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Mesenchymal stem/stromal cells (MSCs) are an attractive plat-
form for cell therapy due to their safety profile and unique abil-
ity to secrete broad arrays of immunomodulatory and regener-
ative molecules. Yet, MSCs are well known to require
preconditioning or priming to boost their therapeutic efficacy.
Current priming methods offer limited control over MSC acti-
vation, yield transient effects, and often induce the expression
of pro-inflammatory effectors that can potentiate immunoge-
nicity. Here, we describe a genetic priming method that can
both selectively and sustainably boost MSC potency via the
controlled expression of the inflammatory-stimulus-responsive
transcription factor interferon response factor 1 (IRF1). MSCs
engineered to hyper-express IRF1 recapitulate many core re-
sponses that are accessed by biochemical priming using the
proinflammatory cytokine interferon-g (IFN-g). This includes
the upregulation of anti-inflammatory effector molecules and
the potentiation ofMSC capacities to suppress T cell activation.
However, we show that IRF1-mediated genetic priming ismuch
more persistent than biochemical priming and can circumvent
IFN-g-dependent expression of immunogenic MHC class II
molecules. Together, the ability to sustainably activate and
selectively tailor MSC priming responses creates the possibility
of programming MSC activation more comprehensively for
therapeutic applications.

INTRODUCTION
Mesenchymal stem/stromal cells (MSCs) are widely recognized for
their potential for treating diverse classes of human diseases and dis-
orders.1 The efficacy of MSCs or their cell-free products2,3 has been
studied in hundreds of clinical trials4 across multiple settings
spanning neurodegenerative disorders,5 inflammatory bowel dis-
ease,6 cardiac diseases,7 coronavirus disease 2019,8 and others.
This broad potential stems from the ability of MSCs to simulta-
neously express and secrete a spectrum of different pleiotropic
immunomodulatory and regenerative chemokines, cytokines,
growth factors, metabolites, and vesicles.9,10 Virtually all MSC-
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based cell therapies seek to leverage the delivery of these effector
molecules to suppress inflammation, restore immune homeostasis,
and promote healing.11,12

Despite their promise, MSC therapies have shown limited clinical ef-
ficacy.13 Multiple factors contribute to this deficiency, many of which
can be linked to insufficient cell potency.4,14 Overall, it is widely
accepted that MSCs must be primed biochemically15,16 or bio-
physically17,18 to activate and/or enhance their production of immune
effector molecules since basal unstimulated MSCs do not typically
produce these molecules in sufficient quantities. Pro-inflammatory
stimuli including cytokines such as interferon g (IFN-g), tumor ne-
crosis factor a (TNF-a), and interleukin 1b (IL-1b) or pathogenic
molecules such as lipopolysaccharide,19 individually and in combina-
tion,20 have been explored extensively due to their ability to mimic
natural priming of MSCs by activated immune cells during infections
or injuries.21 These molecules induce comprehensive changes to the
MSC transcriptome, proteome, and secretome22 via the activation
of stimulus-responsive transcription factors (TFs).15 As a key
example, IFN-g bolsters MSC potency through the TF signal trans-
ducer of activation 1 (STAT1).23 Stimulation with IFN-g activates
STAT1 phosphorylation, dimerization, and translocation to the nu-
cleus, where it binds to gamma-activated sequences within the pro-
moters of many different IFN-stimulated genes (ISGs).24–26 This in-
cludes additional TFs that can function as signaling intermediates,
like IFN response factor 1 (IRF1), which further broaden transcrip-
tional responses to IFN-g signaling by binding to IFN-stimulated
response elements within the promoters of additional IRGs, notably
with and/or without STAT1.27,28 Among other effectors, IRF1 is
well known to regulate indoleamine 2,3-dioxygenase 1 (IDO1),29,30
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which is recognized as a key determinant of the immunosuppressive
potency of MSCs.31–33

Although biochemical and biophysical/biomechanical priming
methods have both been shown to boost MSC bioactivity and
improve therapeutic responses, several challenges remain that affect
the functionality and durability of primed MSCs. In particular,
MSC activation tends to be transient and short lived.34 The effect of
biochemical priming by IFN-g and other stimulants has been shown
to decay within a few days in stimulus washout experiments.35 More
persistent activation has been achieved using engineered biomaterials
that integrate the slow release of IFN-g to provide constant stimula-
tion.34 Yet, biochemical stimulation is also difficult to modify and can
induce the expression of unwanted and deleterious immunogenic
and/or proinflammatory effectors.36,37 For example, in addition to
other proinflammatory factors, IFN-g strongly induces the expres-
sion of the transcriptional coactivator class II transcriptional activator
(CIITA).38 CIITA, in turn, upregulates the expression of multiple ma-
jor histocompatibility complex (MHC) class II molecules that can
potentiate MSC immunogenicity and promote MSC clearance by
CD4 T cells.39

MSCs have been genetically engineered to constitutively overexpress
transgenes encoding for different effector molecules including
IDO1,40 COX-2,41 and other effectors.42 While constitutive overex-
pression of these molecules can address the durability of MSC activa-
tion, current genetic engineering technologies can typically only
manipulate the expression of a few genes at a time, far less than the
number of genes that are activated via biochemical or biomechanical
stimuli. The multifaceted secretome of MSCs, especially of primed
MSCs, facilitates regulation of multiple classes of immune and im-
mune-supporting cells,43 and this is among the unique properties
that make MSCs attractive candidates for cell therapy.

Here, we demonstrate that stable hyperexpression of IRF1 can be
leveraged to upregulate broad arrays of immunomodulatory effector
genes and recapitulate the potency gains that can be achieved via
traditional biochemical priming with IFN-g. However, genetic prim-
ing via IRF1 was also shown to circumvent the activation of STAT1
and key STAT1-dependent downstream ISGs like CIITA. In contrast
with IFN-g-primed cells, this effect was associated with low MHC
class II gene expression and improved retention of MSC hypo-immu-
nogenicity in MSC-peripheral blood mononuclear cell (PBMC)
coculture assays. Finally, sustained (>21-day) priming was also
demonstrated in primary human adipose-derived MSCs (AD-
MSCs), where activated IDO1 production was maintained for weeks.
Together, these results demonstrate that the engineered expression of
intermediate TFs like IRF1 can facilitate selective and persistent pro-
gramming of MSCs in ways that activate large numbers of therapeu-
tically relevant effector molecules while minimizing the activation of
other molecules that have the potential to impair therapeutic efficacy.
Such control may open routes to better tailor and maintain the acti-
vated phenotypes of MSCs for specific therapeutic applications.
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
RESULTS
IRF1 overexpression mimics key activation signatures of IFN-g

priming

The usefulness of IRF1 transgenes for priming was first tested using
immortalized hTERT-MSCs that were transduced (multiplicity of
infection [MOI] = 1) with a lentiviral vector that encoded for a full
length IRF1 transgene and eGFP (Figures 1A, 1B, and S1). The result-
ing IRF1-overexpressing cells (MSCIRF1) displayed enhanced IRF1
transcription, translation, and nuclear localization by RT-qPCR and
immunocytochemistry (Figures 1C and 1D). Although biochemical
stimulation with IFN-g for 24 h (MSCIFN-g) induced higher tran-
scription of endogenous IRF1 compared withMSCIRF1, both methods
yielded a more than 25,000-fold induction of IDO1 transcription
(Figure 1D), which is a key ISG target of IRF1 and a signature of
IFN-g priming. IDO1 exerts immunomodulatory effects by convert-
ing tryptophan into kynurenine within the tryptophan metabolic
pathway.44 Kynurenine levels were also elevated using both priming
techniques and were indistinguishable between MSCIRF1 and
MSCIFN-g (p = 0.63) (Figure 1E). Together these results demonstrate
that IRF1 transgene expression in MSCs can recapitulate key activa-
tion signatures of IFN-g stimulation.
IRF1 activates MSC-mediated T cell suppression

We next characterized and compared IRF1 and IFN-g-induced
changes to the MSC transcriptome using bulk RNA sequencing
(RNA-seq) (Figures 2A–2D). Both priming methods induced tran-
scriptional changes, yielding more than 1900 differentially expressed
genes (DEGs), each relative to untreated control MSCs (p < 0.05) (fold
change [FC] > 2) (Figures 2A–2C). In addition to IDO1, upregulated
DEGs included COX-2 (PTGS2), a second key immunomodulatory
effector enzyme that produces the anti-inflammatory small molecule
prostaglandin E2,45 along with multiple effector genes associated with
T cell suppression including IL4I1,46 Galactin-947,48 (LGALS9), PD-
L249 (PDCD1LG2), and FGL250 (Figure 2A). Along these lines,
normalized enrichment scores from gene ontology (GO) analysis
show transcription in both MSCIRF1 and MSCIFN-g is positively en-
riched for genes corresponding with the GO terms “negative regula-
tion of T cell proliferation” (0042130) and “negative regulation of
T cell activation” (005086800) (Figures 2D and S2).

Consistent with their transcriptional profiles, IRF1- and IFN-g-medi-
ated priming were both demonstrated to enhance the immunosup-
pressive bioactivities of MSCs compared with basal, unprimed cells
(Figures 2E–2G and S3). MSC conditioned media (CM) prepared us-
ing MSCIRF1 and MSCIFN-g were shown to suppress the proliferation
of PBMCs that were pre-stimulated with anti-CD3 and anti-CD28
antibodies to selectively activate T cells (Figures 2E and 2F). Finally,
CM fromMSCsIRF1 was also found to decrease the percentage of CD4
T cells that positively expressed the activation marker TNF-a relative
to CM from basal, unprimed MSCs (Figure 2G). As with the cell pro-
liferation analyses, similar suppression of CD4 T cells was observed
with MSCIRF1 and MSCIFN-g.
er 2024
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Figure 1. Genetic priming MSCS via overexpression of IRF1

(A) IRF1 lentiviral construct design. (B) Flow-based quantification of lentiviral

transduction efficiency. Images were created using BioRender. (C) IRF1 transgene

expression and IFN-g stimulation at 50 ng/mL for 24 h both yield nuclear localization

of IRF1. IRF1 was visualized by immunocytochemical staining. Scale bar, 100 mm.

(D and E) IRF1 overexpression and IFN-g stimulation (50 ng/mL for 24 h) both drive

IDO1 transcription (D) and upregulate kynurenine production (E). Relative expres-

sion, 2DDCt, in RT-qPCR analyses was calculated relative to unprimed MSCs for

both MSCIFN-g and MSCIRF1. Statistical analyses were performed using multiple

unpaired t tests. Kynurenine production was assayed using an Ehrlich reaction and

analyzed using one-way ANOVA. *p < 0.05. Error bars represent the SD.
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IRF1 hyperexpression maintains the immune evasive status of

MSCs by circumventing STAT1 activation

RNA-seq also revealed marked differences between genetic and
biochemical priming in the MSCIRF1 and MSCIFN-g cells
(Figures 2B–2D and 3A). In particular, genes from the GO term “T
cell activation” (0042110) were depleted with MSCIRF1, but positively
enriched with MSCIFN-g (Figure 2D). One of the most upregulated
MSCIFN-g genes in this GO term was CD74, or human leukocyte an-
tigen (HLA) class II histocompatibility antigen g chain CD74,
involved in the assembly and trafficking of MHC class II complexes.51

The expression of the transcriptional regulator CIITA, which again
drives the downstream expression of MHC class II genes, was also
significantly upregulated in MSCIFN-g (FC = 126 ± 27) (p = 0.0002)
but was much less so in MSCIRF1 (FC = 6 ± 1.4) (p = 0.008) (Fig-
ure 3A). In turn, while nearly all MHC class II genes were upregulated
by IFN-g treatment, HLA gene expression was largely unchanged by
IRF1 overexpression (Figure 3A). Consistent with this behavior, flow
cytometry analyses of the MHC class II cell surface receptor HLA-DR
confirmed this result (Figures 3B and 3C). Here, while the level of
HLA-DR was elevated slightly, compared with naive, unmodified
MSCs, the geometric mean of HLA-DR expression in MSCIFN-g

was more than 35� that of MSCIRF1.

To test if the above MHC class II expression changes would result in
changes in immune reactivity, MSCs, MSCsIFN-g, and MSCsIRF1 were
next co-cultured in direct contact with unstimulated PBMCs. After
7 days, CD4+ T cells showed an increase in activation status with
MSCIFN-g compared with MSC or MSCIRF1 (Figure 3D). There
were 60% more TNF-a+ CD4 T cells with MSCIFN-g compared with
MSCIRF1 and 70% more with MSCIFN-g compared with untreated
MSC. The PBMCs also proliferated 5.5� more with MSCIFN-g

compared with MSCIRF1 and 2.4� more with MSCIFN-g compared
with untreated MSC (Figure 3E).

IRF1 priming circumvents STAT1 activation

To gain mechanistic insight into the differences between genetic and
biochemical priming, we next examined levels of STAT1 transcrip-
tion, phosphorylation, and nuclear translocation in naive MSCs,
MSCIRF1, and MSCIFN-g (Figure 4). IFN-g was found to induce a
much larger change in STAT1 transcription (FC = 11 ± 0.35) (p =
0.0005) compared with IRF1 overexpression (FC = 3.0 ± 0.39) (p =
0.02) (Figure 4A). IFN-g was also found to induce significant
STAT1 phosphorylation by western blot (Figures 4B and S4) as ex-
pected.15 In contrast, IRF1 overexpression resulted in much less
STAT1 phosphorylation in MSCs that were cultured for at least
8 days after transduction. STAT1 activation is notably observed on
day 4 in western blotting experiments (Figures S5A, S5C, and S5D),
which we attribute to stimulation by the lentivirus. However, this
signal dissipates by day 8 (Figures 4B and S5B), indicating that
IRF1 overexpression does not sustain STAT1 activation on its own.
IFN-g also induced much more prominent pSTAT1 nuclear localiza-
tion in immunocytochemical imaging experiments (Figures 4C and
4D). Together, these results suggest that the IRGs that are differen-
tially expressed in MSCIRF1 cells relative to naive MSCs are indeed
Molecular T
predominantly activated by IRF1 expression and not STAT1. They
further suggest that differences between MSCIRF1 and MSCIFN-g tran-
scriptional profiles stem from the ability of IRF1 overexpression to
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Figure 2. MSCIRF1 recapitulates signatures of MSCIFN-g activation and T cell suppression

(A) Volcano plot from RNA-seq analyses for MSCIFN-g (left) and MSCIRF1 (right). Red and blue regions denote down and up-regulated DEGs respectively (FC > 2; p < 0.05). (B)

Expression heatmap for DEGs identified for MSCIFN-g. Genes were ordered from highest to lowest FC. Corresponding FCs for MSCIRF1 are provided. (C) Venn diagram of all

DEGs identified for MSCIFN-g and MSCIRF1. (D) Normalized enrichment scores for GO terms associated with T cells suppression/activation. (E and F) Suppression of T cell

activation in flow cytometry based, CellTrace Violet dilution assays. T cells in PBMC cultures were activated using anti-CD3 and anti-CD28 antibodies and cultured with MSC

CM. (G) CD4 T cells were found to express less TNF-a on a per-cell basis with CM from MSCIFN-g and MSCIRF1 compared with unstimulated MSCs 3 days after exposure to

MSC CM. One way ANOVA. *p < 0.05, **p < 0.01. ns, not significant. Error bars represent the SD.
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Figure 3. MSCIRF1 avoids MHC class II expression

and subsequent CD4 T cell activation and

proliferation present with MSCIFN-g

(A) Relative expression levels of CIITA and MHC class II

genes for MSCIFN-g and MSCIRF1 with respect to

unprimed MSCs. (B and C) Flow cytometry analyses of

HLA-DR surface expression. (D and E) Quantitation of

TNF-a expression in CD4+ T cells (D) and PBMC

proliferation (E) upon direct co-culture with MSCIFN-g

than MSCIRF1 cells. Percent proliferation values were

calculated using CellTrace Violet intensities. One-way

ANOVA. *p < 0.05, **p < 0.01. ns, not significant. Error

bars represent the SD.
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bypass STAT1 phosphorylation and avoid upregulation of STAT1-
responsive ISGs that are not activated by IRF1 alone, such as CIITA.

To further investigate functional consequences of the different activa-
tion modes in MSCIRF1 and MSCIFN-g cells, high throughput imaging
analyses were performed to quantitatively compare differences in
primed cell morphologies (Figure 5). Prior reports have shown that
IFN-g can induce morphological changes that coincide with
enhancement in immunosuppressive capacity.52 We performed
similar analyses using ER tracker dye to stain the MSC endoplasmic
reticulum (ER), which extends throughout the cytoplasm, in addition
to nuclear staining (Figures 5 and S6). Seven MSCmorphological fea-
tures were found to be significantly changed upon IFN-g stimulation
in this study. Six of these were replicated from previously documented
morphological changes in the literature, and one of these was not pre-
viously studied. Significantly altered features included increases in ER
compactness, convex area, perimeter, major axis length, andmax feret
diameter and decreases in ER form factor and nuclear to ER area ratio.
MSCIRF1 morphology remained statistically similar to basal MSCs.
Molecular Therapy: Methods & Cl
IRF1 can potentiate primary human MSCs

activation persistently

We next examined the usefulness of IRF1 over-
expression to sustainably activate the immuno-
suppressive properties of primary AD-MSCs
(Figures 6 and S7–S12). Here, IRF1 overexpres-
sion was again observed to induce IDO1 tran-
scription (Figure S8A) and translation (Fig-
ure 6A) and boost MSC production of
kynurenine (Figure 6B). RNA-seq showed that
IRF1-modified AD-MSCs also maintained tran-
scriptional profiles that are required by the In-
ternational Society for Cellular Therapy to
designate cells as MSCs (Figure S8B). Moreover,
RAP1 (TERF2IP) transcription, which has been
reported to be necessary to retain MSC para-
crine bioactivity,28,53 was also unaffected and
remained positive with IRF1 overexpression
(Figure S8C). Finally, flow cytometry analyses
show IRF1-modified primary AD-MSCs retain
high levels of viability (>97%) (Figures S9A
and S9B), although, as with chronic IFN-g exposure in this experi-
ment, IRF1-mediated genetic priming seems to decrease the prolifer-
ation rates (Figure S9C).

CM from IRF1-primed AD-MSCs was also capable of suppressing
T cell proliferation in CellTrace dilution assays (Figures 6C, 6D,
and S10). This suppression was accompanied by reduced activation
of CD8+ and CD4+ T cells, signified by a loss of expression of IFN-
g and TNF-a, respectively (Figures 6E and 6F). Importantly, the
CM in these experiments were also notably prepared using 5-fold
fewer cells compared with the hTERT-MSC media, indicating that
primary cells are not only amenable to IRF1-medated priming, but
higher potencies can be achieved.

A second sample of commercially sourced primary AD-MSCs notably
exhibited lower activation with respect to IDO1 expression (Fig-
ure S11A). IRF1-mediated priming responses were also attenuated
appreciably in primary MSCs that were frozen and banked over short
timescales (<7 days) (Figure S11A), indicating IRF1 activation can
inical Development Vol. 32 September 2024 5
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vary by MSC preparation and patient source. Nevertheless, IDO1
expression remained highly responsive to IFN-g stimulation in these
cells. We thus next tested whether IRF1-mediated genetic priming re-
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
sponses could be improved via brief stimulation with IFN-g and/or
budesonide, a glucocorticoid that is well known to potentiate MSC re-
sponses to IFN-g54 (Figure 7A). Our banked primary MSCs were
transduced with IRF1 lentivirus, treated with IFN-g and/or budeso-
nide for 24 h, and thenmonitored by flow cytometry for IDO1 expres-
sion for 21 days. In contrast with biochemical priming alone (Fig-
ure 7B), all combinations of IFN-g and/or budesonide with IRF1
overexpression were capable of yielding persistent IDO1 expression
for at least 21 days (Figure 7C). Either IFN-g or budesonide was
found to increase the rates of IDO1 expression at early time points,
indicating the potentiation of IRF1 transcriptional activity. We
notably also demonstrated persistent, 21-day activation, can be
achieved using iPSC-derived MSCs (Figures S11B and S11C).

Finally, while all treatments that included IFN-g were found to upre-
gulate the expression of HLA-DR, this was not the case with budeso-
nide alone (Figure S12). Instead, the combination of IRF1 priming
with budesonide was able to maintain the low levels of HLA-DR
expression observed with basal, unprimed MSCs.

DISCUSSION
MSCs remain an attractive tool for cell therapy due to their unique
abilities to secrete arrays of pleotropic immunomodulatory and
restorative biomolecules. MSCs, however, require some form of
biochemical or biophysical priming to activate the production of
these molecules since they are not expressed appreciably without
stimulation. Priming via pro-inflammatory cytokines such as IFN-g
to mimic the reciprocal interactions of MSCs with activated immune
cells have been shown to induce broad changes to the MSC transcrip-
tome and secretomes, and improve MSC potency.15,16,20 Neverthe-
less, as demonstrated here and by others, IFN-g-induced potency en-
hancements are very short lived and only last a few days.

This work demonstrates that the constitutive overexpression of the
stimulus-responsive TF IRF1 can persistently activate MSC expres-
sion of many IFN-g-responsive anti-inflammatory genes, including
key immunomodulatory genes like IDO1 and PTGS2 (COX-2), as
well as other negative regulators of T cell activation. Consistent
with this profile, IRF1 overexpression MSCs were capable of sup-
pressing T cell proliferation and activation in both hTERT-modified
and primary human MSCs, yielding near equivalent potency found
with IFN-g priming.

IRF1-mediated priming was also found to circumvent the expression
of the transcriptional activator CIITA, which is upregulated by IFN-g
and drives the expression of MHC class II genes known to potentiate
MSC immunogenicity and clearance. We attribute this distinction to
the role STAT1 plays in activating CIITA transcription, and the use-
fulness of IRF1 overexpression to circumvent the phosphorylation of
STAT1 in the JAK/STAT pathway. While the relative roles of STAT1
and IRF1 in the upregulation of CIITA are found to vary depending
on cell type,55 the substantial activation of CIITA and downstream
MHC class II genes by IFN-g suggests STAT1 dominates this activa-
tion in MSCs. The overexpression of IRF1 was not found to influence
er 2024
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STAT1 phosphorylation or nuclear localization appreciably via
immunocytochemistry or western blotting analyses. Transient IRF1
expression has been reported to promote STAT1 activation in HEK
cells.56 However, our data do not support such effects in MSCs.
Instead, the exogenously expressed IRF1 in the genetically primed
MSCIRF1 cells seems to operate largely independent of the canonical
STAT/JAK pathway, enabling selective activation of IRF1-responsive
genes without upregulating pSTAT1.

We also demonstrated IRF1-mediated genetic priming can boost the
immunomodulatory bioactivities of primary human MSCs. Here, the
potency of CM from primary MSCIRF1 cells proved more potent
compared with CM from hTERT modified MSCIRF1, with approxi-
mately 5-fold fewer cells needed to achieve suppression effects equiv-
alent to those with transient IFN-g stimulation. Nevertheless, we also
observed variability in IRF1-mediated priming responses across com-
mercial MSC preparations, donor samples, and after freeze-thaw cy-
cles. Responses were measured with respect to IDO1 expression, a key
Molecular T
signature of MSC potency. Despite confirmation of efficient lentiviral
transduction, IRF1-mediated induction of IDO1 seems to be times at
times delayed in these cells. In contrast, the onset of IDO1 expression
in primary MSCs was notably both rapidly and highly responsive to
IFN-g priming in all experiments, despite its subsequent decay.

Building on the hypothesis that the delayed MSC activation response
stemmed from potential epigenetic effects that restrict IRF1 access to
IRG loci in the absence of complete JAK/STAT signaling, we demon-
strated efficient and persistent MSC activation can be achieved by
combining IRF1-mediated genetic priming and brief stimulation
with IFN-g and/or pharmacological treatment using the corticoste-
roid budesonide. Both these transient treatments proved capable of
accelerating MSC activation (IDO1 expression) appreciably. More-
over, constitutive IFR1 transgene expression was then able to take
over and sustain IDO1 activation for at least 21 days, which is
4-fold longer than IFN-g or IFN-g plus budesonide. This persistent
activation was also demonstrated using iPCS-derived MSCs, which
are recognized for their potential off-the-shelf use in therapy and a
resultant ability to circumvent issues surrounding MSC source and
patient variability. Finally, while IFN-g stimulation was naturally
found to upregulate HLA-DR expression, the combination of budeso-
nide and IRF1 overexpression minimized this activation, suggesting
that this combination still circumvents activation of STAT1-respon-
sive ISGs.

MSC treatments with budesonide and other glucocorticoids have
been shown previously to enhance IFN-g-induced IDO expression
across multiple donors and in over-passaged cells.54 In these studies,
activation improvements were notably maximized with continuous
exposure to budesonide. Our study shows that constitutive IRF1
expression can sustain this effect without additional pharmacological
treatments. While the results with AD-MSCs and iPSC-MSCs are
promising, additional studies are still needed to both optimize the
usefulness of this approach within and across different MSC sources
and validate the extent to which persistent genetic priming can boost
MSCs efficacy in vivo. The attenuated proliferation due to IRF1 over-
expression may be limiting and necessitate additional cell engineer-
ing. However, we expect this behavior to be much less problematic
to approaches that incorporate MSCs within biomaterial hydrogels
in order to contain and localize MSCs over the course of therapy.57–59

These strategies naturally stand to benefit from persistently bolstered
MSCs activation. Overall, we anticipate priming via manipulation of
IRF1 and/or other stimulus-responsive TFs, individually and in com-
bination, will ultimately facilitate tailored programming of the immu-
nomodulatory and regenerative properties of the secretomes and
associated modes of action of MSCs for specific cell therapy
applications.

MATERIALS AND METHODS
MSC culture

Immortalized human adipose hTERT-MSCs, primary AD-MSCs,
and iPSC-derived MSCs were obtained from the American Type Cul-
ture Collection (ATCC) (Manassas, VA, USA). hTERT-MSCs were
herapy: Methods & Clinical Development Vol. 32 September 2024 7
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maintained between passage 2 and 15 in DMEM (Gibco, Carlsbad,
CA, USA) with 10% fetal bovine serum (FBS; Corning, Corning,
NY, USA) and 1% antibiotic-antimycotic (Gibco, Carlsbad, CA,
USA). For AD-MSCs, genetic priming effects were characterized in
separate batches of MSCs from ATCC from two different lots. For
iPSC-derived MSCs, one lot from ATCC was used. AD-MSCs and
iPSC-derived MSCs were maintained between passages 2 and 8 in
Mesenchymal Stem Cell Basal Medium for Adipose, Umbilical, and
Bone Marrow-derived MSCs (PCS-500-030, ATCC) with Mesen-
chymal Stem Cell Growth Kit for Adipose and Umbilical-derived
MSCs - Low Serum (PCS-500-040, ATCC) Passaging was done using
0.25% trypsin for 5 min at 37�C. Primary MSCs were thawed imme-
diately from the manufacturer and used in downstream experiments
unless otherwise specified. In freeze-thaw experiments, primary
MSCs were frozen at passage 3 in FBS with 10% DMSO before being
thawed. MSCs were treated with human recombinant IFN-g
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
(PeproTech, Cranbury, NJ, USA) at a concentration of 50 ng/mL
for 24 h where indicated unless otherwise specified.

Lentiviral MSC engineering

The human IRF1 viral vector was synthesized by VectorBuilder
(Chicago, IL, USA). HEK293T cells were obtained from ATCC
and maintained in the same media as the hTERT-MSCs between
passage 2 and 30. The HEK cells were plated at 7.7E4 cells/cm2

the day before transfection. For each transfection, 4.878 mg IRF1 len-
tiviral plasmid, 1.463 mg pMD2.G, and 3.659 mg psPAX2 (Addgene,
Watertown, MA, USA) were transfected using JetPRIME (Polyplus,
Illkirch, France). Media was exchanged for media containing 4 mM
sodium butyrate after 8 h. Virus-containing media was harvested at
24 and 48 h, filtered with a 0.45-mm filter to remove cellular debris
and concentrated (100�) using Lenti-X concentrator (Takara, San
Jose, CA, USA). The resulting particles were resuspended in
er 2024
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DMEM with 10% FBS, 1% antibiotic-antimycotic and stored
at �80�C.

The IRF1 lentivirus was reverse transduced into immortalized or pri-
mary MSCs in a six-well plate. MSCs between passages 2 and 5 were
added onto the lentivirus and 10 mM polybrene was added to each
well. Cells were then incubated for 72 h, their media were changed,
and they were incubated for another 3–72 h before their GFP produc-
tion was assessed by flow cytometry to determine transduction effi-
ciency. AnMOI of 1 was theminimum viral volume to obtain approx-
imately 100% GFP positive cells. This viral volume (MOI = 1) was
used in replicate reverse transduction process to make biological rep-
Molecular T
licates of transgenic IRF1 MSCs that were used in downstream exper-
iments. Transduction efficiencies were confirmed via fluorescence
imaging.

RT-qPCR

Immortalized human adipose MSCs were plated in 6 well plates and
rested for 24 h, after which, cells were lysed, and RNA was extracted
using a RNeasyMini Kit (Qiagen, Germantown,MD, USA). RNAwas
reverse transcribed to cDNA using an iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, USA). qPCR was conducted using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and the
following primers (IDT, Newark, NJ, USA):

IRF1 F: 50-CTCTCCCCGACTGGCACATC-30

IRF1 R: 50-CCGACTGCTCCAAGAGCTTCA-30

IDO1 F: 50-ACGGGACACTTTGCTAAAGGC-30

IDO1 R: 50-GGTTGCCTTTCCAGCCAGACA-30

GAPDH F: 50-CAATGACCCCTTCATTGACC-30

GAPDH R: 50-TTGATTTTGGAGGGATCTCG-30

RNA-seq

RNA-seq experiments were performed in duplicate. RNA was ex-
tracted using an RNEasy Mini Kit and frozen at �20�C and sent to
Azenta (Burlington, MA, USA) for whole RNA-seq. FASTQ files
were processed using Galaxy to quantify read counts for each gene
and condition. R and Python were used to convert Ensemble gene
IDs to gene symbols. Python and the GSEAPY package were used
to conduct GO enrichment analyses.

Western blotting

MSCs were lysed in RNA immunoprecipitation buffer. Total protein
concentrations were quantified using a BCA assay. We loaded 25 mg
protein for SDS-PAGE and transferred onto a PVDF membrane for
western blot. Primary antibodies for STAT1 (66545-1, Proteintech,
Rosemont, IL, USA) and pSTAT1 (MA5-15071, Thermo Fisher Sci-
entific, Waltham, MA, USA) were used at a 1:5,000 and 1:1,000 dilu-
tions, respectively, in 1� Tris-buffered saline with 1% casein (Bio-
Rad). Secondary a-mouse horseradish peroxidase (HRP) (A6154,
Sigma-Aldrich, St. Louis, MO, USA) or a-rabbit HRP (ab6721, Ab-
cam, Cambridge, UK) were used at a 1:3,000 dilution in 1� Tris-buff-
ered saline with 1% casein. Membranes were exposed after addition of
ECL (170-5060, Bio-Rad). Tubulin was detected with hFAB Rhoda-
mine Anti-Tubulin Primary Antibody (12004166, Bio-Rad) at
1:3,000 dilution.

Immunocytochemistry

MSCs were plated in six-well plates containing coverslips, cultured for
24 h, and fixed with 4% PFA in PBS for 20 min at 4�C–8�C. Cells were
washed thoroughly with 0.2-mm filtered 5% BSA in PBS (blocking
herapy: Methods & Clinical Development Vol. 32 September 2024 9
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solution), and permeabilized by incubation in 0.2% Triton X-100 in
PBS at room temperature for 5 min. After washing and incubating
with blocking solution for 1 h, cells were immuno-stained overnight
at 4�C–8�C with rabbit anti-human IRF1 antibody (1:1,000,
ab243895, Abcam) or rabbit anti-human pSTAT1 (1:400, MA5-
15071, Thermo Fisher Scientific) and mouse anti-human STAT1
(1:800, 66545-1, Proteintech) diluted in blocking buffer. Secondary
antibody staining was performed using Cy5 Goat anti-rabbit (1:500,
A10523, Thermo Fisher Scientific), AF 594 donkey anti-rabbit
(1:500, A21207, Invitrogen, Waltham, MA, USA), or AF 647 goat
anti-mouse (1:500, A21235, LTC, Carlsbad, CA, USA). Secondary
staining solutions also contained Hoechst nuclear stain (1:10,000,
33342, Thermo Fisher Scientific). Cells were visualized with a Nikon
Eclipse Ti2 at 60� magnification. Background subtraction was done
using ImageJ and was performed identically for each fluorophore.

Flow cytometry

Cells were trypsinized, fixed using BD Cytoperm/Cytofix (BD,
Franklin Lakes, NJ, USA), permeabilized with BD Perm/Wash Buffer,
and stained at room temperature for 1 h using a PE-labeled mouse
anti-IDO1 antibody (12-9477-42, Thermo Fisher Scientific) or a
BV786-labeled mouse anti-human HLA-DR antibody (564041, BD)
according to the manufacturer’s instructions. Excess antibody was
removed via centrifugation and supernatant removal. Fluorescence
levels were then quantified.

Kynurenine production

Kynurenine concentration was assessed by Ehrlich reaction. We com-
bined 100 mL CMwith 50 mL 30 wt% trichloroacetic acid in water in a
round-bottom 96-well plate. A standard curve of purified
L-kynurenine (Sigma-Aldrich) dissolved in R10 media was also
included. This mixture was spun down at 2200RCF. We combined
100 mL supernatant with fresh 2 wt% dimethylaminobenzaldehyde
(Sigma-Aldrich) in glacial acetic acid (Thermo Fisher Scientific).
This mixture was immediately read at 490 nm on a plate reader.

Suppression bioactivity assays

MSC CM was prepared by culturing primary MSCs (2� 105 cells) or
hTERT-MSCs (1 � 106 cells) in R10 media for 48–72 h (RPMI Me-
dium 1640 (Gibco, Waltham, MA, USA) with 10% heat-inactivated
FBS, 1% penicillin-streptomycin (Gibco, Grand Island, NY), 1%
GlutaMAX Supplement (Gibco, Grand Island, NY), 1% sodium pyru-
vate 100 mM (Gibco, Grand Island, NY), 1% HEPES 1 M (Gibco,
Grand Island, NY), 1% MEM non-essential amino acids (Gibco,
Grand Island, NY) for 48 and 72 h, respectively. CMwas used directly
without storage in subsequent assays. Human PBMCs were prepared
from buffy coats obtained from Gulf Coast Regional Blood Center
(Houston, TX, USA). Buffy coats were frozen and stored in liquid ni-
trogen before being thawed just before use. Viability was measured by
AOPI (Nexcelom, Lawrence, MA, USA) and was required to be
greater than 90% at thaw.

T cells were activated by incubating PBMCs with anti-CD3 (OKT3,
Tonbo/Cytek, San Diego, CA, USA) and anti-CD28 (302934, Bio-
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
legend, San Diego, CA, USA) antibodies in PBS at 37�C for 3–5 h.
For T cell proliferation analyses, PBMCs were stained with
CellTrace Violet (Thermo Fisher Scientific) before activation.

TNF-a and IFN-g expression levels were measured by treating
PBMCs with GolgiPlug (Thermo Fisher Scientific) and GolgiStop
(Thermo Fisher Scientific) to facilitate immunostaining analyses.
PBMCs were fixed and permeabilized for 1 h at room temperature
with Foxp3/TF Fix/Perm Concentrate and Diluent (Tonbo/Cytek),
and then washed with Tonbo Flow Cytometry Perm Buffer
(Tonbo/Cytek). Cells were then immuno-stained 1 h at room temper-
ature with a panel of antibodies: anti-CD3 (563725, BD), anti-TNF-a
(Biolegend 502938), anti-IFN-g (Biolegend 506516), anti-perforin
(Biolegend 506516), anti-T-bet (Biolegend 644812), and anti-Ki67
(BD 564071) for. Viable cells were identified using Ghost Dye Violet
510 (Tonbo/Cytek). Flow cytometry was performed using a BD
LSRFortessa instrument. T cell proliferation and activation were
quantified identically in MSC-PBMC co-culture experiments. In
these experiments, MSCs were cultured for 3 days before PBMCs
were placed in coculture for an additional 7 days. Media were changed
every other day.

Immortalized human adipose MSCs were plated at 5.2E3 cells/cm2 in
6 well plates. Cells were then stained with ER-Tracker Red (Thermo
Fisher Scientific E34250) and Hoechst nuclear dye (Thermo Fisher
Scientific 33342) according to manufacturer protocols. Cells were
visualized using a Nikon Eclipse Ti2. A background subtraction
method with a rolling ball radius and a contrast enhancement was
done to better visualize cells in ImageJ. CellProfiler was used to iden-
tify cellular components. Nuclei and ER were identified by applying a
size filter, separating clumped objects, and filling holes within objects.
CellProlifer module MeasureObjectSizeShape was then used to mea-
sure morphological features of nuclei and ER. Subsequent data pro-
cessing was done using MATLAB.
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