time-of-flight; DE, differ-
entially expressed; EATL, enteropathy-associated T-cell lymphoma;
FCS, fetal calf serum; GATA3, GATA Binding Protein 3; HSNE, hierar-
chical stochastic neighborhood embedding; iCD, intracellular CD; IEL,
intraepithelial lymphocyte; IL, interleukin; ILC, innate lymphoid cell; LP,
lamina propria; NK, natural killer; PBMC, peripheral blood mono-
nuclear cell; PBS, phosphate-buffered saline; PCA, principal compo-
nent analysis; RCDII, refractory celiac disease type II; ROI, region of
interest; RORgT, retinoic acid receptor-related orphan receptor
gamma T; sCD, surface CD; scRNA-seq, single-cell RNA sequencing;
SMA, smooth muscle actin; TCR, T-cell receptor; TF, transcription
factor; tSNE, t-distributed stochastic neighborhood embedding; TGF,
transforming growth factor; UMAP, uniform manifold approximation
and projection.
Cimmune-mediated disease with an increasing prev-
alence worldwide owing to improved recognition and
plausibly an increase in environmental factors that trigger
CeD.1 CeD pathogenesis is induced by gluten peptides in
HLA-DQ2/8 individuals, leading to villous atrophy and
associated malabsorption.2 In rare cases, CeD patients
develop, or present with, an expansion of intraepithelial
intracellular CD (iCD)3þ surface CD (sCD)3-CD7þCD56-

aberrant cells in their duodenum.3 This disease entity is
called type II refractory celiac disease (RCDII) and is cate-
gorized as a low-grade lymphoma.

Previously, we showed substantial heterogeneitywithin the
intestinal innate lymphoid compartment and identified a likely
precursor for the aberrant cells in RCDII that is common in the
healthy intestine, particularly in children.4 More recently, it has
been shown that the aberrant clonal cell population develops
from an atypical NKp44þ innate intraepithelial lymphocyte
(IEL) subset inhealthyduodenum.5Triggers for initiationof this
development are only hypothesized, namely silent chronic
inflammation resulting from continuous interleukin (IL)15
exposure5,6 or a viral trigger such as Epstein–Barr virus.7

Moreover, in 50% of RCDII cases, an accumulation of JAK1/
STAT3 mutations contributes to transformation of atypical
innate IELs into a clonal aberrant cell population.5,8,9

RCDII is seen as a severe complication of CeD because this
patient population has a 50% risk of developing a high-grade,
enteropathy-associated, T-cell lymphoma (EATL),10 which
has a 5-year survival rate of only 20%.Next to the risk of EATL
development, the clinical status of RCDII patients can be life-
threatening and patients often pass away because of re-
fractory disease status with malabsorption. There is no
consensus about treatment of RCDII patients, with expert
opinion–based therapy differing per country. Ideally,
adequate therapy controls small intestinalmucosal injury and
reduces accompanying symptoms, in some cases along with
the continued presence of an aberrant cell population. To
improve clinical care for RCDII, more insight into the immu-
nologic environment and mechanisms that cause immune
dysregulation is required.

To obtain a better understanding of immune dysregulation
in RCDII, we aimed to perform unbiased single-cell charac-
terization of the innate and adaptive immune system in RCDII.
Here, we present an integrated analysis of multidimensional
single-cell data collected using single-cell mass cytometry,
single-cell RNA sequencing (scRNA-seq), and imaging mass
cytometry. Collectively, we provide evidence for intertumoral
and intratumoral heterogeneity of the aberrant clonal cell
population and observed phenotypic discrepancy between
duodenal and peripheral aberrant cells. Moreover, we
observed proliferation of a subset of aberrant cells and we
show spatial distribution of innate and adaptive immune cells
in RCDII duodenum.
Most current article

© 2022 The Authors. Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Results
Generation of Single-Cell Mass Cytometry Data Sets

We designed 2 single-cell mass cytometry antibody
panels (see the Methods section): the first panel was
designed for analysis of 39 immune cell surface
markers to capture heterogeneity within the innate and
adaptive immune system; the second panel was
designed for analysis of 42 intracellular and cell sur-
face markers to capture expression of transcription
factors and checkpoint molecules. For the first panel,
we included paired small intestinal biopsy and blood
samples from controls (healthy duodenum) (n ¼ 6) and
RCDII patients (n ¼ 12 inclusions, 10 individual pa-
tients) (Table 1). For the second panel, we included
paired small intestinal biopsy and blood samples of 5
RCDII patients (Table 1). For RCDII samples, active
disease was characterized by aberrant IELs �20% plus
malabsorption, and remission was characterized by
aberrant IELs ±20% without malabsorption. Small in-
testinal biopsy samples were duodenum-derived, with
one exception of a jejunal sample. From biopsy sam-
ples, we isolated and pooled IELs and lamina propria
(LP) lymphocytes. From peripheral blood, we isolated
peripheral blood mononuclear cells (PBMCs). After
staining and measurement, we performed pregating of
live single CD45þ cells based on Gaussian parameters
(see the Methods section; data not shown) and checked
the consistency of antibody (Ab) staining in both
panels (see the Methods section; data not shown).
Panel 1 generated a data set of 1.8 � 106 duodenal
CD45þ cells from control and RCDII patients
(Figure 1A); panel 2 resulted in a data set of 404,252
duodenal CD45þ cells from RCDII patients (Figure 1B).
From peripheral blood, for panels 1 and 2, we gener-
ated data sets of 7.1 � 106 CD45þ cells and 2.4 � 106

CD45þ cells (data not shown), respectively.
Identification of Known Duodenal Immune
Subsets

To obtain an overview of the duodenal immune cell
composition we performed an hierarchical stochastic
neighborhood embedding (HSNE) analysis of our mass
cytometry data11 in Cytosplore (Delft, The Netherlands),12

a visual dimensionality reduction-based technique. At

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1.Patient Characteristics

CyTOF panel 1 CyTOF panel 2 scRNA-seq

Ctrl RCDII RCDII RCDII

Inclusions, n 6 12 5 2

Patients, n 6 10 5 2

Sex, male:female, n 2:4 5:7 2:3 1:1

Age, median
Time of endoscopy 54.5 78 79 75
CeD diagnosis – 69.5 72 67
RCDII diagnosis – 71 75 68

Years between CeD and RCDII diagnosis, median – 1.5 3 1.5

CeD disease, y, median – 6 5 8.5

Histology
Marsh 0 6 3 0 1
Marsh 1 0 3 2 0
Marsh 2 0 0 0 0
Marsh 3A 0 5 2 1
Marsh 3B 0 0 0 0
Marsh 3C 0 1 1 0

% aIELs vs total IELs, median - 71 69 72.5

(Previous) RCDII treatment, n
No GFD 5 1 0 0
GFD 1 11 5 2
No drug treatment 0 3 1 0
Cladribine 0 5 2 0
Budesonide 0 0 1 0
Anti-IL15 0 0 0 0
Budesonide þ anti-IL15 0 1 0 0
Cladribine þ auSCT 0 2 0 0
Cladribine þ auSCT þ anti-IL15 0 1 1 1
Small jejunal resection þ CHOEP chemotherapy 0 0 0 1

Disease status, n
Active (aIELs >20% þ malabsorption) - 6 3 1
Remission (±aIEL > 20%, no malabsorption) - 6 2 1

Samples, n
PBMCs 6 9 5 0
Duodenum 6 11 5 2
Jejunum 0 1 0 0
Total 12 21 10 2

aIELs, aberrant intra-epithelial lymphocytes; auSCT, autologous stem cell transplantation; CeD, celiac disease; Ctrl, control;
GFD, gluten-free diet; RCDII, refractory celiac disease type II.
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overview HSNE level, we discriminated major immune cell
compartments based on their phenotype (Figure 1A–D),
namely CD3-CD7þ innate lymphoid cells (ILCs; including
natural killer (NK) cells), CD4 T cells, CD8/gd T cells,
myeloid cells, and B cells. As expected, significantly higher
frequencies of CD3-CD7þ cells were observed in duo-
denum of RCDII patients in both data sets (Figure 1E and
F). Control duodenal samples showed higher frequencies
of CD8/gd T cells than RCDII duodenum. CD4, myeloid,
and B cells were present to a lesser extent in both control
and RCDII duodenum without significant differences. In
paired peripheral blood samples, we observed a signifi-
cant decrease in CD4 T cells and an increase in CD8 T cells
(data not shown). For panel 2, which only contains RCDII-
derived CD45þ cells, we observed similar percentages in
duodenum (Figure 1D, G, and H) and peripheral blood
(data not shown) for all major immune lineages when
compared with data from panel 1. Thus, the duodenal
RCDII samples are characterized by a significant increase
in CD3-CD7þ cells in combination with a significantly
lower number of CD8/gd T cells, whereas peripheral
blood samples showed a significant decrease in CD4 T
cells and an increase in CD8 T cells.

Mass Cytometric Analysis of CD3-CD7þ Cells in
Control and RCDII Tissues

For further characterization of the 6 major immune lin-
eages of both data sets in more detail, we analyzed every
lineage separately using HSNE and t-distributed stochastic
neighborhood embedding (tSNE) in Cytosplore. First, we
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Figure 1. Two mass cytometric data sets of duodenal CD45D cells. (A) HSNE embedding of CyTOF data set 1 showing 1.8
million cells derived from control (n ¼ 6; 52,801 cells) and RCDII biopsy specimens (n ¼ 12; 805,825 cells). (B) HSNE
embedding of CyTOF data set 2 showing 404,252 cells derived from RCDII biopsy specimens (n ¼ 5). (C) HSNE embedding
showing identified major immune cell lineages in CyTOF data set 1, including marker expression overlays of HSNE embedding
depicted in panel A. (D) HSNE embedding showing identified major immune cell lineages in CyTOF data set 2, including marker
expression overlays of HSNE embedding depicted in panel B. (E) Frequencies of major lineages among control and RCDII
biopsy specimens as the percentage of total CD45þ cells (CyTOF data set 1). (F) Lineage frequency outlined per sample biopsy
and attributed per tissue, disease status, and RCDII individual (CyTOF data set 1). (G) Frequencies of major lineages among
RCDII biopsy specimens as the percentage of total CD45þ cells (CyTOF data set 2). (H) Lineage frequency outlined per sample
biopsy and attributed per tissue, disease status, and RCDII individual (CyTOF data set 2). (C and D) Colors indicate expression
values of arcsine transformed data, ranging from 0 to 5 (blue to red). (E and G) Significance was calculated using the
Mann–Whitney test. ***P � .0001. Box plots represent the median ± interquartile range. Ctrl, control; RCDII, refractory celiac
disease type II.
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focused on the largest compartment in RCDII tissues:
the innate CD3-CD7þ lineage, comprising 72.89% (inter-
quartile range, 41.97–87.78) of CD45þ cells in mass
cytometry data set 1 (Figure 1E). Within this data set, we
performed a 2-level HSNE analysis in Cytosplore on
CD3-CD7þ duodenal cells from control and RCDII patients
(n ¼ 858.626 cells in total). At the overview level
(Figure 2A), the large majority of CD3-CD7þ cells derived
from control biopsy specimens separate from cells from
RCDII biopsy specimens. Moreover, cells from each RCDII
patient formed a separate cluster, indicative of patient-
specific phenotypic features of the aberrant CD3-CD7þ

cells (Figure 2B). Figure 2C provides an overview of the
expression of the immune cell markers analyzed.
Phenotype-based hierarchical clustering of all CD3-CD7þ

cells based on these expression profiles resulted in 52
clusters (Figure 2D). The associated cell frequency heatmap
(Figure 2E) visualizes the abundance of these clusters in
individual patient samples. The cell frequency heatmap
readily identifies a cluster of 6 related immune subsets that
are predominant in the biopsy specimens of the controls
and largely lacking in the RCD samples (Figure 2E, clusters
1–6). Five of these CD3-CD7þ cell clusters were
NKp44þNKp46þCD38highCD45RA- cells (clusters 1–5), and
represent the largest population in healthy duodenum
(Figure 2F). In addition, 4 of these expressed CD103 (clus-
ters 1, 2, 3, and 5), indicating they are derived from the
intestinal epithelium, and 1 (cluster 3) was CD56þ. Finally,
cell cluster 6 contains CD45RAþCD56þ NK cells
(Figure 2D–F). Notably, these cell populations also were
present in RCDII patient 3 (Figure 2E, samples 3 and 3-2, in
remission), but in hardly any of the other patient samples,
including those in remission (Figure 2E, samples 5, 6, 9, and
10). In contrast, RCDII duodenal CD3-CD7þ cells distin-
guished themselves by expanded cell population(s) with
individual-specific marker expression profiles
(Figure 2A–E). This interpatient aberrant cell heterogeneity
was caused by differential expression of CD8a, CD8b,
NKp44, NKp46, CD45RA, CD45RO, CD122, CD161, CD127,
CCR6, and NKp44 (Figure 2B–E). For example, patient 5 is
characterized by the presence of a cluster of
CD45ROþCD8aþCD161þ cells while patient 10 harbors
primarily CD8aþCD8bþNKp44þ cells. Two RCDII patients
that were included twice at different time points (3, 3-2; 2,
2-2) showed similar expression profiles (Figure 2D and E),
suggesting a relatively stable profile once disease was
Figure 2. (See previous page). Mass cytometric analysis of C
showing 858,626 cells from RCDII biopsy specimens (n ¼ 12; 80
of CyTOF data set 1. (B) HSNE analysis showing embedding of
(C) Marker expression overlays of HSNE embedding depicted in
marker expression values, ranging from 0 to 5 (blue to red). (D) H
with hierarchical clustering. (E) Cluster frequencies within CD3
attributed per tissue, disease status, and RCDII individual. (F) F
control and RCDII biopsy specimens within CD3-CD7þ cells. (G
vidual. A value of �5% was defined for individual-specific e
Mann–Whitney test. **P � .001, ***P � .0001. Box plots repres
fractory celiac disease type II.
established. In addition, in most patients multiple expanded
cell clusters are present that are distinguished by differen-
tial expression of 1 or multiple markers, indicative of
intrapatient heterogeneity. For example, patient 4 harbors
both 2 highly similar cell clusters that are distinguished by
the presence or absence of CD103, while the expression of
NKp46 is highly variable among expanded cell clusters in
several other patients (5, 6, 9, and 10) (Figure 2D and E).
Lastly, compared with the control samples, a distinct down-
regulation of CD122, the shared IL2 and IL15-receptor b-
chain, was observed in many of the RCDII CD3-CD7þ cell
clusters (Figure 2A, D, and E).

In the second mass cytometric data set, we analyzed the
expression of transcription factors (TFs) on CD3-CD7þ cells
from the second cohort of 5 RCDII patients (n ¼ 259,778
cells) (Figure 3). Here, expression of T-bet was observed on
the large majority of cells, in line with the expression of this
TF in ILC1 and NK-cell receptor–positive ILC3s.13 Moreover,
low levels of GATA Binding Protein 3 (GATA3) were
observed while expression of ILC3-specific TF retinoic acid
receptor-related orphan receptor gamma T (RORgT) and NK
cell TF Eomes was absent on CD3-CD7þCD56- cells.

Together, these data indicate that in the majority of pa-
tients the CD3-CD7þ immune compartment is distinct from
that in healthy controls and that substantial interpatient and
intrapatient heterogeneity exists. Although the expression of
the transcription factors matches ILC1s and NK-cell
receptor–positive ILC3s, the lack of expression of CD127
in the majority of patients sets the aberrant cells apart from
classic ILCs.
Phenotypic and Frequency Discrepancies
Between Peripheral Blood and Duodenal
Aberrant Cells

In parallel, we performed phenotypic and frequency
analysis of CD3-CD7þCD56- cells in peripheral blood
derived from control and RCDII samples. Substantially
increased frequencies of CD3-CD7þCD56- cells were
observed in 3 of the 9 RCDII samples (Figure 4A). A tSNE
analysis of peripheral control and RCDII CD3-CD7þCD56-

cells (Figure 4B) indicated that the large majority of cells
were derived from patients RCDII 3, 3-2, and 6
(Figure 4C). Marker expression overlays for this tSNE
(Figure 4D) showed phenotypic heterogeneity both be-
tween and within patients. For example, a sizable
D3-CD7D cells in the small intestine. (A) HSNE embedding
5,825 cells) and control biopsy specimens (n ¼ 6; 52,801 cells)
individual RCDII CD3-CD7þ cells and control CD3-CD7þ cells.
panels A and B. Arcsine transformed data resulting in median
eatmap representing median marker expression values along
-CD7þ cells, frequencies ranging from 0 to 5. Clusters were
requencies of specific clusters (clusters 1–5; 6 and 7) among
) Expanded CD3-CD7þ cell clusters, specific per RCDII indi-
xpansion. (E and F) Significance was calculated using the
ent the median ± interquartile range. Ctrl, control; RCDII, re-
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ranging from 0 to 5 (blue to red).
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proportion of the CD3-CD7þCD56- cells from sample 3
express CD127, although this marker is not present in
samples 3-2 and 6, reflecting interpatient heterogeneity.
However, not all CD3-CD7þCD56- cells from sample 3 ex-
press CD127, reflecting intrapatient heterogeneity
(Figure 4C and D). In addition, differential expression of
CD161, HLA-DR, CD69, CD38, CD45RA, CD45RO, CD11c,
and CD28 contributes to intrapatient heterogeneity
(Figure 4C and D). In general, controls harbored
CD16þCD56- cells and CD25þ ILCs, while NKp46 and dim
expression of CD122 was more common in RCDII samples
(Figure 4C and D).

Next, we plotted peripheral blood aberrant cell counts
within the CD3-CD7þ lineage against aberrant cell counts of
total IELs as determined by diagnostic flow cytometry data
(Figure 4E). Strikingly, the 3 patients with the highest
aberrant cell expansions in PBMCs (individual 3, 3-2, and 6)
had the lowest aberrant cell counts in duodenum. In addi-
tion, aberrant cell frequencies in peripheral blood did not
correlate with disease status in terms of villous atrophy
because these 3 individuals were in remission at these time
points (Figure 2D). To compare immune phenotypes of
aberrant cells in duodenum and periphery, we performed a
tSNE analysis using CD3-CD7þCD56- cells derived from
paired biopsy and PBMC samples from individual 6
(Figure 4F). Here, duodenal CD3-CD7þCD56- cells showed
clear expression of CD69 and CD45RO whereas peripheral
cells distinguished themselves by expression of CD103 and
CD45RA (Figure 4G). Overlapping markers also were
observed, such as NKp46 and HLA-DR.

To conclude, we observed phenotypic discrepancy be-
tween duodenal and aberrant cell phenotypes. Moreover,
peripheral aberrant CD3-CD7þCD56- cells can be
discriminated from control cells by the lack of CD25 and
expression of NKp46 and CD122dim. Similar to observations
in duodenum, peripheral aberrant cells show interpatient
and intrapatient heterogeneity. Finally, a low percentage of
duodenal aberrant cells (of total IELs) did not correlate
with low aberrant cell counts in peripheral blood, and vice
versa.
Two scRNA-Seq Data Sets of Duodenal RCDII
CD45þ Cells

For an unbiased, in-depth analysis of duodenal immune
cells in RCDII, we performed scRNA-seq on bead-isolated
CD45þ IELs and LP cells (see the Methods section),
derived from 2 RCDII patients (Table 1), 1 patient who was
included in our mass cytometry analysis at the same time
point (RCDII 4-2). At the time of inclusion the percentage of
aberrant cells, as determined by flow cytometry (not
shown), was 50% and 95% of total IELs for patients 12 and
4-2, respectively. In total, we performed sequencing on
approximately 3000 cells from patient 1 (RCDII 12) and
approximately 5000 cells from patient 2 (RCDII 4-2).
scRNA-seq detected a median gene expression of 1164 and
1127 per cell in data set RCDII 12 and RCDII 4-2, respec-
tively. For further gene expression analysis, we used the
Seurat pipeline (New York, NY).14 After performance of
quality controls, we generated 2 data sets: data set 1 of
1898 cells with 16,309 genes expressed (RCDII 12); and
data set 2 of 4505 cells with 15,503 genes expressed (RCDII
4-2) (see the Methods section). Both data sets were
analyzed separately. After quality control and clustering, we
used gene expression profiles for identification of cell
clusters and annotation.
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Figure 4. Phenotypic and frequency discrepancies between peripheral blood and duodenal aberrant cells. (A) Fre-
quencies of CD3-CD7þCD56- cells within the CD3-CD7þ cell population derived from PBMCs of controls (n ¼ 6) and RCDII
patients (n¼ 9). (B) tSNE embedding showing CD3-CD7þCD56- cells (n ¼ 115,396) derived from control and RCDII PBMCs. (C)
tSNE embedding showing CD3-CD7þCD56- peripheral cells derived from RCDII individuals. One color was attributed per
RCDII individual; colors of RCDII tissues 3, 3-2, and 6 are shown. (D) Marker expression overlays of tSNE embedding depicted
in panels B and C. (E) Frequencies of peripheral blood CD3-CD7þCD56- cells within the CD3-CD7þ cell population derived
from RCDII patients vs duodenal CD3-CD7þCD56- cells as the percentage of total IELs, as determined by flow cytometry.
(F) tSNE embedding showing CD3-CD7þCD56- cells (n ¼ 13,381) derived from RCDII individual 6, derived from PBMCs and
duodenal RCDII tissue. (G) Marker expression overlays of tSNE embedding depicted in panel F. (D and G) Arcsine transformed
data resulting in median marker expression values, ranging from 0 to 5. (A) Significance was calculated using the
Mann–Whitney test. Box plots represent the median ± interquartile range. Ctrl, control. RCDII, refractory celiac disease type II.
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Figure 5. Two scRNA-seq data sets of RCDII duodenal CD45D cells. (A) UMAP embedding showing 1898 duodenal CD45þ

single cells derived from patient RCDII 12. Clustering resulted in 11 cell clusters, aberrant-1 (cluster 0; n ¼ 437), epithelial cells-
1 (cluster 1; n ¼ 243), aberrant-2/NK cells (cluster 2; n ¼ 206), CD4 cells (cluster 3; n ¼ 199), proliferating cells (cluster 4; n ¼
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plots. Expression data correlate with CD7 expression as shown in panels E and F, respectively. Colors and cell clusters are
numbered as indicated in panels A, B, E, and F.
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Clustering of data set RCDII 12 showed 12 clusters.
Highly similar gene expression profiles were observed for
2 clusters that therefore were merged (data not shown),
resulting in 11 distinct clusters for RCDII 12 (Figure 5A).
For data set RCDII 4-2, unbiased uniform manifold
approximation and projection (UMAP) clustering resulted
in 13 cell clusters (Figure 5B). For cell annotation in both
data sets, the top 10 differentially expressed (DE) gene
expression profiles identified some, but not all, cell clus-
ters (Figure 6A and B). For correct annotation of these as
yet unidentified cells, we visualized major lineage gene
expression plots (Figure 5C and D) and the average RNA
expression of lineage genes per cluster (Figure 5E and F).
In both data sets, aberrant cell clusters were identified
based on relatively high CD7 expression, varying amounts
of T-cell receptor (TCR)-CD3 complex chains (CD3E, CD3D,
CD3G, and CD247z), and the absence of NCAM1 (CD56),
CD4, CD8A, and CD8B expression (RCDII 12, cluster 0;
RCDII 4-2, cluster 0-4, 6) (Figures 5A–F and 6A and B). In
data set RCDII 12, we observed partial expression of
NCAM1 in cell cluster 2 (Figure 5C), which therefore was
annotated as aberrant-2/NK cells. Furthermore, in data
set RCDII 12 we identified CD4 and CD8 cells showing
lower average CD7 expression (cluster 3, 6) (Figure 5C
and E) and a cluster of TNFRSF4þ (OX40) cells with a dim
average expression of CD3 genes and CD7 (cluster 5)
(Figures 5E and 6A). Cluster 5 shows overlap in DE
genes with all other aberrant/T lymphocyte clusters in
this data set (Figure 6C), suggesting these cells are
differentiating. In data set RCDII 4-2, we identified a CD4/
CD8 cell cluster (cluster 5) (Figure 5D and F) and a tran-
scriptomically active cell cluster as indicated by RPS29
(cluster 8) (Figure 5D and F). In addition, in both data sets,
we identified B cells (MZB1, marginal zone B1), macro-
phages (C1QB, complement C1q subunit), epithelial cells
(EPCAM, ALPI [intestinal alkaline phosphatase]), stressed
cells (HSP genes), and proliferating cells (MKI67)
(Figure 5C-F). In both data sets, these proliferating cell
clusters (RCDII 12 cluster 4; RCDII 4-2, cluster 7) showed
high levels of average CD7 RNA expression (Figure 5G and
H), suggesting these clusters harbor proliferating aberrant
cells.
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Analysis of Duodenal CD3-CD7þ Cells Within the
Two scRNA-Seq Data Sets

To analyze the aberrant cell population at higher resolu-
tion, we computationally isolated aberrant/NK cell clusters
from both data sets. From RCDII 12, we isolated clusters 0 and
2, containing 643 cells; and from RCDII 4-2, we isolated
clusters 0–4 and 6, containing 3573 cells.

First, we analyzed data set RCDII 12. Unbiased reclus-
tering of the cells yielded 6 clusters (Figure 7A). CD3E, CD7,
KLRF1 (NKp80), and FCGR3A gene expression overlays were
plotted (Figure 7B) and the top 12 DE genes were shown
(Figure 7C). Here, cluster 5 contains PIGRþ (poly-Ig recep-
tor) epithelial cells. In Figure 7C, expression profiles of the
remaining 5 cell clusters showed similarity between clusters
0, 1, and 2, and between clusters 3 and 4. Upon further
analysis of DE gene expression profiles, we observed that
aberrant cell clusters 0, 1, and 2 showed expression of CD69,
immune checkpoint molecules TIGIT and TNFRSF9 (CD137),
and T-cell–associated genes CD2, CD3D, CD44, and IL10.
However, next to shared genes, these aberrant cell clusters
also showed significant differences in their gene expression
profiles. Likewise, clusters 3 and 4 share similar expression
of genes, such as GZMK and GNLY, both linked to cytolytic
potential, but also show significant differences in their gene
expression profile.

Finally, we scrutinized the scRNA-seq data for corre-
sponding mass cytometric markers and plotted the RNA
expression data for these markers (Figure 7D). With the
exception of TIM-3 (HAVCR2), which was not observed on
CD3-CD7þ cells at the protein level, the widespread expres-
sion of CD7, ITGAE (CD103), KLRB1 (CD161), IL2RB, and TIGIT
corresponded to the mass cytometry data. However, expres-
sion of FCGR3A, IL2RA (CD25), CD38, EOMES, and GATA3 was
found in only part of the aberrant cell clusters, indicative of
heterogeneity in the aberrant cell population of this patient.
Finally, in a functional analysis we observed substantial
expression of CD74 in all 5 aberrant cell clusters, while both
CD74, HLA-DRB1, and HLA-DRA1 were expressed by the
epithelial cell cluster, indicative of antigen presentation via
HLA-class II (Figure 7E). Examination for cytokines showed
high GZMB/PRF1 expression in all 5 aberrant/NK cell clusters,
whereas few cells showed IFNG expression.

A similar analysis approach was performed for data set
RCDII 4-2, containing 3572 cells, resulting in 8 distinct cell
clusters indicative of intrapatient heterogeneity in the
aberrant cell population (Figure 8A) (2 clusters merged
based on similar gene expression profiles). Gene expression
overlays were negative for KLRF1 and FCGR3A, indicating
this data set did not contain NK cells (Figure 8B). Along with
the top 12 DE gene profiles (Figure 8C), we identified 6
aberrant cell clusters, IL7Rþ cells, and a transcriptomically
active cell cluster (Figure 8A–C). Similar to RCDII 12, we
observed expression of CD69, ITGAE, TIGIT, TNFRSF9, GZMA,
GZMB, IFNG, KLRB1, KLRC1 (NKG2A), and CD74
(Figure 8C–E). Finally, we observed TUBA1A expression,
indicative of cell proliferation, in several aberrant cell
clusters. Compared with RCDII 4-2, aberrant cell clusters in
this analysis showed high IFNG expression in most aberrant
cell clusters, whereas fewer cell clusters showed GZMB
expression (Figure 8E).

Taken together, these results show significant differ-
ences in the gene expression profiles both between and
within the aberrant cell population in 2 RCDII patients,
confirming interpatient and intrapatient aberrant cell
heterogeneity.
RCDII iCD3þsCD3-CD7þ Cells Display
Proliferation, Interpatient Heterogeneity, and
Co-localization With CD163þ antigen-presenting
cells (APCs) In Situ

To examine the spatial distribution of innate and adap-
tive immune cells in RCDII duodenum in situ, we performed
imaging mass cytometry using an antibody panel containing
40 antibodies (see the Methods section), specifically devel-
oped for the analysis of snap-frozen duodenal tissue. We
applied this panel to tissue sections of 1 control and 2 newly
diagnosed RCDII patients who also were included for the
generation of the single mass cytometry data set (Ctrl-3,
RCDII 2, RCDII 8, same time points). A spectral color, pixel-
based analysis was used for data visualization (see the
Methods section).

First, we visualized structural markers and lineage
markers in sample RCDII 8 (Figure 9A). Here, vimentin and
E-cadherin identify the lamina propria and epithelium,
respectively. In further images, E-cadherin was shown for
orientation. Moreover, we visualized smooth muscle actin
(SMA) identifying the muscularis mucosae, arterioles and
venules, neural networks (CD56), lymphatics (D2-40), and
capillaries (CD34, CD141). CD45þ immune cells were
abundant in both the epithelial layer and LP. In the middle
and lower parts of the villi, we observed CD138þ plasma B
cells (Figure 9A) and heterogeneous expression of CD19 and
CD27 (data not shown). Myeloid cells, specifically
CD68þCD163þ M2 macrophages, were more prominent just
below the epithelial layer and toward the top of the villi;
while lower in the LP these cells were scattered. Similarly,
CD11cþ DCs were scattered throughout the LP.

In general, aberrant cells are characterized by iCD3
expression in combination with cell surface CD7 and lack of
CD4 and CD8. We therefore classified CD3þCD7þCD4-CD8-

cells as aberrant cells in these tissue sections. Analysis
showed aberrant cells were in abundance throughout the
epithelial layer while CD4/CD8 T cells were located pri-
marily in the lamina propria. In addition, aberrant cells also
were present in the lamina propria (Figure 9B, regions 1
and 2), indicating migration from the epithelial layer into
the LP. This is in line with our single-cell mass cytometry
data showing the lack of CD103 expression by certain
aberrant cell populations. Strikingly, in the LP, these aber-
rant cells co-localized with CD163þ APCs (M2 macrophages)
(Figure 9B, region 1), which may indicate functional inter-
action between these 2 cell types. Moreover, in a subset of
intraepithelial aberrant CD7þ cells we detected expression
of Ki-67, indicative of cell proliferation (Figure 9C). Finally,
the analysis showed that aberrant CD7þ cells in patient
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Figure 7. scRNA-seq analysis of duodenal aberrant/NK cells from RCDII 12. (A) UMAP embedding showing 643 duodenal
CD3-CD7þ cells of scRNA-seq data set RCDII 12. Clustering resulted in 6 distinct cell clusters, aberrant-1 (cluster 0; n ¼ 214
cells), aberrant-2 (cluster 1; n ¼ 165 cells), aberrant-3 (cluster 2; n ¼ 122 cells), aberrant-4/NK cells (cluster 3; n ¼ 88 cells),
KLRF1þFCGR3Aþ cells (cluster 4; n ¼ 37 cells), and epithelial cells (cluster 5; n ¼ 17 cells). Colors and numbers indicate
distinct cell clusters. (B) Feature plots showing log-normalized single-cell gene expression of CD3E, CD7, KLRF1, and
FCGR3A. Color bar from grey (minimum [min]) to purple (maximum [max]). (C) Heatmap showing the top 12 DE genes in each
cluster as normalized dispersions of single-cell gene expression data (z-score, color bar from purple to yellow). Colors and
numbers are as indicated in panel A. (D) Violin plots showing log-normalized gene expression data per cluster of selected
genes correlating to markers used in the mass cytometric antibody panels. Cluster colors and numbers are indicated in panel
A. (E) Violin plots showing log-normalized gene expression data per cluster of selected genes correlating to functionality.
Cluster colors and numbers are indicated in panel A.
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Figure 8. scRNA-seq analysis of duodenal aberrant/NK cells from RCDII 4-2. (A) UMAP embedding showing 3572
duodenal CD3-CD7þ cells of scRNA-seq data set RCDII 4-2. Clusters resulted in 8 distinct clusters, aberrant-1 (cluster 0; n ¼
1203 cells), aberrant-2 (cluster 2; n ¼ 498 cells), aberrant-3 (cluster 3; n ¼ 351 cells), aberrant-4 (cluster 4; n ¼ 251 cells),
aberrant-5 (cluster 5; n ¼ 235 cells), aberrant-6 (cluster 5; n ¼ 975 cells), IL7Rþ cells (clusters 6; n ¼ 36 cells), and tran-
scriptomically active cells (cluster 7; n ¼ 23 cells). Colors and numbers indicate distinct cell clusters. (B) Feature plots showing
log-normalized single-cell gene expression of CD3E, CD7, KLRF1, and FCGR3A. Color bar from grey (minimum [min]) to purple
(maximum [max]). (C) Heatmap showing the top 12 DE genes in each cluster as normalized dispersions of single-cell gene
expression data (z-score, color bar from purple to yellow). Colors and numbers are indicated in panel A. (D) Violin plots showing
log-normalized gene expression data per cluster of selected genes correlating to markers used in the mass cytometric anti-
body panels. Cluster colors and numbers are indicated in panel A. (E) Violin plots showing log-normalized gene expression
data per cluster of selected genes correlating to functionality. Cluster colors and numbers as indicated in panel A.
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RCDII 8 were exclusively CD45ROþCD7þ (Figure 9D), while
both CD45ROþCD7þ or CD45RAþCD7þ were present in
patient RCDII 2 (Figure 9E). In conclusion, the imaging mass
cytometry confirms the interpatient heterogeneity observed
in our single-cell mass cytometry data, shows that prolif-
erating aberrant cells are present in these 2 newly diag-
nosed RCDII patients, and shows co-localization of aberrant
cells with CD68þCD163þ APCs.
Discussion
In this study, we performed an in-depth analysis of

freshly isolated immune cells from RCDII patients by using
single-cell mass cytometry and scRNA-seq. Moreover, we
developed and used a 40-marker antibody panel for imaging
mass cytometric analysis of duodenal tissue sections to
visualize the aberrant cells in tissue context. The single-cell
mass cytometry analysis showed substantial interindividual
and intra-individual heterogeneity of the duodenal aberrant
cell population, findings that were corroborated by scRNA-
seq analysis of duodenal immune cells. The latter analysis
also provided evidence for the presence of proliferating
aberrant cells. Imaging mass cytometry data confirmed
interpatient heterogeneity and the presence of Ki-67þ

intraepithelial aberrant cells in duodenal tissue samples
from RCDII patients. In addition, aberrant cells were found
to co-localize with CD163þ APCs just underneath the
epithelium, potentially pointing to a functional interaction
between these CD163þ APCs and aberrant cells. Finally, a
comparative analysis of paired duodenal and peripheral
blood aberrant cell expansions showed phenotypic differ-
ences, suggesting aberrant cell evolution upon migration
from the duodenal tissue.

It is of note that a comparison of the single-cell data and
imaging mass cytometry results indicated that substantial
numbers of both myeloid and B cells go unnoticed in
duodenal single-cell suspensions, most likely owing to se-
lective loss during the tissue digestion protocol. This shows
the necessity of in situ analysis for complete visualization of
duodenal disease pathology in the tissue context. Together,
our observations are highly relevant for future research, to
improve diagnostics, and develop effective patient-specific
therapeutic approaches.

Previous studies have identified Lin-CD7þCD127-CD34-5

and atypical NKp44þNKp46þCD103þ innate T-IELs,5 both
present in healthy duodenum, as potential precursors for
the aberrant cells in RCDII. The current study identified
Figure 9. (See previous page). RCDII iCD3DsCD3-CD7D cell
localization with CD163D APCs in situ. (A) Mass cytometry
markers of 1 representative ROI from sample RCDII 8 in a sp
numbers) depict 3 regions that are visualized further in panels
(epithelium, upper part of LP) and region 2 (lower part of LP) from
cell markers. Dashed line square within region 1 depicts an enl
cells surrounded by CD163þ APCs. (C) Representative mass cy
region 2 (lower part of LP) from sample RCDII 8 showing ove
sentative mass cytometry image of region 1 (epithelium, upper p
CD45RA (green), and CD45RO (blue) expression. (E) Representa
from sample RCDII 2, showing overlays of CD7 (red), CD45RA
additional surface markers for discrimination, namely
CD38high expression and absence of CD45RA. However,
variable expression of several other cell surface markers
underlies the observed interpatient and intrapatient het-
erogeneity within the aberrant cell population. Because it
now is well established that a selective growth advantage
occurs as a result of gain-of-function mutations within the
Janus kinase (JAK)/signal transducer and activator of tran-
scription pathway (JAK1/STAT3),5,8,9 it is likely that inter-
tumoral and intratumoral heterogeneity may reflect
diversity in the outgrowth of Lin-CD7þCD127-CD34-NKp44þ

progenitors, in combination with an accumulation of a
diverse array of genetic alterations during tumor evolution.
It is likely that the outgrowth of aggressive subclones leads
to progression of RCDII to EATL. In addition, the observed
intertumoral and intratumoral heterogeneity within the
RCDII population may underlie variability in response to
treatment and severity of disease status. For example,
variability in the severity of disease status may be explained
by fluctuations in granzyme B/perforin and/or interferon-g
production by aberrant cells,9,15,16 resulting in epithelial cell
damage with sustained villous atrophy.

From a clinical point of view, intertumoral and intra-
tumoral heterogeneity poses a therapeutic challenge that
requires personalized therapy including in-depth di-
agnostics, such as mutation analysis for JAK1 in RCDII to
assess for therapeutic efficacy of JAK inhibitors. Moreover,
evolving intratumoral heterogeneity demands dynamic,
adaptive therapy for stabilization of the tumor population
and prevention of detrimental progression.

Interestingly, duodenal imaging data showed co-
localization of CD163þ APCs with aberrant cells in the lam-
ina propria just below the epithelium, likely representing
migration from the epithelium into the LP. In general,
CD163þ tissue macrophages can play a role in wound healing
and tissue repair, and are considered anti-inflammatory. As
such, they could play a dual role: containment of epithelial
damage but simultaneously sustaining an immunosuppres-
sive environment that favors tumor progression. Moreover,
they may contribute to therapeutic resistance of cancer cells
by expression of IL6, which enhances the JAK/signal trans-
ducer and activator of transcription 3 (JAK1/STAT3) pathway
in tumor cells.17 The clarification of the role of myeloid cells
in RCDII thus deserves further research.

Although the growth of the aberrant cell population has
been attributed to survival via IL15-induced anti-apoptotic
pathways,6 contrasting results have been reported with
regard to aberrant IEL proliferation. Mention et al16 noted
s display interpatient heterogeneity, proliferation, and co-
images showing indicated structural and immune lineage

ectral color–based analysis. Dashed line squares (including
B–E. (B) Representative mass cytometry images of region 1
sample RCDII 8 showing expression of the indicated immune

arged region shown at the right. Arrows indicate iCD3þCD7þ

tometry images of region 3 (epithelium, upper part of LP) and
rlays of CD7 (green) and Ki-67 (blue) expression. (D) Repre-
art of LP) from sample RCDII 8 showing overlays of CD7 (red),
tive mass cytometry image of epithelium and upper part of LP
(green), and CD45RO (blue) expression.
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that aberrant cells did not express Ki-67, while another
study observed negative staining for Ki-67 in IL15 trans-
genic mice despite accumulation of IELs in their duo-
denum.6 In contrast, our scRNA-seq and imaging mass
cytometry data provide strong evidence for Ki-67 expres-
sion and are more consistent with another study showing
Ki-67þ expression by 8.8% of aberrant IELs.15 More spe-
cifically, in the scRNA-seq data, we observed that a subset of
aberrant IELs express Ki-67 and show a gene expression
profile consistent with cell proliferation. Moreover, the CD4
T-cell cytokines tumor necrosis factor-a (TNF-a), IL2, and
IL21 were shown to synergize and induce proliferation of
aberrant cells.18 Thus, although previously the IL15-induced
anti-apoptotic effect was proposed to result in aberrant cell
accumulation,6 our data suggest that cell proliferation con-
tributes to sustainment and growth of the aberrant cell
population as well.

Next to a duodenal immune cell analysis, we observed
clonal aberrant cell populations in 2 of 8 (25%) individual
RCDII peripheral blood samples; similar numbers were shown
in a previous study in 4 of 12 (33%) RCDII patients.19 How-
ever, we observed a mismatch between duodenal and pe-
ripheral blood aberrant cell counts: 3 patients with the lowest
aberrant cell frequencies in the duodenum showed the highest
frequencies in peripheral blood. Thus, blood samples do not
accurately predict duodenal aberrant cell counts, and vice
versa.

Typically, peripheral CD8 T cells decrease with age
and are considered a consistent immune aging
marker.20,21 However, we observed a decrease in the
frequency of CD4 T cells in the periphery, coinciding
with an increase in CD8 T cells, regardless of disease
status. For RCDII, it is plausible that tumor neoantigens
will be presented by major histocompatibility complex
class I because neoantigens are generated in tumors
with a high mutational burden. Therefore, in future
studies, we will investigate if the pool of peripheral CD8
T cells in RCDII patients harbor tumor-reactive T cells.
Alternatively, the increase in CD8 T-cell frequency may
represent cytomegalovirus-driven CD8 T-cell expan-
sions.22 Another observation was the expression of HLA-
DR on peripheral aberrant cells of 2 RCDII patients, of
whom 1 patient also showed HLA-DR expression on
duodenal aberrant cells. Typically, expression of HLA-DR
is restricted to APCs, although it has been described on
several tumor types such as melanoma,23 glioma,24 and
breast cancer.25 Potentially, HLA-DR expression by
aberrant cells could lead to the presentation of neo-
antigens to CD4 T cells, which could constitute a novel
treatment option for such patients. Thus, identification
of potential tumor neoantigens in RCDII would be an
interesting topic for future studies.

In conclusion, our findings provide evidence for sub-
stantial intertumoral and intratumoral heterogeneity at
phenotypic and transcriptional levels within the RCDII
aberrant cell population, and imply that the tissue context
may have to be considered for the development of more
effective, patient-tailored therapeutic approaches to
improve response to treatment in RCDII and EATL.
Materials and Methods
Human Material

This study was approved by the Medical Ethical Com-
mittee from Amsterdam UMC, Vrije Universiteit Amsterdam
(protocol 2017.077). Signed informed consent was obtained
before collection of human material. This study was per-
formed in accordance with the local ethic guidelines and in
accordance with the ethical principles from the Declaration
of Helsinki.

For single-cell mass cytometry panel 1, fresh small in-
testinal biopsy specimens (total, n ¼ 12) with paired pe-
ripheral blood samples (n ¼ 9) were obtained from adult
patients (n ¼ 10) undergoing diagnostic or follow-up gas-
troduodenoscopy for RCDII. Two patients were included
twice. In addition, control fresh small intestinal biopsy
specimens (n¼ 6) with paired peripheral blood samples (n¼
6) were obtained from patients with healthy duodenum. For
panel 2, fresh small intestinal biopsy specimens (n ¼ 5) with
paired peripheral blood samples (n ¼ 5) were obtained from
adult patients (n ¼ 5) undergoing diagnostic or follow-up
gastroduodenoscopy for RCDII. For all endoscopies, 2–3 bi-
opsy specimens were collected in Hank’s buffered salt solu-
tion without calcium and magnesium (Gibco, Thermo Fisher
Scientific, Waltham, MA). Blood samples were collected in
vacutainer sodium anticoagulant heparin tubes (cat. 368886)
(Becton Dickinison (BD), Franklin Lakes, NJ).

Isolation of PBMCs From Peripheral Blood
Blood was diluted 2–3 times in phosphate-buffered saline

(PBS), layered on 3 mL Ficoll-Amidotrizoate (LUMC Phar-
macy, Leiden, The Netherlands), and centrifuged at 2000 rpm
for 20 minutes at room temperature (rT) with break zero.
The leukocyte layer was collected using a Pasteur pipette,
transferred to 20% fetal calf serum (FCS)/RPMI (Gibco,
Thermo Fisher Scientific), washed, and resuspended in
staining buffer (Fluidigm, San Francisco, CA).

Isolation of Leukocytes From Duodenal Biopsy
Specimens

IELs were isolated from 2 to 3 duodenal biopsy speci-
mens by treatment with 5 mL Hank’s buffered salt solution
with 1 mmol/L EDTA (made in-house; J.T.Baker, Avantor
delivered by VWR, Radnor, PA) rolling for 2 � 45 minutes at
37�C. Cells were collected in 1 mL 20% FCS/RPMI and kept
at 4�C. Subsequently, single-cell suspensions were obtained
from the LP by 1.5 hours of enzymatic treatment with 10 U/
mL collagenase IV (Worthington, Freehold, NJ) and 200 mg/
mL DNase I grade II (Roche, Basel, Switzerland). To obtain
single cells, LP cells and IELs were resuspended and passed
through a 70-mm cell strainer. Cells were washed with 0.5%
FCS/Dulbecco’s PBS (DPBS) (Gibco, Thermo Fisher Scienti-
fic) by centrifuging at 1650 rpm for 10 minutes and
resuspended in 1 mL staining buffer (Fluidigm).

Snap-Freezing Biopsy Specimens
Biopsy specimens were snap-frozen in optimal cutting

temperature (OCT) compound using ice-cold isopenthane
(GPR Rectapur; VWR, Radnor, PA) and stored at -80�C.
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Antibodies
Thirty-nine metal-tagged Ab panel, cytometry by time-of-

flight (CyTOF; mass cytometry) panel 1: CCR6-141Pr,
CCR7-159Tb, CD103-155Gd, CD11b-209Bi, CD11c-162Dy,
CD122-158Gd, CD123-151Eu, CD127-165Ho,
CD14-114Qdot800 (Invitrogen, Thermo Fisher Scientific),
CD15-115In, CD16-148Nd, CD161-164Dy, CD163-154Sm,
CD1a-142Nd, CD20-163Dy, CD25-149Sm, CD27-167Er,
CD28-171Yb, CD3-170Er, CD38-172Yb, CD4-145Nd, CD45-89Y,
CD45RA-169Tm, CD45RO-173Yb, CD5-160Gd, CD56-176Yb,
CD69-144Nd, CD7-153Eu, CD8a-146Nd, CD8b-166Er, c-
Kit-143Nd, CRTh2-156Gd, HLA-DR-168Er, IgM-150Nd,
KLRG1-161Dy, NKp44-147Sm, NKp46-174Yb, PD-1-175Lu, and
TCRgd-152Sm. Preconjugated metal-labeled antibodies were
purchased from Fluidigm. Purified antibodies specific for
CD103, CD122, CD15, CD20, CD28, CD45RO, CD5, CRTh2,
HLA-DR, IgM, NKp46 (BioLegend, San Diego, CA), CD1a
(Sony Biotechnology Inc, San Jose, CA), KLRG1 (Miltenyi
Biotec, Bergisch Gladbach, Germany), CD8b (eBioscience,
Thermo Fisher Scientific), and NKp44 (R&D Systems, Min-
neapolis, MN) were conjugated in-house with the MaxPar X8
antibody labeling kit (Fluidigm) according to the manufac-
turer’s instruction. Self-conjugated antibodies were vali-
dated using OneComp beads (Invitrogen, Thermo Fisher
Scientific) and on PBMCs.

Forty-two–metal-tagged Ab panel, CyTOF panel 2:
CCR6-141Pr, CCR7-159Tb, CD103-155Gd, CD11c-157Gd,
CD122-158Gd, CD127-165Ho, CD161-164Dy, CD19-142Nd,
CD25-149Sm, CD27-167Er, CD28-171Yb, CD3-170Er,
CD38-172Yb, CD4-145Nd, CD45-89Y, CD45RA-114Qdot645
(Invitrogen, Thermo Fisher), CD45RO-173Yb, CD56-176Yb,
CD57-194Pt, CD69-144Nd, CD7-153Eu, CD8a-146Nd,
CD8b-166Er, CD95-209Bi, c-Kit-143Nd, Eomes-163Dy,
FoxP3-162Dy, GATA3-169Tm, Helios-168Er, HLA-DR-198Pt,
ICOS-151Eu, ILT2/LILRB1-156Gd, KLRG1-161Dy,
NKp44-147Sm, PD-1-175Lu, Perforin-150Nd, RORgt-174Yb, T-
bet-160Gd, TCRgd-152Sm, transforming growth factor (TGF)-
b-115In, TIGIT-148Nd, and TIM3-154Sm. Preconjugated metal-
labeled antibodies were purchased from Fluidigm. Purified
antibodies specific for CD103, CD11c, CD122, CD28,
CD45RO, CD57, CD95, Helios, HLA-DR (BioLegend), RORgt
(BD), TGF-b (Bio-Rad Laboratories, Hercules, CA), CD8b,
Eomes (eBioscience, Thermo Fisher Scientific), GATA3,
KLRG-1 (Miltenyi Biotec, Bergisch Gladbach, Germany),
NKp44 (R&D systems), Perforin (MyBioSource, San Diego,
CA), and TIGIT (Invitrogen, Thermo Fisher Scientific, Wal-
tham, MA) were conjugated in-house as previously described.

Forty-metal-tagged Ab panel, imaging CyTOF panel 2:
CD103-155Gd, CD117-165Ho, CD11c-162Dy (Fluidigm),
CD11c-162Dy (BioLegend), CD123-151Eu, CD127-174Yb,
CD138-147Sm, CD141-160Gd, CD16-142Nd, CD161-164Dy,
CD163-154Sm, CD19-175Lu, CD1c-171Yb, CD20-161Dy,
CD27-167Er, CD3-170Er, CD30-158Gd, CD34-148Nd,
CD38-172Yb, CD4-145Nd, CD45-89Y, CD45RA-169Tm,
CD45RO-173Yb, CD5-149Sm, CD56-176Yb, CD66b-163Dy,
CD68-159Tb, CD69-144Nd, CD7-153Eu, CD86-156Gd,
CD8a-146Nd, D2-40-115In, E-cadherin-150Nd, FCεRIa-143Nd,
HLA-DQ-141Pr, HLA-DR-168Er, Ki67-166Er, SMA-194Pt,
TCRgd-152Sm, and vimentin-198Pt. Preconjugated metal-
labeled antibodies were purchased from Fluidigm. Purified
antibodies specific for CD103 (Abcam, Cambridge, UK),
CD127 (Beckman Coulter, Brea, CA), CD117, CD11c, CD138,
CD141, CD16, CD19, CD1c, CD45RO, CD5, CD66b, D2-40,
FCεRIa, HLA-DR (BioLegend), HLA-DQ (in-house) E-cad-
herin, Ki67, SMA, vimentin (Cell Signaling Technology,
Danvers, MA), CD30 (Dako Omnis, Agilent, Santa Clara, CA),
TCRgd (eBioscience, Thermo Fisher Scientific), CD34 and
CD56 (Thermo Fisher Scientific) were conjugated in-house
as previously described.

Single-Cell Mass Cytometry
After single-cell isolation, cells were washed with stain-

ing buffer (Fluidigm) (with 1:250 diluted in 0.5 mmol/L
EDTA) and incubated with 1 mL 1:2000 diluted 2000
mmol/L intercalator-103Rh (Fluidigm) for 15 minutes at rT
for identification of dead cells. After washing and � 10
minutes of incubation with Fc receptor blocking solution
(BioLegend), cells were stained with metal-conjugated an-
tibodies for 45 minutes at rT. After staining, cells were
washed 3 times with staining buffer. For identification of
nucleated cells, cells were labeled with 1 mL 1:4000 diluted
500 mmol/L Cell-ID Intercalator-Ir (Fluidigm) in MaxPar Fix
and Perm buffer (Fluidigm) at 4�C overnight, for up to 48
hours. After incubation, cells were washed 3 times with
staining buffer at 2500 rpm for 5 minutes. Before the final
wash, cells were counted to adjust cell concentrations for
measurement.

Within 14 days, samples were acquired at Helios mass
cytometer (Fluidigm) with the narrow-bore injector at the
Flow Core Facility (FCF) of the LUMC. Samples were
concentrated in MilliQ, and EQ Four Elements Calibration
beads (Fluidigm, passport number EQ-P13H2302_ver2)
were spiked in with each sample in a 1:10 concentration
and used for normalization. Samples were measured in
batches of 2–8 samples per day, all performed by the same
operator. Paired intestinal and blood samples were
measured on the same day. After each round of sample
measurement at the Helios mass cytometer, fcs.files were
bead-normalized and, if necessary, concatenated using on-
board CyTOF software.

Single-Cell RNA-Sequencing
IELs and LP cells were isolated from 7 duodenal biopsy

specimens per patient, as described earlier. Hereafter, cells
were treated with red blood cell lysis buffer (LUMC Phar-
macy), and removal of dead cells was performed using
microbeads (Miltenyi Biotec). Lastly, live CD45þ cells were
positively selected using MACS beads (Miltenyi Biotec).
scRNA-seq was performed using 10� Genomics Single Cell
system (Pleasanton, CA). Samples were sequenced on 1 run
with the NovaSeq 6000 system (Illumina, San Diego, CA).
Data were preprocessed with Cell Ranger software v2.2.0
from 10X Genomics.
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Single-Cell Data Analysis
For analysis of mass cytometry data, FlowJo v10 soft-

ware (BD) was used for pregating and calculation of single
live CD45þ cells, herewith removing duplicates, beads, dead
cells, and debris (data not shown). All patient samples were
checked for consistency of antibody staining in FlowJo. In
panel 1, inconsistency of antibody staining was found for
CD8a, CD103, CD20, and IgM (data not shown). At an
overview level, all markers were used for clustering and
assignment of cells to major lineages. For further Cytosplore
analysis, inconsistent Abs were not used for clustering but
were shown for marker expression overlays and interpre-
tation of data. In panel 2, we observed inconsistent staining
of 7 antibodies, namely CD103, CD8a, TGF-b, CD95, CD57,
Helios, and Perforin (data not shown). Antibodies CD57,
Helios and Perforin showed a complete shift in staining and
were not used for analysis at all. Similar as for the first
panel, inconsistent markers were not used for clustering but
were shown for marker expression overlays and interpre-
tation of data.

CytosploreþHSNE was used for further analysis.11,12 In
Cytosplore, every sample was given a unique sample tag and
arcsine transformation was performed with cofactor 5
simultaneously for each marker, to obtain median marker
expression values. For identification of major immune cell
lineages, a 5-level HSNE was performed with perplexity 30
(1000 iterations). Cells that ended up in the wrong lineage
were transferred to the correct lineage before further
analysis. Subsequently, every lineage was analyzed sepa-
rately using HSNE analysis when consisting of �0.5 � 105

cells or tSNE analysis when �0.5 � 105 cells in Cytosplore.
For cell cluster identification, clusters were defined by at
least 100 cells. Bar graphs were generated using GraphPad
Prism v8 (San Diego, CA).

For analysis of scRNA-seq data, Seurat package v3.1.115

was used in R version 4.0.1. Separate preprocessed data sets
were setup in 2 Seurat objects and analyzed in parallel.
Next, data were filtered by the criteria that each gene was
expressed in 3 or more cells and 200 or more genes were
expressed per cell. Second filtering criteria were cells with
unique gene cell counts fewer than 200 and more than
5000, and a mitochondrial gene percentage of greater than
15% and greater than 25% for data sets 1 and 2 (RCDII 12,
RCDII 4-2), respectively. Filtered data were log-normalized,
scaled, and unwanted sources of variation (mitochondrial
gene percentage, number of detected molecules per cell)
were removed. Principal component analysis (PCA) was
performed based on the 2000 most variable genes, selected
using the vst method. For both data sets, 18 PCA dimensions
were used for graph-based clustering with a resolution of
1.1 and 0.8 for data sets 1 and 2, respectively. Clusters were
visualized with a UMAP algorithm. When zooming in, 20
PCA dimensions were used for graph-based clustering. A
resolution of 0.6 was used for reclustering of data set 1
(RCDII 12), and a resolution of 0.9 for data set 2 (RCDII 4-2).
Imaging Mass Cytometry
First, performance and dilution of BSA- and carrier-free

antibodies was tested by immunohistochemical staining on
lymph node or duodenal tissue. Purified, BSA- and carrier-
free antibodies were conjugated in-house with the MaxPar
X8 antibody labeling kit (Fluidigm) according to the manu-
facturer’s instructions. Self-conjugated antibodies were
validated by measurement at the Hyperion imaging mass
cytometry system.

Cutting, staining, and measurement of all tissues shown
were performed in 1 experiment. Cutting of snap-frozen
biopsy specimens was performed using the Leica CM3050
S Research Cryostat (Wetzlar, Germany). Tissue sections of
5 mm were obtained, placed on silane-coated glass slides
(VWR), and dried for 30–60 minutes at rT. First, sections
were fixated for 5 minutes at rT with 1% paraformaldehyde
and placed in DPBS. The second fixation step followed in
methanol for 5 minutes at -20�C followed by placement in
DPBS. Sections were washed twice with wash buffer (DPBS
0.5%, 0.05% Tween) and rehydrated with DPBS. To
decrease nonspecific antibody binding, sections were incu-
bated with Superblock (Thermo Fisher Scientific) for 30
minutes at rT. Sections were stained with diluted primary
antibodies (in PBS, 0.5% BSA, 0.05% Tween) and incubated
overnight (o/n) at 4�C. Sections were washed and stained
with 1:400 DNA-intercalator-IR (500 mmol/L) (Fluidigm)
for 30 minutes at rT. Afterward, sections were washed, first
pressure air dried, and the air dried for 20 minutes.

Stained tissue sections were acquired within 14 days
using the Hyperion mass cytometry system (Fluidigm) at
the FCF of the LUMC. Regions of interest (ROIs) were
selected based on H&E staining of serial tissue sections.
ROIs were ablated with an ablation spot the size of 1 um2

and a frequency of 200 Hz. Acquired data were exported as
MCD files and visualized using a Fluidigm MCD viewer. First,
we analyzed single stains per sample (control lymph node,
control duodenum, 2 RCDII samples) (1 chosen ROI per
sample) (data not shown). Data were analyzed using spec-
tral color analysis in a Fluidigm MCD viewer.
Statistics
Data represented in box plots were presented as me-

dians ± interquartile range. Group comparisons were per-
formed using Mann–Whitney U tests (2-tailed) in GraphPad
Prism v8.
Data Availability
Single-cell mass cytometry data are available via Flow-

Repository, identifier FR-FCM-Z4X8. scRNA-seq data are
available via the NCBIs Gene Expression Omnibus26 acces-
sion code: GSE195780. The remaining data that support the
findings of this study are available from the corresponding
author upon reasonable request
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