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Abstract
Background: Human bone marrow mesenchymal stem cell (MSC) administration reduces in�ammation
in pre-clinical models of lung injury, however clinical e�cacy in patients with acute respiratory distress
syndrome (ARDS) has not been shown. Upregulation of the glucocorticoid activating enzyme, 11β
hydroxysteroid dehydrogenase type 1 (HSD-1) within the alveolar space elevates local anti-in�ammatory
cortisol levels, and promotes alveolar macrophage efferocytosis. Administration of HSD-1 transgenic
MSCs (tMSCs) that overexpress HSD-1 may enhance local cortisol activation. This combined cellular and
gene therapy may be more effective at reducing in�ammation in ARDS than cellular therapy alone.

Methods: Molecular cloning was used to create a recombinant lentiviral vector containing the HSD-1 and
green �uorescent protein (GFP) transgenes. MSCs were transfected using this lentivirus, then transfection
e�ciency was assessed using �ow-cytometry. HSD-1 transgene expression was assessed using
immuno�uorescence and western blotting. Thin layer chromatography was used to assess HSD-1
function in tMSCs. Bi-lineage differentiation and �ow-cytometry were used to determine whether tMSCs
maintained a stem cell phenotype.

Results: A recombinant lentiviral vector was created containing the HSD-1 and GFP transgenes under the
control of a tetracycline promoter. MSCs were successfully transfected, with a transfection e�ciency of
91.1%. HSD-1 transgene expression was con�rmed by immuno�uorescence and western blot. Functional
HSD-1 activity was evident within tMSCs, with predominant reductase cortisol activation, following
treatment with the transcriptional activator doxycycline. HSD-1 reductase activity was maintained for 72
hours after doxycycline was removed from tMSCs. HSD-1 tMSCs maintained the capacity for osteogenic
and adipogenic differentiation, and maintained expression of MSC surface markers.

Conclusions: We successfully transduced tMSCs to express the HSD-1 transgene that functions
predominantly as a reductase. Administration of HSD-1 tMSCs to in vivo models of ARDS may attenuate
in�ammation through activation of cortisol in the alveolar space.

Background
Human bone marrow mesenchymal stem cells (MSCs) are pluripotent, retaining the ability to differentiate
into several distinct cell types. Numerous pre-clinical studies have shown that administration of MSCs
can attenuate in�ammation and promote repair in models of lung injury. MSCs have been shown to be
e�cacious in small and large animal models of lung injury(1–4), and in both animal and human injured
ex-vivo lung perfusion models(5–8). Phase 1 and 2a clinical trials in patients with Acute Respiratory
Distress Syndrome (ARDS) have shown that MSC administration is safe, feasible and well-tolerated, with
no adverse effects(9–11). Phase 3 clinical trials are still required to determine MSC e�cacy in ARDS
patients. Allogenic MSCs can be administered without inducing an immune response(12). MSCs can be
expanded in vitro, retain their e�cacy following cryopreservation(13, 14), and localise to the lungs
following intravenous administration(15, 16). These factors support the use of MSCs as a clinical therapy
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for ARDS. The two main mechanisms by which MSC attenuate lung injury are the promotion of epithelial
and endothelial repair, and modulation of immune function to increase bacterial clearance and aid
resolution of in�ammation(17). These mechanisms can be initiated by either cell-to-cell contact or release
of paracrine factors. However, studies have also shown that MSCs lose their intrinsic anti-in�ammatory
capabilities with repeated in vitro passage(18). Therefore, the expansion required to generate su�cient
MSCs for clinical therapy may also decrease their anti-in�ammatory functions, thereby limiting their
therapeutic potential.

The characteristics of MSCs which support their use as clinical therapy also make them ideal vectors for
gene therapy. Use of transgenic MSCs (tMSCs) in murine models of lung injury have shown that the
synergistic anti-in�ammatory action of combined cellular and gene therapy can be superior to that of
cellular therapy alone(19–21). Transgenes delivered by tMSCs in lung injury models have included
Interleukin–10(19) and Angiopoetin–1(20, 21). MSCs have also been considered as vectors for gene
therapy in lung cancer with. The authors previously created tMSCs expressing TNF-related apoptosis-
inducing ligand (TRAIL), using a lentiviral vector containing the Tet-on system were utilised(22, 23). The
TRAIL transgene was under the control of a tetracycline promoter and only expressed in the presence of
doxycycline. In this way, the Tet-on system allowed e�cient control of TRAIL transgene expression. It was
shown that TRAIL tMSCs can kill cancer cells in murine metastatic lung cancer and malignant
mesothelioma models following intravenous administration(22, 24).

In vivo, the enzyme 11β Hydroxysteroid Dehydrogenase Type–1 (HSD–1) acts as a reductase, converting
the inactive glucocorticoid cortisone to its active counterpart, cortisol and locally amplifying
glucocorticoid action within tissues(25). Previous studies have demonstrated that elevated HSD–1 and
local cortisol activation promote anti-in�ammatory macrophage polarisation, efferocytosis and resolution
of in�ammation(26–28). We postulated that administration of tMSCs expressing the HSD–1 transgene
in murine models of lung injury would elevate alveolar cortisol levels, and in combination with the innate
immuno-modulatory abilities of the MSCs would act synergistically to enhance alveolar macrophage
efferocytosis and attenuate in�ammation, and support resolution in ARDS.

In this study we describe the methodology and validation for the creation of functional HSD–1
expressing tMSCs, using a lentiviral vector containing the Tet-on system. We also show that the HSD–1
tMSCs maintain an MSC phenotype following transfection.

Methods

Creation of recombinant HSD–1 lentiviral plasmid
A lentiviral plasmid (pRRL-cPPT-hPGK-mcs-WPRE) into which the Tet-on system elements have been
introduced previously, had the reporter gene MuSEAP excised and replaced with the IRES-eGFP sequence
(Internal Ribosome Entry Site—Enhanced Green Fluorescent Protein from pENTR1A) by Professor Sam
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Janes’ group at UCL(22). This modi�ed lentiviral plasmid was used as the backbone for the incorporation
of human 11β Hydroxysteroid Dehydrogenase Type–1 (HSD–1) DNA.

Human HSD–1 cDNA (amino acids 1–293, Origene) was ampli�ed and restriction sites for MluI and
BstB1 were introduced using polymerase chain reaction (PCR). Forward ampli�cation primer sequence
(Invitrogen) was CGTACGCGTGCCACCATGGCTTTTATGAAAAAATATCTCCTCCC. Reverse ampli�cation
primer sequence was GTCGTTCGAACTACTTGTTTATGAATCTGTCC. The HSD–1 PCR product and the
lentiviral backbone plasmid were then both sequentially digested with MluI then BstB1 (New England
Biolabs). Digestion of the lentiviral backbone plasmid created a break between the Tet-on promoter and
the IRES-eGFP. The digested HSD–1 insert was ligated into the digested lentivirus plasmid vector next to
the IRES-eGFP, using T4 DNA ligase (New England Biolabs) to create the recombinant plasmid.
Recombinant plasmids were ampli�ed in DH5α Escherichia coli (E. coli, ThermoFisher Scienti�c) grown in
LB broth supplemented with 100μg/ml ampicillin, and puri�ed using HiSpeed Plasmid Maxip kits
(Qiagen). Recombinant plasmid constructs were con�rmed by DNA sequence analysis (Source
Bioscience).

Production of Recombinant HSD–1 Lentivirus
Human Embryonic Kidney 293T cells (HEK 293T, Sigma) were cultured in T175 �asks (ThermoFisher
Scienti�c) with Dulbecco’s Modi�ed Eagle’s Medium (DMEM, Sigma) including 10% Foetal Bovine Serum
(FBS), 100U/mL penicillin, 100ug/mL streptomycin and 2mM L-glutamine (all from Sigma) at 37oC and
5% CO2 until reaching 80–90% con�uence. HEK 293T cells were then transfected using a second-
generation packaging system. Culture medium was removed from �asks of HEK 293T cells, and replaced
with 13mls of DMEM / 10% FBS and 2mls of a 150nM NaCl solution containing 80μl linear
polyethylenimine (jetPEI transfection reagent, Polyplus transfection), 20μg recombinant HSD–1 plasmid,
13μg packaging plasmid pCMV-dR8.74, and 7μg envelope plasmid pMD.G2. Media was changed for
15ml fresh DMEM / 10% FBS at 4 hours and 24 hours post-transfection. At 48 hours post-transfection,
media containing recombinant lentivirus was collected and fresh media added; media was again
collected at 72 hours post-transfection. Supernatant media was centrifuged at 300g for 10 minutes at
4oC (Eppendorf AG 5810R) to pellet any cellular debris, then passed through a 0.45μm �lter (Sartorius).
Recombinant lentivirus within the media was then concentrated by ultracentrifugation (SW28 rotor,
Optima LE80K Ultracentrifuge, Beckman) at 52,000g and 4°C for 2 hours. Supernatants were completely
discarded and the lentiviral pellet re-suspended in serum-free DMEM, prior to storage at –80°C.

Determination of Viral Titre
HEK 293T cells were plated at 50,000 per well in a 12-well plate and incubated in DMEM / 10% FBS at
37oC and 5% CO2 overnight. Wells were treated with 8μg/ml hexamethadine bromide (Polybrene, Sigma)
transfection reagent, and serial dilutions of recombinant HSD–1 lentivirus (1:100 to 1:10,000). Two
control wells received polybrene but no lentivirus. After 4 hours incubation, media was changed to DMEM
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/ 10% FBS. After a further 24 hours media was changed again and 10μg/ml doxycycline was added,
which acted as the transcriptional activator for the HSD–1 and GFP transgenes. After a further 24 hours,
cells were harvested and assessing for GFP expression using �ow cytometry (LSR Fortessa X–20, BD
Biosciences). The viral titre was calculated(29) as follows: (P x N) / V. P = Proportion of GFP positive
cells, N = Number of HEK 293T cells, V = Volume of virus in ml.

Transfection of MSCs
Primary human MSCs were cultured in α-Minimal Essential Media (αMEM, ThermoFisher) containing 16%
FBS. Prior to and following transfection, these MSCs were cultured using tetracycline-free FBS (lot
42G9273K, ThermoFisher Scienti�c), to prevent uncontrolled expression of GFP and HSD–1 transgenes.
MSCs from a single donor at passage 2 were plated at 100,000 per T75 �ask and cultured overnight at
37oC and 5% CO2 to allow adherence. Media was removed from each �ask and replaced with 5mls αMEM
containing 8μg/ml polybrene and 200,000 lentiviral transduction units. MSCs were transfected with a
multiplicity of infection (MOI) of 2 virus particles for each cell. Doxycycline acted as a transcriptional
activator for both the HSD–1 and GFP transgenes, which were under the control of a tetracycline-
dependant promoter.

Assessment of HSD–1 transgene expression by Flow Cytometry and
Immuno�uorescence
Flow cytometry and immuno�uorescence (IF) were used to determine the percentage of transgene-
activated transgenic MSCs (tMSCs) expressing the HSD–1 protein following intracellular staining. The
tMSCs were cultured with 10μg/ml doxycycline for 48 hours, before being �xed in 4% paraformaldehyde,
then made permeable by incubating in saponin buffer (PBS / 10% FBS / 0.1% saponin). Cells were
incubated with primary rabbit anti-human HSD–1 monoclonal antibody (ab157223, Abcam) at 1:100
dilution, then secondary donkey anti-rabbit IgG H&L antibody Alexa-�uor® 555 (ab150074, Abcam) at
1:500 dilution, prior to analysis on �ow cytometry (LSR Fortessa X–20, Becton-Dickinson). For IF, steps
were followed as above within chamber-well slides (Nunc, Lab-Tek, ThermoFisher Scienti�c), following
which mounting buffer containing 4′,6-diamidino–2-phenylindole (DAPI Prolong Gold Antifade Reagent,
ThermoFisher Scienti�c) was added. Coverslips were placed on the slides and images taken with a
�uorescent microscope (Axioskop 2, Carl Zeiss Ltd., UK).

Western Blot assessment of HSD–1 Transgene Expression

Expression of HSD–1 protein in tMSCs was assessed by Western Blot. 1 x106 non-transfected MSCs and
tMSCs (previously cultured with 10μg/ml doxycycline) were harvested. Cells were lysed using RIPA buffer
(Cell Signalling) then protein concentrations of cell lysates were calculated using a bicinchoninic acid
assay (ThermoFisher Scienti�c). Samples were denatured at 700C and resolved on a Bolt 4–12% Bis-Tris-
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Plus gel (ThermoFisher) and MES SDS (2-(N-morpholino)ethanesulfonic acid, sodium dodecyl sulfate,
ThermoFisher) running buffer at 15μg or 22μg protein/well. Samples were then transferred onto a
membrane using Novex iBlot transfer system (ThermoFisher). The membrane was incubated with
primary rabbit anti-HSD–1 monoclonal antibody (ab157223, Abcam) at 1:10,000 dilution, then Goat
polyclonal anti-Rabbit HRP-conjugated antibody (P0448, Dako) at 1:2000 dilution, then Horseradish
Peroxidase substrate (HRP substrate, Merck Millipore) prior to detection (Image Quant LAS 4000, GE). To
assess total protein loading the membrane was stripped, labelled with anti- β-tubulin rabbit antibody (9F3,
Cell Signalling) at 1:1000, then Goat anti-Rabbit HRP-conjugated antibody at 1:2000, then HRP substrate
prior to detection.

Adipogenic and osteogenic differentiation
To determine if tMSCs retained typical stem cell plasticity or if transfection induced terminal
differentiation, bi-lineage adipogenic and osteogenic differentiation kits (StemPro) were used; protocols
were as per manufacturer’s guidance. MCSs cultured in αMEM / 16% FBS acted as negative control. For
adipocyte detection, MSCs were stained with a 0.2% stock solution of Oil Red O (Sigma-Aldrich) which is
taken up by lipid inclusion vacuoles. For osteocyte detection, MSCs were stained with a 2% solution of
Alizarin Red S (Sigma-Aldrich) which is taken up by calcium deposits. Following staining, photographs
were taken via a microscope (Zeiss AxioVert A1).

Flow cytometry assessment of mesenchymal stem cell surface
markers
HSD–1 tMSCs and non-transgenic MSCs were labelled with the following anti-human antibodies or their
isotype controls: CD105-BV786, CD73-BV421, CD90-PE (positive cocktail, all purchased from BD
Biosciences) or CD14-APC, CD19-APC, CD34-APC, CD45-APC, and HLADR-APC (negative cocktail, all
purchased from ThermoFisher Scienti�c). Surface marker expression was assessed by �ow cytometry
(LSR Fortessa X–20, BD Biosciences). Compensation and analysis was performed using FACSDiva
Software (BD Biosciences).

HSD–1 Functional Assays
Steroid metabolism of cortisol and cortisone in tMSC was determined using tritiated steroids (Perkin
Elmer, Beacons�eld, Buckinghamshire, UK) and scanning thin layer chromatography as previously
described(30, 31). Brie�y, non-transfected MSCs were cultured in either αMEM / 16% FBS. Cultures were
pre-treated with either vehicle control, 10μg/ml doxycycline, 50ng/ml tumour necrosis factor-α (TNF-α,
Peprotech) or 100ng/ml Lipopolysaccaride (LPS, Sigma) for 48 hours. To inhibit HSD–1 activity, cells
were incubated with 10–7M glycyrrhetinic acid (Sigma) for 24 hours prior to functional assays being
performed. Steroids were extracted in dichloromethane and separated by thin layer chromatography on
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silicate plates. Thin-layer chromatography plates were analysed by Bioscan imager (Bioscan,
Washington, DC, USA) to detect the formation of 3H –corticosterone. The fractional conversion of
steroids was calculated as pmol product/per mg protein/hr.

Statistical Analysis
Data was analysed using Prism 8 software (GraphPad). Normality of data was assessed using the
D’Agostino & Pearson test. Differences between continuously distributed non-parametric data were
assessed using Mann-Whitney tests. Differences between three or more non-parametric data sets were
assessed using the Kruskal-Wallis one-way analysis of variance (ANOVA) and Dunn’s multiple
comparison tests. Two-tailed p-values of <0.05 were considered as signi�cant. Results from non-
parametric data are shown as median and interquartile range.

Results

Creation of HSD–1 Transgenic Mesenchymal Stem Cells
Human bone marrow MSCs were transfected with recombinant HSD–1 lentivirus, using a multiplicity of
infection (MOI) of 2. Following transfection and culture with 10 µg/ml doxycycline, tMSCs were
visualised under �uorescence microscopy to assess for GFP expression (Figure 1A-D). We next con�rmed
that transgene-activated tMSCs expressed the HSD–1 protein. Transgene-activated tMSCs were stained
intracellularly for HSD–1 to assess for transfection e�ciency, which was found to be 90.1% (SD 2.6%, n =
3) on �ow cytometry (Figure 2A-B). Both immuno�uorescence and western blot experiments (Figure 2C-G)
found that HSD–1 protein was present in transgene-active tMSCs, and absent in non-transfected MSCs.
Immuno�uorescence also showed that HSD–1 protein localised to the cytoplasm of tMSCs. These
results indicated that the transfection process had been successful and that tMSCs were able to produce
the HSD–1 protein when cultured with doxycycline (transcriptional activator). These experiments also
con�rmed that there was no expression of HSD–1 in non-transfected MSCs.

Transgenic MSCs express functional HSD–1
We showed that the HSD–1 expressed within tMSCs was functional as a reductase, able to convert
cortisone into cortisol. tMSCs were treated with doxycycline for 72hrs to induce HSD1 transgene
expression, prior to measuring HSD–1 activity. Duration of doxycycline treatment signi�cantly affects
functional HSD–1 reductase activity in tMSCs (�gure 3A). HSD–1 activity in tMSCs peaks after 48hrs
exposure to doxycycline (median 8.23 pM/hour/100,000 cells). HSD–1 reductase activity was also seen
in doxycycline-naïve tMSCs (cultured in media containing tetracycline-free FBS); however this was
signi�cantly lower than reductase activity following doxycycline treatment for 48 hours or 72 hours
(�gure 3A). We then showed tMSCs maintain a constant level of functional HSD–1 reductase activity up
to 72 hours after doxycycline removal (�gure 3B).
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Doxycycline-naïve tMSCs had undetectable expression of the GFP transgene (co-expressed with the
HSD–1 transgene), as assessed by �uorescent microscopy and �ow cytometry (data not shown).
Treatment of doxycycline-naïve tMSCs with glycyrrhetinic acid (GA), which inhibits HSD–1 activity,
reductase activity signi�cantly diminished (�gure 3C), indicating that the reductase activity we observed
was due to HSD–1 activity.

Non-transfected MSCs were also tested for HSD–1 activity: Untreated, with doxycycline, or with
in�ammatory mediators (LPS and TNFα for 24 hours) to mimic an in�ammatory environment prior to use
in HSD–1 functional assays. None of these conditions resulted in detectable HSD–1 reductase activity
(�gure 3D).

HSD–1 Transgenic MSCs maintain an MSC phenotype
To show that HSD–1 tMSCs maintain a stem cell phenotype, we assessed differentiation capacity and
surface marker expression as per the International Society for Cellular Therapy (ISCT) criteria(32).
Adipogenic and osteogenic differentiation experiments showed that tMSCs retain the capacity to
differentiate into adipogenic and osteogenic lines, to the same degree as non-transfected MSCs (�gure
4A-C).. The tMSCs also adhere to plastic surfaces equally as well as non-transfected MSCs under control
culture conditions, which is another de�ning criteria of an MSCs according to the ISCT.

Phenotypic assessment of HSD–1 tMSCs by �ow cytometry revealed tMSCs expressed positive markers
CD90, CD105 and CD73 (Figure 4D-G). HSD–1 tMSCs also lacked expression of negative markers CD14,
CD19, CD34, CD45 and HLA-DR. Therefore, HSD–1 tMSCs retain the MSC surface marker con�guration
as per ISCT criteria. These results indicate that tMSCs retain an MSC phenotype and differentiation
capabilities following transfection with recombinant HSD–1 lentivirus.

Discussion
In this study we generated and validated a recombinant lentivirus containing both the HSD–1 and GFP
transgenes under the control of a tetracycline promoter. In subsequent transfection experiments we
generated human MSCs containing this recombinant lentivirus to create HSD–1 tMSCs, with a
transfection e�ciency of 90.1%. Following exposure to doxycycline to induce transgene expression, the
tMSCs co-expressed both HSD–1 and GFP protein with functional activity experiments con�rming
reductase activity and cortisol activation. The induction of HSD1 reductase activity peaked at 48 hours
following culture with doxycycline (concentration). This identi�ed the minimum time required for
incubation with doxycycline before maximal HSD–1 reductase activity is seen, and guided the
preparation of tMSCs for future experiments. Comparing with unpublished human alveolar macrophage
HSD–1 activity data from our group, we found that the transgene-active tMSCs exhibit 41 times greater
HSD–1 reductase activity than normal alveolar macrophages (8.23 vs 0.2 pM/hour/100,000 cells).
Therefore, we predict that a relatively low dose of tMSCs would be able to signi�cantly enhance alveolar
cortisol levels in models of ARDS.
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Use of doxycycline in co-culture experiments and models of lung injury would have a signi�cant
confounding factor due to its action as an antibiotic and matrix metalloproteinase inhibitor. As such,
maintenance of maximal HSD–1 activity after doxycycline is removed from tMSC culture is a key factor.
We found that after 48 hours culture with doxycycline, the tMSCs maintain constant levels of HSD–1
reductase activity for at least a further 72 hours after removal of doxycycline is removed from culture
media. Therefore, tMSCs pre-treated with doxycycline for 48hours, will achieve and maintain maximal
HSD–1 activity in the absence of doxycycline for the duration of co-culture experiments or murine models
of lung injury, mitigating a potential confounding factor for this system.

The HSD–1 functional assays demonstrated that non-transfected MSCs do not express functional HSD–
1. They have also shown that MSCs do not express functional HSD–1 in response to doxycycline, LPS or
TNF-α treatment. This is important to clarify, as any functional HSD–1 activity seen in doxycycline-
treated tMSCs is therefore due to expression of the HSD–1 transgene, and not due to upregulation of the
HSD–1 gene from the native MSC DNA. Future experimental applications of these tMSCs will include co-
culture experiments with ARDS alveolar macrophages, and investigating e�cacy in murine models of
lung injury. These models will both contain high levels of pro-in�ammatory mediators in the alveolar
space, including LPS and TNF-α. Therefore, the HSD–1 activity seen in tMSCs exposed to an
in�ammatory environment will only be due to expression of the HDS–1 transgene.

Unexpectedly, HSD–1 reductase activity was observed in doxycycline-naïve tMSCs which had been
cultured in media containing tetracycline-free FBS. Doxycycline-naïve tMSCs had undetectable expression
of the GFP transgene, which is co-expressed with the HSD–1 transgene (as assessed by �ow cytometry
and �uorescent imaging). After treating doxycycline-naïve tMSCs with glycyrrhetinic acid (GA) which
inhibits HSD–1 activity, the reductase activity signi�cantly diminished, so that the observed reductase
activity was due to HSD–1 expression. We postulate there remains a small but detectable transgene
expression in the absence of the transcriptional activator. In the case of the GFP transgene, this protein
expression was so minimal as not to be detected on �uorescent microscopy and �ow cytometry. However,
it appeared that even this minimal expression of HSD–1 protein could result in detectable enzymatic
activity; the degree of HSD–1 protein expression is not directly proportional to the functional activity
observed. This effect was not seen with doxycycline-naïve TRAIL tMSCs(22), because TRAIL is not an
enzyme and therefore a minimal amount of protein expression would give an equally minimal effect. We
therefore planned to pre-treat doxycycline-naive tMSCs with GA to minimise the underlying HSD–1
activity as much as possible prior to use in transwell co-culture and murine experiments.

We showed that the tMSCs retain a stem cell phenotype and possess the associated multipotency; the
transfection process had not caused differentiation of the MSCs. Therefore, by retaining an MSC
phenotype, the retained intrinsic anti-in�ammatory capabilities of the tMSCs could combine
synergistically with elevated HSD–1 transgene expression to enhance alveolar macrophage function and
reduce in�ammation.
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In summary, we have successfully created tMSCs which express functional HSD–1 enzyme, which is able
to local activate cortisol from the inactive precursor cortisone. Future studies will focus on characterising
the e�cacy of tMSCs in murine models of lung injury and in vitro transwell co-culture experiments with
alveolar macrophages from ARDS patients, to determine if this therapeutic strategy can attenuate
in�ammation in ARDS.
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Figures

Figure 1

GFP expression by transgene-activated tMSCs. All images at 200x magni�cation. (A) Transgene-activated
tMSCs imaged using bright �eld microscopy and (B) �uorescence microscopy showing GFP expression.
(C) Non-transfected MSCs imaged using bright �eld microscopy and (D) �uorescence microscopy
showing lack of GFP expression.
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Figure 2

Assessment of HSD-1 expression in tMSCs. Representative data shown. MSCs and tMSCs were made
permeable with saponin buffer prior to intracellular staining for HSD-1. All images at 400x magni�cation.
(A) Representative �ow cytometry plot showing HSD-1 staining in transgene-activated tMSCs; data used
to calculate transfection e�ciency. (B) Flow cytometry plot showing HSD-1 staining in non-transfected
MSCs. (C) On �uorescence microscopy using the AF555 �lter, transgene-activated tMSCs showed
cytoplasmic expression of HSD-1, whereas (D) non-transfected MSCs did not show �uorescence
indicating a lack of HSD-1 expression. (E) DAPI nuclear staining of transgene-active tMSCs and (F) non-
transfected MSCs shown when viewed under the DAPI �lter on �uorescence microscopy. (G) For western
blot experiments, 15μg and 22μg protein concentrations were used for each cell type: Image shown is
representative of 3 technical replicates. Protein from non-transfected MSCs and transgene-activated
tMSCs was labelled for HSD-1; the predicted band size of HSD-1 protein is 38kDa. Transgene-active
tMSCs expressed HSD-1 protein whereas non-transfected MSCs did not. The same membrane was
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stripped and re-labelled for beta-tubulin, showing that similar amounts of protein had been loaded for
both cell types.

Figure 3

Assessment of HSD-1 functional activity in tMSCs. All data are shown as median and inter-quartile range,
with n≥4 for all conditions. Statistical analysis by Kruskal-Wallis tests and Dunn’s multiple comparison
test. (A) Reductase activity of HSD-1 tMSCs following differing durations of doxycycline exposure.
Following exposure to doxycycline (which acts as a transcriptional activator), tMSCs express HSD-1 with
functional reductase activity (Kruskal-Wallis p=0.001). HSD-1 reductase activity plateaus after 48 hours
exposure to doxycycline. There is some baseline HSD-1 reductase activity seen in tMSCs without
doxycycline exposure, however this is signi�cantly lower than activity following 48 hours doxycycline
treatment (mean rank difference -11.5, p=0.0025). (B) tMSCs which had previously been exposed to
doxycycline for 48 hours, were then cultured in doxycycline-free media for differing durations prior to
HSD-1 functional assay. tMSCs retain a constant level of functional HSD-1 reductase activity for 72 hours
following doxycycline removal (Kruskal-Wallis p=0.303). (C) Incubation with 10-7M glycyrrhetinic acid
signi�cantly reduces reductase activity of both doxycycline-treated and untreated tMSCs. MSCs have no
detectable HSD-1 reductase activity. GA = 24hr treatment of 10-7M glycyrrhetinic acid. Dox = 72hr
treatment of 10μg/ml doxycycline. Mann-Whitney U test, n=4 for all groups, *p<0.05. (D) HSD-1 reductase
activity is negligible in non-transfected MSCs, and exposure to doxycycline or an in�ammatory
environment (TNFα and LPS) have no effect on MSC HSD-1 activity (Kruskal-Wallis p<0.0001).
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Figure 4

Assessment of tMSC phenotype. All cells shown are at passage 4. Non-transfected MSCs and tMSCs
were successfully differentiated down (A) adipogenic and (B) osteogenic lineages. (C) When cultured in
αMEM including 16% FBS (control), both MSCs and tMSCs showed no signs of lineage differentiation on
dual staining. (D-F) Overlaid �uorescence histograms of HSD-1 tMSCs labelled with antibodies against
MSC positive markers (CD90, CD73 and CD105) or isotype controls. Distinct separation of histograms
indicate that HSD-1 tMSCs do express surface markers CD90, CD73 and CD105. (G) The negative
staining cocktail contained APC-conjugated antibodies against CD14, CD19, CD34, CD45, and HLA-DR.
When �uorescence histograms are overlaid, there is near-complete overlap, indicating that HSD-1 tMSCs
lack expression of all these surface markers.


