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Oncolytic viruses (OVs) are a promising therapeutic approach
for cancer, although their systemic administration faces signifi-
cant challenges. Mesenchymal stem cells have emerged as poten-
tial carriers toovercome theseobstacles due to their tumor-tropic
properties. This study investigates the use of menstrual blood-
derived mesenchymal stem cells (MenSCs) as carriers for OVs
in cancer therapy, focusing on enhancing their efficacy through
different culture conditions. MenSCs were isolated from donors
of different ages and cultured under normoxic and hypoxic con-
ditions, with varying adherence capacities. Hypoxic conditions
significantly improved MenSCs proliferation and tumor migra-
tion capabilities, as demonstrated by proliferation assays and
RNA-sequencing analysis, which revealed upregulation of genes
related to cell division and tumor tropism. In vivo studies using a
lung adenocarcinoma mouse model confirmed that hypoxia-
conditioned MenSCs had superior tumor-homing abilities. The
study also demonstrated the feasibility of establishing a master
and working cell bank from a single menstrual blood donation.
These findings suggest that hypoxia-conditioned MenSCs could
be highly effective as OV carriers, potentially leading to better
clinical outcomes in cancer treatment by enhancing tumor tar-
geting and therapeutic efficacy.

INTRODUCTION
The use of oncolytic viruses (OVs) for cancer treatment has signifi-
cantly increased over the past 20 years, with numerous candidates
entering clinical trials and three receiving approval for specific indica-
tions.1 However, OVs face multiple challenges that hinder their effec-
tive application, particularly when administered systemically. These
challenges include liver sequestration, neutralizing interactions in the
blood, physical barriers to infection, and rapid clearance by the immune
system.2 Several strategies are being developed in order to overcome
these obstacles (reviewed in Shalhout et al.3,4).Onepromising approach
is the use of cell carriers for systemic delivery ofOVs to primary tumors
and metastases. Cell carriers can protect OVs from complement or
neutralizing antibodies, evadefilteringorgans, andcross the endothelial
barrier due to their ability to migrate to different tissues and organs
following chemokine gradients or using cell surface adhesion proteins.

Mesenchymal stem cells (MSCs) are particularly appealing as cell car-
riers for OVs due to their ease of isolation and expansion, immune
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evasion properties, and ability to migrate to tumors. ALO/
CELYVIR, an advanced therapy medicinal product (ATMP)
comprising bone marrow-derived mesenchymal stem cells (BM-
MSCs) carrying the oncolytic adenovirus (OAd) ICOVIR-5 (devel-
oped in our laboratory5) has completed two clinical trials and is
currently being evaluated in three ongoing trials. Clinical results
have shown an absence of toxicity or disease progression related to
the infusion of ALO/CELYVIR, and a modest clinical outcome,
with two complete responses and 12 responses (partial or stabilized
disease) among the 65 patients treated in the different trials. Among
other limitations, we identified two main drawbacks that limit the
effectiveness of this therapy: the poor arrival of cells to the tumor
and the heterogeneity of the cellular product. Concerning the first
issue, it has not been possible to determine the arrival of infected
mesenchymal cells to the tumor. Regarding the impact of cellular het-
erogeneity on the efficacy of ALO/CELYVIR, a comparative study be-
tween patients who responded to ALO/CELYVIR vs. non-responders
revealed that the properties of the mesenchymal cells, in terms of
expression levels of adhesion molecules, migration capacity, and im-
mune-related molecules, influenced treatment outcomes.6

Over the past years, our group has focused on improving ALO/
CELYVIR’s clinical outcomes by optimizing both the viral and
cellular components of the therapy. Initially, we validated and
demonstrated that menstrual blood should be considered an optimal
source for developing "off-the-shelf" ALO/CELYVIR therapies as an
alternative to more classical sources of MSCs, such as bone marrow
or adipose tissue.7,8 In this follow-up study, we aimed to assess the in-
fluence of various parameters on the proliferation potential and pro-
tein expression profile of menstrual blood-derivedmesenchymal stem
cells (MenSCs) related to their ability to migrate to tumors and regu-
late the immune system. First, we examined donor age, as it has been
previously reported that MenSCs exhibit a downregulation of genes
involved in cell proliferation and migration with increasing donor
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age.9 Second, we investigated oxygen culture conditions, as it has been
shown that MSCs cultured under hypoxia have an increased ability to
migrate toward tumors.10 Finally, we evaluated in vitro plastic adhe-
sion capacities, since Bolontrade et al. described a highly adherent
MSC subpopulation with enhanced tumor-homing capacity.11 Addi-
tionally, we determined the changes in gene expression levels that
occur inMenSCs following viral infection to assess how these changes
might affect the efficacy of cell therapy.

Our results have allowed us to establish an optimized protocol to
generate a master MenSC cell bank, enabling the design of a future
ALO/CELYVIR version 2 that combines mesenchymal cells with
enhanced tumor migration capacity and oncolytic adenoviruses.

RESULTS
Donor and sample characterization

In social terms, several women expressed interest in donating men-
strual blood for the purpose of obtaining mesenchymal cells after be-
ing informed about the project objectives. Out of the 19 women who
initially showed interest, 16 ultimately donated menstrual blood for
the project, resulting in an 86% success rate. Notably, 100% of the
women in the 25–35 and >35 age groups donated blood (5 of 5 and
6 of 6, respectively), while only 66.6% of the women in the 18–25
age group ultimately provided a sample (5 of 8).

Regarding the menstrual blood samples, a total of 19 samples were
received from 16 donors, distributed as follows: seven samples from
the 18–25 years group, five samples from the 26–35 years group,
and seven samples from the >35 years group (Table S1 details the
main characteristics of each sample). Of the 19 samples received,
mesenchymal stem cell (MenSC) populations were successfully estab-
lished in 15 of them (79%). One sample from a donor in the >35
group exhibited fungal contamination a few days after the cultures
were initiated; however, a subsequent donation from the same donor
successfully established the cell population. Additionally, three sam-
ples from three consecutive cycles from a donor in the 18–25 age
group showed fungal contamination within days of culture, possibly
due to a subclinical infection.

The process of menstrual blood donation, purification, isolation, and
amplification of MenSC populations is summarized in Figure 1A.
Once amplified at passage 3, colony-forming unit assays and gene
expression analysis by RNA sequencing (RNA-seq) were performed.
Figure 1B summarizes the different populations established for each
sample and the analyses performed.

MenSCs growth potential

We evaluated the capability of individual cells from each culture
to growth after 10 days in culture. As observed in Figure 2, regard-
less of their adherence capacity to plastic, cells cultured under
hypoxic conditions exhibited a higher proliferation capability
compared with those cultured under normoxic conditions. These
differences were statistically significant for the 18–25 and the
26–35 years age groups. No differences were observed between
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samples with high or low adherence cultured under the same O2

conditions.

MenSCs expression profile

In an initial analysis, we aimed to evaluate the influence of the three
variables characterizing our cellular populations (donor age, adher-
ence capacity, and O2 condition), on three cellular parameters of spe-
cial interest in our project: the expression of chemokine receptors,
proliferation capacity (nuclear division), and tumor tropism. For
the first two parameters, gene expression signatures were constructed
based on gene sets obtained from the MSigDB12; for tumor tropism,
all receptors described with implications in tumor homing for mesen-
chymal stem cells were studied13 (the list of all genes analyzed for each
parameter is detailed in Table S2). Total RNA from all four culture
conditions from 13 donors (three from 18–25 years, five from 25–
35 years, five from >35 years) were extracted and analyzed. As
observed in Figure 3A, the only variable that has a significant influ-
ence on those selected cellular properties is the oxygen concentration
during cell culture.

Following this observation, we decided to compare populations exclu-
sively based on oxygen concentration during expansion. First, we
compared the differential gene expression from cells cultured under
hypoxic vs. normoxic conditions. As shown in Figure 3B, a substantial
number of genes were either upregulated (right, blue) or downregu-
lated (left, red) under hypoxia (the complete list of upregulated and
downregulated genes is indicated in Table S3). Cellular functions en-
riched or reduced under hypoxia were estimated performing a gene
ontology (GO) enrichment analysis (Figure 3C; Table S4). While
the functions downregulated under hypoxia were primarily related
to cellular metabolism and biosynthesis of compounds, those en-
riched under hypoxia are more associated with hypoxia response
pathways, including glycolysis, as well as cell growth and tissue migra-
tion. As expected, a subsequent heatmap analysis revealed an upregu-
lation of numerous genes involved in cell proliferation and tumor
migration processes (Figure 3D).

Finally, we aimed to determine if there was a correlation between
RNA-seq nuclear division score from enriched genes with culture
measures of occupied area. As depicted in Figure 3E, both growth po-
tential data (% occupied area) and RNA-seq showed a clear positive
correlation, and samples cultured under hypoxia and normoxia
were clearly separated, the former showing higher colony-forming
unit (CFU) and Nuclear Division score.

MenSCs tumor migration in vivo

To evaluate the impact of gene overexpression related to MenSCs tu-
mor migration cultured under hypoxic conditions within an animal
model, tumors derived from the A549 human lung adenocarcinoma
cell line were implanted in NOD scid gamma (NSG) immunodefi-
cient mice. Upon reaching the appropriate tumor size, MenSCs
from the same donor, cultured simultaneously under hypoxic or nor-
moxic conditions, were genetically modified with a lentivirus to stably
express the luciferase gene and were administered systemically to the



Figure 1. Summary of the process for obtaining and amplifying different populations of mesenchymal cells and the analyses performed

(A) Menstrual blood is collected by the donor at home or work and sent via local courier to the laboratory within 2 h. After washing with PBS and centrifugation, the four cell

populations resulting from the combination of oxygen concentration and adherence (see materials andmethods) are amplified through a 1:3 dilution (created with BioRender.

com). (B) Summary of the different cell populations obtained from 15 menstrual blood donations, organized by donor age groups. The analyses performed for each cell

population are also indicated.
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mice (2 � 106 cells per mouse). Using an in vivo imaging system, the
number of cells migrating to the tumor was quantified daily over time.
As illustrated in Figure 4, MenSCs cultured under hypoxic conditions
demonstrated a significantly enhanced capacity for migration
(Figures 4A and S1) and accumulation (Figure 4B) within the tumor
compared with those cultured under normoxic conditions, corrobo-
rating the RNA-seq analysis findings.

MenSCs expansion potential

With the ultimate goal of determining whether MenSCs cultured un-
der hypoxic conditions could give rise to a potential master cell bank
and working bank for the reformulation of ALO/CELYVIR, we con-
ducted an experiment to quantify the total number of cells that could
be obtained from a single donor within a single menstrual cycle. This
was done to assess whether the required numbers of MSCs for a clin-
ical trial could be achieved. Blood was collected from the same donor
during the first 3 days of the cycle (across three different cycles) and
subjected to three different processing methods: processing the blood
immediately after donation (test 1), leaving the blood at room tem-
perature for 24–48 h before processing (test 2), and collecting multi-
ple times each day with each sample left at room temperature for 24 h
before processing (test 3) (Figure 5A). As observed in Figure 5B, irre-
spective of the processing method followed, after 34 days of culture
under hypoxic conditions (seven passages), we successfully amplified
the MenSCs to obtain more than 109 cells. This result confirms the
robustness of the methodology for obtaining and amplifyingMenSCs.

Viral and cellular gene expression from infected MenSCs

Since many adenoviral genes are designed to redirect the cellular gene
expression machinery, promoting viral replication while compro-
mising cellular functions, we wanted to analyze in parallel the kinetics
of viral and cellular gene expression to understand how viral infection
affects cellular functions.

MenSCs cultured under hypoxic conditions were infected with the
oncolytic adenovirus ICOVIR15, and RNA was extracted and
analyzed at various time points post-infection to compare the kinetics
of viral and cellular gene expression.

In an initial analysis, we observed that the virus is capable of hijacking
the expression machinery of infected cells to favor the expression of
viral genes. As shown in Figure 6A, there is a decrease in the expres-
sion of cellular genes over time post-infection, following a kinetics
pattern inverse to that of viral gene expression (Figure 6B). Focusing
on cellular genes, we identified three main metaclusters based on their
expression kinetics: genes whose expression is downregulated
Molecular Therapy: Oncology Vol. 32 December 2024 3
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Figure 2. Relative proliferation ability of individual cells after 10 days in

culture

The y axis surface occupied after culture. The x axis age donor groups. The relative

proliferation ability for each population of mesenchymal cells is represented by

calculating the percentage of occupied culture area (y axis) as a function of the

donor’s age (x axis). Comparison of the cell growth potential based on oxygen

concentration and adherence for each analyzed donor age group is indicated. Bars,

mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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immediately after viral infection (m1), genes that remain stable dur-
ing the first 24 h post-infection and then downregulated (m2), and
genes that are upregulated during the first 24 h of infection and
then downregulated (m3) (Figure 6C). Performing a GO enrichment
analysis for each metacluster allowed us to determine the main pro-
cesses affected by these kinetics (Figure 6D; Table S5). Metacluster
1 (m1) showed an enrichment for cytoskeleton and organelle reorga-
nization. Metacluster 2 (m2) was enriched in genes regulating RNA
biosynthesis and modification, while the most enriched processes in
metacluster 3 (m3) included DNA replication in addition to the
RNA-related processes observed in m2. The different kinetics in the
regulation of these processes may reflect the modulation of cellular
pathways by the viral cycle. We were also interested in the kinetics
of genes related to the "tissue migration" and "cell growth" gene ontol-
ogies, as previously highlighted (Figures 3C and 3D), as these func-
tions are essential to the efficacy of the proposed therapy. We found
that both ontologies were significantly enriched in the m1 metaclus-
ter, indicating that genes associated with these functions were down-
regulated immediately after viral infection.

DISCUSSION
Menstrual blood has proven to be an interesting alternative source for
obtaining MSCs, compared with classical sources such as bone
marrow or adipose tissue, with clear advantages over the latter,
including the ability to allow easy isolation without clinical interven-
tion or hospitalization, and enabling repeated and periodic dona-
tions.14 Additionally, MSCs derived from menstrual blood have
been shown to share the same immunoprivileged profile and immu-
noregulatory capacity as those obtained from other sources, with a
greater and faster proliferation capacity in vitro.15 During the last
years, our group has sought to harness these advantages by using
MenSCs as cellular carriers for our oncolytic adenoviruses, and we
have demonstrated that these cells are not only capable of delivering
and releasing our viruses into the tumor, but also of stimulating the
immune system to recognize and eliminate the tumor.8
4 Molecular Therapy: Oncology Vol. 32 December 2024
In this work, we address critical limitations identified in previous clin-
ical trials evaluating the combination of mesenchymal stem cells and
oncolytic adenovirus for cancer treatment, such as the suboptimal de-
livery of mesenchymal stem cells to tumor sites and the heterogeneity
of the cellular product.16 The findings of this study underscore the po-
tential of menstrual blood-derived mesenchymal stem cells (MenSCs)
as promising cell carriers for oncolytic viruses (OVs) in cancer ther-
apy. Specifically, the enhanced tumor migration and proliferation ca-
pabilities of MenSCs cultured under hypoxic conditions could signif-
icantly improve the efficacy not only of ALO/CELYVIR therapy, but
of any antitumor therapy that requires MSCs as a cellular vehicle for
intratumoral delivery of the therapeutic agent.17

We have highlighted that, in terms of donor recruitment and sample
handling (with samples collected by the donors themselves), as well as
ethical considerations, menstrual blood is far superior to other sour-
ces of mesenchymal cells that require donor assistance at a hospital
and a more or less complex surgical intervention.18 Thus, this study
emphasizes the highly favorable attitude of women toward donating
menstrual blood, which is in line with previous studies.19 Addition-
ally, as previously reported, among our donors, the age group of
18–25 was slightly less inclined to donate blood samples, likely
because healthcare is not a priority for this age group, as postulated
by Manley and coworkers.

The inherent tumormigration capacity ofMSCs20 canbe enhancedun-
der certain circumstances. For instance, low oxygen concentrations
during the expansion of mesenchymal cells increase their ability to
migrate toward tumors through the upregulation of chemokine recep-
tors.10Additionally, Bolontrade et al. described a specificMSC subpop-
ulation, characterized by rapid adherence to the culture substrate, that
exhibited higher tumor migration.11 In this study, we aimed to deter-
mine whether these two factors, the oxygen concentration during cell
expansion and the high adherence capacity, along with the age of the
donors, could influence the cell proliferation potential and tumor
migration capacity of our MenSCs. To this end, we conducted assays
on both cell proliferation and gene expression. Our results demon-
strated that MenSCs cultured under hypoxia showed enhanced col-
ony-forming unit (CFU) capabilities. Moreover, the RNA-seq analysis
further supported these findings, highlighting significant upregulation
of genes associated with cell proliferation and tumor migration under
hypoxic conditions. As expected, among the functions with the highest
fold-change in hypoxia compared with normoxia are those that
respond to anoxygen reduction. It iswell established that decreased ox-
ygen concentration stimulates different pathways, most of them
controlled by the regulated expression and function of the hypoxia-
inducible transcription factor (HIF) family proteins, which has been
described to play a role in enhancing cellular migration and invasion
capacity, among many other functions.21,22 Thus, it is plausible to
postulate that the tumor-homing-related functions increase observed
under hypoxia, suchas leukocyte chemotaxis andmigration, regulation
of cell adhesion mediated by integrins, and tissue migration, is regu-
lated by the response of HIF target genes to decreased O2 levels. This
was consistent across various donor ages and adherence capacities,



Figure 3. Gene expression modulation under hypoxia

(A) RNA-seq expression in MenSCs, comparing different variables including oxygen concentration, adherence to plastic and donor age. Scatterplot represents GSVA score

for “Chemokine Receptors,” “Nuclear Division,” and “Tumoral Tropism” signatures comparing different categories of each variable. Boxplots represent values from the first to

the third quartile. The median is also represented. *p < 0.05; **p < 0.01. (B) Volcano plot representing differential expression of genes under hypoxia (right) or normoxia (left)

conditions. Blue and red squares identify genes with positive (enriched under hypoxia) or negative (diminished under hypoxia) fold changes and significant p values,

(legend continued on next page)
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suggesting that hypoxia is a pivotal factor in optimizing MenSC func-
tionality. Neither age nor high adherence to the culture plastic showed
an influence on the proliferation and tumor migration capacity of
MenSCs. While the influence of age was previously unknown and
investigated for the first time in this study, we were surprised to find
no differences between cells with high and low adherence, at least in
terms of the expression of genes related to tumor migration, as previ-
ously described. A possible explanation could be that after separating
the cells based on differential adhesive behavior during the first hour
of culture, the cells were cultured under identical conditions for about
30 days until passage 3, when the assays were conducted, potentially
mitigating the initial differences between cell populations over time.

In a previous study, we determined that following intraperitoneal
administration, MenSCs had the ability to migrate to various tissues
such as the liver, spleen, and lungs, although they exhibited a greater
propensity tomigrate toward tumors.7 In the present work, our in vivo
experiments corroborated the in vitro findings, showing that hypoxia-
conditioned MenSCs had a markedly higher tumor-homing capacity
compared with their normoxia-cultured counterparts. The use of a
bioluminescent imaging system allowed for quantification of cell
migration, illustrating the potential for these cells to effectively target
and accumulate in tumor tissues. This enhancement in tumor target-
ing is crucial for the efficacy of cell-based OV therapies, as it ensures a
higher concentration of therapeutic agents at the tumor site, poten-
tially leading to better clinical outcomes.

Based on these results, we identify MenSCs cultured under hypoxic
conditions (irrespective of donor age and initial plastic adherence)
as those presenting the highest growth potential and sustained
expression of tumor migration molecules and, therefore, candidates
for the development of the new ALO/CELYVIR therapy.

The successful amplification of MenSCs from a single donor to clin-
ically relevant numbers within 34 days under hypoxic conditions is
particularly noteworthy. This finding not only confirms the robust-
ness of our culture methodology but also demonstrates the feasi-
bility of producing sufficient cell quantities for extensive clinical
trials from a single menstrual cycle. In this regard, ALO/CELVIR
is being administered to patients at a dosage of 0.5 � 105 cells/kg,
with six doses per patient.16 Our results indicate that potentially
from a single menstrual cycle, up to 1 � 109 MenSCs can be ob-
tained, which would amount to 2,000 doses, sufficient to treat
more than 300 patients. The ability to generate a master MenSCs
cell bank ensures a consistent and scalable source of therapeutic
cells, addressing one of the primary logistical challenges in devel-
oping "off-the-shelf" cell therapies.23
respectively (p < 0.05). (C) Significantly higher or lower expressed genes in hypoxia wer

processes were enriched and diminished. The dashed lines represent the p-value of 0.05

(D) Heatmap representation of the enriched genes from the biological processes highli

enriched genes from “nuclear division” GO and its correlation to the experimental occupie

and red, respectively. Spearman correlation was applied.
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Although numerous studies have analyzed the capacity of MSCs to
produce not only oncolytic adenoviruses but also other types of
OVs,13 to our knowledge, the kinetics of adenoviral and cellular
gene expression during the infection process and the release of new
viral progeny have never been analyzed. Moreover, considering that
our therapy involves using mesenchymal cells to deliver and release
oncolytic adenoviruses into the tumor, and that the time window
for this function is 72–96 h (the time required for the oncolytic adeno-
virus to complete its replicative cycle), we believe it is crucial to deter-
mine how the kinetics of viral and cellular gene expression overlap.
This understanding is essential for optimizing the infection process
without affecting the tumor migration and the release of the
maximum number of viruses within the tumor. In this regard, we
observed a general downregulation of cellular genes, consistent with
previous reports in other cell types.24–26 We were able to identify
several kinetic patterns that suggest a tuned regulation of this down-
regulation by the adenovirus along the viral cycle. A main concern
arising from this observation is that processes related to tissue migra-
tion and cellular division seem to be downregulated very early upon
viral infection. In this context, reducing the time between the mesen-
chymal cell infection process and the administration of the therapy to
patients could positively impact the migration of mesenchymal cells
to the tumor and, consequently, the therapeutic efficacy of the treat-
ment. Currently, to generate ALO/CELYVIR, the infection process
lasts for 2 h, after which the cells are infused into the patient. Our re-
sults support the appropriateness of this part of the procedure in the
treatment with ALO/CELYVIR.

In conclusion, our study highlights the potential of hypoxia-condi-
tioned MenSCs as enhanced cell carriers for oncolytic virotherapy.
The improved tumor-homing capabilities and proliferation potential
of these cells, combined with the ability to generate large quantities
from a single donor, represent significant advancements toward the
development of more effective and scalable cancer treatments. Future
studies should focus on further optimizing the interaction between
MenSCs and various oncolytic viruses, as well as conducting clinical
trials to validate these findings in human subjects.

These results establish a robust basis for the development of an opti-
mized version of CELYVIR therapy, potentially improving therapeu-
tic outcomes in future clinical trials. In this context, the use of alloge-
neic cells is always subject to the potential issue of immune rejection.
However, three clinical trials are currently under way using ALO/
CELYVIR (EudraCT2019-001154-26; EudraCT 2020-004838-37;
NCT05047276), with over 20 patients treated, and no immune
response against the allogeneic mesenchymal cells has been observed
in any patient. Since MenSCs share immunoregulatory properties
e selected and submitted to a GO enrichment analysis to elucidate which biological

. Some processes we were interested in are highlighted and nametagged in the plot.

ghted in (C). (E) A GSVA signature score for each sample was calculated using the

d culture area is plotted. Samples cultured in hypoxia or normoxia are colored in blue



Figure 4. In vivo tumor migration capacity of

MenSCs cultured under normoxia or hypoxia

conditions

(A) Kinetics of tumor migration of MenSCs modified to

express luciferase over time. Luminescence signal was

detected using IVIS at the indicated time points after cell

administration and quantified with IVIS software. The

dark-colored lines represent the group mean, and the

light-colored lines represent the individual animals.

*p < 0.05. (B) Presence of MenSCs at the end of the

study. At 96 h post-administration, the animals were

euthanized, and the tumors were excised and

individually analyzed using IVIS. Bars, mean ± SEM.

***p < 0.001.
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with BM-MSCs, and considering that the viral cycle ensures the elim-
ination of the cells within 48–72 h post-administration, we do not
anticipate an issue of rejection against MenSCs in a potential clinical
trial.

Effortswill be crucial in translating thepromisingpreclinical results into
tangible clinical benefits for cancer patients. In this regard, our group
has initiated a project focused on generating a master cell bank and a
working cell bank of MenSCs produced under good manufacturing
practices conditions, in collaborationwith theAdvancedTherapyMed-
icine Production Unit responsible for the current ALO/CELYVIR pro-
duction. The ultimate goal is to submit an investigational medicinal
product dossier (IMPD) for the treatment of glioblastoma using these
MenSCs in combination with our oncolytic adenoviruses. Throughout
this process, we aim to identify potential clinical-scale limitations of the
proposed therapy and assess its clinical potential.

MATERIALS AND METHODS
Cell culture

Isolation of humanmenstrual blood-derivedmesenchymal stem

cells

Menstrual blood (1–5 mL) was collected from healthy female donors
(n = 16) during the first 3 days of the menstrual phase using a men-
strual cup (Enna cycle, Spain). Donors were classified into three age
groups: 18–25, 25–35, and >35 years old. The protocol and cell dona-
tion for research purposes was approved by the Ethics Committee for
Research at the Bellvitge University Hospital, and written consent was
obtained for each donor. Blood samples were transferred to a sterile
50-mL centrifuge tube with conical bottom, filled with sterile phos-
phate-buffered saline (PBS) (Life Technologies, Carlsbad, CA,
USA), and centrifuged at 1,500 rpm for 5 min. The pellet was resus-
pended in a-MEM (Life Technologies) containing 20% fetal bovine
serum, 1% penicillin/streptomycin, and 1% gentamicin/amphotericin
B (all from Life Technologies), and seeded in 60-mm culture dishes
(Corning Inc., Corning, NY) at 37�C in a 5% CO2 atmosphere under
normoxic or hypoxic (2%O2) conditions in a Heracell VIOS 160i CO2

incubator with O2 control system. No reagent to lysate erythrocytes is
used in this process, thus the initial number of MenSCs cannot be
calculated. After 1 h in culture, non-adherent cells were transferred
to new 60-mm culture dishes and cultured again under same oxygen
conditions. Thus, four different cell cultures were obtained from each
sample: high adherence and low adherence were cultured in nor-
moxia and hypoxia conditions. The next day, the cell monolayer
was washed thrice with PBS to remove non-adherent cells and cellular
debris and fresh medium was added. MenSCs were amplified for 6–
20 days (passage 0), with the culture medium replaced every 3–
4 days until 75%–90% confluency, followed by periodic passaging
at a one-third dilution using TrypLE Express (Life Technologies) after
achieving a subconfluent monolayer.

For the potential MSCs master and work bank generation from men-
strual blood, three different donation and culture settings were estab-
lished for the same donor (29 years old) based on three different men-
strual cycles within a period of 7 months. In the first experimental
condition, blood samples were collected at four time points during
the cycle (24, 30, 48, and 54 h), processed immediately after receipt,
then placed in culture under hypoxic conditions without differenti-
ating high or low adherence. In the second setting, blood samples
were collected at different times during the first 3 days of the cycle.
Blood samples from the same day were collected in the same tube
and kept at room temperature for 24–48 h before processing and
culturing as before. In the third setting, three independent blood sam-
pleswere obtained for eachof thefirst 3 days of the cycle, stored at room
temperature for 24 h in independent tubes, and then processed and
cultured as previously described. For each setting, cells were amplified
up to 80%–90% confluency and passaged at a one-third dilution until
passage seven (approximately 32–34 days). The cells were counted, and
the total number of cells in culture in each passage was estimated.

Cell lines

A549 (human lung adenocarcinoma) cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and
maintained with Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin (all from
Invitrogen) at 37�C, 5% CO2. Cells were routinely tested for myco-
plasma presence.

CFU assay

MenSCs from all donors and all four culture conditions (passage
three) were seeded at clonal density of 500 cells/cm2 in six-well cell
Molecular Therapy: Oncology Vol. 32 December 2024 7
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Figure 5. Estimation of the capacity for obtaining and expanding MenSCs from multiple donations by a single donor during one menstrual cycle

(A) Multiple menstrual blood donations within the samemenstrual cycle were collected and processed as illustrated (with the same donor in all three experiments over a period

of 7 months from the first to the last experiment) (created with BioRender.com). (B) The total number of MenSCs was calculated over 32 days of culture expansion. P1–P7

represent successive culture passages.
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culture plates. After 10 days in culture, cells were washed with PBS,
fixed with methanol for 10 min, and stained with 0.5% crystal violet
for 20 min at room temperature. Plates were scanned with the
Typhoon FLA 9500 biomolecular imager (GE Healthcare Life Sci-
ences, Chicago, IL, USA) and the percentage of the well surface occu-
pied by cells was calculated with ImageJ software.

RNA-seq library preparation, sequencing, and analysis

Total RNA was extracted fromMenSCs (passage three) using RNeasy
Mini Kit (QIAGEN, Valencia, CA). The integrity of the RNA was
determined using the Qubit 4 fluorometer (Life Technologies). Li-
brary construction and sequencing was carried out by Macrogen us-
ing TruSeq Stranded Total RNA with Ribo-Zero Human kit and No-
vaseq 6000 device (150 cycles, 40M paired reads) (Illumina, Hayward,
CA, USA). FASTQ files were mapped to the reference genome
GRCh38/hg19 using the STAR aligner and quantified with RSEM.
Counts were log-transformed and normalized with upper quantile
prior to calculating the differential gene expression with “limma” R
package. Signature scores were calculated using gene set variation
analysis (GSVA) from “GSVA” R package and GO enrichment was
calculated using the “clusterProfiler” R package. For “Cell Cycle”
and “Chemokine Receptors” signatures, genes from gene sets “REAC-
TOME_CHEMOKINE_RECEPTORS_BIND_CHEMOKINES” and
“FISCHER_G2_M_CELL_CYCLE” from MSigDB were used.12 For
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the “nuclear division signature,” enriched genes in hypoxia from “nu-
clear division” GO were included.

For the cellular and viral gene expression kinetics experiment, 3� 105

MenSCs (passage four) were plated in six-well plates and infected at a
multiplicity of infection (MOI) of 500 ICOVIR15 (an oncolytic
adenovirus designed in our laboratory27) per cell. At 24, 48, 72, and
96 h post-infection, RNA was extracted from the infected cells (as
well as from non-infected control cells), processed, and analyzed as
described above. To classify the cellular genes in unbiased clusters,
the “hclust” R package was used, and they were further manually
aggregated in several metaclusters. Genes included in the three
main metaclusters were analyzed by GO enrichment using the “clus-
terProfiler” R package.

In vivo tumor-homing studies

In vivo studies were performed at the ICO-IDIBELL facility (Barce-
lona, Spain) AAALAC unit 1155, and approved by IDIBELL’s Ethical
Committee for Animal Experimentation.

Subcutaneous xenograft tumors were established by injecting 5� 106

A549 cells (standard cell line used in efficacy and safety studies of on-
colytic adenoviruses with MSCs7,8,28) into the flanks of 9-week-old
NOD scid gamma (NSG) mice (to prevent immune reaction against

http://BioRender.com


Figure 6. Kinetic expression of viral and cellular genes on MenSCs upon adenoviral infection

RNA-seq expression data was obtained from MenSCs after 24, 48, 72 and 96 h post-infection or non-infected as a control. (A) Boxplots showing Log2TPM cell genes

expression levels across time points post-infection. Boxplots represent values from the first to the third quartile. Themedian is also represented. (B) Heatmap representing the

expression levels of adenoviral genes over the time points. (C) Cellular genes were clustered based on their expression pattern throughout the viral infection and three main

metaclusters were identified. Plots showing the kinetics of cellular genes stratified by those metaclusters. The red line summarizes the pattern using a local polynomial

regression. (D) Genes from the three metaclusters were analyzed with GO enrichment and the top 10 enriched processes plus “tissue migration” and “cell growth” (in red) are

plotted. Gray dotted line represents the significance limit (p.adjust of 0.05).
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implanted human tumor cells and MenSCs). Simultaneously,
MenSCs obtained from the same original blood sample and expanded
in parallel under normoxia or hypoxia (passage four), were trans-
duced with a lentiviral vector encoding GFP and luciferase
(pTRPE-CBG-T2A-GFP, kindly provided by Dr. Sonia Guedan)
and expanded (normoMenSCs-GL and hypoMenSCs-GL respec-
tively, with transduction efficiency close to 85% in both case).
When tumors reached 400 mm3, animals were treated with a single
intraperitoneal dose of 2 � 106 normoMenSCs-GL or hypo-
MenSCs-GL (n = 5).

To monitor MenSCs-GL tumor-homing, mice were intraperitoneally
injected with 120 mg/kg body weight of firefly luciferin (Biosynth,
Staad, Switzerland) at 24, 48, 72, and 96 h post-cell administration,
and bioluminescent imaging analysis performed using the IVIS
Lumina bioimaging system (PerkinElmer). Images were analyzed
Molecular Therapy: Oncology Vol. 32 December 2024 9
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with IVIS Living Image (PerkinElmer) software. Regions of interest
(ROIs) were manually drawn around the tumors.

Statistical analysis

Statistical comparisons between two groups were performed using the
Mann-Whitney U test. For comparison of more than two groups, the
Kruskal-Wallis test with Dunn post hoc test was used. Statistical sig-
nificance was established as p < 0.05. Data are presented as the mean ±
SD or SEM. All statistical analyses were calculated with GraphPad
Prism software and R.

DATA AND CODE AVAILABILITY
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sponding author on reasonable request.
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