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SUMMARY
In colorectal cancer (CRC), increased numbers of tumor-infiltrating CD4+ regulatory T (Treg) cells correlate
with tumor development, immunotherapy failure, and poor prognosis. To assess how CRC tumors directly
modulate Treg cell differentiation, we developed an in vitro co-culture system using CD4+ T cells from
Foxp3eGFP mice and CRC tumor-derived organoids. Co-culture resulted in a significant increase in Treg
cell numbers. RNA-sequencing identified a distinct transcriptional profile of CRC organoid-induced Treg
cells, with upregulation of genes associated with CRC Treg cells in vivo. High expression of genes upregu-
lated in CRC organoid-induced Treg cells correlates with shorter progression-free intervals and overall sur-
vival in CRC patients. Human CRC organoids similarly induced Treg cells with enhanced suppressive capac-
ity and upregulated genes linked to CRC Treg cells in vivo. This model provides insights into howCRC tumors
modulate CD4+ T cell differentiation and can identify approaches to disrupt Treg cells and stimulate anti-tu-
mor immunity.
INTRODUCTION

Regulatory T (Treg) cells, a specialized subset of CD4+ T cells,

exert immunosuppressive functions crucial for maintaining im-

mune homeostasis and self-tolerance. They are characterized

by expressing FOXP3, a master transcription factor governing

Treg cell differentiation and suppressive function.1,2 Treg cells

are found in almost all peripheral tissues and adapt their tran-

scriptional profile in response to diverse microenvironmental

stresses.3–5 Consequently, diverse transcriptional programs

related to tissue-resident Treg cell shape their role in tissue ho-

meostasis and define their tissue-specific functions regulating

multiple processes such as tissue repair and regeneration

across multiple sites.5,6 They also exhibit cerebroprotective ef-

fects during acute experimental stroke or mitigating metabolic

inflammation in adipose tissue.5,7,8 Through their interplay with

tissue microenvironments, Treg cells ensure both immune equi-

librium and tissue homeostasis.

Within the context of tumorigenesis, the accumulation of

immunosuppressive Treg cells in tumor tissues poses a signifi-

cant obstacle for evading immune-mediated tumor eradica-

tion.9–11 Notably, in solid tumors Treg cells frequently constitute

30–70% of all CD4+ T cells.12–14 The increased frequency of tu-

mor-infiltrating Treg (TI-Treg) cells correlates with unfavorable

prognostic outcomes across various cancer types.12–16 In colo-
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rectal cancer (CRC), increased TI-Treg cell accumulation corre-

lates with disease progression, metastasis, immunotherapy

resistance, and poorer prognosis, although a causative link re-

mains to be established.10,11,17–20 Despite these correlations,

questions persist regarding the drivers promoting the accumula-

tion of TI-Treg cell in tumors, TI-Treg cell mechanisms for sup-

pressing the antitumor immune responses, and their distinguish-

ing features compared to systemic Treg cells.

TI-Treg cell within the TME play a pivotal role in reinforcing the

immunosuppressive milieu through a broad range of immune

regulatory mechanisms.9,11 This includes inhibiting the activa-

tion and proliferation of immune cells through both contact-

dependent and -independent mechanisms. They can release

immunomodulatory cytokines (TGFb, IL-10, and IL-35), cytolytic

molecules (perforin and granzymes) andmetabolically disruptive

molecules (adenosine and cAMP) that impede effector cell func-

tion.9,11 Additionally, they express immune checkpoint receptors

including GITR, OX-40, and LAG-3, which, through contact-

dependent mechanisms, inhibit processes such as APCmatura-

tion and function.9,11 The reciprocal interaction between TME

and Treg cells, promoting an immunosuppressive environment,

elucidates their complex relationship and diverse mechanisms

of immune regulation.

Several mechanisms have been proposed to explain the accu-

mulation of Treg cells within the TME including recruitment, local
ary 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. In vitro generation of CRC TO-iTreg cells

(A) Schematic illustrating the transwell co-culture system used in the experiments with CRC murine tumor organoids (mTO) and CD4+ T cells.

(B and C) Percentage of CD4+ CD25hi Foxp3 eGFP+ Treg cells after 2 (B) and 5 (C) days of CD4+ T cells culture alone or in co-culture with mTO1 and mTO2,

assessed using flow cytometry.

(D) Relative MFI of CD25 expression of eGFP� (empty bars) compared to eGFP+ (pattern bars) CD4+ T cell after 5-day co-culture with mTO1 andmTO2, assessed

using flow cytometry.

(legend continued on next page)
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proliferation, and conversion from CD4+ T cells. Tumor cells and

other cells in the TME release chemo-attractants that recruit Treg

cells expressing specific chemokine receptors to the TME, such

as the CCR5–CCL5 or CCR6–CCL20 chemokine axis.9,20 The

TME is characterized by nutrient depletion yet rich in metabolic

by-products of cancer cells such as lactate. Lactate promotes

the enrichment and regulatory function of Treg cells by modu-

lating metabolic pathways within the TME.11,21,22 TI-Treg cells

exhibit metabolic adaptation by enhancing FA-oxidation (FAO)

and oxidative phosphorylation (OXPHOS) to sustain their sur-

vival, function, and proliferation.11,23,24 Moreover, different cells

in the TME, such as stromal cells, can also increase the availabil-

ity of the immunosuppressive cytokine TGFb, thereby promoting

the in situdifferentiation of TI-Treg cell fromCD4+ T cells, contrib-

uting to their accumulation within the TME.25,26

In CRC, the increased presence of Treg cells in the TME is

closely associated with stromal components, particularly can-

cer-associated fibroblasts (CAFs), which are the most abundant

stromal cells.20,27–29 CAFs facilitate Treg recruitment and infiltra-

tion through cell-to-cell interactions and their high secretory ac-

tivity, producing chemokines including CCL5 and immunosup-

pressive cytokines such as TGF-b.20,27–29 However, it remains

unclear how tumors themselves canmodulate Treg cell accumu-

lation, proliferation, or differentiation. To understand interactions

between CRC tumors and immune cells, it is essential to investi-

gate the identity of TI-Treg cells and themechanisms driving their

accumulation and function within the TME. Insights into these

pathways are crucial for developing targeted therapies that

disrupt Treg immunosuppressive functions while minimizing

autoimmune toxicities associated with systemic Treg deple-

tion.11,30 Integrated models such as organoids and co-culture

systems offer a more physiologically relevant platform to study

CD4+ T cell responses to tumor-secreted factors.31–35 Despite

extensive research focused on studying the behavior of tumor-

reactive T cells through co-culture with tumor-organoids, investi-

gation of Treg cell-TME dynamics in vitro remains limited.34,36,37

Here, we established a novel in vitro co-culture model with CRC-

organoids and CD4+ T cells to explore how CRC tumors can

directly influenceCD4+Tcell behavior.Weobserved thatCRC tu-

mor-organoids can directly promote the differentiation of Treg

cells. These tumor organoid-induced Treg (TO-iTreg) cells have

a distinct transcriptional profile akin to in vivo CRC TI-Treg cells

including increased expression of genes with prognostic poten-

tial in CRC. These data offer valuable insights for understanding

the capacity of CRC tumors to influence CD4+ differentiation

and the targeting of Treg cells in CRC treatment.

RESULTS

CRC tumor-organoids induce CD4+ differentiation into
Treg cells
To determine the capacity for CRC tumor-organoids to influence

Treg cell fate specification in vitro, a co-culture model was devel-
(E) Expansion index of eGFP� (empty bars) and eGFP+ (pattern bars) CD4+ T cells

(F) Percentage of CD4+ eGFP+ Treg cells after 5 days of isolated CD4+ eGFP� T ce

cytometry. Data are represented as mean ± SD. p values were calculated using on

0.01, ***p % 0.001 and ****p % 0.0001. CD4+: T activated cells. mTO1 and mTO
oped utilizing CD4+ T cells together with CRC tumor-organoids.

We evaluated the possible influence of CRC tumor-organoids

in a contact-independent manner using a transwell co-culture

system. Here, CD4+ T cells were plated in suspension alone or

in co-culture with murine CRC tumor-organoids (mTO1 and

mTO2) seeded in matrix droplets on the bottom of a plate (Fig-

ure 1A). CD4+ T cells were isolated from transgenic C57BL/6

Foxp3EGFP mice. Subsequently, these cells were pre-stimu-

lated in vitro with anti-CD3/CD28 monoclonal antibodies and

soluble IL-2, either with or without CRC tumor-organoids pre-

sent. At two and five days after starting the culture, we evaluated

Treg cell induction (CD4+ CD25hi Foxp3 eGFP+ Treg cells) by

flow cytometry (Figures S1A and S1B). We first evaluated the in-

fluence of the matrix (BME) on the eGFP expression to explore

any direct impact on Foxp3 expression. CD4+ T cells were

cultured in transwell inserts with or without BME at the bottom

of the plate. After two or five days, the control group of activated

CD4+ T cells showed no increase in eGFP expression, regardless

of the presence of BME (Figure S1C). CD4+ T cells cultured under

these conditions were treated with TGFb to induce Treg cells.

eGFP expression was high in TGFb-induced (TGFb-i) Treg, inde-

pendently of BME (Figure S1D). When we co-cultured CD4+

T cells with CRC tumor organoids, similar levels of eGFP expres-

sion were observed after two days compared to the control (Fig-

ure 1B). However, a significant increase in eGFP expression was

detected after five days of co-culture (Figure 1C). Tomeasure the

activation status of CD4+ T cells co-cultured with organoids, we

assessed CD25, which is highly expressed in TI-Treg cells.14,38

CD25 expression was significantly higher on TO-iTreg cells

compared to CD4+ Foxp3 eGFP� T cells co-cultured with CRC

tumor-organoids (Figure 1D).

To evaluate whether the increased percentage of Foxp3

eGFP+ Treg cells was due to expansion, the proliferation of

CD4+ T cells and Treg cells in co-culture with CRC tumor-orga-

noids was assessed. CD4+ Foxp3 eGFP� T cells and CD4+

Foxp3 eGFP+ Treg cells proliferated similarly (Figure 1E). To

determine whether the induction of Foxp3 eGFP+ Treg cells

could therefore be due to differentiation of CD4+ T cells, we

sorted CD4+ Foxp3 eGFP� T cells and co-cultured them with

CRC tumor-organoids. We observed a significant increase in

eGFP expression when CD4+ Foxp3 eGFP� T cells were co-

cultured with CRC tumor-organoids for five days compared to

the control group (Figure 1F). Taken together, these observa-

tions demonstrate that CRC tumor-organoids can directly

induce differentiation of CD4+ T cells to Foxp3 eGFP+ Treg cells

in a contact-independent manner.

CRC TO-iTreg cell generation is TGFb-dependent and
enhanced by lactate
TGFb plays an essential role in peripheral Treg cell development

and function.26,39 To evaluate whether there was also a role for

TGFb in the generation of TO-iTreg cells we measured TGFb

expression and release by CRC tumor-organoids cultured with
after 5-day co-culture with mTO1 and mTO2, assessed using flow cytometry.

lls cultured alone or in co-cultured with mTO1 and mTO2, assessed using flow

e-way ANOVA or unpaired t-test analysis where appropriate. *p% 0.05, **p%

2: CRC murine tumor-organoid lines.
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Figure 2. In vitro generation of CRC TO-

iTreg cells is TGFb dependent and enhanced

by lactate

(A) Real-time qPCR analysis of expression levels of

TGFbI, relative to B2m, in mTO1 and mTO2 orga-

noids co-cultured with CD4+ T cells are shown as

fold changes compared to mTO1 and mTO2 or-

ganoids cultured alone for 5 days.

(B) TGFb concentration in media conditioned by

CD4+ T cells, CRC tumor organoid lines (mTO1 and

mTO2), co-cultures (CD4+ +mTO1 andmTO2), and

identically treated control mediumwith BME after a

5-day culture, was assessed by ELISA.

(C–F) Percentage of CD4+ CD25hi Foxp3 eGFP+

Treg cells after 5 days of CD4+ T cells culture

alone or in co-culture with mTO1 and mTO2,

supplemented with (C) TGFbI receptor kinase

inhibitors, SB-431542 (SB, 10mM) and LY364947

(LY, 1mM), (D) sodium L-lactate (Lactate, 10mM),

(E) LHD inhibitor GSK2837808A (LDHi, 10mM),

and (F) dichloroacetate (DCA, 5mM), assessed

using flow cytometry. Data are represented as

mean ± SD. p-values were calculated using one-

way ANOVA. *p % 0.05, **p % 0.01, ***p % 0.001

and ****p % 0.0001. CD4+: T activated cells.

mTO1 and mTO2: CRC murine tumor-organoid

lines.
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or without CD4+ T cells. The mRNA expression levels of TGFb

in CRC tumor-organoids, cultured with or without CD4+ T cells,

exhibited no significant difference (Figure 2A). To subsequently

determine whether TGFbwas released fromCRC tumor-organo-

ids, we performed ELISA analysis of conditioned media

collected on day five of co-culture. TGFb was detected in

conditioned media, and this was independent of the presence

of activated CD4+ T cells (Figure 2B). This suggests that CRC tu-

mor-organoids are the primary source of TGFb secretion in this

co-culture system. To further explore the relevance of these ob-

servations, we utilized TGFb pathway inhibitors SB431542 (SB,

10mM) and LY364947 (LY, 1mM). Following a five-day incubation
4 iScience 28, 111827, February 21, 2025
period, flow cytometry analysis was used

to assess the percentage of Treg cells

(CD4+ CD25hi Foxp3 eGFP+ Treg cells).

SB and LY both significantly decreased

the induction of Foxp3 eGFP+ Treg cells

in co-cultures (Figure 2C). To evaluate

the role of lactate in promoting Treg cells

enrichment, we added sodium L-lactate

(10 mM) to the co-culture medium.

Following a five-day incubation, we again

assessed Foxp3 eGFP+ Treg cell induc-

tion by flow cytometry. We observed a

significant increase in Treg cell induction

within the co-cultures after addition of so-

dium L-lactate (Figure 2D). To determine

whether lactate metabolism was essential

for TO-iTreg cell generation we first uti-

lized lactate dehydrogenase inhibitor

GSK2837808A (LDHi, 10mM) which pre-
vents the conversion of lactate to pyruvate and vice versa.40

No significant difference in Foxp3 eGFP+ Treg cell induction

with or without LDHi was observed (Figure 2E). Additionally,

we employed dichloroacetate (DCA, 5mM), a pyruvate dehydro-

genase kinase inhibitor, to enhance pyruvate oxidation, thereby

driving pyruvate into the mitochondria, reducing lactate levels.41

Similarly to LDHi, no significant difference in Foxp3 eGFP+ Treg

cell induction was observed in the presence of DCA (Figure 2F).

These findings support an essential role for TGFb signaling in

TO-iTreg cells generation. Additionally, while lactate promotes

Treg cell enrichment in co-cultures, inhibiting lactatemetabolism

does not significantly affect Treg cell induction.
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Figure 3. In vitro CRC TO-iTreg cells ex-

press Treg cells associated markers

(A) PCA performed on splenic eGFP� CD4+ T cells

(blue), TGFb-iTreg cells (green) and mTO2-iTreg

cells (red).

(B) Heatmap and (C) bar chart quantifying (mean ±

SD) the signature Z score of core Treg cells

signature genes expression in splenic eGFP�

CD4+ T cells (blue), TGFb-iTreg cells (green) and

mTO2-iTreg cells (red).

(D and E) Bar chart represent the log2-fold change

(mean ± SD) in (D) Foxp3 and (E) IL2RA gene

expression between splenic eGFP� CD4+ T cells

(blue), TGFb-iTreg cells (green) and mTO2-iTreg

cells (red).

(F) Venn diagram analysis of DEGs between con-

trol splenic eGFP� CD4+ T cells (control) and

TGFb-iTreg cells (green) or mTO2-iTreg cells (red)

(ANOVA, FDR, p % 0.05). p-values were calcu-

lated using one-way ANOVA. *p % 0.05, **p %

0.01, ***p % 0.001 and ****p % 0.0001. mTO2:

CRC murine tumor-organoid line.

iScience
Article

ll
OPEN ACCESS
CRC TO-iTreg cells express Treg cell associated
markers
Todefine the transcriptional identity of in vitromTO-iTreg cellswe

performed bulk RNA-sequencing. To this end, we employed a

staged cell sorting approach at different time points. Firstly,

Foxp3 eGFP� CD4+ T cells were isolated on day 0, prior to

co-culture establishment; secondly, CD4+ Foxp3 eGFP+

TGFb-iTreg cells were isolated on day 5 of culture; and thirdly,

CD4+ Foxp3 eGFP+ mTO-iTreg cells were isolated from the co-

culture on day 5. Principal-component analysis (PCA) identified

the mTO-iTreg cell group as a distinct cluster, separate from

TGFb iTreg cells (Figure 3A). To assess the expression of core

Treg cell signature genes among the three CD4+ T cell popula-

tions, a gene list was generated informed by existing litera-
iS
ture.11,42,43 Both mTO-iTreg cells and

TGFb-iTreg cells exhibit significantly

elevated expression levels of core Treg

cell signature genes when compared to

the control group of eGFP� CD4+ T cells

(Figures 3B and 3C). Foxp3 and IL2RA

(CD25), key markers for identifying and

characterizing Treg cells, show higher

expression levels in TI-Treg cells in com-

parison to Treg cells present in the periph-

eral systemiccirculation.14,38,44Foxp3ex-

hibited significantly higher expression in

mTO-iTreg cells compared to TGFb-iTreg

cells (Figure 3D). While IL2RA displayed

significantly elevated expression in both

Treg cell populations relative to control

(Figure 3E). To identify similarities and dif-

ferences between TGFb-iTreg cells and

mTO-iTreg cells, we analyzed differen-

tially expressed genes (DEGs; Figure 3F).

We identified 126 genes exclusive to

TGFb-iTreg cells, while 1403 genes ex-
hibited differential expression specifically in mTO-iTreg cells

compared to the control (Figure 3F). An additional 126

genes were expressed in both mTO-iTreg cells and TGFb-iTreg

cells compared to the control group (Figures 3F, S2A, and

S2B). Analysis of the 126 genes shared between mTO-iTreg

cells and TGFb-iTreg cells by gene ontology (GO) term analysis

identified genes significantly contributing to lymphocyte activa-

tion, differentiation, and cytokine response pathways (Fig-

ure S2C). Additionally, enriched GO terms linked these genes

to the regulation of catabolic processes, suggesting involvement

in modulating essential metabolic pathways crucial for Treg

cell maintenance and function (Figure S2C). Taken together,

mTO-iTreg cells and TGFb-iTreg cells are transcriptionally

distinct.
cience 28, 111827, February 21, 2025 5



A B C

D

E

F

(legend on next page)

6 iScience 28, 111827, February 21, 2025

iScience
Article

ll
OPEN ACCESS



iScience
Article

ll
OPEN ACCESS
CRC TO-iTreg cells upregulate signature genes
associated with tumor-infiltrating Treg cells in vivo

To assess the differences between in vitromTO-iTreg cells and

TGFb-iTreg cells, we conducted a differential gene expression

analysis. A pool of 1155 significantly (p % 0.05) DEGs were

identified with differential expression between mTO-iTreg cells

and TGFb-iTreg cells (Figure 4A). From this pool, we extracted

the 56 most significantly DEGs (p % 0.01) (Figure S3A),

including Tgm2, Pttg1, and Fibp, which have been associated

with TI-Treg cells in the TME of other cancers.45–49 To delineate

the biological processes associated with the 1155 DEGs, we

conducted a pathway analysis (Figure S3B). This analysis re-

vealed differential expression of genes involved in biosynthetic

processes, such as translation or peptides biosynthesis;

cellular regulation and activation, such as lymphocyte activa-

tion or regulation of immune system process; cellular organiza-

tion and transport, including protein transport or leukocyte

cell-cell adhesion; and, metabolic processes, such as canoni-

cal glycolysis or oxidative phosphorylation (Figure S4B).

mTO-iTreg cells exhibit upregulated expression of glycolysis

pathway genes within this GO term annotation list (Figures

S3C and S3D). Additionally, our analysis of cellular regulation

and activation pathways revealed differences in transcription

factors (TFs) associated with Treg cells between TGFb-Treg

and mTO-Treg cells. mTO-iTreg cells show significant

increased expression of genes including Foxp3 (FOXP3),

Eomes (EOMES), Hic1 (HIC1), Gata3 (GATA3), Xbp1 (XBP1)

and Ikzf2 (Helios), alongside significant downregulation of TFs

such as Irf4 (IRF4), Rela (RELA), Maf (C-MAF), Rorc (RORgt),

and Foxo1 (FOXO1), which are crucial for promoting differenti-

ation and modulating immune responses (Figures 4B and

S3E).50–52 We subsequently sought to determine whether

mTO-iTreg cells exhibit closer transcriptional similarities with

in vivo CRC TI-Treg cells compared to TGFb-iTreg cells. To

this end, we investigated the expression of genes previously re-

ported to be more highly expressed in in vivo CRC TI-Treg

cells as compared to peripheral Treg cells in healthy tissue or

peripheral blood.10,11 Themajority of these genes were upregu-

lated in mTO-iTreg cells when compared to TGFb-iTreg cells

(Figures 4C and S3F). mTO-iTreg cells exhibit upregulation of

functional signature genes associated with activated and sup-

pressive TI-Treg cells, including Tnfrsf4 (OX40), Tnfrsf18 (GITR),

Tnfrsf9 (4-1BB), and Tigit (TIGIT), in comparison to TGFb-iTreg

cells (Figure 4C).42,43 The increased expression of some of

these upregulated genes was verified at the protein level by

flow cytometry analysis. OX40, GITR, FAS, and CD27 protein

levels were higher in mTO-iTreg cells compared to TGFb-iTreg
Figure 4. In vitro CRC TO-iTreg cells upregulate functional signature g

(A) Volcano plot displays gene expression fold change against statistical signific

TGFb-iTreg cells (green) (ANOVA, FDR, p % 0.05).

(B) Heatmap of the expression of TFs genes associated with Treg cells in mTO2

(C) Heatmap of the expression of genes associated with in vivo CRC TI-Treg cel

(D) MFI of OX40, GITR, FAS, and CD27 expression in mTO1- and mTO2-iTreg ce

(E and F) Kaplan-Meier curves for CRC patients of the TCGA cohort, using (E) pro

score of the identified signature into two groups (low and high gene expression). Th

point. p values were calculated using one-way ANOVA or unpaired t-test analysi

mTO1 and mTO2: CRC murine tumor-organoid lines.
cells, validating the observed transcriptional increases (Fig-

ure 4D). To investigate whether there was a potential associa-

tion between upregulated genes in mTO-iTreg cells and CRC

prognosis, we identified the top 141 most upregulated genes

(with >3 log-fold change) in mTO-iTreg cells (Figure S4). Subse-

quently, using the gene expression data from the TCGA of CRC

tumors we calculated the mean Z score per patient for the

aforementioned upregulated genes. This cohort was stratified

into low or high expression of the selected upregulated genes

in mTO-iTreg cells. Kaplan-Meier analysis, which compares

survival differences between the two groups of CRC patients,

demonstrated a significant correlation between high expres-

sion of these selected genes and a shortened progression-

free interval (PFI) (Figure 4E) and overall survival (OS) (Figure 4F)

in CRC tumors. Overall, these observations demonstrate a

unique transcriptional profile of mTO-iTreg cells with increased

similarity to in vivo CRC TI-Treg cells compared to TGFb-iTreg

cells, indicating their potential to inform CRC prognosis.

Human CRC TO-iTreg cells have enhanced
immunosuppressive potential in vitro

To extend and validate our observations, we developed a trans-

well co-culture system utilizing human CD4+ T cells derived

from human cord blood. After five-days of co-culture, we as-

sessed the proportion of Treg cells (CD4+ FOXP3+ Treg cells)

by flow cytometry. Similarly to the murine system, the expres-

sion of FOXP3 in CD4+ CD25+ T cells was significantly

increased in the presence of CRC tumor-organoids compared

to the control group of activated CD4+ T cells (Figure 5A).

CRC tumor-organoids cultured (Table 1) with CD4+ T cells ex-

pressed lower levels of TGFb compared to those cultured alone

(Figure 5B). The addition of SB or LY again led to reduced Treg

cell induction in the co-cultures with both CRC tumor-organo-

ids as observed in the murine model (Figure 5C). However, in

contrast to our observations in the murine model, lactate sup-

plementation did not result in an increased proportion of

CD4+ FOXP3+ Treg cells (Figure S5A) and inhibiting LDH had

minor impact on the CD4+ FOXP3+ Treg cell percentage in

any of the co-culture conditions (Figure S5B). To compare the

immunosuppressive functions of hTO- and TGFb-induced

Treg cells, we performed an in vitro suppression assay.53

Here, we cultured CTV-stained peripheral blood mononuclear

cells (PBMCs) with different ratios of hTO-iTreg cells or TGFb

iTreg cells, either at 30% or 80% of the total CD4+ T cells.

The proliferation of the PBMCs was quantified by flow cytome-

try as described earlier. A reduction in PBMC proliferation was

directly proportional to the increasing number of TGFb- or
enes associated with CRC TI-Treg cells in vivo

ance, highlighting significant upregulation in mTO2-iTreg cells (red) compared

-iTreg cells compared to TGFb-iTreg cells.

ls in mTO2-iTreg cells compared to TGFb-iTreg cells.

lls compared to TGFb-iTreg cells.

gression-free interval and (F) overall survival with patients split based on the Z

e numbers included in the curves indicate the number of CRC patients per time

s where appropriate. *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.
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Figure 5. Human CRC tumors-organoids

directly induce immunosuppressive Treg

cells

(A) Percentage of CD4+ CD25+ FOXP3+ Treg

cells after 5 days of cord blood isolated CD4+

T cells culture alone or in co-culture with human

CRC tumor organoid lines (hTO1 and hTO2), as-

sessed using flow cytometry.

(B) Real-time qPCR analysis of expression levels of

TGFbI, relative to B2m, in hTO1 and hTO2 orga-

noids co-cultured with CD4+ T cells are shown as

fold changes compared to hTO1 and hTO2 orga-

noids cultured alone for 5 days.

(C) Percentage of CD4+ CD25+ FOXP3+ Treg cells

after 5 days of CD4+ T cells culture alone or in co-

culture with hTO1 and hTO2, supplemented with

TGFbI receptor kinase inhibitors, SB-431542 (SB,

10mM) and LY364947 (LY, 1mM), assessed using

flow cytometry.

(D) Representative histograms depicting the pro-

liferation of CTV-stained PBMCs cultured either

alone or in a one-to-one ratio with diluted 30%

TGFb iTreg cells, 30% hTO1-iTreg cells, 30%

hTO2-iTreg cells and 80% TGFb iTreg cells.

(E) Survival curve showing the expansion index of

different ratios of CTV-stained PBMCs cultured

alone or co-cultured with different ratios of diluted

30% TGFb iTreg cells, 30% hTO1-iTreg cells, 30%

hTO2-iTreg cells and 80% TGFb iTreg cells after

4-day co-culture, assessed using flow cytometry

(n = 3, different donors).

(F) MFI of OX40 andCD55 expression in hTO1- and

hTO2-iTreg cells compared to TGFb-iTreg cells.

Data are represented as mean ± SD. p values were

calculated using c. *p % 0.05, **p % 0.01, ***p %

0.001 and ****p % 0.0001. CD4+: T activated cells,

hTO1 and hTO2: CRC human tumor-organoid

lines.
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hTO- iTreg cells (Figure S5C). PBMCs co-cultured with hTO-

iTreg cells demonstrated a significant reduction in proliferation

compared to PBMCs alone (Figures 5D and 5E). Additionally,

hTO-iTreg cells co-cultured with PBMCs showed a stronger

suppressive effect compared to those co-cultured with an

equal number of TGFb-iTreg cells (Figures 5D and 5E). To iden-

tify distinctive features of CRC organoid-induced Treg cells in

humans, we characterized hTO-iTreg cells by focusing on

markers found to be upregulated in murine TO-iTreg cells. We

observed upregulation of both OX40 and CD55 in hTO-iTreg

cells compared to TGFb iTreg cells (Figure 5F). These findings

underscore the distinct immunosuppressive properties and

molecular profile of CRC organoid-induced Treg cells in hu-

mans, highlighting their potential role in modulating anti-tumor

immunity.
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DISCUSSION

In vivo, Treg cell differentiation and accu-

mulation within the CRC TME significantly

hinders immune surveillance, ultimately

promoting tumor progression.11,20 How-

ever, the precise mechanisms by which
CRC directly influences Treg cell phenotype and function remain

largely unknown. Insight into TI-Treg cell identity, mechanisms of

accumulation, and function in the TME is critical for targeting

them in immunotherapy. Here, we present a novel in vitro co-cul-

ture model designed to identify and assess the direct effects of

CRC-derived factors on CD4+ T cell homeostasis, particularly

in modulating Treg cell dynamics. CRC-organoids were found

to directly increase the number of TO-iTreg cells through de

novo differentiation of CD4+ T cells in a cell contact-independent

and TGFb-dependent manner. Moreover, in vitro generated TO-

iTreg cells are transcriptionally and phenotypically distinct when

compared to TGFb-iTreg cells. This includes the expression of

critical regulatory genes and distinct cell surface marker profiles,

thereby making TO-iTreg cells more closely resembling TI-Treg

cells found within the TME. High expression of some of these



Table 1. Clinical and mutational characteristics of the patient-derived CRC hTOs used in this study

Organoid

ID Named CRC Stage CRC Location Gender Age Origin APC P53 Kras BRAF SMAD4 RNF43 ARID1A MSI-status

Tor10 hTO1 T4N2M1 Rectum Female 51 Primary S215I G12A V600E F339L P441Afs Q473a MMR+

Tor18 hTO2 Unknown Caecum Male 70 Primary L1489Y I255N MMR+
anonsense mutation.
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TO-iTreg genes in CRC tumors correlates with shorter PFI and

OS, emphasizing their prognostic significance.

Recent studies highlight the relevance of the CRC tumor orga-

noid-immune cell co-culture models, which provide a closer

approximation to the in vivo TME and advancing therapeutic in-

terventions.34,36,37 While significant attention has been given to

studying tumor-reactive T cells using a co-culture system with

CRC tumor-organoids, our study is the first utilizing a co-culture

system evaluating the capacity of tumor organoids to directly

modulate Treg cell differentiation. This model holds potential to

enhance our understanding of how CRC tumors can directly

modulate CD4+ T cells homeostasis resulting in increased Treg

cell differentiation. Furthermore, it offers a valuable in vitro plat-

form for identifying biomarkers associated with Treg cells in

CRC, potentially allowing in vitro screening strategies to identi-

fying and target tumor-specific Treg cells.

Using a contact-independent in vitro co-culture system, we

confirmed the capacity of CRC tumor-organoids to induce

TO-iTreg cells in a contact-independent manner through con-

version of CD4+ T cells to Treg cells. Here, the release of

TGFb by CRC tumor-organoids plays a central role (Figure 2B).

Tauriello et al. demonstrated the regulatory capacity of TGFb in

modulating T cell behavior and its implications in CRC tumor

metastasis utilizing a murine model of metastatic CRC.28 The

resultant metastatic intestinal tumors exhibited elevated

TGFb activation leading to T cell exclusion and suppressed

effector T cell response. In this study, CAFs were identified as

the primary producers of TGFb.28 However, here we found

that CRC tumors can themselves directly regulate Treg cell dif-

ferentiation through the production of TGFb in the absence of

any stromal support. In line with our results Yamada et al.

demonstrated that CRC tumor cell-derived extracellular vesi-

cles, rich in TGFb1, suppressed Jurkat cells proliferation and

induced a Treg-like cell phenotype characterized by the upre-

gulation of genes including FoxP3, CTLA-4, LAG3, IL-10,

PRF1, and GZMB.54 Lactate, a by-product of cancer cell

glycolysis released into the TME, hinders the aerobic glycol-

ysis-dependent activation and proliferation of murine and hu-

man effector T cells, thereby inhibiting tumor immunosurveil-

lance and promoting tumor growth.22,55 In contrast, lactate

facilitates Treg cell differentiation, sustaining their suppressive

function through metabolic reprogramming, as primarily

demonstrated in studies on murine Treg cells.21,22 In our study,

lactate significantly enhances the induction of mTO-Treg cells

but not hTO-Treg cells (Figures 2D and S5A). Previous research

has linked high lactate concentrations with increased suppres-

sive capacity in human Treg cells.56 However, mechanisms

governing human Treg cell differentiation and function in

various metabolic environments are still largely unknown. Un-
derstanding the distinct origins and energy requirements of

Treg cells and effector T cells in the TMEmay help identify ther-

apeutic targets. For instance, TGFb inhibition with other thera-

pies holds promise for CRC treatment by dampening TI-Treg

cells and bolstering effector T cell responses, as seen in other

cancers.57

TGFb signaling is associated with stable Foxp3 expression,

and therefore Treg cell differentiation and function.26,39 Our re-

sults confirm the critical role of TGFb in promoting Foxp3 expres-

sion in TO-iTreg cells. Nevertheless, RNA-seq analysis demon-

strates a distinct transcriptional phenotype between mTO-iTreg

cells and TGFb-iTreg cells, suggesting that whilemTO-iTreg cells

require TGFb signaling (Figure 2C), there must be additional

contributing factors driving the separation of mTO-iTreg cells

from TGFb iTreg cells at the RNA level (Figure 3A). Moreover,

mTO-iTreg cells exhibit a greater similarity to in vivo CRC TI-

Treg cells. The increased expression of genes associated with

immune activation and regulatory functions such as Cd2 (CD2),

GZMB (Granzyme B), Cd46 (CD46), Cd59a (CD59), Cd27

(CD27), Tnfrsf4 (OX40), Tnfrsf18 (GITR), Tnfrsf9 (4-1BB), and Tigit

(TIGIT), indicates increased activation and suppressive function-

ality in mTO-iTreg cells.42,43 This is supported by the differential

expression of TFs observed in mTO-iTreg cells (Figure 4B). Key

factors Gata3 (GATA3) and Ikzf2 (Helios) are critical for maintain-

ing Foxp3expression and lineage stability.58,59DecreasedFoxo1

facilitates Treg cells migration to non-lymphoid organs, while

Gata3+ Helios+ Treg cells, constituting approximately one-third

of colonic Treg cells, are pivotal in fate determination and accu-

mulating in inflamed tissues, including CRC.58–60 Additionally,

increased levels of Helios, Eomes, Hic1, and Bcl6 along with

decreased Foxo1, contribute to Treg effector suppressive capa-

bilities impairing antitumor immune responses.59–63 The expres-

sion of Hic1 (HIC1), Foxp3 (FOXP3), and Tcf7 (TCF-1), together

with the downregulation of Maf (MAF), Rorc (RORgt), Il17

(IL-17), and Ifng (IFNg) (Figures 4B and 4C)—all crucial in regu-

lating intestinal immune homeostasis—suggests the suppres-

sion of proinflammatory Th17-like differentiation and absence

of b-catenin pathway activation inmTO-iTreg cells.64–67 Differen-

tially expressed mTO-iTreg cell genes also include those associ-

ated with metabolic processes such as glycolysis and oxidative

phosphorylation, potentially contributing to the energy require-

ments and metabolic adaptations of mTO-iTreg cells within the

in vitro TME (Figures S3B–S3D). Additionally, involvement in

biosynthetic processes such as translation and peptide biosyn-

thesis suggest potential roles in producing regulatory molecules

and effector proteins crucial for mTO-iTreg cells function within

the in vitro TME. Aligned with these findings, De Ponte Conti

et al. demonstrated that within distinct TILs subtypes, TI-Treg

cells and tumor-reactive CD8+ T cells exhibit an increased
iScience 28, 111827, February 21, 2025 9
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translational activity upon activation.68 Subsequently, TI-Treg

cells upregulated genesassociatedwith their proliferative capac-

ity and immunosuppressive phenotype.68 In conclusion, the tran-

scriptional changes inmTO-iTreg cells indicate a highly suppres-

sive and stable phenotype, resembling tissue-resident and

effector Treg cells found in CRC tumors. This suggests their

contribution to the establishment and maintenance of an immu-

nosuppressive TME in vitro. Understanding the biological rele-

vanceof differentially expressedgenes in TO-iTregcellsmaypro-

vide new insights into how they exert immunosuppressive

functions and influence tumor progression within the TME, offer-

ing unique therapeutic targets for intervention.

Elevated levels of immunosuppressive TI-Treg cells within CRC

tumors are associated with poorer prognosis in patients.11,17–20

Within the pool of significantly upregulated genes in mTO-iTreg

cells, TGM2, PTTG1, and FIBP have previously been associated

with TI-Treg cells in the TME of other cancers. High TGM2 expres-

sion ingastric or pancreatic cancer is associated to increasedTreg

cells presence and a worse prognosis.45,46 PTTG1 expression is

found in immunosuppressive Treg cells in triple-negative breast

cancer and associated with significant Treg cell infiltration in liver

tumors.47,48 Additionally, high expression of FIBP correlates with

elevated frequencyofTregcells inacutemyeloid leukemia, serving

as a prognostic biomarker indicating a poor prognosis.49 In line

with these observations, our study showed that elevated expres-

sion of the most upregulated genes in mTO-iTreg cells correlates

with unfavorable disease outcomes for CRC patients (Figures 4D

and4E).Correlationof thesegeneswithpoorprognosis inCRCun-

derscores their potential as prognostic markers and emphasizes

the relevance of the in vitro model. This model provides a

controlled platform to explore how these genes influence Treg

cell behavior and impact disease progression. This knowledge is

essential for developing targeted therapies that manipulate im-

mune responses in CRC, potentially leading to the development

ofpersonalized treatment strategiesaimedat improvingoutcomes

for CRC patients.

Taken together, we present a novel in vitro approach to

generate and analyze CRC tumor-associated Treg cells. This en-

ables investigations into CRC-immune cell dynamics and tar-

geted strategies crucial for exploring T cell-based therapies to

disrupt Treg cell function and enhance effector T cell anti-tumor

responses within the TME. Ultimately, this may help drive preci-

sion medicine in CRC treatment and improve patient outcomes.

Limitations of the study
TI-Treg cell differentiation and accumulation in the CRC TME

may arise from multiple mechanisms. Our study demonstrates

that Treg differentiation in murine and human transwell co-cul-

tures with CRC tumor organoids occurs in a cell contact-inde-

pendent, TGFb-dependent manner, with lactate playing a role.

However, RNA-seq analysis reveals distinct transcriptional pro-

files of mTO-iTreg and TGFb-iTreg cells, suggesting additional

factors contribute to this separation. The specific tumor-

secreted factors driving the observed Treg cell phenotype and

function remain undefined, requiring further investigation.

Although beyond the scope of this study, incorporating stromal

and other immune components into the co-culture model could

provide deeper insights into the immunomodulatory properties
10 iScience 28, 111827, February 21, 2025
of CRC TME. In CRC, Treg cell accumulation is closely linked to

stromal elements, particularly CAFs. Our previous work showed

that co-culture media from CAFs and CRC organoids contained

elevated levels of immunosuppressive factors, such as TGFb

and VEGFA, which likely contribute to the significant inhibition of

T cell proliferation observed.69 However, the absence of stromal

and additional immune components in the current model limits

its ability to fully replicate the complexity of CRC TME. Incorpo-

rating these elements could better reflect the intricate cell-cell in-

teractions and soluble factor dynamics driving immune suppres-

sion and Treg cell induction in vivo. This expanded model could

enable a more comprehensive investigation of the diverse mech-

anisms underpinning CRC immune evasion.
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Anti-Mouse CD28 Monoclonal Antibody eBioscience Cat# 16-0281-81; RRID: AB_468924

Mouse Anti-CD4-APC Immunotools Cat# 22850046

Mouse Anti-CD25-Pacific Blue Biolegend Cat# 102022; RRID: AB_493642

Mouse Anti-CD134 (OX40)-PE eBioscience Cat# 25-1341-82; RRID: AB_2573396

Mouse Anti-CD27-PE-Cy7 eBioscience Cat# 25-0271-82; RRID: AB_1724035

Mouse Anti-CD357 (GITR)-PE-Cy7 Biolegend Cat# 120222; RRID: AB_528907

Mouse Anti-CD95 (FAS)-BV605 BD optibuild Cat# 740367; RRID: AB_2740099

Human Anti-CD4-FITC Biolegend Cat# 300506; RRID: AB_2562052

Human Anti-CD25-APC Biolegend Cat# 302610; RRID: AB_314279

Human Anti-FOXP3-PE Biolegend Cat# 320108; RRID: AB_492986

Human Anti-FOXP3-PE-Cy7 eBioscience Cat# 25-4776-42; RRID: AB_10804638

Human Anti-OX40-PE Biolegend Cat# 350004; RRID: AB_10641708

Human Anti-CD55-PE Biolegend Cat# 311308; RRID: AB_314865

Chemicals, peptides, and recombinant proteins

PBS (1X) without Ca++, Mg++, 500ml Lonza BE17-516F

FBS Gemini Bio-Products 100-106

Advanced-DMEM/F12 Gibson 12634-010

Penicillin- Streptomycin Thermo Fisher Scientific 15070063

1M HEPES buffer Lonza 17737E

GlutaMAX Thermo Fisher Scientific 35050038

Recombinant murine FGF-basic PeproTech 450-33

N-acetylcysteine Sigma A9165-5g

B-27TM Supplement(50X), serum-free Gibco 17504044

Cultrex� RGF BME, Type 2 R&D systems 3533-005-02

Tryple Express Enzyme Gibco 12604-021

Dispase II Gibco 17105041

EDTA Sigma-Aldrich E6511

Trypan Blue Sigma-Aldrich 72-57-1

Recombinant Human IL-2 Protein PeproTech 200-02

Recombinant Human TGF-beta 1 R&D systems 7754-BH-025

T Cell TransActTM, human Miltenyi Biotec 130-111-160

Ethanol 70% (v/v), extra pure BOOM 84010059.5000

DMSO Sigma-Aldrich D2650

Ficoll Paque Plus GE Healthcare Life Sciences 17144003

A8301 Tocris 2939

SB202190 ApexBio A1632

SB 431542 STEMCELLTM technologies 72232

LY364947 Sigma-Aldrich L6293

Sodium L-Lactate Sigma-Aldrich L7022

Lactate Dehydrogenase Inhibitor II,

GSK2837808A

Tocris Bioscience 5189

DCA Tocris Bioscience 2755

SYBRTM Green PCR Master Mix Thermo Fisher Scientific 4309155

(Continued on next page)

e1 iScience 28, 111827, February 21, 2025



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TRIzol Invitrogen 15596026

DAPI Invitrogen D1306

Critical commercial assays

CD4 (L3T4) MicroBeads, mouse Miltenyi Biotec 130-117-043

LS Columns Miltenyi Biotec 130-042-401

QuadroMACS� MultiStand Miltenyi Biotec 130-042-303

RNeasy Mini kit Qiagen 74104

QubitTM RNA BR Assay Kit Thermo Fisher Scientific Q10210

iScriptTM cDNA Synthesis Kit Bio-RAD 1708890

Human/Mouse/Rat/Porcine/Canine TGF-

beta 1 Quantikine ELISA

R&D Systems DB100C

MagniSort human CD4+ T cell enrichment

kit

Thermo Fisher Scientific 8804-6811-74

BD IMag Cell Separation Magnet BD Biosciences 552311

Foxp3/Transcription Factor Staining Buffer

Set

eBioscience #00-5523-00

Zombie NIRTM Fixable Viability Kit Biolegend 423106

CellTraceTM Violet Cell Proliferation Kit Invitrogen C34557

Deposited data

RNA sequencing Raw Data Single Cell Discoveries B.V. GEO repository (GSE272646)

Experimental models: Cell lines

CRC murine tumor-organoid (mTO) lines Wijler et al.1 Kranenburg lab

CRC human tumor-organoid (hTO) lines Laoukili et al.2; Ubink et al.3 HUB-Cancer TcBio#12–09

Experimental models: Organisms/strains

Transgenic B6-Foxp3EGFP mice (B6.Cg-

Foxp3tm2(EGFP)Tch/J)

The Jackson Laboratory 006772

Oligonucleotides

Murine Beta2m Forward-

CGTGCGTGACATCAAAGAGA

Merck This Study

Murine Beta2m Reverse-

CGCTGGTTGCCAATAGTGAT

Merck This Study

Murine TGF-b Forward-

CCTTCCTGCTCCTCATGG

Merck This Study

Murine TGF-b Reverse-

CGCACACAGCAGTTCTTCTC

Merck This Study

Human Beta2m Forward-

ATGAGTATGCCTGGCCGTGTGA

Merck This Study

Human Beta2m Reverse-

GGCATCTTCAAACCTCCATG

Merck This Study

Human TGF-b Forward-

TGTGCCCGGCTGCTGAAAGC

Merck This Study

Human TGF-b Reverse-

ACAGCAGCCCGAAGGGTCTCA

Merck This Study

Software and algorithms

R2 Genomics Analysis and Visualization

Platform

http://r2.amc.nl

Other

ThinCert� Cell Culture Inserts, hanging

geometry, sealed capillary pore membrane,

physical surface treatment, sterile (pore size

0.4mm)

Greiner BIO-ONE 665640/662640
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Transgenic B6-Foxp3EGFP mice
Transgenic B6-Foxp3EGFPmice (B6.Cg-Foxp3tm2(EGFP)Tch/J, The Jackson Laboratory, stock no. 006772) bothmale and female, aged

8–26 weeks, were used for all experiments. The mice were bred and maintained under specific pathogen-free conditions at the Joint

Animal Laboratory, a facility institute of Utrecht University. All animal protocols were approved by the Utrecht University Animal Wel-

fare Committee. The study followed institutional guidelines for laboratory animal care and use, with approval from the Animal Welfare

Body under the Ethical License of the University Medical Center Utrecht, ensuring compliance with European Directive 2010/63/EU

on the use of animals in scientific research.

Cord blood
Cord blood of healthy male and female donors was obtained according to the Declaration of Helsinki. The collection protocol was

approved by the Ethical Committee of the Utrecht Medical Center (UMCU) in the Netherlands.

CRC murine tumor-organoid lines
CRC murine tumor-organoid (mTO) lines were derived from spontaneous colon tumors originated in a transgenic mouse model with

conditional activation of the Notch1 receptor and deletion of p53 in the digestive epithelium (NICD/p53-/-).70,71 Exome sequencing

revealed mutations in either the Ctnnb1 or Apc genes, indicating classical Wnt pathway activation.70 All mTO lines were confirmed

to be free of mycoplasma contamination.

CRC human tumor-organoid lines
CRC human tumor-organoid (hTO) lines used for this study were established and characterized, as previously described.72,73 The

patient’s primary CRC tumor samples were obtained during a colon resection for primary adenocarcinomawithin the biobanking pro-

tocol HUB-Cancer TcBio#12-09, which was approved by the medical Ethical Committee of the UMCU in the Netherlands. Written

informed consent was obtained from all patients. See Table 1 for an overview of all hTOs used in this study including their clinical

parameters and mutational status. All hTO lines were confirmed to be free of mycoplasma contamination.

METHOD DETAILS

Murine CD4+ T cell isolation
Transgenic B6-Foxp3EGFP mice (B6.Cg-Foxp3tm2(EGFP)Tch/J, The Jackson Laboratory, stock no. 006772) were euthanized for the isola-

tion of CD4+ T cells. These mice express EGFP under the same promoter of the Treg cell-specific transcription factor Foxp3 (Foxp3

eGFP). Thus, EGFP can be used as a surrogate marker of Treg cells presence, which enables quick assessment of Treg cell numbers

by flow cytometry analysis.1 From each mouse, lymph nodes (inguinal, brachial, axillary, and cervical) and spleen were harvested indi-

vidually and smashed against the mesh (70 mm) of a sterile cell strainer in a cell-culture dish containing ice-cold MACs buffer (2% heat-

inactivated FBS (Gemini Bio-Products), 2mM EDTA in PBS). The total number of cells isolated was assessed using a TC20 automated

cell counter (Bio-Rad) using Trypan Blue dye. CD4+ T cells were positively isolatedwithmouse CD4 (L3T4)microbeads (Miltenyi Biotec)

following themanufacture’s protocol. For eachmouse, one LC column (Miltenyi Biotec) was placed tightly in theQuadroMACSTM Sepa-

rator (Miltenyi Biotec). Total alive CD4+ T cell number was determined by TC20 automated cell counter using Trypan Blue dye.

Human CD4+ T cell isolation
CD4+ T cells were isolated fromcord blood of healthy donors. After Ficoll-Paque (GEHealthcare) gradient separation, cordbloodmono-

nuclear cells (CBMCs) were cryopreserved for later use. CD4+ T cells were isolated from the CBMCs fraction in MACs buffer using the

MagniSort humanCD4+ T cell enrichment kit (Thermo Fisher) andBD IMagCell SeparationMagnet (BDBiosciences) following theman-

ufacture’s protocol. Total alive CD4+ T cell number was determined by TC20 automated cell counter using Trypan Blue dye.

CRC tumor-organoid culture
Murine and human CRC tumor-organoids were passaged once a week and their corresponding CRC tumor-organoid medium was

refreshed every three days. To passage CRC tumor-organoids, BME (R&D systems) was dispersed by pipetting and washed with

pre-cold PBS. CRC tumor-organoids were resuspended thoroughly with pre-warmed TrypLE-Express (Gibco), incubated for 5 mi-

nutes at 37�C and mechanically sheared to obtain a single cell suspension. Cells were then washed and resuspended in 50% BME

and 50% medium to the right ratio for passaging (mTOs: 1:15 and 1:25. hTOs: 1:8 and 1:12). Cells were plated as droplets in pre-

warmed culture plate and incubated upside down for approximately 30 minutes at 37oC and 5%CO2. After matrix solidification, cells

were overlaid with their corresponding CRC tumor-organoid medium. The basal BM2 medium for murine and human CRC tumor-

organoids culture consisted of Advanced Dulbecco’s Modified Eagle Medium (DMEM)/F12 medium (Gibco) supplemented with

10 mM N’-2-Hydroxyethylpiperazine-N’-2 ethanesulphonic acid (HEPES, Lonza), 2 mM Glutamax (Gibco), 50 U/ml penicillin-strep-

tomycin (Gibco), 100 ng/ml Noggin conditionedmedium (produced by lentiviral transfection), 1mMN-acetylcysteine (Sigma) and 2%

B27 serum free supplement (Gibco). Then, BM2 mouse (BM2m) medium was further enriched with 10 nM murine recombinant
e3 iScience 28, 111827, February 21, 2025
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fibroblast growing factor (PeproTech) while BM2 human (BM2h) medium included 500 nM A8301 (MedChemExpress) and 10 mM

SB202190 (ApexBio).

Co-culture of CD4+ T cells and CRC-organoids
To establish the co-cultures (Figure 1A), first, two days old CRC tumor-organoids were retrieved from the BME droplets by adding

dispase II (1 mg/ml, Gibco) directly to the medium, followed by a 10-minute incubate at 37oC with 5% CO2. Then, the collected CRC

tumor-organoids were washed with pre-cold PBS and counted. CRC tumor-organoid were then embedded in amixture of 50%BME

and 50% BM2- medium in pre-warmed plates (Corning). After placement, the plates were incubated upside down for 30 minutes at

37�C to solidify BME. Following this, CRC tumor-organoid cultured with or without CD4+ T cells were coveredwith the corresponding

T activation media, BM2m or BM2h culture media supplemented with soluble IL-2 (20 U/ml, PeproTech). For murine cells, functional

grade anti-CD3 (aCD3, 1 mg/mL) and anti-CD28 (aCD28, 1 mg/mL) murine monoclonal antibodies (Invitrogen) were added. For human

cells, a polymeric nanomatrix conjugated to humanized recombinant CD3 and CD28 agonists (T Cell TransActTM, Miltenyi) was

added. Subsequently, the co-cultures were established at a ratio of 1:2,5 CRC tumor-organoids to CD4+ T cells. CD4+ T cells

were isolated following established protocols, and their viability was determined prior to co-culture initiation. In instances of co-cul-

ture conditions, CD4+ T cells were suspended in T activation medium and places in hanging inserts (Corning) within the well plate for

culture initiation. In control conditions where CD4+ T cells were culturedwithout CRC tumor-organoids, CD4+ T cells were suspended

in either T activation medium or Treg induction medium, which consisted of murine or human T activation media supplemented with

recombinant TGFb (10 ng/mL, R&D Systems). These conditions were also seeded in hanging inserts (Corning) within the well plate for

culture initiation. All conditions were incubated at 37�C for a period of 5 days. Following the 5-day incubation period, medium and/or

cells were harvested for further experiments.

The various culture media were enriched with the following supplements: kinase inhibitors targeting the TGFb pathway, including

SB431542 (SB, 10 mM) (STEMCELL technologies) and LY364947 (LY, 1 mM) (Sigma-Aldrich); sodium L-Lactate (Lactate, 10 mM)

(Sigma-Aldrich); a lactate dehydrogenase inhibitor, GSK 2837808A (LDHi, 10 mM) (Tocris Bioscience); or dichloroacetate (DCA,

5 mM) (Tocris Bioscience).

qRT-PCR
Five days oldCRC tumor-organoids, either cultured alone orwithCD4+ T cells, were retrieved from theBMEdroplets andwashedwith

pre-cold PBS. The pellet was then resuspended in 350ul of RLT lysis buffer provided in the RNeasy Mini Kit (Quiagen). RNA was iso-

lated using the RNeasyMini Kit following themanufacturer’s instructions. RNA quantification was conducted using the Qubit Flurom-

eter 3.0 (Invitrogen) also following the manufacturer’s specifications. Long-term storage of RNA samples was at -80oC. 1ug of total

RNA was used to synthesized cDNA using iScript cDNA synthesis kit (Bio-Rad) accordingly to the manufacturer’s protocol. cDNA

samples were stored at -20oC. Real-time quantitative PCR (qPCR) was performed using forward and reverse primers (10uM, Inte-

grated DNA Technologies), which sequences are specified below, to amplify TGFbI. Levels of gene expression were quantified using

SYBR�GreenqPCRmastermixmethod (ThermoFisher Scientific) in a light-based LightCycler 96detector (Roche). Expression levels

were normalized to the housekeeping gene Beta-2 Microglobulin (B2M) using the comparative Ct-method 2�DDCt. Experiments were

carried out in triplicates, and RT-qPCR cycle threshold (Cq) data are depicted as mean values. The following mouse primers were

used: Beta2m F-CGTGCGTGACATCAAAGAGA, R- CGCTGGTTGCCAATAGTGAT and mTGFb1 F- CCTTCCTGCTCCTCATGG,

R- CGCACACAGCAGTTCTTCTC. The following human primers were used: Beta2m F-ATGAGTATGCCTGGCCGTGTGA, R- GG

CATCTTCAAACCTCCATG and hTGFb1 F-TGTGCCCGGCTGCTGAAAGC, R-ACAGCAGCCCGAAGGGTCTCA.

ELISA
To detect TGFb1 released levels in conditioned media from all culture conditions we used a Human/Mouse TGFb1 Quantikine ELISA

kit (R&D systems). Culture conditioned media from all conditions were harvested after 5 days and frozen at -80oC until the assay. To

ensure precision and reliability, we included a basal medium with BME as a control to account for the potential presence of TGFb1 in

BME and its impact on T cell activation and Treg cell induction. We tested conditioned media from activated CD4+ T cells (CD4+) to

specifically assess TGFb1 secretion by these cells. Additionally, we included media from CRC tumor organoids cultured both with

and without CD4+ T cells in our analysis. Latent TGFb1 present in both controls and samples specimens was activated to immuno-

reactive TGFb1 following the ELISA kit manufacturer’s protocol. Standards, controls and samples were then assayed in duplicate

according to the manufacturer’s protocol. The optical density of the color was measured with a microplate reader set at 450 nm.

Proliferation assays
For the assessment ofmurine CD4+ T cell proliferation, CD4+ T cells were stainedwith CellTrace Violet (CTV, Thermo Fisher) following

themanufacturer’s protocol before initiating the culture. After 5-day incubation period detailed in the preceding culture section, CD4+

T cells were prepared for flow cytometry analysis. To evaluate the immunosuppressive effect of Treg cells on peripheral bloodmono-

nuclear cells (PBMCs) proliferation, CTV- stained PBMCs were co-cultured with TO-iTreg cells or TGFb iTreg cells, harvasted after

5 days of culture, at different ratios (1:1, 1:2, 1:5 and 1:10). Experimental conditions included PBMCs alone (stained or unstained),

CTV-stained PBMCs with TGFb iTreg cells, CTV-stained PBMCs with TGFb iTreg cells adjusted to match TI-Treg proportion, and

CTV-stained PBMCs with TI-Treg cells. After 4 days of incubation, the cells were collected and subjected to flow cytometry analysis.
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Flow cytometry analysis
Murine and human CD4+ T cell were first stained with live/dead dye Zombie NIR (BioLegend) in PBS for 15 min at room RT, followed

by subsequent staining with fluorochrome-labeled antibodies. Murine CD4+ T cells were stained with the following antibodies: anti-

CD4-APC (BioLegend), anti-CD25-Pacific blue (BioLegend), anti-OX40-PE (eBioscience), anti-CD27-PE-Cy7 (eBioscience), anti-

GITR-PE-Cy7 (BioLegend), and anti-FAS-BV605 (BD optibuild) in MACs buffer for 15 min at RT. Human CD4+ T cells were stained

with anti-CD4-FITC (BioLegend), anti-CD25-APC (BioLegend), anti-OX40-PE (BioLegend) and anti-CD55-PE (BioLegend). This

staining process occurred in MACs buffer for 15 minutes at room temperature, shielded from light. To evaluate human Treg cell dif-

ferentiation, CD4+ T cells underwent intracellular staining using the Foxp3/Transcription Factor Staining Buffer Kit (Thermo Fisher

Scientific) following the manufacturer’s protocol. Initially, cells were fixed for 45 minutes. Subsequently, anti-FOXP3-PE antibody

(Biolegend), diluted in permeabilization buffer, was added and incubated for 30 minutes at room temperature, shielded from light.

To characterize the markers expressed by hTO-iTreg cells, the same staining kit was utilized. However, FOXP3-PE-Cy7 antibody

(eBioscience), diluted in permeabilization buffer, was applied overnight for intracellular staining. Flow cytometry data were acquired

using a BD LSRFortessa Cell Analyzer (BD Biosciences) with FACSDiva (BD Biosciences) software and a CytoFLEX Flow Cytometer

(Beckman Coulter) with CytExpert software. The data were analyzed with FlowJo (v.10.8.1, Treestar).

RNA-sequencing and analysis
For RNA sequencing experiments, murine CD4+ T cell that were either cultured alone or with CRC tumor-organoids for five days,

collected from the inserts and washed with pre-cold PBS. Zombie NIR, as a live/dead cell marker, and anti-CD4-APC were added

to all single cell suspensions, as described before. Viable cells were FACS-sorted into 1.5ml eppendorfs based on CD4 and Foxp3

eGFP expression using the BD FACSAria II. Sorted cells were lysed in 100 ml TRIzol (Invitrogen) and stored at -80�C before shipping

them on dry ice to Single Cell Discoveries B.V. (Utrecht, The Netherlands). RNA extraction was performed using the standard pro-

tocol. Bulk-cell RNA sequencing was conducted using a modified CELSeq protocol.74,75 In summary, purified RNA samples were

uniquely barcoded with CEL-seq primers in a reverse transcription reaction.74,75 Then, barcoded cDNA molecules were pooled

and linearly amplified through an in vitro transcription reaction. Amplified RNA was fragmented, and its quality assessed (Agilent bio-

analyzer) before starting with the library preparation. Then, sequencing libraries were prepared with another reverse transcription re-

action and PCR amplification to incorporate the right adapters for sequencing Illumina Truseq small RNA primers. The resulting se-

quenceable cDNA library underwent a quality assessment (Agilent bioanalyzer) prior to the paired-end sequencing in an Illumina

Nextseq 500 System. The sequencing depth was of 10million reads per sample. To commence the analysis, the Illumina library index

and CEL-Seq sample barcode were initially identified. Subsequently, sequencing reads were aligned to the mm10 mouse transcrip-

tome (RefSeq: NM_016701.3) employing the Burrows-Wheeler Alignment (BWA) tool.76 The mapping process and the generation of

count tables were executed using the MapAndGo script available at https://github.com/anna-alemany/transcriptomics/tree/master/

mapandgo. Counts were normalized for sequencing depth and RNA composition, using DESeq2’s median of ratios method.77

TheRNA sequencing data were further analyzed usingDESeq2within the R2: Genomics Analysis and Visualization Platform (http://

r2.amc.nl). This web application facilitated Principal Component Analysis (PCA, log2 z-score transformation), identification of differ-

entially expressed genes (DEGs, p value% 0.05), and the creation of heatmaps for specific gene sets displaying themean z-score per

sample. To determine significant changes in gene expression, the false discovery rate (FDR) method was applied for multiple testing

correction, with a threshold of p value % 0.05 (ANOVA or t-test) utilized to define significance. Venn diagrams, illustrating overlaps

between DEG lists, were generated using the Bioinformatics & Evolutionary Genomics website (https://bioinformatics.psb.ugent.be/

webtools/Venn/). Additionally, pathway analysis was conducted using DEGs as input in Toppfun (http://toppgene.cchmc.org) with

pre-determined settings, focusing on gene ontology annotations for biological processes. Finally, to generate the progression-

free interval (PFI) and overall survival (OS) curves, gene expression data of the TCGA cohort was filtered to include only genes upre-

gulated TO-iTreg cells (top 141 genes) and then standardized using z-scores. Each patient’s mean z-score was calculated, and pa-

tients were divided into two equivalent groups (low and high expression) based on these scores. Patients with matching survival data

were retained, and their group assignments were added to the survival data. A survival analysis was performed to compare outcomes

between the low and high expression groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis executed using GraphPad Prism 10. Mean values with corresponding standard deviations (SD) are presented, and a

minimum of three experiments were conducted for each group (refer to Figure Legends for additional details). Statistical significance

was determined through one-way ANOVA with Tukey’s multiple comparison test or unpaired student t test where appropriate. Sig-

nificance levels are denoted by asterisks: P % 0.05 (*), P % 0.01 (**), or P % 0.001 (***) or P < 0.0001 (****).

Z-scores were calculated as the mean-centered expression data for the selected gene set in each sample. This was done by sub-

tracting the mean expression of the gene set from each sample’s expression value and dividing by the standard deviation of the gene

set’s expression across all samples, allowing for normalization and comparison of gene expression levels across the dataset.

Details specific to each figure are provided in the corresponding figure legends.
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