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LAYMAN’S SUMMARY

Cancer is the second most common medical burden in society. It is a group of diseases that involve uncontrolled cell
growth, with the potential to spread throughout the body. If left untreated and spreads, it can inhibit healthy tissues from
functioning properly and will be lethal.

A tumor microenvironment consists of a local environment with cancer cells, immune cells, and supportive cells that
form blood vessels or produce supportive tissue. The many elements of the tumor microenvironment that are present
can negatively influence invading immune cells that are supposed to attack tumor cells. In healthy individuals, an active
immune system can rid the body of external pathogens, and of abnormal cells. However, in cancer these cells escape
destruction by the immune system.

T lymphocytes, a type of white blood cell, invade tumors in an effort to destroy these derailed cancer cells. In some
tumors T cells, are prevented from destroying cancer cells, while in others they succeed, depending on the tumor
microenvironmental effects on their invading and killing capacity.

Immunotherapy is a class of therapies that uses the immune system to eliminate cancer cells. The activity of T
lymphocytes can be restored by immune checkpoint inhibitors: they block contact points on the cells that normally
temper killing. Unfortunately, immune checkpoint inhibitors are like a double-edged sword: whilst some T lymphocytes’
activity is restored, others become over-active thereby instigating autoimmunity. Additionally, it can be hard to predict
who and how each patient will respond.

This project aims to gain an understanding of the process of changing from an active T lymphocyte to an exhausted T
lymphocyte by modeling it outside the human body. Is the exhaustion process something that we can effectively model
outside the human body? And can we for instance define substages and relate them to response to immune checkpoint
inhibitors? This model can contribute to a better understanding of how several tumor microenvironment elements
contribute to exhaustion and contribute to responses to immune checkpoint inhibitors.

For this, we used a flow cytometry panel. The technique enables a researcher to investigate the appearance of cells,
based on different types of proteins that can be present on the inside or outside of the cell. Eleven different proteins
were chosen to measure on the T lymphocytes based on the literature. To model the process, healthy T lymphocytes
were activated in a culture dish with beads covered in activating proteins. Then, at several timepoints, we measured
markers for T cell exhaustion. We observed changes in protein expression in line with some characteristics leading up
to the most final stage of exhaustion. For future research there are more aspects other than cell appearance, such as
their ability to excrete signaling or killing molecules, which could be measured in this model to more extensively validate
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ABSTRACT

Reviving the activity of tumor-specific T lymphocytes has improved cancer treatment since the introduction of
immunotherapy, specifically immune checkpoint inhibition. Nevertheless, a large number of individuals do not respond
or have a long-lasting response. Tumor infiltrating T cells indeed can exhibit a wide range of dysfunctional states,
referred to as exhaustion. This exhausted state is thought to be an important contributor in non-response to immune
checkpoint inhibition. On top of chronic antigen stimulation, many suppressive elements present in the tumor
microenvironment influence T cell progression to exhausted states. Studies in murine systems and on human tumor
samples have thus far brought insight into the mechanisms inducing- and influencing progression of exhaustion in the
T cells. In this study, we present a provisional human model for in vitro T cell exhaustion. In this model, we show upon
activation with T cell receptor stimulating beads that CD8+ T cells express hallmark surface receptor PD-1 and key
transcription factor TOX. Additionally, both CD4+ and CD8+ T cells express other inhibitory receptors. Furthermore,
expression of Eomes is revoked upon stimulation, indicating that the T cells display intermediate substages of
exhaustion. Taken together, T cell receptor stimulation with beads can partially mimic T cell exhaustion in a model which
can be used and optimized to further investigate effects of the tumor microenvironment on T cell activation and
exhaustion, and how this may be contributing to immunotherapy response

Keywords: T cell exhaustion, CD8, TCF1, TOX , immune checkpoints, immune checkpoint inhibitors, cancer

LIST OF ABBREVIATIONS

CD - cluster of differentiation

CTLA-4 - cytotoxic T-lymphocyte associated protein 4
ICPI — immune checkpoint inhibition

IFN-y - interferon-gamma

irAE — immune related adverse effects
LAG-3 — leukocyte activation gene 3

MDSC — myeloid-derived suppressor cells
NaHep — Sodium Heparine

PBMC — peripheral blood mononuclear cells
PD-1 — programmed death ligand 1

PHA - phytohemagglutinin

PMA - Phorbol 12-myristate 13-acetate
scRNA-seq - single cell RNA sequencing
TCR —T cell receptor

TIL — tumor infiltrating lymphocyte

TME — tumor microenvironment

Treg — regulatory T cells
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INTRODUCTION

In cancer, tumors contain genetic changes resulting from DNA damage, which can be induced by a myriad of factors
such as replication stress or UV radiation (1). For instance, cancer cells can produce abnormal proteins that are
presented as antigens, thereby summoning an adaptive immune response (2). Frequently, this adaptive response
involves T cell responses to tumor cells, and the presence of CD8+ cytotoxic T cells is a positive prognostic marker in
several solid tumors, such as ovarian, colorectal, neck, bladder cancer, and melanoma (3). However, these cells may
still not succeed in eradicating all cancer cells (4). In the tumor microenvironment (TME), T cells are subjected to a
multitude of factors that diminish their effector functions and lead to a state called exhaustion (5).

Under the umbrella term T cell exhaustion, some general hallmarks are accepted: one very distinct characteristic of
exhausted T cells is sustained upregulation of programmed cell death protein 1 (PD-1). The changed functional state of
PD-1+ T cells, labeled T cell exhaustion, has been described thoroughly in the context of chronic infection with
lymphocytic choriomeningitis virus (LCMV) infection in murine models (6,7). Furthermore, it is characterized by
decreased cytolytic function; increased chemokine expression; persistently high levels of expression of multiple
inhibitory receptors, such as PD-1, LAG3, and CTLA4; decreased (but not absent) cytokine production; reduced
proliferative capacity when stimulated; an altered transcriptional program involving the transcription factor TOX; and a
unique epigenetic landscape (8,9).

T cell exhaustion is mostly described in CD8+ cytotoxic T cells, but some discussion is ongoing on whether this may
also occur in CD4+ T cells. They can express several immune checkpoints, decrease cytokine expression, and express
the transcription factor TOX (10,11). TOX has been described in CD8+ cells to epigenetically rewire cells to an
exhausted transcriptional program, with some epigenetic changes being irreversible (12-14).

It is important to discriminate between T cell anergy, senescence, and exhaustion, as they share the characteristics of
decreased proliferation and production of several cytokines. Anergy occurs at the molecular level by co-stimulation-
deficient T cell receptor (TCR) activation, resulting in a state that cannot surmount the required immune response for
eradication of the target. For example, this leads to a decrease in IL-2 production, which is important for T cell
maintenance and self-renewal. In contrast, senescence occurs when cells reach the limit of their replicative capacity
owing to telomere erosion. For instance, certain cytokines such as interferon-gamma (IFN-y), which directly inhibit
telomerase, can accelerate senescence (15). This also leads to very little proliferation and defective effector functions.
In contrast, exhausted T cells are activated through co-stimulation and have the capacity to be reactivated upon removal
from the antigen, depending on the extent of their exhaustion (16,17).

One way to revive T cell function is by blocking the axis of PD-1 and its ligand, PD-L1, which demonstrates the relevance
of this axis in early T cell exhaustion (18). As a result, antibodies targeting either PD-1 or PD-L1 have exhibited promising
results in multiple cancer types (19-21).

T cells can express several different inhibitory receptors, termed immune checkpoints, which increase with the
progression of exhaustion (16). Antibodies therapeutically targeting alternative immune checkpoints like CTLA-4 display
synergistic effects is the clinical setting, likely targeting several T cell subsets (22).

Significant clinical results for some patients have been obtained with immune checkpoint inhibitors (ICPI) through tumor
size maintenance or reduction, showing a clear advancement in patient outcomes. Nonetheless, the response rates are
suboptimal, due to resistance in the targeted T cells. Patients can also experience unpredictable immune-related
adverse events (irAEs). The overall incidence of severe irAEs is 20-30% with ipilimumab, which targets CTLA-4, and
10-15% for patients receiving anti-PD-1 agents. Over half of life-threatening cases occur in patients treated with
combinatorial therapy (23). Ipilimumab, the first antibody approved by the FDA, can cause colitis and hypophysitis,
whereas pneumonitis and thyroiditis are frequently observed when treated with nivolumab and pembrolizumab, which
target PD-1 (24-27). There is great interest in predicting the response to ICPI and the development of irAEs associated
with them. For instance, gut microbiome can influence the response to anti-PD-1 monotherapy regarding tumor
response and irAEs (28). Next to this, tumor cell characteristics hold a relationship to response. For example, tumor
mutational burden leads to a larger diversity of neoantigens presented to T cells with vice versa a high diversity of T cell
receptors also being found in responders to immunotherapy (9,29,30).

The many immunosuppressive mechanisms intratumoral T cells are subjected to lead to an anticipated wide spectrum
of exhausted states as a result. In the TME immunosuppressive cell populations can be present, as well certain
metabolites or enzymes that repress their function, but also physiological and nutrient changes in the TME (31,32). T
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cells are affected by the altered metabolism of tumor tissue, are depleted of critical nutrients, and surrounded by
suppressive metabolites, like lactic acid (31-33). Immunosuppressive cells like myeloid-derived suppressor cells
(MDSCs) and regulatory T cells (Tregs) can be present tumors both proximally and distally exert their effects on T cells:
MDSCs can express proteins like arginase-1, oxide synthase 2, NAPDH oxidase and S100A8, whereas Tregs exert
their suppression through producing cytokines like IL-10 or expressing inhibitory receptors that deprive antigen
presenting cells of co-stimulatory signaling for T cells in mice (34-37).

The heterogeneity in T cell populations found in tumors may thus be a representation of T cells that are developmentally
in several early to terminal stages of exhaustion (5). Combining flow cytometry to sort immune cells vs stroma from
dissociated tumors, and single cell RNA sequencing (scRNA-seq), has shown that exhausted T cells are found in both
responders and non-responders to ICPI, depending on how T cell exhaustion is defined (9,38,39). Imaging studies, like
imaging mass cytometry and RNA scope bring insights into the significance of cell localization and interactions within
the tumor microenvironment from intact tumor samples in relation to ICPI response for prognostic patient stratification.
Studying these more proximal interactions in vitro may shine light on mechanisms contributing to the heterogenous pool
of exhausted T cells contributing to ICPI response, but also additional opportunities to intervene.

More recently, developmental stages of exhaustion in CD8+ T cells have been described with transcription factors TCF-
1 (encoded by Tcf7), T-bet, Eomes and TOX as regulators of developmental hierarchy (16). In mice, intermediate
exhausted T cells (Texi") were blood-accessible, proliferative, showed increased effector biology, and clonally expanded
upon blockage of PD-1/PD-L1 signaling (Figure 1). Blood accessibility was determined based on staining of vasculature
in mouse tumors and revealed limited locations of the subsets. Regarding proliferation, this was assessed ex vivo after
sorting for delineating marker Ly108 (murine homolog of human Slamf6) and CD69. Increased effector biology was
determined by comparing the excretion of TNF-a and IFN-y (16). Similar patterns in human were found in human
melanoma samples: distribution between subsets, proliferative capacity based on Ki67 expression, expression of the
regulating transcription factors TCF-1, T-bet, Eomes and TOX, and lastly cytolytic ability ex vivo (16). The developmental
transition from intermediate to terminally exhausted is intriguing to study in context of the functional implication and
potential intervention. Understanding how the tumor microenvironment contributes to T cell transitioning to a stage in
which exhaustion may not be reversed, may highlight predictive factors of ICPI response for patient stratification or bring
insight to further opportunities of intervention.

To dynamically study the effects of extrinsic factors on T cell exhaustion, mouse models have been used. Human
samples are dependent on clinically obtained tumor tissue, of which tumor infiltrating lymphocytes (TILs) derived from
tumor tissue. Adhering to the 3 Rs of refinement, reduction and replacement, establishing an in vitro human model would
refine the system more closely to the organism of study, reduces costs, reduce time and limits the ethical considerations
tied to in vivo models. Moreover, limited availability of human clinical tumor samples imposes a challenge to study T cell
exhaustion. Experimental exploration is terminal to samples, requiring sufficient available input. To add, not all samples
may be suitable to study the full spectrum of T cell exhaustion. To overcome this, modelling T cell exhaustion with T
cells derived from healthy individuals would allow for further examination of T cell exhaustion with applications of ICPI
in co-cultures.

In this project, we aim to establish an in vitro model of CD8+ T cell exhaustion (Figure 2A). This is done by isolation of
peripheral blood mononuclear cells (PBMC) from healthy human donors. Following isolation, pan-T cells are separated
and cultured in vitro under conditions of chronic antigen exposure mimicked by TCR- and co-stimulation to induce
several hallmarks of exhaustion, in comparison to non-stimulated T cells in culture. Corresponding to this model, a 12-
color flow cytometry panel was designed to measure markers that relate to T cell exhaustion, of which several discussed
above (Figure 2B).To test suitability of the system, immunophenotyping of cells was accomplished by a flow cytometry
panel designed for this study. We investigated if intermediate to terminal exhausted stages in the developmental model
of Beltra et al., could be recapitulated within this model. We found that earlier stages of CD8+ T cell exhaustion,
respectively TexPod9t and TexPr9? could be reached. Although requiring optimization and further characterization, such
a model could be applied to test other elements in the tumor microenvironment their contribution to progression to Texi
and Tex®™. This could then be combined with testing the potential of ICPI, with the objective of T cell exhaustion
substage reversion and elevated killing through killing assays, also in presence of a co-culture (16). This could improve
prediction of ICPI response.
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Fig. 1 Developmental stages of T cell exhaustion in a murine system.

Two tissue-restricted and blood-accessible TCF-1+ progenitor subsets were defined that gradually lost TCF-1 as it diverged into a third intermediate
Tex subset (Tex™). Eventually evolving into a fourth, terminally exhausted subset (Tex®™). An interplay between TCF1, T-bet, and Eomes control the
mechanisms causing subset transitions. Tex™ temporarily restores effector biology and clonally expands upon PD-L1 blockade. Figure adapted from
Beltra et al., (16)

Sterre van Wierst | UMC Utrecht | Center for Molecular Medicine | Vercoulen group | November 2022



Unstimulated

1000
80

iy

e
luunnnnnnnnnn
v

apn
e
3 e
e

0 200 400 600 800

&

o

] Healthy donor m?%Zng_cell * O Cok Babend

NaH le ynabeads
S ‘ sorting (MACS)

[ ]

W 'solation on Ficoll (&) T cells

- CD3: sub-unit of T cell receptor (TCR) complex, pan-T cell marker

CD8: co-receptor of TCR, binding specifically to MHC class |, induces cytolysis upon antigen

— ;
= presentation to TCR

CD4: subset helper T cells, plays a role in enhancing CD8+ effector function, may play a role in T cell
_—" exhaustion development

TOX: critical transcription factor for exhausted T ell development, transcriptionally and epigenetically reprograms
CD8+ T cells

TCF-1: establishes precursor exhausted T cells with self-renewal capabilities, promotes transition of T-bet to
Eomes expression, PD-1+TCF-1+ subset responds to immunotherapy

Eomes: highly expressed in memory CD8+ T cells, in PD-1+Eomes" CD8+ T cells cells proliferate poorly and Eomes
transcriptionally activates several target genes related to T cell exhaustion

TCF1/7 Slamf6: canonical Slamf6 acts as an inhibitory receptor in T cells, identifies early differentiated

subsets of exhausted T cells in mice

CD69: marker for recent leukocyte activation and tissue resident memory CD8+ T cells, lack of

Eomes CD69 associated to anti-tumor activity, refractory expression during chronic infection

-]
l“ll ||‘|l :
>

PD-1: most highly expressed inhibitory receptor on CD8+ in chronic infection, major in regulating
exhaustion, therapeutically targeted by monoclonal antibodies nivolumumab and pembroluzimab

CTLA-4: inhibitory receptor expressed on CD4+ Treg cells suppressing anti-tumor activity, can
be expressed on CD8+ T cells, therapeutically targeted by monoclonal antibody nivolumumab

LAG-3: inhibitory receptor expressed on CD4+ and CD8+ T cells, induces tumor promoting activity
through Tregs, commonly expressed in chronic viral infection

LALAA

Fig. 2 Study design

A) Overview of methods. T cells were isolated from whole blood using Ficoll isolation and MACS. Next, T cells were cultured in presence of CD3/CD28
beads to mimic chronic antigen stimulation. At subsequent culturing timepoints, cells were collected and stained with a flow cytometry panel measuring
markers relevant to T cell exhaustion. B) T cell exhaustion flow cytometry panel. Abbreviations: CD = cluster of differentiation; TCR: T cell receptor.
Sources from text: CD3 (40,41); CD8 (42); CD4 (43,44), TOX (12); TCF-1 (45,46); Eomes (47,48); Slamf6(16,49,50); CD69 (51-53); PD-1 (54-58);
CTLA-4 (59,60); LAG-3 (41,61)
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MATERIALS AND METHODS

PBMC ISOLATION

Human adult PBMCs were isolated from blood from healthy donors (NaHep), by means of density gradient centrifugation
at 2300 rpm at room temperature with the separating solution Ficoll®Paque Plus (Sigma-Aldrich, St Louis, MO, USA)
for 30 min with the brakes off. The layer containing PBMCs was collected and washed twice with medium: RPMI11640
(Capricorn Scientific, Epsdorfergrund, Germany) with 10% fetal bovine serum (Bodinco BV, Alkmaar, Netherlands), 1%
penicillin/streptomycin (Sigma-Aldrich, St Louis, MO, USA) and 1% L-glutamine (Sigma-Aldrich, St Louis, MO, USA).
The two more centrifugation steps were performed at 1500 rpm for 10 min. The cell pellet was resuspended in 10 mL
medium, then manually counted using Turk Liquid (Merck Millkpore, Burlington, MA, USA) and a hemacytometer. Cells
were left in medium or centrifuged at 1500 rpm for 10 min and resuspended in cryo-medium: fetal bovine serum (Bodinco
BV, Alkmaar, Netherlands) + 10% dimethyl sulfoxide (Merck, Kenilworth, NJ, USA). For further cell separation, PBMCs
were washed at 1500 rpm for 10 min, and resuspended in its designated buffer. Information about donors can be found
in the addendum (S1).

CELL SEPARATION

Pan-cells were separated from the PBMCs by means of magnetic-activated cell sorting (MACS) using the pan-T cell
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturers’ instructions. This kit was
combined with a MiniIMACS™ Separator and MS Columns, and cell amounts were adjusted according to the
manufacturers’ instructions. T cells were counted manually and tested for viability using Trypan Blue 0.4% (Invitrogen,
Waltham, MA, USA).

CELL CULTURE

pan-T cells, enriched from PBMCs. 0.5 — 2 x 106 T cells were plated at a concentration of 0.5-1.0 x 10% T cells / mL in
RPMI1640 (Capricorn Scientific, Epsdorfergrund, Germany) supplemented with 10% fetal bovine serum (Bodinco BV,
Alkmaar, Netherlands), 1% penicillin/streptomycin (Sigma-Aldrich, St Louis, MO, USA), 1% L-glutamine 1% L-glutamine
(Sigma-Aldrich, St Louis, MO, USA) and 30 U/mL IL-2 (Immunotools, Frisoythe, Germany) in a 24-well plate. Cells were
stimulated with T-Activator CD3/CD28 Dynabeads® (Life Technologies, Carlsbad, USA). Every 72h, cells were manually
counted with Trypan Blue 0.4% (Invitrogen, Waltham, MA, USA) and a hemacytometer. Cell washed, and stimulated
with fresh Dynabeads®, depending on cell count for recovering the recommended 1:1 cell to bead ratio. For marker
controls, cells were stimulated with 5 mg/mL PHA (Oxoid BV, Landsmeer, Netherlands) for 3 days. After a round of cell
stimulation, cells were counted and cultured another round or employed in flow cytometric analysis.

CELL PREPERATION

For a negative expression control HEK293T cells were obtained (gift from in-house group). To acquire a single cell
suspension, cells were trypsinized (Sigma-Aldrich, St Louis, MO, USA) for 5 to 7 minutes. Using PBS, cells were taken
up and washed twice by centrifuging for 5 min at 1200 rpm. Cells were then resuspended in PBS and counted using
Tiark Liquid (Merck Millkpore, Burlington, MA, USA) and a hemacytometer. The cells were then employed in flow
cytometric staining.

FLOW CYTOMETRIC STAINING

After every round of culture with beads, samples were first stained with a LIVE/DEAD nIR 780 stains (Thermo Fisher
Scientific, Waltham, MA, USA) according to manufacturer’s instructions. After washing, cells were stained for
characterization by flow cytometry using antibodies specific for CD3, CD4, CD8, PD-1, CTLA-4, LAG-3, CD69 (all from
Biolegend, San Diego, CA, USA), TCF1/7 (BD Biosciences San Jose, CA, USA), Slamf6 (R&D Systems, Minneapolis,
MN, USA), TOX (Miltenyi Biotec, Bergisch Gladbach, Germany) and EOMES (Thermo Fisher Scientific, Waltham, MA,
USA). Prior to fixation, samples were resuspended every 10 min in all steps to avoid clumping in adherent cell samples.
Before fixation, cells were stained for 20 minutes in the dark in FACS Buffer (PBS + 0.1% BSA + 0.05% NaN3s) in a 96-
wells U-bottom plate (Corning® Falcon, Corning, NY, USA). Further fixation and staining of the cells with intracellular
antibodies was performed using the eBioscience™ FOXP3 / Transcription Factor Staining Buffer Set (Thermo Fisher
Scientific, Waltham, MA, USA). After fixing/permeabilizing for 30 minutes in the dark, cells were washed three times
with 100 pl of permeabilization buffer. Antibodies to intracellular and nuclear markers were added in 50 pl of
permeabilization buffer, incubated at RT for 30 min in the dark, and then washed three times with 100 pl of
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permeabilization buffer. Finally, cells were resuspended in FACS Buffer (PBS + 1% BSA + 2 mM EDTA + NaNs) and
transferred to tubes before flow acquisition. Samples were measured, at a minimum of 15.000 events per tube, with the
BD LSRFortessa (BD Biosciences, San Jose, CA, USA).

DATA ANALYSIS

Flow cytometry analysis was performed with Cytobank software (Beckman Coulter, Brea, CA, USA). Figures were
created with GraphPad Prism V8 (San Diego, CA, USA).

For key resources table, please refer to the addendum (S2)

Sterre van Wierst | UMC Utrecht | Center for Molecular Medicine | Vercoulen group | November 2022



RESULTS

A T cell exhaustion flow cytometry panel was optimized, tested and validated

For panel validation, antibodies were first tested and titrated to optimal concentrations on PBMC fractions. Optimal
concentrations were determined based on if it was possible to discriminate between a negative and positive population.
In the samples, debris and double events were gated out first. a-CD69-BV510 was tested using a PHA positive control
and titrated to 1:400 (Figure 3A). a-CD3-PerCP was tested and titrated to 1:400 (Figure 3B). a-CD4-BV605 was tested
and titrated to 1:100 (Figure 3C). In addition, this concentration had the highest staining index (Sl)for CD4. The Sl is

%ﬂ;‘lmey (62). It was decided to retain this staining concentration for further experiments but in

the following tests do away with the Sl for more sustainable use of reagents, as for we could still delineate positive and
negative populations at lower concentrations even though a higher concentration gave a higher staining index. a-CD8-
BV711 was tested and titrated to 1:400 (Figure 3D). We tested several antibodies making use of a positive control,
under the suggestion of the manufacturer. Several stains were tested for the option to use 3-day PHA stimulation (5
mg/mL) as a positive control for T cell activation. All markers showed positive staining upon stimulation at their respective
concentrations (Figure 3E). Stainings were re-tested at their respective concentrations, in the definite choice of buffer:
FOXP3 Transcription Buffer Staining kit (Figure 3F). Use of this buffer enabled staining of transcription factors and did
not affect signal from other stainings. a-Slamf6-APC was tested and titrated to 1:400 (Figure 3G). In comparison to
1:50, 71% of cells could still be considered positive at 1:100, when 86% was positive at 1:50 dilution. a-Eomes-PE-Cy7
was tested and titrated to 1:100 (Figure 3H). At this concentration, it was possible to distinguish between a lower and
higher level of Eomes expression. a-TOX-PE was tested, in co-stain with CD4, and titrated to 1:50 (Figure 3l). At this
concentration, it was possible to distinguish two TOX+ populations, which decreased through dilution. a-LAG-3-BV650
was tested and titrated to 1:400 (Figure 3J). a-TCF-1-HorizonRed718 was tested and titrated, to 1:50 dilution (Figure
3K). At this concentration, positive staining was observed overall and enabled discrimination between an intermediate
and higher TCF-1 population. LIVE/DEAD stain nIR 780 stained cells and could discriminate viable cells (Figure 3L).
a-PD-1-FITC was tested and titrated to 1:50 dilution (Figure 3M). Dilutions beyond this reduced staining significantly,
so 1:50 was adhered to. a-CTLA-4-BV421 was tested and titrated to 1:400 dilution (Figure 3N). This allowed for
discrimination between a negative and positive population. After single stain titrations, we proceeded to the full panel
staining stained on PHA-stimulated PBMC. These samples were used to establish compensation for spectral overlap,
which is critical for interpretation of multi-marker flow cytometry results (S3). Panel configuration with our equipment can
be found in the addendum (S4).

defined as SI =

For the staining protocol, we used 100.000-500.000 cells per well in a 96-wells plate. Depending on the amount of
sample available from our culture system we opted for highest possible number of cells. This was done as the protocol
from the LIVE/DEAD stain and the FOXP3 kit combined included many washing steps. This ensured sufficient cells
were present for flow cytometric measurements. As previously used protocols were not compatible with all antibodies,
we switched to the FOXP3 kit. Therefore, several stains were also retested in the FOXP3 kit protocol for compatibility
(Figure 3F).

The full panel was stained on PHA stimulated PBMCs and compensated comparing single stains. However, some
markers showed strange staining pattern with a positive and negative population in a single channel with a single stain,
indicating that during the staining process some samples have overflown (S3C; S3D; S3F; S3G; S3H; S3l).
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Fig. 3 T cell exhaustion panel antibody testing and titration.
Staining was performed using the FOXP3 Transcription Buffer Set (eBioscience), unless indicated otherwise. Stimulated conditions are 3-day PHA stimulation (5 mg/mL), unless indicated

otherwise. MFI: Median Fluorescent Intensity. MFI below histograms. A, B, C and D were fixed with 2% PFA for 15 minutes prior to surface staining. A and F used PMA/ionomycin (20 ng/mL; 1 uM)
as a positive control. A was stimulated for 6h and F for 4h. A) CD69-BV510 single stain titration series. control. Antibody be diluted up to 1:400. B) CD3-PerCP single stain titration series. Antibody
can be diluted up to 1:400. C) CD4-BV605 single stain titration series. Antibody can be diluted up to 1:400. D) CD8-BV711 single stain titration series. Antibody can be diluted up to 1:400.
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Fig. 3 T cell exhaustion panel antibody testing and titration (continued)

Staining was performed using the Foxp3 Transcription Buffer Set (eBioscience), unless indicated otherwise. Stimulated conditions are 3-day PHA stimulation (5 mg/mL), unless indicated
otherwise. MFI: Median Fluorescent Intensity. A and F used PMA/ionomycin (20 ng/mL; 1 uM) as a positive control. A was stimulated for 6h and F for 4h. MFI below histograms. E) CD69, LAG-3

and TOX tested in 3-day PHA stimulation (5 mg/mL) for use as positive control. F) CD69, CD3, CD4, CD8 were re-tested in established dilutions with Foxp3 Transcription Buffer Kit (eBioscience).
CD69 was stimulated with PMA/ionomycin for 4h as a positive control.
(Figure continues on next page)
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Fig. 3 T cell exhaustion panel antibody testing and titration.

Staining was performed using the Foxp3 Transcription Buffer Set (eBioscience), unless indicated otherwise. Stimulated conditions are 3-day PHA stimulation (5 mg/mL), unless indicated
otherwise. MFI: Median Fluorescent Intensity. MFI below histograms/plots. G) Slamf6-APC single stain titration series. Antibody can be diluted up to 1:400. H) Eomes-PE-Cy7 single stain titration
series. Antibody can be diluted up to 1:100. I) Tox-PE titration series in co-stain with CD4-BV605.
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Fig. 3 T cell exhaustion panel antibody testing and titration (continued)

Staining was performed using the FOXP3 Transcription Buffer Set (eBioscience), unless indicated otherwise. Stimulated conditions are 3-day PHA stimulation (5 mg/mL), unless indicated
otherwise. MFI: Median Fluorescent Intensity. MFI below histograms. J) LAG-3-BV650 single stain titration series. Antibody can be diluted up to 1:400. K) TCF1/7-Horizon
Red 718 single stain titration series. Antibody can be diluted up to 1:50. L) LIVE/DEAD nIR 780 test. PMBCs were compromised using 90% ethanol and mixed with
stained intact PBMCs.
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Fig. 3 T cell exhaustion panel antibody testing and titration (continued)
Staining was performed using the FOXP3 Transcription Buffer Set (eBioscience), unless indicated otherwise. Stimulated conditions are 3-day PHA stimulation (5 mg/mL), unless indicated

otherwise. MFI: Median Fluorescent Intensity. MFI below histograms. M) PD-1-FITC single stain titration series. Antibody can be diluted up to 1:50. N) CTLA-3-BV421 single
stain titration series. Antibody can be diluted up to 1:400.



Analysis strategy for measuring T cell exhaustion using a flow cytometry panel

For analysis of T cell exhaustion markers and T cell subsets, we designed an appropriate gating strategy (Figure 4).
First, cells were gated depending on size and thereby also excluding debris (Figure 4A). Only single cell measurement
events were included (Figure 4B). Viable cells were selected based on the LIVE/DEAD stain, selecting for the negative
signal (Figure 4C). A CD8+ gate based on CD3+ and CD8+ was used to select the cytotoxic T cells, which are of main
interest in the population, and separate them from the CD8- T cells in the culture (Figure 4D). This was followed by a
selection based on PD-1 expression, as this is a hallmark of T cell exhaustion and a target of ICPI (Figure 4E). TOX
expression was assessed after gating for our main interest T cells, CD8+ (Figure 4F). Next, within the CD8+PD-1 T
cells, we established gates for expression of other inhibitory receptors CTLA-4, an ICPI target, and LAG-3, combined
with being CD3+. Continuing in the PD-1+CD8+ gate, we gated separately for markers that could delineate exhaustion
stages. Together with CD3+ we set gates for CTLA-4, LAG-3, TCF-1, Slamf6, CD69 and Eomes (Figure 4G). As CD4+
T cells make up a substantial amount of CD3+ cells in the culture system and may also display exhaustion
characteristics, they are separately gated within the CD3+ population, and interrogated further with the same gates set
after the CD8+ T cell population (Figure 4H). As no full panel stained PBMC control was present in the dataset,
coordinates of x- and y-axis for threshold determination of the gate was set on single stains. All single stains can be
observed in their respective channel within the supplementary data (S3). To negatively control marker expression (apart
from TCF-1), HEK293T cells were used with separate gates (S5).

Exhaustion induction in vitro in T cells displays hallmark proteins PD-1 and TOX

We investigated whether culturing T cells with CD3/CD28 beads induced the expression of the inhibitory receptor PD-
1, which is the first upregulated inhibitory receptor upon activation, and critical exhaustion transcription factor TOX,
which can epigenetically transform T cell through to terminal exhaustion. TCR and co-stimulation was compared to
unstimulated, and thus mostly naive T cells, to see whether keeping the T cells in culture in vitro would also affect
expression of these markers (Figure 5). Upon stimulation, CD8+ T cells slightly increased expression of PD-1 (Figure
5A, 5B and 5C) compared to the unstimulated baseline (t = 0 days). In CD4+ T cells we also saw and increase of PD-
1 expression upon stimulation, which was more pronounced for these cells compared to CD8+ (Figure 5F, 5G and 5H).

TOX expression in CD8+ T cells increased upon culturing with beads compared to baseline day 0, which can be seen
in the increased fraction of TOX+ cells and slight increase in MFI. TOX expression did not change over time when T
cells were kept in culture but not stimulated (Figure 5A, 5D and 5E). In CD4+ T cells, TOX expression increased upon
culturing with beads comparing it to day 0, which can be seen in the increased fraction of TOX+ cells and slight increase
in MFI (Figure 5A, 51, 5J). TOX expression did not change over time when T cells were kept in culture but not stimulated.
The rise in TOX was more pronounced for CD4+ T cells, compared to CD8 (Figure 5D, 5E, 5l and 5J).

T cells in culture express inhibitory immune checkpoints LAG-3 and CTLA-4

We then assessed whether T cells increase their expression of other inhibitory receptors, next to PD-1, upon culturing
with CD3/CD28 bheads. We included populations that also contain PD-1- T cells, as PD-1 expression is an important
hallmark, but not decree of T cell exhaustion. LAG-3 expression rose mostly for the CD8+ T cell population and in PD-
1+CD8+ T cells. (Figure 6A). This was not enriched for PD-1+CD8+ stimulated T cells specifically, compared to only
CD8+ stimulated T cells (Figure 6B and 6C). CTLA-4 expression rose in both CD8+ and in PD-1+CD8+ populations
upon stimulation in culture, compared to the unstimulated condition (Figure 6G). CTLA-4 expression rose upon
stimulation in CD8+ T cells and was higher in also PD-1+CD8+ T cells (Figure 6H). Median expression was the highest
in PD-1+CD8+ T cells, and after this CD8+ T cells. Expression peaked at 6 days and dropped the following days (Figure
6l).

As the presence of inhibitory receptors on CD4+ T cells can also indirectly affect readouts from co-culture experiments
and there is ongoing debate on the existence of CD4+ T cell exhaustion, we sought to query their expression on the
CD4+ population. LAG-3 expression was also seen in the CD4+ population, although this was less compared to CD8+
T cells (Figure 6C, 6D, 6E and 6F). CTLA-4 expression rose in the CD4+ population upon stimulation in culture,
compared to the unstimulated condition (Figure 6J). A larger fraction of CD4+ T cells were CTLA-4+ (Figure 6K)
compared to unstimulated cells, and saw a larger increase compared to CD8+ populations (Figure 6H). Median
expression was the highest in CD4+ T cells, compared to CD8+ populations. Expression peaked at 6 days and dropped
the following days (Figure 6L).
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Fig. 4 Flow cytometry gating strategies for immunophenotyping of an in vitro model of T cell exhaustion.
This figure shows the standardized gating strategy used for the flow cytometry panel. A) Mononuclear cells (excluding debris (FSC-low/SSC-low)). B) Single lymphocytes
(excluding doublets). C) Viable lymphocytes (excluding dead cells)
D) CD8+ cytotoxic T cells (CD3+CD8+). E) PD-1+ T cells (CD3+PD-1+). F) TOX+ T cells (CD3+TOX+). G) Inhibitory receptors and markers for exhaustion substage in T cells
(CD3+/_). H) CD4+ T cells (CD3+CD4+), for further characterization of T cells present in the human in vitro model of T cell exhaustion.

Abbreviations: FSC (forward scatter), SSC (side scatter).
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Fig. 5 Expression of hallmark T cell exhaustion proteins

A) Representative flow cytometric analysis of co-expression patterns of PD-1 and Tox expression in CD8+ T cells from culturing with CD3/CD28 beads. B) Fraction of PD-1+ in CD8+ T cell
populations from culturing with CD3/CD28 beads. C) Median Fluorescent Intensity (MFI) of PD-1in CD8+ T cells from culturing with CD3/CD28 beads. D) Fraction of TOX+ in CD8+ T cell
populations from culturing with CD3/CD28 beads. E) MFI of TOX in CD8+ T cells from culturing with CD3/CD28 beads. F) Representative flow cytometric analysis of co-expression patterns of
PD-1 and Tox expression in CD4+ T cells from culturing with CD3/CD28 beads. G) Fraction of PD-1+ in CD4+ T cells from culturing with CD3/CD28 beads. H) MFI of PD-1 in CD8+ T cells from
culturing with CD3/CD28 beads. I) Fraction of TOX+ in CD4+ T cells from culturing with CD3/CD28 beads. J) MFI of TOX in CD4+ T cells from culturing with CD3/CD28 beads.
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Fig. 6 T cell exhaustion hallmark - inhibitory immune checkpoint receptor expression
A) Representative flow cytometric analysis of expression patterns of LAG-3 in CD8+ and PD-1+CD8+ T cells from stimulating with CD3/CD28 beads. B) Fraction of LAG-3+ cells in
CD8+and PD-1+CD8+ T cell populations from stimulating with CD3/CD28 beads. C) Median Fluorescent Intensity (MFI) of LAG-3 of CD8+ and PD-1+CD8+ T cell populations from
stimulating with CD3/CD28 beads. D) Representative flow cytometric analysis of expression patterns of LAG-3 in CD4+ T cells from stimulating with CD3/CD28 beads. E) Fraction
of LAG-3+ cells in CD4+ T cells froms stimulating with CD3/CD28 stimulating beads F) MFI of LAG-3 of CD4+ of T cells from stimulating with CD3/CD28 beads.
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Fig. 6 T cell exhaustion hallmark - inhibitory immune checkpoint receptor expression (continued)

G) Representative flow cytometric analysis of expression patterns of CTLA-4 in CD8+ and CD8+PD-1+ T cells from stimulating with CD3/CD28 beads. H) Fraction of CTLA-4+ cells
in CD8+and PD-1+CD8+ T cell populations from stimulating with CD3/CD28 beads. 1) Median Fluorescent Intensity (MFI) of LAG-3 of CD8+ and PD-1+CD8+ T cell populations from
stimulating with CD3/CD28 beads. J) Representative flow cytometric analysis of expression patterns of CTLA-4 in CD4+ T cells from stimulating with CD3/CD28 beads. K) Fraction
of CTLA-4+ cells in CD4+ T cells froms stimulating with CD3/CD28 stimulating beads L) MFI of CTLA-4 of CD4+ of T cells from stimulating with CD3/CD28 beads.



CD8+ T cells stimulated by CD3/CD28 beads do not express Slamf6 and TCF-1 in a surrogacy relationship

TCF-1, a transcription factor relating to proliferative capacity of exhausted T cells, was interrogated for its relationship
to the surface marker Slamf6, as it can be used as surrogate marker for TCF-1 levels in a murine system. In this instance,
Slamf6é may allow for cell sorting of live cells demarcated by TCF-1 expression. In our human in vitro model, minor
differences in Slamf6 expression were found (Figure 7A, 7C and 7E). Stimulated CD8+ and PD-1+CD8+ T cells
displayed no changes in TCF-1 expression, whereas keeping them unstimulated in culture it increased. Even more so
for unstimulated PD-1+CD8+, than global CD8+ T cells (Figure 7B and 7D). This could also be seen in the amount of
TCF-1+ cells (Figure 7D). Regarding Slamf6é expression, this increased initially in unstimulated cultured cells and then
returned to baseline of day 0. For the stimulated condition, this increased slightly and then dropped below baseline at
day 9 (Figure 7C). These trends were observed in similar fashion regarding the fraction of cells that were Slamf6+
(Figure 7E), concluding that TCF-1 and Slamf6 are not expressed in a surrogacy relationship within this model.

CD8+ T cells stimulated by CD3/CD28 beads express CD69 after multiple days

CD69 is a marker of recent (4-6h) T cell activation that may have implications in immunophenotyping substages of
exhaustion in PD-1+CD8+ T cells, with a loss of expression after activation and a return in Tex®™. Upon stimulation by
CD3/CD28 beads for multiple days, CD69 is expressed a minority of cells (Figure 8A). Quantified, changes in MFI are
minor (Figure 8B). However, a part of the T cells can be considered CD69+ in the stimulated condition, increasing over
time which is not seen in the unstimulated T cells (Figure 8C).

CD8+ T cells stimulated by CD3/CD28 beads revoke Eomes expression, with the largest decrease in the PD-1+
cells

Eomes is a transcriptional regulator implicated play a role in initial stages of subset differentiation of exhausted T cells
and interfere with bifurcation to a progenitor state of effector memory T cells (Tmem) (16,63). In mice, it is not expressed
in naive CD8+ T cells (64). For humans, this is not known. In mice it has been shown that in exhaustion through Eomes
may be dynamically regulated with a decrease over intermediate subsets, e.g. Tex TexP©92 and Tex™, but returns in the
terminally exhausted state, Tex®™ (16). In this culture system, unstimulated CD8+ T cells show a Eomes+ and Eomes-
population, shifting more towards Eomes- over time. In the unstimulated condition, these Eomes+ cells are found mostly
within the PD-1+ cells of the CD8+ population (Figure 9A). Stimulation with CD3/CD28 beads decreased Eomes
expression over time (Figure 9B), reducing the amount of Eomes+ cells in total after 6 days (Figure 9B). This was also
observed in the fractions of Eomes+ cells between PD-1+CD8+ and CD8+ populations (Figure 9C). No distinct
difference in overall expression or fraction of Eomes+ cells was found depending on if cells were PD-1+. These findings
from Eomes expression in CD8+ T cells indicate that we induced an earlier developmental subset of T cell exhaustion,
respectively TexP92  but not Tex as observed through maintained TCF-1 expression (Figure 7).
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Fig. 7 Interrogation of Slamf6 as surrogate marker for TCF-1 in a human T cell exhaustion model
A) Representative flow cytometric analysis of expression patterns of Slamf6é and TCF1-1 in CD8+ and PD-1+CD8+ T cells from stimulating with CD3/CD28 beads. B) Median
Fluorescent Intensity (MFI) of TCF-1in CD8+ and PD-1+CD8+ T cell populations from stimulating with CD3/CD28 beads. C) MFI of Slamf6 in CD8+ and CD8+PD-1+ T cell
populations from stimulating with CD3/CD28 beads. D) Fraction of TCF-1+ cells in CD8+ and PD-1+CD8+ T cell populations from stimulating with CD3/CD28 beads. E) Fraction of
Slamf6+ cells in CD8+ and PD-1+CD8+ T cell populations from stimulating with CD3/CD28 beads.
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Fig. 8 Assessment of CD69 expression in a human T cell exhaustion model
A) Representative flow cytometric analysis of expression patterns of CD69 in CD8+PD-1+ T cells from stimulating with CD3/CD28 beads. B) Median Fluorescent Intensity (MFI) of
CD69 in PD-1+CD8+ T cells from stimulating with CD3/CD28 beads. C) Fraction of CD69+ in PD-1+CD8+ T cells from stimulating with CD3/CD28 beads.
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Fig. 9 Assessment of Eomes expression in a human T cell exhaustion model
A) Representative flow cytometric analysis of expression patterns of Eomes in CD8+ and PD-1+CD8+ T cells from stimulating with CD3/CD28 beads. B) Median Fluorescent

Intensity (MF1) of Eomes in CD8+ and PD-1+CD8+ T cells from stimulating with CD3/CD28 beads. C) Fraction of Eomes+ in CD8+ and PD-1+CD8+ T cells from stimulating with
CD3/CD28 beads.
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DISCUSSION

In this study, we used T cells isolated from healthy donors to develop an in vitro model that mimics T cell exhaustion. T
cell exhaustion was assessed using a 12-color flow cytometry panel that was designed and validated in this study.
Applying the flow cytometry panel to the T cell culture system, which is based on chronic TCR and co-stimulation, we
found hallmarks of T cell exhaustion, such as the expression of transcription factor TOX and inhibitory receptor PD-1,
and the expression of multiple inhibitory receptors. Classically, studying T cell exhaustion relies on human tumor
samples or murine tumor models. Studying the relationship between the TME, T cell exhaustion, and the (lack of)
reinvigoration by ICPI can be simplified by employing an in vitro T cell exhaustion model for co-cultures or cytotoxicity
assays.

Optimization of cell culture for model generation

We used and optimized an existing protocol to further study its potential to model T cell exhaustion (65). We chose to
culture the cells for 72h before washing and refreshing medium as the medium indicated this was a suitable timeframe.
In contrast to the protocol from Dunsford et al., we decided to retain the same pool of CD3/CD28 beads added on day
0, as the removal of the beads leads to cell loss of the bead-bound fraction that contains TCR-stimulated cells, skewing
results towards a free fraction that has received decreased stimulation. We adhered to the recommended bead-to-cell
ratio of 1.1 by adding beads upon increasing the cell counts in the culture.

To assess cell viability, we noted cell counts and stained cells for viability in the flow cytometry experiments. Under
unstimulated conditions, cell shrinkage and cell death were observed. This indicates the need for IL-2 concentration
optimization in culture, as well as attentiveness to cell culture contamination. Under stimulated conditions, the cells
proliferated and expanded. Depending on the cellular concentration, the cells intended for staining were either washed
and resuspended in less medium or directly plated for staining. This may have affected the amount of cellular debris
and dead cells in the samples. This led to unreliable viability measurements based solely on the LIVE/DEAD nIR 780
viability stain (S6A and S6B). However, the stain was still included in the flow cytometry panel to optimize the analysis
of the measured cells, allowing for the exclusion of dead cells for more reliable results. By measuring absolute live cell
numbers, we observed diminishing cell numbers in the unstimulated condition compared to the stimulated condition
(S6C). The unstimulated condition contains naive T cells which proliferate very little, whereas T cell activation occurs
upon stimulation of the T cell receptor by CD3/CD28 beads, leading to an increase of proliferation. As these absolute
cell counts are based on live cells, it cannot be ascertained how the balance lies between proliferation and cell death.
To use this model, cell viability of unstimulated cells must be increased to rule out confounding results imposed by
cellular stress from its culturing conditions.

Decisions in gating strategy

Firstly, we cleaned up signal by gating out debris, double events, and dead cells (Figure 4A, 4B and 4C). CD3 comes
in multiple isoforms and is part of the TCR (66). CD8 serves as a co-receptor for the TCR and plays a role in the
interaction of T cells and their respective antigen. It is specific to MHC I, found on antigen presenting cells (67). Next,
we gated for cytotoxic T cells based on pan-T cell marker CD3 and CD8 for the cytotoxic lineage (Figure 4D). As MACS
separation does not have 100% purity in yield, some CD3- was expected. When gating for CD3+CD8+, a comparison
was made between unstained samples, freshly isolated T cells stained with the full panel, and a PBMC sample with a
single CD8 stain to determine the CD8 threshold coordinates.

Following this, we gated PD-1+ cells. The PD-1 threshold x-axis coordinates of the gate were determined based on the
PBMC PD-1 single staining. The sample was not stained for CD3; as such, it was not suitable for determining the y-axis
coordinates. For this purpose, a fully stained sample from t = 0 d was used (Figure 4E). Sustained upregulation of PD-
1 is a hallmark of T cell exhaustion and is therefore important for gating (68). We also gated for TOX, an important
transcription factor for T cell exhaustion (12) (Figure 4F). Following the PD-1 gate, we gated separately for remaining
markers. Determining the threshold on the x-axis was determined by comparing an unstained sample to a single stain
and for the y-axis, an unstained sample, and a full panel stain on T cells (Figure 4G). After gating for viable cells, we
set another gate for CD4+ T cells based on CD4 and CD3, as CD4 T cells may influence a co-culture and can show
some aspects of exhaustion (44). In further analysis CD3+PD-1+CD8+ cells are compared further to the CD3+CD8+
and CD3+CD4+ population PD-1- cells expressing other relevant markers can influence the system as a whole and its
use in further assays.
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For a negative control we stained cells and checked expression after gating for debris and single events (Figure 4A
and 4G). They did not express targets found within our panel, except for TCF-1. TCF proteins are key players in the
Whnt-pathway (69). According to previous reports, TCF-1 is expressed predominantly in T cells, but can be found in
many other tissues. Unsurprisingly, HEK293T cells showed positive staining for TCF-1, as it is expressed in low amounts
in many tissues (S5). Due to time constraints, we were unable to acquire a TCF-1- expressing line or TCF-1 KO line.
Finally, we regret not including a PBMC (stimulated) control sample stained for the full panel to set gates more accurately
on the x- and y-axes combined.

PD-1 and TOX expression in CD8+ T cells

T cell exhaustion has been described in chronic viral infection in murine models by at least sustained upregulation of
PD-1, among other inhibitory receptors (70,71), and similar processes have been found in human infection and tumor
infiltrating CD8+ T cells (18,72). We found that in our culture system over time T cells upregulated PD-1 leading to more
cells being both PD-1+ and an increase in MFI (Figure 5). This is in line with the reports that this is a result of sustained
TCR signaling, which we achieve by continuously stimulating the receptor with CD3/CD28 beads (70). CD8+ T cells that
were PD-1- may represent a fraction that has not been activated by the beads. As gating excludes double events, bead-
bound cells may be excluded from analysis. To note, PD-1 expression is not a decree of T cell exhaustion, as it has
also been found that T cells can differentiate into and exhausted-like stage expressing other inhibitory receptors without
the expression of PD-1 (73). Clearly defined populations with differing PD-1 levels could not be found in our in vitro
model, although the intensity of expression may be highly relevant to functionality. It has been shown that PD-1+CD8+
T cells with intermediate expression compared to high, responded better to blockade of the PD-1/PD-L1 axis (74). PD-
1+ intermediate subsets, together with TCF-1- delineated Texi" from Tex'®™ in the model of Beltra et al., In our in vitro
model, we did not find a third PD-1" expressing population. This fits with our findings of TCF-1 expression, discussed
later, indicating our cells are in the TexPr9? stage

TOX is a transcription factor that epigenetically programs T cells to commit to an exhausted fate. It is critical for T cells
to develop into an exhausted state whereas not necessary for effector and memory T cells and repressing epigenetic
events specific to forming effector T cells (12). In our results we find increased expression of TOX under stimulation with
CD3/CD28 beads, indicating that TOX can be induced by TCR stimulation. Driving T cell exhaustion fate through TOX
can possibly be achieved in this manner but is not limited to TCR stimulation as it can be induced with solely cytokines
IL-12/-15/-18 (75). TOX is an established but not exclusive marker for T cell exhaustion: its prolonged expression
indicates exhaustion; however, this prolonged expression has been described for durations of 10 up to 30 days (12).
Here, the model expression has only been measured for up to nine days at 3-day intervals. We believe that inducing
TOX expression can indeed induce exhaustion; however, we did not investigate whether this can be sustained for a
longer time in vitro. Further confirmation of the driving transcriptional effects of TOX should be performed using single-
cell RNA sequencing (scRNA-seq), considering that T cells within the culture may be in different exhaustion states.
Previous reports on the effects of TOX involve T cells subjected to infection or tumor presence for weeks to months
(12,16).

Identifying the stage of exhaustion is important because the point of terminal exhaustion comes with no longer possible
reversion, which is relevant to the efficacy of response to ICPI (76,77). There have been reports of epigenetic ‘scarring’
which are irreversible changes in exhausted T cells that do not reverse when eliminating the persisting antigen (13,14).
This lack of epigenetic plasticity is largely attributed to reprogramming via TOX (13). The clonal replacement of a subset
of exhausted T cells fits the model that cells past this point of no return, for example, Tex®*™, does not show a durable
response to ICPI (77). Chronic TCR signaling is necessary but also sufficient alone to induce exhaustion in vitro, and
these epigenetic scars rely primarily on TCR signaling and less an inflammatory environment (14,78). Since T cells can
acquire restored effector function when removed from context, these cells could remain only ‘scratched’ (79).
Investigating the changed chromatin states after several time points of bead stimulation should use single-cell ATAC-
seq. The amount of given TCR signals before the ‘scars’ appear, remains elusive and if we can immunophenotypically
monitor this from human samples.
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Inhibitory receptors expressed by stimulated T cells in culture.

One characteristic of T cell exhaustion is the expression of multiple inhibitory receptors, such as CTLA-4, TIM-3, LAG-
3, and TIGIT, with ligands found on antigen-presenting and tumor cells in the TME, thereby decreasing effector function
(72). The inhibition of checkpoint activity by blocking receptors with monoclonal antibodies has been exploited
therapeutically. CTLA-4, which competes for binding to CD80/86, inhibits T cell function by interfering with signaling
through CD28 (80,81). Blocking this immune checkpoint with ipilimumab combined with PD-1 blocking with nivolumab
has shown improved results compared to blocking with single agents alone in advanced melanoma (59). In our study,
we found elevated expression of the immune checkpoints PD-1, CTLA-4, and LAG-3 in CD8+ T cells (Figure 5A, 6A
and 6G). Upregulation of immune checkpoints is associated with decreased TCR and co-stimulatory signaling (82). PD-
1 expression is not a prerequisite for the expression of other inhibitory receptors, which concurs with previous reports
(73). There have been reports showing that both the expression levels and repertoire of inhibitory receptors increase
with progressive exhaustion of CD8+ T cells (16,54). This panel contains three established inhibitory receptors, with
arguably a fourth being Slamf6 (49,83). Regarding the model from Beltra et al., half, or more cells in Texpog! Texprog2
expressed 1-3 different inhibitory receptors. In further exhaustion stages Texi" and Tex®™, the cells showed co-
expression of 3-4 inhibitory receptor in more than half of all cells (16). Further studies of this model could include
measuring more alternative immune checkpoints to demonstrate increased expression and complexity in co-expression
of inhibitory receptor profile. Regarding these profiles, it is likely context dependent as inhibitory receptor profiles differ
between virus responsive and tumor reactive T cells. To add, inhibitory receptor profile has been linked to anatomical
location and differentiation stage (84). We believe that the expression of CTLA-4 and the LAG-3 inhibitory receptor on
CD8+ T cells in this model demonstrates T cell exhaustion. However, we did not include further inhibitory receptors in
our panel so can conclude this to some extent

TCF-1 expression cannot be substituted by Slamf6 in CD8+ T cells in a human in vitro culture system for T cell
exhaustion

TCF-1lis aT cell-specific transcription factor that plays a role in self-renewal of murine embryonic stem cells and commits
lymphoid progenitors in the bone marrow to the innate lymphoid cell lineage (85). T cell development in primary lymphoid
tissues and differentiation to mature T cells in the periphery require TCF-1 (86). More recently, TCF-1 has been
suggested to regulate the function and maintenance of CD8+ exhausted T cells (45,46,87). The role of TCF-1 has been
shown to be indicative of a four-stage developmental differentiation process with a gradual decrease of TCF-1
expression (Figure 1). In line with previous reports, precursor exhausted T cells replenish the pool of exhausted T cells
and their expansion upon PD-1 blockade, revealing earlier more potent subsets that could predict response to
immunotherapy (74,88). Previously, Slamf6 has been found to be applicable as a surrogate marker for TCF-1 and
indicates earlier stages of exhaustion in mice, respectively, TexP©dl and TexP©92 (16,45). As a surface marker could
enable subset identification and sorting of live cells, we interrogated the relationship between Slamfé and TCF-1 to
assess if this can also be linear in a human in vitro model.

In our study, we found that the MFI of TCF-1 increased by maintaining the cells in culture without stimulation (Figure
6B). Regarding the fraction of TCF-1+ cells, we found that upon stimulation with CD3/CD28 beads, the fraction of TCF-
1+ cells slightly decreased within 6 days for the CD8+ population (Figure 7D). Slamfé expression showed minor
changes in both the positive fraction and the MFI (Figure 7C and 7E). We could not observe a clear expression
relationship; thus, this surrogacy connection was not reproducible in this human in vitro culture system. As TCF-1
expression did not shift to a TCF-1- population, this is indicative of early T cell exhaustion (TexP©9! and TexP©92), and
the T cells in this in vitro system were not pushed to further exhaustion stages, Tex™ and Tex®™, respectively.

Slamf6 expression has been reported to increase by > 2-fold in human cells upon stimulation with a-CD3 for up to 6
days (83). Our first measured time point was at t = 6 days, which shows an increase, but this was < 2-fold. Focusing on
TCF-1 on its own could show a link to T cell exhaustion. We report no decrease, but consistent expression upon
stimulation. TCF-1 in mature CD8+ T cells regulates early divergence between the terminal effector and precursors of
T cell exhaustion, and plays a role in maintaining the stem-cell-like pool of exhausted T cells in mice (45). Very recent
work has shown that CD8+TCF-1+ in persistent infection can have vastly different epigenetic states, either diverging to
either memory T cells or exhausted T cells; thus, TCF-1 expression in activated CD8+ T cells cannot solely define the
stem cell biology of exhausted T cells (89). Nonetheless, CD8+TCF-1+ can give rise to TCF-1- CD8+ T cells after
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adoptive transfer in 21 days of chronic LCMV infection (16). This demonstrates the need for our system to examine the
effects of longer timeframes to rule out the possibility that TCF-1- cells cannot be generated in this in vitro culture system.
It is highly relevant to further induce exhaustion in the in vitro model to control for exhaustion stage and investigate
relationship to ICPI response. TCF-1+PD-1+ T cells show improved response to ICPI (39,74,90). To completely rule out
that it is not possible to use Slamf6 as a surrogate marker in a human in vitro T cell exhaustion system, it should be able
to show a loss of TCF-1 expression with cells that concurrently lose Slamf6. Demonstrating multiple stages of
exhaustion, up until Tex®™, is essential to use the in vitro model for assessment of other TME players and their
involvement in both exhaustion stage as well as ICPI response.

CD69, a marker for recent activation and exhaustion stage

In the in vivo model described by Beltra et al., Slamf6 (as a surrogate marker for TCF-1) and CD69 mark developmental
substages of exhausted T cells. This could distinguish PD-1 ™TCF-1- from PD-1" TCF-1-. The use of CD69, together
with Slamf6, could therefore delineate substages with surface markers in a qualitative fashion, meaning that quantitative
PD-1 control with multiple expression levels is not necessary (16). Following the in vivo model of Beltra et al., Texrrogl
shows CD69 expression, which disappears in Texr92 and Tex" following a return to Text™ (Figure 1).

We observed some expression of CD69 upon stimulation, although this was <50% in all cells (Figure 8C). This could
represent a fraction of T cells that were recently activated in culture by previously not making contact with the bead.
Additionally, it has been reported that CD69 expression increases upon T cell activation but subsides after 4-6 hours
(91). In line with this, CD69 showed an increase in the bead-bound fraction at earlier time points. Our first measured
time point was after 6 days. Including a recent activation condition (e.g., 1-2 h) can be used as a control. In contrast, T
cells expand rapidly several hours after activation (17). As this would increase the proportion of activated T cells to
inactivated cells in the culture, this would not be in line with the argument when CD69+ T cells increased between days
6 and 9 (Figure 8B and 8C). A return of CD69 expression may indicate a terminally exhausted T cell, although more
characteristics must be confirmed, which will be discussed later (16). To determine whether CD69 expression is more
recent or has returned to previously activated cells, this should be confirmed in future experiments that assess the
expression of the free and bead-bound fractions separately. This could be used to monitor the activation speed and
efficiency of CD3/CD28 beads. For instance, using an established triple reporter activation cell line could visualize and
qguantify the likelihood of certain time points to show CD69 expression due to recent activation or later return (92).
Selecting a timepoint in which only bead-bound cells cultured further may optimize the in vitro system.

Taking the proposed model of Beltra et al., we see in our results that our cultured cells might follow this pattern with
cells being in the TexP©92 and Tex" stages, given that TCF-1 should decrease over time in culture (Figure 7D). As the
cells are mostly TCF-1+, they are more likely to represent TexP©92, Retaining this model, one can hypothesize that
further culturing in the presence of beads, thus prolonging TCR stimulation, will lead to progression to further stages.
However, in Beltra et al.’s model, the most terminally exhausted state shows a return in CD69 expression, which is also
an established marker of tissue residency in rebounded expression (93). In the work of Beltra et al., the melanoma in
vivo model showed Text™ accumulation in tissue, which raises the question of whether CD69 expression as a terminal
exhaustion marker lies within the characteristics of being tissue resident and not exhaustion per se. Although these
findings suggest a positive association between terminal exhaustion and CD69 expression, further understanding of the
directional effects requires thorough and careful examination, as it may be possible that the return of expression of this
marker, as in Tex®™ will not be achieved in vitro. Our model could use CD69 in immunophenotyping, but it is necessary
to evaluate whether it occurs due to recent activation or whether it is a later return of expression.

The return of Eomes expression may require more time

The transcriptional regulator Eomes plays a crucial role in the formation and function of effector and memory CD8+ T
cells (94). It is also implicated in progenitor subsets of exhausted T cells (47,95). Here, we show that Eomes expression
revoked in our in vitro culture system, leaving unstimulated cultured T cells to partially retain Eomes (Figure 9). Eomes
expression is downstream of TCF-1 (45). In our model, TCF-1 did not clearly decrease upon bead stimulation (Figure
7), which concurs with our observation of decreased Eomes expression. Following the developmental framework of
Beltra et al., low Eomes expression was observed in TexP©92 and Tex™, which does not match our findings regarding
CD69 and TCF-1 (Figure 7 and 8).
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Notably, Eomes is linked to the transcription factor T-bet, which controls PD-1 expression (96). Nuclear Eomes:T-bet
ratio is relevant, as both compete for DNA binding, and this ratio is elevated in exhausted T cells compared to that in
memory T cells. This nuclear transcription factor ratio changes upon PD-1 blockage in mice and is associated with a
lower Eomes:T-bet ratio (96). Including T-bet staining to Eomes and using Imagestream analysis may allow for more
thorough inquiry of Eomes implications in T cell exhaustion and perhaps an additional readout for PD-1 blockage
response next to cytotoxicity assays.

Interestingly, Eomes and CD69 in effector memory T cells (CD45R0O+) are associated with response to ICPI in
melanoma patients (97,98). Differentiation to progenitor effector memory T cells is under control of transcription factor
Hobit, which is antagonized by Eomes (63). In Beltra et al., most Tex®®™ have rebounded Eomes and CD69 expression
and are tissue-bound. Further studies could investigate the role of Hobit for T cells to branch to effector memory; if
rebounded Eomes expression can be linked to a lack of ICPI response due to insufficient differentiation to effector
memory resident T cells.

T cell exhaustion characteristics in CD4+ T cells

In describing T cell exhaustion, CD8+ T cells are mostly of focus. However, debate exists whether CD4+ T cell
exhaustion exists. They can express inhibitory receptors decreased cytokine production (44). However, it is not
understood yet if they show similar changes in metabolism and epigenetic profile as CD8+ T cells do. As CD4+ T cells
were also present in our culture system based on pan-T cells, this affects their use in further co-cultures.

We observed increased PD-1 and TOX expression in CD4+ T cells, which are hallmarks of exhaustion (Figure 5F).
Additionally, we observed expression of multiple inhibitory receptors in CD4+ T cells, including PD-1, LAG-3 and CTLA-
4 (Figure 5F, 6D and 6J). We observed LAG-3 expression on CD4+ T cells. It is an inhibitory receptor that competes
with CD4 to bind to MHC I, thereby impeding CD4+ T cell activation (99). In this culture system, CD4+ T cells do not
require MHC Il for activation and are instead activated by beads. We found LAG-3 expression in CD4+ and CD8+
populations, which was already present before activation and increased when stimulated with beads. The highest
expression was observed in the CD8+ cell population (Figure 6E and 6F).

CTLA-4 is constitutively expressed on CD4+ Tregs, which are also characterized by FOXP3 and CD25 expression. We
observed higher levels of CTLA-4 expression in CD4+ compared to CD8+ populations (Figure 6G and GJ). Tregs in
cancer exert suppressive functions by competing with CD28 for CD80/CD86, thereby affecting CD8+ T cell co-
stimulation (100). Intratumoral Tregs are preferentially depleted through ICPI targeting CTLA-4, as they express higher
levels than other Tregs in the circulation and thymus (101). In our culture system, the presence of CTLA-4 did not lead
to decreased CD8+ stimulation, as the natural ligand, CD80/CD86, was substituted by bead stimulation. However, when
employing this culture system in co-culture with other cell types, competitive binding can occur that influences T cell
signaling. Furthermore, differing levels of CD4+ T cells expressing the majority of CTLA-4 affect the outcomes of ICPI
targeting this receptor. This underlines the importance of assessing CTLA-4 expression in culture system before testing
additional factors in co-culture.

Future project perspectives

An important remark about our study is the absence of statistical analysis. After technical validation of the flow cytometry
panel, we were able to obtain one single useful dataset of the culture system based around one donor. Inter-donor
variability requires more measurements and accounts for measurement variability, with an internal control for
normalization. Although preliminary results show promising aspects of the model, caution should be taken, and we urge
further repetitions to demonstrate its reproducibility. This project investigated immunophenotypes and left room for
functional characteristics to be addressed. Proliferation rates were not addressed, but could be assessed in the future
with CSFE cell proliferation assays. We hypothesize that CFSE would be high on t = 0 days and decrease over time
upon stimulation, indicating proliferation. For more prolonged stimulation, we expect CSFE signal to remain high after
staining. We did not yet address T cell exhaustion characteristics such as proliferation. We did count absolute cell
numbers from the culture; however this cannot be used as a readout for proliferation (S6B). Additionally, with T cell
exhaustion decrease of cytokine production is observed (22). To address cytokine profiles, ELISA of culture supernatant
would be of recommendation. As this is a bulk method for a population of T cells that may reside in various stages of
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exhaustion, sorting methods with consecutive PCR can be employed. Learning about the cytokine profiles of these cells
may bring insight into their cytotoxic capabilities and there is opportunity to investigate this further with co cultures.
Lastly, the prominent lack of effector function could be demonstrated with a killing assay.

Conclusion

In this study, we aimed to establish a human in vitro culture system for T cell exhaustion by investigating its potential
using an 11-marker flow cytometry panel. We technically validated the panel and ran it on T cells collected at different
time points from the in vitro culture system, providing us with a dataset that shows some characteristics of (upcoming)
T cell exhaustion. Through the expression of PD-1, TOX, multiple inhibitory receptors, TCF-1, and Eomes, we project
that cells were transformed into TexP©9! and TexPo9? states.

Considering that our culturing method did not fully did not reach Tex'®™ stage, it is likely that the duration of the
stimulation was too short. As in vivo exhaustion takes multiple weeks to develop, it is understandable that others’ efforts
to induce T cell exhaustion in vitro have cultured T cells for up to 35 to 49 days, longer than our current model (102,103).
To speed up the process, there may be opportunities to induce T cell exhaustion through metabolic regimens, such as
culturing in a hypoxic environment, supplementation of potassium, or decreasing glutamine in the medium, as these
TME occurrences can restrict T cell function (104-106). However, this would only be suitable for establishing a terminally
exhausted state before reverting culturing conditions to medium with IL-2, as retaining these culturing conditions would
affect other cell types in co-culturing studies. As theorized by Yost et al., a stem cell pool of T cells may expand upon
PD-1 blockade as observed by the clonal expansion of PD-1+TCF+ CD8+ T cells (77). Upon entering the TME, these
T cells encounter several factor that push them to become terminally exhausted. A human in vitro culture system
combined with the actors of this process, could therefore bring insight to lack of ICPI response.

Overall, a human in vitro exhaustion system would facilitate the exploration of specific tactics intended to delay or
reverse T cell exhaustion using ICPI in a simple, affordable, and quick manner. However, more work is required to
induce and characterize in vitro exhausted T cells and validate their development through several stages of exhaustion.
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Supplementary Table 1 - Blood donor characteristics

Age Sex Median Age 36
19 % sex Male 47
22 % sex Female 47

22

22
27
30
30
30
34
36
36
39
39
40
42
43
53
60
61

% sex Unknown 6
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Supplementary Table 2 - Key Resources

REAGENT or RESOURCE SOURCE IDENTIFIER

Cell Culture Reagents

RPMI-1640 medium Capricorn Scientific Cat#tRPMI-XA
Fetal Bovine Serum Bodinco BV Cat#S007v20007
Penicillin-Streptomycin Sigma-Aldrich Cat#P0781-100ML
L-glutamine Sigma-Aldrich Cat#G7513-100ML
Trypsin-EDTA Sigma-Aldrich Cat#T73924-100ML
Dulbecco’s Phosphate-buffered saline Sigma-Aldrich Cat#D8537-500ML
Dimethyl sulfoxide Merck Cat#23488.294
Turk Liquid Merck Millipore Cat#1.09277.0100
Trypan Blue 0.4% Invitrogen Cat#T10282

REAGENT or RESOURCE

SOURCE

Chemicals, Peptides and Recombinant Proteins

Fixable LIVE/DEAD nIR 780

Pan-T cell isolation kit

Recombinant human IL-2
Ficol®Paque Plus
Phorbol-13myristate-14-acetate (PMA)
lonomycin

Phytohemaglutinin-L

Thermo Fisher
Miltenyi Biotec
Immunotools
Sigma-Aldrich
Merck Life Sciences
Merck Life Sciences
Oxoid BV

Cat#1 34992
Cat#130-096-535
Cat#11340025
Cat#17-1440-03
Cat#79346-1MG
Cat#13909-1ML
Cat#R30852801

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays
Foxp3/Transcription Factor Staining Buffer set Invitrogen™ Cat#00-5523-00

MS column
MiniMACS™ separator
MACS® MultiStand

Pan-T cell Isolation kit (human)

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec

Cat#130-042-201
Cat#130-042-102
Cat#130-042-303
Cat#130-096-535

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines
HEK293T Grown in house N/A
REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited Data
https://umcu.elabjournal.com/me
FACS FCS files In this paper mbers/experiments/?projectID=cle

ar&studylD=97720



REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Biorender Biorender Sotfware https://biorender.com

GraphPad Prism v8 GraphPad Software thpS:/ /Www'gr@hpad'com/saem
ific-software/prism/

Cytobank Cytobank, Inc. https://premium.cytobank.org/

REAGENT or RESOURCE IDENTIFIER

Antibodies (Human, Intracellular, In Vivo)

BV605 mouse anti-human CD4 (clone SK3) Biolegend Cat#344646
PerCP CD3 mouse anti-human (clone HIT3A) Biolegend Cat#300326
BV711 CD8 mouse anti-human (clone SK1) Biolegend Cat#344734
FITC PD-1 mouse anti-human (clone NAT105) Biolegend Cat#367412

BD Horizon™ Red 718 mouse anti-human/mouse TCF1/7 BD Biosciences Cat#567587

PE TOX human anti-human/mouse (clone REA473) Miltenyi Biotec Cat#130-120-716
APC Slamf6 mouse anti-human (clone #292811) R&D Systems Cat#FAB19081A
BV650 LAG-3 (CD223) mouse anti-human (clone 11C3C8) Biolegend Cat#369606
BV510 CD69 mouse anti-human (clone FN50) Biolegend Cat#310936
PE-Cy7 EOMES mouse anti-human (clone WD1928) ThermoFisher Cat#25-48842
]
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Whole blood donor samples In-house donation N/A

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms

Biorender Biorender Sotfware https://biorender.com

https://www.graphpad.com/scient
ific-software/prism/
Cytobank Cytobank, Inc. https://premium.cytobank.or

GraphPad Prism v8 GraphPad Software




Supplementary Figure 3 - T cell exhaustion flow panel compensation
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Supplementary Figure 1 T cell exhaustion flow panel compensation

T cell exhaustion panel markers before and after performing compensation. All plots show single staining of the respective marker. Staining was done using the Foxp3 Transcription Buller Set (eBioscience). PBMCs
were stimulated for 3 days in PHA (5 mg/mL). A) TCF1/7 before (upper plots) and after (lower plots) against all other markers. B) Eomes before (upper plots) and after (lower plots) against all other markers. C) CD69
before (upper plots) and after (lower plots) against all other markers. D) CD4 before (upper plots) and after (lower plots) against all other markers. E) Slamf6 before (upper plots) and after (lower plots) against all other
markers. and after (lower plots) against all other markers. (Figure continues on next page)
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Supplementaryt 1: T cell exhaustion panel staining compensations (continued)
F) PD-1 before (upper plots) and after (lower plots) against all other markers. G) CD8 before (upper plots) and after (lower plots) against all other markers. H) CD3 before (upper plots) and after (lower plots) against all other markers. I) LAG-3 before

(upper plots) and after (lower plots) against all other markers. J) LIVE/DEAD before (upper plots)
Figure continues on next page ->
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Fig. 2 T cell exhaustion panel antibody testing and titration. (continued)
K) Tox before (upper plots) and after (lower plots) against all other markers. L) CTLA-4 before (upper plots) and after (lower plots) against all other markers M) Compensation Matrix values.



Supplementary Table 4 - Flow Cytometry Panel configuration

Laser Antibody Fluorochrome |Firma Clone
450/40 (405)]CTLA-4 BV421 Biolegend BNI3
525/50 (405)]CD69 BV510 Biolegend FN50
610/20 (405)]CD4 BV605 Biolegend SK3
670/30 (405)JLAG-3 BV650 Biolegend 11C3C8
710/50 (405)|CD8 BV711 Biolegend SK1
530/30 (488)|PD-1 FITC Biolegend NAT105
575/26 (488)|CD3 PerCP Biolegend HIT3A
586/15 (561)JTOX PE Miltenyi Biotec |REA473
610/20 (561)

670/30 (561)

710/50 (561)

780/60 (561)]JEOMES PE-Cy7 ThermoFisher JWD1928
660/20 (633)]SLAMf6 APC R&D Systems |292811
730/45 (633)JTCF1/7 Horizon Red 718]BD BioscienceqdS33-966
780/60 (633)JLIVE/DEAD niR 780 ThermoFisher | -

Supplementary Table 4 - Panel configuration

Flow cytometry panels used for the charcterization of an in vitro T cell exhaustion model. A flow cytometry panel composed of directly fluorochrome-conjugated
antibodies against different immunophenotypic markers was designed for the characterization of T cells. The antibodies were purchased from BD Biosciences
(San Diego, CA, USA), R&D Systems (Minneapolis, MN, USA), Miltenyi Biotec (Leiden, The Netherlands), BioLegend (San Diego, CA, USA),

Thermo Fisher Scientific (Waltham, Massachusetts, USA).

Abbreviations: APC (allophycocyanin), BV (brilliant violet), FITC (fluorescein isothiocyanate), nIR (near-infrared), PE (phycoerythrin),
PE-Cy7 (phycoerythrin-cyanine7), PerCP (peridinin chlorophyll protein complex)



Supplementary Figure 5 - Expression of panel markers on negative control cell line
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Supplementary Figure 5 - Expression of panel markers on negative control cell line
HEK293T cells were stained with the full flow cytometry panel and protocol used for the charcterization of an in vitro T cell exhaustion model. A) Gating strategy for HEK293T cells. B) Marker expression of all
markers in T cell exhaustion panel. All markers show negative staining, except TCF-1.



Supplementary Figure 6 - Effects of culturing conditions on T cell viability
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Supplementary Figure 2. Effects of culturing conditions on T cell viability
Viability is assessed by fraction of LIVE/DEAD+ or monitoring absolute cell numbers. A) Gating strategy for T cells, excluding debris and double events. B) Histograms

representing live and dead cells at different timepoints and culturing conditions. C) Absolute numbers of live cells, by means of manual count in hematocytometer at different
timepoints and culturing conditions.
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