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Mesenchymal stromal cells (MSCs) are non-hematopoietic progenitor cells that
can be derived from a variety of sources including bone marrow and adipose
tissues among others. MSCs are plastic adherent and easy to culture ex vivo,
making them attractive platforms for cell-based technologies. They have an
impressive immunoplasticity and can express a suppressive or inflammatory
phenotype depending on their stimuli. While MSCs are mainly used in tissue
regeneration or as a tool to suppress unwanted inflammation, their pro-
inflammatory phenotype includes their ability to act as antigen presenting cells
(APCs). This property, along with their ease of expansion and manipulation, make
them excellent candidates as alternatives to dendritic cell-based technologies,
especially for cancer vaccination. To generate stable MSCs with an APC-like
phenotype, two main venues have been explored: genetic and pharmacological
reprogramming. Routes to generating MSC-APCs have shown great promise in
therapeutic and prophylactic settings in vivo, demonstrating effective tumor
control in multiple murine models. Mechanistically, MSC-APCs appear to be
generated in response to reactive oxygen species and endoplasmic reticulum
stress. While much remains to be uncovered with respect to their phenotype,
these reprogrammed cells show great promise as the next generation of cancer
vaccine platforms. Herein, we describe the state-of-the-art in routes to
reprogramming MSCs and discuss their future in the immune-oncology space
as potent cancer vaccines.
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1 Introduction

Antigen presenting cells (APCs) are essential components of innate and adaptive
immunity, enabling essential processing and recognition of foreign material that must be
eradicated. APCs are highly relevant for cell-based vaccine technology, as they can induce
efficient, targeted, and tailored immune responses (1). In the context of cancer vaccination,
APCs are usually pulsed with tumor-specific or tumor associated antigens (TSAs or TAAs,
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respectively) such that upon antigen processing and presentation on
their cell surface, systemic administration of the vaccine would act
prophylactically and/or therapeutically. This approach would not
only enable a powerful measure, but has the potential to be a highly
effective treatment for metastatic cancers with a major reduction in
side effects (2). The optimal cellular anti-cancer vaccine would be
able to overcome three major pitfalls of current vaccine
technologies: 1) allowing persistent cytotoxic T lymphocyte (CTL)
response without breaking immune tolerance, 2) enabling efficient
antigen cross presentation, and 3) potentially promoting phagocyte-
mediated efferocytosis of cancer cells (3, 4). In the context of cancer
vaccination, finding the right TSA leading to the most specific and
effective response remains as one of the major challenges regarding
the importance of the CTL response for antitumor immunity (5, 6).
Beyond that, the development of cell-based vaccine technologies
that can be mass produced and used at low doses are the primary
hurdle (7).

Dendritic cells (DCs) remain the most promising professional
APC for generating a cell-based vaccine, as B cells and macrophages
exhibit reduced T-cell activation, are more difficult to isolate and
expand ex vivo, and have the potential to elicit deleterious
inflammatory responses (8). Notably, Sipuleucel T (marketed as
Provenge®) is the only DC-based immunotherapy that has been
used to treat prostate cancer since its initial FDA approval in 2010
(9). While it has not yet shown the hoped-for therapeutic potency, this
treatment illustrates the potential that APC-based technologies could
have for cancer patients (10). DC therapies have also been investigated
in phase III clinical trials for primary and recurrent glioblastoma and
have had promising outcomes (11). Unfortunately, the development
and widespread implementation of DC-based technologies has had
very limited success owing to a myriad of difficulties. DCs are known
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to provide variable responses in different patients and environments,
and are prohibitively expensive to manufacture at large scales due to
difficulties with their in vitro isolation, manipulation, and expansion
(8,12). DCs also express PD-L1 on their surface, which can mediate T-
cell inhibition, a major issue in cancer immunotherapy, as the desired
prolonged immune response is needed to prevent immune evasion by
cancer cells, which leads to tumor progression (13). For these reasons,
there is a need to investigate alternative modalities to generating novel
APC-based vaccine technologies.

2 Mesenchymal stromal cells: history
and advancements

MSCs have emerged as a promising cellular technology in a
variety of fields (Figure 1) (23-25). Initially characterized as
supportive cells within the bone marrow (BM) microenvironment
(26), these nonhematopoietic cells have now been identified in a
variety of other tissues, and can be isolated from sources including
BM, adipose tissue, and menstrual blood, among others (26, 27).
Although MSCs are capable of differentiation into cells of
mesenchymal origin and are able to self-renew, the term
mesenchymal stromal cells is preferred to mesenchymal stem cells
(28, 29). Defining criteria of MSCs include their adherence to
plastic, ability to form fibroblast colonies, a spindle-like
morphology, as well as their ability to differentiate into
adipocytes, chondrocytes and osteoblasts (27). Their phenotypic
heterogeneity has made these cells historically difficult to define,
however, the International Society for Cellular therapy (ISCT) uses
the aforementioned characteristics, along with a minimum
phenotypic profile: expression of CD44, CD73, CD90 and CD105,
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Timeline reflecting the major discoveries and advancements related to MSCs. Upon their isolation from the BM in 1968, MSCs became the center of
several studies that revealed their immunosuppressive properties in 1995 and multipotency in 1997 (14-16). These discoveries enabled major
advancements in regenerative therapies, which led to the first clinical trial of MSCs for GvHD (17, 18). In 2006, the antigen presenting properties of
MSCs were first observed, giving rise to the advancements described in detail in this review (19). After the 2010 approval of the first MSC-based drug
in South Korea (Queencell®), many other drugs were approved for a variety of diseases (20). In December 2024, the USFDA approved the first MSC-
based therapy Ryoncil® to treat acute-GvHD (21). Created in BioRender. Farah, R (22) https://BioRender.com/g36f426.
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while lacking expression of CD11b, CD14, CD34, CD45, CDI9,
CD79a, and HLA-DR (30).

Since their discovery by Friedenstein in the late 1960’s — early 1970s
(14, 26), MSCs have since garnered attention for their capacity to
modulate immune responses, promote tissue repair, and exert
regenerative effects across various organ systems (31, 32). The
majority of research on MSCs focuses on their immunosuppressive
functionality, as human MSCs lack expression of CD80 and CD86, have
low HLA expression, and lack expression of HLA-DR in their native
state (33). MSCs have been featured in over one thousand clinical trials
(clinicaltrials.gov) to date, and are perhaps best known for their
important role in curing Graft-versus-Host Disease (GVHD) as first
reported clinically by LeBlanc in 2004 (18). The MSC market has
since expanded to include treatments for a variety of diseases,
underscoring their versatility (20, 34). These products include
Cartistem® for the treatment of osteoarthritis in knees,
Cupistem® and Alofisel® for Crohn’s fistula, Neuronata-R® for
amyotrophic lateral sclerosis, and Cellgram-AMI® for acute
myocardial infarction (20). Notably, Japan approved Stemirac®,
an MSC-based therapy for spinal cord injury using auto serum-
expanded autologous MSCs (35). Despite the controversial approval
of the treatment (36, 37), Stemirac® has been available clinically
since 2019 and has sparked multiple studies on MSCs for spinal
cord injury treatment (35). During the COVID-19 pandemic, MSCs
also rose to prominence for treating acute respiratory distress
syndrome, the main fatal complication in COVID-19 infected
patients (38). Most recently, in December 2024, the United States
Food and Drug Administration (USFDA) announced their first
approval of an MSC-based drug, Ryocil®, for the treatment of acute
GvHD (21).

In 2006, studies on MSCs demonstrated novel properties of
these cells upon their priming with interferon-gamma (IFNY) (39,
40). This pro-inflammatory cytokine is crucial for a variety of
different immunomodulatory cascades, but is perhaps best known
for playing a key role in activating macrophages and promoting T-
cell differentiation (41). In the mid-2000s, several reports
demonstrated that MSCs treated with IFNYy exhibit functional
plasticity within a narrow window of stimulation (39, 40, 42, 43).
Specifically, MSCs were found to exhibit an acquired antigen
presentation capability, resulting in antigen-specific CD4 and
CD8 T-cell activation and antibody production in murine models
(43). Importantly, this was found to occur in a manner similar to
professional APCs, such as DCs. These results sparked interest in
MSCs as a potential non-hematopoietic APC candidate, as MSCs
are abundant in adults, can be isolated from a variety of different
tissue sources, and are extremely easy to culture in vitro.

Unfortunately, the reported antigen presentation properties by
IFNy-primed MSCs (MSCy) were overshadowed by significant
drawbacks. First, antigen presentation only occurred within a
narrow concentration and time window of IFNY priming, beyond
which MSCs revert to their immunosuppressive behavior (19).
Second, the antigen-presenting phenotype of MSCy also exhibited
concomitant expression of PD-LI, which impairs the effector
functions of CTLs (43, 44). These were considered significant
hurdles for the use of MSCy as a cellular vaccine due to the
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possibility of generating an immunosuppressive effect when
encountering an inflammatory environment following their
injection in vivo (19, 39, 44, 45). As such, multiple investigations
were carried out toward generating MSCs with the APC phenotype
using alternative strategies. Herein, we aim to review the state-of-
the-art in strategies for generating MSCs with antigen presentation
capabilities through genetic and/or pharmacological stimulation.

3 Genetic reprogramming of MSCs:
targeting different forms of
proteasomal complexes

To overcome the shortcomings of MSCy as a candidate for cellular
vaccine development, Abusarah et al. introduced a novel approach to
generating cross-presenting MSCs by modulating their proteasomal
machinery (46). Proteasomes are complex macromolecular structures,
for which there are three main types: 1) the constitutive proteasome
(CP), which is present in all eukaryotic cells, 2) the immunoproteasome
(IPr), which is found in immune cells or in response to IFNYy
stimulation, and 3) the thymoproteasome (TPr), which is exclusively
expressed in the cortical thymic epithelial cells (Figure 2) (48). These
proteasomal subtypes are important for maintaining proteostasis, and
for generating peptides presented by MHC-I molecules of the immune
system, which are then recognized by CD8 T-cells (49, 50). Specifically,
antigen degradation during an active immune response relies mainly on
the IPr, while the intrathymic development of CD8 T-cells requires
peptide generation by the TPr (51, 52).

Introduction of the IPr complex in MSCs was chosen as an
initial strategy owing to its functional role in generating
immunogenic peptide-MHC complexes in DCs (52). When BM-
derived murine MSCs were gene-engineered to stably express the
IPr complex, a plethora of changes led to APC-like properties
without the need for IFNy stimulation (46). To distinguish them
from MSCy, IPr-reprogrammed MSCs were henceforth referred to
as IRMs (Figure 3).

The continuous expression of the IPr in MSCs led to effects
beyond its reported role in antigen processing (50, 53-55), where it
also caused cell-wide functional reprogramming. While IRMs
maintained the basic characteristics of BM-derived MSCs, they
showcased high levels of MHCI molecules (H2—Kb, H2-D® and
Qa2), were positive for CD80, and negative for PD-L1 (46). The lack
of PD-L1 expression is in strong contrast to MSCy, addressing one
of the major hurdles mentioned previously. Moreover, the
chemokine/cytokine and gene expression profile of IRMs is closer
to DCs than regular MSCs, underscoring their similarity to
professional APCs. A transcriptomic analysis of IRMs was
compared to that of BM-derived DCs in order to assess the
potential similarities and differences that enable strong antigen
cross presentation capabilities in IRMs. Indeed, IRMs were found
to share similar transcriptional regulators to DCs, indicating the
antigen presenting phenotype of these MSCs does mimic that of
professional APCs (56). As such, IRMs were found to not only
exhibit impressive antigen presenting properties, they also exhibited
several capabilities which surpassed those of BM-derived DCs,
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Proteasome subtypes and their tissue specificity and function. There are numerous proteasome subtypes that differ in their subunit composition,
among them: the CP, the IPr and the TPr. The CP is composed of the catalytic subunits B1, B2 and 5 and is found in all cell types, since it is involved
in maintaining cellular proteostasis. The IPr, with the immuno-subunits B1i, B2i and B5i, is mainly involved in immune functions such as antigen
processing for presentation by APCs. The TPr, specific to the cortical thymic epithelial cells, shares the same Bli and B2i subunits of the IPr but
differs by its catalytic subunit B5t, a homologue of B5 and B5i (47). Created in BioRender. Farah, R (22) https://BioRender.com/q31(729.

making them a valid candidate for cellular vaccine development.
Specifically, the differences in antigen routing and processing
between IRMs and DCs translated to a more varied, wider, and 4-
fold higher, repertoire of peptides presented by MHCI molecules on
the surface of IRMs in comparison with DCs, potentially leading to
the activation of CTLs against a distinct and wider range of tumor-
derived antigens (46).

Interestingly, the antigen presentation properties of IRMs are
mechanistically different from standard BM-derived DCs. Antigen
uptake by IRMs is highly dependent on micropinocytosis and
follows a route involving early recycling endosomes. Treatment
with inhibitors of micropinocytosis abolished antigen uptake and
presentation, while chloroquine, the inhibitor of early endosome
acidification (57), substantially enhanced antigen cross-
presentation (46). Treatment with chloroquine resulted in
prolonged or delayed antigen processing, preserving the antigens
from rapid degradation and leading to enhanced T-cell activation,
which confirms the role of early endosomes. This is consistent with
IRM’s gene expression analysis, which revealed an overall
downregulation of various V-type protein ATPases of the pH
reduction pathway leading to generally higher pH in the
endosome of IRMs in comparison with DCs (46). This
observation provides additional insight on the substantial
difference in the vaccination outcome between IRMs and DCs, as
it ensures limited losses of captured antigens normally induced by
the high intra-endosomal acidity and protease activity (57, 58).

Although our studies provided a good comparison between
IRMs and Mo-DCs (Table 1), investigations conducted by other
groups focusing on cDCl1 indicated that this subset of DCs remain
the best type of APC for stimulating immunity. Future comparative
studies on cDC1 biology and manufacturing are, therefore
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warranted to fully understand and situate the therapeutic
potential of IRMs in this APC hierarchy.

Further evaluation of the metabolic activity of IRMs reveals
additional influence of IPr expression over the metabolic signature
of the cells (46). In particular, the up-regulation of various
metabolic genes, revealed by mRNA analysis, resulted in
enhanced oxidative phosphorylation, increased oxygen
consumption, and increased mitochondrial activity. This
metabolic behavior was found to be central to the cross-
presentation function of IRMs, as well as their enhanced T-cell
activation capabilities relative to DCs. Although these metabolic
changes can result in direct epigenetic modulations, it is presently
unclear how exactly these changes in metabolism lead to the IRM
phenotype (59). After confirming their tolerability and safety in
vivo, IRMs were evaluated as a prophylactic vaccine in vivo in
different murine cancer models using ovalbumin (OVA)-expressing
lymphoma cells (EG.7), EL4 lymphoma or B16 melanoma cells
(Figure 3) (46). Studies were conducted in the presence or absence
of another malignant challenge and using the specific OVA antigen
versus whole tumor lysate. In all the above-mentioned tests,
prophylactic vaccination using IRMs demonstrated comparable
or, at some points, superior anti-tumoral responses than DC
vaccines. When evaluated as a therapeutic vaccine, IRM
vaccination alone only delayed tumor growth, however, the co-
administration of immune-checkpoint blockers and agonist
stimulators provided valuable synergy with therapeutic
vaccination, leading to control of established tumors and better
infiltration of T-cells in the tumor (Figure 3) (46).

Further studies on the IRM vaccine revealed that the generated
anti-tumoral immunity is reliant on both CD4 and CD8 T-cell
activation and recruitment due to the loss of efficacy with the use of
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Process of antigen presentation by IRMs upon vaccination of mice. MSCs genetically modified to express the IPr present an antigen cross-presenting
phenotype characterized by increased MHC-I and CD80 expression, as well as enhanced IL-12 production and secretion due to activation of the
Hypoxia-inducible factor 1-alpha (HIF-1a). Improved antigen processing by the IPr was also observed, related to an increase in mitochondrial
metabolic rates that helped limit intra-endosomal acidification, and thus preserve the antigen during its processing. /n vivo administration of IRMs in
C57BL/6 mice led to a strong anti-tumoral response. Created in BioRender. Farah, R (22) https://BioRender.com/r26n578.

the inhibitor of T-cell egress from secondary lymphoid organs,
FTY720 (46). However, the mechanism of action is not
efferocytosis-dependent, nor is it linked to the reported migration
abilities of MSCs (60), which indicates a dependency on their stable
antigen cross-presenting ability, their cross priming of resident DCs
and their improved in vivo survival post-injection to achieve the
desired outcomes. Finally, in an alignment with the reported
adjuvant effects of using allogenic DC vaccines (61, 62),
administration of the IRM vaccine under an allogenic setting
further improved the anti-tumoral response (46).

Notably, while the IPr complex is restricted to involvement in
peptide generation via MHC-I molecules, MHC-II presentation was
also observed upon transcriptomic analysis suggesting that IRMs
may be able to mount a humoral immune response as well (46).
This ability was further investigated and confirmed by Bikorimana
et al. in 2022 (63). Indeed, an RNA-seq, carried out on IRMs and
native MSCs, showed that 51 genes related to MHC-II antigen
processing and presentation were found to be altered, such as genes
related to kinesin motor proteins or the RAB-interacting lysosomal
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protein (Rilp), further underscoring the genetic differences upon
conversion from native MSCs to IRMs (63). On the other hand,
sustained OV A-specific antibody titers were observed up to 8 weeks
post-vaccination in Balb/c mice immunized with allogeneic OVA-
pulsed C57BL/6 derived IRMs using intraperitoneal injection.
Interestingly, the efficiency noted was dose and route dependent,
which is in line with what has been observed for other vaccine
technologies (42, 64). Furthermore, administration of IRMs with
granulocyte macrophage colony stimulating factor (GM-CSF) and
interleukin IL-21 cytokines simultaneously yielded a synergistic
effect sustained for over 14 weeks, indicative of a potent and
long-lasting response (46).

In summary, modulation of the IPr represents the first
alternative strategy to IFNYy priming for generating the antigen
presenting phenotype of MSCs (46). The efficacy of the IRM-based
vaccine can be described as multifactorial, involving a combination
of efficient antigen cross-presentation, enhanced metabolic activity,
pro-inflammatory cytokine production as well as improved survival
following in vivo delivery. Combined, these results highlight a great
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potential for applications in the field of personalized autologous
cancer vaccines. However, altering other variants of the proteasome
may also endow MSCs with greater antigen presenting capacities.

Many studies have demonstrated that the IPr and TPr play
important roles in triggering and regulating immune responses, and
several suggest that the TPr is attributed to the regulation of pro-
inflammatory cytokine production (65, 66). TPr are essential for
generating unique peptides associated with MHC-I molecules and
developing CD8" T-cells (51). Although the TPr complex is
important for the positive selection of CD8 thymocytes, its
contribution to peripheral T-cell immunity remains ill-defined.
To this end, Bikorimana et al. explored whether the use of MSCs
engineered to induce altered proteasomal activity through de novo
expression of the TPr subunits could be exploited to efficiently
trigger effective CD8 T-cell activation and act as a novel cancer
vaccine (Figure 4) (67). MSCs engineered to express the TPr (MSC-
TPr) were tested both in vitro and in vivo (67). Upon vaccination of
a murine model, these cells demonstrated the ability to prime BM-
derived DCs allowing the activation of CD8 T-cells. However, the
MSCs-TPr failed to directly activate CD8 T-cells, despite
transcriptional changes related to functions such as endogenous
antigen presentation.

In order to understand the MSCs-TPr mechanism of action,
their efferocytosis (phagocytosis by myeloid cells) was assessed.
Indeed, recent discoveries showed the importance of efferocytosis
for MSCs immunomodulatory effect. In fact, efferocytosis can be
either triggered by apoptosis of MSCs-TPr, or through enhanced
surface expression of phosphatidylserine, which serves as an “eat-
me” signal for endogenous phagocytes (Macrophages, DCs) (67—
69). These observations indicated that MSC-TPr play a bystander
role in vaccinated animals that is reinforced by myeloid cells, in
contrast to the direct role of MSC-IPr in tumor control (63, 67, 70).

Given the lack of direct T-cell activation by the TPr-MSCs,
further research was devoted to improving the efficacy of IRMs.
With respect to cell-based vaccines, the number of cells needed per
vaccine dose represents an important consideration toward reliable
and cost-effective manufacturing and distribution. For example,
Provenge®, the only FDA-approved DC drug, requires a minimum
of 50 million cells per vaccine dose, and two to three doses must be
administered in a complete treatment regimen (71). Thus, a strategy
was developed to decrease the number of cells needed per vaccine
by trying to fine-tune the properties of IRMs (56).

To achieve this, a technique called the CIt protocol was
introduced (56). A panel of different pro-inflammatory cytokines
was investigated and IL-12 was found to induce the highest cytotoxic
T-cell response. Co-administration of the IRM vaccine with an IL-12
regimen was evaluated as a prophylactic vaccine strategy and found
to yield a 4/10 complete response and 100% survival rate versus a 30%
overall survival with IRMs alone (Figure 5). When tested under
therapeutic settings, IRMs and IL-12 were co-administered with an
anti-PD1/anti-4-1BB antibody regimen, and a 9/10 complete
response was obtained (Figure 5). These data are highly suggestive
that the combination with adjuvant immunotherapy regimens can
substantially increase the efficiency of the vaccine regime. In addition,
decreasing the number of cells per vaccine to only 5-000 cells/dose is
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TABLE 1 Comparison between IRM and DC immune potency.

MSCs-IPr (IRMs) Mo-DCs cDCls

Antigen cross-presentation ++ + 4+

Antigen uptake +++ +++ +++
In vivo Survival +++ + +
Migration Potential ++ + +

In vivo potency +++ + +++
Manufacturing +++ ++ +

Antigen Dosing ++ +++ +++

IRMs showed an overall strong immune activation ability as well as a good in vivo potency
compared to Mo-DCs. On the other hand, cDCls are better antigen cross-presenting cells but
are difficult to manufacture for therapeutic interventions.

+, low; ++, Medium; +++, High.

remarkably low relative to DC vaccines and thus relevant for
industrial scale up and practical clinical use.

Prior to processing by the IPr or TPr, antigens are captured by
endosomes and degraded into smaller fragments (72). However, the
highly acidic nature of the endosomal compartments is known to
cause excessive antigen degradation, leading to loss of some important
immunogenic sequences within the target antigen that could be
presented to CD8 T cells if these sequences were otherwise
successfully processed and presented (73, 74). Additionally,
endogenously produced antigens may be prematurely released into
the extracellular space upon trafficking from the ER/Golgi complex
(75). Degrons represent a new tool for modulating protein content in
cells (76), and were envisioned for use as a means to improve the
targeting of antigens toward the CP (Figure 6) (77). To improve the
antigen presentation properties of MSCs, two degron sequences
(UBVR and Rnp4 1-80) were used to engineer MSCs to express
destabilized forms of the OVA protein. Notably, the MSC-UBvR-
OVA group was found to exhibit a significantly higher proportion of
OV A-derived peptides at the cell surface compared to the Rnp4 1-80
degron (77). Interestingly, the major difference between UBVR and
Rnp4 1-80 is the role of ubiquitination; they are ubiquitin-dependent
and independent, respectively (78, 79). As such, ubiquitin was viewed
as a sort of “magnet” for the degron sequences, enabling improved
proteasomal processing. Mitochondrial ROS levels were also found to
be significantly higher in MSC-UBVR-OVA, indicative of a direct link
between ROS and degron-mediated antigen degradation and
processing. This may be linked to enhanced lipid peroxidation and
endosomal degradation, as observed in DCs (74). This finding adds
further evidence to the notion that ROS plays a vital role in the
conversion of MSCs into potent and stable APCs, as observed by the
metabolic changes in IRMs (46, 56). Moreover, it suggests that the use
of ubiquitin-mediated strategies to improved antigen processing, and/
or introduction of a pre-destabilized antigen may represent an effective
route toward tailored APCs for cancer or other diseases. Importantly,
the choice of pre-destabilized antigen should be tumor-specific to limit
deleterious off-target effects. As more actionable, immunogenic TSAs
are discovered, techniques such as this one may rise to prominence.

Engineering MSCs to express or target different forms of
proteasomal complexes enabled the production of MSC-APCs
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Suggested model of action for TPr-reprogrammed MSCs (MSC-TPr). Administration of MSC-TPr in immunocompetent mice induces the recruitment
of Macrophages (MACs) and DCs through the secretions of soluble mediators (chemokines). The administration of anti-CD11c antibodies abrogates
T-cell activation while the depletion of macrophages by clodronate leads to complete protection in challenged mice (67). Created in BioRender.

Farah, R (22) https://BioRender.com/h23z032.

with powerful immunological properties (67, 77). The specificity
with which different components of the proteasome can be altered
via retroviral vector technology enabled a detailed understanding of
how each component (IPr, TPr, and degrons for the CP) contributes
to the generation of the APC phenotype. However, scaling this
technology for widespread clinical use presents some logistical
difficulties at the manufacturing level. Specifically, generating
GMP-grade retroviral vectors, inserting them into MSCs followed
by their expansion and subsequent generation of fully characterized
master cell banks would be time consuming and prohibitively
expensive with the current manufacturing technologies available.
As such, there became a need to explore methods of generating
APC-MSCs with a stable APC phenotype that could be easily scaled,
highly reproducible, and cultured up to high passage numbers.
Moreover, it is essential that translation from murine to human
MSCs can be reliably achieved, which remains of course, a challenge
in vaccine engineering strategies (80, 81). For these reasons,
pharmacological reprogramming represents a straightforward
strategy that should be cheaper and more amenable to murine-
human translation than genetic reprogramming.

4 Pharmacological reprogramming of
MSCs into APCs

Following the discovery of IFNY stimulation to induce the
antigen presenting phenotype of MSCs, it became attractive to
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investigate alternative routes to reprogramming these cells.
Pharmacological reprogramming is an attractive strategy, as it is
relatively simple and represents an opportunity to both achieve the
desired MSC phenotype while shedding light on the pathways that
must be affected in order to generate such an outcome. When using
drugs to induce changes in the MSC phenotype, it is important to
ensure the dose required to achieve the APC phenotype is well-
tolerated by the cells and does not hinder proliferation. Moreover,
pharmacological stimulation should generate a stable APC
phenotype that will persist upon in vivo administration and
should not stimulate the expression of markers like PD-L1, which
are known to inhibit T-cell responses.

4.1 UM171a: a pyrimido-indole derivative
targeting crucial genes required for
antigen presentation in MSCs

The first example of MSC pharmacological reprogramming by
means other than IFNy was demonstrated in 2022 using UM171a, a
drug that was known to promote the long-term expansion of
hematopoetic stem cells in vitro (82). UM171a can stimulate an
increase in the expression of genes that are crucial for antigen
presentation (human leukocyte antigens A and B (HLA-A and HLA-
B, H2-K/H2-D, beta 2-microglobulin (32M), and CD86) (83). As such,
it was posited that this drug may be useful for converting MSCs into
APCs. Notably, UM171a demonstrated a remarkable capacity for
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Strategies used to optimize the therapeutic potency of IRMs. MSCs were transduced by a retroviral construct composed of three inducible subunits
of the murine IPr (B1i, B2i, and B5i) and the enhanced green fluorescence protein (eGFP). For in vivo studies, IRMs were injected prior (prophylactic
vaccination) or following (therapeutic vaccination) tumor implantation. In the prophylactic design, mice were stimulated with IL-12 the week
following the first and the second vaccination, before tumor challenge. For the therapeutic approach, tumor implantation was followed by two

vaccinations at day seven and at day fourteen post-tumor implantation. The

mice received two IL-12 and immune checkpoint inhibitors (anti-PD1

and anti-41BB) regimens after the first and second vaccination. The size of the tumors was measured during the study before the assessment of
survival rate for the different vaccination strategies. Created in BioRender. Farah, R (22) https://BioRender.com/n64w077.

enabling antigen cross-presentation and antigen presentation in MSCs,
as observed by pulsing with OVA and the OVA-derived SIINFEKL
peptide, respectively (82). In contrast to the effects of UM171a on
hematopoetic stem cells, expression of the co-stimulatory molecule
CD86 was not observed (82). However, this did not appear to impair
antigen presentation and cross-presentation abilities, and, importantly,
UM171a did not induce expression of PD-L1 on the cell surface, nor
secretion of indoleamine 2,3-dioxygenase (IDO)-1 (82). This is a major
advantage over IFNy treatment, as PD-L1 and IDO-1 both act to inhibit
T-cell activation, thus generating an immunosuppressive environment.

The antigen presentation effect of UM171a-treated MSCs was
found to depend significantly on the levels of intracellular ROS, as
pre-treatment with antioxidants MitoTEMPO and o-tocopherol
disrupted antigen cross-presentation of UMI71a-treated MSCs
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(82). Further studies demonstrated a decrease in transcription of
Psmb8 following antioxidant treatment. As Psmb8 is responsible for
expression of a major component of the IPr, the results are
indicative of an essential role of this proteasomal complex in
generating the desired phenotype; this is in agreement with the
results obtained by Abusarah et al. by genetically reprogramming
MSCs to express the IPr, as described earlier (46). Interestingly,
antigen presentation was not inhibited in the presence of the
antioxidants, which is indicative of an alternative pathway leading
to upregulation of MHC-I following UMI171a treatment that is
separate from the mechanisms governing cross-presentation. As a
proof-of-concept, UM171a-treated MSCs were evaluated in vivo in
a preclinical murine T-cell lymphoma model and demonstrated an
effective anti-tumoral response under a therapeutic vaccine
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framework. Additional studies indicated an important role in the
electron transport chain (ETC)-IIT complex for achieving antigen
cross-presentation, further underscoring the seemingly-crucial role
played by ROS toward achieving the APC phenotype. Combined,
the study demonstrates that UM171a treatment enabled the
conversion of MSCs into the APC phenotype in a ROS-
dependent fashion (82). Such ROS generation was found to
induce upregulation of the IPr, indicating a central role of this
machinery in generating the antigen presenting abilities of MSCs.

4.2 Inducing the APC phenotype by
targeted inhibition of LSD1

Following the success of UM171a in generating APC-like MSCs,
the parent compound of UM171a was found to target the
degradation of histone H3K4, specifically via lysine specific
demethylase 1 (LSD1) (84). LSD1 plays a critical role in
demethylating lysine 4 at histone H3, and its inhibition leads to
an increase in double-stranded RNA (ds-RNA) associated with
upregulated expression of type I interferons and thus a pro-
inflammatory state (84). Inhibition of LSD1 is known for
enhancing anti-tumoral T-cell responses, and promoting tumor
immunogenicity. As such, Mardani et al. postulated that inhibition
of LSD1 via administration of tranylcypromine hydrochloride (TC),
a potent monoamine oxidase inhibitor and irreversible inhibitor of
LSDI1, may also enable conversion of MSCs to the APC
phenotype (85).
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Upon TC-treatment of MSCs, a marked increase in the cell
surface expression of H2-K" was observed at levels similar to
UM171a-treated cells (82, 85). Akin to UM171a-treated MSCs,
TC-treated cells also did not secrete IDO-1 (85). However, in
contrast to UM171a-treated cells, expression of the endothelial
protein C receptor was not increased, and ROS levels were
significantly lower in TC-treated cells, suggesting UM171a and
TC exert their effects via different modes of action. In depth
analysis further demonstrated upregulation of MHC-I, as well as
IFNo and IFNP signaling ((Ifi6, Ifi35, Ifitl, Oas3, Irfl, Irf9, Bst2,
Jakl, Isg15, Ifnar2, Ifnarl, and Ptpnl) (85). Importantly, increased
expression of the IPr subunits B1i (Psmb9), B2i (Psmbl0) and B5i
(Psmb8) were observed, while the expression level of the CP (Psmb5,
Psmb6, and Psmb7) was not altered (85). These results further
corroborate the important role played by the IPr in generating
antigen presentation properties in MSCs.

In contrast to UM171a, TC treatment was found to enable
antigen presentation as observed by SIINFEKL pulsing and
subsequent B3Z activation, but did not induce antigen cross-
presentation capabilities in MSCs upon pulsing with OVA (85).
The effective antigen presentation was consistent with the increased
MHC-T levels, and subsequent investigations demonstrated TC
treatment enhances antigen presentation capabilities of MSCs by
stabilizing cell surface peptide:MHC complexes. Following these
results, anti-cancer vaccination protocols were developed using an
EG.7 T-cell lymphoma model. A prophylactic approach was
explored, whereby naive C57BL/6 mice (H2") were
subcutaneously injected with a low dose of syngeneic MSCs at 0
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and 14 days. One-week post-immunization (day 21), the mice were
challenged with EG.7 T-cell lymphoma. A powerful effect was
observed for the TC-treated, SIINFEKL-pulsed MSC group,
yielding an 80% survival rate. Both groups receiving MSCs treated
with TC alone or MSC pulsing with SIINFEKL alone yielded
comparable results of delayed tumor growth and 20% survival
rate in comparison with the control groups (16 vs 25 days).
Despite some delay in tumor growth, this outcome leaves both
test groups behind in comparison with TC-treated, SIINFEKL-
pulsed MSC group (85). Of importance, however, the delay in
tumor growth for the TC-treated group (without SIINFEKL)
suggests that IFNP secretion from TC-treated MSCs may prime a
local endogenous immune response without the need for pre-
treating the MSCs with antigen pulsing. Central memory (Tcy)
and effector (T.s) CD4 and CD8 T-cell populations were also
quantified for all groups, with a significant increase in the
percentage of CD8 Teg cells observed in the TC-treated and TC
+SIINFEKL-treated groups, corroborating these hypotheses (85).

LSD1 inhibition via TC treatment provides additional confirmation
of multiple routes to pharmacological reprogramming of MSCs into
APCs. Of interest, the ability of TC treatment to enable antigen
presentation, but not cross presentation, may serve as a foundation
for in-depth exploration of which components of the APC-like
phenotype can be induced, depending upon the properties of the
pharmacological compound being used.

4.3 Targeting endosomal escape to elicit
an APC phenotype

Following the discovery that IRMs relied on early endosomal
recycling (46), and that ROS played a crucial role on UM171a-
mediated APC functions in MSCs (82), Goncalves et al. postulated
these should be primary targets for pharmacological reprogramming
(86). While not completely understood at this time, the accumulated
knowledge of inducing transformation of MSCs into APCs has clearly
suggested endosomal recycling and ROS production to play a central
role. For optimal use of APC-like MSCs as anti-cancer vaccines, antigen
presentation and cross-presentation are both desired. Given the role of
endosomes in antigen uptake and degradation, it was postulated that a
pharmacologically active compound, which could promote early
endosomal escape may enable efficient conversion of MSCs into APCs.

Accum® is a recently-introduced technology designed to promote
enhanced intracellular drug delivery by promoting endosomal escape of
cargo into the cytosol (87-89). Under this framework, it had been
previously demonstrated that Accum® conjugated to OVA enabled
potent antigen presentation in DCs, enabling a strong antitumoral effect
(90). As such, the technology represented an interesting route to
pharmacological reprogramming of MSCs. Accum® is composed of a
nuclear localization sequence and bile acid moiety, each of which can be
modified to generate different Accum® variants with different
properties. One of the generated variants, known as Al, was
demonstrated to successfully convert MSCs into APCs upon
admixing with OVA (86). Notably, this is a convenient result, as
there was no need to chemically conjugate the antigen to the Al
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molecule. In theory, this means the A1 variant should enable successful
conversion to the APC phenotype in the presence of virtually any
antigen, and is highly scalable, since a specific functional group does not
need to be present to chemically conjugate the two components.

Al treatment led to reprogramming of over 1500 genes,
underscoring the powerful impact elicited by the technology (86).
Of major importance, several genes related to the unfolded protein
response (UPR) were upregulated, suggesting an important role of
ER stress in modulating the APC phenotype of Al-reprogrammed
MSCs (henceforth referred to as ARMs) (86). Mechanistically, Al
was confirmed to trigger endosomal escape as evidenced by pulsing
Al-treated MSCs with exogenous cytochrome C, which can only
induce apoptosis as an intact antigen (91). Studies on the role of
ROS production in eliciting the APC phenotype confirmed
endosomal ROS production and subsequent lipid peroxidation
are critical to achieving antigen cross-presentation (86).
Interestingly, intra-endosomal ROS, but not mitochondrial-
derived ROS, were found to be crucial for inducing the APC
phenotype, in contrast to what was observed for UM171a-treated
MSCs (82, 86). This difference suggests that there are multiple
sources for ROS production that can generate APC-like MSCs;
additional studies are required to further understand this aspect.
Moreover, given the role of ROS in inducing protein damage (and
thus activating the UPR), a powerful interplay between these facets
of the physiology of ARM:s is apparent.

To illustrate the potency of this anti-cancer vaccine, the ARM
cells were pulsed with tumor lysate rather than a single defined
antigen (86). This approach enables multiple advantages: i)
targeting a single antigen is inevitably less specific and may
promotes tumor adaptation/escape leading to treatment tolerance,
and ii) there is no known single TSA shared by a large set of
individuals at this time. As such, using tumor lysate not only
enables multiple antigens to be presented, but it also allows a
patient-specific mix of antigens to be processed and expressed on
the cell surface (92). Given the high degree of antigen variability
within a single tumor, this adaptable approach represents an
interesting solution to personalized medicine. Subcutaneous
administration of ARM cells to mice implanted with solid
lymphoma tumors was performed as a monotherapy and in
combination with anti-PD-1. The adjuvant anti-PD-1/ARM
treatment yielded a powerful tumor control response, with 80% of
mice surviving past the 40-day mark (86). Notably, ARM
administration alone improved outcomes relative to anti-PD-1
treatment, with significant delays in tumor progression and 40%
overall survival by day 40. Importantly, the study was performed
using both syngeneic and allogeneic ARM cells, with the allogeneic
vaccine found to be more effective. The latter point is encouraging
given the fact that it may enable large-scale vaccine production in a
time-efficient manner (86). Despite these improvements, the
remaining hurdle toward implementation of the ARM vaccine
remained the relatively high dose of antigen administration to
MSCs required to achieve CD8 T cell activation (0.5 mg/mL). As
such, further research efforts were aimed at discovering analogues of
A1l that elicited the same powerful effects, but at lower
antigen doses.
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Recently, the same team introduced AccuTOX®, a dimeric
analogue of Al (Figure 7). Impressively, AccuTOX® maintained
the desired characteristics of early endosomal escape and ROS
production, but required a 10-fold smaller dose of antigen
(0.05 mg/mL) to achieve MSC conversion to the APC phenotype
relative to the dose needed when using Al (86, 93). This was
demonstrated in both murine and human MSCs, an important
consideration for clinical translation. The reduction in antigen dose
was attributed to an improvement in antigen uptake, processing,
and presentation, as well as activation of the IRE-10/XPB-1
pathway involved in the UPR. Interestingly, unlike Al, the
extracellular formation of protein aggregates was not required to
elicit antigen presentation, suggesting that UPR activation may be a
main driver in the MSC-APC conversion process, and implicates
the XPB-1/IRE-1o. pathway as a driver of antigen cross-
presentation capabilities. Along these lines, active processing of
XBP-1 was observed in CD8" ¢DCI cells in the absence of ER stress
(58). The second generation MSC-based vaccine generated using
the AccuTOX® derivative, called ARM-X, was tested on murine
models of melanoma (B16F0), pancreatic (Pan02 cells) and colon
(CT26 cells) cancer, and no side effects beyond mild inflammation
at the injection sites were observed. The ARM-X vaccine was
administered in combination with anti-PD-1 antibodies, where
80%, 90% and 60% survival was obtained for the melanoma,
pancreatic and colon cancer models, respectively (93). Moreover,
it was observed that in vivo T-cell activation was strongly affected by
antigen pulsing dose. As such, future studies should consider the
role of antigen dose when developing MSC-based vaccines.

Combined, these results underscore the potency of MSCs as
APCs and the powerful potential of pharmacological
reprogramming toward yielding an anticancer vaccine modality
(Figure 7). The implications of Al and AccuTOX® treatment on
ROS production, endosomal escape and UPR induction suggest a
central role of these components toward generating an APC-like
phenotype in culture-adapted MSCs. Until the exact mechanisms
governing antigen presentation/cross-presentation in MSCs are
fully understood, future studies should aim to draw on the
pharmacological properties of the drugs used to obtain these
promising results in order to home in on the most powerful
routes for inducing antigen presentation and cross-presentation
properties in MSCs.

5 Conclusions and outlook

Despite a promising in vitro anti-tumoral response, the
currently-tested DC-cell based vaccines have presented limited
clinical efficacy (8, 12). In addition to their transient antigen
presenting abilities, DC vaccines exhibit many hurdles owing to
the need for large numbers of cells per vaccine dose due to the small
percentage of DC that successfully reach the patients lymph nodes,
and the possible immune tolerance DCs can induce in the tumor
microenvironment (94). Because of these challenges, clinical studies
on new DC vaccine approaches have led to inconclusive results in
phase III trials, despite promising results in phases I and II (94).
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To address these limitations, the use of MSCs is being explored
as a new alternative strategy for cell-based vaccines. Known for their
immunomodulatory abilities, MSCs were shown to be conditional
APCs under a specific IFNY treatment regimen (19, 43). However, a
switch of the MSCs’ antigen presenting characteristics into
immunosuppressive proprieties was noted upon exposure to
higher or sustained IFNYy doses (19). This major issue drove the
need for different approaches to generating MSCs with a stable APC
phenotype. Of the many strategies available, genetically engineering
MSCs to express the IPr complex was initially explored and was
further enhanced by a combination of immune checkpoints
inhibitors and cytokines (CIt protocol), leading to the need for
only 5-000 cells per dose (46, 56). The use of ubiquitin-dependent
degron sequences was also shown to successfully induce an APC-
like MSC phenotype, acting as a strategy to target the CP that exists
in all cell types (77). Interestingly, reprogramming MSCs via TPr
expression did not directly induce CD8 T-cell activation, suggesting
very specific roles for the different subsets of proteasomes in
eliciting an APC phenotype in MSCs (67). While the genetic
engineering strategies were largely successful, cell engineering
remains challenging, especially in human MSCs and scales
relevant for manufacturing. Although pharmacological
reprogramming is less sophisticated than gene engineering, it
represents an elegant approach because of its inherent simplicity.
Notably, the first successful pharmacological reprogramming study
reported the use of UM171A, a hematopoietic agent, capable of
inducing an increase in MSCs antigen cross-presentation
capabilities (82). Encouraging results were also obtained using Al
and TC, which have distinct mechanisms of action from one
another, and from UM171a (82, 85, 86). However, each of the
studies are in agreement, in that they all implicate ROS production
and ER stress in the conversion of MSCs into antigen presenting
cells (46, 63, 77, 86). The observed activation of the IRE-10/XPB-1
axis of the UPR following A1 or AccuTOX® administration further
corroborates these findings, and suggests we are becoming closer to
understanding the mechanistic aspects of MSC conversion to the
APC phenotype (93). These hypotheses are corroborated by studies
in the literature related to the antigen presentation capacity of DCs
(95-98). Specifically, the role of the UPR in driving cDCI functions
has become a prominent new finding (58). With regard to MSCs,
the next step would be to explore the link between UPR and antigen
presentation/cross-presentation in MSCs through pharmacological
stimulation. By understanding the mechanisms that trigger a robust
APC-MSC response it will become possible to study a library of
drugs which act on these pathways and may successfully stimulate
an APC-like MSC phenotype. In turn, this will enable the potential
for customized approaches to rapidly generate cell-based anticancer
vaccines for multiple indications.

The secretome of these APC-like MSCs likely plays a major role
in their efficacy, as the secretion of inhibitory cytokines and
chemokines could have a deleterious effect on T-cell activation.
While extensive studies of the APC-MSC secretome have not been
carried out owing to the nascency of the field, preliminary findings
show a pro-inflammatory cytokine/chemokine profile following
MSC reprogramming using the strategies discussed above.
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Summary of pharmacological reprogramming modalities used to convert MSCs into APCs. UM171a induces mitochondrial ROS production, which
seems to support the antigen presenting phenotype of MSCs. Inhibition of LSD1 following TC administration converts MSCs into APCs by stabilizing
the peptide-MHCI complexes at the cell surface. Al and AccuTOX® promote early endosome escape via ROS production as well as lipid
peroxidation, and activates the UPR to convert MSCs into APCs (82, 85, 86). Created in BioRender. Farah, R (22) https://BioRender.com/m78f755.

Notably, IRMs produce significantly higher amounts of IL-12 than
DCs, and also exhibit de novo production of chemokine (C-X-C
motif) ligand 1 (CXCL1) and lipopolysaccharide-induced CXC
chemokine (LIX) (48). Compared to DCs, however, IL-4 and IL-
10 production was not observed. Similarly, UM171a-treated MSCs
show significant increases in M-CSF, GM-CSF, IL-6, IP10, KC, LIX,
and MIP-2, and also exhibit lower levels of IDO relative to IFNY-
treated MSCs (82). Combined, this suggests APC-MSCs exhibit a
pro-inflammatory secretome regardless of the mode of
reprogramming. Further studies should be carried out to
determine the universality of this conclusion as well as how
different modes of reporgramming can affect the MSC-APC
secretome. MSCs are also known for secreting high amounts of
extracellular vesicles (EVs), which are rapidly being recognized for
their potential in new vaccine technologies (99). Interestingly, at
this time, there are no reports studying EVs from APC-MSCs, to
our knowledge. Given the well-known role of EVs secreted from
professional APCs toward modulating immune responses, there is
almost certainly a rich body of knowledge to be discovered
surrounding EVs in the APC-MSC space (99). Moreover, the use
of EVs instead of whole cells can be considerably more cost-
effective, and as such, APC-MSC-derived EVs may be of benefit
when considering large-scale manufacturing of these products.
Lastly, the interaction of APC-MSCs with the broader immune
landscape such as natural killer (NK) cells, Treg cells, myeloid-
derived suppressor cells, and macrophages, among others, also
constitutes a major consideration. To date, in-depth studies on
APC-MSC interactions with these different immune players is
lacking, to our knowledge. As mentioned before, efferocytosis by
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endogenous phagocytes appears to play a central role in the efficacy
of some APC-MSCs (67, 77, 86, 93) but not others (48),
underscoring the importance of studying these interactions such
that a clearer understanding can be gained. Notably, MSC-TPr rely
on efferocytosis from CD11" phagocytes and cross-priming with
DCs to elicit their therapeutic activity (67). We encourage those in
the field to begin investigating these interactions in more detail, as it
is almost certain that understanding APC-MSCs within the broader
immune context will provide new directions toward amplifying
APC-MSC efficacy.

The versatile nature of MSCs has brought these cells to the
forefront of cancer immunotherapy in the past two decades. Their
unique capacity to act as both immunostimulatory and
immunosuppressive renders them highly attractive for treating a
myriad of diseases. The field has only just begun to develop
approaches to reliably generate MSCs with APC capacities, but
the opportunities brought forward are exciting and suggest a bright
future for MSCs in addressing the issues brought forth with DCs in
cancer immunotherapy. As more fundamental understanding is
gained on the biochemistry governing the immunological
properties of these cells, we are confident the field will see a
renaissance in cell-based therapies with numerous opportunities
for improving treatment outcomes of patients worldwide.
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