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Abstract
Novel therapeutics are urgently needed to prevent oppor-
tunistic infections in immunocompromised individuals un-
dergoing cancer treatments or other immune-suppressive
therapies. Trained immunity is a promising strategy to re-
duce this burden of disease. We previously demonstrated that
mesenchymal stromal cells (MSCs) preconditioned with a class
A CpG oligodeoxynucleotide (CpG-ODN), a Toll-like receptor 9
(TLR9) agonist, can augment emergency granulopoiesis in a
murine model of neutropenic sepsis. Here, we used a chimeric
mouse model to demonstrate that MSCs secrete paracrine
factors that act on lineage-negative c-kit+ hematopoietic stem
cells (HSCs), leaving them “poised” to enhance emergency
granulopoiesis months after transplantation. Chimeric mice

developed from HSCs exposed to conditioned media from
MSCs and CpG-ODN-preconditioned MSCs showed signifi-
cantly higher bacterial clearance and increased neutrophil
granulopoiesis following lung infection than control mice.
By Cleavage Under Targets and Release Using Nuclease
(CUT&RUN) chromatin sequencing, we identified that
MSC-conditioned media leaves H3K4me3 histone marks in
HSCs at genes involved in myelopoiesis and in signaling
persistence by the mTOR pathway. Both soluble factors
and extracellular vesicles from MSCs mediated these ef-
fects on HSCs and proteomic analysis by mass spec-
trometry revealed soluble calreticulin as a potential me-
diator. In summary, this study demonstrates that trained
immunity can be mediated by paracrine factors from
MSCs to induce neutrophil-trained immunity by re-
programming HSCs for long-lasting functional changes in
neutrophil-mediated antimicrobial immunity.
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Introduction

Lower respiratory tract infections are a leading cause
of mortality and disability-adjusted life-years world-
wide [1] accounting for $13.4 billion in the USA for care
related to the index episode [2]. In particular, pulmo-
nary infections exact an unacceptable and dispropor-
tionate toll on patients with underlying malignancies,
who are at increased risk for severe disease requiring
intensive care [3]. Despite advances in cancer care that
have improved disease-free and overall survival rates,
increasingly aggressive treatments (i.e., high-dose
chemoradiation, hematopoietic stem cell transplanta-
tion [HSCT]) are often limited by life-threatening
pulmonary infections [4, 5]. For example, bacterial
pneumonias complicate the course of 15% of patients
who undergo HSCT [6]. In the 30 days immediately
posttransplant, 10–20% of HSCT patients will require
an admission to the intensive care unit, which is as-
sociated with high (40–70%) mortality, driven primarily
by respiratory failure and infection [7, 8]. These patients
are at high risk for opportunistic infections, for which
there are currently no preventative strategies beyond
antibiotics [6]. In an era of growing antimicrobial re-
sistance [9], this is an unsustainable approach. New
strategies aimed at prophylaxis to reduce the burden of
disease from severe respiratory infections are urgently
needed.

Mesenchymal stromal cells (MSC) are fibroblast-like
cells defined by in vitro plastic adherence, trilineage
(osteoblast, adipocyte, and chondroblast) differentia-
tion potential, negative immune lineage markers, and
positive mesenchymal markers [10]. They play a pivotal
role in the hematopoietic niche [11] and can modulate
the bone marrow [12] and neutrophil response to in-
fection [13]. We have previously demonstrated that
prophylactically administering MSCs preconditioned
with CpG oligonucleotides (CpG; hypomethylated GC
dinucleotides highly enriched in bacterial genomes) to
sublethally irradiated mice conferred a survival benefit
when the mice were subsequently intranasally infected
with Pseudomonas aeruginosa [14]. This was associated
with enhanced emergency granulopoiesis, or the de
novo generation of neutrophils in response to a systemic
infection [15], and increased myeloid differentiation
and proliferation potential in c-kit+ hematopoietic stem
cells (HSCs). Notably, there was a near equivalent effect
on myelopoiesis when mice were given MSC-
conditioned media (CdM) alone, compared to whole
cells, suggesting that paracrine factors secreted by MSCs
and CpG-MSCs in the CdM can augment emergency

granulopoiesis. However, the mechanisms underlying
this protective effect, and the longevity of this effect,
remain unelucidated.

Epidemiological data show that live attenuated
vaccines such as Bacille Calmette-Guérin (BCG) [16], a
weakened form of Mycobacterium tuberculosis, have
heterologous effects that reduce all-cause infectious
mortality, particularly from sepsis and severe respiratory
infections [17, 18]. Research into this phenomenon has
led to the discovery of trained immunity, a type of innate
immune memory whereby microbial ligands can func-
tionally reprogram innate immune cells leading to an
enhanced response when challenged with a subsequent
infection [19]. Due to the short half-lives of mature innate
cells such as monocytes and neutrophils [20, 21], re-
programming in these populations occurs via epigenetic
and/or metabolomic changes in hematopoietic stem and
progenitor cells that are passed on when they differentiate
into mature effector cells [22]. Despite the well-
established importance of bone marrow niche cells
such as MSCs in maintaining and dictating HSC fate and
function [23, 24], the potential role for MSC paracrine
factors in trained immunity has not yet been explored.
This study adds on our previously published data and
explores the potential role of paracrine factors fromMSCs
as mediators of neutrophil-trained immunity.

Methods

MSCs and CdM
Human bone-derived MSCs were purchased from the Center

for the Preparation and Distribution of Adult Stem Cells at the
Texas A&M University Health Science Center as previously de-
scribed [14]. These cells were from a de-identified individual and
were prepared under an IRB-approved protocol from consented
donors. Since these cells were purchased as de-identified cell lines,
endotoxin testing was performed on whole cell lysates and reagents
using the Limulus amebocyte lysate chromogenic endotoxin assay
kit (Pierce), demonstrating <0.5 EU/mL. Passage 5–8 MSCs were
cultured in alpha-MEM media (Gibco) supplemented with 20%
fetal bovine serum (Gibco, FBS) and 1% Antibiotic-Antimycotic
(Thermo Fisher Scientific) until 80–90% confluency. CpG-MSCs
were conditioned with 3 μg/mL CpG-ODN 2336 (InvivoGen) for
30 min. Cells were washed 3 times with phosphate buffer saline
(PBS) prior to incubation in supplement-free alpha-MEM media
for 24 h. CdMwas collected and concentrated using Amicon Ultra-
15 centrifugal filter units with 3 KDa cutoff (Millipore) as per
manufacturer’s instructions.

Chimeric Mouse Model
Male 6–8-week-old CD45.1 expressing CByJ.SJL(B6)-Ptprca/J

mice (Strain #006584) were purchased from Jackson Laboratory
(Bar Harbor, ME, USA). CD45.1 lineage-negative c-kit+ cells were
isolated from compact bones by negative selection using
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biotinylated anti-mouse CD3 (Biolegend clone 145-2C11), B220
(Biolegend clone RA3-6B2), GR-1 (Biolegend clone RB6-8C5),
CD11b (Biolegend clone M1/70), NKp46 (Biolegend clone
29A1.4), and TER-119 (Biolegend TER-119) with anti-biotin
microbeads (Miltenyi Biotec) through an LD magnetic column
(Miltenyi Biotec), followed by positive selection with PE anti-
mouse c-kit (Biolegend clone 2B8) with anti-PE microbeads
(Miltenyi Biotec) through an MS magnetic column (Miltenyi
Biotec). The purity of c-kit+ cells was confirmed to be >90% by
flow cytometry using a MACSQuant Analyzer 10 flow cytometer
and analyzed using FlowJo software (Tree Star Inc.). C-kit+ cells
were cultured for 48 h ex vivo in StemSpan SFEM II (STEMCELL
Technologies) supplemented with 50 ng/mL thrombopoietin
(PeproTech), 100 ng/mL stem cell factor (PeproTech), and 30% of
either (1) MSC-CdM (3 × 105 cell equivalent), (2) CpG-MSC-CdM
(3 × 105 cell equivalent), or (3) alpha-MEM media control at 37°C
with 5% CO2. Recipient CD45.2 expressing 8-week-old male
BALB/cByJ mice (Strain #000651) were purchased from Jackson
Laboratories (Bar Harbor, ME, USA) and lethally irradiated with
9 Gy radiation in 2 doses spaced 12 h apart using a Gammacell 40
Exactor Cesium-137 dual-source irradiator (Best Theratronics).
1.5–2 × 105 c-kit+ cells in 150 µL PBS [25] from one of the
described three conditions were transplanted by retro-orbital
injection. Six weeks after transplantation, peripheral blood chi-
merism was determined by flow cytometry using FITC-CD45.1
(Biolegend, clone A20) or FITC-CD45.2 (Biolegend, clone 104),
APC-Cy7-B220 (Biolegend, clone RA3-6B2), PE-CD3 (Biolegend
clone 145-2C11), APC-Ly6G (Biolegend clone 1A8), and Pacific
Blue-CD11b (Biolegend clone M1/70).

Mouse Model for Sublethal Radiation and Infection
A 2-hit experimental model for total body irradiation with

lung bacteria challenge infection was used as previously described
[14]. 8–10-week-old male CD-1 mice (Charles River) were ir-
radiated with 5 Gy radiation. On day 3, retro-orbital injections of
(1) PBS vehicle control, (2) CpG-MSC-CdM (equivalent to 2.5 ×
105 cells), (3) extracellular vesicles (EVs) from CpG-MSCs
(equivalent to 2.5 × 105 cells), or (4) EV-free soluble fraction
(EVFSF) from CpG-MSCs (equivalent to 2.5 × 105 cells). On day 7,
animals were intranasally infected with 1–2 × 106 colony-forming
units (CFU) of P. aeruginosa (ATCC strain 27853). Then, 6 h later, a
second dose of one of the above conditions was given by tail vein
injection. Mice were sacrificed 48 h after infection for functional
analyses.

Quantification of Organ Bacterial Burden
Sixteen weeks after transplantation, chimeric mice were in-

tranasally infected with 1–1.5 × 107 CFU of Pseudomonas (P.)
aeruginosa in 40 µL PBS. Then, 24 h after infection, mice were
sacrificed and the whole left lung or whole spleen were harvested
into 1 mL of PBS and homogenized using a tissue homogenizer
(Tissue-Tearor, BioSpec Products). Serial dilutions of each sample
were plated onto Luria Broth agar overnight and at 37°C, and
bacterial CFU were quantified the following day.

Plasma Cytokine Analysis
Whole blood was obtained by cardiac puncture after death and

collected in EDTA-containing microtainer tubes (BD Biosciences).
Samples were centrifuged for 15 min at 2,000 × g and the su-

pernatant was collected and stored at −80°C until use. 40 µL of
undiluted sample was used for analysis by Luminex FlexMap 3D
assay system as per manufacturer’s instructions.

Cobblestone Area-Forming Cell Assay
The cobblestone area-forming cell (CAFC) assay was setup as

previously described [26]. MS-5 (DSMZ, # ACC 441) murine
stromal cells were cultured in alpha-MEM with 10% FBS, 2 mM
L-glutamine, and 1% antibiotic-antimycotic in 12-well plates
(Sigma-Aldrich) until confluent. Lineage-negative, sca-1+, c-kit+
(LSK) cells were isolated from male mice by fluorescence-
activated cell sorting using a FACSAria III cell sorter (BD
Biosciences). 1,000 LSK cells were seeded per well in Myelocult
5300 (STEMCELL Technologies) and incubated at 37°C with 5%
CO2 for 7–9 days until “cobblestone” areas were visualized by
phase-contrast illumination. After visualizing cobblestone areas,
50 µL of (1) MSC-CdM (equivalent to 5 × 105 cells), (2) CpG-
MSC-CdM (equivalent to 5 × 105 cells), or (3) alpha-MEMmedia
control was added to the culture for 24 h. The cultures were
gently washed twice with PBS, and fresh Myelocult 5300 was
added to each well. Live neutrophils were harvested weekly from
the supernatant and phagocytosis assays were performed.
Technical replicates were performed in triplicate.

Colony-Forming Assays
Single-cell suspensions of bone marrow hematopoietic cells

were prepared by lysing with ammonium chloride solution and
centrifugation at 100 × g for 10 min to remove platelets. Lineage-
negative c-kit+ cells were isolated as described above and counted
by flow cytometry. 1,000 c-kit+ cells were seeded into 1 mL of
MethoCult GFM3434 (STEMCELL Technologies) and incubated
at 37°C with 5% CO2 for 9 days prior to blinded scoring of
phenotypically identified colonies based on colony appearance
and flow cytometry validation by staining with anti-F4-80 an-
tibody to identify macrophages and anti-Ly6-G antibody to
identify neutrophils as previously described [14]. Technical
replicates were performed in triplicate, and the results of separate
experiments were pooled after standardization by fold change
relative to the total number of colonies per plate in control
groups.

Phagocytosis Assay
Green fluorescent protein-labeled P. aeruginosa (gifted by Dr.

Gerald Pier) opsonized with 10% serum for 30 min was added to
neutrophils at a multiplicity of infection of 100 bacteria per
neutrophil and incubated at 37°C for 2 h. At the end of the assay,
cells were immediately fixed with 4% paraformaldehyde for
15 min, scraped off the plate, quenched with trypan blue, and
stained with APC-Ly6G (Biolegend clone 1A8) prior to analysis by
flow cytometry.

Isolation of EV and EVFSF
EVs were isolated by ultra-centrifugation as previously de-

scribed [27]. CdM was prepared as described above in 8 mL of
supplement-free alpha-MEM. HEPES (Gibco) was added to CdM
to obtain a final concentration of 25 mM. CdM was centrifuged at
300 × g for 10 min, followed by 2,000 × g for 10 min at 4°C prior to
filtration through a 0.22 µm syringe filter (EMD Millipore) to
remove apoptotic bodies and debris. The CdM was then ultra-
centrifugated at 10,000 × g for 75 min at 4°C. The resultant
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supernatant was saved as the EVFSF. The pellet was resuspended
in cold PBS and centrifuged at 10,000 × g for 75 min at 4°C. The
supernatant was discarded, and the pellet was resuspended in PBS
for further use.

Characterization of EVs
EVs were characterized as outlined by the International Society

for Extracellular Vesicles [28] prior to use. For Western blot
analysis, EVs and whole cells (positive control) were lysed in ×1
RIPA buffer (Cell Signaling) and ×1 mini protease inhibitor
cocktail (Roche). Laemmli’s SDS sample buffer (Boston Bio-
Products) was added, and the samples were boiled at 100°C for
5 min prior to loading equal protein concentrations onto a 4–20%
Mini Protein TGC Gel (Bio-Rad laboratories). Antibodies for
blotting included CD90 (Biolegend clone 5E10), CD73 (Biolegend
clone AD2), CD105 (Biolegend 43A4), and calnexin (Santa Cruz
Biotechnology). Transmission electron microscopy was performed
on EVs by absorbing an aliquot of EVs onto a formvar/carbon grid,
staining with 2% uranyl acetate, and visualizing on a JEOL 1200EX
TEM as previously described [29]. Nanoparticle tracking analysis
was performed on EVs using NanoSight LM10 System (Malvern
Instruments).

Signaling Mass Cytometry
Cell cultures from the CAFC assay were grown until visu-

alization of cobblestone areas. Cultures were then stimulated
with 50 µL of 1) alpha-MEM media control, 2) MSC-CdM
(equivalent to 5 × 105 cells), 3) CpG-MSC-CdM (equivalent
to 5 × 105 cells), or 4) 10 μg/mL lipopolysaccharide for 1, 5, and
30 min. Cells were immediately fixed in Smart Tube proteomic
stabilizer for 10 min (Smart Tube Inc.). Smart Tube ×1 thaw-lyse
buffer was added to the cells for 10 min, twice, before the cells
were spun down at 600 × g for 5 min as per manufacturer’s
protocol. Cells were incubated in Foxp3/Transcription Factor
Fixation/Permeabilization buffer (Invitrogen) for 30 min and
transferred to a polypropylene 96-well plate. The samples were
incubated with SCN-EDTA-coupled palladium-based barcoding
reagents for 15 min and then combined into a single sample tube.
Conjugated antibodies (used at a 1:100 dilution in Per-
meabilization buffer, unless stated otherwise) were added into
each tube and incubated for 60 min. Cells were then fixed with
4% formaldehyde for 10 min. Immediately before samples were
acquired, DNA was labeled for 20 min with a 4.75 μM iridium
intercalator solution (Fluidigm), to identify single cell events.
Samples were subsequently washed and reconstituted in Cell
Acquisition Solution (Fluidigm) in the presence of EQ Four
Element Calibration beads (Fluidigm) at a final concentration of
1 × 106 cells/mL. Samples were acquired on a Helios CyTOF
Mass Cytometer (Fluidigm). Mass cytometry data were de-
barcoded [30], normalized [31], and analyzed using OMIQ
online software (https://www.omiq.ai/) to perform optimized
t-Distribution Stochastic Neighbor Embedding (optSNE)
analysis on files equal sampled to 100,000 events. Clustering was
performed using weighted Phenotyping by Accelerated Refined
Community partition (PARC) [32], and bifurcating develop-
mental trajectories were identified with Wishbone [33] using a
random LSK cell as a starting point. Heatmaps of expression
levels of each channel for each cluster were generated in
GraphPad Prism software.

CUT&RUN
Live c-kit+ cells from chimeric mice were stained using Zombie

Violet fixable viability kit (Biolegend) and APC-c-kit (Biolegend
clone 2B8). Sorting for live c-kit+ cells was performed using a
FACSAria III cell sorter (BD Biosciences). Cleavage Under Targets
and Release Using Nuclease (CUT&RUN) was performed on equal
numbers of c-kit+ cells from each group of chimeric mice using the
CUT&RUN Assay Kit (Cell Signaling, Kit #86652) as per man-
ufacturer’s protocol. Chromatin associated with H3K4me3 (Cell
Signaling, clone C42D8), and rabbit IgG-negative isotype control
(Cell Signaling, clone DA1E) were isolated. Technical replicates
were performed in duplicate. CUT&RUN sequencing was per-
formed by the Molecular Biology Core Facilities at Dana-Farber
Cancer Institute. CUT&RUN libraries were prepared using Swift
S2 Acel reagents on a Beckman Coulter Biomek i7 liquid handling
platform from approximately 1 ng of DNA according to manu-
facturer’s protocol and 14 cycles of PCR amplification. Finished
sequencing libraries were quantified by Qubit fluorometer and
Agilent TapeStation 2200. Library pooling and indexing were
evaluated with shallow sequencing on an Illumina MiSeq. Sub-
sequently, libraries were sequenced on a NovaSeq with 150-bp
paired-end reads. Adapters were trimmed using TrimGalore!
(v0.6.6) and Cutadapt (v1.8.1). Sequences were aligned using
Bowtie2 (v2.4.1) [34] to the mm10 mouse reference genome. SAM
files were converted to BAM files using Samtools (v1.4.1). Sorted
BAM files were converted to bigwig files using bamCoverage, part
of the deepTools suite (v3.1.2) [35] and visualized with the In-
tegrative Genomics Viewer from the Broad Institute and Uni-
versity of California, San Diego. Quality was assessed using the
ChIPQC R package [36], as described by the ENCODE consor-
tium. Peaks were called using MACS2 (v2.1) [37] and the con-
cordance of peak calls between replicates was assessed using the
Irreproducibility Discovery Rate framework [38] (v2.0.3). Repli-
cates were combined using BEDtools (v2.26.0) [39], and genes
were annotated using the ChIPseeker R package [40] using the full
genome sequences for Mus musculus (UCSC version mm10).
Functional enrichment of the obtained gene annotations for peak
calls for Gene Ontology biological processes and KEGG pathways
was performed using the clusterProfiler R package [41, 42].

Proteomic Analysis
CdMwas prepared as described above. CdM was harvested and

protease inhibitor cocktail (Roche) was added as per manufac-
turer’s instructions. CdMwas centrifuged at 5,000 × g for 30 min at
4°C and the supernatant was concentrated using Amicon Ultra-15
centrifugal filter units with 3 KDa cutoff (Millipore). CdM was
stored at −80°C until proteomic analysis, which was performed by
the Thermo Fisher Center for Multiplexed Proteomics at Harvard
Medical School [43]. Briefly, 20% sodium dodecyl sulfate was
added to samples to a final concentration of 1%, reduced with tris
(2-carboxyethyl) phosphine and alkylated with iodoacetamide.
100 µL of each sample was precipitated by methanol/chloroform
and protein pellets were resuspended in 200 mM EPPS (pH 8.0).
Digestion was performed sequentially using LysC (1:50) and
Trypsin (1:100) based on protease-to-protein ratio. Peptides were
labeled with TMT10 reagents, cleaned by SepPak, and dried by
SpeedVac. Dried samples were resuspended and fractionated by
basic reverse-phase high-performance liquid chromatography.
Twelve fractions from the total proteome high-pH reverse-phase
set were analyzed on an Orbitrap Eclipse mass spectrometer using
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a 90-min method MS3 method. Peptides were detected (MS1)
and quantified (MS3) in the Orbitrap. Peptides were sequenced
(MS2) in the ion trap. MS2 spectra were searched using the
SEQUEST [44] algorithm against a composite database con-
taining the Uniprot human reference proteome. Peptide spectral
matches were filtered to 1% false discovery rate using the target-
decoy strategy combined with linear discriminant analysis.
Proteins were quantified only from peptides with a summed
signal/noise threshold of ≥100. Technical replicates were per-
formed in quintuplicate. The top 10 proteins were inputted into
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING), a database of known and predicted protein-protein
interactions [45].

Results

Chimeric Mice Repopulated with CpG-Bone Marrow
Have Increased Myelopoiesis and Improved Bacterial
Clearance after Pseudomonas aeruginosa
Pulmonary Infection
To study the in vivo effects of MSC- and CpG-MSC-

CdM on c-kit+ stem cells longitudinally, we generated
chimeric mice as described [46] (Fig. 1a). Lineage-
negative c-kit+ cells were cultured ex vivo for 48 h in
StemSpan SFEM II supplemented with 50 ng/mL
thrombopoietin, 100 ng/mL stem cell factor, and 30% of
either (1) alpha-MEM media control, (2) MSC-CdM
from 3 × 105 cells, or (3) CpG-MSC-CdM from 3 × 105

cells and then transplanted into lethally irradiated re-
cipients. Six weeks after transplantation, peripheral
blood donor chimerism and immune cell populations
were assessed by flow cytometry. At this time, the mice
demonstrated 90% donor chimerism (online suppl.
Fig. 1A; for all online suppl. material, see https://doi.
org/10.1159/000533732), whereas most of the re-
maining recipient immune cells were T cells (online
suppl. Fig. 1B), likely representing lymphocytes re-
siding within the lymph nodes that survived total body
irradiation. Interestingly, there was an increased pro-
portion of peripheral blood neutrophils in the mice
transplanted with c-kit+ cells cultured with CpG-MSC-
CdM (CpG-BM), compared to MSC-CdM (MSC-BM),
and media control (Ctrl-BM) (Fig. 1b). Notably, by
12 weeks after transplantation (Fig. 1c), after which all
functional experiments were performed, there was no
significant difference in the proportions of peripheral
blood populations between the three groups. Plasma
cytokines between the mice in the three groups at
12 weeks were also similar (Fig. 1d), suggesting a return
to a comparable basal homeostatic level following
transplantation [47]. However, c-kit+ cells isolated
from the chimeras 12–16 weeks after transplantation

demonstrated an increase in myeloid differentiation
and proliferation potential as measured by increased
numbers of granulocyte/macrophage colony-forming
units (CFU-GMs; Fig. 1e) in the mice transplanted
with CpG-BM compared to MSC-BM and Ctrl-BM. In
contrast, CFU-G and CFU-M were not significantly
different between chimeras transplanted with CpG-BM,
MSC-BM, or Ctrl-BM. This suggests that despite
similar peripheral blood phenotypes, an increased ca-
pacity for myelopoiesis persists in mice transplanted
with CpG-BM.

To evaluate whether this increased myelopoiesis
potential translated to improved bacterial clearance, we
infected the chimeras intranasally with 1 × 107 CFUs of
P. aeruginosa 12–16 weeks after bone marrow trans-
plantation and harvested the whole left lung and whole
spleen to assess bacterial clearance at the site of infection
(lung) and spread to distal organs (spleen). Mice
transplanted with CpG-BM had fewer bacterial CFUs in
the lungs (Fig. 1f), and a trend toward decreased bac-
terial burden in the spleen (Fig. 1g) compared to mice
transplanted with Ctrl-BM. This was also associated
with an increase in the number of peripheral CD45.1
(donor) neutrophils in the mice transplanted with CpG-
BM in response to infection, compared to mice trans-
planted with Ctrl-BM (Fig. 1h), suggesting that en-
hanced emergency granulopoiesis was playing a role in
improved organ bacterial clearance. Notably, at the time
of infection, >95% of the peripheral blood population in
the chimeras were donor-derived (online suppl. Fig. 1C).
Despite an increased number of neutrophils, infected
chimeras transplanted with CpG-BM had lower levels of
IL-6 and IL-17A compared to both infected chimeras
transplanted with MSC-BM and Ctrl-BM (Fig. 1i),
suggesting that the augmented granulopoiesis was not
arising from a persistent, dysregulated cytokine response
that can be seen in severe sepsis [48, 49], but rather, as an
appropriate and enhanced response that can more
effectively clear bacteria.

While there was a trend toward, but not a statistical
difference in, decreased organ bacterial clearance and
increased peripheral neutrophils between chimeras with
MSC-BM and CpG-BM, we hypothesized that the dif-
ference in plasma cytokines after infection could addi-
tionally be driven by enhanced antimicrobial function. To
answer this question, we developed an in vitro model
based on the cobblestone area-forming cell assay [26, 50]
to allow for the longitudinal study of neutrophils derived
from LSK cells stimulated once withmedia control or CdM
(Fig. 1j). LSK cells were co-cultured with MS-5 stromal
cells until visualization of phase-dark cobblestones under
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phase-contrast microscopy (online suppl. Fig. 1D), in-
dicative of asymmetric division of the LSK stem cells to
both replenish the pool of stem cells in vitro, as well as
generation of myeloid cells into the supernatant. The co-
cultures are then stimulated with either (1) media
control, (2) MSC-CdM, or (3) CpG-MSC-CdM for 48
h. Cultures are then carefully washed with PBS before
the addition of fresh media. Neutrophils were collected
from the supernatant on a weekly basis and subjected
to phagocytosis assays with P. aeruginosa expressing
green fluorescent protein opsonized with heat-
inactivated autologous serum (online suppl. Fig. 1E;
Fig. 1k). Neutrophils derived from LSK cells stimulated
with both MSC (▲, gray bar) and CpG-MSC (□, striped
bar) CdM have increased phagocytosis compared to
media control (○, white bar) 1 week after a 48-h
stimulation. However, it is only in the neutrophils
derived from c-kit+ cells stimulated with CpG-MSC-
CdM that this increased phagocytosis was maintained,
2 weeks after stimulation.

CdM Induces Long-Term Epigenetic Modifications in
Histone Methylation in c-kit+ Cells
Phenotypic traits can be passed on to progeny by al-

tering gene accessibility to perpetuate specific gene pro-
grams and functional states [51]. Many inflammatory
genes are tightly regulated by histone modifications [52],
and genome-wide trimethylation of the 4th lysine of
histone 3 (H3K4me3) has been associated with neutrophil-
trained immunity induced by BCG [53]. These epigenetic
marks, notably the persistence of H3K4me3 at enhancer
and promoter regions [54], leave cells “poised” to allow a
stronger response to a secondary infection [55–57].
Therefore, we performed a whole-genome assessment of
the distribution of H3K4me3 by CUT&RUN followed by
sequencing in c-kit+ cells from the chimeras 16 weeks after
transplantation. CUT&RUN was used instead of ChIP-
seq, as it allowed for the use of fewer cells [58]. Quality
metrics per ENCODE guidelines for ChIP-seq [59] (as
there are currently no guidelines for CUT&RUN) were
performed (online suppl. Table 1; online suppl. Fig. 2).

Fig. 1. Chimeric mice repopulated with CpG-bone marrow have
increased myelopoiesis and improved bacterial clearance after
Pseudomonas aeruginosa pulmonary infection. a Schematic of ex-
perimental model. C-kit+ cells were harvested from CD45.1-ex-
pressing CByJ.SJL(B6)-Ptprca/J mice and cultured ex vivo for 48 h in
StemSpan SFEM II and 30% of (1) alpha-MEM media control, (2)
MSC-conditioned media (CdM), or (3) CpG-MSC-CdM. CD45.2-
expressing wild-type BALB/cJ mice were lethally irradiated with
9 Gy in 2 divided doses, and 1.5–2 × 105 c-kit+ cells from the above
conditions in 150 µL PBS were injected retro-orbitally. Peripheral
blood chimerism was determined 6 weeks after transplantation.
Functional studies, including intranasal P. aeruginosa infection, was
performed 12–14 weeks after transplantation. Peripheral blood
chimerism 6 weeks (b) (n = 5 mice per group) and 12 weeks (c) (n =
5 mice per group) after bone marrow transplantation. There was an
increase in the proportion of neutrophils in the peripheral blood of
mice that received c-kit+ cells cultured with CpG-MSC-CdM (CpG-
BM), compared toMSC-CdM (MSC-BM), andmedia control (Ctrl-
BM) 6 weeks after transplantation. Data were analyzed by 2-way
analysis of variance (ANOVA), interaction p = 0.003, and significant
comparisons by Bonferroni’s multiple comparisons test are denoted
on the graph (Ctrl-BM vs. CpG-BM neutrophils, p = 0.0349; MSC-
BM vs. CpG-BM neutrophils, p = 0.0070; Ctrl-BM vs. CpG-BM
B cells, p = 0.0146). At 12 weeks after transplantation, there was no
significant difference in the peripheral blood cell populations.
d Radar plot showing the mean value of plasma Luminex cytokines
in uninfected chimeras (n = 5 in Ctrl-BM [C] and MSC-BM [C],
n = 4 in CpG-BM [C]). e 1,000 c-kit+ cells isolated from the bone
marrow chimeric mice (n = 6 per group) 12–16 weeks after
transplantation were seeded into methylcellulose media. Cultures
were grown for 9 days prior to blinded manual determination of
CFU containing granulocyte macrophages (CFU-GM, black bars),
granulocytes (CFU-G, white bars), or macrophages (CFU-M, gray
bars). Data were assessed by two-way ANOVA, interaction p =
0.0009. Significant comparisons of CFU-GMs by Bonferroni’s

multiple comparisons test are denoted on the graph (Ctrl-BM vs.
CpG-BM, p < 0.0001; MSC-BM vs. CpG-BM, p = 0.0003). Sixteen
weeks after bone marrow transplantation, chimeras were intrana-
sally infected with 1–1.5 × 107 CFU of Pseudomonas (P.) aeruginosa
and sacrificed 24 h after infection. The whole left lung (f) and whole
spleen (g) were removed from mice transplanted with CpG-BM
(n = 13, ▲), MSC-BM (n = 12, ■), or Ctrl-BM (n = 12, C), ho-
mogenized in 1 mL PBS and plated on onto LB agar overnight prior
to quantification of organ bacterial colonies. Data were assessed by
one-way ANOVA (lung bacterial organ CFU interaction p = 0.0347,
spleen bacterial organ CFU interaction p = 0.3278). Significant
comparisons of lung bacterial organ CFU by Bonferroni’s multiple
comparisons test are denoted on the graph (Ctrl-BM vs. CpG-BM,
p = 0.0322). h Peripheral blood neutrophils were assessed in infected
chimeras by flow cytometry. Data were assessed by one-way AN-
OVA, interaction p = 0.0274. Significant comparisons by Bonfer-
roni’s multiple comparisons test are denoted on the graph (Ctrl-BM
vs. CpG-BM, p = 0.0388). i Radar plot showing the mean value of
plasma Luminex cytokines in infected chimeras (n = 5 Ctrl-BM [C]
and CpG-BM [C], n = 3,MSC-BM [C]). Data were analyzed by 2-
way ANOVA, interaction p < 0.0001. Significant comparisons by
Bonferroni’s multiple comparisons test are denoted on the graph
(Ctrl-BM vs. CpG-BM [* p = 0.0027 for IL-17A, p < 0.0001 for IL-6],
Ctrl-BM vs. MSC-BM [Ƭ p < 0.001 for IL-17A, p = 0.0449 for IL-6],
MSC-BM vs. CpG-BM [§ p = 0.008 for MCP-1, p < 0.0001 for IL-
17A, p < 0.001 for IL-6]). j Schematic of the in vitro cobblestone
area-forming assay (CAFC) for assessing the influence of MSC- and
CpG-MSC-CdM on neutrophil function. k Neutrophils derived
from LSK cells stimulated by media control (○, white bar), MSC-
conditioned media (CdM) (▲, gray bar), and CpG-MSC-CdM
(□, striped bar) were co-cultured with P. aeruginosa expressing
green fluorescent protein for 2 h, and phagocytosis was assessed by
flow cytometry. Data were analyzed by 2-way ANOVA, interaction
p = 0.0016. Significant comparisons by Bonferroni’s multiple
comparisons test are denoted on the graph. LB, Luria Broth.
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Fig. 2.C-kit+ hematopoietic stem cells
from CpG-BM transplanted chimeric
mice have persistent mTOR signaling
and increased genes associated with
myelopoiesis, and neutrophil function
marked by H3K4me3. a Principal
component analysis (PCA) of CU-
T&RUN data associated with
H3K4me3 in c-kit+ cells from unin-
fected chimeras with Ctrl-BM (purple
circles), MSC-BM (pink circles), or
CpG-BM (blue circles) 16 weeks after
transplantation. b Dot plot of func-
tionally enriched gene ontology pro-
cesses associated with myelopoiesis
and neutrophil function in c-kit+ cells
from chimeras. The number of genes
in each gene set is represented by the
size of each dot. The color of each dot
indicates the significance of the
pathway (adjusted p value) for each
group. c Wishbone trajectory analysis
of cells from the CAFC assay dem-
onstrating a common c-kit+ trunk
(blue solid line) and two distinct
branches: (1) F4/80+ macrophages
(green dashes, branch 1), and (2)
Ly6G+ neutrophils (red dots, branch
2). d OptSNE plot demonstrating
distinct clusters along the neutrophil
fate trajectory. e Heatmap of relative
p-S6 signaling (mTOR) after 1, 10, or
20 min of stimulation with medial
control, MSC-CdM, CpG-MSC-CdM,
or LPS in clusters along the neutrophil
developmental pathway. f Represen-
tative shift in phospho-S6 (p-S6) sig-
naling in cluster 13 30 min after
stimulation with lipopolysaccharide
(LPS, green), MSC-CdM (orange),
or CpG-MSC-CdM (pink) com-
pared to unstimulated control (blue).
g Mechanistic target of rapamycin
(mTOR) KEGG pathway overrepresen-
tation analysis of chromatin associated
with H3K4me3 in c-kit+ cells from
chimeras. h Integrative genomic viewer
(IGV) tracks of H3K4me3 peaks mTOR.
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Whole-genome analysis of H3K4me3-associated
chromatin demonstrated distinct clustering between
our chimera groups (Fig. 2a) by principal component
analysis. We then sought to determine if there was
enrichment of myelopoiesis and neutrophil-associated
functional gene programs using the clusterProfiler [42]
R package overrepresentation analysis [60] (Fig. 2b).
While c-kit+ cells from chimeras transplanted with
Ctrl-BM, MSC-BM, and CpG-BM all had significant
H3K4me3 marks enriched in gene programs associated
with the regulation of hemopoiesis and myeloid cell
differentiation, there were more genes associated with
each gene program in the c-kit+ cells from chimeras
transplanted with MSC-BM and CpG-BM compared to
Ctrl-BM (online suppl. Table 2). However, there was
no major difference between chimeras transplanted
with MSC-BM and CpG-BM. Given that c-kit+ HSCs
are a heterogenous population comprising cells with
both long-term and short-term repopulation and
differentiation potential [61], it is expected that some
c-kit+ cells isolated from chimeras transplanted with
Ctrl-BM will be a more lineage-biased HSC subset that
can readily respond to infection. Yet, c-kit+ cells
isolated from chimeras transplanted with MSC-BM
and CpG-BM have more genes associated with mye-
lopoiesis and hemopoiesis marked by H3K4me3,
suggesting that these cells are poised to more rapidly
enhance emergency granulopoiesis responses, which is
what was observed after infection of our chimeras.
Evaluation of neutrophil-associated gene programs
revealed that c-kit+ cells from chimeras transplanted
with CpG-BM had enrichment of pathways involved in
the regulation of neutrophil extravasation, neutrophil
differentiation, and neutrophil-mediated killing of
bacterium compared to chimeras transplanted with
MSC-BM and Ctrl-BM, consistent with our in vitro
functional data.

To identify mechanisms that may contribute to these
HSC changes, we investigated the role of key signaling
pathways by signaling cytometry by time of flight
(CyTOF). Utilizing the CAFC assay (Fig. 1j), we
stimulated the culture when cobblestone-forming areas
were visualized with either lipopolysaccharide (positive
control for visualization of phosphorylation shifts),
alpha-MEM media control, MSC-CdM, or CpG-MSC-
CdM for 1, 10, or 30 min. The cells were then labeled
with phenotyping and phospho-signaling markers
(online suppl. Table 3), and dimensionality reduction
of CyTOF staining data was performed using optSNE.
Clustering was performed using weighted PARC, which
identified 20 independent clusters (online suppl.

Fig. 3A). To get a sense of the relative significance of
different signaling pathways after stimulation, we first
plotted global changes in phosphorylation among all
cells (online suppl. Fig. 3B), which demonstrated a
strong phosphorylation shift in S6 after 10 and 30 min
of stimulation with MSC- and CpG-MSC-CdM com-
pared to control. We then sought to better define the
cell population(s) exhibiting this shift. Given that all
the stages of myeloid cell development (from c-kit+
stem cells to Ly6G+ neutrophils or F4/80+ macro-
phages) are encompassed within the CAFC assay, bi-
furcating cell fate trajectories were mapped from a
randomly selected c-kit+ cell to identify distinct
clusters along the developmental pathways to mature
neutrophils or macrophages using the Wishbone al-
gorithm [33] (Fig. 2c). This identified a trajectory
defined in its early course by high c-kit+ expression
(blue line) and low Ly6G (red line) and F/480 (green
line) expression, followed by a transition to two clear
branching points delineating the developmental
pathways to a mature macrophage (branch 1, dashed
line) or to a mature neutrophil (branch 2, dotted line).
We then identified clusters that fell along the neu-
trophil developmental pathway (Fig. 2d) and created a
heatmap representing the median expression of
phospho-S6 along clusters defining the neutrophil
developmental pathway (Fig. 2e). This identified sig-
nificant phosphorylation shifts in S6, a marker of
mechanistic target of rapamycin (mTOR) activity [62],
after 10 and 30 min of stimulation with MSC- and CpG-
MSC-CdM in cluster 10 and cluster 13 (Fig. 2f). This
suggests that CdM acts primarily on an early, but not
the most primitive, HSC, which expresses moderate,
but not high, levels of c-kit, and PU.1, a transcription
factor that instructs differentiation along the myeloid
lineage [63] (online suppl. Fig. 3C).

To validate the significance of this signaling pathway,
we performed an overrepresentation analysis of the
genes associated with mTOR signaling marked by
H3K4me3 in the c-kit+ cells from our chimeras using
the KEGG pathway database (Fig. 2g). This demon-
strated twice as many genes associated with the mTOR
signaling pathway in chimeras transplanted with MSC-
BM and CpG-BM compared to Ctrl-BM (online suppl.
Table 2), with distinct peak differences observed in the
integrative genomics viewer tracks (Fig. 2h). Taken
together, the data suggest that mTOR signaling and the
persistence of H3K4me3 marks associated with mTOR
pathway genes may be involved in the enhanced
myelopoietic potential of c-kit+ cells trained with MSC-
and CpG-MSC-CdM.
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CdM Enhances Emergency Granulopoiesis through
Soluble Proteins
CdM from MSCs consist of soluble proteins (cy-

tokines, chemokines, growth factors) and membranous
cell-secreted vesicles called EV, which carry lipids,
nucleic acids, and proteins. To determine whether EVs
and/or soluble proteins are involved in augmenting
emergency granulopoiesis, we first separated the CdM
from MSCs and CpG-MSCs into an EV fraction, and
an EVFSF using ultra-centrifugation (Fig. 3a), the gold
standard for the isolation of EVs [29, 64, 65]. EVs were
characterized as outlined by the International Society
for Extracellular Vesicles [28] prior to use, including
Western blot for CD81, CD9, and CD63 (Fig. 3b),
nanoparticle tracking analysis to confirm that EVs are
within an acceptable size range (Fig. 3c), and visual-
ization by electron microscopy (Fig. 3d). There were no
significant differences in the size or concentration of
EVs found in MSC- versus CpG-MSC-CdM. To test
the efficacy of these different fractions in augmenting
emergency granulopoiesis, we used our previously
published experimental model [14] (Fig. 3e), whereby
mice are sublethally irradiated with 5 Gy radiation on
day 0, injected retro-orbitally with media control,
MSC- or CpG-MSC-CdM, MSC or CpG-MSC EVFSF,
or MSC or CpG-MSC EVs on day 3, and infected with
P. aeruginosa 7 days after radiation. Mice were sac-
rificed 2 days after infection and c-kit+ cells were
isolated to perform colony-forming assays. Mice given
MSC-CdM had more CFU-GMs (black bars) compared
to media control (Fig. 3f). There was an equivalent
increase in myeloid differentiation and proliferation
potential as measured by CFU-GMs when mice were
given the MSC EVFSF alone, although this was not
observed when mice were given only MSC EVs. In
contrast, there was an equivalent increase in CFU-GMs
(Fig. 3g) when mice were given either complete CpG-
MSC-CdM, the CpG-MSC EVFSF, or CpG-MSC EVs
alone. This suggests that factors in the EVFSF [66]
are driving the observed effect in CdM from both
MSCs and CpG-MSCs, while EVs in CpG-MSC-
CdM also contribute to the increase in myeloid
cell differentiation.

Calreticulin in the CdM May Mediate
Neutrophil-Trained Immunity as a Part of a
Protein Complex
Given that soluble protein(s) might mediate the

observed effect, we performed protein mass spec-
trometry on the MSC and CpG-MSC secretomes to
identify potential protein/protein complex targets for

evaluation as a first step in identifying factors that
mediate neutrophil-trained immunity. A total of 3,729
peptides and 772 proteins were quantified between all
submitted samples. Principal component analysis of
the two secretomes demonstrated separation of the
two samples along principal component 1 (Fig. 4a),
accounting for 26.2% of the variance. Using a cutoff of
p < 0.01 and fold change >2, we identified 31 proteins
that were upregulated in the CpG-MSC secretome
relative to the MSC secretome (Fig. 4b and online
supplementary Table 4). As proteins often function in
complexes and interact with each other to carry out
biological processes, we constructed a physical
protein-protein interaction network from the top 15
upregulated proteins in the CpG-MSC secretome
(Fig. 4c) using the STRING database [45].This iden-
tified two potential physical protein complexes, in-
cluding one with calreticulin as a central “hub” (a
protein with many interactions representing a protein
of critical importance to a biological process). Calre-
ticulin is a multifunctional soluble protein with critical
roles in myeloproliferative disorders [67] and mac-
rophage activation [68], suggesting it can have
pleiotropic effects on myelopoiesis and innate immune
function.

To investigate the role of calreticulin in enhancing
myelopoiesis, lineage-negative c-kit+ HSCs were iso-
lated from Balb/cByJ mice and cultured in StemSpan
SFEM II with media control, MSC-CdM, CpG-MSC-
CdM, or 10 ng of calreticulin (Millipore Sigma, Cat
SRP8001) for 48 h. C-kit+ cells from equal volume
aliquots from each culture condition were plated and
cultured in methylcellulose for 14 days and colonies
were quantified. Using MSC- and CpG-MSC-CdM, we
demonstrated that this in vitro myelopoiesis assay
recapitulated our prior observations (Fig. 4d), showing
that c-kit+ cells stimulated with MSC- or CpG-MSC-
CdM had increased myeloid proliferation and differ-
entiation potential, compared to media control. When
we stimulated lineage-negative c-kit+ HSCs with cal-
reticulin, there was no statistically significant increase
in the number of c-kit+ cells in culture (Fig. 4e) or CFU
(Fig. 4f) after 2 weeks in culture. However, we did note
a significant increase in the total number of cells per
CFU plate, suggesting that more myeloid cells are
generated from a single c-kit+ HSC after stimulation
with calreticulin, compared to media control. This
suggests that calreticulin may increase the myelopoi-
esis potential of a given HSC without increasing the
total pool of HSCs, a critical function in response to
infection.
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Discussion

In this paper, we demonstrated that paracrine factors
secreted by MSCs can leave H3K4me3 marks in lineage-
negative c-kit+ HSCs at genes associated with myelo-
poiesis, leaving them “poised” to enhance emergency
granulopoiesis in response to a subsequent bacterial in-
fection. When MSCs are preconditioned with CpG, there
is a small but additive effect of further enhancing neu-
trophil function.

Currently, BCG and β-glucan, a component of the
fungal cell wall, are two of the most well-described
mediators of trained immunity, and there is a robust
body of work demonstrating memory features in
monocytes and macrophages [56, 69]. Within this
growing body of literature, however, trained immunity
in neutrophil progenitor cells remain sparsely studied.
In humans, BCG vaccination produces a myeloid-
skewed gene signature in progenitor populations and
activation of neutrophil-mediated gene programs [70].
Furthermore, BCG vaccination can enhance neutrophil
phagocytosis and the production of reactive oxygen
species [53], while β-glucan can train HSCs to enhance
granulopoiesis [71, 72]. Trained immunity has been
described at the level of hematopoietic stem and pro-
genitor cells, both in the context of infections [73], as
well as chronic inflammatory diseases [74, 75], but
typically as a result of direct training. Others have shown
that MSC-derived EVs can ameliorate murine neonatal
lung injury by epigenetically reprogramming monocytes
[76]; however, its role in training HSCs has not been
explored.

In this paper, we sought to expand on our previously
published data on the protective role of paracrine
factors from CpG-MSCs in sepsis [14] to elucidate the
mechanisms underlying this observed effect. Using a
chimera model, we first demonstrated that CpG-MSC-

CdM act specifically on lineage-negative c-kit+ HSCs
to enhance emergency granulopoiesis and neutrophil
function in response to a subsequent infection.
However, this phenotype is only observed in the
context of infection; uninfected chimeras had similar
peripheral blood immune cell populations and plasma
cytokines, suggesting that the HSCs are being trained
rather than primed, the former being defined by a
return to a basal functional state [47]. This study
represents the first to demonstrate that paracrine
factors from MSCs can act as novel mediators of
neutrophil-trained immunity in lineage-negative
c-kit+ HSCs.

Histone modifications by specific epigenetic enzymes
such as histone methyltransferases and acetylases are
well-described regulators of the inflammatory gene
programs involved in the host response to infection
[77]. In trained cells, shifts in cellular metabolism have
been shown to change the availability of metabolites
that can act as substrates for these epigenetic enzymes,
activating or repressing their function, and thereby
changing the epigenetic landscape [78]. In monocytes,
mevalonate, a component of the cholesterol synthesis
pathway, activates insulin-like growth factor-1 receptor
and mTOR that leads to epigenetic changes in in-
flammatory pathways [79]. Trained monocytes also
demonstrate increased glycolysis that is dependent on
activation of mTOR through a dectin-1/Akt/HIF1α
pathway [56]. Furthermore, these changes in metabolic
pathways have been demonstrated in myeloid pro-
genitors in the bone marrow, suggesting that these
longer lived populations may be key in mediating the
longevity of this trained effect [71]. These preexisting
studies on the mechanisms of trained immunity lend
strong support to our data. In this study, we demon-
strated that paracrine factors from MSCs with and
without CpG preconditioning can leave H3K4me3

Fig. 3.Both the EVFSF and EVs in CdM fromCpG-MSCs augment
emergency granulopoiesis. a Ultra-centrifugation protocol for the
preparation of EV and the EVFSF from the same starting CdM.
b The EV fraction from MSCs and CpG-MSCs were analyzed by
Western blot for calnexin (negative control), CD81, CD9, and
CD63, with whole cell protein as positive control. c Nanoparticle
tracking analysis (NTA) of EV characteristics and size distribution
of MSC EVs and CpG-MSC EVs. d Transmission electron mi-
croscopy image demonstrating CpG-MSC EV morphology. Scale
bar represents 100 nm. e Schematic of experimental model. Mice
received a sublethal dose of irradiation (5 Gy) on day 0. On day 3,
mice were given 150 µL of either (1) alpha-MEM media control,
(2) CdM from 5 × 105 MSC or CpG-MSCs, (3) EV-free soluble
fraction (EVFSF) from 5 × 105 MSC or CpG-MSCs, or (4) EVs

from 5 × 105 MSCs or CpG-MSCs. On day 7, mice were infected
intranasally with P. aeruginosa, and sacrificed 2 days after infection
to isolate c-kit+ cells for a myeloid colon-forming assay. fMyeloid
differentiation and proliferation potential of c-kit+ cells (n = 6 per
group) from infected and irradiated mice given MSC-CdM, MSC
EVSF, MSC EVs, or media control as measured by CFU-GM
(black bar), CFU-G (white bar), and CFU-M (gray bar). Data were
analyzed by 2-way ANOVA, interaction p = 0.0714, row factor
p = 0.0002. gMyeloid differentiation and proliferation potential of
c-kit+ cells (n = 6 per group) from infected and irradiated mice
given CpG-MSC-CdM, CpG-MSC EVSF, CpG-MSC EVs, or
media control. Data were analyzed by 2-way ANOVA, interaction
p = 0.0214. f, g Significant comparisons by Bonferroni’s multiple
comparisons test are denoted on the graphs.
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histonemarks at the promoters and 5’ untranslated regions
of genes associated with the regulation of hemopoiesis and
myeloid cell differentiation.We additionally demonstrated
that soluble factors in the CdM strongly activated the
mTOR pathway in HSCs in vitro, a pathway that remained
highly marked by H3K4me4modifications in our chimeric
mice compared to control. Interestingly, our in vitro
data demonstrated the strongest phospho-S6 signal in
an early neutrophil progenitor cell after stimulation
with CdM, representing one of the few studies to
identify the specific population of HSCs that can be
trained. Taken together, this suggests that MSCs, an
integral part of the hematopoietic niche, can secrete
paracrine factors and may alter the glycolysis meta-
bolism of HSCs, leaving early progenitor cells poised to
differentiate into myeloid cells and enhance neutrophil
function in response to infection. Further investigation
utilizing single cell technology in lineage-negative,
c-kit+ cells from our chimeras may yield additional
insight into these populations and associated meta-
bolic pathways in vivo.

Preclinical studies have demonstrated that CdM alone
has an effect size comparable to whole cell therapy [80],
and that both soluble proteins [81] and EV can restore
stem cell engraftment postirradiation [82]. Due to the
wealth of soluble factors secreted byMSCs with pleiotropic
effects in different inflammatory microenvironments, the
identification of key mediator(s) of biological processes in
the CdM has been limited. In this paper, we begin to tease
out these mediators by demonstrating that soluble proteins
from MSCs can leave HSCs poised to enhance emergency
myelopoiesis. This effect was observed with EVs alone
when they were derived from CpG-MSCs, but not from
unconditioned MSCs. This suggests that the small additive
effect of further enhancing trained immunity by pre-

conditioning MSCs with CpG may be derived from CpG-
MSC EVs. Intriguingly proteomic analysis of the CpG-
MSC compared to the MSC secretome demonstrated an
almost 3-fold upregulation of calreticulin, a protein that
has been previously described in the MSC secretome [83,
84]. The role of mutant calreticulin in myeloproliferative
neoplasms is well described [85], although its functions as
an extracellular immunomodulatory protein and its role in
steady-state hematopoiesis are burgeoning fields. For ex-
ample, secreted calreticulin can act as an “eat me” signal
and activate macrophages [86] to facilitate programmed
cell removal [68, 87]. Overexpression of wild-type calre-
ticulin in human CD34+ stem cells can also enhance
erythroid and megakaryocyte differentiation [88]. These
studies lend evidence to the potential for calreticulin to act
as an intermediary between hematopoiesis and the im-
mune response. In our studies, extracellular calreticulin
did not have an immediate effect on HSC proliferation or
myeloid colony numbers but may have a delayed effect
related to enhanced myelopoiesis by increasing the
number of cells derived from a single c-kit+ HSC. Future
studies to investigate role in trained immunity are
warranted.

Currently, advances in cancer care have improved
disease-free and overall survival rates, but their utility are
often limited by life-threatening pulmonary infections
[4, 5]. The functional reprogramming of innate immune
cells to enhance the host response against a broad range of
subsequent infections – trained immunity – is a prom-
ising paradigm for reducing this burden of disease [19, 22,
89]. Here, we present data demonstrating soluble proteins
from MSCs as novel mediators of neutrophil-trained
immunity, representing a new prophylactic strategy for
reducing the burden of disease from severe respiratory
infections.

Fig. 4. Proteomic analysis of CpG-MSC- and MSC-CdM identifies
soluble calreticulin as a mediator of neutrophil-trained immunity.
a Principal component analysis (PCA) of MSC (pink, n = 5) and
CpG-MSC (blue, n = 5) protein secretomes. b Volcano plot
demonstrating up-(green) and down-(red) regulated proteins from
CpG-MSC-CdM compared to MSC-CdM (p < 0.01, fold
change >2). The complete list of proteins identified as significant
are listed in online supplementary Table 4. c STRING analysis of 9
of the top 15 upregulated proteins demonstrating two physical
subnetworks, where the nodes indicate proteins and the edges
indicate physical interactions that have been described by text
mining of experiments or databases. The thickness of the edge in-
dicates the strength of the data support. Protein-protein interaction
(PPI) enrichment p value = 5.76e−06. CALR, calreticulin; HNRNPA1,
heterogenous nuclear ribonucleoprotein A1; HNRNP2B1, heterog-
enous nuclear ribonucleoproteins A2/B1; PDIA3, protein disulfide-
isomerase A3; PDIA6, protein disulfide-isomerase A6; PRKCSH,

protein kinase c substrate 80k–h; SFPQ, splicing factor, proline-
and glutamine-rich; RBMX, heterogenous nuclear ribonucleo-
protein g; VCP, transitional endoplasmic reticulum ATPase.
d Myeloid differentiation and proliferation potential of lineage-
negative c-kit+ HSCs cultured in StemSpan and 20% media
control, MSC-CdM, or CpG-MSC-CdM for 48 h (n = 6 per
group). Data were analyzed by 2-way ANOVA, interaction p =
0.0675, row factor p = 0.0003. Significant comparisons by
Bonferroni’s multiple comparisons tests were performed and
denoted on the graph. e The number of lineage-negative, c-kit+
hematopoietic stem cells in vitro after 48 h stimulation with
media control or calreticulin. Data were analyzed by unpaired
t test, p = 0.0848. f C-kit+ cells were cultured in methylcellulose
and colonies were quantified. Data were analyzed by 2-way
ANOVA, interaction p = 0.7046. g Total cells from the
colony-forming assay plate were quantified by flow cytometry.
Data were analyzed by unpaired t test, p = 0.0426.
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