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Deep learning-based image analysis reveals significant differences
in the number and distribution of mucosal CD3 and y0 T cells
between Crohn's disease and ulcerative colitis
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Abstract

Colon mucosae of ulcerative colitis (UC) and Crohn's disease (CD) display differences in the number and distribu-
tion of immune cells that are difficult to assess by eye. Deep learning-based analysis on whole slide images
(WSiIs) allows extraction of complex quantitative data that can be used to uncover different inflammatory pat-
terns. We aimed to explore the distribution of CD3 and y8 T cells in colon mucosal compartments in histologi-
cally inactive and active inflammatory bowel disease. By deep learning-based segmentation and cell detection on
WSiIs from a well-defined cohort of CD (n = 37), UC (n = 58), and healthy controls (HCs, n = 33), we quantified
CD3 and yd T cells within and beneath the epithelium and in lamina propria in proximal and distal colon mucosa,
defined by the Nancy histological index. We found that inactive CD had significantly fewer intraepithelial Y6 T
cells than inactive UC, but higher total number of CD3 cells in all compartments than UC and HCs. Disease activ-
ity was associated with a massive loss of intraepithelial y8 T cells in UC, but not in CD. The total intraepithelial
number of CD3 cells remained constant regardless of disease activity in both CD and UC. There were more muco-
sal CD3 and yd T cells in proximal versus distal colon. Oral corticosteroids had an impact on y8 T cell numbers,
while age, gender, and disease duration did not. Relative abundance of y8 T cells in mucosa and blood did not
correlate. This study reveals significant differences in the total number of CD3 and y8 T cells in particularly the
epithelial area between CD, UC, and HCs, and demonstrates useful application of deep segmentation to quantify
cells in mucosal compartments.

Keywords: mucosal compartments; intraepithelial lymphocytes; digital pathology

Received 30 June 2022; Revised 20 September 2022; Accepted 26 October 2022

No conflicts of interest were declared.

Introduction

Inflammatory bowel diseases (IBDs), including
ulcerative colitis (UC) and Crohn’s disease (CD), are
common, immune-mediated diseases [1]. Improved
knowledge in pathobiology has led to new treatments

and made these diseases more manageable [2].
Histology has been increasingly important in assessing
disease activity and defining remission. Scoring sys-
tems that combine histological features of activity and
chronicity have been developed, mainly for clinical
trials [3-6]. Activity is simply defined as neutrophil
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CD3 and y6 T cells in colon mucosa in IBD

infiltration, while chronic inflammation involves alter-
ations of different cell types [7].

Difficulties in making quantitative assessments have
hampered the use of histology in IBD research. Artifi-
cial intelligence (AI) applications in pathology enable
the extraction of complex visual data in whole slide
images (WSIs) and may reveal patterns of inflamma-
tion hidden to the human eye.

The intestinal immune defence is shaped by interac-
tions between microorganisms, epithelial cells, and
immune cells [8]. Disturbances in T lymphocyte
(T cell) responses in IBD create a pro-inflammatory
microenvironment where the intraepithelial lympho-
cytes (IELs) are centrally located. Despite this, little is
known about their role in IBD [9,10]. The IELs are
tissue-resident T cells that broadly can be divided in a
large group expressing the off T cell receptor, and a
smaller group mainly expressing the yd T cell receptor
[8,9,11-13]. The yd T cells are enriched in mucosal
tissues where they patrol the epithelium, protect
against pathogens, and promote epithelial repair
[14-21]. Their role in IBD is unclear. Human studies
have shown different numbers of yd T cells in normal
and inflamed mucosa but use samples from various
parts of the intestine and flow cytometric methods that
do not distinguish between mucosal compartments
[9,22,23]. Manual counting of IELs and/or yd T cells
on tissue sections has also been done [24,25], but is
subjective and prone to error.

Computational pathology uses deep learning techniques
on WSIs but has not often been applied in IBD [26-28].
Our aim was to use Al-based tools to objectively quantify
and compare CD3 and yd T cell numbers in colon muco-
sal compartments in IBD in a cohort of CD, UC, and
healthy controls (HCs). Quantifications were made
intraepithelially, subepithelially, and in lamina propria in
histologically active and inactive disease, characterised by
the Nancy histological index. WSIs from proximal and
distal colon mucosa were included to adjust for locational
variations. The impact of oral corticosteroids, age, gender,
and disease duration was assessed, and correlation
between y5/CD3 cell ratios in blood and mucosa was
performed. This study shows the utility of Al-based image
analysis in mapping colon mucosal immune cells, and
sheds light on the IELs and y6 T cells in IBD.

Materials and methods

Ethics

The study was conducted in adherence to the Declara-
tion of Helsinki and approved by Central Norway
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Regional Committee for Medical and Health Research
Ethics (reference numbers 5.2007.910 and 2013/2013
REK Midt). Written informed consent was provided
by all participants.

Patient material

Samples were collected from an in-house biobank of
patients undergoing colonoscopy and clinical examina-
tion at St. Olav’s University Hospital (Trondheim,
Norway) during 2007-2018, and confirmed to have
UC or CD. HCs were patients who underwent colo-
noscopy without significant findings. Biopsies from
healthy and inflamed colon mucosa were formalin-
fixed, stored in paraffin-embedded tissue blocks, cut
into 4 pm sections, and subjected to haematoxylin and
eosin (H&E) staining or immunohistochemistry (IHC).
We analysed 83 biopsies from 58 UC patients, 57 biop-
sies from 37 CD patients, and 41 biopsies from
33 HCs. Mayo clinical and endoscopic scores were
recorded for UC, and Harvey-Bradshaw index and
simple endoscopic score for CD. Patient demographics
and biopsy data are summarised in Table 1.

Heparinised venous blood samples were taken, and
peripheral blood mononuclear cells (PBMCs) isolated
by centrifugation on Lymphoprep mononuclear cell
separation medium (Axis-Shield, Oslo, Norway). The
PMBCs were kept frozen on liquid nitrogen with
human group AB+ serum and 10% dimethyl sulfoxide
until analyses.

Histology, IHC, and imaging

Histological scoring was performed on H&E stained
WSIs by a gastrointestinal pathologist (ESR) using the
Nancy histological index, a three-descriptor system
with five grades of inflammation: no or mild chronic
(grade 0), moderate to severe chronic (grade 1), focally
acute with few neutrophils (grade 2), moderate to
severe with many neutrophils (grade 3), and ulceration
with fibrinopurulent exudate and/or granulation tissue
(grade 4) [29,30]. The Nancy index was developed
and validated for UC but was also used for CD here.
For statistical analysis, we dichotomised the score into
Nancy grade 0-1 (absence of neutrophils) and grade
2-4 (presence of neutrophils in lamina propria and/or
in the epithelium). This gave five study groups: HCs
with Nancy grade 0-1 (HC), inactive UC with Nancy
grade 0-1 (UC NO-1), inactive CD with Nancy grade
0-1 (CD NO-1), active UC with Nancy grade 2-4
(UC N2-4), and active CD with Nancy grade 24
(CD N2-4). The terms active and inactive disease in
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Table 1. Clinical and histopathological data for all patients and samples in the cohort

Patient characteristics uc
Number of patients, n (female/male) 58 (25/33)
Age, year, median (range) 37 (18-69)
Disease duration, month, median (range) 102 (0-480)
Disease extent®, n
uc/cb
Non 13
Proctitis/ileal 13
Left-sided (right)/colonic 13 (1)
Pancolitis/ileocolonic 18
Endoscopic score, n
Mayo/SES-CD (resected)
0/remission (0-2) 13
1/mild (3-6) 21
2/moderate (7-15) 17
3/severe (>15) 7
Clinical evaluation, n
Partial Mayo/HB index
Remission (0-1)/(<5) 27
Mild (2-4)/(5-7) 16
Moderate (5-6)/(8-16) 5
Severe (7-9)/(>16) 10
Disease specific medication, n
None 1
5-ASA/steroids [rectal] 9
X-ASA [oral] 43
Steroids [oral] 14
Azathioprine 6
TNF inhibitors 1
Biopsy characteristics UC NO-1
Total number of biopsies, n 39
Biopsy localisation®, n
Proximal colon 30
Distal colon 9
Nancy histological index, n
0 32
1 7
2 -
3 -
4 -

UC N2-4

CD HC

37 (26/11) 33 (19/14)
30 (18-77) 43 (17-79)
108 (2-564) -

1
12
1

6 (1)
9 (1)
18 (8)

15%
11

1

15
10

CD No-1 CD N2-4 HC

44 35 22 41

12 24 9 30
32 1" 13 11

- 34
- 1 —
12 = 6 =
19 = 7

13 = 9 =

1
S
<)

CD, Crohn's disease; HB index, Harvey-Bradshaw clinical index; HC, healthy control; NO-1, Nancy grade 0-1; N2-4, Nancy grade 2-4; SES-CD, simple endoscopic
score for Crohn's disease; TNF, tumour necrosis factor; UC, ulcerative colitis; X-ASA, 5-aminosalicylic acid (5-ASA) and/or sulfasalazine.
*Proximal colon: coecum, ascending colon, hepatic flexure; distal colon: splenic flexure, descending colon, sigmoid colon, rectum.

*At time of biopsies.
*Number of incomplete ‘at least scores’ due to bowel resection.
SIncomplete value for one patient due to ostomy.

this paper refer to the presence or absence of neutro-
phils in mucosa.

Sections underwent IHC pre-treatment with
quenching of endogenous peroxidase and antigen
retrieval by 15 min boiling in Tris EDTA pH 9 buffer
in a microwave oven. Primary antibodies were mouse
anti-human CD3 (M7254, clone F7.2.38, Dako
Agilent, CA, USA) and mouse anti-human TCRS (sc-
100 289, clone H-41, Santa Cruz, CA, USA) diluted
1:50 and 1:200 in Tris-buffer with 0.025% Tween-20
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and 1% BSA. Incubations were performed overnight
at 4 °C and immunoreactions visualised with the sec-
ondary antibody rabbit/mouse EnVision-HRP/DAB+
kit (K5007, Dako Agilent), and counterstaining with
haematoxylin. Omission of the primary antibody was
negative control, and lymph node and spleen positive
controls.

All sections were scanned (x40 resolution) on a
NanoZoomer S360 (Hamamatsu, Hamamatsu City,
Japan), and read in NDPview2 (U12388-01, Hamamatsu).
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Images were captured in NDPview2 or screenshot from
QuPath and further cropped in Photoshop (Adobe
Photoshop CC, 20.0.6 Release). There were no systematic
group differences in the orientation of biopsies.

Flow cytometry of PBMCs

PBMCs were stained with the antibodies anti-human
CD3 (clone UCHTI1, BD Biosciences, Oslo,
Norway) and anti-human TCRy/d (clone 11F2, BD
Biosciences) for 20 min in the dark at 4 °C in PBS
with 5% FBS and 2 mM EDTA (FACS buffer),
washed twice with FACS buffer before re-suspended
in 100 pl FACS buffer. Samples were acquired using
BD FACSymphony flow cytometer using automatic
compensations.

Deep learning-based segmentation of the
epithelium and delineation of a subepithelial zone

Open-source software was used to create a pipeline for
deep learning-based epithelial segmentation [31]. In
brief, the epithelium in 30 WSIs was annotated in
QuPath (ESR) [32]. Labelled patches were exported to
DeepMIB in Microscopy Image Browser (MIB) [33].
Two deep segmentation networks, U-Net and SegNet,
were trained based on the annotated images. Unseen
WSIs were predicted in DeepMIB [34], corrected in
QuPath, and the dataset gradually expanded through
active learning. To delineate a subepithelial compart-
ment with immune cells located immediately beneath
the basement membrane, the QuPath functionality
‘Expand annotation 5 pm’ was used. All epithelium
and subepithelium in each CD3 and yd T cell stained
WSIs were segmented (Figure 1).

Automated quantification of CD3 and yd T cells

To quantify CD3 and yd T cell numbers in mucosal
compartments, StarDist was called by scripting in
QuPath [32,35]. Colour deconvolution of stains was
manually set for a representative image for each stain.
Cell nucleus detection with StarDist was performed on
a QuPath (0.2.3) Tensorflow build with the pretrained
model ‘HE_heavy_augment’ using settings: requested
pixel size 0.225 pm; threshold 0.01; cell expansion
1.5 pm; measure intensity. Cell nucleus detections with
areas above and below 125 pixel® and 3,000 pixel® were
excluded. A three class (IHC positive cell, IHC negative
cell, and artefact) random trees object classifier (QuPath
0.2.3 tool ‘Object classification’) was trained by a pathol-
ogist (HPSP) by annotating in QuPath ~7,000 StarDist
nucleus detection objects in ~30 WSIs as either [HC

© 2022 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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positive cells, IHC negative cells, or artefacts/false posi-
tive detections. Two pathologists (ESR and HPSP)
agreed upon the minimum size of the cells to be counted.
This was done until visually satisfactory cell classifica-
tion performance was achieved on unseen slides, as
assessed by the two pathologists, and the same three
class random trees classifier was applied to all the CD3
and yd T cell stained WSIs (Figure 1). Quantifications of
all three cell classes from the epithelium, epithelium
including the 5 pm subepithelial zone, and the whole
mucosa, were made. The THC positive and total cell
numbers were exported to excel by the export measure-
ments functionality in QuPath and imported to SPSS.
Subepithelial CD3 and y0 T cell numbers were calcu-
lated by subtracting the numbers in the epithelium from
the numbers in the 5 pm expanded epithelial segmenta-
tion. The numbers in lamina propria were calculated by
subtracting the 5 pm expanded epithelium counts from
the whole mucosa measurements. Intraepithelial numbers
of CD3 and yd T cells are presented per 100 epithelial
cell which is the most common way of presenting IELs
in pathology. For simplicity, the subepithelial lympho-
cytes are presented similarly, while CD3 and yd T cell
numbers in lamina propria are given per mm?® mucosa.

Statistics

All data analysis were performed in SPSS (IBM, SPSS
Statistics, v27-28). A linear mixed model was made.
We chose this method due to issues of dependencies
and different sample sizes. The intraclass correlation
coefficient showed moderate correlation between mea-
surements within the same groups, justifying the
choice of method. Diagnosis, Nancy grade, and colon
location were fixed factors, and subjects were random
factor. Numbers of CD3 and y8 T cells, and ratio of
yo/CD3 were dependent variables. Age, gender, dis-
ease duration, and oral corticosteroids were included
as fixed factors in separate analyses. Normality tests
with histograms showed right skewed distributions for
nearly all cell measurements. Log-transformed data
displayed normal distribution and were therefore used.
The residuals of the analyses displayed normal distri-
bution. Post hoc tests were set to least significant dif-
ference. The significance level was set to 0.05. The
tables present relative fold changes (FCs) in the num-
ber of y0 T and CD3 cells between the groups, with
95% confidence intervals (CIs). The numbers are
back-transformed, but P values are based on log-
transformed data. Interaction analyses between fixed
factors and outcome variables were also performed.
Correlations between the yd/CD3 ratios in peripheral

J Pathol Clin Res 2023; 9: 18-31
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blood and in mucosal compartments were analysed  yd T cell numbers in inactive IBD and HC were done
with Spearman correlation coefficient. Comparisons  using the Kruskal-Wallis test. Graphs in the figures
between proximal and distal colon mucosal CD3 and  are created in GraphPad (Prism 9.1.2).

Figure 1. Legend on next page.
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Results

Clinical and histopathological data

The clinicopathological data are summarised in
Table 1. The CD patients were fewer, slightly younger,
and more often female than the UC patients, and a higher
proportion used immunosuppressant drugs (oral cortico-
steroids, azathioprine, and anti-TNF). Distal colon biop-
sies had more active disease than proximal biopsies.
Most histologically inactive biopsies had Nancy grade
0. Grades 2, 3, and 4 were equally distributed in the
active groups. Ethnicity, disease extent, endoscopic, and
clinical scores did not differ between groups.

Automated deep learning-based models give
pathologist-level segmentation, and objective cell
counts in mucosal compartments

As previously reported, our computational model
displayed epithelial segmentation with pathologist-level
accuracy and delineated the epithelial and subepithelial
compartments robustly, although the prediction accuracies
were somewhat lower for biopsies with active disease
(Figure 4 in [31]) (Figure 1A,B). We used StarDist for
nucleus detection and trained a three class random trees
classifier (IHC positive cell, IHC negative cell, and arte-
fact) in QuPath for automated quantifications in the seg-
mented compartments (Figure 1C). Variations in WSI
quality created challenges that required more annotations
before good models were achieved. We found inter-
individual variations in the number of CD3 (Figure 2) and
v6 T cells (Figure 3), but still significant differences
between subgroups, i.e. CD versus UC, active versus
inactive, and proximal versus distal colon.

CD3 and yd T cells in mucosal compartments in
inactive IBD

Inactive CD has fewer y8 IELs than inactive UC

We first assessed the baseline values of CD3 (Figure 2)
and yd IELs (Figure 3) in HC and inactive IBD, and the
relative differences between the groups (Table 2). HC
had median (95% CI) CD3 number of 2.8 (2.4-3.1)
(Figure 2C,D) and yd T number of 0.6 (0.3-1.2)

23

(Figure 3C,D) per 100 epithelial cells. CD tended to have
more CD3 and less y6 IELs than HC, while UC had
similar CD3 and more y8 IELs. However, CD had sig-
nificantly lower and only half the number of yd IELs
(p = 0.007) than UC (Table 2, Figures 2 and 3A,C,D).

For y8/CD3 ratios, inactive CD had median (95%
CI) ratio of only 14.4% (7.0-23.6), in contrast to
244% (18.5-34.8) and 30.9 (20.742.3) in HC
(p = 0.017) and UC (p = 0.001) (Table 2). These dif-
ferences became more pronounced if only patients
with negative endoscopic scores were included, but
the number of samples was then too small for conclu-
sions (data not shown). Overall, inactive CD had more
CD3 IELs, less yd IELs, and significantly lower
vy8/CD3 IELs ratio than HC and inactive UC.

Inactive CD has more CD3 cells in subepithelium and
lamina propria than inactive UC and HC, but equal
numbers of yo T cells

Inactive CD had significantly more CD3 cells
subepithelially and in lamina propria than HC (p = 0.001,
p = 0.016), while UC and HC had equal numbers. CD
also had more subepithelial CD3 cells than UC
(p = 0.024), but equal numbers in lamina propria
(Table 2, Figure 2A-C,E,F). There were no differences in
the subepithelial or lamina propria numbers of yo T cells
between CD, UC, and HC (Table 2, Figure 3A-C, EF).
The y&/CD?3 ratios were also equal in lamina propria. Due
to more subepithelial CD3 cells, inactive CD had lower
y8/CD3 ratio beneath the epithelium than UC
(p = 0.015), with median (95% CI) 3.7% (2.8-6.1) com-
pared to 8.8% (5.8-12.6) in UC. Overall, inactive CD had
more CD3 cells subepithelially and in lamina propria than
inactive UC and HC, but similar numbers of yd T cells in
these compartments.

CD3 and yd T cells in mucosal compartments in
active IBD

Active CD has constant numbers while active UC has
massive loss of y6 IELs

We then examined the impact of disease activity on
the number of CD3 (Figure 2) and yd T cells
(Figure 3), and the relative differences between the

Figure 1. Automated deep learning-based segmentation of colon mucosal compartments and counting of T cells. Parallel images showing
CD3-stained WSIs (brown colour) from (A) inactive normal mucosa and (B) active IBD mucosa either unannotated (left panels) or annotated in
QuPath (right panels), with the epithelial and 5 pm extended subepithelial segmentation lines (blue and green) and the counted T cells (yellow
circles) within the total area of the biopsies (purple line). (C) Higher magnification of parallel unannotated and annotated images showing
example of segmented epithelium (blue line) and subepithelium (green line), and classification and automated counts of stained CD3 T cells
(double red circles) and total cell number (double yellow circles) done in the different mucosal compartments. Examples of CD3 T cells counted
in the epithelium (red arrow), in the subepithelium (red star) or artefacts that were not counted (black arrows) are indicted.
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Figure 2.
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groups (Table 3). We found no significant change in
CD3 IELs in active compared to inactive disease in
CD or UC. Active CD had more CD3 IELs
(p = 0.009) than HC, while the number was the same
in UC and HC (Table 3, Figure 2A-D).

Active CD had no significant change in the number
of v IELs or median ratio of y8/CD3, compared to
inactive CD. In contrast, active UC had a significant
loss of yd IELs and reduction in the ratio of y8/CD3
IELs compared to inactive UC (both p < 0.001). Both
CD and UC had fewer y5 IELs (p = 0.06, p = 0.002)
and lower y8/CD3 IEL ratios (p = 0.001, p < 0.001)
than HC (Table 3, Figure 3A-D).

Active CD and UC have constant numbers of ¥ T cells in
subepithelium and lamina propria and a significant
increase of CD3 cells

Active CD and UC had an increase in subepithelial
(»p = 0.046, p = 0.005) and lamina propria CD3 cells
(» = 0.002, p <0.001) compared to inactive disease
and HC (all p <0.001) (Table 3, Figure 2A-C.E,F).
The numbers of y8 T cells beneath the epithelium and
in lamina propria remained constant (Table 3,
Figure 3A-C,E,F). The subepithelial and lamina
propria y&/CD3 ratios were lower in active disease due
to increased numbers of CD3 cells. This difference in
ratio was significant for active versus inactive
subepithelium for UC (p = 0.001) and in lamina
propria for both CD (p = 0.037) and UC (p = 0.004)
(Table 3). The ratios were also significantly lower for
active UC (p = 0.02) and nearly for CD (p = 0.09)
compared to HC (Table 3).

CD3 and yd T cells in mucosal compartments in
relation to clinical and histological variables

Proximal colon has higher numbers of mucosal y8 T and
CD3 cells than distal colon

Comparing cell numbers between proximal and distal
colon mucosal compartments across all groups showed
more CD3 (Figure 2D-F) and yd T cells (Figure 3D-F)
proximally. The difference was significant for CD3 IELs

25

(FC 14, p = 0.008) and subepithelially (FC 1.3,
p = 0.019), but not in lamina propria (FC 1.2,
p = 0.16). The difference was also significant for yo
IELs (FC 1.5, p = 0.03) and in lamina propria (FC 1.4,
p = 0.007), and nearly for subepithelial yd T cells
(FC 1.5, p = 0.06). The yd/CD3 ratios were similar in
proximal and distal colon mucosa.

To avoid bias from changes caused by active dis-
ease, separate comparisons were made only for HC
and inactive IBD. The number of samples was too low
in the inactive CD and UC groups to draw conclu-
sions. When merged into one inactive IBD group, we
found significantly more yd T cells in proximal lamina
propria, but this was not the case for CD3 cells. HC
clearly had more CD3 and yd T cells within and
beneath the epithelium proximally, while the numbers
in lamina propria were similar (data not shown).

Oral corticosteroids impact the number of y& T cells, but
not CD3 cells, while age, gender, and disease duration
have no impact

Oral corticosteroids had a significant impact on yd T
cell numbers, but not the CD3 cell numbers. We found
fewer yo T cells in the epithelium (p = 0.015),
subepithelium (p = 0.001), and lamina propria
(p = 0.017) in patients using this medication. Adjusted
for oral corticosteroids, the significant differences
already found between the groups became stronger
and showed clearer evidence of more intraepithelial
(FC 1.7 [1.0-2.8], p = 0.049) and subepithelial
(FC 1.7 [1.0-2.8], p = 0.046) y8 T cells in inactive
UC compared to HC (Table 2). Age, gender, and dis-
ease duration did not impact the number of CD3 or y6
T cells in the mucosal compartments.

There is no correlation between the ratio of y8/CD3 T
cells in peripheral blood and colon mucosa in HC or
during inflammation in active IBD

As we found significant differences in y3/CD3 IEL
ratios between the groups, flow cytometric measure-
ments were done for a subset of patients with active
disease (UC, n = 19; CD, n = 13; HC, n = 15) to see

Figure 2. Distribution of CD3 T cells in colonic mucosal compartments of HC, CD, and UC with histologically inactive and active disease.
(A-C) Representative images of colon mucosa showing the number and distribution of CD3 T cells in the epithelium, subepithelium, and
lamina propria of (A) histologically inactive mucosa (Nancy score 0-1) in Crohn's disease (CD NO-1) and in ulcerative colitis (UC NO-1),
(B) histologically active mucosa (Nancy score 2-4) in Crohn's disease (CD N2-4) and in ulcerative colitis (UC N2-4), and (C) in healthy con-
trols (HC). Scale bars 100 um. Examples of IELs and subepithelial CD3 T cells are marked with red arrow and red star, respectively, in (A).
(D-F) Box and whisker plots showing median and individual numbers of CD3 T cells in biopsies from the right and left side of colon mea-
sured by computational pathology in: (D) epithelium, (E) subepithelium, and (F) lamina propria in Crohn's disease with histologically inactive
(CD NO-1) and active (CD N2-4) mucosa, in ulcerative colitis with histologically inactive (UC NO-1) and active (UC N2-4) mucosa, and in
HCs. Numbers for the epithelium and subepithelium are given per 100 epithelial cells and numbers for lamina propria are given per mm?
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Table 2. Relative differences in the median numbers of CD3, y8 T cells, and y8/CD3 ratios in colonic mucosal compartments of histologically
inactive mucosa. Comparisons of CD3 and y8 T cell numbers and y8/CD3 T cell ratios in colon mucosa epithelium (IEL), subepithelium (5 pm
below the basement membrane), and lamina propria, between Crohn's disease with Nancy grade 0-1 (CD NO-1, n = 35), ulcerative colitis

with Nancy grade 0-1 (UC NO-1, n = 39), and healthy controls (HC, n = 41). Relative differences in median numbers are given as fold
change (FC), 95% confidence interval (Cl), and P value, where statistical significance within each row is marked with italic bold.

Subepithelium Lamina Propria

IEL
Histologically inactive mucosa FC 95% Cl P value
CD3 T cells
CD NO-1 versus HC 1.4 1.0-1.9 0.06
UC NO-1 versus HC 1.2 0.9-1.7 0.29
CD NO-1 versus UC NO-1 1.2 0.8-1.6 0.41
yo T cells
CD NO-1 versus HC 0.7 0.4-1.2 0.16
UC NO-1 versus HC 1.4 09-2.4 0.18
CD NO-1 versus UC NO-1 0.5 0.3-0.8 0.007
y8/CD3 T cell ratio
CD NO-1 versus HC 0.5 0.3-0.9 0.017
UC NO-1 versus HC 1.3 0.8-2.1 0.35
CD NO-1 versus UC NO-1 0.4 0.3-0.7 0.001

if these differences correlated to the number of yd T
cells in peripheral blood. There were statistically simi-
lar median (95% CI) y8/CD3 ratios in peripheral blood
between the groups, with 2.9 (1.4-4.4) in CD, 2.8
(1.04.2) in UC, and 3.5 (1.5-6.6) in HC. Spearman
correlation analyses between the yd/CD3 ratios in
blood and in the mucosal compartments showed no
significant correlations, with a moderate rho of 0.41
(—0.14 to 0.77) for the subepithelial compartment in
HC as the strongest.

Discussion

This study used Al-based image analysis on WSIs [31]
to describe the number and distribution of CD3 and y6 T
cells in colon mucosa and reveals significant differences
between CD and UC. At baseline, we show less y0 IELs
and more CD3 cells in all mucosal compartments in
inactive CD compared to inactive UC and HC. In active
disease, there was no increase of CD3 IELs in CD or
UC, despite a substantial increase in the subepithelium

FC 950 Cl P value FC 95% ClI Pvalue
1.6 1.2-2.2 0.001 1.5 1.1-2.1 0.016
1.2 0.9-1.5 0.30 1.2 0.9-1.6 0.25
1.4 1.0-1.9 0.024 1.2 0.9-1.7 0.19
1.0 0.6-1.7 1.00 1.3 0.8-2.0 0.32
1.3 0.8-2.3 0.27 1.0 0.7-1.6 0.83
0.8 0.5-1.3 0.26 1.2 0.8-1.8 0.39
0.7 0.4-1.1 0.10 1.0 0.7-1.7 0.89
1.2 0.8-2.0 0.40 1.0 0.7-1.6 0.85
0.5 0.3-0.9 0.015 1.0 0.6-1.5 0.97

and in lamina propria. The number of yd T cells also
remained constant in the subepithelium and lamina
propria. Our most important findings were consistently
low numbers of yd IELs in CD contrasting a significant
loss of ¥ IELs in active UC.

The literature reports conflicting results on the num-
ber of yo T cells in colon mucosa in IBD [22,36-40].
It is difficult to compare studies when histological
descriptions are lacking, methods and biopsy location
vary, and mucosal compartments are not always distin-
guished. Fukushima et al [25] described greater reduc-
tion of yd IELs in inflamed UC than CD, like us. A
flow cytometry study by Jaeger er al [40] showed a
reduction of yd IELs in both inactive and active CD,
but they looked at terminal ileum. We have not found
studies that report consistently low numbers of yd
IELs in colon mucosa of inactive and active CD, like
we do here.

We show an association between oral corticosteroids
and significantly reduced numbers of yd T cells in all
compartments, while age, gender, and disease duration
had no impact on the yd T cells numbers. When
adjusting for oral corticosteroids in the statistical

Figure 3. Distribution of yd T cells in colonic mucosal compartments of HC, CD, and UC with histologically inactive and active disease.
(A-C) Representative images of colon mucosa showing the number and distribution of y8 T cells in the epithelium, subepithelium, and
lamina propria of (A) histologically inactive mucosa (Nancy score 0-1) in Crohn's disease (CD NO-1) and in ulcerative colitis (UC NO-1),
(B) histologically active mucosa (Nancy score 2-4) in Crohn's disease (CD N2-4), in ulcerative colitis (UC N2-4), and (C) in HCs. Scale
bars 100 pm. An example of a y8 IEL is marked with a red arrow in (A). (D-F) Box and whisker plots showing median and individual
numbers of y8 T cells in biopsies from the right or left side of colon measured by computational pathology in: (D) epithelium,
(E) subepithelium, and (F) lamina propria in Crohn's disease with histologically inactive (CD NO-1) and active (CD N2-4) mucosa, in
ulcerative colitis with histologically inactive (UC NO-1) and active (UC N2-4) mucosa, and in HCs. Numbers for the epithelium and
subepithelium are given per 100 epithelial cells and numbers for lamina propria are given per mmZ

© 2022 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
of Great Britain and Ireland and John Wiley & Sons Ltd.
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Table 3. Relative differences in the median numbers of CD3, y8 T cells, and y&/CD3 ratios in colonic mucosal compartments of
histologically active mucosa. Comparisons of CD3 and y8 T cell numbers and y5/CD3 T cell ratios in colon mucosa epithelium (IEL),
subepithelium (5 um below the basement membrane), and lamina propria, between Crohn's disease with Nancy grade 2-4 (CD N2-4,
n = 22) or Nancy grade 0-1 (CD NO-1, n = 35), ulcerative colitis with Nancy grade 2-4 (UC N2-4, n = 44) or Nancy grade 0-1 (UC
NO-1, n = 39), and healthy controls (HC, n = 41). Relative differences in median numbers are given as fold change (FC), 95%
confidence interval (CI), and P value, where statistical significance within each row is marked with italic bold

IEL Subepithelium Lamina propria
Histologically active mucosa FC 95% Cl Pvalue FC 95% CI Pvalue FC 95% ClI Pvalue
CD3 T cells
CD N2-4 versus HC 1.7 1.1-2.5 0.009 2.3 1.7-3.2 <0.001 2.7 1.9-3.9 <0.001
UC N2-4 versus HC 1.3 0.9-1.8 0.11 1.8 1.3-2.4 <0.001 2.3 1.7-3.2 <0.001
CD N2-4 versus CD NO-1 1.2 0.8-1.8 0.32 1.4 1.0-2.0 0.046 1.8 1.3-2.6 0.002
UC N2-4 versus UC NO-1 1.1 0.8-1.5 0.59 1.5 1.1-2.1 0.005 1.9 1.4-2.7 <0.001
CD N2-4 versus UC N2-4 1.3 0.9-1.9 0.20 1.3 1.0-1.6 0.11 1.2 0.8-1.7 0.38
vo T cells
CD N2-4 versus HC 0.6 0.3-1.0 0.06 1.2 0.7-2.2 0.55 1.4 0.9-2.4 0.15
UC N2-4 versus HC 0.4 0.3-0.7 0.002 1.1 0.6-1.9 0.75 1.4 0.9-2.2 0.18
CD N2-4 versus CD NO-1 0.8 0.5-1.5 0.51 1.2 0.7-2.1 0.52 1.1 0.7-1.8 0.56
UC N2-4 versus UC NO-1 0.3 0.2-0.5 <0.001 0.8 0.5-1.3 0.41 1.3 0.9-1.9 0.20
CD N2-4 versus UC N2-4 1.3 0.7-2.3 0.36 1.1 0.6-1.9 0.75 1.1 0.7-1.7 0.83
y&/CD3 T cell ratio
CD N2-4 versus HC 0.4 0.2-0.7 0.001 0.7 0.4-1.3 0.28 0.6 0.4-1.1 0.09
UC N2-4 versus HC 0.3 0.2-0.5 <0.001 0.5 0.3-0.9 0.20 0.6 0.4-0.9 0.020
CD N2-4 versus CD NO-1 0.7 0.4-1.3 0.26 0.9 0.5-1.6 0.68 0.6 0.4-1.0 0.037
UC N2-4 versus UC NO-1 0.2 0.2-0.4 <0.001 0.4 0.3-0.7 0.001 0.5 0.4-0.8 0.004
CD N2-4 versus UC N2-4 1.3 0.7-2.2 0.44 1.1 0.6-1.9 0.84 1.1 1.2-1.8 0.63

analysis, the differences in yd IELs between CD and
UC became even more pronounced.

The massive loss of yd IELs in active UC made us
question their fate. Our study is merely descriptive,
but we tried to answer some of the questions based on
what we could observe. We asked whether yd IELs in
active UC were expelled with ulcer exudates but found
a significant reduction of these cells also in active
inflammation without ulcerations. They might have
escaped the epithelium, but we found no increase of
vO T cells beneath the epithelium or in lamina propria.
They could be involved in the shedding of epithelial
cells, but lymphocytes are hardly never seen above the
epithelial surface. Interestingly though, Hu et al
recently describe that yd IELs facilitate shedding of
epithelial cells [20]. We also asked if y0 IELs in active
UC might exit the mucosa and enter the blood stream
and made correlations between yd/CD3 ratios in
mucosal compartments and blood. No association was
found, suggesting there is no significant exchange of
vS T cells between peripheral blood and tissue [21,22].

Another interesting finding in our study is the higher
numbers of CD3 cells in all compartments in inactive
CD compared to inactive UC and HC. We have not
found other studies that investigate the mucosal num-
bers of CD3 cells in inactive IBD, measure the magni-
tude of increase in active disease, or explore the IELs

© 2022 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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on WSIs from IBD patients. The subepithelial area
was delineated by us and is not a morphologically
defined zone but were included as a separate analysis
because we observed noticeable variations in this
zone. We believe the subepithelial lymphocytes may
form an unrecognised part of the mucosal barrier
together with epithelial cells, IELs, and other immune
cells in the upper part of lamina propria. We did not
expect to find other studies that specifically describe
subepithelial T cells. However, an in sifu hybridisation
study by Kappeler et al [41] showed a higher increase
of cytotoxic T cells in lamina propria in CD than in
UC, with cytotoxic T cells located close to the epithe-
lium. It is well known that there are more IELs above
lymphoid aggregates and follicles, but we did not
compare the number of organised lymphoid structures
in CD, UC, and HC. We observed no obvious differ-
ences between the groups, but this clearly needs to be
analysed more objectively.

We found no increase of CD3 IELs in active CD
and UC, despite a significant increase of subepithelial
and lamina propria CD3 cells. It is not clear if
subepithelial CD3 cells are stationary or move
between the compartments, or if IELs self-renew in
situ or are replaced by new T cells from the circula-
tion. An argument for the latter is that thin and elon-
gated lymphocytes crossing the basement membrane

J Pathol Clin Res 2023; 9: 18-31
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are easily seen histologically [42,43]. Knowledge
about IELs is largely derived from studies on mouse
models [9], and species differences may be important.
Ahn et al [44] reported an increase in colonic IELs in
inflamed UC, but most human studies describe no
change in the number of IELs in inflamed colon
mucosa of IBD [24,25,45]. Fiehn et al [46] used a
commercial digital image analysis tool to quantify
CD3 IELs in microscopic colitis, and they and others
describe IEL numbers [13,24,25] and y56/CD3 IEL
ratios [13,25,39] comparable to us.

An important question arising from our study is
why colon mucosa in inactive CD has more CD3 cells
and less yd IELs than HC and inactive UC. As alter-
ations in the number of yd IELs may influence muco-
sal immunity, our findings should be further
investigated in studies that also integrate disease out-
comes. One may assume that a reduction of these cells
could lead to increased susceptibility to infections and
relapses and alter other immune cells in the epithelial
area. The increased numbers of subepithelial CD3 cells
in our CD patients could fit with the latter. Addition-
ally, we found more CD3 and yd8 T cells in proximal
colon mucosa, which also has a higher bacterial den-
sity [47]. Since proximal colon is a predilection site
for CD, it seems reasonable that fewer yd IELs com-
bined with increased bacterial challenge could be a
contributive factor to CD pathogenesis. Our findings
may support the hypothesis that CD represents a defi-
ciency state of innate immunity [48-50]. It has been
shown that yd IELs release cytokines, chemokines,
and survival signals that attract and stimulate neutro-
phils [51]. We hypothesise that fewer yd IELs nega-
tively influence the recruitment and function of
neutrophils and place a higher strain on other immune
cells causing deeper inflammation in the gut wall [48].

There are some limitations to our study. The number
of patients could have been higher and more equal
between UC and CD, and it would be better to have
segmental biopsies instead of the more limited cases
from our in-house biobank with healthy and inflamed
mucosa only. The IHC staining was done manually on
subsequent sections which led to more variations
between the images. Some mis-quantifications may
have occurred due to weak CD3 staining combined
with background staining in the epithelium in some
sections. Thus, we examined all WSIs in two extra
rounds and agreed upon which to include based on
IHC quality. Although we did not find systematic dif-
ferences in the orientation of biopsies, it is possible
that variations in cut surfaces may have influenced the
results. Some sections have less surface epithelium, or
lack it altogether, and in these cases the intraepithelial

© 2022 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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counts reflect mainly crypt epithelial lymphocytes.
This may represent a confounder as it is currently
unknown whether there is a difference in the number
of IELs between surface and crypt epithelium.

Research on mucosal inflammation in IBD often
centres on isolated molecules or cells, detached from
their spatial relationships. Computational pathology
provides quantitative data while preserving the histo-
pathological contexts of cells and tissues. The key
strengths of this study lie in the automated segmenta-
tion and immune cell quantifications on WSIs from a
cohort of well-characterised IBD patients, using proxi-
mal and distal colon biopsies and a validated histologi-
cal index. The study reveals significant differences in
CD3 and y8 T cells in the epithelial area between CD,
UC, and HC. We believe that the combination of
quantitative data with precise histological descriptions
can elucidate some of the dynamics of these important
cells in the mucosal immune responses.
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