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Abstract 

Background  Allogeneic hematopoietic stem cell transplantation (HSCT) is a curative treatment for leukemia 
and a range of non-malignant disorders. The success of the therapy is hampered by occurrence of acute graft-versus-
host disease (aGvHD); an inflammatory response damaging recipient organs, with gut, liver, and skin being the most 
susceptible. Intestinal GvHD injury is often a life-threatening complication in patients unresponsive to steroid treat‑
ment. Allogeneic mesenchymal stromal/stem cell (MSC) infusions are a promising potential treatment for steroid-
resistant aGvHD. Data from our institution and others demonstrate rescue of approximately 40–50% of aGvHD 
patients with MSCs in Phase I, II studies and minor side effects. Although promising, better understanding of MSC 
mode of action and patient response to MSC-based therapy is essential to improve this lifesaving treatment.

Methods  Single cell human small intestine organoids were embedded in Matrigel, grown for 5 days and treated 
with busulfan for 48 h. Organoids damaged by treatment with busulfan or control organoids were co-cultured 
with 5000, 10,000, and 50,000 MSCs for 24 h, 48 h or 7 days and the analyses such as surface area determination, pro‑
liferation and apoptosis assessment, RNA sequencing and proteomics were performed.

Results  Here, we developed a 3D co-culture model of human small intestinal organoids and MSCs, which allows 
to study the regenerative effects of MSCs on intestinal epithelium in a more physiologically relevant setting than exist‑
ing in vitro systems. Using this model we mimicked chemotherapy-mediated damage of the intestinal epithelium. 
The treatment with busulfan, the chemotherapeutic commonly used as conditioning regiment before the HSCT, 
affected pathways regulating epithelial to mesenchymal transition, proliferation, and apoptosis in small intestinal 
organoids, as shown by transcriptomic and proteomic analysis. The co-culture of busulfan-treated intestinal organoids 
with MSCs reversed the effects of busulfan on the transcriptome and proteome of intestinal epithelium, which we 
also confirmed by functional evaluation of proliferation and apoptosis.

Conclusions  Collectively, we demonstrate that our in vitro co-culture system is a new valuable tool to facilitate 
the investigation of the molecular mechanisms behind the therapeutic effects of MSCs on damaged intestinal epithe‑
lium. This could benefit further optimization of the use of MSCs in HSCT patients.
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Introduction
Allogeneic hematopoietic stem cell transplantation 
(HSCT) is used as a treatment for a variety of acquired 
and inherited disorders of the hematopoietic system, 
including inborn errors of metabolism, disorders of the 
immune system, and hematologic malignancies (e.g. leu-
kemia and lymphoma). An essential component of HSCT 
is the conditioning regimen, consisting of chemotherapy 
and/or total body irradiation, administrated prior to 
hematopoietic cell infusion. The purpose of the condi-
tioning is to target any residual leukemic disease, to pro-
vide sufficient myeloablation for engraftment and enough 
immunoablation to prevent rejection against the trans-
planted graft. However, the conditioning also contributes 
to the development of a major complication of alloge-
neic HSCT, acute graft-versus-host-disease (aGvHD), 
in which immune cells from the donor attack healthy 
recipient tissue, including liver, skin, and gut [1–3]. Espe-
cially intestinal aGvHD is a life-threatening complica-
tion. Recent findings suggest that GvHD development 
in the gut is enhanced by prior chemotherapy-mediated 
epithelial damage [4]. This was confirmed in in  vitro 
experiments whereby chemotherapy-mediated epithelial 
damage increased T cell proliferation and activation [4].

First-line treatment of aGvHD is based on systemic 
corticosteroids that cause immunosuppression to prevent 
fatal disease progression [5]. However, approximately 
50% of aGvHD patients become refractory to corticoster-
oid treatment, resulting in high morbidity and mortality 
rates, and low quality of life in these patients [6–8]. Many 
strategies have been used for a second-line treatment of 
steroid refractory aGvHD patients, such as Janus kinase 
inhibitors (JAK), anti-thymocyte globulin (ATG), and 
extracorporeal photopheresis (ECP) [9, 10]. Although 
the JAK inhibitor, ruxolitinib, has been approved by the 
FDA for the treatment of steroid refractory aGvHD, like 
other approaches this therapy results in considerable side 
effects, such as cytopenia and increased risk of infection. 
Therefore, no agent has yet been established as an opti-
mal second-line treatment for aGvHD [10, 11].

Over the past two decades, mesenchymal stem/stro-
mal cells (MSCs) have formed an attractive tool for cel-
lular therapy in a wide range of clinical settings, including 
aGvHD [12, 13]. MSCs are multipotent progenitor 
cells that are present in various tissues, including bone 
marrow, umbilical cord, and adipose tissue and have 
immunomodulatory, multipotent, and regenerative char-
acteristics [12–16]. In recent publications, MSCs have 
proven to be a promising treatment in steroid-refractory 
aGvHD patients, with a 40–50% salvage rate in Phase II 
clinical trials [10, 17]. The beneficial effects of MSCs were 
attributed mainly to their immunomodulatory capaci-
ties. However, the direct contribution of MSCs to tissue 

regeneration and the underlying molecular mechanisms 
in the treatment of steroid-refractory aGvHD remain 
unknown. A better understanding of the mechanisms 
of MSC function during rescue and repair of damaged 
organs and tissues may improve the efficacy of MSC ther-
apy in GvHD patients.

Current pre-clinical models in animal studies and 
homogeneous cell lines are highly relevant to the field 
but fail to consider the high complexity and biological 
variation of human tissues and organs. Immortalized and 
human primary cell lines have enabled detailed investi-
gation of specific cell types but do not recapitulate the 
cellular heterogeneity characteristics for physiological 
tissues. Although animal models provide a better physio-
logical context, they are troubled by ethical concerns and 
translational limitations due to interspecies differences. 
For this purpose and to interrogate direct effects of MSC 
on epithelium, a suitable in vitro model is needed, which 
partially recapitulates the in  vivo situation of intestinal 
epithelial damage. In the present study, we developed a 
co-culture model of chemotherapy-induced damage in 
small intestine human organoids [4, 18], self-organizing 
3D mini-guts, and human bone marrow derived MSCs, 
and studied the regenerative aspects of MSC treatment 
on damaged intestinal epithelium. With the use of this 
co-culture model, the in vivo interplay between damaged 
intestinal epithelium and MSCs was mimicked, provid-
ing a micro-physiological environment relevant to post-
chemotherapy injury.

Material and methods
Intestinal organoid culture
Human healthy duodenal organoids were cultured from 
biobanked frozen organoids that had been previously 
generated from biopsies obtained from individuals ini-
tially suspected of coeliac disease, but declared free of 
pathology [18, 19]. Individuals had been provided writ-
ten informed consent to participate in this study accord-
ing to a protocol reviewed and approved by the review 
board of the UMC Utrecht, the Netherlands (protocol 
STEM study, METC 10-402/K). To generate organoids 
intestinal tissues were washed and stripped of the under-
lying muscle layers. Tissues were chopped into approxi-
mately 5-mm pieces and further washed with cold PBS. 
For endoscopic biopsy samples, at least 5 biopsy samples 
were collected. Next, tissue fragments were incubated 
in 2 mmol/L EDTA cold chelation buffer (distilled water 
with 5.6 mmol/L Na 2 HPO4, 8.0 mmol/L KH 2 PO4, 96.2 
mmol/L NaCl, 1.6 mmol/L KCl, 43.4 mmol/L sucrose, 
54.9 mmol/L D -sorbitol, 0.5 mmol/L DL -dithiothreitol) 
for 30 min on ice. After removal of the EDTA buffer, tis-
sue fragments were vigorously resuspended in cold chela-
tion buffer using a 10-mL pipette to isolate intestinal 
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crypts. The tissue fragments were allowed to settle down 
under normal gravity for 1 min and the supernatant was 
removed for inspection by inverted microscopy. The 
supernatants containing crypts were collected in 50-mL 
Falcon tubes coated with bovine serum albumin. Isolated 
crypts were pelleted, washed with cold chelation buffer, 
and centrifuged at 150–200g for 3 min to separate crypts 
from single cells. Crypts fragments of epithelium, or sin-
gle cells were embedded in Matrigel on ice (growth fac-
tor reduced, phenol red free; BD Biosciences) and seeded 
in 48-well plates (500 crypts/fragments or 1000 single 
cells per 25uL of Matrigel per well). For maintenance of 
organoid cultures, single cell organoids were obtained 
by dissociating human small intestine organoids (pas-
sage > 7) with the use of TrypLE Express (Gibco, Grand 
Island, NY, USA) and washed with Advanced DMEM/
F12 medium (Gibco) supplemented with 1% penicillin–
streptomycin (Gibco), 1% HEPES (Gibco), and 1% glu-
tamax (Gibco) (GF- medium). Single cell organoids were 
suspended in 33.33% human small intestinal organoids 
expansion medium (hSI-EM) consisting of GF-medium 
supplemented with 50% Wnt-3a conditioned-medium, 
20% R-spondin-1 CM, 10% Noggin CM, EGF (50 ng/ml; 
Peprotech, Rocky Hill, NJ, USA), nicotinamide (10 mM; 
Sigma-Aldrich, Buchs, Zwitserland), N-acetyl-L-cysteine 
(1.25 mM; Sigma-Aldrich), B27 (Gibco), TGF-β inhibi-
tor A83-01 (500 nM; Tocris Bioscience, Abingdon, UK), 
and P38 inhibitor SB202190 (10 µM; Sigma-Aldrich), 
and embedded in 66.66% matrigel (Corning, Bedford, 
MA, USA) (3.333 single cells/10 µl matrigel). Matrigel 
was polymerized for 15 min at 37 °C and overlaid with 
hSI-EM. Medium was changed every 2–3 days and Rho-
kinase/ROCK inhibitor Y-27632 (10 µM; Abcam, Cam-
bridge, UK) was added to the hSI-EM for the first 2–3 
days to avoid anoikis.

Primary cell cultures
Primary MSCs were classified as advanced therapy 
medicinal products (ATMPs), qualified according to 
standards set by the International Society of Cellular 
Therapy [20] and manufactured in the GMP-licensed Cell 
Therapy Facility (Department of Clinical Pharmacy at 
the UMC Utrecht), as described earlier [21–24]. Briefly, 
MSCs were isolated from third-party non-HLA-matched 
healthy bone marrow donors as approved by the Dutch 
Central Committee on Research Involving Human Sub-
jects (CCMO, Biobanking bone marrow for MSC expan-
sion, NL41015.041.12) and all samples were obtained 
with written informed consent from the bone marrow 
donor or parent/legal guardian of the donor. MSCs were 
grown in α-minimal essential medium (α-MEM) (Gibco) 
supplemented with 10% fetal bovine serum, 1% penicil-
lin–streptomycin (Gibco), 1% L-glutamine (Gibco), basic 

fibroblast growth factor (bFGF) (1ng/ml; Gibco), and 
L-ascorbic acid phosphate (200 µM; Sigma-Aldrich) at 
37 °C and 5% CO2. Experiments were performed with 
sub-confluent MSCs at passage 5–9. Description of MSC 
donors used in this study are listed in Additional file  1: 
Table S1.

Co‑cultures of small intestine organoids and MSCs
Single cell small intestine organoids were suspended in 
50% hSI-EM, embedded in 50% matrigel (Corning) and 
pipetted on a 48-well plate or for Transwell co-culture 
experiments in  a 24-well plate with Transwell (Corn-
ing) inserts (500 single cells/10 µl matrigel). Matrigel 
was polymerized for 15 min at 37 °C and overlaid with 
hSI-EM supplemented with Rho-kinase/ROCK inhibitor 
Y-27632 (10 µM; Abcam) for the first 2 days (day 0–2). 
Medium was changed with a corresponding medium 
ratio of 1:7 MSC medium:hSI-EM every 2–3 days. Small 
intestine organoids were treated with busulfan (35 µM; 
Busilvex or TEVA) in 1:7 MSC medium: hSI-EM ratio for 
48 h (day 5–7) and MSCs were co-cultured with busul-
fan-treated small intestine organoids at a density of 5000, 
10,000, and 50,000 cells for 24 h or 48 h (day 7–8/9) (a 
schematic overview is shown in Fig.  1A). When using 
24-well plates, these numbers were scaled according to 
the area (for example, 17,000 MSCs were used in 24-well 
plates vs. 10,000 in 48-well format). For longer incubation 
with MSCs, organoids were treated with 3.5 µM busulfan 
(Busilvex or TEVA) for 48 h (day 5–7), dissociated to sin-
gle cells and co-cultured with MSCs at a density of 5000 
and 10,000 cells for 7 days (day 7–14) (a schematic over-
view is shown in Fig.  2A). When indicated, MSCs were 
labeled with CellTraceTM violet dye (Thermo Fisher 
Scientific, Waltham, MA, USA), according to the manu-
facturer’s protocol. For cell sorting experiments, co-cul-
tures of small intestine organoids and MSCs were sorted 
on the basis of CellTraceTM violet dye expression on a 
BD FACSJazz Cell Sorter (Beckton Dickinson, Franklin 
Lakes, NJ, USA).

Imaging and size analysis of organoids
Phase contrast or bright field co-culture images were 
acquired using an EVOS FL Cell Imaging System 
(Thermo Fisher Scientific). The surface area (EVOS; 
1.25 × and 4 × objective) and total number of organoids 
(EVOS; 1.25 × objective) of at least 3 organoid/matrigel 
droplets that were cultured in 3 different wells for every 
condition were quantified (representative images are 
shown in Figs. 1B and 2B). Organoids without an intact 
intestinal epithelial barrier and lumen were not quanti-
fied and were excluded from the analysis. Quantifica-
tion of total number of organoids and organoid size was 
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carried out using Fiji software [25]. The latter was ana-
lyzed and quantified automatically as well as manually.

Cell proliferation
Cell proliferation was assessed using Click-iT™ Plus EdU 
flow Cytometry Assay Kit (Thermo Fisher Scientific), 
according to the manufacturer’s instructions. Briefly, 10 
µM 5-ethynyl-2’-deoxyuridine (EDU) was added to co-
cultures of small intestine organoids and MSCs and cells 
were incubated in a medium ratio of 1:7 MSC medium: 
hSI-EM for 24 h at 37 °C (day 8–9). Organoids were dis-
sociated using TrypLE Express (Gibco) and stained with 
a live/dead marker Zombie Green (1:1000; Biolegend, 
San Diego, USA) for 15 min at room temperature. Cells 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature. Cells were then permeabilized using Clickt-
iT™ saponin-based permeabilization and wash reagent 
for 15 min and incubated in the presence of a Click-iT™ 
reaction cocktail containing Click-iT™ reaction buffer, 
CuSO4, fluorescent dye picolyl azide (Alexa Fluor 647), 
and PBS for 30 min at room temperature. Cell prolifera-
tion was determined by CytoFlex flow cytometry with 
647 nm excitation (Beckman Coulter) and analyzed using 
CytExpert software.

Analysis of apoptosis
Apoptotic cell death in small intestine organoids was 
assessed using Annexin V apoptosis detection kit 
(Thermo Fisher Scientific, A23204), according to the 
manufacturer’s instructions. Briefly, organoids were dis-
sociated using TrypLE Express (Gibco) and stained with 
a live/dead marker Zombie Green (1:1000; Biolegend) 
for 15 min at room temperature. Subsequently, cells were 
washed with Annexin-binding buffer and stained using 
Alexa647-labeled Annexin V (1:200) for 15 min at room 
temperature. The apoptotic fraction of single cell orga-
noids was detected by flow cytometry using CytoFlex 

flow cytometry with 647 nm excitation (Beckman Coul-
ter) and analyzed using CytExpert software.

RNA‑sequencing and data analysis
Small intestine organoids were treated with busul-
fan (35 µM; Busilvex or TEVA) and co-cultured with 
10,000 MSCs for 48 h at 37 °C, as described above. Co-
cultures were sorted on the basis of CellTraceTM violet 
dye expression on a BD FACSJazz Cell Sorter (Beckton 
Dickinson) and RNA was isolated from single cell orga-
noids using TRIzol LS (Thermo Fisher Scientific). RNA 
was processed as described previously, following the 
CEL-Seq2 protocol [26]. Paired-end sequencing was per-
formed on the Illumina Nextseq500 platform, in 1 × 75 bp 
run mode. Reads were aligned to the hg38 human Ref-
Seq transcriptome using Burrows–Wheeler Transform 
(BWA) [27]. Approximately 15 × 106 reads were mapped 
per sample. Transcript counts were further analyzed with 
the R package DEseq2 [28] using default analysis parame-
ters, and the differential gene expression between groups 
was assessed as shrunken log2 fold changes (LFC). Differ-
ential expression analysis was performed using DESeq2 
in RStudio. Gene enrichment analysis was performed on 
all significantly changed genes (P < 0.05) with the Enrichr 
application using GSEA MSigDB pathways, KEGG path-
ways, and GO Biological Process databases [29]. Volcano 
plots were generated using the R package EnhancedVol-
cano. Heat map analysis was performed on upregulated 
and downregulated genes involved in the apoptosis, pro-
liferation, and epithelial mesenchymal transition pathway 
(EMT) as obtained via GSEA MSigDB pathway analysis. 
Databases describe cellular pathways as exploited by a 
list of genes, which may be associated with different cel-
lular functions in multiple pathways. Therefore, genes 
enriched in the top ten upregulated and downregulated 
pathways and also known from the literature to play an 
important role in the apoptosis, proliferation, and EMT 

(See figure on next page.)
Fig. 1  Co-culture with MSCs rescues the busulfan-induced damage of small intestine organoids. A Schematic overview of the in vitro co-culture 
model of MSCs and small intestine organoids damaged by treatment with busulfan. Single cell small intestine organoids were embedded 
in matrigel and grown for 5 days (day 0–5) and treated with busulfan (35 µM) for 48 h (day 5–7). Organoids damaged by treatment with busulfan 
or control organoids were co-cultured with 5000, 10,000, and 50,000 MSCs for 24 h or 48 h (day 7–8/9) and the surface area of organoids 
was measured. B Representative images of control organoids and organoids treated with busulfan co-cultured without or with 10,000 MSCs at 48 
h after co-culture are shown. C Busulfan reduced the size of the organoids in organoid donor 1 and organoid donor 2.  D Co-culture with MSCs 
increased the size of the organoids after treatment with 5000, 10,000, and 50,000 cells in organoid donor 1 and increased the size of the organoids 
after treatment with 50,000 MSCs in organoid donor 2. E Co-culture with 5 out of 9 tested bone marrow derived-MSC donors increased the size 
of organoids treated with busulfan. The quantification of surface area of the organoids was represented as fold change as compared to control. 
Results are shown as means ± SEM of data from 2 different organoid donors co-cultured with at least 3 MSC donors. Due to the large biological 
variation in organoid size, the statistical analysis of the effect of individual MSC donors on the size of busulfan-induced damaged organoids (E) 
was based on all evaluable individual organoids (of at least 3 organoid/matrigel droplets cultured in different wells). Scale bars, 1000 µm. * p < 0.05, 
** p < 0.01, *** p < 0.001, and **** p < 0.0001 as compared to control (Kruskal–Wallis test or a Mann Whitney test)
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Fig. 2  Co-culturing MSCs with single cell organoids damaged by busulfan improves intestinal organoid development. A. Schematic overview 
of the in vitro co-culture model of longer-term effects of busulfan and MSCs on small intestine organoids. Single cell small intestine organoids 
were embedded in matrigel and grown for 5 days (day 0–5) and treated with busulfan (35 µM) for 48 h (day 5–7). After treatment with busulfan 
organoids were dissociated to single cells and co-cultured with 5000 and 10,000 MSCs for 7 days (day 7–14) and the surface area and total number 
of organoids were measured. B. Representative images of control organoids and busulfan-treated organoids co-cultured without or with 10,000 
MSCs at 7 days after co-culture are shown. C Busulfan reduced the size of the organoids in organoid donor 1 and organoid donor 2.   D Co-culture 
with 10,000 MSCs increased the size of the organoids in organoid donor 1 and in organoid donor 2 . E Busulfan reduced the number of organoids 
in organoid donor 1.  F Co-culturing these organoids with 5000 and 10,000 MSCs increased the number of organoids at 7 days after co-culture. The 
quantification of surface area of the organoids and the number of organoids was represented as fold change as compared to control. Results are 
shown as means ± SEM of data from 2 different organoid donors co-cultured with at least 3 MSC donors. Scale bars, 1000 µm. * p < 0.05 as compared 
to control (Kruskal–Wallis test or a Mann Whitney test)



Page 7 of 20Yetkin‑Arik et al. Stem Cell Research & Therapy          (2024) 15:125 	

pathway, were included in the heat map analysis (in 
Figs. 4E and 6D).

Mass spectrometry sample preparation and protein 
measurement
Small intestine organoids were treated with busul-
fan (35 µM; Busilvex or TEVA) and co-cultured with 
10,000 MSCs for 48 h at 37 °C, as described above. Co-
cultures were sorted on the basis of CellTraceTM vio-
let dye expression (Thermo Fisher Scientific) on a BD 
FACSJazz Cell Sorter (Beckton Dickinson) and single 
cell organoids were harvested in lysis buffer (1% sodium 
deoxycholate (SDC), 10 mM tris(2-carboxyethyl) phos-
phinehydrochloride (TCEP), 40  mM chloroacetamide 
(CAA), and 100  mM tris(hydroxymethyl)aminometh-
ane (TRIS), (pH 8.0) ) supplemented with phosphatase 
inhibitor (PhosSTOP™, Roche Diagnostics) and pro-
tease inhibitor (COmplete™ mini EDTA-free; Roche 
Diagnostics). The lysate was sonicated using a Biorup-
tor® (Diagenode, Seraing, Belgium) and centrifuged at 
2500 g for 10 min at 4 °C. Proteins were concentrated 
using bicinchoninic acid (BCA) assay kit (Waltham 
MA, USA), according to manufacturer’s protocol. Pro-
teins were digested with LysC (protein-enzyme ratio 
1:50) at 37 °C for 4 h and trypsin (protein-enzyme ratio 
1:50) at 37 °C for 16 h. After digestion, peptides were 
desalted using 1cc Sep-Pak C18 cartridges (Waters 
Corporation), dried in vacuum and resuspended in 50 
mM triethylammonium bicarbonate at a final concen-
tration of 5 mg/mL.

Orbitrap Fusion™ Lumos™ Mass Spectrometer 
(Thermo Fisher Scientific) coupled to an Agilent 1290 
HPLC system (Agilent Technologies, Santa Clara, 
California, USA) was used for protein measurements. 
A double-frit trap column of 20 mm × 100 μm inner 
diameter (ReproSil C18, Dr Maisch GmbH, Ammer-
buch, Germany) and analytical column of 40 cm × 50 
μm inner diameter (ReproSil Pur C18-AQ, Dr Maisch 
GmbH, Ammerbuch, Germany) was used. Trapping 
was performed at 5 μl/min in 0.1 M acetic acid in H2O 
for 10 min and analytical separation was performed 
at 300 nl/min for 2 h by increasing the concentration 
of 0.1 M acetic acid in 80% acetonitrile (v/v). Mass 
spectrometer was operated in data-dependent mode, 
automatically switching between MS and MS/MS and 
full-scan was acquired at m/z 350–1500 with a resolu-
tion of 60,000 FHMW, automatic gain control (AGC) 
target of 200,000, and a maximum injection time of 
50 ms. For each scan the most intense precursors above 
5000 threshold were fragmented by higher-energy col-
lisional dissociation using a collision energy of 38%, 
isolation window of 1.2 Da, a resolution of 30,000, 
maximum injection time of 115 ms, and an activation 

time of 0.1 ms. Fragment ion analysis was performed on 
Orbitrap with resolution of 60,000 FHMW and a low 
mass cut-off setting of 120 m/z.

Mass spectrometry data processing and visualization
Proteome Discoverer software (version 2.2, Thermo 
Fisher Scientific) was used for protein quantification. 
Spectra were searched using the Swissprot database 
(version 2014_08) with the search engine Sequest HT. 
Searches were carried out using the following settings: 
trypsin as enzyme, maximum of two missed cleavages, 
taxonomy for homo sapiens, and 10 ppm precursor mass 
tolerance with 0.6 Da fragment mass tolerance. Car-
bamidomethylation on cysteine residues (+ 57.021 Da) 
was set to fixed modification. Dynamic modifications 
were set for oxidation of methionine residues (+ 15.995 
Da), N termini acetylation (+ 42.011 Da) and Met-loss 
(− 131.040 Da) and Met-loss (− 89.030 Da). Percolator 
was set to FDR below 1%.

The open software PERSEUS was used for statistical 
and bioinformatics analysis and to generate figures. Cut-
off values were set to p value ≤ 0.1 and ≥ 1.5-fold change 
differences. Enrichr (Mayaanlab.com) was used for 
functional analysis to identify GO terms. Similar to the 
heat map analysis of the RNA sequencing data, proteins 
enriched in the top ten upregulated and downregulated 
pathways, which were previously reported to play an 
important role in the apoptosis, proliferation, and EMT 
pathway, were also included in the heat map analysis (in 
Fig. 5D and Additional file 1: Fig. S5C).

Statistical analysis
All experiments were performed with human small intes-
tine organoids derived from two healthy donors and co-
cultured with at least 3 MSC donors and were performed 
in triplicate. All data were expressed as mean ± standard 
error of the mean (SEM). GraphPad Prism 9 software was 
used to assess statistical significance by a Kruskal–Wal-
lis test or a Mann Whitney test. Statistical significance 
was defined as * p < 0.05, ** p < 0.01, *** p < 0.001. To cor-
rect for differences between donors, factor correction, as 
described previously [30], was used for flow cytometry 
data.

Results
Co‑culture with MSCs rescues the busulfan‑induced 
damage of small intestine organoids
To understand the mechanisms of MSC function dur-
ing rescue and repair of damaged organs and tissues in 
transplanted patients, we developed an in vitro co-cul-
ture model of chemotherapy damaged small intestinal 
organoids and MSCs (a schematic overview is shown 
in Fig.  1A). Single cell small intestinal organoids were 
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embedded in matrigel, grown for 5 days (day 0–5), and 
treated with busulfan for 48 h (day 5–7). Organoids 
damaged by busulfan or control organoids were co-cul-
tured with 5000, 10,000, and 50,000 MSCs for 24 h or 
48 h (day 7–8/9) and the surface area and total number 
of organoids were assessed (representative images are 
shown in Fig. 1B). Treatment with busulfan reduced the 
size of the organoids by 2.3-fold and 2.2-fold in orga-
noid donor 1 and organoid donor 2 (Fig.  1C), respec-
tively, as compared to control, but did not affect the 
number of organoids (Additional file  1: Fig. S1B). Co-
culture with MSCs increased the size of the busul-
fan-treated organoids in organoid donor 1 in a MSC 
density-dependent manner, by 1.3-fold, 1.4-fold, and 
1.6-fold after treatment with 5000, 10,000, and 50,000 
cells, respectively and increased the size of the orga-
noids by 1.7-fold after treatment with 50,000 cells in 
organoid donor 2 (Fig. 1D). Co-culture of control orga-
noids with MSCs increased the size of donor 1 orga-
noids by 1.3-fold after treatment with 50,000 cells but 
did not show any effect with organoid donor 2 (Addi-
tional file 1: Fig. S1A).

These findings indicate that busulfan decreases the 
size of small intestinal organoids but does not affect 
their number. In addition, our results suggest that 
MSCs can rescue the busulfan-induced damage of small 
intestinal organoids.

Efficacy of MSC rescue of busulfan‑induced damage 
of small intestine organoids is MSC donor‑dependent
Although MSCs have proven to be a promising treat-
ment in steroid-refractory aGvHD patients, the success 
of this therapy is often limited due to donor varia-
tions [17]. For a better clinical application of MSCs in 
aGvHD patients, in vitro donor prediction models may 
overcome donor-dependent limitations and improve 
the efficacy of MSC therapy in these patients. For this 
purpose, the effect of 9 different bone marrow-derived 
MSC donors were analyzed in our in  vitro co-culture 
model of MSCs and busulfan-treated small intestine 
organoids (Additional file 1: Table S1). Co-culture with 
5 out of 9 MSC donors significantly increased the size 
of donor 1 organoids (Fig.  1E, Additional file  1: Fig. 
S1C and D) and 4 out of the 9 MSC donors showed no 
effect (Fig. 1E, Additional file 1: Fig. S1E and F). To test 
whether the rescue by the effective MSC donors was 
organoid donor-dependent, we analyzed 4 out of the 5 
effective MSC donors in organoid donor 2 after dam-
age by busulfan. Similarly, as in organoid donor 1, these 
MSC donors increased the size of the busulfan-treated 
donor 2 organoids (Additional file 1: Table S1).

Overall, our findings suggest that MSCs are able to 
rescue busulfan-induced damage in small intestine orga-
noids, but their efficacy is MSC donor-dependent.

Co‑culturing MSCs with single cell organoids damaged 
by busulfan improves intestine organoid development
Busulfan is a DNA alkylating chemotherapeutic agent 
that affects cell growth and viability by interfering with 
DNA replication and transcription of RNA [31]. To test 
whether MSCs can rescue the longer-term effects of 
busulfan-induced damage in small intestine organoids, 
organoids were co-cultured with MSCs for 7 days after 
the busulfan treatment (a schematic overview is shown in 
Fig. 2A). Similarly, as for the investigation of short-term 
effects of busulfan, first single cell small intestine orga-
noids were embedded in matrigel and grown for 5 days 
(day 0–5), followed by 48 h (day 5–7) treatment with 
busulfan. Subsequently, organoids were dissociated to 
single cells (day 7) and co-cultured with 5000 and 10,000 
MSCs for 7 days (day 7–14) and the surface area and total 
number of organoids were assessed at day 14 (representa-
tive images are shown in Fig.  2B). Busulfan treatment 
reduced the size of the organoids by 2.4-fold and 1.6-
fold in organoid donor 1 and organoid donor 2 (Fig. 2C), 
respectively, and the number of organoids by 1.8-fold in 
organoid donor 1 (Fig.  2E) as compared to control. The 
size of busulfan-treated organoids increased by approxi-
mately 1.5 fold in both tested organoid donors (Fig. 2D), 
after 7 days of co-culture with 10,000 MSCs. Long co-
culture with MSCs resulted also in an increase of size 
in control organoids (Additional file  1: Fig. S2A and B). 
In addition, MSCs increased the number of organoids 
reconstituted after busulfan treatment by approximately 
1.5 fold in organoid donor 1 after 7 days of co-culture 
with MSCs (Fig.  2F), but did not affect the number of 
control organoids (Additional file 1: Fig. S2C).

Taken together, these findings indicate that busulfan-
induced long-term decrease of the size and the number 
of small intestinal organoids grown from single cells. In 
addition, our data demonstrate that MSCs increase the 
size of both control and busulfan-treated organoids, but 
stimulate the development of organoids specifically after 
busulfan-mediated damage.

The MSC secretome contributes to the MSC‑mediated 
rescue of busulfan‑induced damage of small intestine 
organoids
Growing evidence demonstrates that beneficial effects 
of MSCs are derived, at least in part, from their 
secretome [15, 16]. To understand whether the MSC-
mediated rescue of busulfan-induced damage of small 
intestine organoids is controlled by paracrine signalling 
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the organoids were co-cultured with MSCs in a Tran-
swell insert system (a schematic overview is shown 
in Fig.  3A.). Single cell small intestine organoids were 
embedded in matrigel, grown for 5 days (day 0–5) in 
the Transwell insert, and treated with busulfan for 
48 h (day 5–7). Organoids damaged by busulfan were 
co-cultured with 17,000 MSCs of three different MSC 
donors grown in the lower compartment of the Tran-
swell system for 48 h (day 7–9) and the surface area of 
organoids were assessed at day 9 (representative images 
are shown in Fig. 3B). Treatment with busulfan reduced 
the size of donor 1 organoids by 2.8-fold (Fig.  3C), as 
compared to control. Co-culture with MSC donor 
2, 8 and 17 increased the size of the busulfan-treated 

organoids by 1.3-fold, 1.4-fold and 1.2-fold respectively 
(Fig. 3D).

Taken together, these findings indicate that MSC 
secretome contributes to the MSC-mediated increase 
in size of busulfan-treated organoids.

Epithelial mesenchymal transition, apoptosis, 
and proliferation are key signaling pathways driving 
busulfan‑induced intestinal epithelium damage
To identify the molecular pathways controlling the MSC-
mediated rescue of small intestine organoids damaged by 
busulfan, we performed RNA sequencing and proteomic 
analysis of organoids from the co-culture model. MSCs 
were labeled with CellTraceTM violet dye and co-cul-
tured with control or busulfan-treated organoids for 48 h, 

A

B C D

MSCs
Organoids

Day 0
Single cell organoids

Day 5
Intact organoids

Chemotherapy

Day 7
Co-culture

Day 9

Readout
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No MSCs MSCs
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Fig. 3  MSC secretome contributes to the rescue of busulfan-induced damage of small intestine organoids. A Schematic overview of the in vitro 
co-culture model of MSCs and small intestine organoids damaged by treatment with busulfan in a Transwell insert system. Single cell small 
intestine organoids were embedded in matrigel, grown for 5 days (day 0–5) in the Transwell insert, and treated with busulfan for 48 h (day 5–7). 
Organoids damaged by busulfan were co-cultured with 17,000 MSCs grown in the lower compartment of the Transwell system for 48 h (day 7–9) 
and the surface area of organoids were assessed at day 9. B Representative images of control organoids and organoids treated with busulfan 
co-cultured in Transwell system without or with 17,000 MSCs at 48 h after co-culture are shown. C Busulfan reduced the size of the donor 
1 organoids. D Co-culture with MSCs in the Transwell system increased the size of the donor 1 organoids. The quantification of surface area 
of the organoids was represented as fold change as compared to control. Results are shown as means ± SEM of data from organoid donor 1. Due 
to the large biological variation in organoid size, the statistical analysis of the effect of individual MSC donors on the size of busulfan-induced 
damaged organoids was based on all evaluable individual organoids (1 organoid/matrigel droplet cultured in different wells in duplicate). Scale 
bars, 2000 µm. * p < 0.05, and **** p < 0.0001 as compared to control (Kruskal–Wallis test or a Mann Whitney test or one-way ANOVA)
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as described above (Fig. 1A). Co-cultures were sorted on 
the basis of CellTraceTM violet dye expression (Fig. 4A) 
and RNA and proteins were isolated from single cell 
organoids and gene and protein expression patterns were 
analyzed using RNA sequencing and proteomics, respec-
tively. Differential expression (DE) analysis showed 1734 
upregulated and 1550 downregulated genes in busul-
fan-treated organoids as compared to control (Fig.  4B). 
Among the genes upregulated in busulfan-treated orga-
noids the most strongly enriched were those regulat-
ing epithelial to mesenchymal transition, apoptosis, and 
p53 pathway (Fig. 4C). Among the genes downregulated 
in busulfan-treated organoids were regulators of mam-
malian target of rapamycin 1 (mTORC1) signaling and 
cholesterol homeostasis (Fig.  4D). Next, we character-
ized differences in protein expression profiles between 
control organoids and busulfan-treated small intestine 
organoids by DE analysis using the same criteria as out-
lined in the RNA sequencing analysis (Fig. 5A). DE anal-
ysis revealed 130 upregulated and 188 downregulated 
proteins in busulfan-treated organoids as compared to 
control. Busulfan treatment resulted in the upregulation 
of proteins controlling apoptosis, adipogenesis, oxida-
tive phosphorylation, and fatty acid metabolism pathway 
(Fig. 5B) and downregulation of proteins controlling cho-
lesterol homeostasis, mTORC1 signaling and myc tar-
gets V1 pathway (Fig.  5C). As both transcriptomic and 
proteomic analysis demonstrated that next to affecting 
important pathways, such as EMT and apoptosis, busul-
fan also had an effect on pathways regulating prolifera-
tion of intestinal epithelium, such as mTORC1 [32], we 
summarized significantly up- and downregulated genes 
and proteins involved in these pathways in a heat map 
analysis (Figs. 4E and 5D, respectively).

Taken together, these data indicate that the apopto-
sis, proliferation, and EMT pathways play an important 
role in the mode of action of busulfan on small intestine 
epithelium.

MSCs reverse the effects of busulfan on the transcriptome 
and proteome in the intestinal epithelium
To test whether MSCs can reverse the effects of busul-
fan on the intestinal epithelium, we characterized 
differences in gene and protein expression profiles 

between busulfan-treated organoids that were co-cul-
tured with or without MSCs. DE analysis showed 123 
upregulated and 93 downregulated genes (Fig. 6A) and 
76 upregulated and 22 downregulated proteins (Fig. 7A) 
in organoids damaged with busulfan and co-cultured 
with MSCs as compared to damaged organoids without 
co-culture. Among genes upregulated in co-cultures of 
busulfan-treated organoids and MSCs, GSEA MSigDB 
pathway analysis showed enrichment for apoptosis and 
EMT pathways (Fig.  6B). The most strongly enriched 
pathway among downregulated genes in these co-
cultures was Kirsten rat sarcoma viral (KRAS) signal-
ing (Fig.  6C). The proteome analysis revealed the p53 
and mTORC1 signaling as pathways predominantly 
controlled by DE proteins after co-culture of busulfan-
treated organoids with MSCs (Additional file  1: Fig. 
S5A and B). Control intestinal organoids co-cultured 
with MSCs showed 124 upregulated and 186 down-
regulated genes (Additional file  1: Fig. S3A) and 14 
upregulated and 42 downregulated proteins (Additional 
file 1: Fig. S4A) as compared to control organoids with-
out MSC co-culture. The signaling pathways regulated 
by DE genes and proteins in control intestinal orga-
noids co-cultured with MSCs are listed in Additional 
file 1: Figs. S3B and C, S4B and C, respectively. As both 
transcriptomic and proteomic analysis indicate that co-
culture with MSCs has an effect on the EMT, apoptosis, 
and proliferation pathways, which are also affected by 
busulfan in intestinal epithelium, we summarized the 
genes and proteins involved in the regulation of these 
pathways in a heat map analysis (Fig. 6D and Additional 
file 1: Fig. S5C, respectively).

To gain comprehensive insights into the mode of 
action of MSCs in intestinal organoids treated with 
busulfan, we examined whether any of the significant 
proteins that were upregulated or downregulated by 
busulfan treatment were involved in MSC-mediated 
rescue. From the 318 significant proteins that were 
differentially regulated after busulfan treatment, the 
expression of 19 proteins was reversed by co-culture 
with MSCs (Fig.  7B). Interestingly, these proteins 
affected by MSCs were previously described to play an 
important role in regulating the apoptosis and/or pro-
liferation pathway [33–50], the two most significantly 
affected pathways by busulfan (Fig. 5C and D).

Fig. 4  Transcriptomic analysis of busulfan-treated small intestine organoids. A Busulfan-treated organoids or control organoids were co-cultured 
with CellTraceTM violet dye-labelled MSCs for 48 h and single cell small intestine organoid were isolated from these co-cultures by FACS 
sorting. B DE analysis between control and busulfan-treated small intestine organoids (red dots indicate significant genes; p value < 0.05) 
and the accompanying upregulated (C) and downregulated (D) pathways. E Heat map of the differentially expressed genes involved in the EMT, 
proliferation, and apoptosis pathway in control organoids and busulfan-treated organoids is shown (N = 3)

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  Proteomic analysis of busulfan-treated small intestine organoids. A DE analysis between control and busulfan-treated small intestine 
organoids (red dots indicate significant proteins; adjusted p value ≤ 0.1 and ≥ 1.5-fold change differences) and the accompanying upregulated (B) 
and downregulated (C) pathways are shown. D Heat map of the differentially expressed proteins involved in the EMT, proliferation, and apoptosis 
pathway in control organoids and busulfan-treated organoids is shown (N = 3)
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Fig. 6  Transcriptomic analysis of busulfan-treated small intestine organoids co-cultured with and without MSCs. A DE analysis 
between busulfan-treated organoids co-cultured with 10,000 MSCs and without MSCs (red dots indicate significant genes; p value < 0.05) 
and the accompanying upregulated (B) and downregulated (C) pathways are shown. D Heat map of the differentially expressed genes involved 
in the EMT, proliferation, and apoptosis pathway in busulfan-treated organoids co-cultured with and without MSCs is shown (N = 3)
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Taken together, these findings indicate that busulfan 
affects pathways regulating EMT, apoptosis, and prolif-
eration in intestinal organoids and that MSCs reverse 
these effects of busulfan on transcriptome and pro-
teome of intestinal epithelium.

MSCs promote regeneration of busulfan‑induced damage 
in intestinal epithelium by regulating the proliferation 
and apoptosis pathways
Our transcriptomic and proteomic analysis indicated 
proliferation and apoptosis as pathways important 
for MSC-mediated regeneration of small intestine 
organoids damaged by busulfan. To verify this on 
a functional level, apoptosis and proliferation in 

busulfan-treated organoids was evaluated after co-
culture with MSCs using FACS analysis. Busulfan 
increased the percentage of apoptotic single cell intes-
tine organoids from 16.5 to 52.1% (Fig. 8A, B and Addi-
tional file  1: Fig. S6A). Co-culture of these organoids 
with MSCs decreased the percentage of apoptotic sin-
gle cell intestine organoids in a cell density-dependent 
manner from 52.1 to 35.1%, 30%, and 14.8% after treat-
ment with 5000, 10,000, and 50,000 cells, respectively 
(Fig.  8B). Co-culture of MSCs with control organoids 
decreased the percentage of apoptotic single cell small 
intestinal organoids after treatment with 50,000 cells, 
but did not show any effect after treatment with 5000 
and 10,000 cells (Additional file 1: Fig. S6B). Next, we 

Fig. 7  Proteomic analysis of busulfan-treated small intestine organoids co-cultured with and without MSCs. A DE analysis 
between busulfan-treated organoids co-cultured with 10,000 MSCs and without MSCs (red dots indicate significant proteins; adjusted p value ≤ 0.1 
and ≥ 1.5-fold change differences). B Venn diagram of the DE proteins in busulfan-treated organoids as compared to control (grey circle) and of DE 
proteins in busulfan-treated organoids co-cultured with and without MSCs (red circle) and the accompanying heat map analysis is shown
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tested whether MSCs rescue busulfan-induced intesti-
nal damage by stimulating cell proliferation. Busulfan 
decreased the percentage of proliferating single cell 
intestinal organoids from 28.8 to 7.5% and co-culture 
with MSCs increased these percentages to 14.9% after 
addition of 10,000 cells (Fig.  8C, D and Additional 
file 1: Fig. S7A). Co-culture of control organoids with 
MSCs did not have any effect on the percentage of 

proliferating single cell organoids (Additional file  1:   
Fig. S8B). To test whether co-cultures of MSCs and 
control organoids or busulfan-treated organoids affect 
the viability of MSCs, the percentage of live cells in 
MSCs isolated from the co-cultures was determined. 
As shown in the Additional file  1: Fig. S7C, MSCs 
remained fully viable in our co-culture system.

Fig. 8  MSCs promote regeneration of busulfan-induced damage in intestinal epithelium by regulating the proliferation and apoptosis 
pathways. A Apoptotic cell death analysis by flow cytometry, of busulfan-treated single cell small intestine organoids stained with Alexa Fluor 
(AF) 647-conjugated annexin V after co-culture with or without MSCs. B Effects of co-culturing busulfan-treated organoids with 0, 5000, 10,000, 
and 50,000 MSCs on the percentage of apoptotic single cell organoids are shown. C Proliferation analysis by flow cytometry, of busulfan-treated 
single cell small intestine organoids stained with  EdU antibody after co-culture with or without MSCs. D Effects of co-culturing busulfan-treated 
organoids with 0, 5000, 10,000, and 50,000 MSCs on the  percentage of proliferating single cell organoids are shown. Results are shown 
as means ± SEM of organoid donor 1 and organoid donor 2 co-cultured with at least 3 MSC donors. ** p < 0.01 and *** p < 0.001 as compared 
to control (Kruskal–Wallis test)
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Taken together, these data show that MSC promote 
the regeneration of small intestine organoids after 
busulfan-mediated damage by inhibition of intestinal 
epithelium apoptosis and induction of proliferation.

Discussion
Allogeneic MSC infusion is a promising treatment for 
acute steroid refractory GvHD. However, it is still poorly 
understood what the exact mechanism of action of 
MSCs is and why only 50% of aGvHD patients respond 
to MSC therapy. While previous studies mainly focused 
on immunomodulatory capacities of MSCs, very little is 
known regarding the regenerative properties of MSCs 
towards organs, such as the intestine, which is the most 
affected in GvHD and in chemotherapy-mediated dam-
age. Targeting and improving the regeneration is increas-
ingly considered as an essential component in the design 
of the future and/or advancing of the current treatments 
for GvHD. Here, we developed an advanced in vitro co-
culture model of chemotherapy-treated small intestine 
organoids and MSCs, which allowed us to study the 
regenerative effects of MSCs on intestinal epithelium. 
Transcriptomic and proteomic analysis performed using 
this model revealed that chemotherapy (busulfan) treat-
ment affected pathways regulating EMT, proliferation, 
and apoptosis in small intestine organoids. The co-cul-
ture of these organoids with MSCs partially reversed the 
effects of busulfan. These results were further corrobo-
rated by functional evaluation of small intestine organoid 
proliferation and apoptosis.

Our data demonstrate that MSCs from 5 out of 9 
donors tested in our co-culture system strongly increased 
intestinal organoid size after busulfan-mediated damage, 
while the 4 remaining MSC donors showed no effect. 
This rescue of intestinal epithelium by 50 percent of 
tested MSCs donors corresponds closely with the per-
centages of GvHD patients rescued by MSC therapy in 
clinical treatment of GvHD and may suggest that our co-
culture system models intraindividual in  vivo responses 
to MSC therapy [17]. However, before our results can 
be extrapolated to the patient response in GvHD, sev-
eral points need to be still addressed. Firstly, in our co-
culture model we have not included immune cells, which 
are main actors in the destruction of epithelium during 
GvHD and probably also have their individual suscepti-
bility to MSCs. However, the interaction between MSCs 
and immune cells has been extensively studied before and 
the addition of a new cell type to our co-culture system 
will bring another level of complexity. Nevertheless, it is 
the next important step in creating an in vitro platform, 
that mimics the in vivo environment of GvHD. Secondly, 
we analyzed the effects of MSCs on intestinal epithe-
lium, which is only one of the tissues affected in GvHD. 

However, the clinical outcome is determined by all the 
tissues damaged by transplant procedures and affected in 
GvHD patients. Similar co-culture systems using epithe-
lial cells from the liver, skin, or other organs may need to 
be tested for a better overview of the regenerative aspect 
of MSC therapy. Thirdly, as the in  vivo environment 
may influence the regenerative potency of MSCs, pre-
conditioning of MSCs with pro-inflammatory cytokines 
released in GvHD and testing their effects on intestinal 
epithelium in our model should be considered [5, 51].

Busulfan is an alkylating chemotherapeutic agent 
that prevents cell division [52, 53]. However, its poten-
tial mechanism of action is very intricate and probably 
involves multiple biological processes, such as disruption 
of cellular redox equilibrium, proliferation, apoptosis, 
and autophagy [54, 55]. We investigated short- and long-
term busulfan-mediated damage and the corresponding 
MSC-mediated rescue of human small intestine epi-
thelium in our co-culture system. Short-term culture 
of intestinal organoids after treatment with busulfan 
resulted in the reduction of their size and MSCs reversed 
this effect. However, there was no detectable change in 
the organoid number after treatment with busulfan fol-
lowed by short-term co-culture with MSCs. Our pro-
teomic and transcriptomic analysis demonstrated the 
regulation of genes controlling apoptosis and prolifera-
tion after 48 h incubation with busulfan. This suggests 
relatively rapid induction of cell death and inhibition of 
cell proliferation by busulfan, resulting in a smaller size of 
organoids, but not immediate damage of the whole intes-
tinal epithelium. The pro-apoptotic and anti-proliferative 
effects of busulfan were relatively rapidly reversed by the 
co-culture with MSCs, suggesting that MSCs release fac-
tors, which promote proliferation and inhibit apoptosis. 
This is in line with previous studies in animal models or 
in  vitro systems using animal cells, where MSCs were 
shown to rescue radiotherapy- or chemotherapy-medi-
ated damage in organs, such as the testis, colon, or liver 
[56–59]. However, the direct anti-apoptotic and pro-pro-
liferative effect of MSCs was only demonstrated in TM4 
mouse Sertoli cell line in  vitro so far. In in  vivo studies 
the contribution of other cell types, such as immune 
cells, to the anti-apoptotic and/or pro-proliferative out-
come of MSC treatment could not have been excluded 
[57, 58]. Our results demonstrate that long-term culture 
of small intestine organoids after treatment with busul-
fan decreases both the size and the number of organoids. 
The reduced number of organoids might be a conse-
quence of an oxidative stress induction by busulfan [54], 
which results in a delayed increase in cell death. How-
ever, the late adverse effect of other pathways activated 
by busulfan cannot be excluded. Importantly, co-culture 
with MSCs was also beneficial in counteracting these 
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long-term detrimental effects of busulfan. Both size and 
number of organoids increased in the presence of MSCs, 
suggesting that they have long-lasting anti-apoptotic and 
pro-proliferative activity.

As mentioned above, our proteomic and transcrip-
tomic analysis indicated that MSCs revert the effect 
of busulfan on the expression of genes regulating pro-
liferation and apoptosis in small intestine epithelium. 
Although we detected the same processes as being differ-
entially regulated on both transcriptome and proteome 
level, the distinctly affected genes had only partial to little 
overlap. This could be due to the timing of the analysis 
and is not uncommon when comparing proteomic and 
transcriptomic data [60]. It is likely that for some pro-
teins more time following busulfan and MSC treatment is 
required to detect changes in their expression.

Another interesting group of genes, which stood out as 
affected by busulfan and reversely regulated by co-culture 
with MSCs, were genes controlling the EMT pathway. 
EMT is an essential event during organ development, 
plays a key role in wound healing and tissue regeneration, 
and is important during cancer development and metas-
tasis [61]. The upregulation of established EMT regula-
tors, such as SNAI2, VIM, TGFBI, FGF2, and MMP2 by 
busulfan could indicate the pro-carcinogenic long-term 
effects of this chemotherapeutic, which correspond to 
its DNA alkylating activity [62]. However, the upregu-
lation of EMT pathway could also indicate a response 
of the intestinal epithelium to the damage induced by 
busulfan and the activation of the healing program. Like-
wise, EMT genes induced by MSCs in intestinal epithe-
lium damaged by busulfan, e.g. MMP2, FN1, or COL1A1 
could also serve the same purpose of starting the regen-
eration program. However, within the genes that were 
specifically regulated by MSCs in busulfan-treated intes-
tinal epithelium and not in the control organoids, there 
are only two genes with a demonstrated link to EMT. 
These genes, IKZF and PCK1, are not classical EMT reg-
ulators and from the limited evidence available they seem 
to have opposite functions in the control of EMT [63, 64]. 
Similarly, the proteomic regenerative signature of MSCs 
specific to the rescue of busulfan-mediated damage in 
intestinal epithelium does not include proteins regulating 
EMT and contains only the factors governing prolifera-
tion and apoptosis pathways. Therefore, the role of EMT 
in the regenerative effect of MSCs on busulfan-mediated 
damage in intestinal epithelium is not completely clear 
and requires further investigation. It is possible that the 
timing of our analysis is not optimal and verifying the 
expression of genes and proteins regulating the EMT 

pathway at different time points would give a better 
insight into its role in the MSC-mediated rescue.

Our functional analysis of proliferation and apopto-
sis indicate that MSCs have a general anti-apoptotic 
and pro-proliferative effect on intestinal epithelium. In 
the control organoids they inhibit naturally occurring 
apoptosis and albeit not statistically significant, MSCs 
also promote intestinal epithelium proliferation in con-
trol cells (Additional file  1: Supplementary Figs. S6 and 
S7 respectively). Nevertheless, they do exhibit a specific 
rescue effect on small intestine epithelium damaged by 
busulfan, as indicated by a distinct proteomic regenera-
tive signature detected in our analysis. To get a better 
molecular insight into this MSC-mediated regeneration, 
it would be especially interesting to further investigate 
the DRG1 protein from the regenerative signature of 
MSCs. DRG1 expression is downregulated by MSCs 
in control, but upregulated in busulfan-treated intesti-
nal organoids, which suggests that its role in the effect 
of MSC on intestinal epithelium may change depend-
ing on the condition of the cells and the environmental 
context. DRG1 is a highly conserved GTP-binding pro-
tein involved in the regulation of cell proliferation, trans-
lation, and microtubules [65]. Recently, it has been also 
shown to control epithelial cell–cell junctions and intes-
tinal maturation, which illustrates its multifunctional 
potential [66].

There is growing evidence that MSCs execute their 
beneficial effects through paracrine signaling [15, 67, 
68]. In our model, MSCs were cultured around the 
matrigel drop containing small intestinal organoids, so 
there was no stringent separation of the two cell types. 
Although we have not seen a very clear physical interac-
tion between MSCs and organoids, we cannot exclude 
that cell–cell contact did play a role in the intercellular 
communication. Our data from co-culture experiments 
in the Transwell system, where organoids and MSCs were 
separated by a membrane, indicate that MSC secretome 
does contribute to the demonstrated rescue effect. More 
detailed imaging analysis of our co-culture model and the 
secretome of MSCs in these cultures is necessary to bet-
ter understand the molecular nature of the MSCs regen-
erative signaling.

The co-culture system developed in this study with 
small adjustments can potentially also be used more 
broadly and outside of GvHD context, to study recovery 
from different sorts of damage, e.g. irradiation, and in 
different types of cancer. Likewise, it can serve to investi-
gate an interplay between cancer cells and their environ-
ment, as MSCs are known to be important components 
of the tumor niche. Another advantage of this model 
system is that it can be relatively easily scaled up, auto-
mated, and used in a high-throughput fashion. This will 
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allow to screen more MSC donors, patient derived orga-
noid types, and opens the door for personal medicine 
approach.

Conclusions
In conclusion, the MSC organoid co-culture model 
developed in this study is a valuable tool to investigate 
molecular details of communication between MSCs and 
small intestine epithelium. Our model allows the investi-
gation of this interplay between MSC and small intestine 
epithelium in an environment that mimics more closely 
the in vivo situation of chemotherapy conditioning than 
currently available in vitro systems and at the same time 
offers a lower complexity than animal models.
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Additional file 1. Supplementary Fig. S1. Efficacy of MSC treatment in 
the in vitro co-culture model of small intestine organoids and MSCs. A. 
Co-culture with 50.000 MSCs increased the size of healthy small intestine 
organoids in organoid donor 1, but did not affect the size of organoid 
donor 2. B. Co-culture with MSCs did not affect the number of healthy 
and busulfan-treated organoids. C. Representative images of healthy and 
busulfan-treated organoids co-cultured with an effective MSC donor 
(donor 8). D. The quantification of the size of these organoids at 48 h after 
co-culture is shown. E. Representative images of co-cultures of healthy 
organoids and busulfan-treated organoids with a not effective MSC 
donor (donor 6). F. The quantification of the size of these organoids at 48 
h after co-culture. The quantification of surface area of the organoids and 
the number of organoids was represented as fold change as compared 
to control. Results are shown as means ± SEM of data from 2 different 
organoid donors co-cultured with at least 3 MSC donors. Due to the large 
biologic variation in organoid size, the statistical analysis of the effect 
of individual MSC donors (D and F) on the size of control and busulfan 
treated organoids was based on all evaluable individual organoids (of at 
least 3 organoid/matrigel droplets cultured in different wells). Scale bars, 
1000 μm. * p <0.05, ** p <0.01, *** p <0.001, and **** p <0.0001 as com‑
pared to control (Kruskal-Wallis test or a Mann Whitney test). Supplemen‑
tary Fig. S2. Effects of MSC treatment on the size and number of healthy 
organoids at 7 days after coculture. A. Co-culturing MSCs with healthy 
organoids increased the size of organoid donor 1 and organoid donor 2 at 
7 days after MSC treatment. B. Co-culturing MSCs with healthy organoids 
did not affect the number of organoids in organoid donor 1. The quantifi‑
cation of surface area of the organoids and the number of organoids was 

represented as fold change as compared to control. Results are shown as 
means ± SEM of data from 2 different organoid donors co-cultured with at 
least 3 MSC donors. * p <0.05 as compared to control (Kruskal-Wallis test). 
Supplementary Fig. S3. Transcriptomic analysis of healthy small intestine 
organoids co-cultured with MSCs. A. DE analysis of genes in healthy small 
intestine organoids co-cultured with 10.000 MSCs and without MSCs (red 
dots indicate significant genes; p value <0.05) and the accompanying 
upregulated (B) and downregulated (C) pathways are shown. Supple‑
mentary Fig. S4. Proteomic analysis of healthy small intestine organoids 
co-cultured with MSCs. A. DE analysis of proteins in healthy small intestine 
organoids co-cultured with 10.000 MSCs and without MSCs (red dots 
indicate significant proteins; adjusted p value ≤ 0.1 and ≥ 1.5-fold change 
differences) and the accompanying upregulated (B) and downregulated 
(C) pathways are shown. Supplementary Fig. S5. Proteomic analysis of 
busulfan-treated small intestine organoids co-cultured with and without 
MSCs. The accompanying upregulated (A) and downregulated (B) path‑
ways of the DE analysis between busulfan-treated organoids co-cultured 
with 10.000 MSCs and without MSCs (Fig. 6A). C. Heat map of the differen‑
tially expressed proteins involved in the EMT, proliferation, and apoptosis 
pathway in busulfan-treated organoids co-cultured with and without 
MSCs is shown (N=3). Supplementary Fig. S6. Effects of MSC treatment 
on the apoptosis of healthy small intestine organoids. A. Gating strategy 
of single cell organoids in flow cytometry as used in Fig. 7A, Fig. 7B, and 
supplementary Fig. S6B. B. Effects of co-culture of healthy organoids with 
0, 5.000, 10.000, and 50.000 MSCs on the percentage of apoptotic single 
cell organoids are shown. Results are shown as means ± SEM of organoid 
donor 1 and organoids donor 2 co-cultured with at least 3 MSC donors. 
* p <0.05 as compared to control (Kruskal-Wallis test). Supplementary 
Fig. S7. Effects of MSC treatment on the proliferation of healthy small 
intestine organoids. A Gating strategy of single cell organoids in flow 
cytometry as used in Fig. 7C, Fig. 7B, and supplementary Fig. S7C. B. Effect 
of co-culturing healthy organoids with 0, 5.000, 10.000, and 50.000 MSCs 
on the percentage of proliferating single cell organoids is shown. Results 
are shown as means ± SEM of organoid donor 1 and organoids donor 2 
cocultured with at least 3 MSC donors. C. Effect of co-culturing healthy 
organoids with 0, 5.000, 10.000, and 50.000 MSCs on the percentage of 
viable MSCs is shown. Results are shown as means ± SEM. Supplemen‑
tary Table S1. Effect of co-culture with different bone marrow-derived 
MSC donors on size of organoids damaged with busulfan # Fold change 
of the measured surface area of busulfan-treated organoids co-cultured 
with MSCs as compared to organoids co-cultured without MSCs.
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