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Mesenchymal stem cells (MSCs) are multipotent adult stem cells present in virtually all
tissues; they have potent self-renewal capacity and differentiate into multiple cell types. For
many reasons, these cells are a promising therapeutic alternative to treat patients with
severe COVID-19 and pulmonary post-COVID sequelae. These cells are not only essential
for tissue regeneration; they can also alter the pulmonary environment through the
paracrine secretion of several mediators. They can control or promote inflammation,
induce other stem cells differentiation, restrain the virus load, and much more. In this work,
we performed single-cell RNA-seq data analysis of MSCs in bronchoalveolar lavage
samples from control individuals and COVID-19 patients with mild and severe clinical
conditions. When we compared samples from mild cases with control individuals, most
genes transcriptionally upregulated in COVID-19 were involved in cell proliferation.
However, a new set of genes with distinct biological functions was upregulated when
we compared severely affected with mild COVID-19 patients. In this analysis, the cells
upregulated genes related to cell dispersion/migration and induced the fy-activated
sequence (GAS) genes, probably triggered by IFNGR1 and IFNGR2. Then, IRF-1 was
upregulated, one of the GAS target genes, leading to the interferon-stimulated response
(ISR) and the overexpression of many signature target genes. The MSCs also upregulated
genes involved in the mesenchymal-epithelial transition, virus control, cell chemotaxis, and
used the cytoplasmic RNA danger sensors RIG-1, MDA5, and PKR. In a non-comparative
analysis, we observed that MSCs from severe cases do not express many NF-xB
upstream receptors, such as Toll-like (TLRs) TLR-3, -7, and -8; tumor necrosis factor
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(TNFR1 or TNFR2), RANK, CD40, and IL-1R1. Indeed, many NF-kB inhibitors were
upregulated, including PPP2CB, OPTN, NFKBIA, and FHL2, suggesting that MSCs do
not play a role in the “cytokine storm” observed. Therefore, lung MSCs in COVID-19 sense
immune danger and act protectively in concert with the pulmonary environment,
confirming their therapeutic potential in cell-based therapy for COVID-19. The
transcription of MSCs senescence markers is discussed.

Keywords: mesenchymal stem cell, COVID-19, cell therapy, single cell RNA sequencing, cytokine storm

INTRODUCTION

Mesenchymal stem cells (MSCs) were described by Friedenstein
in 1970 (1) and were first isolated from the bone marrow as non-
hematopoietic stem cells. They are undifferentiated adherent
spindle-shaped cells found in virtually all adult tissues and
facilitate tissue remodeling and repair throughout adult life (2).
Considering that MSCs would differentiate only into
mesodermal cells, such as bone, cartilage, tendon, and fat, in
1991 Caplan introduced the term “mesenchymal stem cells” (3-
5). However, today we know that MSCs are pluripotent stem
cells, as they can also differentiate into ectodermal (6) and
endodermal (7) cell lineages. The identification of human
MSCs is based on their capacity to adhere to plastic and on
markers expressed by in vitro expanded cells (8), with the
canonical phenotype of CD73"CD90"CD105" cells and no
expression of CD34, CD45, CD14, CD11B, and CD3e.
Moreover, they must differentiate into three cell lineages,
adipocytes, chondrocytes, and osteocytes, under inductive
culture conditions (8). MSCs also seem to be a much more
heterogeneous population than initially perceived and may
differentiate into tissue-specific or tissue-unrelated cell types (2,
4). MSCs are perivascular cells (9, 10), and there is no definitive
evidence showing that MSCs have the capacity for asymmetric
cell division (11), a characteristic of conventional stem cells (12).

However, there is great confusion in the literature regarding
MSCs, which may be defined as mesenchymal stem cells or
mesenchymal stromal cells. Then, the International Society for
Cellular Therapy (ISCT) established some criteria for correctly
identifying these cells and recommended that they be referred to
as multipotent mesenchymal stromal cells. However, the
acronym MSC is accepted if the authors report the correct
definition of the cells used (4, 13).

Some particularities of MSCs’ biology over other stem cell
populations make them more suitable for cell-based therapy to
treat multiple pathological conditions. For example, they do not
involve ethical issues like embryonic stem cells or require genetic
manipulation as induced pluripotent stem (iPS) cells (14). MSCs
generate progeny by long-term self-renewal, exponentially
increasing the number of cells for engraftment after in vitro
expansion. Moreover, stem cell populations are usually rare
tissue components that yield progenitors to linearly and
hierarchically differentiate into other cell types. MSCs retain
this property (15); however, they can alter the environment
through the paracrine secretion of multiple factors, leading to a

cascade and proactive network of stem and immune cells
differentiation and activation. To date, MSCs lead other stem
cell populations to differentiate into a broader range of cells types
(cooperative activity). They can also reduce the differentiation of
naive CD4" T cells into Thl effector cells and promote a shift
towards a Th2 immune response (16). When co-cultured with
CD8" T cells, MSCs suppressed lymphoid activation by the
secretion of prostaglandin E2 (PGE2), indoleamine 2,3-
dioxygenase 1 (IDOI), and transforming growth factor (TGF)-
B1. Besides, they downregulated the expression of the natural
killer group 2, member D (NKG2D) receptor on the T cells (16).
MSCs can suppress the proliferation of NK cells (17) and inhibit
the expansion of blood invariant natural killer T (iNKT) cells and
vd T lymphocytes, mainly by the secretion of PGE2 (18). LPS- or
TNF-activated MSCs mediated M2 macrophage polarization
(19) and, when co-cultured with monocytes, induced the
secretion of IL-6 and prevented the differentiation into
immunogenic antigen-presenting cells (20). MSCs also skew
the differentiation of monocytes towards anti-inflammatory IL-
10-producing cells (20) and promote monocyte survival and
differentiation into CD206" and CD163" type 2 macrophages.
These cells also secreted high levels of IL-10 and CCL18.
Moreover, it was observed that MSCs directly induced Treg
cells by the secretion of TGF-P and indirectly by triggering the
secretion of CCL18 by macrophages, which generated more Treg
cells (20, 21). MSCs also inhibited the maturation and activation
of dendritic cells (DCs) by the JAK1/STAT3 signaling pathway
(22). Collectively, these results indicate that MSCs can
downmodulate the immune response at multiple levels and
through several pathways (23-30).

Although MSCs are usually associated with immuno-
depression (31), it seems that MSCs are not constitutively
immunosuppressive. They may require a ‘licensing’ step
provided by inflammatory molecules like IFN-y, TNF, or TLR
ligands (32) under specific conditions, which can explain some
apparently contradictory roles of MSCs in inflammation. Indeed,
a pro-inflammatory activity of MSCs may be beneficial in the
early phase of inflammation and help build a proper immune
response (33, 34). It was published that LPS-stimulated MSCs
expressed chemokines receptors and acquired higher mobility.
These stimulated cells secreted large amounts of pro-
inflammatory cytokines and recruited neutrophils in an IL-8-
and migration inhibitory factor (MIF)-dependent manner (35).
Although the functional importance of these results remains to
be demonstrated in vivo, endogenous MSCs may participate in
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the early phase of pathogen defense (35). Indeed MSCs’ plasticity
and adjustable balance between apparent opposite biological
functions further support their use in therapeutic trials (33).

Besides the regulation of inflammatory responses, MSCs are
important in the control of invading pathogens (33, 36, 37),
tissue repair, cell proliferation, apoptosis control, and much
more (38, 39). In addition, they are safe to treat lung diseases
[reviewed in (40)]. These characteristics prompted several pre-
clinical and clinical trials to evaluate their applicability in treating
patients with severe COVID-19 and pulmonary post-COVID
sequelae, as they may also have anti-fibrotic activity (41). A
feature of MSCs is particularly interesting to recover pulmonary
structures, as they can reversibly make the mesenchymal-
epithelial transition (MET) (42). The MET is triggered by the
fibroblast growth factor (FGF) receptor and other growth factors
receptors that lead to the upregulation of the transcription
repressors Sox2 and Oct4. Then, these molecules suppress the
Snail function, a mediator of the epithelial-mesenchymal
transition (EMT) (43). Moreover, the transcription factor c-
Myc downregulates TGF-bl and TGF-b receptor 2, and the
transcription factor Klf4 activates the epithelial program. These
interactions down-flow in the activation of epithelial genes such
as E-cadherin, EPCAM, MPZL2, STK17A, CLDN3 (claudin),
FAM3C, and many others. Considering that severe COVID-19
leads to a strong inflammatory response in the lungs, broad
tissue damage with epithelial compromise, fibrosis, and reduced
gas exchange in alveoli, the patients’ recovery can benefit from a
multifunction cell population like MSCs.

The COVID-19 was announced as a pandemic in early 2020.
Then, several studies indicated that a “cytokine storm” in the
lungs is one of the main immunopathogenic mechanisms
underlying morbimortality. Moreover, similar to severe acute
respiratory syndrome (SARS) induced by avian influenza,
COVID-19 patients eventually develop acute respiratory
distress syndrome (ARDS). The transplant of MSCs into
patients with H7N9 virus-induced ARDS has already been
conducted, and it significantly reduced the patients’ mortality
compared with control individuals (17.6% against 54.5%,
respectively) (44). Among different cell-based therapies, MSCs
have a high number of registered clinical trials and possibly more
chances to be approved for COVID-19 treatment (45).

In this work, we used single-cell RNA-seq data analysis of
MSCs identified in bronchoalveolar lavage (BAL) fluid from mild
and severally affected COVID-19 patients, besides control
individuals, and observed the high capacity of MSCs to adapt
to the environment. When we compared samples from mild
cases with samples from control individuals, most genes
transcriptionally upregulated after infection were involved in
cell proliferation. However, this scenario changed when we
compared severely affected with mild COVID-19 cases. In this
comparative analysis, MSCs from severe cases upregulated genes
involved in cell migration and dispersion in the lungs and
induced the y-activated sequence (GAS) genes, probably
triggered by IFNGR1 and IFNGR2. Then, IRF-1 was
upregulated, one of the GAS target genes, leading to the
interferon-stimulated response (ISR). Besides, they increased

multiple genes involved in the MET for tissue repair, virus
control, and cell chemotaxis. Regarding cytoplasmic RNA
danger sensors, MSCs from severe COVID-19 patients
transcribed RIG-1 and MDA5 and upregulated PKR compared
with cells from mild cases. In mild and severe cases, the MSCs
upregulated genes that code for anti-inflammatory molecules
such as ILIRN, AGTRAP, and SOCSI.

In a non-comparative analysis, we observed that MSCs from
severe cases did not transcribe many NF-xB upstream molecules,
such as Toll-like receptors (TLRs) -3, -7, and 8, tumor necrosis
factor receptors (TNFR1 or TNFR2), RANK, CD40, and IL-1R1.
Indeed, many NF-xB inhibitors were upregulated, including
PPP2CB, OPTN, NFKBIA, and FHL2, suggesting that MSCs
do not play a role in the “cytokine storm” observed. Besides, the
MSCs from severe cases do not transcribe NLRP3, NLRP6,
NOD2, IEN-y, IFNARI1, IFNAR2, CD80, or CD86. We also
evaluated senescence-related gene products, such as NADH
dehydrogenase (ubiquinone) ironsulfur protein 6 (Ndufs6),
and Erb-B2 receptor tyrosine kinase 4 (ERBB4) and MSCs
from severe cases showed signs of senescence. Our results
indicate that MSCs adjust their biological response to the
pulmonary environment, acting protectively and confirming
their applicability in cell-based therapy for COVID-19.

MATERIALS AND METHODS

We deployed a processing workflow for Single-cell RNA-seq data
analysis in the Santos Dumont (SD) Supercomputer (https://
sdumont.Incc.br), which has an installed processing capacity of
5.1 Petaflop/s. It presents a hybrid configuration of
computational nodes regarding the available parallel processing
architecture. It was necessary due to the large amount of raw data
to be processed, over 40 TB.

The COVID-19 datasets of BAL samples of single-cell RNA-
seq (scRNA-seq) are available on the Gene Expression Omnibus
(GEO) repository (46). Datasets are GSE145926 (47),
GSE157344 (48), and GSE167118 (49). Then, three healthy
control individuals and three COVID-19 patients with mild
symptoms were included in our analysis (47). Regarding
severely/critically ill patients, we gathered cells collected from
six (47) plus twenty-one (48) individuals in singlicate. Besides
samples from nine patients in duplicate (49). These datasets were
combined, and we then had forty-five samples from thirty-six
severely ill individuals. Only samples that went through the
curation and quality control stages were included in this work,
justifying the difference in the number of patients per group. The
criteria consisted of the availability of descriptive information
about the samples, such as a link to supplementary files detailing
how the genes’ transcriptional level was measured; access to raw
data through the selector SRA link; and all samples in the series
had to belong to a single species. Moreover, it was necessary to
have the description of the experimental protocol used; have the
comorbidities listed and the clinical condition at the time of BAL
collection; pass the check if metadata matched the samples’
names; and verification if the scRNA-seq experiments used one
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of the following protocols: Smart-seq2, Smart-like, Drop-seq,
Seq-well, 10xV2 (3 prime and 5 prime), or 10xV3 (3 prime).

According to the authors that uploaded the datasets, the
patients were categorized as severe if requiring admission to
intensive care unit (ICU) and/or invasive or non-invasive
mechanical ventilation. Patients with mild symptoms had fever
at the moment of cells collection, respiratory symptoms, and
moderate infection with bilateral pneumonia evidenced by
computed tomography (CT) imaging. However, they required
no admission to ICU or mechanical ventilation. The median age
of each group of individuals was 24 years old for the control
group, 36 for COVID-19 patients with mild symptoms, and 65
for severely ill individuals.

We used the 10x Genomics pipeline CellRanger v.4.0.0 (50)
with default parameters for samples demultiplexing. We aligned
the reads and quantified the genes expression using the GRCh38
human genome and a SARS-CoV-2 genome (NC_045512) as
reference. We employed Seurat v4.0.3 R package (51) for quality
control (QC), Clustering analysis, and differentially expressed
genes (DEGs) analysis. We used the following criteria to identify
and remove low-quality cells: Unique Molecular Identifier (UMI)
count < 301; Genes expressed < 151 and > 3000; and > 20%
mitochondrial RNA, as defined in (52). The number of MSCs
analyzed, obeying all quality control criteria and phenotypic
identification, consisted of approximately 2x10° in control and
mild cases and 4x10” in patients with a severe clinical condition.

The Cellranger count software automatically identified the
infected cells. Then, in this work, all reads associated with the
SARS-CoV-2 received the “sarscov2” prefix, and we executed an
R script that created two files: one containing only non-infected
cells and the other with infected cells. We selected only SARS-
CoV-2 non-infected cells for all analysis to avoid the subversion
in gene expression that the intracellular infection could generate.
Therefore, we considered that the analysis of uninfected cells
present in the pulmonary inflammatory site would provide a
more accurate understanding of the MSCs’ function.

We found no MSCs with SARS-CoV-2 intracellular infection
in mild cases, and only 32% of the cells from severely infected
patients were intracellularly infected. Accordingly, we found no
MSCs from mild cases transcribing ACE2 or TMPRSS2 genes,
two primary virus receptors for host cell invasion (data not
shown). Considering the severe cases, uninfected cells (analyzed
in this work) transcribed no detectable levels of both molecules.
In contrast, more than 90% of the infected MSCs transcribed
high levels of both ACE2 and TMPRSS2 (Supplemental
Materials 1A, B).

For the clustering analysis, each dataset was normalized and
scaled with default parameters. After normalization, we executed
the following steps:

The FindVariableGenes function detected the variable genes with
the vst selection method and the number of features equal to
20005

We integrated the datasets with Seurat’s FindIntegrationAnchors
and IntegrataData functions by running a canonical
correlation analysis (CCA) on each subset;

We performed dimensionality reduction using PCA and UMAP
algorithms. For the PCA analysis, we initially included the 30
most significant principal components;

As the final step in the clustering process, we calculated a shared
nearest neighbor (SSN) graph between all cells through the
FindClusters function with the resolution parameter equal to
0.5. We repeated this analysis for three subsets of data: severe
+control, mild+control, and severe+mild.

We selected the cluster corresponding to MSCs in each data
subset based on the simultaneous transcription of CD105,
CD90, CD73, and no transcription of CD14, CD34, CD45,
CD11B, and CD3E genes using Seurat’s FindMarkers and
FindConservedMarkers functions (Supplemental Material 2).
Usually, HLA-DR is part of the panel of molecules not
expressed by MSCs. However, as we are analyzing cells from
an inflammatory site, we excluded the HLA-DR from the
designed phenotype as it may be expressed by IFN-y-activated
MSCs (53).

DEG analysis was performed to identify the cluster of MSCs
using the MAST (54) algorithm, with parameters logFC (log fold
change) equal to 0.25 and FDR (False Discovery Rate) equal to
0.05, to compare the differentially expressed genes between
different subsets. In addition, enrichment analyses were
performed with Enrich web-server (55) using gene sets library
from the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(56) and the Molecular Signatures Database (MSigDB) (57).

To identify the primary biological processes carried out by
lung MSCs, we analyzed the genes marked with a positive sign in
the column “av_logFC” in the datasheets of COVID-19 patients
with mild symptoms versus control individuals (Supplemental
Material 3) and of severely affected versus mild COVID-19
patients (Supplemental Material 4). The positive entries show
the genes transcriptionally upregulated in group 1 over group 2.
Then, the biological function was assigned to each positive gene,
which provided a comparative and general view of the main
functions assumed by the MSCs. To build the biochemical
pathways, we grouped the upregulated genes by biological
function and aligned them in the context of expected cellular
responses according to the literature, the KEGG’s databases, and
STRING network. For the analysis of mild COVID-19 cases over
control individuals, we evaluated 110 genes (Supplemental
Material 3), and for severe over mild cases, we analyzed 457
genes. Only statistically significant genes, considering the
column “p_val_adj” (Supplemental Materials 3, 4) were
included in the analysis (p < 0.05).

For the non-comparative analysis of MSCs from severe cases,
we generated ridgeplots (histograms) and violin plots using
Seurat’s VInPlot function. Therefore, in this work, we analyzed
transcriptional modulations following two different strategies.
First, we performed comparative analyses to gain insight into the
gene clusters that were progressively upregulated as COVID-19
worsened, indicating MSCs’ main functionalities at different
stages. In this case, the analysis was blind and not directed to
genes involved in any particular biological function. We analyzed
all transcripts of MSCs from control individuals versus patients
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with mild symptoms and all positive entries showed the genes
transcriptionally upregulated in group 1 over group 2. The same
procedure was used to analyze all upregulated genes when
comparing severely affected patients over individuals with mild
symptoms. This analysis generated two lists containing multiple
genes, and we categorized every gene positively indicated
according to its biological function. The second analysis
strategy was directed to some previously defined genes that
mediate specific biological functions under study. This non-
comparative strategy was used to analyze molecules involved in
antigen presentation and immune regulation, cellular
senescence, virus danger recognition and response, and host
cell invasion receptors.

RESULTS

Profile of MSCs’ Upregulated Genes
Comparing Patients With Mild COVID-19
and Control Individuals

The analysis of MSCs from patients with mild COVID-19
compared with control individuals (Supplemental Material 3),
suggested that these cells were primarily dedicated to
proliferation in sick individuals (Figure 1). Considering all 110

genes analyzed, almost 1/3 (27%) were related to cell
proliferation, and about 19% were related to general
metabolism, including mitochondrial function, glucose
transport, thymidine and glutamate metabolism, and others
(Supplemental Material 3).

Two upregulated genes are conventional markers of mitotic
cells, MKI67 and CCNB2; both gene products regulate the cell
cycle transition at the G2/M stage. The KI-67 protein also
maintains the mitotic chromosomes dispersed in the cytoplasm
after nuclear envelope disassembly (58). Moreover, some key
genes involved in cytokinesis were upregulated, which is the
separation of chromosomes and cytoplasm, yielding two
daughter cells (59). These genes were ANLN (anillin) (60) and
some kinesins (KIF21A, KIF2C, and KIF4A) (61) (Figure 1).
Other upregulated genes control the cell cycle progression, which
were FAM111B, PCNA, SMC4, and ESCO2 (62-65), or multiple
cell division checkpoints, as ATAD2 (66) and PBK (67) gene
products (Figure 1). Although increased DNA repair processes
are typically associated with intense cell proliferation, MSCs
upregulated only the UHRFI (68) and MYBL2 genes
(69) (Figure 1).

The second most represented group of genes transcriptionally
upregulated was involved in antiviral response and sensing
pathogen-associated molecular pattern (PAMPs) molecules
(Figure 1). The HERC5 gene product inhibits replication of

Antiviral
or danger sensor
HERC5 ) )
RSAD2 Proliferation
IF144L mitotic spindle
MX1 SMC4 KIF2C CDCA1 TPX2
DNA repair FCN1 ATAD2 KIF4A NDC80 NCAPG
LRRC46 FAMI111B PCNA PRC1 NCAPH
Inflammation UHRF1 LINC02446 PBK SPC25 CDTI1
i MYBL2 ) MKI67 ANLN AURKA  NUR2
Pro Anti ‘ p LINC00342 ESCO2 AURKB
LTB HAVCR2 ‘ ' KIF21A CCNB2 ASPM
CCL5 SOCS1 SAC3DI1
XCL2 CTLA4
TRAF1
- Mesenchymal stem cells
¥ i N\
Mobility/cytoskeleton v «  Cell differentiation
AP1S2 Apoptosis Endothelial
CORO1A E2F8
Pro Anti
TNESF10 BIRC5 Neuroepithelial
NET1
Undiferentiation
KLF4

FIGURE 1 | Upregulated genes grouped by biological function in mild cases. The comparative analysis of MSCs’ transcripts from COVID-19 patients with mild
symptoms over uninfected control individuals yielded the identification of upregulated genes in sick individuals. The MSCs were analyzed in BAL fluid and the genes

were grouped according to their biological function.
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evolutionarily diverse viruses and boosts the antiviral response
(70), the RSAD2 protein (viperin) inhibits the release of viruses
from infected cells (71), and IFI44L inhibits virus replication
(72). The product of the genes MX1I (antiviral) and FCNI (ficolin
1), an extracellular pattern-recognition receptor (PRR), have
already been observed to be upregulated after SARS-CoV-2
infection (73, 74), agreeing with our results.

We observed that the pulmonary environment of mild
COVID-19 patients induced the upregulation of only five pro-
inflammatory genes in MSCs, which code for the chemokines
CCL5 and XCL2, plus TRAF1, which has already been identified
as an important inflammatory mediator in the lungs (75). The
other upregulated genes were LTC4S that codes for the
leukotriene C4 synthase, a central enzyme in the metabolism
of arachidonic acid (76), and the lymphotoxin-beta (LTB), a
soluble inflammatory mediator usually induced by TNF and
lymphotoxin (LT)-alpha (77) (Figure 1). Regarding anti-
inflammatory genes, HAVCR2 was upregulated; it reduces
cytokines, chemokines, prostaglandins, and cell adhesion
molecules in the presence of viral infections (78) (Figure 1).
The SOCS1 gene/protein downregulates pro-inflammatory
pathways triggered by TLRs and other membrane receptors at
multiple levels (79). Moreover, the cytotoxic T-lymphocyte
antigen 4 (CTLA4) molecule was upregulated and it suppresses
T lymphocytes activation and function when bound to (CD80)
B7.1 or (CD86) B7.2 (80). Although the CTLA4 expression is
usually associated with the silencing of T lymphocytes and a
subset of B lymphocytes (81), this molecule has already been
observed in MSCs inhibiting allogeneic MSCs rejection (82).

Only two gene products that regulate cell differentiation into
endothelial (E2F8) or neuroepithelial (NETI) cells were
upregulated (Figure 1) besides the KLF4 gene. This result is
interesting because the KLF4 gene product sustains the self-
renewal cycle of stem cells and retains them at an
undifferentiated state (83), further supporting the primary
assumed function of lung MSCs in mild COVID-19 cases.
Other upregulated genes were either pro- or anti-apoptotic and
genes that favor cell dispersion (mobility/cytoskeleton) (Figure 1).

Some genes associated with other biological functions were
individually upregulated in MSCs when comparing mild cases
with control individuals. To date, the DEFBI gene, which codes
the beta-defensin 1, an antimicrobial peptide continuously
produced by epithelial cells and other cell types (84)
(Supplemental Material 3). Moreover, some antioxidants were
upregulated, like the product of the AAEDI gene (Supplemental
Material 3).

After the comparative analysis of upregulated genes based on
their biological functions, we aligned some of the genes/gene
products related to cell proliferation and mitotic spindle
formation in a sequence of events (Supplemental Material 5).
As genes associated with the mitotic spindle formation, we
included the Aurora kinases A (AURKA) and B (AURKB).
These upregulated enzymes are serine/threonine kinases that
associate with the centrosome and the spindle microtubules
during mitosis and play an essential role in various cell
division checkpoints (85) (Figure 1 and Supplemental

Material 5). Other transcripts were upregulated, such as the
gene TPX2, a spindle assembly factor that intimately interacts
with Aurora A and functions in chromosomes segregation (86).
Moreover, the NCAPG and NCAPH genes that code for proteins
involved in chromatin condensation (87), and the SAC3DI gene
that codes for a protein important in centrosome duplication and
mitotic progression (88). In addition, the transcription of PRCI
and ASPM genes was upregulated, and they are involved in
cytokinesis and the microtubule dynamics at the spindle poles
(89). Besides, the ASPM gene codes for a protein that seems
involved in symmetric stem cells division (90) (Figure 1 and
Supplemental Material 5).

Regarding the microtubules” connection to chromosomes in
the mitotic spindle, some components of the Ndc80 complex
were upregulated, such as NUF2 and APC25 genes. Besides the
genes that code for Cdtl, tubulin beta-6 (TUBB6), and the
kinesins KIF21A, KIF2C, and KIF4A genes (Figure 1 and
Supplemental Material 5).

Profile of MSCs’ Upregulated Genes
Comparing Patients With Severe Over

Mild COVID-19

When we analyzed the genes transcriptionally upregulated in
MSCs from severe over mild COVID-19 cases, we observed that
multiple biological processes were favored (Figure 2), a profile
entirely different from that observed in Figure 1. Regarding the
self-renewal cycle in this comparative condition, the MSCs
appeared less committed to clonal expansion in severe cases
(Figure 2). Instead, many upregulated genes were involved in cell
migration in the lungs (Figure 2), a fundamental property for
any stem cell population. The cell dispersion in stromal tissues is
a highly complex process that involves extracellular matrix
(ECM) components, ECM receptors, receptor-coupled
accessory molecules, and cytoskeleton components that act in a
concerted fashion. In this comparative analysis, we observed the
upregulation of many cytoskeleton components, including
CNN3 (calponin), MYH9 (myosin-9), ACTGI (actin 1), PFN
(profilin), MYO6 (myosin 6), CAPZA2 (F-actin capping protein),
FLNA (filamin A), FLNB (filamin B), MSN (moesin), CPTBN1
(spectrin beta chain), and MACFI (a microtube-actin cross-
linker) (Figure 2). We also observed the upregulation of two
isotypes of laminins, which were LAMB3 and LAMC2, and the
integrins ITGB1 (CD29), ITGA2 (CD49b), ITGA3 (CD49c),
ITGB6, and ITGBS (Figure 3). These ECM receptors are
usually embedded in specialized microregions of the plasma
membrane rich in cholesterol and sphingolipids, named lipid
rafts. These structures facilitate the lateral mobility of signaling
clusters’ components for assembly (91). The endocytosis of rafts
may include caveolin-dependent pathways, and we observed the
upregulation of caveolin 1 and 2 (CAVI and CAV2) in MSCs
from severe over mild cases (Figure 3).

Multiple genes whose products act as cytoskeleton regulatory
molecules were also upregulated, such as RHOF, WASL, CAPI,
MYLI12B, LMTK3, WDR, RHOD, SEPT2, and WASF2 (Figure 2).
Moreover, the gene EPS8, which codes for a receptor adaptor
protein (92), and the EZR gene (Figure 2) were upregulated. The
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AZR gene codes for the ezrin, a protein that belongs to the ERM
(Ezrin-Radixin-Moesin) family and functions as a cross-linker
between the actin cytoskeleton and the plasma membrane.
Regarding antiviral components, we found the upregulation of
the genes IFIT3 (93), ZC3HAV1I (94), IFIT2 (95), ISG20 (96),
APOBEC3A (97), MX2 (98), ZC3HAV1 (94), C19orf66 (99), and
RSAD?2 (viperin) (71) (Figure 2).

We did not find upregulated IFN-y transcription in MSCs
when comparing patients with mild symptoms over control
individuals (Supplemental Material 3) or patients with severe
over mild cases (Supplemental Material 4). This result is
significant, as it indicates that MSCs do not secrete one of the
main cytokines of the COVID-19 cytokine storm (100). Only the
cytokines IL-18 and IL-32 were increased in severe over mild cases
and the following chemokines: CCL4L2, CCL3, CCL3LI, and
CCL2 (Figure 2). Interestingly, some of these chemokines
attract immune cells to the inflammatory site and have antiviral
activity (101). Besides, the STAT6 gene was transcriptionally
upregulated, a homodimeric transcription factor with many
inflammatory and antiviral functions (102), and PARP14, whose
product acts as a transcriptional co-activator for STAT6 and
promotes the activation of a Th2 immune response (103).
Finally, the PTGES3 gene that codes for the prostaglandin E

synthase 3 (cytosolic) was upregulated, one of the main
inflammatory regulators in inflammatory diseases (Figure 2).

MSCs from severe patients also upregulated the transcription
of some anti-inflammatory genes, which were SPPI (osteopontin)
(104), AGTRAP (105), Céorfl06 (106), and particularly ILIRN
(Figure 2). This gene codes for an interleukin 1 receptor
antagonist, a natural inhibitor of IL-1. In addition to its anti-
inflammatory activity, it was described as a potent anti-fibrotic
mediator produced by MSCs in the lungs (107).

We also observed the upregulation of many genes involved in
the MET or expressed by epithelial lineage-committed cells, such
as keratins (KRT15, KRT17, KRT23, and KRT6A) (Figure 2). The
MET is a remarkable function of MSCs (42, 43, 108) and an
essential feature in the lungs of patients with severe COVID-19
pneumonia, as long as many epithelial cells die due to the SARS-
CoV-2 infection or to secondary inflammatory damage. Besides,
MSCs from severe patients upregulated genes involved in
angiogenesis (TNFRSF12A, also known as TWEAK) (109) plus
the endothelial differentiation markers, LAP3, KLF5, and KLF6
(110) (Figure 2). Moreover, some genes involved in apoptosis
induction or resistance were transcriptionally increased (Figure 2).

When we analyzed additional genes involved in cellular signal
transduction and assembled the puzzle of biochemical signaling

grouped according to their biological function.
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FIGURE 2 | Upregulated genes grouped by biological function in severe cases. The comparative analysis of MSCs’ transcripts from COVID-19 patients with severe
over patients with mild symptoms yielded the identification of upregulated genes in critically ill individuals. The MSCs were analyzed in BAL fluid, and the genes were
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pathways of severe cases, we observed a promising scenario for
using MSCs as therapeutical elements to treat COVID-19
(Figure 3). For example, the transcript of the MET gene,
which stands for mesenchymal-epithelial transition factor, also
known as hepatocyte growth factor (HGF) receptor (HGFR)
(111), was upregulated. It codes for the membrane receptor c-
MET. We did not observe MSCs transcribing HGF, the soluble
ligand of c-MET. However, subpopulations of pulmonary
epithelial cells such as secretory, ciliated, and squamous
transcribed this mediator, indicating that it is available for
MSCs stimulation in patients’ lungs (data not shown).

The ¢-MET is a tyrosine kinase receptor stimulated by the
binding of proteolytically activated HGF, leading to receptor
homodimerization and phosphorylation of cytoplasmic tyrosine
residues (Figure 3). These initial events activate the receptor that
recruits multiple signaling effector molecules that include the
adaptor proteins growth factor receptor-bound protein 2
(GFRB2), phosphatidylinositol 3-kinase (PI3K), v-src sarcoma
(Schmidt-Ruppin A-2) viral oncogene homolog (SRC), and
GRB2- associated binding protein 1 (GAB1) [reviewed in
(112)] (Figure 3, molecules represented within the dashed
line). Then, multiple signaling pathways diverge and lead to
different and complementary cellular responses.

One of the central observations of this biochemical scenario is
the negative regulation of the NF-kB pathway (Figure 3), a major

pro-inflammatory pathway that leads to the production of TNF,
IL-2, IL-1, and many other inflammatory mediators (113). This
pathway starts with the ¢-MET (product of the MET gene)
directly activating the PI3K (114), or the ¢-MET leading to
GABI activation (115) that in turn activates PI3K (Figure 3).
Regardless of the initial events, PI3K activation leads to AKT
activity, an intermediate component of the NF-kB pathway
(Figure 3). Although the c-MET was upregulated in MSCs
from severe over mild cases (Figure 3), the NF-kB pathway
does not seem to function in critically ill patients. We based this
conclusion on the observation that multiple membrane or
cytoplasmic receptors that could converge to the activation of
the NF-kB pathway, were not upregulated in the comparative
analysis of severe over mild cases. This does not necessarily mean
that these NF-kB-related genes were not being transcribed, only
that they could have similar transcriptional levels when
comparing the two groups (below the threshold value of 0.25
in log fold change). To evaluate if these genes were being
transcribed in MSCs from severe cases, we used the VInPlot
function, which is a non-comparative analysis and gives the
absolute values of specific genes transcriptional level
(Supplemental Material 6). To date, MSCs from severe cases
did not transcribe JAK2, IFNARI, IFNAR2, and CD40,
(Supplemental Material 6), plus TLR3, TLR7, TLRS, NAIP
(NLRB), IL-1RI1, CIITA (NLRA), or RANK (data not shown).
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FIGURE 3 | Assumed biochemical molecular pathways triggered in MSCs. The genes were analyzed in MSCs from BAL fluid of COVID-19 patients. This

comparative analysis evaluated upregulated genes when comparing COVID-19 patients with severe over individuals with mild symptoms. The upregulated genes are

assigned in red, and the genes expressed at a similar level comparing both groups are indicated in black. C-MET means mesenchymal-epithelial transition factor.
The dashed line represents membrane-associated and close downstream molecules. Dashed arrows represent molecular physical translocation to the nucleus or
activation of nuclear transcription factors.
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Moreover, we observed that multiple molecules that silence the
NE-kB pathway were upregulated in the comparative analysis,
which were PPP2CB, OPTN, FHL2, ACADVL, MAP3KI,
NFKBIA, PTPRK, and TNFAIP3 (116-118) (Figure 3).
Therefore, although the ¢c-MET can lead to KF-kB activation,
this does not seem to be the case in MSCs from severe COVID-
19 patients (Figure 3).

Moreover, we evaluated the transcription of RAP1 (TERF2IP
gene) in a non-comparative analysis. RAP1 is an NF-kB
activator, important for pro-inflammatory functions of MSCs
(119, 120). We observed that a minor proportion of MSCs from
the control group transcribed moderate levels of the TERF2IP
gene (Supplemental Material 1C). Moreover, less than 5% of
MSCs from patients with mild symptoms and less than 1% of
cells from severely affected individuals transcribed this gene
(Supplemental Material 1C). The upstream signaling
components EPAC1 RAPGEF3, RAPGEF6, EPAC2 RAPGEF4,
and RAPGEF5 were not transcribed in MSCs from mild or severe
COVID-19 patients (data not shown).The AKT is a central
molecule that triggers other branches of intracellular signaling
pathways, including the B-catenin via, which is probably active
in vivo in MSCs comparing our data of severe over mild cases.
This scenario is plausible because this pathway can lead to the
upregulation of the transcription factor SOX4, as we observed
(Figure 3) (121). Moreover, SOX4 is critical for MET, an
assumed primary biological function of MSCs in severe cases
according to the great number of MET genes that were
upregulated (Figure 2). In parallel, the c-MET-associated
kinase JAK1 (Supplemental Material 6) can lead to STAT3
activation and upregulation of another MET critical
transcription factor that was upregulated, the KLF4 (122)
(Figure 3). Both SOX4 and KLF4 can induce the transcription
of multiple MET genes, and indeed many of these target genes
were upregulated in our analysis (Figure 2, MET). Alternatively,
the KLF4 transcription factor can be activated by STAT-
independent pathways, and the upregulated KLF4 (Figure 3),
KLF5, and KLF6 (Figure 2) can play a role in other biological
processes besides the differentiation into epithelial cells (123).
Alternative pathways that induce KLF4 activation may be
functional in MSCs from severe cases. This is possible because
we observed the upregulation of SOCS3, whose gene product
downregulates STAT3 activity (Figure 3).

Moreover, the c-MET>JAK1>STAT3 pathway (124) may lead
to the activation of another critical transcription factor that was
upregulated in our analysis of severe over mild cases, the c-MYC
(Figure 3). The MYC gene can also be upregulated by multiple
STAT-independent biochemical pathways (125), and ¢-MYC
activity leads to several biological cell responses (126),
including cell adhesion and migration, DNA repair,
proliferation, and others.

As we observed the upregulation of multiple genes related to
cell dispersion (mobility), we analyzed some molecules that
participate in focal adhesion (FA), which are large
macromolecular clusters present in specialized plasma
membrane regions. The FAs contain integrins and are
responsible for intermediating the mechanical force between

ECM components to the cytoskeleton. We found several
integrins upregulated in MSCs from severe over mild patients
(Figure 3). After integrin engagement, the focal adhesion kinase
(FAK) becomes autophosphorylated and creates a high-affinity
binding site for Src kinases, allowing their autophosphorylation.
Then, activated Src members further phosphorylate FAK on
additional tyrosine residues (127). In our analysis, we observed
the upregulation of the Src kinase Lyn (Figure 3). This initial
interaction forms a signaling platform that triggers the
engagement of GRB2 to the pathway, and Ras is recruited in
sequence (Figure 3). The following signaling cascade includes
RAF, MEK1/2, ERK1/2, and MAPK (128), and many of these
components were upregulated in our analysis (Figure 3). The c-
MET receptor can also directly stimulate the Ras component of
the via (129), an alternative branch not included in Figure 3. In
addition, the upregulated TRIBI gene product can further
activate the MEK1/2 response (130) (Figure 3).

The RAS component may alternatively lead to the activation
of RAC1, which is followed by the activation of PAK (131). At
this point, PAK can further stimulate the B-catenin pathway,
reinforcing the MET, and/or stimulate MAPK, whose family
member MAPK3K13 was upregulated in MSCs from severe over
mild cases (Figure 3). One of the outcomes of this pathway is the
activation of the transcription factors c-JUN, which had the
family members JUNB and JUND upregulated, and c-FOS with
FOSB and FOSLI genes upregulated (Figure 3) (132). In
addition, the c-JUN and c-FOS activate the transcription of
numerous other genes, including genes that regulate cell
migration, survival, proliferation, adhesion to a substrate, and
much more. Both ¢-FOS and c-JUN are members of the
Activator Protein 1 (AP-1) that is a generic name for different
sets of homo- or heterodimers made up of members of the Fos,
Jun, Maf, including MAFF (133) (Figure 3), and ATF multigene
families (134).

Finally, MSCs from severe cases upregulated numerous genes
involved in protein ubiquitination (Figure 3), a process generally
associated with cellular components degradation. However,
multiple biological functions have been attributed to the
ubiquitin pathway, such as signal transduction, cell cycle
regulation, mitophagy, and antiviral activity [reviewed in (135)].

Danger Recognition in MSCs From
Patients With Severe COVID-19

Although we selected only SARS-CoV-2 uninfected MSCs for
our analysis, to avoid the profound transcriptional and general
biological subversion induced by the intracellular infection, the
cells were obtained from a pulmonary inflammatory ambient.
Therefore, it was expected that the MSCs analyzed would express
a repertoire of PRRs that could recognize viral (danger)
PAMPs (136).

The results shown in Box 1 indicate that few virus danger
sensors were active in MSCs from severe cases, basically RIG-1,
MDAS5, and PKR, with the associated molecules RIG-G, LGP2,
MAVs, TBK1, TRAF3, and IRF7 (Box 1). Then, we aligned the
transcribed and upregulated molecules involved in danger
recognition and antiviral response in MSCs from severally

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 780900


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Henriques-Pons et al.

Mesenchymal Stem Cells in COVID-19

BOX 1 | Main biological pathways involved in virus sensing and antivirus response.

Cytoplasmic RNA sensors
protein/gene

Severe over control Severe over mild

TLR3/TLR3

TLR7/TLR7

TLR8/TLRS

NOD2/NOD2

NLRP3/NLRP3

NLRP6/NLRP6

RIG-1/DDX58

MDAS/IFIH1

RIG-G/IFIT3

CIITA/CIITA

NAIP/NAIP

LGP2/DHX58

DHX9/DHX9

DHX15/DHX15

2'-5'-oligoadenylate synthetase/OAST
latent Rnase (RNasel)/RNASEL
Protein kinase RNA-activated(PKR)/EIF2AK2
Signal transduction

mitochondrial antiviral-signaling protein/MAVS
TANK-binding kinase/TBK1
TRAFS/TRAF3

IRF7/IRF7

NU NT*
NU NT*
NU NT*
NU NT*
NU NT*
NU NT*
+1,338 TR*
+1,625 TR*
+2,609 +1,023
NU NT*
NU NT*
+0.788 TR*
NU NT*
NU NT*
+1,828 NT*
NU NT*
+0,887 +0,966
NU TR*
NU TR*
NU TR*
+2,583 +1,081

affected COVID-19 patients, and the general scenario is
illustrated in Figure 4.

When MSCs in severely affected patients are exposed to
cytoplasmic double-strand (ds) RNA, the PKR-dependent
pathway is likely triggered, as many components were
upregulated in our analysis (Figure 4). This pathway starts
with the activation of PKR by autophosphorylation after
binding to dsRNA, leading to the phosphorylation of elF2a,
the EIF2A gene product. This pathway is usually triggered under
cellular stress conditions, leading to protein translation arrest,
and it must be transient because its chronic activation is
deleterious to the cells. Dephosphorylation of elF2a is then
required to restore protein synthesis after the stress-induced
attenuation of translation, and two elF2a. holophosphatases are
necessary: phosphoprotein phosphatase regulatory subunit 15A
(PPPIRI5A) (Figure 4), only expressed in stressed cells, or
phosphoprotein phosphatase regulatory subunit 15B
(PPPIR15B), which is constitutive (137). The antiviral activity
of this pathway is based on at least two important fronts: the
translation arrest and inhibition of virus replication and the
activation of the pro-inflammatory NF-kB pathway. In this case,
the activation of NF-kB is unlikely, as many cytoplasmic
inhibitors of this pathway were upregulated in MSCs from
severe COVID-19 patients (Figure 3). Besides its antiviral
activity, this pathway leads to the transcription of target
molecules involved in REDOX response, cell survival, and
migration by activating the transcription factor ATF4
(Figure 4) (138).

The analysis of patients with severe COVID-19 over control individuals was comparative and of severe over patients with mild symptoms was comparative and non-comparative. The
genes were analyzed in MSCs from BAL fluid and are identified as: NU (not upregulated or not transcribed); NT (not transcribed); TR (transcribed but not upregulated). The plus sign,
indicates the level of upregulation in the comparative condition. * Indicates that a non-comparative analysis was performed.

Another pathway that seems to be functional in MSCs
comparing severe with mild cases is dependent on MDAS5 and
RIG-1, two known sensors that activate antiviral cellular
responses (139) (Figure 4). Both molecules converge to the
activate mitochondrial antiviral-signaling protein (MAVS)
found on the outer membrane of mitochondria (140). Then,
TRAFS3 is recruited (141), leading to TBK1 activation, which can
also be activated by IFIT3 (93), another upregulated gene in this
condition (Figure 4). Then, TBK1 leads to the activation of the
transcription factor IRF7, which induces the production of type I
(alpha and beta) interferons (142). Although it has been
published that the RIG-I/MDA-5-MAVS signaling pathway is
possibly inhibited by the SARS-CoV-2 membrane (M) protein
(143), this pathway seems to be active at least in uninfected
MSCs (Figure 4), as the transcription of IRF7 was upregulated
(Figure 4). The activation of IRF7 can alternatively be achieved
by a complex composed of the helicases DDX1, DDX21, and
DHX36 that interacts with the adaptor protein TRIF and
cytosolic dsRNA (144). In our analysis, the component DDX21
was upregulated in MSCs from severe over mild COVID-19
cases (Figure 4).

The IFN-y (a type II IFN) receptors IFNGR1 and IFNGR2
(Figure 4 and Supplemental Material 6) were expressed in
MSCs from severe cases, and these receptors signal through
JAK1 and JAK2 kinases. However, our non-comparative results
of severe COVID-19 patients showed that MSCs are not
transcribing JAK2 (Supplemental Material 6). Therefore,
JAK1 activity would lead to the phosphorylation and
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homodimerization of STAT1 (Figure 4), which is also known as
v-activated factor (GAF) (145). This pathway induces the GAS
(y-activated sequence) response (146) that leads to the
transcription of numerous genes that were upregulated in our
analysis (147), including the IRF-1 (Figure 4).

Both IRF-1 and type III interferons can induce the interferon-
stimulated response (ISR), a robust cellular response important
for virus infection control. Type III interferons signal through
the IFNLR receptor complex (composed of INFLR1 and IL-
10RP), and this interaction leads to JAKI and TYK2 kinases
cross-phosphorylation (148). However, we observed that
INFLRI1, IL-10RB, and TYK2 were not transcribed in MSCs
from severe cases (data not shown), and therefore this pathway
would not lead to ISR. On the other hand, the IRF-1 gene was
upregulated when comparing severe over mild cases, its product
is likely activating the ISR. This cellular event is known for
leading to the expression of genes such as ISG20, APOBEC, IRF7,
RSAD?2 (viperin), EIF2AK2 (PKR), and many more that were
upregulated in our analysis (149). Therefore, our results indicate
that type I interferons, that signal through the not transcribed
TNFAR1 and TNFAR?2 receptors (Supplemental Material 6),
and type III interferons are not playing a role in MSCs antiviral
response in severe cases. This is surprising, as they are some of
the most relevant cytokines that compose the first-line defense
against viruses. Conversely, and similar to many other viruses,

the SARS-CoV-2 has evolved mechanisms for evading the
antiviral effects of type I and III IFNs at multiple levels (150).
Moreover, the genes NLRP3, NLRP6, and NOD2 were not
transcribed according to the non-comparative analysis (data
not shown). These genes are important PRR sensors for RNA
viruses but they do not seem to be employed by MSCs from
patients with severe clinical condition.

Since more severe clinical symptoms are common in older
individuals and the median age of this group was 65 years old in
our study, we decided to analyze some functional and senescence
markers of MSCs. We then analyzed the protein NADH
dehydrogenase (ubiquinone) iron-sulfur protein 6 (Ndufs6), a
major component of the mitochondrial complex I that mediates
MSCs senescence (151). In a non-comparative analysis, we
observed that more than 80% of MSCs from the control group
transcribed high levels of the NDUFS6 gene. However, less than
5% of MSCs from the SARS-CoV-2 infected individuals, either
with moderate or severe clinical symptoms, transcribed this gene
(Supplemental Material 1D). Another molecule involved in
MSCs senescence is the Erb-B2 receptor tyrosine kinase 4
(ERBB4 gene). This protein regulates MSCs survival under
hypoxia, and ERBB4 overexpression in aged MSC ameliorates
oxidative stress-induced senescence (152). However, we observed
no ERBB4 transcription in either group (data not shown). Serum
levels of serotonin have also been implicated in MSCs function/
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senescence in COVID-19, and serum levels of serotonin and
carboxypeptidase A3 (CPA3) (153) have been implicated in
COVID-19 severity. However, we observed no transcription of
the following serotonin-related genes in MSCs from the three
groups of individuals: HTR1B and HTR2B (serotonin receptors),
PDGFRB, and CPA3 (data not shown).Finally, MSCs are
considered good candidates for allogeneic transplantation as
they express low levels of human leukocyte antigen (HLA)
class I (MHC-I) on cell surface and lack the expression of
MHC-II and the co-stimulatory molecules CD80, CD86, and
CD40 (154). Moreover, MSCs have been demonstrated to be
poor stimulators of allogeneic T cell response in vitro, which
seems to be not due to a deficiency in co-stimulatory signals
(155). In humans, there are three MHC-II isotypes, which are
HLA-DR, HLA-DP, and HLA-DQ, all encoded by o and B chain
genes and we evaluated the transcription of some HLA-DR
alleles (Figure 5). Different from results previously published
by other groups regarding MSCs, and to the best of our
knowledge, not obtained from the lungs, our results showed
that pulmonary MSCs from control uninfected individuals
transcribed the MHC-II o chain (HLD-DRA) and the B chains
HLA-DRBI1, and HLA-DRB5 (figure 5). However, as we
evaluated the transcriptional level, it is possible that those
transcripts were not translated or even that the protein is not
directed to the cell membrane.

We observed that less than 5% of MSCs from the three groups
of patients transcribed CD80 (data not shown) or CD40
(Supplemental Material 6 and data not shown). Interestingly,
MSC:s from patients with mild COVID-19 transcribed high levels
of CD86, HLD-DRA, HLA-DRBI, and HLA-DRB5, suggesting
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that these cells may play a role in the priming of T lymphocytes
and act directly and indirectly in the orchestration of the
immune response facing the disease. On the other hand, MSCs
from severely affected patients downmodulated the transcription
of those molecules substantially. Despite the previous
observation that MSCs upregulate co-stimulatory and HLA
molecules after exposure to IFN-y (53), in the pulmonary
ambient of severely affected COVID-19 patients, with assumed
high levels of this cytokine, this upregulation was not observed.

DISCUSSION

The WHO declared the COVID-19 pandemic in early 2020, and
the world started looking for alternatives for patients’ treatment
and management. There is still much to be learned about the
disease, but the world is advancing in vaccination campaigns,
and health professionals know better how to treat the different
COVID-19 manifestations. The main cause of morbimortality is
the quick progression of a severe pulmonary inflammatory
response, with secondary tissue damage and fibrosis. Another
important cause of mortality is the systemic aspect of the disease
that yields thromboembolism. Many pharmacological
therapeutic alternatives are being developed or repositioned to
combat the SARS-CoV-2 infection, besides cell-based alternative
therapies. Among these possibilities, pre-clinical and clinical
trials using MSCs are among the most promising options, as
previous tests in lung diseases indicated that they are effective
and safe.
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FIGURE 5 | Modulation of co-stimulatory and HLA molecules in MSCs from COVID-19 patients. We made a non-comparative analysis of MSCs from control
uninfected individuals and patients with mild or severe COVID-19, as indicated. The molecules analyzed were CD86 (A), HLA-DRA (B), HLA-DRB1) (C), and HLA-
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MSCs can linearly differentiate into several cell types that are
very important in controlling COVID-19-induced pneumonia
and tissue regeneration. Besides, they can modify the pulmonary
environment through the paracrine action of secreted soluble
factors, many of which were observed to be upregulated in our
work. The paracrine activity of MSCs includes the differentiation
of other progenitor cells, leading to a proactive cascade of
complementary cell types that help in a patient’s recovery.

Among the different approaches to studying the COVID-19
inflammatory response and tissue regeneration, we can highlight
the contribution of single-cell RNA-seq data analysis. This
approach is a powerful tool that yields the evaluation of
thousands of genes in specific cell types that are important to
understanding the cellular network that underlies the COVID-19
pathogeny. One of the method’s main advantages is the
evaluation of different cell types that integrate the biological
network in the pulmonary inflammatory environment in vivo.
This is a central aspect, which combines single-cell
transcriptomics of samples freshly obtained from the patients
with no in vitro cell culture or other manipulations in laboratory
that could alter the cellular biological status. On the other hand,
the multiple biochemical pathways and cellular biological
responses indicated by transcriptionally upregulated genes
cannot be easily confirmed in vitro. Therefore, the results
predicted by single-cell RNA-seq data analysis remain elusive
and prone for confirmation in future essays. In our analyses, we
observed that MSCs have high plasticity and adjust their
biological functions according to the environment, responding
through different sets of transcriptionally upregulated molecules.
In the group of patients with moderate clinical conditions over
uninfected control individuals, we observed the expansion of a
few sets of biologically grouped genes, with the greatest increase
in groups of genes related to cell proliferation. Moreover, the
second most represented group of genes was related to antiviral
activity (156-158). On the other hand, in severe over mild cases,
the MSCs response was completely different, as they assumed a
genotype compatible with a multipurpose protective cell
population. This protection can be illustrated by a refined
control of the inflammatory response; moderate transcription
of pro-inflammatory molecules, which is important for infection
restrain; no significant transcription of main participants of the
“cytokine storm” as IFG-y; and assumed blockage of the NF-kB
pathway. Besides, these cells seem to be much more active in
antiviral responses and tissue repair, especially leading to
epithelial cells differentiation and MET. To the best of our
knowledge, this is the first description of MSCs functionally
adjusting to the pathogenic ambient, assuming different
biological functions.

The most severe cases of COVID-19 are in at least sixty-five
years old individuals. In our study, we observed that the patients’
median age of severely affected individuals was considerably
higher when compared with the other groups. This observation
prompted us to analyze some senescence-related genes of MSCs.
To date, several potential mechanisms, including telomere
shortening (159), impaired autophagy (160), and especially
increased reactive oxygen species (ROS) (161, 162) have been

reported to mediate MSCs senescence. Regarding Ndufs6, less
than 5% of the MSCs from patients with moderate or severe
clinical symptoms transcribed this gene. This downregulation
suggests that MSCs in the lungs quickly show signs of
senescence, as Ndufs6 is depressed in aged MSCs. However,
these cells might be at different stages of senescence and still
differentiate into other cell types and play a role in controlling the
infection. From our perspective, this possible natural senescence
of MSCs in COVID-19 patients further supports the
transplantation of MSCs to prevent the worsening of
clinical symptoms.

We also evaluated the transcription of RAP1 (TERF2IP gene),
an upstream NF-kB activator. This pathway ultimately leads to
the activation of Raf-1, AF-6, and other transcription factors
(reviewed in (163). In agreement with our observation that
pulmonary MSCs do not activate the NF-kB pathway in severe
cases of COVID-19, we observed that only cells from the control
group transcribe high levels of the TERF2IP gene.

Serum levels of serotonin have also been implicated in MSCs
function in COVID-109, as the treatment of human lung explants
with Fluoxerin, an inhibitor of serotonin reuptake, reduced
SARS-CoV-2 virus load (164). Besides, serotonin was also
implicated in EMT and MET (165). Moreover, serum levels of
serotonin and carboxypeptidase A3 (CPA3) (153) have been
implicated in COVID-19 severity. However, we observed no
transcription of the following serotonin-related genes in MSCs
from the three groups of individuals: HTRIB and HTR2B
(serotonin receptors), PDGFRB, and CPA3 (data not
shown).Our results show the adaptability of MSCs to the
pulmonary environment during the SARS-CoV-2 infection and
justify the efforts to establish MSC-based therapies to treat acute
COVID-19 and post COVID-19 sequelae.

DATA AVAILABILITY STATEMENT

All datasets analyzed in this study are available in the GEO
repository (https://www.ncbi.nlm.nih.gov/geo/). Accession
numbers are GSE145926, GSE157344, and GSE167118.

AUTHOR CONTRIBUTIONS

AH-P: analysis of genes lists, biological grouping of upregulated
genes, preparation of Figures, and text writing. FS and VS:
execution of computational tools and preparation of genes lists
(datasheets). DB and SH: manuscript review and editing. All
authors have read and agreed to the submitted version of
the manuscript.

FUNDING

This research was funded by the INOVA program of Fundagao
Oswaldo Cruz (grant number VPPCB-005-FIO-20-2-34-52).

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 780900


https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Henriques-Pons et al.

Mesenchymal Stem Cells in COVID-19

ACKNOWLEDGMENTS

The authors would like to acknowledge the participation of the
colleagues Maiana O. C. Costa, Maria Clicia S. Castro, Maria Emilia
M. T. Walter, Alba C. M. A. Melo, Kary A. C. Ocafa, Marcelo T.
dos Santos, Adriano Barbosa, and Marisa F. Nicolas in the initial
discussions about the different possibilities of comparative analysis.
The authors acknowledge the National Laboratory for Scientific
Computing (LNCC/MCT], Brazil) for providing HPC resources of
the Santos Dumont supercomputer, which have contributed to the

REFERENCES

. Friedenstein AJ, Chailakhjan RK, Lalykina KS. The Development of
Fibroblast Colonies in Monolayer Cultures of Guinea-Pig Bone Marrow
and Spleen Cells. Cell Tissue Kinet (1970) 3(4):393-403. doi: 10.1111/j.1365-
2184.1970.tb00347.x

. Klimczak A, Kozlowska U. Mesenchymal Stromal Cells and Tissue-Specific
Progenitor Cells: Their Role in Tissue Homeostasis. Stem Cells Int (2016)
2016:4285215. doi: 10.1155/2016/4285215

. Caplan AL Mesenchymal Stem Cells. ] Orthop Res (1991) 9(5):641-50. doi:
10.1002/jor.1100090504

4. Bianco P, Robey PG, Simmons PJ. Mesenchymal Stem Cells: Revisiting
History, Concepts, and Assays. Cell Stem Cell (2008) 2(4):313-9. doi:
10.1016/j.stem.2008.03.002

. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.
Multilineage Potential of Adult Human Mesenchymal Stem Cells. Science
(1999) 284(5411):143-7. doi: 10.1126/science.284.5411.143

. Kopen GC, Prockop DJ, Phinney DG. Marrow Stromal Cells Migrate
Throughout Forebrain and Cerebellum, and They Differentiate Into
Astrocytes After Injection Into Neonatal Mouse Brains. Proc Natl Acad
Sci U.S.A. (1999) 96(19):10711-6. doi: 10.1073/pnas.96.19.10711

. Sato Y, Araki H, Kato J, Nakamura K, Kawano Y, Kobune M, et al. Human
Mesenchymal Stem Cells Xenografted Directly to Rat Liver Are
Differentiated Into Human Hepatocytes Without Fusion. Blood (2005)
106(2):756-63. doi: 10.1182/blood-2005-02-0572

. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause
D, et al. Minimal Criteria for Defining Multipotent Mesenchymal Stromal
Cells. The International Society for Cellular Therapy Position Statement.
Cytotherapy (2006) 8(4):315-7. doi: 10.1080/14653240600855905

9. Chen WC, Park TS, Murray IR, Zimmerlin L, Lazzari L, Huard J, et al.

Cellular Kinetics of Perivascular MSC Precursors. Stem Cells Int (2013)

2013:983059. doi: 10.1155/2013/983059

Corselli M, Chen CW, Crisan M, Lazzari L, Péault B. Perivascular Ancestors

of Adult Multipotent Stem Cells. Arterioscler Thromb Vasc Biol (2010) 30

(6):1104-9. doi: 10.1161/ATVBAHA.109.191643

Phinney DG. A SAGE View of Mesenchymal Stem Cells. Int J Stem Cells

(2009) 2(1):1-10. doi: 10.15283/ijsc.2009.2.1.1

Bhartiya D. The Need to Revisit the Definition of Mesenchymal and Adult

Stem Cells Based on Their Functional Attributes. Stem Cell Res Ther (2018) 9

(1):78. doi: 10.1186/s13287-018-0833-1

Horwitz EM, Le Blanc K, Dominici M, Mueller I, Slaper-Cortenbach I,

Marini FC, et al. Clarification of the Nomenclature for MSC: The

International Society for Cellular Therapy Position Statement. Cytotherapy

(2005) 7(5):393-5. doi: 10.1080/14653240500319234

Gois Beghini D, Iwao Horita S, Cascabulho CM, Anastacio Alves L,

Henriques-Pons A. Induced Pluripotent Stem Cells: Hope in the

Treatment of Diseases, Including Muscular Dystrophies. Int ] Mol Sci

(2020) 21(15):313-9. doi: 10.3390/ijms21155467

Pittenger MF, Discher DE, Péault BM, Phinney DG, Hare JM, Caplan AL

Mesenchymal Stem Cell Perspective: Cell Biology to Clinical Progress. NPJ

Regener Med (2019) 4:22. doi: 10.1038/s41536-019-0083-6

Li M, Sun X, Kuang X, Liao Y, Li H, Luo D. Mesenchymal Stem Cells

Suppress CD8+ T Cell-Mediated Activation by Suppressing Natural Killer

Group 2, Member D Protein Receptor Expression and Secretion of

—

o

w

wu

[=2)

N

o

10.

11.

12.

13.

14.

15.

16.

research results reported in this paper. This study analyzed the
datasets GSE145926, GSE157344, and GSE167118 from the NIH
GEO database.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
780900/ full#supplementary-material

Prostaglandin E2, Indoleamine 2, 3-Dioxygenase and Transforming
Growth Factor-B. Clin Exp Immunol (2014) 178(3):516-24. doi: 10.1111/
cei.12423

Sotiropoulou PA, Perez SA, Gritzapis AD, Baxevanis CN, Papamichail M.
Interactions Between Human Mesenchymal Stem Cells and Natural Killer
Cells. Stem Cells (2006) 24(1):74-85. doi: 10.1634/stemcells.2004-0359
Prigione I, Benvenuto F, Bocca P, Battistini L, Uccelli A, Pistoia V.
Reciprocal Interactions Between Human Mesenchymal Stem Cells and
Gammadelta T Cells or Invariant Natural Killer T Cells. Stem Cells (2009)
27(3):693-702. doi: 10.1634/stemcells.2008-0687

Nemeth K, Leelahavanichkul A, Yuen PS, Mayer B, Parmelee A, Doi K, et al.
Bone Marrow Stromal Cells Attenuate Sepsis via Prostaglandin E(2)-
Dependent Reprogramming of Host Macrophages to Increase Their
Interleukin-10 Production. Nat Med (2009) 15(1):42-9. doi: 10.1038/
nm.1905

Melief SM, Geutskens SB, Fibbe WE, Roelofs H. Multipotent Stromal Cells
Skew Monocytes Towards an Anti-Inflammatory Interleukin-10-Producing
Phenotype by Production of Interleukin-6. Haematologica (2013) 98(6):888—
95. doi: 10.3324/haematol.2012.078055

Melief SM, Geutskens SB, Fibbe WE, Roelofs H. Multipotent Stromal Cells
Induce Human Regulatory T Cells Through a Novel Pathway Involving
Skewing of Monocytes Toward Anti-Inflammatory Macrophages. Stem Cells
(2013) 31(9):1980-91. doi: 10.1002/stem.1432

Liu WH, Liu JJ, Wu J, Zhang LL, Liu F, Yin L, et al. Novel Mechanism of
Inhibition of Dendritic Cells Maturation by Mesenchymal Stem Cells via
Interleukin-10 and the JAK1/STATS3 Signaling Pathway. PloS One (2013) 8
(1):e55487. doi: 10.1371/journal.pone.0055487

Nemeth K, Keane-Myers A, Brown JM, Metcalfe DD, Gorham JD, Bundoc
VG, et al. Bone Marrow Stromal Cells Use TGF-Beta to Suppress Allergic
Responses in a Mouse Model of Ragweed-Induced Asthma. Proc Natl Acad
Sci U.S.A. (2010) 107(12):5652-7. doi: 10.1073/pnas.0910720107

Bassi I:Z, de Almeida DC, Moraes-Vieira PM, Camara NO. Exploring the Role
of Soluble Factors Associated With Immune Regulatory Properties of
Mesenchymal Stem Cells. Stem Cell Rev Rep (2012) 8(2):329-42. doi:
10.1007/s12015-011-9311-1

Kang JW, Kang KS, Koo HC, Park JR, Choi EW, Park YH. Soluble Factors-
Mediated Immunomodulatory Effects of Canine Adipose Tissue-Derived
Mesenchymal Stem Cells. Stem Cells Dev (2008) 17(4):681-93. doi: 10.1089/
5¢d.2007.0153

Ghannam S, Bouffi C, Djouad F, Jorgensen C, Noél D. Immunosuppression
by Mesenchymal Stem Cells: Mechanisms and Clinical Applications. Stem
Cell Res Ther (2010) 1(1):2. doi: 10.1186/scrt2

Rasmusson I, Ringdén O, Sundberg B, Le Blanc K. Mesenchymal Stem Cells
Inhibit Lymphocyte Proliferation by Mitogens and Alloantigens by Different
Mechanisms. Exp Cell Res (2005) 305(1):33-41. doi: 10.1016/
j.yexcr.2004.12.013

Nasef A, Mazurier C, Bouchet S, Frangois S, Chapel A, Thierry D, et al.
Leukemia Inhibitory Factor: Role in Human Mesenchymal Stem Cells
Mediated Immunosuppression. Cell Immunol (2008) 253(1-2):16-22. doi:
10.1016/j.cellimm.2008.06.002

Lepelletier Y, Lecourt S, Renand A, Arnulf B, Vanneaux V, Fermand JP, et al.
Galectin-1 and Semaphorin-3A Are Two Soluble Factors Conferring T-Cell
Immunosuppression to Bone Marrow Mesenchymal Stem Cell. Stem Cells
Dev (2010) 19(7):1075-9. doi: 10.1089/scd.2009.0212

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 780900


https://www.frontiersin.org/articles/10.3389/fimmu.2021.780900/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.780900/full#supplementary-material
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1155/2016/4285215
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1016/j.stem.2008.03.002
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1073/pnas.96.19.10711
https://doi.org/10.1182/blood-2005-02-0572
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1155/2013/983059
https://doi.org/10.1161/ATVBAHA.109.191643
https://doi.org/10.15283/ijsc.2009.2.1.1
https://doi.org/10.1186/s13287-018-0833-1
https://doi.org/10.1080/14653240500319234
https://doi.org/10.3390/ijms21155467
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1111/cei.12423
https://doi.org/10.1111/cei.12423
https://doi.org/10.1634/stemcells.2004-0359
https://doi.org/10.1634/stemcells.2008-0687
https://doi.org/10.1038/nm.1905
https://doi.org/10.1038/nm.1905
https://doi.org/10.3324/haematol.2012.078055
https://doi.org/10.1002/stem.1432
https://doi.org/10.1371/journal.pone.0055487
https://doi.org/10.1073/pnas.0910720107
https://doi.org/10.1007/s12015-011-9311-1
https://doi.org/10.1089/scd.2007.0153
https://doi.org/10.1089/scd.2007.0153
https://doi.org/10.1186/scrt2
https://doi.org/10.1016/j.yexcr.2004.12.013
https://doi.org/10.1016/j.yexcr.2004.12.013
https://doi.org/10.1016/j.cellimm.2008.06.002
https://doi.org/10.1089/scd.2009.0212
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Henriques-Pons et al.

Mesenchymal Stem Cells in COVID-19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Sioud M, Mobergslien A, Boudabous A, Flgisand Y. Evidence for the
Involvement of Galectin-3 in Mesenchymal Stem Cell Suppression of
Allogeneic T-Cell Proliferation. Scand ] Immunol (2010) 71(4):267-74.
doi: 10.1111/§.1365-3083.2010.02378.x

Sivanathan KN, Gronthos S, Rojas-Canales D, Thierry B, Coates PT.
Interferon-Gamma Modification of Mesenchymal Stem Cells: Implications
of Autologous and Allogeneic Mesenchymal Stem Cell Therapy in
Allotransplantation. Stem Cell Rev Rep (2014) 10(3):351-75. doi: 10.1007/
$12015-014-9495-2

Dazzi F, Krampera M. Mesenchymal Stem Cells and Autoimmune Diseases. Best
Pract Res Clin Haematol (2011) 24(1):49-57. doi: 10.1016/j.beha.2011.01.002
Bernardo ME, Fibbe WE. Mesenchymal Stromal Cells: Sensors and
Switchers of Inflammation. Cell Stem Cell (2013) 13(4):392-402. doi:
10.1016/j.stem.2013.09.006

Gazdic M, Volarevic V, Arsenijevic N, Stojkovic M. Mesenchymal Stem
Cells: A Friend or Foe in Immune-Mediated Diseases. Stem Cell Rev Rep
(2015) 11(2):280-7. doi: 10.1007/s12015-014-9583-3

Brandau S, Jakob M, Hemeda H, Bruderek K, Janeschik S, Bootz F, et al.
Tissue-Resident Mesenchymal Stem Cells Attract Peripheral Blood
Neutrophils and Enhance Their Inflammatory Activity in Response to
Microbial Challenge. ] Leukoc Biol (2010) 88(5):1005-15. doi: 10.1189/
j1b.0410207

Gupta N, Su X, Popov B, Lee JW, Serikov V, Matthay MA. Intrapulmonary
Delivery of Bone Marrow-Derived Mesenchymal Stem Cells Improves
Survival and Attenuates Endotoxin-Induced Acute Lung Injury in Mice.
J Immunol (2007) 179(3):1855-63. doi: 10.4049/jimmunol.179.3.1855
Krasnodembskaya A, Song Y, Fang X, Gupta N, Serikov V, Lee JW, et al.
Antibacterial Effect of Human Mesenchymal Stem Cells Is Mediated in Part
From Secretion of the Antimicrobial Peptide LL-37. Stem Cells (2010) 28
(12):2229-38. doi: 10.1002/stem.544

Caplan Al Dennis JE. Mesenchymal Stem Cells as Trophic Mediators. J Cell
Biochem (2006) 98(5):1076-84. doi: 10.1002/jcb.20886

Meirelles L, Fontes AM, Covas DT, Caplan AL Mechanisms Involved in the
Therapeutic Properties of Mesenchymal Stem Cells. Cytokine Growth Factor
Rev (2009) 20(5-6):419-27. doi: 10.1016/j.cytogfr.2009.10.002

Geiger S, Hirsch D, Hermann FG. Cell Therapy for Lung Disease. Eur Respir
Rev (2017) 26(144):1-15. doi: 10.1183/16000617.0044-2017

Gazdhar A, Susuri N, Hostettler K, Gugger M, Knudsen L, Roth M, et al.
HGEF Expressing Stem Cells in Usual Interstitial Pneumonia Originate From
the Bone Marrow and Are Antifibrotic. PloS One (2013) 8(6):65453. doi:
10.1371/journal.pone.0065453

Yao D, Dai C, Peng S. Mechanism of the Mesenchymal-Epithelial Transition
and Its Relationship With Metastatic Tumor Formation. Mol Cancer Res
(2011) 9(12):1608-20. doi: 10.1158/1541-7786.MCR-10-0568

LiR, Liang ], Ni S, Zhou T, Qing X, Li H, et al. A Mesenchymal-To-Epithelial
Transition Initiates and Is Required for the Nuclear Reprogramming of
Mouse Fibroblasts. Cell Stem Cell (2010) 7(1):51-63. doi: 10.1016/
j.stem.2010.04.014

Chen ], Hu C, Chen L, Tang L, Zhu Y, Xu X, et al. Clinical Study of
Mesenchymal Stem Cell Treatment for Acute Respiratory Distress
Syndrome Induced by Epidemic Influenza A (H7N9) Infection: A Hint for
COVID-19 Treatment. Eng (Beijing) (2020) 6(10):1153-61. doi: 10.1016/
j.eng.2020.02.006

Golchin A. Cell-Based Therapy for Severe COVID-19 Patients: Clinical
Trials and Cost-Utility. Stem Cell Rev Rep (2021) 17(1):56-62. doi: 10.1007/
$12015-020-10046-1

Clough E, Barrett T. The Gene Expression Omnibus Database. Methods Mol
Biol (2016) 1418:93-110. doi: 10.1007/978-1-4939-3578-9_5

Liao M, Liu Y, Yuan J, Wen Y, Xu G, Zhao J, et al. Single-Cell Landscape of
Bronchoalveolar Immune Cells in Patients With COVID-19. Nat Med
(2020) 26(6):842-4. doi: 10.1038/s41591-020-0901-9

Bost P, De Sanctis F, Cané S, Ugel S, Donadello K, Castellucci M, et al.
Deciphering the State of Immune Silence in Fatal COVID-19 Patients. Nat
Commun (2021) 12(1):1428. doi: 10.1038/s41467-021-21702-6

Zhao Y, Kilian C, Turner JE, Bosurgi L, Roedl K, Bartsch P, et al. Clonal
Expansion and Activation of Tissue-Resident Memory-Like Th17 Cells
Expressing GM-CSF in the Lungs of Severe COVID-19 Patients. Sci
Immunol (2021) 6(56):280-7. doi: 10.1126/sciimmunol.abf6692

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al.
Massively Parallel Digital Transcriptional Profiling of Single Cells. Nat
Commun (2017) 8:14049. doi: 10.1038/ncomms14049

Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, et al.
Integrated Analysis of Multimodal Single-Cell Data. Cell (2021) 184
(13):3573-87.€29. doi: 10.1016/j.cell.2021.04.048

Wauters E, Van Mol P, Garg AD, Jansen S, Van Herck Y, Vanderbeke L,
et al. Discriminating Mild From Critical COVID-19 by Innate and Adaptive
Immune Single-Cell Profiling of Bronchoalveolar Lavages. Cell Res (2021) 31
(3):272-90. doi: 10.1038/s41422-020-00455-9

Sun YQ, Zhang Y, Li X, Deng MX, Gao WX, Yao Y, et al. Insensitivity of
Human iPS Cells-Derived Mesenchymal Stem Cells to Interferon-y-Induced
HLA Expression Potentiates Repair Efficiency of Hind Limb Ischemia in
Immune Humanized NOD Scid Gamma Mice. Stem Cells (2015) 33
(12):3452-67. doi: 10.1002/stem.2094

Finak G, McDavid A, Yajima M, Deng J, Gersuk V, Shalek AK, et al. MAST:
A Flexible Statistical Framework for Assessing Transcriptional Changes and
Characterizing Heterogeneity in Single-Cell RNA Sequencing Data. Genome
Biol (2015) 16:278. doi: 10.1186/s13059-015-0844-5

Xie Z, Bailey A, Kuleshov MV, Clarke DJB, Evangelista JE, Jenkins SL, et al.
Gene Set Knowledge Discovery With Enrichr. Curr Protoc (2021) 1(3):€90.
doi: 10.1002/cpz1.90

Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: New
Perspectives on Genomes, Pathways, Diseases and Drugs. Nucleic Acids Res
(2017) 45(D1):D353-61. doi: 10.1093/nar/gkw1092

Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P,
Mesirov JP. Molecular Signatures Database (MSigDB) 3.0. Bioinformatics
(2011) 27(12):1739-40. doi: 10.1093/bioinformatics/btr260

Uxa S, Castillo-Binder P, Kohler R, Stangner K, Miiller GA, Engeland K. Ki-
67 Gene Expression. Cell Death Differ (2021) 8:1-8. doi: 10.1038/s41418-
021-00823-x

Nguyen LTS, Robinson DN. The Unusual Suspects in Cytokinesis: Fitting
the Pieces Together. Front Cell Dev Biol (2020) 8:441. doi: 10.3389/
fcell.2020.00441

Kucera O, Siahaan V, Janda D, Dijkstra SH, Pilatova E, Zatecka E, et al.
Anillin Propels Myosin-Independent Constriction of Actin Rings. Nat
Commun (2021) 12(1):4595. doi: 10.1038/s41467-021-24474-1

Yount AL, Zong H, Walczak CE. Regulatory Mechanisms That Control
Mitotic Kinesins. Exp Cell Res (2015) 334(1):70-7. doi: 10.1016/
j.yexcr.2014.12.015

Kawasaki K, Nojima S, Hijiki S, Tahara S, Ohshima K, Matsui T, et al.
FAM111B Enhances Proliferation of KRAS-Driven Lung Adenocarcinoma
by Degrading P16. Cancer Sci (2020) 111(7):2635-46. doi: 10.1111/cas.14483
Pluciennik A, Dzantiev L, Iyer RR, Constantin N, Kadyrov FA, Modrich P.
PCNA Function in the Activation and Strand Direction of Mutlo.
Endonuclease in Mismatch Repair. Proc Natl Acad Sci U.S.A. (2010) 107
(37):16066-71. doi: 10.1073/pnas.1010662107

Wei-Shan H, Amit VC, Clarke DJ. Cell Cycle Regulation of Condensin
Smc4. Oncotarget (2019) 10(3):263-76. doi: 10.18632/oncotarget.26467
Alomer RM, da Silva EML, Chen J, Piekarz KM, McDonald K, Sansam CG,
et al. Escol and Esco2 Regulate Distinct Cohesin Functions During Cell
Cycle Progression. Proc Natl Acad Sci USA (2017) 114(37):9906-11. doi:
10.1073/pnas.1708291114

Zheng L, Li T, Zhang Y, Guo Y, Yao J, Dou L, et al. Oncogene ATAD2
Promotes Cell Proliferation, Invasion and Migration in Cervical Cancer.
Oncol Rep (2015) 33(5):2337-44. doi: 10.3892/0r.2015.3867

Han Z, Li L, Huang Y, Zhao H, Luo Y. PBK/TOPK: A Therapeutic Target
Worthy of Attention. Cells (2021) 10(2):1503-10. doi: 10.3390/cells10020371
Hahm JY, Kim JY, Park JW, Kang JY, Kim KB, Kim SR, et al. Methylation of
UHRFI by SET7 Is Essential for DNA Double-Strand Break Repair. Nucleic
Acids Res (2019) 47(1):184-96. doi: 10.1093/nar/gky975

Bayley R, Blakemore D, Cancian L, Dumon S, Volpe G, Ward C, et al. MYBL2
Supports DNA Double Strand Break Repair in Hematopoietic Stem Cells.
Cancer Res (2018) 78(20):5767-79. doi: 10.1158/0008-5472.CAN-18-0273
Paparisto E, Woods MW, Coleman MD, Moghadasi SA, Kochar DS, Tom
SK, et al. Evolution-Guided Structural and Functional Analyses of the HERC
Family Reveal an Ancient Marine Origin and Determinants of Antiviral
Activity. J Virol (2018) 92(13):1841-6. doi: 10.1128/JV1.00528-18

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 780900


https://doi.org/10.1111/j.1365-3083.2010.02378.x
https://doi.org/10.1007/s12015-014-9495-2
https://doi.org/10.1007/s12015-014-9495-2
https://doi.org/10.1016/j.beha.2011.01.002
https://doi.org/10.1016/j.stem.2013.09.006
https://doi.org/10.1007/s12015-014-9583-3
https://doi.org/10.1189/jlb.0410207
https://doi.org/10.1189/jlb.0410207
https://doi.org/10.4049/jimmunol.179.3.1855
https://doi.org/10.1002/stem.544
https://doi.org/10.1002/jcb.20886
https://doi.org/10.1016/j.cytogfr.2009.10.002
https://doi.org/10.1183/16000617.0044-2017
https://doi.org/10.1371/journal.pone.0065453
https://doi.org/10.1158/1541-7786.MCR-10-0568
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1016/j.eng.2020.02.006
https://doi.org/10.1016/j.eng.2020.02.006
https://doi.org/10.1007/s12015-020-10046-1
https://doi.org/10.1007/s12015-020-10046-1
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1038/s41467-021-21702-6
https://doi.org/10.1126/sciimmunol.abf6692
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1038/s41422-020-00455-9
https://doi.org/10.1002/stem.2094
https://doi.org/10.1186/s13059-015-0844-5
https://doi.org/10.1002/cpz1.90
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1038/s41418-021-00823-x
https://doi.org/10.1038/s41418-021-00823-x
https://doi.org/10.3389/fcell.2020.00441
https://doi.org/10.3389/fcell.2020.00441
https://doi.org/10.1038/s41467-021-24474-1
https://doi.org/10.1016/j.yexcr.2014.12.015
https://doi.org/10.1016/j.yexcr.2014.12.015
https://doi.org/10.1111/cas.14483
https://doi.org/10.1073/pnas.1010662107
https://doi.org/10.18632/oncotarget.26467
https://doi.org/10.1073/pnas.1708291114
https://doi.org/10.3892/or.2015.3867
https://doi.org/10.3390/cells10020371
https://doi.org/10.1093/nar/gky975
https://doi.org/10.1158/0008-5472.CAN-18-0273
https://doi.org/10.1128/JVI.00528-18
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Henriques-Pons et al.

Mesenchymal Stem Cells in COVID-19

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Kurokawa C, Tankov ID, Galanis E. A Key Anti-Viral Protein, RSAD2/
VIPERIN, Restricts the Release of Measles Virus From Infected Cells. Virus
Res (2019) 263:145-50. doi: 10.1016/j.virusres.2019.01.014

Busse DC, Habgood-Coote D, Clare S, Brandt C, Bassano I, Kaforou M, et al.
Interferon-Induced Protein 44 and Interferon-Induced Protein 44-Like
Restrict Replication of Respiratory Syncytial Virus. J Virol (2020) 94
(18):149-68. doi: 10.1128/JVI1.00297-20

Bizzotto ], Sanchis P, Abbate M, Lage-Vickers S, Lavignolle R, Toro A, et al.
SARS-CoV-2 Infection Boosts. iScience (2020) 23(10):101585. doi: 10.1016/
j.is¢i.2020.101585

Verma A, White M, Vathipadiekal V, Tripathi S, Mbianda J, Ieong M, et al.
Human H-Ficolin Inhibits Replication of Seasonal and Pandemic Influenza A
Viruses. ] Immunol (2012) 189(5):2478-87. doi: 10.4049/jimmunol.1103786
Lalani AL Zhu S, Gokhale S, Jin J, Xie P. TRAF Molecules in Inflammation
and Inflammatory Diseases. Curr Pharmacol Rep (2018) 4(1):64-90. doi:
10.1007/540495-017-0117-y

Kanaoka Y, Boyce JA. Cysteinyl Leukotrienes and Their Receptors: Cellular
Distribution and Function in Immune and Inflammatory Responses.
J Immunol (2004) 173(3):1503-10. doi: 10.4049/jimmunol.173.3.1503
Voon DC, Subrata LS, Abraham LJ. Regulation of Lymphotoxin-Beta by
Tumor Necrosis Factor, Phorbol Myristate Acetate, and Ionomycin in Jurkat
T Cells. ] Interferon Cytokine Res (2001) 21(11):921-30. doi: 10.1089/
107999001753289532

Liong S, Lim R, Barker G, Lappas M. Hepatitis A Virus Cellular Receptor 2
(HAVCR?2) Is Decreased With Viral Infection and Regulates Pro-Labour
Mediators OA. Am ] Reprod Immunol (2017) 78(1):1-11. doi: 10.1111/aji.12696
Duncan SA, Baganizi DR, Sahu R, Singh SR, Dennis VA. SOCS Proteins as
Regulators of Inflammatory Responses Induced by Bacterial Infections: A
Review. Front Microbiol (2017) 8:2431. doi: 10.3389/fmicb.2017.02431
Rudd CE. The Reverse Stop-Signal Model for CTLA4 Function. Nat Rev
Immunol (2008) 8(2):153-60. doi: 10.1038/nri2253

Yang Y, Li X, Ma Z, Wang C, Yang Q, Byrne-Steele M, et al. CTLA-4
Expression by B-1a B Cells Is Essential for Inmune Tolerance. Nat Commun
(2021) 12(1):525. doi: 10.1038/541467-020-20874-x

Dai F, Zhang F, Sun D, Zhang ZH, Dong SW, Xu JZ. CTLA4 Enhances the
Osteogenic Differentiation of Allogeneic Human Mesenchymal Stem Cells in
a Model of Immune Activation. Braz ] Med Biol Res (2015) 48(7):629-36.
doi: 10.1590/1414-431x20154209

Zhang P, Andrianakos R, Yang Y, Liu C, Lu W. Kruppel-Like Factor 4 (KIf4)
Prevents Embryonic Stem (ES) Cell Differentiation by Regulating Nanog Gene
Expression. ] Biol Chem (2010) 285(12):9180-9. doi: 10.1074/jbc.M109.077958
Wendler J, Schroeder BO, Ehmann D, Koeninger L, Maildnder-Sanchez D,
Lemberg C, et al. Proteolytic Degradation of Reduced Human Beta Defensin
1 Generates a Novel Antibiotic Octapeptide. Sci Rep (2019) 9(1):3640. doi:
10.1038/s41598-019-40216-2

Borah NA, Reddy MM. Aurora Kinase B Inhibition: A Potential Therapeutic
Strategy for Cancer. Molecules (2021) 26(7):135-63. doi: 10.3390/molecules26071981
Garrido G, Vernos I. Non-Centrosomal TPX2-Dependent Regulation of the
Aurora A Kinase: Functional Implications for Healthy and Pathological Cell
Division. Front Oncol (2016) 6:88. doi: 10.3389/fonc.2016.00088

Martin CA, Murray JE, Carroll P, Leitch A, Mackenzie KJ, Halachev M, et al.
Mutations in Genes Encoding Condensin Complex Proteins Cause
Microcephaly Through Decatenation Failure at Mitosis. Genes Dev (2016)
30(19):2158-72. doi: 10.1101/gad.286351.116

Han ME, Kim JY, Kim GH, Park SY, Kim YH, Oh SO. SAC3D1: A Novel
Prognostic Marker in Hepatocellular Carcinoma. Sci Rep (2018) 8(1):15608.
doi: 10.1038/s41598-018-34129-9

Illingworth RS. Chromatin Folding and Nuclear Architecture: PRC1
Function in 3D. Curr Opin Genet Dev (2019) 55:82-90. doi: 10.1016/
j.8de.2019.06.006

Capecchi MR, Pozner A. ASPM Regulates Symmetric Stem Cell Division by
Tuning Cyclin E Ubiquitination. Nat Commun (2015) 6:8763. doi: 10.1038/
ncomms9763

Lajoie P, Nabi IR. Lipid Rafts, Caveolae, and Their Endocytosis. Int Rev Cell
Mol Biol (2010) 282:135-63. doi: 10.1016/S1937-6448(10)82003-9

Luo K, Zhang L, Liao Y, Zhou H, Yang H, Luo M, et al. Effects and
Mechanisms of Eps8 on the Biological Behaviour of Malignant Tumours
(Review). Oncol Rep (2021) 45(3):824-34. doi: 10.3892/0r.2021.7927

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Liu XY, Chen W, Wei B, Shan YF, Wang C. IFN-Induced TPR Protein IFIT3
Potentiates Antiviral Signaling by Bridging MAVS and TBK1. J Immunol
(2011) 187(5):2559-68. doi: 10.4049/jimmunol.1100963

Zhang B, Goraya MU, Chen N, Xu L, Hong Y, Zhu M, et al. Zinc Finger
CCCH-Type Antiviral Protein 1 Restricts the Viral Replication by Positively
Regulating Type I Interferon Response. Front Microbiol (2020) 11:1912. doi:
10.3389/fmicb.2020.01912

Mears HV, Sweeney TR. Better Together: The Role of IFIT Protein-Protein
Interactions in the Antiviral Response. ] Gen Virol (2018) 99(11):1463-77.
doi: 10.1099/jgv.0.001149

Wu N, Nguyen XN, Wang L, Appourchaux R, Zhang C, Panthu B, et al. The
Interferon Stimulated Gene 20 Protein (ISG20) Is an Innate Defense
Antiviral Factor That Discriminates Self Versus Non-Self Translation. PloS
Pathog (2019) 15(10):e1008093. doi: 10.1371/journal.ppat.1008093

Green AM, Weitzman MD. The Spectrum of APOBEC3 Activity: From
Anti-Viral Agents to Anti-Cancer Opportunities. DNA Repair (Amst) (2019)
83:102700. doi: 10.1016/j.dnarep.2019.102700

Staeheli P, Haller O. Human MX2/MxB: A Potent Interferon-Induced
Postentry Inhibitor of Herpesviruses and HIV-1. J Virol (2018) 92
(24):4559-70. doi: 10.1128/JVI1.00709-18

Kinast V, Plociennikowska A, Anggakusuma T, Bracht D, Todt RJP,
Brown T, et al. C190rf66 Is an Interferon-Induced Inhibitor of HCV
Replication That Restricts Formation of the Viral Replication Organelle.
] Hepatol (2020) 73(3):549-58. doi: 10.1016/.jhep.2020.03.047

Karki R, Sharma BR, Tuladhar S, Williams EP, Zalduondo L, Samir P, et al.
Synergism of TNF-o. and IFN-y Triggers Inflammatory Cell Death, Tissue
Damage, and Mortality in SARS-CoV-2 Infection and Cytokine Shock
Syndromes. Cell (2021) 184(1):149-68.e17. doi: 10.1016/j.cell.2020.11.025
Nakayama T, Shirane ], Hieshima K, Shibano M, Watanabe M, Jin Z, et al.
Novel Antiviral Activity of Chemokines. Virology (2006) 350(2):484-92. doi:
10.1016/j.virol.2006.03.004

Chen H, Sun H, You F, Sun W, Zhou X, Chen L, et al. Activation of STAT6
by STING Is Critical for Antiviral Innate Immunity. Cell (2011) 147(2):436-
46. doi: 10.1016/j.cell.2011.09.022

Schweiker SS, Tauber AL, Sherry ME, Levonis SM. Structure, Function and
Inhibition of Poly(ADP-Ribose)Polymerase, Member 14 (Parpl4). Mini Rev
Med Chem (2018) 18(19):1659-69. doi: 10.2174/1389557518666180816111749
Mahmud FJ, Du Y, Greif E, Boucher T, Dannals RF, Mathews WB, et al.
Osteopontin/secreted Phosphoprotein-1 Behaves as a Molecular Brake
Regulating the Neuroinflammatory Response to Chronic Viral Infection.
J Neuroinflamm (2020) 17(1):273. doi: 10.1186/s12974-020-01949-4
Haruhara K, Wakui H, Azushima K, Kurotaki D, Kawase W, Uneda K, et al.
Angiotensin Receptor-Binding Molecule in Leukocytes in Association With
the Systemic and Leukocyte Inflammatory Profile. Atherosclerosis (2018)
269:236-44. doi: 10.1016/j.atherosclerosis.2018.01.013

Ambrose RL, Liu YC, Adams TE, Bean AGD, Stewart CR. C60rf106 Is a
Novel Inhibitor of the Interferon-Regulatory Factor 3-Dependent Innate
Antiviral Response. ] Biol Chem (2018) 293(27):10561-73. doi: 10.1074/
jbcRA117.001491

Ortiz LA, Dutreil M, Fattman C, Pandey AC, Torres G, Go K, et al.
Interleukin 1 Receptor Antagonist Mediates the Antiinflammatory and
Antifibrotic Effect of Mesenchymal Stem Cells During Lung Injury. Proc
Natl Acad Sci U.S.A. (2007) 104(26):11002-7. doi: 10.1073/pnas.0704421104
Leggett SE, Hruska AM, Guo M, Wong IY. The Epithelial-Mesenchymal
Transition and the Cytoskeleton in Bioengineered Systems. Cell Commun
Signal (2021) 19(1):32. doi: 10.1186/512964-021-00713-2

Méndez-Barbero N, Gutierrez-Mufioz C, Madrigal-Matute ], Minguez P,
Egido J, Michel JB, et al. A Major Role of TWEAK/Fnl4 Axis as a
Therapeutic Target for Post-Angioplasty Restenosis. EBioMedicine (2019)
46:274-89. doi: 10.1016/j.ebiom.2019.07.072

Bialkowska AB, Yang VW, Mallipattu SK. Kriippel-Like Factors in
Mammalian Stem Cells and Development. Development (2017) 144
(5):737-54. doi: 10.1242/dev.145441

Zhang Y, Xia M, Jin K, Wang S, Wei H, Fan C, et al. Function of the C-Met
Receptor Tyrosine Kinase in Carcinogenesis and Associated Therapeutic
Opportunities. Mol Cancer (2018) 17(1):45. doi: 10.1186/s12943-018-0796-y
Organ SL, Tsao MS. An Overview of the C-MET Signaling Pathway. Ther
Adv Med Oncol (2011) 3(1 Suppl):S7-S19. doi: 10.1177/1758834011422556

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 780900


https://doi.org/10.1016/j.virusres.2019.01.014
https://doi.org/10.1128/JVI.00297-20
https://doi.org/10.1016/j.isci.2020.101585
https://doi.org/10.1016/j.isci.2020.101585
https://doi.org/10.4049/jimmunol.1103786
https://doi.org/10.1007/s40495-017-0117-y
https://doi.org/10.4049/jimmunol.173.3.1503
https://doi.org/10.1089/107999001753289532
https://doi.org/10.1089/107999001753289532
https://doi.org/10.1111/aji.12696
https://doi.org/10.3389/fmicb.2017.02431
https://doi.org/10.1038/nri2253
https://doi.org/10.1038/s41467-020-20874-x
https://doi.org/10.1590/1414-431x20154209
https://doi.org/10.1074/jbc.M109.077958
https://doi.org/10.1038/s41598-019-40216-2
https://doi.org/10.3390/molecules26071981
https://doi.org/10.3389/fonc.2016.00088
https://doi.org/10.1101/gad.286351.116
https://doi.org/10.1038/s41598-018-34129-9
https://doi.org/10.1016/j.gde.2019.06.006
https://doi.org/10.1016/j.gde.2019.06.006
https://doi.org/10.1038/ncomms9763
https://doi.org/10.1038/ncomms9763
https://doi.org/10.1016/S1937-6448(10)82003-9
https://doi.org/10.3892/or.2021.7927
https://doi.org/10.4049/jimmunol.1100963
https://doi.org/10.3389/fmicb.2020.01912
https://doi.org/10.1099/jgv.0.001149
https://doi.org/10.1371/journal.ppat.1008093
https://doi.org/10.1016/j.dnarep.2019.102700
https://doi.org/10.1128/JVI.00709-18
https://doi.org/10.1016/j.jhep.2020.03.047
https://doi.org/10.1016/j.cell.2020.11.025
https://doi.org/10.1016/j.virol.2006.03.004
https://doi.org/10.1016/j.cell.2011.09.022
https://doi.org/10.2174/1389557518666180816111749
https://doi.org/10.1186/s12974-020-01949-4
https://doi.org/10.1016/j.atherosclerosis.2018.01.013
https://doi.org/10.1074/jbc.RA117.001491
https://doi.org/10.1074/jbc.RA117.001491
https://doi.org/10.1073/pnas.0704421104
https://doi.org/10.1186/s12964-021-00713-2
https://doi.org/10.1016/j.ebiom.2019.07.072
https://doi.org/10.1242/dev.145441
https://doi.org/10.1186/s12943-018-0796-y
https://doi.org/10.1177/1758834011422556
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Henriques-Pons et al.

Mesenchymal Stem Cells in COVID-19

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Liu T, Zhang L, Joo D, Sun SC. NF-xb Signaling in Inflammation. Signal
Transduct Target Ther (2017) 2:539-53. doi: 10.1038/sigtrans.2017.23
Maulik G, Madhiwala P, Brooks S, Ma PC, Kijima T, Tibaldi EV, et al.
Activated C-Met Signals Through PI3K With Dramatic Effects on
Cytoskeletal Functions in Small Cell Lung Cancer. J Cell Mol Med (2002)
6(4):539-53. doi: 10.1111/j.1582-4934.2002.tb00453.x

Kiyatkin A, Aksamitiene E, Markevich NI, Borisov NM, Hoek JB,
Kholodenko BN. Scaffolding Protein Grb2-Associated Binder 1 Sustains
Epidermal Growth Factor-Induced Mitogenic and Survival Signaling by
Multiple Positive Feedback Loops. J Biol Chem (2006) 281(29):19925-38.
doi: 10.1074/jbc.M600482200

Gewurz BE, Towfic F, Mar JC, Shinners NP, Takasaki K, Zhao B, et al.
Genome-Wide siRNA Screen for Mediators of NF-kb Activation. Proc Natl
Acad Sci U.S.A. (2012) 109(7):2467-72. doi: 10.1073/pnas.1120542109
Slowicka K, Vereecke L, van Loo G. Cellular Functions of Optineurin in
Health and Disease. Trends Immunol (2016) 37(9):621-33. doi: 10.1016/
j.it.2016.07.002

Li S, Wang L, Berman MA, Zhang Y, Dorf ME. RNAi Screen in Mouse
Astrocytes Identifies Phosphatases That Regulate NF-kappaB Signaling. Mol
Cell (2006) 24(4):497-509. doi: 10.1016/j.molcel.2006.10.015

Ding Y, Liang X, Zhang Y, Yi L, Shum HC, Chen Q, et al. Rap1 Deficiency-
Provoked Paracrine Dysfunction Impairs Immunosuppressive Potency of
Mesenchymal Stem Cells in Allograft Rejection of Heart Transplantation.
Cell Death Dis (2018) 9(3):386. doi: 10.1038/s41419-018-0414-3

Teo H, Ghosh S, Luesch H, Ghosh A, Wong ET, Malik N, et al. Telomere-
Independent Rapl Is an IKK Adaptor and Regulates NF-kappaB-Dependent
Gene Expression. Nat Cell Biol (2010) 12(8):758-67. doi: 10.1038/ncb2080
Bilir B, Osunkoya AO, Wiles WG, Sannigrahi S, Lefebvre V, Metzger D, et al.
SOX4 Is Essential for Prostate Tumorigenesis Initiated by PTEN Ablation.
Cancer Res (2016) 76(5):1112-21. doi: 10.1158/0008-5472.CAN-15-1868
Nakao S, Tsukamoto T, Ueyama T, Kawamura T. STAT3 for Cardiac
Regenerative Medicine: Involvement in Stem Cell Biology, Pathophysiology, and
Bioengineering. Int ] Mol Sci (2020) 21(6):1937-57. doi: 10.3390/ijms21061937
Rowland BD, Peeper DS. KLF4, P21 and Context-Dependent Opposing
Forces in Cancer. Nat Rev Cancer (2006) 6(1):11-23. doi: 10.1038/nrc1780
Li B, Huang C. Regulation of EMT by STAT3 in Gastrointestinal Cancer
(Review). Int J Oncol (2017) 50(3):753-67. doi: 10.3892/ij0.2017.3846
Chanvorachote P, Sriratanasak N, Nonpanya N. C-Myc Contributes to
Malignancy of Lung Cancer: A Potential Anticancer Drug Target.
Anticancer Res (2020) 40(2):609-18. doi: 10.21873/anticanres.13990

Chen H, Liu H, Qing G. Targeting Oncogenic Myc as a Strategy for Cancer
Treatment. Signal Transduct Target Ther (2018) 3:5. doi: 10.1038/s41392-
018-0008-7

Dwyer SF, Gelman IH. Cross-Phosphorylation and Interaction Between Src/
FAK and MAPKAP5/PRAK in Early Focal Adhesions Controls Cell Motility.
J Cancer Biol Res (2014) 2(1):42-9. doi: 10.1038/nm.1905

Kanteti R, Batra SK, Lennon FE, Salgia R. FAK and Paxillin, Two Potential
Targets in Pancreatic Cancer. Oncotarget (2016) 7(21):31586-601. doi:
10.18632/oncotarget.8040

Cui SX, Shi WN, Song ZY, Wang SQ, Yu XF, Gao ZH, et al. Des-Gamma-
Carboxy Prothrombin Antagonizes the Effects of Sorafenib on Human
Hepatocellular Carcinoma Through Activation of the Raf/MEK/ERK and
PI3K/Akt/mTOR Signaling Pathways. Oncotarget (2016) 7(24):36767-82.
doi: 10.18632/oncotarget.9168

Yokoyama T, Nakamura T. Tribbles in Disease: Signaling Pathways
Important for Cellular Function and Neoplastic Transformation. Cancer
Sci (2011) 102(6):1115-22. doi: 10.1111/§.1349-7006.2011.01914.x

Baker NM, Yee Chow H, Chernoff ], Der CJ. Molecular Pathways: Targeting
RAC-P21-Activated Serine-Threonine Kinase Signaling in RAS-Driven
Cancers. Clin Cancer Res (2014) 20(18):4740-6. doi: 10.1158/1078-
0432.CCR-13-1727

Watanabe T, Hiasa Y, Tokumoto Y, Hirooka M, Abe M, lkeda Y, et al.
Protein Kinase R Modulates C-Fos and C-Jun Signaling to Promote
Proliferation of Hepatocellular Carcinoma With Hepatitis C Virus
Infection. PloS One (2013) 8(7):¢67750. doi: 10.1371/journal.pone.0067750
Kannan MB, Solovieva V, Blank V. The Small MAF Transcription Factors
MAFF, MAFG and MAFK: Current Knowledge and Perspectives. Biochim
Biophys Acta (2012) 1823(10):1841-6. doi: 10.1016/j.bbamcr.2012.06.012

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Bejjani F, Evanno E, Zibara K, Piechaczyk M, Jariel-Encontre I. The AP-1
Transcriptional Complex: Local Switch or Remote Command? Biochim Biophys
Acta Rev Cancer (2019) 1872(1):11-23. doi: 10.1016/j.bbcan.2019.04.003
Davis ME, Gack MU. Ubiquitination in the Antiviral Immune Response.
Virology (2015) 479-480:52-65. doi: 10.1016/.virol.2015.02.033

Li P, Chang M. Roles of PRR-Mediated Signaling Pathways in the Regulation
of Oxidative Stress and Inflammatory Diseases. Int | Mol Sci (2021) 22
(14):143-7. doi: 10.3390/ijms22147688

Tsaytler P, Bertolotti A. Exploiting the Selectivity of Protein Phosphatase 1
for Pharmacological Intervention. FEBS ] (2013) 280(2):766-70. doi:
10.1111/j.1742-4658.2012.08535.x

Pakos-Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A, Gorman AM. The
Integrated Stress Response. EMBO Rep (2016) 17(10):1374-95. doi:
10.15252/embr.201642195

Jiang X, Kinch LN, Brautigam CA, Chen X, Du F, Grishin NV, et al.
Ubiquitin-Induced Oligomerization of the RNA Sensors RIG-I and MDA5
Activates Antiviral Innate Immune Response. Immunity (2012) 36(6):959-
73. doi: 10.1016/j.immuni.2012.03.022

Rehwinkel J, Gack MU. RIG-I-Like Receptors: Their Regulation and Roles in
RNA Sensing. Nat Rev Immunol (2020) 20(9):537-51. doi: 10.1038/s41577-
020-0288-3

Shrivastav M, Niewold TB. Nucleic Acid Sensors and Type I Interferon
Production in Systemic Lupus Erythematosus. Front Immunol (2013) 4:319.
doi: 10.3389/fimmu.2013.00319

Honda K, Yanai H, Negishi H, Asagiri M, Sato M, Mizutani T, et al. IRF-7 Is
the Master Regulator of Type-I Interferon-Dependent Immune Responses.
Nature (2005) 434(7034):772-7. doi: 10.1038/nature03464

Zheng Y, Zhuang MW, Han L, Zhang J, Nan ML, Zhan P, et al. Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Membrane (M)
Protein Inhibits Type I and III Interferon Production by Targeting RIG-I/
MDA-5 Signaling. Signal Transduct Target Ther (2020) 5(1):299. doi:
10.1038/541392-020-00438-7

Zhang Z, Kim T, Bao M, Facchinetti V, Jung SY, Ghaffari AA, et al. DDX1,
DDX21, and DHX36 Helicases Form a Complex With the Adaptor Molecule
TRIF to Sense dsRNA in Dendritic Cells. Immunity (2011) 34(6):866-78. doi:
10.1016/j.immuni.2011.03.027

Michalska A, Blaszczyk K, Wesoly J, Bluyssen HAR. A Positive Feedback
Amplifier Circuit That Regulates Interferon (IFN)-Stimulated Gene
Expression and Controls Type I and Type II IFN Responses. Front
Immunol (2018) 9:1135. doi: 10.3389/fimmu.2018.01135

Aaronson DS, Horvath CM. A Road Map for Those Who Don’t Know JAK-
STAT. Science (2002) 296(5573):1653-5. doi: 10.1126/science.1071545
Boehm U, Klamp T, Groot M, Howard JC. Cellular Responses to Interferon-
Gamma. Annu Rev Immunol (1997) 15:749-95. doi: 10.1146/annurev.
immunol.15.1.749

Wang W, Xu L, Su J, Peppelenbosch MP, Pan Q. Transcriptional Regulation
of Antiviral Interferon-Stimulated Genes. Trends Microbiol (2017) 25
(7):573-84. doi: 10.1016/j.tim.2017.01.001

Li Y, Wilson HL, Kiss-Toth E. Regulating STING in Health and Disease.
J Inflammation (Lond) (2017) 14:11. doi: 10.1186/s12950-017-0159-2

Kim YM, Shin EC. Type I and III Interferon Responses in SARS-CoV-2
Infection. Exp Mol Med (2021) 53(5):750-60. doi: 10.1038/s12276-021-00592-0
Zhang Y, Guo L, Han S, Chen L, Li C, Zhang Z, et al. Adult Mesenchymal
Stem Cell Ageing Interplays With Depressed Mitochondrial Ndufs6. Cell
Death Dis (2020) 11(12):1075. doi: 10.1038/s41419-020-03289-w

Liang X, Ding Y, Lin F, Zhang Y, Zhou X, Meng Q, et al. Overexpression of
ERBB4 Rejuvenates Aged Mesenchymal Stem Cells and Enhances
Angiogenesis via PI3K/AKT and MAPK/ERK Pathways. FASEB ] (2019)
33(3):4559-70. doi: 10.1096/1j.201801690R

Soria-Castro R, Meneses-Preza YG, Rodriguez-Lopez GM, Romero-Ramirez
S, Sosa-Hernandez VA, Cervantes-Diaz R, et al. Severe COVID-19 Is Marked
by Dysregulated Serum Levels of Carboxypeptidase A3 and Serotonin. J
Leukoc Biol (2021) 110(3):425-31. doi: 10.1002/JLB.4HI10221-087R

Jacobs SA, Roobrouck VD, Verfaillie CM, Van Gool SW. Immunological
Characteristics of Human Mesenchymal Stem Cells and Multipotent Adult
Progenitor Cells. Immunol Cell Biol (2013) 91(1):32-9. doi: 10.1038/icb.2012.64
Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC. Suppression
of Allogeneic T-Cell Proliferation by Human Marrow Stromal Cells:

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 780900


https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1111/j.1582-4934.2002.tb00453.x
https://doi.org/10.1074/jbc.M600482200
https://doi.org/10.1073/pnas.1120542109
https://doi.org/10.1016/j.it.2016.07.002
https://doi.org/10.1016/j.it.2016.07.002
https://doi.org/10.1016/j.molcel.2006.10.015
https://doi.org/10.1038/s41419-018-0414-3
https://doi.org/10.1038/ncb2080
https://doi.org/10.1158/0008-5472.CAN-15-1868
https://doi.org/10.3390/ijms21061937
https://doi.org/10.1038/nrc1780
https://doi.org/10.3892/ijo.2017.3846
https://doi.org/10.21873/anticanres.13990
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1038/nm.1905
https://doi.org/10.18632/oncotarget.8040
https://doi.org/10.18632/oncotarget.9168
https://doi.org/10.1111/j.1349-7006.2011.01914.x
https://doi.org/10.1158/1078-0432.CCR-13-1727
https://doi.org/10.1158/1078-0432.CCR-13-1727
https://doi.org/10.1371/journal.pone.0067750
https://doi.org/10.1016/j.bbamcr.2012.06.012
https://doi.org/10.1016/j.bbcan.2019.04.003
https://doi.org/10.1016/j.virol.2015.02.033
https://doi.org/10.3390/ijms22147688
https://doi.org/10.1111/j.1742-4658.2012.08535.x
https://doi.org/10.15252/embr.201642195
https://doi.org/10.1016/j.immuni.2012.03.022
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.3389/fimmu.2013.00319
https://doi.org/10.1038/nature03464
https://doi.org/10.1038/s41392-020-00438-7
https://doi.org/10.1016/j.immuni.2011.03.027
https://doi.org/10.3389/fimmu.2018.01135
https://doi.org/10.1126/science.1071545
https://doi.org/10.1146/annurev.immunol.15.1.749
https://doi.org/10.1146/annurev.immunol.15.1.749
https://doi.org/10.1016/j.tim.2017.01.001
https://doi.org/10.1186/s12950-017-0159-2
https://doi.org/10.1038/s12276-021-00592-0
https://doi.org/10.1038/s41419-020-03289-w
https://doi.org/10.1096/fj.201801690R
https://doi.org/10.1002/JLB.4HI0221-087R
https://doi.org/10.1038/icb.2012.64
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Henriques-Pons et al.

Mesenchymal Stem Cells in COVID-19

156.

157.

158.

159.

160.

161.

162.

163.

Implications in Transplantation. Transplantation (2003) 75(3):389-97. doi:
10.1097/01.TP.0000045055.63901.A9

Mathieu NA, Paparisto E, Barr SD, Spratt DE. HERC5 and the ISGylation
Pathway: Critical Modulators of the Antiviral Immune Response. Viruses
(2021) 13(6):766-70. doi: 10.3390/v13061102

LiY, Zhang ], Wang C, Qiao W, Tan J. IFI44L Expression Is Regulated by IRF-1
and HIV-1. FEBS Open Bio (2021) 11(1):105-13. doi: 10.1002/2211-5463.13030
Verhelst J, Parthoens E, Schepens B, Fiers W, Saelens X. Interferon-Inducible
Protein Mx1 Inhibits Influenza Virus by Interfering With Functional Viral
Ribonucleoprotein Complex Assembly. J Virol (2012) 86(24):13445-55. doi:
10.1128/JV1.01682-12

Okada M, Kim HW, Matsu-ura K, Wang YG, Xu M, Ashraf M. Abrogation
of Age-Induced MicroRNA-195 Rejuvenates the Senescent Mesenchymal
Stem Cells by Reactivating Telomerase. Stem Cells (2016) 34(1):148-59. doi:
10.1002/stem.2211

MaY, Qi M, An Y, Zhang L, Yang R, Doro DH, et al. Autophagy Controls
Mesenchymal Stem Cell Properties and Senescence During Bone Aging.
Aging Cell (2018) 17(1):13445-55. doi: 10.1111/acel.12709

Khrapko K, Vijg J. Mitochondrial DNA Mutations and Aging: Devils in the
Details? Trends Genet (2009) 25(2):91-8. doi: 10.1016/j.tig.2008.11.007
Urra FA, Muioz F, Lovy A, Cardenas C. The Mitochondrial Complex(I)ty of
Cancer. Front Oncol (2017) 7:118. doi: 10.3389/fonc.2017.00118

Bos JL, de Rooij ], Reedquist KA. Rap1 Signalling: Adhering to New Models.
Nat Rev Mol Cell Biol (2001) 2(5):369-77. doi: 10.1038/35073073

164. Zimniak M, Kirschner L, Hilpert H, Steinke K, Seibel J, Bodem J, et al. The
Serotonin Reuptake Inhibitor Fluoxetine Inhibits SARS-CoV-2 in Human
Lung Tissue. Sci Rep (2021) 11(1):5890. doi: 10.1038/s41598-021-85049-0

165. Nebigil CG, Désaubry L. The Role of GPCR Signaling in Cardiac Epithelial to
Mesenchymal Transformation (EMT). Trends Cardiovasc Med (2019) 29
(4):200-4. doi: 10.1016/j.tcm.2018.08.007

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Henriques-Pons, Beghini, Silva, Iwao Horita and Silva. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 780900


https://doi.org/10.1097/01.TP.0000045055.63901.A9
https://doi.org/10.3390/v13061102
https://doi.org/10.1002/2211-5463.13030
https://doi.org/10.1128/JVI.01682-12
https://doi.org/10.1002/stem.2211
https://doi.org/10.1111/acel.12709
https://doi.org/10.1016/j.tig.2008.11.007
https://doi.org/10.3389/fonc.2017.00118
https://doi.org/10.1038/35073073
https://doi.org/10.1038/s41598-021-85049-0
https://doi.org/10.1016/j.tcm.2018.08.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Pulmonary Mesenchymal Stem Cells in Mild Cases of COVID-19 Are Dedicated to Proliferation; In Severe Cases, They Control Inflammation, Make Cell Dispersion, and Tissue Regeneration
	Introduction
	Materials and Methods
	Results
	Profile of MSCs’ Upregulated Genes Comparing Patients With Mild COVID-19 and Control Individuals
	Profile of MSCs’ Upregulated Genes Comparing Patients With Severe Over Mild COVID-19
	Danger Recognition in MSCs From Patients With Severe COVID-19

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


