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Abstract

Background Mesenchymal stromal cells (MSCs) are excessively investigated in the context of inflammation-driven
diseases, but the clinical results are often moderate. MSCs are naturally activated by inflammatory signals, which lead
to the secretion of immune inhibitory factors in inflamed tissues. Many work groups try to improve the therapeutic
outcome of MSCs by genetic modification and the constitutive overexpression of immune modulatory transgenes.
However, the ectopic secretion of immune inhibitory transgenes increases the chances of infections, and constitutive
transgene expression is not necessary for chronic diseases undergoing different inflammatory stages.

Methods We designed and tested inflammation-induced promoters to control transgene expression from integrat-
ing lentiviral vectors in human umbilical cord MSCs. Therefore, we investigated different combinations of general tran-
scription factor elements to achieve a minimal promoter with low basal activity. The best candidates were combined
with interferon-induced GAS or ISRE DNA motifs. The constructs with the highest transgene expression upon addition
of pro-inflammatory cytokines were compared to vectorized promoters from inflammation-induced genes (CD317,
CXCLY, CXCL10, CXCL11 and IDOT). Finally, we investigated IL10 as a potential immune inhibitory transgene by tran-
scriptome analyses, ELISA and in an acute lung injury mouse model.

Results The synthetic promoters achieved a high and specific transgene expression upon IFN-y addition. However,
the CXCL11 promoter showed synergistic activity upon IFN-y, TNF-a and IL1-B treatment and surpassed the transgene
expression height of all tested promoters in the study. We observed in transcriptome analyses that IL10 has no effect
on MSCs and in ELISA that IL10 is only secreted by our genetically modified and activated CXCL11-IL10-MSCs. Finally,
transplanted CXCL11-IL10-MSCs increased CD19+and CD4+ lymphoid cells, and decreased CD11b+Ly6g myeloid
cellsin an ALI mouse model.

Conclusion These results provide new insights into MSC inflammatory activation and the subsequent translation
into a tool for a tailored expression of transgenes in inflaimmatory microenvironments. The newly developed pro-
moter elements are potentially interesting for other inflamed tissues, and can be combined with other elements
or used in other cell types.

Keywords Mesenchymal stromal cells, Immune inhibition, Genetic engineering, Gene regulation

*Correspondence:

Michael Rothe

rothe.michael@mh-hannover.de

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-023-03501-6&domain=pdf
http://orcid.org/0000-0002-6813-4705

Selich et al. Stem Cell Research & Therapy (2023) 14:270

Background

Mesenchymal stromal cells (MSCs) are excessively
investigated as a therapeutic option for a broad spec-
trum of inflammatory diseases in animals and patients
[1]. However, many trials show only a limited beneficial
effect upon MSC application leading to only a few regu-
latory authority-approved therapies worldwide [2-4].
To enhance the natural MSC effects, many work groups
use genetic modifications to overexpress factors con-
tributing to immune modulation (TGF-f, IL10), migra-
tion to inflammatory microenvironments (CXCR4), and
other mechanisms [5-8]. However, MSCs are initially
entrapped in the lung, and the subsequent migration is a
complex and not fully understood process [9, 10]. It was
shown that the constitutive presence of immune inhibi-
tory factors in ectopic organs could increase the risk of
bacterial infections or autoimmune-like observations
[11, 12]. Additionally, some diseases, such as rheuma-
toid arthritis, can occur in flares [13], making respon-
sive immune inhibition preferable. MSCs increase their
immune inhibitory ability upon contact with pro-inflam-
matory cytokines like IFN-y, TNF-a, and IL1-f [14],
and a constitutive transgene expression could dimin-
ish the advantage of a responsive therapy. Therefore, we
tested whether pro-inflammatory cytokines could trig-
ger transgene expression in genetically modified MSCs.
Several natural promoters are activated by specific extra-
cellular signals or the activation of biological pathways.
Synthetic promoters are composed of pathway-specific
transcription factor binding sites and a minimal pro-
moter, which contains general transcription factor bind-
ing sites to help assemble the RNA polymerase complex
[15]. The design of natural and synthetic promoters can
be very challenging. Some minimal promoters induce
transgene expression without the activation signal (leaki-
ness) or achieve only low transgene expression [16].
Physiological gene regulation often depends on regula-
tory elements, which can be distributed over a range
of more than 20 kb and can be challenging to vectorize
[17]. As not all cells are equally susceptible to an activa-
tion signal, promoter designs have to be evaluated in the
respective target cell.

To stably introduce our promoter candidates and the
respective transgene cassettes into human umbilical
cord MSCs (UC-MSCs), we used 3rd generation lentivi-
ral vectors harboring an eGFP under the control of our
promoter candidates. In the same constructs, a consti-
tutively active human phosphoglycerate kinase (PGK)
promoter drove the expression of mCherry, serving as
a transduction control. We designed vectors with seven
different combinations of typical minimal promoter ele-
ments, such as a GC-box, CAAT-box, TFIIB recognition
element (BRE), TATA-box, motif ten element (MTE) and
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downstream promoter element (DPE) [15]. In a second
step, we combined the seven minimal promoter candi-
dates with several copies of the gamma interferon activa-
tion site (GAS) or interferon-sensitive response element
(ISRE), as MSCs in our hands are mainly activated by
IEN-y [18, 19]. The synthetic promoters were compared
to natural promoters of genes activated by pro-inflam-
matory cytokines (CXCL9, CXCL10, CXCL11, CD317,
IDO). Finally, we replaced the reporter gene eGFP with
IL10 as an exemplary anti-inflammatory cytokine and
transplanted the IL10-MSCs into an LPS-induced acute
lung injury (ALI) and acute respiratory distress syndrome
(ARDS) mouse model. In our proof-of-concept mouse
experiments, we showed a modulation of the immune cell
composition in the lung. Overall, inflammation-inducible
promoters might be especially useful in diseases where
constitutive transgene expression is harmful to the cells
or the patient.

Material and methods

UC and MSC culture

Human UC was obtained from full term deliveries (38—
40 weeks) of healthy mothers after written informed con-
sent, in accordance with the standards of the Hannover
Medical School Ethics Committee and with the Helsinki
Declaration of 1975, as revised in 1983. UC pieces (UCP)
were prepared as previously described [19] and cultivated
in MSC15 (MEM «, GlutaMAX"™ Supplement, no nucle-
osides (Thermo Fisher Scientific, Waltham, MA, USA),
15% hAB-serum (C.C.Pro GmbH, Oberdorla, Germany),
1% penicillin/streptomycin (PAN-Biotech, Aidenach,
Germany)) or human serum replaced by 5% platelet lysate
(PL BioScience GmbH, Aachen, Germany). After approx-
imately two weeks, the 12-wells (Sarstedt, Nuembrecht,
Germany) contain around 0.5-1.2*10° adherent cells. To
expand cells from 12 to 6-well plates (Sarstedt) for sub-
sequent analysis, we removed the UCP and passaged the
MSC culture with trypsin (PAN-Biotech). The MSC mon-
olayer cultures were maintained in MSC10 (MEM «a, Glu-
taMAX"" Supplement, no nucleosides (Thermo Fisher
Scientific), 10% hAB-serum (C.C.Pro GmbH), 1% peni-
cillin/streptomycin (PAN-Biotech)) or with 5% platelet
lysate (PL BioScience GmbH). Mesenchymal origin was
confirmed by antibody staining and was characterized
as CD34- (Biolegend, San Diego, USA), CD45- (Milte-
nyi, Bergisch Gladbach, Germany), CD73 + (Biolegend),
CD90 + (Biolegend) and CD105 + (Miltenyi).

Plasmid cloning, vector production, and transduction

To obtain lentiviral vectors with inducible eGFP and con-
stitutive mCherry expression, we used the vector design
based on our previously published All-in-one constitu-
tive Anti-GD2 CAR and inducible cytokine vector [20].
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We replaced the CBX3.EFS in the RRL.PPT.CBX3.EFS.
mCherry.wpre [21] vector by inducible promoter can-
didates, followed by eGFPPGK from the pRRL.PPT.
NFATenh.synTATA(Merlet). EGFP.PGK.newMCS.EBFP2.
i2.ZeoPRE plasmid [20]. The 8xGAS element was kindly
provided by Michael Morgan and the 7xISRE element
was produced by an overlap PCR (Forward: GCGAAA
CCGAAACTATAGCGAAACCGAAACTTATGCGAA
ACCGAAACTGTA, Reverse: TACAGTTTCGGTTTC
GCATAAGTTTCGGTTTCGCTACAGTTTCGGTTT
CGCAA). The core promoters were cloned by HiFi DNA
Assembly (New England BioLabs, Ipswich, MA, USA) of
oligonucleotides containing either the desired element or
a random sequence. We used the ENSEMBL database for
the annotation of physiological promoters [22] and PCR
amplified them from human genomic DNA. All promoter
sequences are shown in Fasta format in Additional file 1.
Third-generation SIN lentiviral vectors were pseu-
dotyped with VSV-G using a four-plasmid split pack-
aging system and the calcium phosphate precipitation
method as previously described [23]. 5x10° HEK293T
cells were seeded in 10 cm-dish (Sarstedt) in HEK293T
medium(DMEM (Thermo Fisher Scientific), 10% FCS
(PAN Biotech), 100 U/mL penicillin/100 pg/mL strepto-
mycin (PAA, Coelbe, Germany) and 1 mM sodium pyru-
vate (PAA)). On the next day, the medium was replaced
by HEK293T medium with 20 mM HEPES (PAN Bio-
tech) and 25 pM chloroquine (Sigma-Aldrich, St. Loius,
MO, USA). For each plate, 5 pg viral vector, 12 pg
pcDNA3.GP4xCTE [24], 5 pg pRSV-REV (kindly pro-
vided by T. Hope) and 1.5 pg pMD.G [25] were precipi-
tated and added to the HEK293T cells. After 8 h, medium
was replaced by fresh HEK293T medium. The medium
was harvested several times, viral particles pelleted
with 82,000xg for 2 h, resuspended in PBS and stored
at -80 °C. Since the transduction efficiency of primary
UC-MSCs varies, we prepared several vector dilutions
in MSC10 with heat-inactivated human serum (56 °C,
20 min) and 4 pg/mL ml protamine sulfate (Sigma-
Aldrich). We measured mCherry transgene expression
after at least six days with the CytoFLEX S (Beckman
Coulter) to assess transduction efficiency and to rule out
the influence of transduction efficiency on eGFP expres-
sion height after activation. To test the activity of induc-
ible promoter candidates, we added 10 ng/mL IFN-y
(PeproTech, Cranbury, NJ, USA), TNF-a (PeproTech),
and IL1-B (PeproTech) alone or in combination for 24 h
and measured the eGFP expression by flow cytometry.
Flow cytometry data were analyzed with FlowJo 10 (Bec-
ton Dickson, Franklin Lakes, NJ, USA) and visualized
with the ggplot2 R-package [26]. Statistical significance
was calculated with a Welch-Test, and a subsequent
Bonferroni corrected pairwise T-test (R Software). The
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transcription factor binding sites were assessed with
AliBaba2.1 [27] and visualized with ggplot2. The expres-
sion of CD317 and IDO was checked by surface antibody
staining of CD317 (BioLegend) and intracellular staining
of IDO (intracellular staining kit from BioLegend and
antibody from ThermoFisher).

Transcriptome analyses

UC-MSC were seeded in MSC10 medium and kept in
culture for 24 h to enable attachment. Afterward, cul-
tures were treated for 24 h with different concentrations
of recombinant IL10 (PeproTech), detached, harvested
by centrifugation at 400xg for 5 min, resuspended in
700 uL. RNAzol B reagent (WAK-Chemie Medical, Stein-
bach, Germany), and frozen at—80 °C. Total RNA was
isolated with the Direct-Zol RNA MiniPrep Kit (Zymo
Research) and on-column DNAse treatment. The total
RNA was submitted to the Research Core Unit Genom-
ics of Hannover Medical School. The Microarray utilized
in this study represents a refined version of the Whole
Human Genome Oligo Microarray 4x44 K v2 (Design
ID 026652, Agilent Technologies), called ‘026652QM_
RCUG_HomoSapiens’ (Design ID 084555) developed
by the Research Core Unit Genomics (RCUG) of Han-
nover Medical School. Microarray design was created at
Agilent’s eArray portal using a 1x1 M design format for
mRNA expression as a template. All non-control probes
of design ID 026652 have been printed five times within
a region comprising a total of 181,560 Features (170 col-
umns X 1068 rows). Four of such regions were placed
within one 1 M region, giving rise to four microarray
fields per slide to be hybridized individually (Customer
Specified Feature Layout). Control probes required for
proper Feature Extraction software operation were deter-
mined and placed automatically by eArray using recom-
mended default settings.

200 ng of total RNA were used to prepare aminoal-
lyl-UTP-modified (aaUTP) cRNA (Amino Allyl Mes-
sageAmpTM II Kit; #AM1753; Thermo Fisher Scientific,
Waltham, MA, USA) applying one round of amplifica-
tion as directed by the company, except for a twofold
downscaling of all reaction volumes. Just one half of the
generated cDNA was used for aaUTP-cRNA synthesis.
The labeling of aaUTP-cRNA was performed by use of
Alexa Fluor 555 Reactive Dye (#A32756; Thermo Fisher
Scientific) as recommended in the manual of the Amino
Allyl MessageAmp " 1I Kit (twofold downscaled reaction
volumes).

cRNA fragmentation, hybridization and washing steps
were carried-out as recommended in the ‘One-Color
Microarray-Based Gene Expression Analysis Protocol
V5.7, except that 700 ng of each fluorescently labeled
cRNA population were used for hybridization.
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Slides were scanned using the Agilent Micro Array
Scanner G2565CA (pixel resolution 3 pm, bit depth 20).
Data extraction was performed with the ‘Feature Extrac-
tion Software V10.7.3.1’ by use of the extraction protocol
file ‘GE1_107_Sep09.xml’

The data were analyzed with the limma package and
visualized with ggplot2 [28, 29]. As donor variability
was strong, we used the donor as a factor in the design
matrix, which ensures the comparison within a donor.
The data can be accessed in the Gene Expression Omni-
bus database (GSE224735).

Functional analyses of the CXCL11S1-IL10 vector

MSC monolayer cultures from three donors were trans-
duced with the lentiviral vectors RRL.PPT.CXCL11S1.
eGFP.PGK.mCherry.wpre  or  RRL.PPT.CXCL11S1.
IL10.PGK.mCherry.wpre pseudotyped with VSV-G as
described before. All experiments were performed at
least six days after transduction to provide time for the
dilution of episomal 1- and 2-LTR circles. MSCs were
activated with 25 ng/mL IFN-y, TNF-qa, and IL1-$ for
24 has described before and analyzed. The IL10 content
in the medium supernatant was quantified by ELISA
(Thermo Fisher Scientific), and eGFP expression was
measured by flow cytometry.

Acute lung injury mouse model

Animal experiments were approved by the supervis-
ing animal research review board at Hannover Medi-
cal School, the Lower Saxony State Office for Consumer
Protection and Food Safety (21/3773) and followed the
ARRIVE guidelines. The experiments and the analy-
ses were performed unblinded. Mice (C57BL/6 ],
10-14 weeks old) were anesthetized by intraperitoneal
injection of 50 pl of 3 mg/kg xylazine hydrochloride
(Bayer GmbH) and 75 mg/kg ketamine hydrochloride
(Albrecht GmbH) dissolved in sterile 0.9% saline. Subse-
quently, mice received 5 pg or 10 pug LPS in a total vol-
ume of 50 ul/mouse intratracheally to induce acute lung
injury [30]. After 4 h, PBS or 5*10° MSCs were injected
into the tail vein before mice were killed with an over-
doses of isoflurane and subsequent removal of blood
from the vena cava after an additional 24 h. Bronchoal-
veolar lavage fluid (BALF) was collected as previously
described [31]. The BALF was centrifuged at 300xg for
10 min, the cells were used for antibody staining, and
the supernatant was frozen at — 80 °C for Tnf-a ELISA
(R&D Systems, Minneapolis, MN, USA). Lungs were
cut into small pieces and digested in 1.5 mL of 1 mg/mL
collagenase (Gibco/Thermo Fisher Scientific), 100 pg/
mL DNAsel (Sigma-Aldrich) and 5 mM MgCl, (Sigma-
Aldrich) at 37 °C for 4 h. The digested lung pieces were
pushed through a 100 um mesh (Sarstedt). Cells were
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harvested, and the immune cell populations were quanti-
fied by antibody staining. DAPI staining (Sigma-Aldrich)
was used to discriminate between living and dead cells.
Different cell populations were characterized by the
markers Cd45 (eBioscience/Thermo Fisher Scientific),
Cdllc (BD Bioscience), Cd11b (eBioscience), Ly6g (Bio-
legend), Cd3 (eBioscience), Cd8 (BD Bioscience), Cd4
(Biolegend) and Cd19 (BD Bioscience). No animals or
data points were excluded. The data were analyzed by
FlowJo 10 and PRISM 6 (GraphPad/ Dotmatics, Boston,
MA, USA). Statistical significance was analyzed by a two-
way ANOVA with subsequent Bonferroni multiple com-
parison correction.

Results

We aimed to design inflammation-inducible promot-
ers for UC-MSCs. Conditional regulation of genes by
physiological promoters can be very challenging due to
a complex architecture [17]. Hence, we designed syn-
thetic promoters, which are usually composed of several
repeats of a specific transcription factor binding site and
a minimal promoter [16]. Third-generation lentiviral
vectors were used to introduce the promoter candidate-
driven reporter eGFP (Fig. 1A). High transduction effi-
ciencies might lead to multiple vector copies per cell and
higher transgene expression [32]. To allow a fair com-
parison of promoter strength, all vectors in this study
contained the fluorescent protein mCherry, driven by the
constitutive hPGK promoter. We applied several vector
dosages to MSCs and only compared equally transduced
samples (gating strategy in Additional file 2). We ana-
lyzed samples below 45% transduction efficiency, as the
number of multiple integrations is low [33]. We chose a
flow cytomeric read-out instead of PCR, as between the
DNA sequence, mRNA and the final protein are many
regulatory steps, which we wanted to include.

All minimal promoter candidates contain a TATA-box
and a transcription initiator motif. We added various spa-
tially close core promoter elements in blocks around it. A
GC-box and CAAT-box as one block (— 106 to — 81 from
transcription start site), MTE and DPE as one block (+18
to+34), and two BREs flanking the TATA-box as one
block (— 37 to — 17) (Fig. 1A). These elements replaced,
in different combinations, a random nucleotide sequence.
The vector design without any promoter elements
(enhanced core promoter A random =ECAR) served as a
negative control [15]. The various combinations of pro-
moter elements were named enhanced core promoter A
(ECA)1to7.

To identify synthetic promoters with low or absent
basal activity in UC-MSCs, we introduced the eight
combinations (ECA1-7 and ECAR) into CD34-CD45-
CD73+CD90+CD105+UC-MSCs ~ with  lentiviral
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vectors (Additional file 3). Transduced cells were treated
with 10 ng/mL IFN-y, TNF-a, and IL1-f. These cytokines
were chosen, as they are the most frequently used factors
for MSCs activation [14] and the chosen concentration
was sufficient to achieve differential transgene expres-
sion. Transgene expression from synthetic promoters
was compared to expression from the elongation factor
1 o short promoter (EFS) and the spleen focus forming
virus (SFFV) U3 promoter, a strong viral promoter [35].
The minimal promoter candidates showed a similar
eGFP-MFI as the random nucleotide sequence (ECAR).
We only observed autofluorescence of MSCs, which
slightly increased upon cytokine treatment (Fig. 1B).
The ECA promoters showed no leakiness in the absence
of activation signal-specific elements. As MSCs in our
hands are mainly activated by IFN-y [19], all mini-
mal promoter variants were combined with eight cop-
ies of the frequently used IFN-responsive element GAS
(y-interferon-activated site) or seven copies of the ISRE
(Interferon-sensitive response element) motif (Fig. 1C/D)
[18]. The ECA7 variant containing all minimal promoter
elements showed the highest eGFP expression in combi-
nation with GAS (GECA?7) or ISRE (IECA7) upon IFN-y
treatment. Interestingly, the performance of the minimal
promoter was different when combined with GAS or
ISRE. We compared the GECAR, GECA7, IECAR, and
IECA?7 to a previously published minimal promoter com-
posed of only the TATA-box “TATATAAT” [34], which
was modularly modified by our laboratory [20]. The
combinations with the ECA7 promoter showed a simi-
lar expression level among six tested UC-MSC donors,
whereas the combinations with the Merlet minimal pro-
moter were very variable (Fig. 1E, Additional file 5).

Since an inflammatory microenvironment con-
sists of many regulatory cues and many factors work

(See figure on next page.)
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synergistically, we tested promoters from inflammation-
induced genes. Therefore, we used our previously pub-
lished UC-MSC transcriptomic data to identify genes
strongly upregulated by inflammatory cytokines [19].
The promoters of the most upregulated genes CXCL9Y,
CXCL10, and CXCLI11 were chosen. We used the
ENSEMBL database and the predicted promoter regions
to replace our synthetic promoter candidates. Further-
more, we chose the promoter of IDOI1 as one of the most
prominent MSC effector molecules. We either used it
alone or in combination with a closely located enhancer
element (E-IDO). We also tested the promoter of BST2/
CD317, a reliable MSC activation marker in our hands.
The CD317 promoter candidate has a size of 396 bp. Due
to a 16 bp GC region, amplification or the commercial
synthesis of longer versions was unsuccessful. All vec-
tors with the promoter candidates were transduced into
UC-MSCs, activated with different combinations of
IEN-y, TNF-a, and IL1-f, and compared to the synthetic
promoters GECA7 and IECA?7 (Fig. 2A). An overview of
all statistical tests to compare the different promoters is
provided in Additional file 5. As expected, the GECA7
and IECA7 promoters were only activated upon IFN-y
treatment. Similar results were observed with the CD317
promoter, but the background expression in the basal
MSC medium was already high. The IDO and E-IDO
promoter candidates showed a very low transgene
expression even upon activation with all cytokines. We
checked the activation of CD317 and IDO by surface
antibody staining of CD317 and intracellular staining of
IDO1 (Additional file 6). We detected CD317 and IDO1
expression upon IFN-y, IEN-y+IL1-B, IFN-y+TNF-a
or IFN-y+IL1-B+ TNF-a treatment, which implies that
the genes are induced, but our vectorized promoters
are lacking important regulatory elements. The CXCL9

Fig. 1 Design and validation of lentiviral vectors and synthetic promoter variants. A Design of the third-generation lentiviral vector and minimal
promoter candidates. The lentiviral vectors encoded for mCherry under the control of the constitutively active human PGK promoter

as transduction control (11-29% mean) and eGFP under the control of one of the synthetic inducible promoter candidates. The synthetic promoters
are composed of pathway-specific transcription factor binding sites (orange box) and a minimal promoter. The minimal promoter contains
binding sites for different general transcription factors, which are important for the assembly of RNA polymerase complexes but not all present

in all physiological promoters. B Evaluation of background activity of minimal promoters without pathway-specific transcription binding sites.
Transduced human UC-MSCs were activated with IFN-y, TNF-a and IL1-B (10 ng/mL each). € Minimal promoters were combined with gamma
interferon activated site (GAS) (box pathway-specific TF-binding sites) and activated with 10 ng/mL IFN-y. D Minimal promoters were combined
with interferon-sensitive response element (ISRE) (box pathway-specific TF-binding sites) and activated with 10 ng/mL IFN-y. E Comparison

of the best candidates with a previously published synthetic TATA-box [34]. Depicted are the means, and error bars indicate SD (n=3-6 Donors).
U3 unique 3 region, R Redundant region, U5 Unique 5 region, PBS Primer binding site, RRE Rev responsive element, cPPT Central polypurine tract,
eGFP Enhanced green fluorescent protein, hPGK Human phosphoglycerate kinase promoter, wPRE Woodchuck hepatitis virus post-transcriptional
regulatory element, BRE TFIIB Recognition Element, MTE Motif Ten Element, DPE Downstream Promoter Element, y & z: placeholder

for positions depending on the pathways specific transcription factor binding site length, MFI Median fluorescent intensity, ECA Enhanced core
promoter A, GECA GAS + Enhanced core promoter A, GASM GAS elements combined with the minimal promoter from Merlet et al. [34], [ECA
ISRE+Enhanced core promoter A, ISREM ISRE elements combined with the minimal promoter from Merlet et al. [34]. The ANOVA with subsequent
Bonferroni-corrected pair-wise t-Test were used to calculate statistical significance and are summarized in Additional file 4
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promoter was mostly responsive to IFN-y addition,
but TNF-a and IL1-B increased the activity. To achieve
expression from the CXCL10 promoter over background,
IFN-y and at least one of the other cytokines were nec-
essary. The CXCL11 promoter was responsive to IFN-y
and TNF-a alone, and the combination led to the highest
eGFP expression observed in the experiments. The addi-
tion of IL1-p to IFN-y but not to TNF-a increased the

+IFN-y (ng/mL):[+10 B10 Donor: M1@2 V3 ¢4 A5 6

eGFP expression. We chose the CXCL11 promoter for
further investigation, as the promoter showed the high-
est transgene expression and synergistic effects among
cytokines.

To better characterize and potentially shorten the
CXCL11 promoter, we designed five shorter versions
covering different parts of the sequence (Fig. 2B). A short
version is preferred as larger vectors usually achieve
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Fig. 2 Comparison of synthetic and physiological promoters upon activation with pro-inflammatory cytokines. Human UC-MSCs were
transduced with lentiviral vectors coding for eGFP under the control of potentially inflammation-inducible promoters, cultivated in MSC medium
(=) or activated with different combinations of pro-inflammatory cytokines (25 ng/mL each). A Depicted on the x-axis are the gene names

of the physiological promoters CD317, CXCL9, CXCL10, CXCL11, IDO and a spatially close enhancer element in the IDO locus in combination

with the IDO promoter (E-IDO). Additionally, the synthetic promoters 8XxGAS (GECA7) or 7xISRE (IECA7) in combination with the minimal promoter
ECA7 is shown. B To identify the most relevant region for the function of the CXCL11 promoter, different shorter versions covering different parts
of the CXCL11 promoter were cloned and tested. C The newly designed lentiviral vectors were tested in UC-MSCs. Mean transduction efficiency
17-40%. Depicted are the means and SD. The ANOVA with subsequent Bonferroni-corrected pair-wise t Test was used to calculate statistical
significance and are summarized in Additional file 4. bp Base pair, ECA7 Enhanced core promoter A7, GECA7 8xgamma interferon activated

site +enhanced core promoter A7, [ECA7 7xinterferon-sensitive response element+enhanced core promoter A7, eGFP Enhanced green fluorescent
protein, MFI Median fluorescent intensity

lower titers, which can hamper clinical translation [36].  shorter versions S1 (510-809 bp) and S2 (300-809 bp)
Additionally, we tested whether adding the synthetic recapitulate the response of the full-length version
ECA7 minimal promoter to an inflammation-induced (Fig. 2C). The ECA7 addition to these CXCL11 pro-
promoter could further boost the activity. The CXCL11  moter variants decreased the expression height of eGFP.
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The promoter variants S3 (1-295 bp) and S4 (1-498 bp)
showed a markedly decreased activity compared to the
full-length promoter, and the activity was not increased/
elevated upon ECA7 addition. Interestingly, the S5 ver-
sion (195-695) showed a substantial reduction in
cytokine-induced transgene expression but was partially
increased by the addition of the ECA7 promoter down-
stream. To explain our observations, we looked at tran-
scription factor binding sites (Additional file 7). The S1
and S2 versions contain two close TATA-binding pro-
tein (TBP) sites (680-689 & 695-704 bp), whereas S5
lacks the second. The ECA7 addition seemed to restore
the core promoter activity in this region. The CXCL11S1
version, which recapitulates the activity of the full-length
CXCL11 promoter, contains specific inflammation-regu-
lated transcription factor binding sites, such as NFkB and
AP-1 family proteins [37, 38], whereas the inactive S3 and
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S4 do not contain any. We continued with the CXCL11S1
promoter, as it was the shortest of the potent promoters.
To test whether the CXCL11S1 promoter-driven
expression can efficiently induce a therapeutic transgene
in an inflammatory setting, we chose the anti-inflam-
matory cytokine IL10, as it is often used in the context
of MSC immune modulation in many diseases [6, 7,
39-43]. Important for our study, the human IL10 can
inhibit mouse immune cells [44]. To exclude a negative
influence of IL10 expression on MSC immune modula-
tion, we treated MSCs with different concentrations
of recombinant IL10 and analyzed the transcriptome
(Fig. 3A). No significantly dysregulated genes were iden-
tified upon treatment with increasing amounts of IL10.
We replaced the eGFP marker gene in our vector with
a codon-optimized human IL10 ¢cDNA and transduced
human UC-MSCs. The transduction with the eGFP
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N
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0 (8]
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C D
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3000 g
=
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MSC Medium  +IFN-y+TNF-a+IL1-8 ' MSC Medium  +IFN-y+TNF-a+IL1-B
[v Msc-Medium A Mock ® cGFP-MSCs W IL10-MSCs |

Fig. 3 Evaluation of human IL10 as an MSC secreted transgene. A UC-MSCs were treated with different concentrations of recombinant human
IL10 for 24 h and the gene expression differences were assessed by microarray analysis. No significant differences were measured after IL10
treatment within the same donor. B UC-MSCs were either not transduced (Mock), transduced with lentiviral vectors coding for eGFP or human
IL10 under the control of the CXCL11S1 promoter. The MSC activation upon treatment with IFN-y, TNF-a and IL1-B (25 ng/mL each) was controlled
by an antibody staining of CD317. C The eGFP expression was controlled by flow cytometry. D The IL10 amount in conditioned medium

was quantified with ELISA. Depicted are the means. Error bars indicate SD. MFI: median fluorescent intensity. The ANOVA with subsequent
Bonferroni-corrected pair-wise t Test was used to calculate statistical significance and is summarized in Additional file 4
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control or IL10 vector did not affect MSC activation, as
shown by the expression of the activation marker CD317
(Fig. 3B). Only the eGFP control vector showed increased
eGFP expression upon activation with IFN-y, TNEF-
a, and IL1-B (Fig. 3C). Vice versa, we detected only the
secretion of human IL10 in the supernatant of activated
CXCL11S1-IL10-transduced MSCs (Fig. 3D). Impor-
tantly, as we detected no IL10 secretion in the superna-
tants of eGFP control vector-transduced or untransduced
MSCs, our IL10 vector expanded the natural secretome
of MSCs by an additional immune-modulatory factor.

Next, we tested whether the CXCL11S1-IL10-trans-
duced MSCs (IL10-MSCs) show superior immune-
modulation compared to CXCL11S1-eGFP-transduced
MSC (eGFP-MSC) when tested in an LPS-induced ALI
mouse model [45]. MSCs are entrapped in the lung upon
intravenous injection in the first hours [46]. We assume
that the therapeutic effect of MSC application should
not depend on their migration potential into the lung.
However, we do not know how many MSCs actively
pass the alveolar—capillary barrier and whether this is
necessary for their therapeutic effect. Intratracheally
applied LPS (5 pg or 10 pg in 50 pL) led to weight loss,
an increase of Tnf-a and inflammatory cells in the BALF
within 28 h (Additional file 8). The intravenous injec-
tion of PBS, eGFP-MSC, or IL10-MSCs 4 h post-LPS
application showed no significant effect on body weight,
the number of immune cells, or Tnf-a concentration in
the BALF within 24 h (Fig. 4A—C). Next, we assessed
the different immune cell types. The transplantation
of CXCL11S1-IL10 MSCs increased the percentage of
Cd45+ Cd19+ B-cells compared to PBS or CXCL11S1-
eGFP-MSC experimental groups (Fig. 4D). The injection
of CXCL11S1-IL10 MSCs did not affect the abundance of
Cd3 + Cd8 + cytotoxic T-cells but increased the percent-
age of Cd3+ Cd4+ T-helper cells compared to the PBS
group (Fig. 4E-F). We observed no effect on the percent-
age of Cd11b +Cd11c+ macrophages (Fig. 4H) but meas-
ured a reduced number of Cd11b+ Ly6g+ neutrophils in
the 10 pg/IL10-MSC group compared to PBS or eGFP-
MSC:s. (Fig. 4I).

(See figure on next page.)
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Discussion
MSCs are used in hundreds of clinical trials for decades,
but only a few therapeutic cell products were approved
by regulatory authorities, as the beneficial effects were
most often moderate [2-4]. Many work groups test
genetic modifications of MSCs to improve their thera-
peutic potential. However, constant transgene expres-
sion, like immune-inhibitory factors, in ectopic organs
can lead to an increased risk of infections and might be
unnecessary in the target organ, if the disease occurs in
waves [12, 13]. In this work, we show several inflamma-
tion-inducible promoters which were tested in vitro and
in an ALI mouse model. Furthermore, we suggest CD317
as a reliable marker for immune activation of MSCs.
MSCs exert most of their immune-modulatory effects
upon contact with a pro-inflammatory microenviron-
ment [14]. A clinical study correlated the response to
MSC treatment to a transient increase in IFN-y lev-
els [47]. Since an inflammatory activation seems to be
necessary to induce immune modulation, we decided
to exploit physiologically activated promoters to drive
potential transgenes of interest, here IL10. However,
as these regulatory elements can be very complex and
distributed among thousands of base pairs [17], we
amended our candidate list of promoters from inflam-
mation-induced genes by synthetic promoters. The com-
bination of GC-box, CAAT-box, BRE, TATA-box, MTE
and DPE in the ECA7 minimal promoter showed no
background expression and a reliable and high activation
upon the combination with IFN-y-responsive elements
(GAS, ISRE). The GAS element was more dependent on
the presence of all elements than ISRE, which reached
comparable transgene levels without MTE/DPE or GC/
CAAT-box. In our experiments, the ECA7 minimal pro-
moter showed a lower donor variability than a previously
published synthetic TATA-box [34]. As we controlled for
the transduction with constitutively transcribed mCherry
and we tested different vector amounts, transduction effi-
ciency as an explanation is very unlikely. Another expla-
nation for the observation could be different cell types
or cell states. Haberle and colleagues discussed that the

Fig. 4 The influence of CXCL11S1-driven IL10 overexpression by UC-MSCs in an ALl mouse model. Human UC-MSCs were transduced

with a lentiviral vector coding for a constitutively expressed mCherry driven by a PGK promoter as transduction control. Additionally, the vector
coded for eGFP or human IL10 under the control of CXCL11S1 promoter. C57BL/6 J mice were intratracheally treated with 50 pL of 5 pg or 10 pg
LPS to induce AL After 4 h, PBS or 5x 10° MSCs either transduced with CXCL11S1-driven eGFP or IL10 were injected into the tail vein. Mice

were killed after an additional 24 h, the bronchoalveolar lavage fluid (BALF) was collected, lungs were digested and the immune composition
analyzed by flow cytometry analyzed. A Mouse weight loss during experiment. B Number of cells in the BALF. C Tnf-a concentration in the first

1.5 mL of the BALF quantified with ELISA. D Frequency of Cd19+ cells in Cd45 + cells. E Frequency of Cd3 +Cd8+ cells in Cd45 + cells. F Frequency
of Cd3+Cd4 +cells in Cd45 +cells. G Frequency of Cd11b+Cd11c+cells in Cd45 +cells. H Frequency of Cd11b+Ly6g + cells in Cd45 +cells.
Depicted are the means. Errors bars indicate SD. Statistical significance was calculated with Two-way-ANOVA and subsequent Bonferroni-corrected

pairwise t-test. *: p<0.05, **: p<0.01, ***: p<0.001
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dependency on certain core promoter elements is dif-
ferent among transcribed genes and, consequently, their
regulatory elements [15]. We showed in previous stud-
ies that MSCs are subjected to a massive clonal selection,
and selected clones show different abilities [21, 48]. Kwee
and colleagues showed heterogeneity among MSCs upon
IFN-y treatment [49]. The ECA7 promoter might reduce
the transgene expression variability among upstream
transcription factor binding sites (GAS/ISRE) or donors
by providing several general transcription factor binding
sites.

The identification of physiological promoters can
be very challenging, as our data confirmed. Both IDO
promoter variants showed nearly no transgene expres-
sion upon pro-inflammatory activation, and the CD317
promoter showed a high background activity without
activation. We showed with our antibody staining that
CD317 was only detected on the surface upon activation
of MSCs. Our previous study showed the regulation on
mRNA level [19]. We had problems during the cloning
of the promoter, as a GC region prevented amplification
from the genome or assembly by a commercial provider,
so we had to test a shorter version. By shortening the
promoter, we might have removed negative regulatory
elements, such as binding sites of CTCF with a GC-rich
binding motif [50]. Since CD317 expression correlated
with one of the most prominent MSC effector proteins
IDO1, we used CD317 as a simple activation marker.
This finding is additionally interesting, as in future stud-
ies, CD317 can be used for the sorting of living cells, in
contrast to fixation of cells for intracellular IDO1 detec-
tion. Among the inducible promoters (GECA7, IEAC7,
CXCL9, CXCL10, and CXCL11), the CXCL11 promoter
showed the highest and broadest pro-inflammatory acti-
vation profile. The activity increased upon IFN-y and
TNF-«, as well as an IL1-f treatment in combination
with IEN-y. We designed shorter versions to character-
ize the CXCL11 promoter and narrowed the regulatory
activity to 300 bp at the 3’end. Only in this region, we
found inflammation-regulated NFxB and AP-1 fam-
ily binding sites [37, 38]. The 300 bp CXCL11S1 version
was sufficient for in vitro IL10 secretion and to achieve
significant differences in an ALI mouse model. We chose
IL10 as proof-of-concept, as it is used in many disease
contexts [6, 39, 40, 42, 43, 51] and it showed no effect
on MSCs in our transcriptome analyses. However, the
benefit of additional IL10 expression by transplanted
MSCs in the Ali mouse model was shown only for some
of the assessed parameters. We observed no effect on
weight loss, cell numbers in the BALF, or abundance of
Cd3+Cd8+or Cdllb+Cdllc+. We observed only a
trend of decreased Tnf-a concentration in the BALF and
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a significantly higher percentage of Cd19+ B-cells and
Cd3+Cd4+T cells, and a significantly reduced number
of Cd11b+Ly6g+myeloid cells. Whether our observa-
tions would translate to a therapeutically relevant effect
in patients is difficult to judge. Zhu and colleagues trans-
planted unmodified UC-MSCs into patients suffering
from COVID-19 infection in a placebo-controlled clinical
trial [52]. MSC infusion shortened the time to symptom
remission compared to the placebo group. Interestingly,
the authors observed an increase of monocytes and a
decrease of B cells and CD4+T cells in the peripheral
blood of MSC-transplanted patients. They analyzed the
immune cell composition in the peripheral blood and the
lungs of an ALI mouse model. They showed an increase
of B cells in the lung of MSC transplanted mice compared
to the LPS-only group. The investigators hypothesized
that the reduced proportion of B cells in the peripheral
blood was due to the influx of B cells into the lung. Simi-
larly, we observed an increase in B cells in mouse lungs
only in the CXCL11S1-IL10-MSC and not in the PBS or
CXCL11S1-eGFP-MSC group. Subsequent optimiza-
tion of the MSC application route, MSC therapeutic time
window, analysis time point, assessed parameters and an
evaluation of other transgenes will contribute to a better
understanding of observed effects in the mouse model.

Conclusion

We could show that MSCs express CD317 upon inflam-
matory activation, which marks IDO1-expressing MSCs.
This surface marker could be used as an MSC activation
marker. Further, we designed and evaluated the minimal
promoter ECA7 with low background activity and reli-
able activation by IFN-y addition. The described minimal
promoters could be combined with other pathway-spe-
cific DNA motif elements to exploit other signaling path-
ways in other research fields. Conditional expression
provides the possibility to limit the transgene effect to
a certain microenvironment. For many inflammation-
driven diseases and cell types, which potentially engraft
for years in patients, such as regulatory T cells, transgene
expression is only needed upon reoccurring inflamma-
tion [53]. We also showed that a shortened version of
the CXCL11 promoter is broadly activated in an inflam-
matory context, sufficient to drive IL10 secretion. In our
handy, IL10 was not naturally secreted by UC-MSCs and
had no effect on the transcriptome of MSCs. However,
it potentially improved MSC effects in an ALI mouse
model. In summary, our results provide many insights
into MSC activation and conditional transgene expres-
sion, which can be transferred to other disease contexts
and cell types.
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Abbreviations

AL Acute lung injury

ARDS Acute respiratory distress syndrome
BALF Bronchoalveolar lavage fluid

BRE TFIIB recognition element

CcD Cluster of differentiation

CXCL10  CXC-Ligand 10

CXCL11  CXC-Ligand 11

CXCL9 CXC-Ligand 9

CXCR4 C-X-C chemokine receptor type 4
DPE Downstream promoter element
ECA Enhanced core promoter A

EFS Elongation factor 1 a short promoter
eGFP Enhanced green fluorescent protein
GAS Gamma interferon activation site
IFN-y Interferon-y

IL10 Interleukin 10

IL1-B Interleukin 13

ISRE Interferon-sensitive response element
MSC Mesenchymal stromal cell

MTE Motif ten element

PGK Phosphoglycerate kinase

SFRV Spleen focus forming virus

TNF-a Tumor necrosis factor a

uc Umbilical cord

ucp Umbilical cord piece

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-023-03501-6.

Additional file 1: The influence of CXCL11S1-driven IL10 overexpression
by UC-MSCs in an ALl mouse model.

Additional file 2: Gating strategy of MSCs transduced with lentiviral
vectors.

Additional file 3: Confirmation of the mesenchymal origin by surface
staining.

Additional file 4: Statistical analysis of promoter activation

Additional file 5: Analyses of GAS or ISRE elements combined with differ-
ent minimal promoters.

Additional file 6: Antibody staining of CD317 and IDO1 upon different
stimuli.

Additional file 7: Detailed overview of transcription factor binding
position.

Additional file 8: The effect of the ALI mouse model without a therapeu-
tic attempt.

Acknowledgements

We express our appreciation to Kathleen Robel for help with the umbilical
cord preparation (Department of Obstetrics and Gynecology, MHH). We thank
Michael Morgan for providing the GAS element (Institute of Experimental
Hematology, MHH). We thank the Research Core Unit Genomics at Hannover
Medical School for their help with the microarray data.

Author contributions

A. S contributed to the conception and design, collection and/or assembly of
data, data analysis and interpretation, manuscript writing, and final approval
of manuscript. JF contributed to the collection and/or assembly of data,

data analysis, and interpretation. LW contributed to the collection and/or
assembly of data, data analysis, and interpretation. UAM and TR contributed to
the collection and/or assembly of data, data analysis, and interpretation. MG
contributed to the collection and/or assembly of data, data analysis, and inter-
pretation. CvK contributed to the provision of study material and administra-
tive support. A. S contributed to the conception and design, financial support,
data analysis and interpretation, manuscript writing, and final approval of the

Page 12 of 14

manuscript. MR contributed to the conception and design, financial support,
collection and/or assembly of data, data analysis and interpretation, manu-
script writing, and final approval of manuscript. All authors read and approved
the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
supported by grants from the DFG (RO 5102/1-2) and the REBIRTH Center for
Translational Regenerative Medicine through the State of Lower Saxony (MWK:
ZN3440). The funding bodies played no role in the design of the study and
collection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
The microarray data can be accessed in the Gene Expression Omnibus data-
base (GSE224735). Detailed plasmid sequences are available upon request.

Declarations

Ethics approval and consent to participate

Human UC was obtained from full term deliveries (38-40 weeks) of healthy
mothers after written informed consent, in accordance with the Helsinki
Declaration of 1975 (revised in 1983) and approved by the Hannover Medical
School Ethics Committee on 16th July, 2015 (Viral gene transfer in umbilical
cord tissue and blood, 2791-2015). Animal experiments with the title “Orienta-
tion study for the use of genetically-modified mesenchymal stromal cells for
acute lung injuries”were approved by the supervising animal research review
board at Hannover Medical School and the Lower Saxony State Office for
Consumer Protection and Food Safety on February 2, 2022 (21/3773).

Consent for publication
Not applicable.

Competing interests
The authors do not have any disclosures or conflicts of interest to declare.

Author details

"Hannover Medical School, Institute of Experimental Hematology, Building
J11,HBZ, Level 01, Room, 6540 Hannover, Germany. 2Division of Experimental
Pneumology, Hannover Medical School, Hannover, Germany. *Department

of Obstetrics and Gynecology, Hannover Medical School, Hannover, Germany.
“German Center for Lung Research, Partner Site BREATH, Hannover, Germany.
>Division of Hematology/Oncology, Boston Children’s Hospital, Harvard Medi-
cal School, Boston, MA, USA.

Received: 3 March 2023 Accepted: 14 September 2023
Published online: 23 September 2023

References

1. Leyendecker A, Pinheiro CCG, Amano MT, Bueno DF. The use of human
mesenchymal stem cells as therapeutic agents for the in vivo treat-
ment of immune-related diseases: a systematic review. Front Immunol.
2018;9:2056.

2. Cudkowicz ME, Lindborg SR, Goyal NA, Miller RG, Burford MJ, Berry JD,
et al. A randomized placebo-controlled phase 3 study of mesenchymal
stem cells induced to secrete high levels of neurotrophic factors in amyo-
trophic lateral sclerosis. Muscle Nerve. 2021. https://doi.org/10.1002/mus.
27472,

3. CasiraghiF, Perico N, Podesta MA, Todeschini M, Zambelli M, Colledan
M, et al. Third-party bone marrow-derived mesenchymal stromal cell
infusion before liver transplantation: a randomized controlled trial. Am J
Transplant. 2020. https://doi.org/10.1111/ajt.16468.

4. Sanchez-Guijo F, Garcia-Arranz M, Lopez-Parra M, Monedero P, Mata-
Martinez C, Santos A, et al. Adipose-derived mesenchymal stromal cells
for the treatment of patients with severe SARS-CoV-2 pneumonia requir-
ing mechanical ventilation a proof of concept study. EClinicalMedicine.
2020;25:100454.

5. ChenJ, Zhang X, Xie J, Xue M, Liu L, Yang Y, et al. Overexpression of TGF(31
in murine mesenchymal stem cells improves lung inflammation by


https://doi.org/10.1186/s13287-023-03501-6
https://doi.org/10.1186/s13287-023-03501-6
https://doi.org/10.1002/mus.27472
https://doi.org/10.1002/mus.27472
https://doi.org/10.1111/ajt.16468

Selich et al. Stem Cell Research & Therapy

20.

21.

22.

23.

24.

25.

(2023) 14:270

impacting the Th17/Treg balance in LPS-induced ARDS mice. Stem Cell
Res Ther. 2020;11(1):311. https://doi.org/10.1186/513287-020-01826-0.
Jerkic M, Masterson C, Ormesher L, Gagnon S, Goyal S, Rabani R, et al.
Overexpression of IL-10 enhances the efficacy of human umbilical-cord-
derived mesenchymal stromal cells in E coli Pneumosepsis. J Clin Med.
2019;8(6):847.

Wang C, Lv D, Zhang X, Ni Z, Sun X, Zhu C. Interleukin-10-overexpressing
mesenchymal stromal cells induce a series of regulatory effects in the
inflammatory system and promote the survival of endotoxin-induced
acute lung injury in mice model. DNA Cell Biol. 2017. https://doi.org/10.
1089/dna.2017.3735.

Zhang C, Zhu'Y, Wang J, Hou L, Li W, An H. CXCR4-overexpressing umbili-
cal cord mesenchymal stem cells enhance protection against radiation-
induced lung injury. Stem Cells Int. 2019;2019:2457082.

Devine SM, Cobbs C, Jennings M, Bartholomew A, Hoffman R. Mesenchy-
mal stem cells distribute to a wide range of tissues following systemic
infusion into nonhuman primates. Blood. 2003;101(8):2999-3001.
Baljinnyam T, Radnaa E, Niimi 'Y, Fukuda S, Prough DS, Enkhbaatar P.
Cutaneous burn diminishes beneficial effect of intravenously adminis-
tered mesenchymal stem cells on acute lung injury induced by smoke
inhalation in sheep. Burns. 2020;46(8):1914-23.

. Sicotte NL, Voskuhl RR. Onset of multiple sclerosis associated with anti-

TNF therapy. Neurology. 2001;57(10):1885-8. https://doi.org/10.1212/
WNL.57.10.1885.

Mayordomo L, Marenco JL, Gomez-Mateos J, Rejon E. Pulmonary miliary
tuberculosis in a patient with anti-TNF-alpha treatment. Scand J Rheuma-
tol. 2002;31(1):44-5. https://doi.org/10.1080/030097402317255372.
Bykerk VP, Shadick N, Frits M, Bingham CO, Jeffery |, lannaccone C, et al.
Flares in rheumatoid arthritis: frequency and management. A report from
the BRASS registry. J Rheumatol. 2014;41(2):227-34. https://doi.org/10.
3899/jrheum.121521.

Noronha ND, Mizukami A, Caliri-Oliveira C, Cominal JG, Rocha JL,

Covas DT, Swiech K, Malmegrim KC. Priming approaches to improve the
efficacy of mesenchymal stromal cell-based therapies. Stem Cell Res Ther.
2019;10(1):1-21. https://doi.org/10.1186/513287-019-1224-y.

Haberle V, Stark A. Eukaryotic core promoters and the functional basis of
transcription initiation. Nat Rev Mol Cell Biol. 2018;19(10):621-37.

Ede C, Chen X, Lin M-Y, Chen YY. Quantitative analyses of core promoters
enable precise engineering of regulated gene expression in mammalian
cells. ACS Synth Biol. 2016;5(5):395-404. https://doi.org/10.1021/acssy
nbio.5b00266.

Le Noir S, Boyer F, Lecardeur S, Brousse M, Oruc Z, Cook-Moreau J, et al.
Functional anatomy of the immunoglobulin heavy chain 3" super-
enhancer needs not only core enhancer elements but also their unique
DNA context. Nucleic Acids Res. 2017;45(10):5829-37. https://doi.org/10.
1093/nar/gkx203.

Green DS, Young HA, Valencia JC. Current prospects of type Il interferony
signaling and autoimmunity. J Biol Chem. 2017;292(34):13925-33.

Selich A, Zimmermann K, Tenspolde M, Dittrich-Breiholz O, Von Kaisen-
berg C, Schambach A, et al. Umbilical cord as a long-term source of
activatable mesenchymal stromal cells for immunomodulation. Stem Cell
Res Ther. 2019;10(1):285. https://doi.org/10.1186/513287-019-1376-9.
Zimmermann K, Kuehle J, Dragon AC, Galla M, Kloth C, Rudek LS, et al.
Design and characterization of an “All-in-One”lentiviral vector sys-

tem combining constitutive anti-GD2 CAR expression and inducible
cytokines. Cancers. 2020;12(2):375.

Selich A, Ha TC, Morgan M, Falk CS, von Kaisenberg C, Schambach A,
Rothe M. Cytokine selection of MSC clones with different functionality.
Stem Cell Rep. 2019;13(2):262-73.

Cunningham F, Achuthan P, Akanni W, Allen J, Amode MR, Armean IM,

et al. Ensembl 2019. Nucleic Acids Res. 2019;47(D1):D745-51.

Galla M, Schambach A, Baum C. Retrovirus-based mRNA transfer for
transient cell manipulation. In 2013. p. 139-61. Available from: http://link.
springer.com/https://doi.org/10.1007/978-1-62703-260-5_10.
Schambach A, Bohne J, Chandra S, Will E, Margison GP, Williams DA, et al.
Equal potency of gammaretroviral and lentiviral SIN vectors for expres-
sion of O6-methylguanine-DNA methyltransferase in hematopoietic cells.
Mol Ther. 2006;13(2):391-400. https://doi.org/10.1016/j.ymthe.2005.08.
012.

Yang 'Y, Vanin EF, Whitt MA, Fornerod M, Zwart R, Schneiderman RD, et al.
Inducible, high-level production of infectious murine leukemia retroviral

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 13 of 14

vector particles pseudotyped with vesicular stomatitis virus G envelope
protein. Hum Gene Ther. 1995,6(9):1203-13.

Wickham H. ggplot2 - Elegant graphics for data analysis (Vol. 35, Issue
July). Springer; 2019

Grabe N. AliBaba2: context specific identification of transcription factor
binding sites. In Silico Biol. 2002;2(1):S1-15.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers
differential expression analyses for RNA-sequencing and microarray stud-
ies. Nucleic Acids Res. 2015;43(7):e47.

Goémez-Rubio V. ggplot2-elegant graphics for data analysis. J Stat Softw.
2017;3(77):1-3.

von Wulffen W, Steinmueller M, Herold S, Marsh LM, Bulau P, Seeger W,

et al. Lung dendritic cells elicited by Fms-like Tyrosin 3-kinase ligand
amplify the lung inflammatory response to lipopolysaccharide. Am J
Respir Crit Care Med. 2007;176(9):892-901. https://doi.org/10.1164/rccm.
200608-10680C.

Maus U, Herold S, Muth H, Maus R, Ermert L, Ermert M, et al. Monocytes
recruited into the alveolar air space of mice show a monocytic pheno-
type but upregulate CD14. Am J Physiol Cell Mol Physiol. 2001;280(1):L58-
68. https://doi.org/10.1152/ajplung.2001.280.1.L58.

Kustikova OS, Wahlers A, Kiihicke K, Stahle B, Zander AR, Baum C, Fehse B,
Dose finding with retroviral vectors: correlation of retroviral vector copy
numbers in single cells with gene transfer efficiency in a cell population.
Blood. 2003;102(12):3934-7.

Suerth JD, Maetzig T, Galla M, Baum C, Schambach A. Self-inacti-

vating alpharetroviral vectors with a split-packaging design. J Virol.
2010;84(13):6626-35. https://doi.org/10.1128/JV1.00182-10.

Merlet E, Lipskaia L, Marchand A, Hadri L, Mougenot N, Atassi F, et al.

A calcium-sensitive promoter construct for gene therapy. Gene Ther.
2013;20(3):248-54.

Hoffmann D, Schott JW, Geis FK, Lange L, Muller F-J, Lenz D, et al. Detailed
comparison of retroviral vectors and promoter configurations for stable
and high transgene expression in human induced pluripotent stem cells.
Gene Ther. 2017;24(5):298-307.

Sweeney NP, Vink CA. The impact of lentiviral vector genome size and
producer cell genomic to gag-pol mRNA ratios on packaging efficiency
and titre. Mol Ther-Methods Clin Dev. 2021;21:574-84.

LiuT, Zhang L, Joo D, Sun S-C. NF-kB signaling in inflammation. Signal
Transduct Target Ther. 2017,2(1):17023.

Wu Z, Nicoll M, Ingham RJ. AP-1 family transcription factors: a diverse
family of proteins that regulate varied cellular activities in classical hodg-
kin lymphoma and ALK+ ALCL. Exp Hematol Oncol. 2021;10(1):4. https://
doi.org/10.1186/540164-020-00197-9.

Tian S, Yan', Qi X, Li X, Li Z. Treatment of type Il collagen-induced rat
rheumatoid arthritis model by interleukin 10 (IL10)-mesenchymal stem
cells (BMSCs). Med Sci Monit. 2019;25:2923-34.

Cui K, Chen, Zhong H, Wang N, Zhou L, Jiang F. Transplantation of
IL-10-overexpressing bone marrow-derived mesenchymal stem cells
ameliorates diabetic-induced impaired fracture healing in mice. Cell Mol
Bioeng. 2020;13:155-63.

Liao W, Pham V, Liu L, Riazifar M, Pone EJ, Zhang SX, et al. Mesenchy-

mal stem cells engineered to express selectin ligands and IL-10 exert
enhanced therapeutic efficacy in murine experimental autoimmune
encephalomyelitis. Biomaterials. 2016;77:87-97.

Shao M, Wang D, Zhou Y, Du K, Liu W. Interleukin-10 delivered by mesen-
chymal stem cells attenuates experimental autoimmune myocarditis. Int
Immunopharmacol. 2020;81:106212.

Levy O, Zhao W, Mortensen LJ, Leblanc S, Tsang K, Fu M, et al. mRNA-engi-
neered mesenchymal stem cells for targeted delivery of interleukin-10 to
sites of inflammation. Blood. 2013;122(14):e23-32.

Vieira P, de Waal-Malefyt R, Dang MN, Johnson KE, Kastelein R, Fiorentino
DF, et al. Isolation and expression of human cytokine synthesis inhibitory
factor cDNA clones: homology to Epstein-Barr virus open reading frame
BCRFI. Proc Natl Acad Sci. 1991,88(4):1172-6. https://doi.org/10.1073/
pnas.884.1172.

Steinwede K, Maus R, Bohling J, Voedisch S, Braun A, Ochs M, et al. Con-
tribute to lung-protective immunity against mycobacterial infections in
mice. J Immunol. 2012;188(9):4476-87. https://doi.org/10.4049/jimmunol.
1103346.


https://doi.org/10.1186/s13287-020-01826-0
https://doi.org/10.1089/dna.2017.3735
https://doi.org/10.1089/dna.2017.3735
https://doi.org/10.1212/WNL.57.10.1885
https://doi.org/10.1212/WNL.57.10.1885
https://doi.org/10.1080/030097402317255372
https://doi.org/10.3899/jrheum.121521
https://doi.org/10.3899/jrheum.121521
https://doi.org/10.1186/s13287-019-1224-y
https://doi.org/10.1021/acssynbio.5b00266
https://doi.org/10.1021/acssynbio.5b00266
https://doi.org/10.1093/nar/gkx203
https://doi.org/10.1093/nar/gkx203
https://doi.org/10.1186/s13287-019-1376-9
https://doi.org/10.1007/978-1-62703-260-5_10.
https://doi.org/10.1016/j.ymthe.2005.08.012
https://doi.org/10.1016/j.ymthe.2005.08.012
https://doi.org/10.1164/rccm.200608-1068OC
https://doi.org/10.1164/rccm.200608-1068OC
https://doi.org/10.1152/ajplung.2001.280.1.L58
https://doi.org/10.1128/JVI.00182-10
https://doi.org/10.1186/s40164-020-00197-9
https://doi.org/10.1186/s40164-020-00197-9
https://doi.org/10.1073/pnas.88.4.1172
https://doi.org/10.1073/pnas.88.4.1172
https://doi.org/10.4049/jimmunol.1103346
https://doi.org/10.4049/jimmunol.1103346

Selich et al. Stem Cell Research & Therapy ~ (2023) 14:270 Page 14 of 14

46. Gao J, Dennis JE, Muzic RF, Lundberg M, Caplan Al. The dynamic in vivo
distribution of bone marrow-derived mesenchymal stem cells after infu-
sion. Cells Tissues Organs. 2001;169(1):12-20.

47. Yang, He X, Zhao R, Guo W, Zhu M, Xing W, et al. Serum IFN-y levels
predict the therapeutic effect of mesenchymal stem cell transplantation
in active rheumatoid arthritis. J Transl Med. 2018;16(1):165. https://doi.
0rg/10.1186/512967-018-1541-4.

48. Selich A, Daudert J, Hass R, Philipp F, Von Kaisenberg C, Paul G, et al.
Massive clonal selection and transiently contributing clones during
expansion of mesenchymal stem cell cultures revealed by lentiviral RGB-
barcode technology. Stem Cells Transl Med. 2016;5(5):591-601.

49. Kwee BJ, Lam J, Akue A, KuKuruga MA, Zhang K, Gu L, et al. Func-
tional heterogeneity of IFN-y-licensed mesenchymal stromal cell
immunosuppressive capacity on biomaterials. Proc Natl Acad Sci.
2021;118(35):2105972118. https://doi.org/10.1073/pnas.2105972118.

50. AliT, Renkawitz R, Bartkuhn M. Insulators and domains of gene expres-
sion [Internet]. Vol. 37, Current opinion in genetics and development.
Elsevier current trends; 2016 [cited 2019 Mar 14]. p. 17-26. Available from:
https://www.sciencedirect.com/science/article/pii/S0959437X150013
2X#l.

51. LiaoY, LeiJ, Liu M, Lin W, Hong D, Tuo Y, et al. Mesenchymal stromal
cells mitigate experimental colitis via insulin-like growth factor binding
protein 7 -mediated immunosuppression. Mol Ther. 2016. https://doi.org/
10.1038/mt.2016.140.

52. ZhuR,YanT, FengY, LiuY, Cao H, Peng G, Yang Y, Xu Z, Liu J, Hou W, Wang
X. Mesenchymal stem cell treatment improves outcome of COVID-

19 patients via multiple immunomodulatory mechanisms. Cell Res.
2021;31(12):1244-62.

53. Raffin C, Vo LT, Bluestone JA. Treg cell-based therapies: challenges and
perspectives. Nat Rev Immunol. 2020;20(3):158-72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1186/s12967-018-1541-4
https://doi.org/10.1186/s12967-018-1541-4
https://doi.org/10.1073/pnas.2105972118
https://www.sciencedirect.com/science/article/pii/S0959437X1500132X#
https://www.sciencedirect.com/science/article/pii/S0959437X1500132X#
https://doi.org/10.1038/mt.2016.140
https://doi.org/10.1038/mt.2016.140

	Inflammation-inducible promoters to overexpress immune inhibitory factors by MSCs
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Material and methods
	UC and MSC culture
	Plasmid cloning, vector production, and transduction
	Transcriptome analyses
	Functional analyses of the CXCL11S1-IL10 vector
	Acute lung injury mouse model

	Results
	Discussion
	Conclusion
	Anchor 17
	Acknowledgements
	References


