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Semi-supervised analysis of myeloid and T cell

behavior in ex vivo ovarian tumor slices

reveals changes in cell motility after treatments

Florian Laforéts,” Panoraia Kotantaki,” Beatrice Malacrida,” Samar Elorbany," Ranjit Manchanda,?3#

Emmanuel Donnadieu,>¢ and Frances Balkwill':¢7.*

SUMMARY

Studies of the high-grade serous ovarian cancer (HGSOC) tumor microenviron-
ment, the most lethal gynecological cancer, aim to enhance the efficiency of es-
tablished therapies. Cell motility is an important process of anti-tumor response.
Using ex vivo human and mouse HGSOC tumor slices combined with time-lapse
imaging, we assessed the motility of CD8* T and myeloid cells. We developed a
semi-supervised analysis of cell movements, identifying four cell behaviors:
migrating, long migrating, static, and wobbling. Tumor slices were maintained
24h ex vivo, retaining viability and cell movements. Ex vivo treatments with lipo-
polysaccharide altered CD8" T and myeloid cell behavior. In vivo chemotherapy
reduced ex vivo cell movements in human and mouse tumors and differentially
affected CD8* T and myeloid cells in chemo-sensitive and chemo-resistant mouse
models. Ex vivo tumor slices can extend in vivo mouse studies to human,
providing a stepping stone to translate mouse cancer studies to clinical trials.

INTRODUCTION

The growth, progression, and dissemination of human tumors are driven by a complex cooperation be-
tween malignant cells, corrupted host cells, and an ensemble of extracellular factors.' Studies of this tumor
microenvironment (TME) have led to discoveries of new cancer therapies.z'3

High-grade serous ovarian cancer (HGSOC) is the most common and deadly type of ovarian cancer.’”
Fewer than 35% of patients survive beyond five years after diagnosis.® There is, therefore, need to better
understand the HGSOC TME in order to improve therapy efficiency and prevent relapse.

Studies of its cellular and extracellular composition”"® along with its response to therapies, particularly the
role of the host's immune response, have led to a better understanding of the HGSOC TME. Our group has
recently developed new models to study this TME: mouse syngeneic models” and in vitro multi-cellular
models.'”"" We used these models to demonstrate the impact of chemotherapy on the innate and
adaptive immune responses'*~'* and investigated the role and therapeutic potential of anti-interleukin 6
(anti-IL-6).">"® Such studies combine an array of techniques: transcriptomics, proteomics, histology, and
flow cytometry, which together provide insights into the TME and its response to various therapies. How-
ever, these approaches are limited to providing a fixed, albeit detailed image of the TME and omit its dy-
namic nature. Furthermore, although in vitro multi-cellular models provide a useful human cell pre-clinical
model, they do not recapitulate the whole human TME. More human models and dynamic approaches are
needed to complement our existing tools.

The ex vivo tumor slice assay allows the study of a live tumor and its response to various treatments.'’"'®
Combined with time-lapse imaging, the ex vivo tissue slice assay enables the monitoring of resident im-
mune cells in real-time, including in ovarian carcinomas.'”*° This approach has shed light on the migration
of CD8™" T cells and the involvement of the extracellular matrix (ECM) and tumor-associated macrophages
in restricting their movements and impeding them from contacting tumor cells.”’ The migration of T cells
has emerged as an important parameter to take into account their anti-tumor function, as it enables lym-
phocytes to interact with antigen-presenting cells as well as malignant cells. Thus, monitoring T cell motility

'Barts Cancer Institute,
Queen Mary University of
London, Charterhouse
Square, ECTM6BQ London,
UK

2Wolfson Institute of
Population Health, CRUK
Barts Cancer Centre, Queen
Mary University of London,
EC1M 6BQ London, UK

3Department of
Gynaecological Oncology,
Barts Health NHS Trust, Royal
London Hospital, E1 1BB
London, UK

4Department of Health
Services Research and Policy,
London School of Hygiene &
Tropical Medicine, WC1H
9SH London, UK

SUniversité Paris Cité, CNRS,
INSERM, Equipe Labellisée
Ligue Contre le Cancer,
Institut Cochin, 75014 Paris,
France

éThese authors contributed
equally

’Lead contact

*Correspondence:
f.balkwill@gmul.ac.uk

https://doi.org/10.1016/j.isci.

in an intact human TME, identifying obstacles, and designing strategies to overcome them represent 2023.106514
ek o iScience 26, 106514, April 21, 2023 © 2023 The Authors. 1

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:f.balkwill@qmul.ac.uk
https://doi.org/10.1016/j.isci.2023.106514
https://doi.org/10.1016/j.isci.2023.106514
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106514&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

HUHGS HGS2

iScience

. |cleaved-caspase 3
[ Psced
S HUHGS HGS2 60577
to b * 2.5 *
: 1.0 1.5
sos{ ° © ¢ g 20 ®
= = [ .
i 06 Y Lo
2 2 m
Soa S . S 1.0 .
8 A )
N 0.2 = < ’_I_‘ . Sos{ L. |°®
24 .
0. T+ T 0.0 T 0. = T
t0  24h t0  24h t0  24h
B HUHGS HGS2 60577
oA B o L PO S S L
S SIS AN TS
v By !
-~ > & 7 HUHGS HGS2 60577
t0 0.25 20; 40
20207 ® L5 2304
8 3 3 .
+ 0.5 . .
S 510 5 20 .
'% 0.10 . i~ . < .
g = o8 S s S0 |
) 0.00 T T o T T T T
L N . t0  24h t0  24h t0  24h
N S N N A
NN N Spdahi

Figure 1. Human and mouse high-grade serous tumor slices are viable ex vivo for 24h

Immunohistochemistry of human HGSOC (HuHGS), mouse HGS2 and 60577 tumor slices fixed either immediately after slicing (t0) or put in culture for 24h,
and analyzed for (A) apoptosis with cleaved caspase-3 (ccas3) and (B) proliferation with Kié7. The left panels show representative images of IHC. The right
panels show the staining quantifications. ccas3, the % positively stained area was quantified; Ki67, the % positively stained cells was quantified. Scale bars,
50 um. Each dot represents the average quantification of the staining of 1-5 different slices of the same tumor at a given time point. Histograms show the

mean + SEM. Number of tumors for each model: human, 5; HGS2, 4; 60577, 5. Paired t test, *p < 0.05.

important aspects of cancer immunotherapy research. Studies have so far focused on CD8" T cells, and
migration in ex vivo tumor slices has only been studied for periods of a few hours after slicing.'”?° Devel-
oping the tumor slice assay, by investigating the behavior of other cell types and maintaining the slices long
enough in culture to assess the effect of treatments, would enable the study of new therapies on cell
behavior and could shed further light on the dynamic functioning of the HGSOC TME.

Here, we report for the first time the characterization of the movements of myeloid cells ex vivo, in addition
to further studies on CD8" T cells. We assessed their behavior, including after 24h ex vivo, in human
HGSOC biopsy tissue slices (HUHGS) and two mouse HGSOC models, enabling us to study cell movement
in response to ex vivo treatments. We developed a semi-supervised approach that provides an in-depth
characterization of cell behavior, by distinguishing different types of cellular movements. Finally, we
show the effect of LPS ex vivo and chemotherapy in vivo treatments on the behavior of CD8" T and myeloid
cells, assessing the dynamic response of those cell types to therapy. When developing new therapies, this
approach enables to expand results obtained in vivo in mice to ex vivo in human samples, providing a plat-
form to translate mouse experimental results to clinical trials.

RESULTS

Human and mouse high-grade serous ovarian tumor slices are stable over 24 h ex vivo

We first assessed the ex vivo viability of the tumor slices over 24 h. Samples were obtained from human
HGSOC omental tumors (HUHGS) and from tumor-bearing omentum from the mouse HGSOC models,
HGS2 and 60577.7 Samples were cut into 350 pum slices, cultured ex vivo in medium optimized for slice
viability and either fixed immediately (t0) or after 24h, embedded in paraffin and longitudinally sectioned
for immunohistochemistry (IHC). We performed IHC for cleaved caspase-3 (ccas3) and Kié7 to assess
apoptosis and proliferation, respectively (Figure 1). The apoptosis levels were stable over 24h in human tu-
mors and showed a low but significant increase of 0.5-1% cells in HGS2 and 60577 mouse tumors
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Figure 2. Stability of the myeloid cell and T cell content of human and mouse high-grade serous tumor slices ex vivo over 24h

(A-C) IHC of human HGSOC (HuHGS), mouse HGS2 and 60577 tumor slices fixed either immediately after slicing (t0) or put in culture for 24h, and analyzed
for (A), myeloid cells with CD68 in human and F4/80 in HGS2 and 60577 in brown; (B) M2-polarized myeloid cells with CD206 in brown; (C) T cells with CD3 in
human (brown) and a CD4/CD8 dual staining in HGS2 and 60577 (CD4, purple; CD8, brown). (A-C) the left panels show representative images of IHC. The
right panels show the staining quantifications. For CDé8 and CD206, the % positively stained area was quantified; whereas for CD3, CD4, and CD8, the %
positively stained cells was quantified. Scale bars, 50 um. Stainings were quantified over 1 to 5 different slices of the same tumor. Number of tumors for each
model: human, 5; HGS2, 4; 60577, 5. Histograms show the mean + SEM. Paired t test, all p values between t0 and 24h were >0.05.

(Figure 1A). No significant difference in the proportion of Ki67* cells was observed between t0 and 24h in
the human and mouse tumor slices (Figure 1B).

To further assess the stability of HGSOC tumor slices ex vivo, we measured myeloid and T cell number using
IHC (Figure 2). There was no change in CD68" cells in human and F4/80" cells in mouse tumor slices over
24h (Figure 2A). CD206 staining was also unchanged (Figure 2B), suggesting the myeloid cell population
was stable ex vivo over 24h both in numbers and in macrophage polarity. Numbers of CD3" T cells did
not vary between t0 and 24h in human tumors (Figure 2C). In HGS2 and 60577 tumor slices however, there
was a marked decrease in CD4" and to a lesser extent CD8" T cells.
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Figure 3. Characterizing the behavior of immune cells ex vivo in the tumor microenvironment of human and mouse high grade serous ovarian
tumor slices

(A) live slices obtained from human HGSOC, HGS2, and 40577 tumors were stained for: fibronectin (blue), myeloid cells (green; human, CD11b; mouse,
F4/80); malignant cells (red; Human, EpCAM; HGS2, cytokeratin 14; 60577, cytokeratin 8); CD8" T cells (pink) and imaged in real-time. Tracks of CD8" T cells
(top panel) and myeloid cells (bottom panel) are shown in white. Different types of trajectories are visible both for T cells and myeloid cells in human (HuHGS),
HGS2, and 60577. Scale bars 50 um.

(B) Images showing tracks (white) of individual cells (CD8, pink) representative of four distinct types of behavior: static, wobbling, migrating, and long
migrating. Scale bars 8 pm.

(C) Strategy for behavioral categorization: CD8" T cells and myeloid cell trajectories are split into four types of behavior using migration metrics: maximum
displacement and trajectory length. Cells with maximum displacement < 7um and trajectory length <13 um are considered static, cells with maximum
displacement < 7um and trajectory length >13 pm are considered wobbling, cells with maximum displacement 7-25um and trajectory length 7-40um are
considered migrating and cells with maximum displacement >25um and trajectory length >40 pm are considered long migrating.

(D and E) Proportions of the different types of behavior (red, static; gray, wobbling; yellow, migrating; pink long migrating), trajectory length, mean speed
and trajectory straightness for the different behavior categories (purple, all, all cells; orange, mig, migrating, and long migrating cells together; khaki, wob,
wobbling cells) for (D) CD8" T cells and (E) myeloid cells (human, CD11b™ cells; HGS2 and 60577, F4/80" cells) in human HGSOC (HUHGS), HGS2 and 60577
mouse tumors. Histograms show the mean + SEM. Number of tumors/CD8" T cells/myeloid cells for each model: human, 5/12068/2976; HGS2, 9/1800/
3303; 60577, 5/476/1215.

Overall, these results show a relatively stable TME ex vivo in terms of viability and myeloid cell populations
in human and mouse tumor slices over 24h, with a stable T cell population in human and a declining pop-
ulation of CD4™ T cells in mouse tumor slices.

CD8* T and myeloid cell display four distinguishable dynamic behavior types in human and
mouse ex vivo high grade serous ovarian cancer tumor slices

To characterize the dynamic behavior of CD8" T and myeloid cells in HUHGS, HGS2, and 60577 slices
ex vivo, we performed time-lapse experiments on live tumor slices labeled with directly conjugated fluo-
rescent antibodies, according to a previously published method.'” Confocal microscopy and fluorescent
time-lapse imaging allowed us to monitor the movements of resident immune cells in real-time during a
30 min recording. In addition to myeloid cells (green; CD11b in HUHGS, F4/80 in HGS2 and 60577) and
CD8" T cells (pink), we stained malignant cells (red; EpCAM in HUHGS, CK14 in HGS2, and CK8 in
60577) and fibronectin (blue; FN1) as a component of the stromal ECM (Figure 3A, Videos S1, S2, and
S3). HUHGS slices had clusters of EpCAM™ malignant cells easily distinguishable from the stroma which
was revealed by the FN1 staining. CD8" T cells were largely located in the stroma, as reported previously,”’
and rarely penetrated the malignant cell islets. CD11b staining was mutually exclusive with EpCAM
showing that myeloid cells were also located outside malignant cell islets (Figure 3A). This separation be-
tween stroma and malignant cell areas was less marked in HGS2 and 60577 tumors (Figure 3A), as the ma-
lignant cells were more dispersed in the TME. However, we observed few contacts between CD8" T cell and
malignant cells in HGS2 and 60577 tumor slices.

Our observations of cell movements led us to distinguish different types of behavior. In all three tumor
types, we observed that a large proportion of both cell types were static over a 30 min time course (Fig-
ure 3B and Video S4). A small portion of cells, especially CD8 T cells, displayed migration (Figure 3B and
Video S5) while another group displayed little or no displacement but were still motile (Figure 3B and Video
S6). Those movements, either non-directional migration or cytoplasmic extensions, resulted in a
"wobbling” motion, distinct from both directional migration and static cells. Therefore, instead of simply
quantifying migration, we decided to take the wobbling population into account. In addition, some CD8"
T cells migrated over relatively long distances (Figure 3B and Video S7) in all three tumor types. Therefore,
we decided to distinguish between migrating and long migrating cells. As a result, we identified four
different types of cell behavior: static, wobbling, migrating, and long migrating (Figure 3B).

Analyses of myeloid and T cell movements

To distinguish between those four populations we tracked the movements of individual cells with the soft-
ware Imaris (Bitplane) and extracted movement metrics for each cell trajectory. We developed a semi-su-
pervised approach, with empirically determined thresholds based on two movement metrics: the
maximum displacement (distance between a cell’s initial position and the furthest it has moved from it -
MaxDis) and the trajectory length. The MaxDis splits migrating from non-migrating cells and the trajectory
length splits static from wobbling and migrating from long migrating cells, respectively (Figure 3C). Our
observations and previous studies®” show that CD8" T cells can display a back and forth migration pattern.
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The standard displacement is the distance between a cell’s initial and last positions. Therefore, we used the
MaxDis rather than the standard displacement classifying the cells that migrated back to their initial posi-
tion as non-migrating cells (Figure 3C).

To semi-automate this analysis we established a pipeline in R. This aggregated all movement metrics of
interest, computed the maximum displacement of all cells for all time-lapse experiments, merged the
cell populations of two duplicate time-lapse movies and distinguished the static, wobbling, migrating,
and long migrating cell populations from each other. The script produced.csv outputs to plot each metric
of interest and calculated the proportions of cells belonging to each behavior category.

We used this behavior category approach to characterize the movements of CD8" T and myeloid cells in freshly
established HUHGS, HGS2 and 60577 tumor slices. All three tumor types had similar proportions for CD8"
T cell behavior: 40-60% static, 20-40% wobbling, 15-20% migrating, and 2-10% long migrating (Figures 3D
and S1A). They also had similar mean trajectory length (15-25 um), mean speed (1.3-1.5 um/min), and mean
straightness of trajectory (0.21-0.31) (Figure 3D). We then compared the movements of the migrating and
wobbling sub-groups of CD8" T cells. The migrating CD8" T cells (encompassing migrating plus long
migrating populations) in both mouse and human tumor slices moved twice as far and twice as fast than
the wobbling cells. As expected, migrating cells had a more linear trajectory (Figure 3D).

On average, myeloid cells migrated much less than CD8" T cells. The proportion of myeloid cells that wobbled
was similar in HUHGS, HGS2 and 60577 tumor slices (Figures 3E and S1B). However, there were significantly
more migrating (18.37%) and less static (35.24%) myeloid cells in HUHGS than in HGS2 and 60577 slices
(migrating, 1.32% and 2.26%; static, 57.50% and 61.88%, respectively, in % of the control mean (Figures 3E
and S1B). Consistent with differences in migrating proportions, human myeloid cells moved faster
(0.87 um/min) than in the mouse models (0.61 pm/min in HGS2 and 0.67 um/min in 60577), although straight-
ness of trajectory was similar in all three tumor types. Similar to CD8" T cells, the migrating myeloid cells moved
faster, further and more directionally than the wobbling myeloid cells (Figure 3E).

These results show that we can identify and quantify the movements of different types of CD8" T and
myeloid cell behavior and that those cells display similar behavior in human and mouse ex vivo tumor slices.
In addition, we can further characterize which behavior-specific sub-group contributes to the movements
observed in the overall populations.

CD8" T and myeloid cells behavior maintain their behavior ex vivo for 24h in mouse and
human high grade serous ovarian cancer tumor slices

We next assessed the stability of CD8" T and myeloid cell behavior over 24h monitoring HuHGS, HGS2, and
60577 tumor slices shortly after slicing (t0) and 24h later (Figures 4A, 4B, S2A, and S2B).

Trajectory length of CD8" T cells significantly increased in human (+36.1%) and decreased in HGS2
(—26.7%) and 60577 (—48.9%) after 24h (Figure 4C). There was also a significant decrease of speed and tra-
jectory straightness in HUHGS and both mouse models (Figure 4C). The decrease in speed at 24h was more
pronounced in the mouse models (HGS2 -41.3%; 60577-56.9%) than in human (—5.5%), suggesting human
CD8" T cells are more stable. To determine what sub-group of CD8" T cell contributes to these changes,
we also analyzed the proportion of different cell behaviors and quantified their movements. After 24h,
CD8" T cells displayed the four types of behavior categories previously observed at t0 (Figures 4C and
S2C). In HUHGS and 60577, the proportions for all four categories of behavior were maintained at 24h
compared to t0 (Figures 4C and S2C). In HGS2 however, while static, wobbling and long migrating propor-
tions were stable, there was a significant decrease in the proportion of migrating CD8" T cells (Figures 4C
and S2C). The analysis of behavior-specific sub-populations (wobbling and migrating) showed the small in-
crease in movements observed at 24h in HUHGS is likely due to an increase in both wobbling and migrating
cell movements (Figure S3A). The increase in migrating CD8" T cells trajectory length and speed in HGS2
(respectively +58.6% and +39.0%), not observed in wobbling cells, suggests the global reduction in CD8™"
T cells movement observed in this model is due to a decrease in the number of migrating cells, not to a
change in migrating cell behavior (Figure S3A).

There was a small increase in myeloid cell trajectory length and speed in HUHGS (respectively +5.4%
and +18.3%) but no change in behavior at 24h in the HGS2 and 60577 tumor slices, apart from a significant
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Figure 4. Stability of CD8" T and myeloid cell behavior over 24h ex vivo in human and mouse tumor slices
(A and B) Live human HGSOC tumor slices were stained for: fibronectin (blue), myeloid cells (green, CD11b), malignant cells (red, EpCAM) and CD8" T cells
(pink) and imaged in real-time either shortly after slicing or after 24h ex vivo. Tracks of CD8" T cells, (A), and myeloid cells, (B), are shown in white. Scale bars

50 pm.

(C and D) Proportions of the different types of behavior (red, st, static; gray, wob, wobbling; yellow, mig, migrating; pink, Lmig, long migrating), trajectory

length, mean speed and trajectory straightness shortly after slicing (t0, purple) and after 24h ex vivo (24h, orange) for (C), CD8" T cells and (D), myeloid cells
(human, CD11b* cells; HGS2 and 60577, F4/80™ cells) in human HGSOC (HuHGS), HGS2 and 60577 tumors. Histograms display the mean + SEM. Number of
tumors/CD8" T cells/myeloid cells for each model and condition: human, t0 9/12068/2976, 24h 9/2410/1558; HGS2, t0 9/1800/3303, 24h 9/731/1616; 60577,
t0 3/476/1215, 24h 3/90/1062. The t test was performed to determine statistical differences between the three tumor types. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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decrease in straightness for all three tumor types (Figure 4D). In HuUHGS, HGS2, and 60577, the proportions
for all behaviors were maintained at 24h compared to tO (Figures 4D and S2D). At 24h, the migrating
myeloid cell sub-population showed a significant increase in trajectory length in HGS2 and in speed in
60577 (Figure S3B), suggesting the mouse migrating myeloid cells are more motile after 24h.

Overall, these results show that CD8" T and myeloid cells are still motile after 24h ex vivo, despite move-
ment changes. We conclude that we can use HUHGS, HGS2, and 60577 tumor slices in ex vivo behavior as-
says within 24h providing experiments include control conditions.

Lipopolysaccharide increases the motile behavior of CD8" T and myeloid cells in mouse and
human ex vivo high-grade serous ovarian cancer tumors slices

We next assessed the ability of an ex vivo treatment to alter the dynamic behavior of CD8" T and myeloid
cells. We chose LPS for its ability to alter macrophage polarization which in turn can regulate T cells. Tumor
slices from HGSOC patients and HGS2 and 60577 mice were put in culture ex vivo immediately after slicing,
treated or not with LPS for 24h and the movements of CD8" T and myeloid cells was monitored (Figures 5A,
5B, S4A, and S$4B).

In HUHGS, HGS2, and 60577, LPS significantly increased trajectory length (+14.6%, +22.9%, and +42.7%,
respectively) and speed (+14.7%, +35.9%, and +79.8%). In addition, LPS increased CD8" T cells trajectory
straightness in the mouse models but decreased itin HUHGS (Figure 5C). To further investigate which pop-
ulations of CD8" T cells are affected by LPS, we assessed the proportions of the different behavior and
quantified their movements (Figures 5C, S4C, and S5A). LPS did not significantly alter the proportions of
any behavior in any tumor type, suggesting the absence of a shift between static, wobbling, migrating,
and long migrating behavior (Figures 5C and S4C). In HUHGS, consistent with the global increase in move-
ments and the absence of change in the proportions of each behavior, both wobbling and migrating pop-
ulations displayed increased movements (Figure S5A). In HGS2, the migrating and wobbling CD8™ T cells
displayed little change with LPS, however (Figure S5A).

In HGS2 and 60577, myeloid cells displayed significantly increased trajectory length (+25.7% and +35.8%,
respectively), speed (+50.1% and +44.7%, respectively) and straightness upon LPS treatment (Figure 5D). In
HuHGS, speed increased only by 5.6%, trajectory length was not affected and straightness decreased (Fig-
ure 5D), suggesting LPS had less impact on human CD11b* than on mouse F4/80" cells. Furthermore, LPS
did not change the proportions of migrating, wobbling, long migrating, and static myeloid cells
(Figures 5D and S5A). In addition, we observed no change in migrating myeloid cell trajectory length or
speed in all three tumor types, suggesting changes in the overall population are driven by a stimulation
of the wobbling population (Figure S5B).

These results show that LPS alters the movements of CD8" T and myeloid cells ex vivo. It also demonstrates
that migrating and wobbling sub-groups of both cell types can respond differently to treatments.

Chemotherapy alters the motile behavior of CD8* T and myeloid cells in mouse and human
high-grade serous ovarian cancer tumor slices

We have previously shown that chemotherapy alters myeloid and T cells activities and numbers in
HGSOC."”'" Therefore, we also wished to analyze the impact of chemotherapy on the behavior of
CD8" T and myeloid cells in HUHGS, HGS2, and 60577. We collected seventeen HUHGS omental tumors
from five primary and twelve interval debulking surgeries (respectively pre- and post-chemotherapy). In
addition, we treated HGS2 or 60577 mice in vivo with carboplatin plus paclitaxel and grouped omental tu-
mors collected at different time points after treatment (Figure S6A). We compared the movements of CD8™
T and myeloid cells in HUHGS pre- and post-chemotherapy (Figure 6A) and in HGS2 and 60577 mice from
control and treated groups (Figure S6B).

In terms of CD8" cells, we observed a significant decrease in speed (—33.7%) and straightness in HUHGS in
post compared to pre-chemotherapy tumors (Figure 6C). HGS2 and 40577 also displayed significantly
decreased trajectory length (—14.7% and —38.4%), speed (—46.5% and —49.7%), and straightness for
CD8" T cells in treated tumors compared to controls (Figure 6E). Analysis of the behavior proportions
showed a significant increase in the proportion of wobbling CD8™ T cells in post-chemotherapy HUHGS tu-
mors compared to pre-chemotherapy HUHGS tumors (Figures 6C and S6D). The migrating human CD8"
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Figure 5. Impact of LPS on CD8* T and myeloid cell behavior in human and mouse ex vivo tumor slices

(A and B) Live human HGSOC tumor slices treated or not (CTRL) with LPS ex vivo for 24h stained for: fibronectin (blue), myeloid cells (green, CD11b);

malignant cells (red, EpCAM); CD8" T cells (pink) and imaged in real-time. Tracks of CD8" T cells, (A), and myeloid cells, (B), are shown in white. Scale bars

50 pm.

(C and D) Proportions of the different types of behavior (red, st, static; gray, wob, wobbling; yellow, mig, migrating; pink, Lmig, long migrating), trajectory
length, mean speed, and trajectory straightness in control (purple) and LPS-treated (orange) human HGSOC, HGS2, and 60577 tumor slices for (C), CD8"
T cells and (D), myeloid cells (human, CD11b" cells; HGS2 and 60577, F4/80" cells). Histograms display the mean + SEM. Number of tumors/CD8" T cells/
myeloid cells for each model and condition: human, CTRL 10/2410/1558, LPS 6/1484/1785; HGS2, CTRL 8/731/1616, LPS 8/770/1746; 60577, CTRL 3/90/1062,
LPS %59/1615. The t-test was performed to determine statistical differences between the three tumor types. *p < 0.05, **p < 0.01, ***p < 0.001,
*xn < 0.0001.
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Figure 6. Impact of chemotherapy on CD8* T and myeloid cell behavior in human and mouse ex vivo tumor slices

(A and B) Live human HGSOC tumor slices from patients prior to (pre) or post-chemotherapy treatment (post) were stained for: fibronectin (blue), myeloid
cells (green, CD11b); malignant cells (red, EpCAM); CD8" T cells (pink) and imaged in real-time. Tracks of CD8" T cells, (A), and myeloid cells, (B), are shown
in white. Scale bars 50 pm.

(C-F) Proportions of the different types of behavior (red, st, static; gray, wob, wobbling; yellow, mig, migrating; pink, Lmig, long migrating), trajectory length,
mean speed, and trajectory straightness in (C) — (D), pre (purple) and post (orange) chemotherapy human HGSOC tumor slices; (E) — (F), HGS2 and 60577
tumor slices from control mice (purple) or mice treated with carboplatin and paclitaxel in vivo (orange) for (C) and (E), CD8" T cells and (D) and (F), myeloid
cells (human, CD11b" cells; HGS2 and 60577, F4/80" cells). Histograms display the mean + SEM. Number of tumors/CD8" T cells/myeloid cells for each
model and condition: human, pre 5/4594/1320, post 12/7474/1656; HGS2, CTRL 4/858/1466, Chem 7/907/2913; 60577, CTRL 5/476/1215, Chem 9/648/1075.
The t-test was performed to determine statistical differences between the three tumor types. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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T cells displayed increased trajectory length and speed, while the wobbling population showed reduction
in those metrics (Figure S7A). This suggests the wobbling population is responsible for the global decrease
in CD8" T cell speed and that migrating and wobbling populations respond differently to chemotherapy. In
60577, a chemotherapy sensitive model” there was a significant decrease in the number of migrating and
long migrating CD8" T cells. On the other hand, CD8" T cells from HGS2 tumors, a chemo-resistant model,
did not show any difference in behavior proportions (Figures 6E and S6D).

Measurement of myeloid cell population movements showed a decrease of trajectory length (HUHGS
—21.6%, HGS2 -28.1%, and 60577-24.8%) and speed (HUHGS —23.2%, HGS2 -29.0%, and 60577-29.8%)
in all three tumor types (Figures 6D and 6F). There were less migrating myeloid cells in HUHGS post
compared to pre-chemotherapy tumors (Figures 6B, 6D, and S6E). In addition, the chemo-resistant mouse
model HGS2 displayed a decrease in all myeloid cell movements, while the chemo-sensitive model 60577
displayed no difference between control and treated groups (Figure 6F, S6C, and S6E). While the wobbling
sub-population displayed decreased movements in all tumor types, the migrating cells displayed an
increased speed in HUHGS and 60577 along with an increased trajectory length in HUHGS (Figure S7B).
This suggested chemotherapy decreases the number of migrating myeloid cells in some tumor types
but stimulated their motility.

To assess whether changes in CD8" T and myeloid cell behavior were due to killing of immune cells by the
chemotherapy, we fixed sections from the HUHGS, HGS2, and 60577 tumors that were analyzed for cell
migration and performed IHC for cleaved caspase-3, ccas3. There was no significant difference between
pre- and post-chemotherapy levels of ccas3 in human tumors or between control and chemotherapy
treated HGS2 tumors (Figure S6F). However there was an increase in apoptosis in 60577 tumors (Figure S6F)
that are sensitive to chemotherapy.” To further study the effects of chemotherapy on the immune cell
populations, we conducted flow cytometry on another cohort of human HGSOC biopsies and found no
difference in the viability of CD8" T cells and CD14"HLADR" macrophages comparing pre- and post-
chemotherapy samples (Figure S6G). We conclude that post-chemotherapy CD8" T and myeloid cell
behavior changes are unlikely to be due to changes in immune cell viability.

Overall, these results showed chemotherapy affects differently the migrating and wobbling cell popula-
tions and causes changes in the behavior of CD8"* T and myeloid cells that vary in models with different
chemotherapy sensitivity.

DISCUSSION

The high rate of recurrence in HGSOC patients® shows the necessity to better understand the TME in this
disease and to design strategies to prevent relapse. To tackle this, efforts have been made in developing
relevant HGSOC human pre-clinical models.'”""** There is however growing need to develop models that
encompass the whole of the human TME and enable the study of its dynamics.

Here, we addressed this need by further developing the tumor slice technique and present an experimental
model for both mouse and human HGSOC that allows the assessment of the movements of cells contained
within their native TME ex vivo for 24h. We report minimal loss of viability and reasonable immune cell stability.
Those results are supported by previous studies on ovarian and other types of tumor slices, showing that in
optimized culture conditions a small reduction in viability and in T cell content ex vivo are observed.'®?>?
In addition, we report for the first time immune cell movement recorded and analyzed after 24h ex vivo. We
show that despite CD8" T and myeloid cells displaying decreased motility, no significant change in behavior
proportions was observed. We conclude this ex vivo model allows the study of cell behavior during 24h.

Migration of cytotoxic lymphocytes is an important function involved in the control of tumor growth, prog-
nosis, and immunotherapy response”’~’
However, we suggest that the approach to analyze these movements needs to be refined. We made the
observation that some cells did not display migration but simply dynamic shape changes or non-directional
migration, resulting in a wobbling motion. Here, we propose a semi-supervised method for separating the
migrating from the non-migrating cells and refine this analysis by distinguishing four behavior categories:
static, wobbling, migrating, and long migrating. We show wobbling and migrating cells often respond
differently to treatments, suggesting they belong to distinct sub-populations. While each sub-group can
be altered independently of the other, it is also possible to observe changes in behavior proportions,

and has so far been the focus of CD8" T cell movement studies.
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suggesting these sub-groups are dynamic and that cells can alternate between different states. Moreover,
an unsupervised analysis has previously revealed that morpho-dynamic traits are associated with specific
sub-populations of leukocytes, harboring different cellular states or identities.’® Likewise, in human orga-
noids different behavioral T cell patterns have been reported reflecting phenotypic heterogeneity.®’ We
therefore hypothesize that wobbling and migrating cells of one given cell type are two distinct populations
harboring different cellular states and responses to treatments. Whether such differences are caused by
changes in external determinants (e.g., ECM), changes in cell-cell interactions that physically impede
cell movements, or differences in activation state or chemokine gradients”**** remains to be determined.
For both CD8" T and myeloid cells, the wobbling state could result from the inability to migrate in a direc-
tional manner. In addition, wobbling myeloid cells could be probing the surrounding environment or inter-
acting with malignant cells as previously reported for dendritic cells in murine lymph nodes.** For CD8*
T cells, the wobbling state could also be due to migration-impeding interactions with B, antigen-present-
ing®® or malignant cells when performing their killing function.®**’

The migration pattern of T cells reported here was similar to what has previously been shown in solid tumor,
although with lower speed.?%**® This shows restricted cytotoxic T cell migration in HGSOC and suggests
improving their motility would benefit patients.

To our knowledge, this is the first time measurements of myeloid cell migration ex vivo have been reported,
and our results showed lower speed than previously reported in vivo, in zebrafish and CT26 mouse tu-
mors.***?*" We noted that CD11b* cells in HuHGS were more migratory than F4/80" cells in mouse tumor
slices. CD11b is expressed by all myeloid cells, including neutrophils, known to be more motile,*’ which
could account for this difference.

Using our semi-supervised approach, we demonstrated the possibility of measuring changes in cell
behavior after ex vivo treatment. LPS increased the movements of myeloid cells that is consistent with pub-
lished in vivo data’” and suggests M1-polarized have a distinct behavior from M2-polarized macrophages.
We also report an impact on CD8" T cells, suggesting LPS stimulation of inflammation pathways affects
cytotoxic T cell behavior, probably through activation of dendritic cells*® or release of chemokines. LPS
had similar effects in both human and mouse models, showing the relevance of the mouse models to study
the impact of compounds on immune cell movements ex vivo.

Finally, we report an impact of chemotherapy on the behavior of CD8" T and myeloid cells. We show in vivo
chemotherapy decreased the movements of both CD8* T and myeloid cells in all tumor types. Chemo-
therapy also increased the proportions of wobbling cells in the human biopsies. Although this could be
due to impaired migration, it is also possible it is caused by increased cytotoxic activity of the T cells on
the malignant cells. Furthermore, CD8" T cells were more affected by chemotherapy in the chemo-sensitive
model 60577, while myeloid cells were more impacted in the chemo-resistant model HGS2. Increased
wobbling CD8" T cells in HUHGS could be explained by an increase in cell-cell interactions, possibly in
killing. We have previously shown chemotherapy decreases M2-polarized macrophage numbers'* and ac-
tivates CD4" T cells,'” which suggests an activation of CD8" T cells. Further investigation is required to
assess if the reduction in movements we report here are linked to changes in macrophage phenotype
and CD8" T cell killing. The lack of difference in overall apoptosis and immune cell viability between
pre- and post-chemotherapy suggests it is unlikely that the chemotherapy-induced changes in motility
observed in human tumor slices are caused by a decrease in immune cell viability. We conclude chemo-
therapy may trigger changes of cell state, altering CD8" T and myeloid cell movements and that these cells
may be differently affected in responsive and non-responsive tumors. Understanding the mechanisms
behind such a differential effect could lead to strategies enhancing the anti-tumor phenotype of myeloid
cells, T cell cytotoxic activity and the effect of chemotherapy.

With this study, we expand the tumor slice technique by analyzing the behavior of CD8" T and myeloid cells
in HGSOC tumor slices after 24h ex vivo. We show this system can be used to assess the effect of treatments
on immune cell movements and provide an in-depth approach to analyze cell behavior. Being able to inte-
grate multiple outputs, including a treatment’s effect on the dynamic aspect of the TME gives invaluable
insight into the mechanism of drugs and their therapeutic potential in individual tumors. In addition, being
able to reproduce, in the human tumor slices ex vivo, effects observed in vivo in the mouse, provides a step-
ping stone to translate mouse work to clinical trials.
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Limitations of the study

The semi-supervised analysis presented here uses empirically determined thresholds. A fully unsupervised
analysis would help further support our conclusions that CD8" T and myeloid cells can be categorized with
four types of behavior: static, wobbling, migrating, and long migrating.
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Softwares and Algorithms

Definiens® software
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Graphpad Prism, San Diego, CA version 9.0.0
NIS-Elements

QuPath 0.2.3
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https://pannoramic-viewer.software.informer.com/

download/

https://www.hamamatsu.com/eu/en/product/
type/U12388-01/index.html

http://www.R-project.org
https://www.rstudio.com/products/rstudio/
https://www.tidyverse.org/

https://www.bioconductor.org/packages/release/
bioc/html/canceR.html

https://www.graphpad.com

https://www.microscope.healthcare.nikon.com/

products/software/nis-elements
https://qupath.github.io/

https://www.flowjo.com/

lllustrator 2023 Adobe https://www.adobe.com/uk/products/
illustrator.html

Biorender.com Biorender https://www.biorender.com

Other

35 mm Dish | No. 1.5 Coverslip | 20 mm Glass MatTek Cat# P35G-1.5-20-C

Diameter | Uncoated

Peel-A-Way™ embedding molds Merck Cat#f E6032

Millicell Cell Culture Insert, 30 mm, hydrophilic PTFE, 0.4 um Merck Cat# PICMORG50

M2.5 Stainless Steel Form A Washers CPC UK Cat# FNO0783
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
A2 Stainless Steel Washers (Form A) / M4 UK Stainless none

Slice Anchor - Flat Stainless Steel for RC-41 Chamber, 1.5 mm,
SHD-41/15

Slice Anchor - Flat Stainless Steel for RC-41 Chamber, 1.5 mm,
SHD-41/10

Graefe Forceps

Nikon Eclipse TE

3DHISTECH Panoramic 250 digital slide scanner
Hamamatsu NanoZoomer $210 Slide-Scanner

Peristaltic pump 120S/DM2

Warner Instruments

Warner Instruments

Fine Science Tools
Nikon

3DHISTECH, Hungary
Hammamatsu

Watson and Marlow

Cat# 641418

Cat# 641419

Cat# 11050-10

N/A

N/A

N/A

Cat# 010.6131.M20

Vibratome VT1200S Leica Biosystems N/A

LSR fortessa cell analyser (BD Bioscience N/A

RESOURCE AVAILABILITY
Lead contact

Further information regarding resources and reagents should be addressed to the lead contact Frances
Balkwill (f.balkwill@gmul.ac.uk).

Materials availability

No new reagent or material have been generated in this study.

Data and code availability
® All data reported in this paper will be shared by the lead contact upon request.

o Original annotated R scripts enabling cell movement analysis can be requested from the lead contact.

® Any additional information required to re-analyse the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient sample collection

Fresh high grade serous ovarian cancer samples were kindly donated by patients undergoing primary,
intermediary or delayed debulking surgery at St. George's University and Barts Health NHS Trust hospitals,
after providing written informed consent. Experiments were performed under studies approved by a UK
national review board (REC 10/H0304/14, 15/EE/0151 and 17/LO/0405). Tumour samples collected were
judged to be surplus to diagnosis or therapeutic purposes by a pathologist or lead surgeon. Collection
of samples observed the declaration of Helsinki and the international ethical guidelines for biomedical
research involving human subject. Tumour samples were transported from the hospital to the laboratory
on ice. Tumour displaying too high fat content or too fibrotic could not be sliced and were therefore
excluded. We also excluded tumours displaying necrosis. This study therefore included 17 tumours:
5 pre (primary debulking surgery) and 12 post chemotherapy (intermediary or delayed debulking surgery).

Mouse experiments

Mouse experiments observed guideline provided by the ethics committees of Queen Mary University of
London (QMUL) and under the Home Office project licence PBE3719B3. Friend leukemia virus (FVB) and
C57BL/6J female mice were ordered from Charles River UK and were 9 weeks old at the start of the study.
Animals were randomly assigned to treatment groups. Prior to injection, cells were trypsinised in 0.05%
trypsin-EDTA, trypsin was neutralised in culture medium, and cells were counted and resuspended in
PBS. 107 cells were intraperitoneally (i.p.) injected in FVB (60577) or C57BL/6J (HGS2) mice as previously
described.”** Mice underwent treatment by i.p. injection from week 3 (60577) or week 7 (HGS2) post cell
injection, with carboplatin 20mg/kg and paclitaxel 10mg/kg or control vehicles (0.9% sodium chloride
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and ethanol:Koliphor®EL 1:1) in 300uL once weekly for 3 weeks. Mice were sacrificed either 1, 7 or 21 days
after the last dose of chemotherapy, or when they reached humane endpoint as described in the licence.
Tumours were collected in ice cold RPMI1640 medium.

Cell culture

HGS2 and 60577 cells were grown in DMEM:F12 1:1 with glutamax, supplemented with 4% fetal bovine
serum (FBS), 1X Pen-Strep, 1X antibiotic-antimycotic, 1X insulin/transferrin/selenium, 0.1ug/mL hydrocor-
tisone, 20ng/mL murine EGF.

METHOD DETAILS
Slicing and ex vivo culture

The slicing method was adapted from Bougherara et al.?® Tumours were cut in small pieces (around
3x3x8mm) and embedded in PBS with 5% low melting point agarose, submerged in ice cold PBS and sliced
with a Vibratome (Leica, VT1200S), with blade speed set on 0.3mm/s, amplitude 1.5mm and thickness of
slices 350pm. For some patient tumours, due to high fat content or high stiffness, blade speed was lowered
to 0.2mm/s and amplitude to Tmm. Slices were either immediately fixed in formalin 10% or plated on 0.4 pm
organotypic inserts in RPMI 1640 supplemented with 5% FBS or 5% human serum, 1X Pen-Strep, 1X anti-
biotic-antimycotic, 2X insulin/transferrin/selenium, 0.1pg/mL hydrocortisone, 20ng/mL murine EGF or hu-
man EGF, ethanolamine 10uM, O-phosphorylethanolamine 10uM, 1X minimal essential medium (MEM) vi-
tamins, 3,3',5-triiodo-Lthyronine 100pM, fetuin 12.5pg/mL, BSA 2mg/mL and placed in culture at 37°C with
5% CO2. 1-5 slices were placed in each well of a 6-wells plate and medium was changed daily. Slices were
treated or not with LPS 100ng/mL or for 24h and subsequently fixed in formalin 10% or immunostained.

Slice immunostaining and real-time imaging

Forimaging at t0, slices were left at least 10 min in culture prior to immunostaining. Slices were transferred
to a coated plastic petri dish and a stainless steel ring washer was placed around the tumour slice to hold
drops of blocking reagent, antibody mix and washing medium. FcR receptors were blocked for 15 min with
human or mouse TruStain blocking reagent at 37°C, then incubated with an antibody mix (Table S2) diluted
in phenol red-free RPMI 1640 medium for 15min at 37°C, washed twice 2 min with phenol red-free RPMI
1640 and transferred to a glass bottom dish. 3mL phenol red-free RPMI1640 was added to the imaging
dish after securing the slice with a tissue slice anchor.

Live tumour slices were imaged with a Nikon Eclipse TE equipped with a spinning disk and a temperature-
controlled chamber set on 37°C and 5%CO2. Phenol red-free RPMI 1640 bubbled with carbogen (95%02,
5%CQO2) was perfused in the imaging dish at a TmL/min rate using a double channel pump for at least
10 min prior to and during the entire recording. Areas containing myeloid cells, CD8" T cells, malignant
cells and fibronectin were selected for recording, and a minimum of 2 areas were chosen per tumour slice
to account for intra-tumour heterogeneity. 4D acquisition was performed with a 40-70pm z-stack, 7um
z-step on 4 channels with one time frame captured every 30 second for 30 min.

Behaviour analysis

Time-lapse recordings were projected to a single z-plane (maximum intensity projection) with the Nikon
NIS-Elements software and imported in Imaris 9.1 (Oxford Instruments, Bitplane). Each recording was visu-
alized and checked for drifting. When needed, the drifting was corrected in Imaris using the Correct 3D drift
Imaged plugin. If the fibronectin channel did not display any movement, it was used as reference channel
for drift correction. If this channel couldn’t be used, we instead searched for a static point in the other chan-
nels. This point was tracked through time in Imaris using the surface or spot function, masked into an addi-
tional channel and this channel was used as reference in the ImageJ plugin. Recordings were then analysed
using the spot function with tracking overtime allowed, estimated diameter 10pum for myeloid and 7um for
CD8™" T cells, without region growing but with background subtraction for improved signal detection. The
quality threshold of the background substation was adjusted for each recording to optimise CD8" T and
myeloid cell detection. The algorithm used for tracking was Autoregressive motion for myeloid and Brow-
nian Motion for CD8" T cells, with a maximum distance set on 10pum for myeloid and 15um for CD8" T cells
and maximum gap size 3. A filter for a minimum track duration of 150 seconds was applied.
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Behaviour categories

We chose to calculate the maximum displacement (MaxDis), which is the distance between a cell’s initial
position and the furthest it has moved from it, to split cells that migrated and cells that did not. We
used a 7um MaxDis cut-off to account for residual drifting. Cells that had MaxDis < 7um were either
wobbling or static cells. To distinguish between those two types of behaviour, we applied a trajectory
length cut-off of 13um, to account for residual drifting. Therefore cells with MaxDis < 7um and trajectory
length < 13um were considered static, while cells with MaxDis < 7um and trajectory length >= 13um
were considered wobbling (Figure 3C). Furthermore, we applied a >25pum cut-off on the MaxDis and a
>40um cut-off on the trajectory length to distinguish long migrating cells, while all other cells with
MaxDis > 7um were considered migrating (Figure 3C).

Behaviour data processing

All statistics for each recording were routinely exported into a folder. Using the statistical programming
language R (version 4.0.4 and R studio version 1.4.1106), we have automated the aggregation of the statis-
tics and the analysis of the different behaviours. In short, for each recording, the script computes the
maximum displacement, aggregates the statistics of interest and pools the cells (myeloid or CD8"
T cells) from two recordings of the same tumour together. It then aggregates all samples together, splits
the static, wobbling, migrating and long migrating populations (Figure 3C), computes the percentage of
the proportions for each behaviour population, extracts the statistics (proportion, trajectory length,
mean speed, straightness) into individual .csv files containing easy to plot tables.

Immunohistochemistry

Tumour slices were fixed in formalin overnight at 4°C, washed in PBS and transferred to 70% ethanol until
embedding. Slices were then embedded in 2% agarose and sent for paraffin embedding and longitudinal
sectioning (4um). Sections were deparaffinised twice 5min in xylene and rehydrated by successive 2min im-
mersions in ethanol 100%, 90%, 70% and 50%, followed by 3min in dH,O. With the exception of F4/80 and
CD206 in mouse staining (proteinase K, 1 hour, room temperature), antigen retrieval was performed for
30 min in 95°C water bath with Citrate pH6 (for Kié7, cleaved-caspase 3, ccas3) or Tris-EDTA pH9 (for
CD3, CD4/CD8 and CDé8). Peroxidase activity was blocked by a 30min incubation in 0.6% H,0O, in meth-
anol for Ki67 and ccas3 and by 10min incubation in 3% H,O, in PBS. CD4/CD8 dual staining included a
40min blocking step with AffiniPure Fab Fragment Goat Anti-Mouse 1gG. All sections were then further
blocked with 2.5% goat serum + 2.5% bovine serum albumin for 45min and subsequently incubated with
primary antibody. Detection was performed with secondary reagent or antibody and substrate as
described in Table S1. Sections were counterstained in Gill's | haematoxylin or methyl green (CD4/CD8
dual staining), dehydrated with successive 3min immersions in ethanol 90%, ethanol 100% (twice), twice
5min in xylene and mounted in DPX mounting medium.

Flow cytometry

Miltenyi biotec® tumour dissociation was used according to manufacturer instructions. Briefly, 2-3 grams
of tissue were cut into 2-3mm pieces using a scalpel then incubated in 4.7 ml of DMEMF12 medium
and the kit enzyme mix at 37°C for 20 min with mechanical dissociation using gentleMACS™ Dissociator
in gentleMACS™ C- tubes. The cell suspension was then filtered through 70um cell strainer followed by
RBC lysis.

The cell suspension was incubated with Fc blocking antibody at dilution 1:100 and fixable viability dye at
dilution 1:1000 in 50uL PBS for 15 min at 4°C in the dark, then washed twice with PBS containing 2.5%
BSA and 2mmol/L EDTA (fluorescence-activated cell sroting, FACS, buffer). Cells were stained with flow
cytometry antibodies in FACS buffer for 20min at 4°C (described in Table S3). Cells were then washed twice
with PBS containing 2.5% BSA and 2mmol/L EDTA, fixed in 2% formalin saline, washed and suspended in
200pL PBS containing 2.5% BSA and 2mmol/L EDTA. Appropriate florescence minus one (FMO) controls
were used. Flow cytometry data were acquired on LSR fortessa cell analyser (BD Bioscience). Data analysis
was done in FlowJo Version 10.7.3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Stained sections were scanned on a 3DHISTECH Panoramic 250 digital slide scanner (3DHISTECH,
Hungary) or a Hamamatsu NanoZoomer S210 Slide-Scanner. The Definiens® software (Definiens AG,
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Germany) was used to quantify human Ki67, ccas3 and CDé8 staining; and QuPath 0.2.3 was used to quan-
tify human CD206 and CD3 along with mouse ccas3, Ki67, F480, CD206 and CD4/CD8. Kié7, CD3 and CD4/
CD8 staining were analysed as %positive cell and all other staining as %positive area.

All statistical analysis were done with the software Graphpad Prism (San Diego, CA, version 9.0.0). The sta-
tistical tests, p values, along with n numbers are displayed in the Figure legends.
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