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Abstract

OBJECTIVES: Sepsis results in organ dysfunction caused by a dysregulated host response, in
part related to the immune response of a severe infection. Mesenchymal stromal cells (MSCs) are
known to modulate the immune response, and expression of stromal cell-derived factor-1 (SDF-1)
regulates mobilization of neutrophils from the bone marrow. We are investigating the importance
of MSC-derived SDF-1, and its role in promoting neutrophil function after the onset of cecal
ligation and puncture (CLP)-induced sepsis. SDF-1 expression was silenced (shSDF-1) in MSCs,
compared with control scrambled (shSCR) MSCs.

DESIGN: Animal study and cell culture.
SETTING: Laboratory investigation.
SUBJECTS: BALB/c mice.

INTERVENTIONS: Polymicrobial sepsis was induced by CLP. shSCR MSCs and shSDF-1
MSCs were delivered by tail vein injections to septic mice. The mice were assessed for survival,
bacterial clearance, and the inflammatory response during sepsis in each of the groups. MSCs
were also assessed for their ability to promote bacterial phagocytosis by neutrophils.

MEASUREMENTS AND MAIN RESULTS: Injection of ShSCR MSC:s after the onset of sepsis
led to an increase in mouse survival (70%) at 7 days, while survival of mice receiving shSDF-1
MSCs was significantly diminished (33%). The loss of survival benefit in mice receiving shSDF-1
MSCs was associated with less efficient bacterial clearance compared with shSCR MSCs. While
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shSCR MSCs, or their conditioned medium, were able to increase neutrophil phagocytosis of
bacteria, this effect was significantly blunted with shSDF-1 MSCs. Assessment of peritoneal
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inflammation revealed that neutrophils were significantly increased and more immature in septic
mice receiving shSDF-1 MSCs. This response was associated with hypocellularity and increased
neutrophil death in the bone marrow of mice receiving shSDF-1 MSCs.

CONCLUSIONS: MSC-derived SDF-1 expression enhances neutrophil function with increased
phagocytosis, more efficient clearance of bacteria, and bone marrow protection from depletion of
cellular reserves during sepsis.
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INTRODUCTION

Sepsis is a complex and dynamic disease process, and is a leading cause of death in intensive
care units (1). Sepsis is characterized by activation of the innate immune system, with a
systemic inflammatory response to a severe infection (2). A crucial cell type in the innate
response to sepsis is the neutrophil, a short lived cell that requires continual production in
the bone marrow to supply a reservoir of mature neutrophils that can be released into the
circulation at the onset of an infection (3). The high morbidity and mortality in sepsis has
been attributed, in part, to derangements in the innate immune system (4, 5), including
compromised neutrophil function.

Stromal cell-derived factor-1 (SDF-1) / chemokine (C-X-C motif) ligand 12 (CXCL12) is a
key mediator of neutrophil homeostasis in the bone marrow. SDF-1 works predominantly
through the C-X-C chemokine receptor type 4 (CXCR4), and initiates multiple cellular
events including the recruitment and migration of inflammatory cells (6). In the healthy host,
the SDF-1/ CXCR4 axis was originally identified for retention of neutrophils in the bone
marrow (7). In contrast, SDF-1 / CXCR4 levels are reduced in the bone marrow during
sepsis, and increased in peripheral tissue (spleen) (8), contributing to mobilization of bone
marrow neutrophils that are critical for the host to clear an infection. Moreover, blocking
SDF-1/ CXCL12 activity using antisera intraperitoneally resulted in reduced bone marrow
release of granulocytes and increased mortality in murine polymicrobial sepsis (8), while
systemic administration of a SDF-1 / CXCL12 peptide analogue along with antibiotic
treatment improved outcome (9).

Recent initiatives for the treatment of sepsis include the investigation of cell-based therapies
(10-13). Of particular interest are mesenchymal stromal cells (MSCs), an immune evasive
population of cells (14) originally discovered in the bone marrow stromal compartment (15).
A critical property of MSCs is modulation of the immune response to limit tissue injury
during sepsis (16). While our laboratory and other groups have demonstrated that MSCs
improve outcomes in the cecal ligation and puncture (CLP) model of polymicrobial sepsis in
mice (17-22), much remains to be learned regarding the mechanism(s) by which MSCs
control the immune response during sepsis. We are particularly interested in neutrophils, and
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propose that the expression of SDF-1 in MSCs plays an important role in the interaction of
MSCs with neutrophils to improve the outcome in sepsis. While SDF-1 has been reported to
be an important mediator of the MSC paracrine response for tissue repair (23), the role of
MSC-derived SDF-1 in the therapeutic response of MSCs during sepsis, particularly as it
applies to neutrophil function, is not known.

MATERIAL AND METHODS

Please see the Supplemental Material and Methods for details.

Study approval.

Statistics.

RESULTS

Studies using mice were carried out in accordance with the Public Health Service policy on
the humane care and use of laboratory animals, and approved by the Institutional Animal
Care and Use Committee (IACUC) of Brigham and Women’s Hospital.

For comparisons between two groups, we used Student’s unpaired #test. For analysis of
more than two groups, one-way analysis of variance was used. When data were not normally
distributed, non-parametric analyses were performed using Mann-Whitney U or Kruskal-
Wallis testing, respectively. Comparisons of mortality were made by analyzing Kaplan-
Meier survival curves, and then log-rank test to assess for differences in survival. Statistical
significance was accepted at A<0.05.

Silencing of SDF-1 in MSCs leads to a loss of survival benefit and worse bacterial
clearance in sepsis

Due to the important influence of SDF-1 (CXCL12) in neutrophil biology (8), and our
interest in the interaction of MSCs with neutrophils, we assessed the level of SDF-1 in
mouse bone-derived MSCs compared with lung fibroblasts, a control mesenchymal cell.
Using quantitative real-time PCR (qRT-PCR), the level of SDF-1 mRNA was 5.7+0.9 fold
higher in MSCs than fibroblasts (Fig. 1A). In addition, we exposed MSCs and fibroblasts to
an inflammatory stimulus (£. coli lipopolysaccharide, LPS), and assessed SDF-1 in the cell
supernatants. Supplemental Fig. 2 reveals secreted SDF-1 was significantly increased in the
supernatants of MSCs exposed to LPS, compared with vehicle, at both 24 and 48 hours after
stimulation. This increase in SDF-1 was not seen in lung fibroblasts exposed to LPS, with
levels of SDF-1 being significantly lower in fibroblasts than MSCs. To further explore the
importance of SDF-1 in MSCs during sepsis, we silenced SDF-1 using sShRNA lentiviral
constructs (Supplemental Material and Methods). Figure 1B demonstrates that silencing of
SDF-1 resulted in decreased mMRNA in cells, and decreased SDF-1 protein secreted into cell
supernatants of MSCs (shSDF-1) compared with a scrambled control (shSCR). shSDF-1 and
shSCR MSCs were next phenotyped using flow cytometry. shSDF-1 and shSCR MSCs
showed comparable expression of mesenchymal markers, including CD73, CD105, CD90.2,
CD29, CD44, and CD140b (Supplemental Fig. 1). In both lines of MSCs, a very high
percentage of cells expressed Scal, and a very low percentage expressed hematopoietic
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lineage markers, bone marrow lineage markers (Supplemental Table 1), or major
histocompatibility complex Il.

We next assessed the therapeutic impact of SDF-1 on MSC function /n vivo. After CLP-
induced sepsis, mice received vehicle (PBS), shSCR MSCs, or shSDF-1 MSCs. MSCs (5 x
105 cells/200 pL PBS) or vehicle (PBS 200 uL) were administered intravenously 2 hours
after CLP, and then again 24 hours after CLP (2.5 x 10° cells/200 uL PBS or PBS 200 pL),
and survival was assessed over 7 days. Mice treated with PBS alone had a dramatic death
response to CLP, with 10% survival (Fig. 1C). Injection of sShSCR MSCs led to a dramatic
increase in mouse survival (70%), while the survival of mice receiving shSDF-1 MSCs was
significantly diminished (33%). Assessment of organ injury revealed mice receiving
shSDF-1 MSCs or PBS after CLP had a similar increase in plasma alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) compared with mice receiving sham surgery,
while mice receiving shSCR MSCs after CLP had a blunted increase in ALT and AST
(Supplemental Fig. 3A). Plasma creatinine (Cr) was also increased in mice receiving
shSDF-1 MSCs or PBS after CLP, but in mice receiving shSCR MSCs the level of Cr did not
reach significance compared with sham mice (Supplemental Fig. 3B). These data showed
worse liver and kidney injury in septic mice receiving MSCs silenced for SDF-1 or PBS,
compared with mice receiving shSCR MSCs. In the lung, mice receiving shSCR MSCs after
the onset of sepsis had very little infiltration of Ly6G-positive (*) neutrophils (Supplemental
Fig. 3C-D), while mice receiving shSDF-1 MSCs had significant neutrophil infiltration,
comparable with mice receiving PBS.

Bacterial clearance was also assessed at 24 hours after CLP. Mice in all sepsis groups
demonstrated bacteria in the peritoneum and blood. The administration of ShSCR MSCs
after the onset of sepsis resulted in a significant decrease in bacteria in both the peritoneum
and the blood compared with the PBS group (Fig. 1D and 1E). In contrast, mice receiving
shSDF-1 MSCs had significantly higher numbers of bacteria in the peritoneum and blood
compared with mice receiving ShSCR MSCs, analogous to mice receiving PBS alone.

SDF-1is important for the ability of MSCs to promote neutrophil phagocytosis

To better understand bacterial clearance, we performed bacterial phagocytosis assays using
peritoneal neutrophils in conjunction with MSCs (£ silencing SDF-1) or PBS. For these
assays we used Gram-stain negative (£. coli) and Gram-stain positive (£. faecalis) bacteria,
both prevalent in the cecum of mice (24). Exposure of neutrophils to shSCR MSCs led to an
increase in the phagocytosis of £. coli (Fig. 2A) and E. faecalis (Fig. 2B), and this response
was significantly less in neutrophils exposed to shSDF-1 MSCs. To determine whether the
actions of SDF-1 required direct cell-to-cell interactions of MSCs with neutrophils at the site
of injury, or the potential of a paracrine route, we performed /n vivo tracking studies using
bioluminescence to localize MSCs after CLP-induced sepsis. The images revealed an
overwhelming majority of cells (both shSDF-1 and shSCR MSCs) remained in the thoracic
cavity 36 hours after injection (Supplemental Fig. 4A), suggesting paracrine effects of MSCs
contribute to their actions. To further confirm this at the cellular level, we fluorescently
labeled shSCR and shSDF-1 MSCs (Supplemental Fig. 4B), and then injected the cells
intravenously 2 hours after the onset of CLP-induced sepsis. At 36 hours the mice were
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sacrificed, and bone marrow was harvested and a cytospin of cells performed. Supplemental
Fig. 4C shows no evidence of increased fluorescent cells in the bone marrow of mice
receiving shSCR and shSDF-1 MSCs, compared with mice receiving no MSCs. These data
suggest that the injected MSCs in each group did not reach the bone marrow at 36 hours
after CLP.

To confirm paracrine actions of MSCs, phagocytosis assays were carried out using
peritoneal neutrophils exposed to conditioned medium (CM) from shSCR or shSDF-1
MSCs. CM from shSCR MSCs significantly increased the phagocytosis of both £. coli and
E. faecalis by neutrophils, however this response was blunted in neutrophils exposed to CM
from shSDF-1 MSCs (Fig. 2C and 2D respectively). When neutrophils were exposed to an
antagonist (AMD 3100) of CXCR4, the main receptor of SDF-1, the enhanced phagocytic
response was attenuated in the presence of CM from wild-type MSCs (Fig. 2E and 2F).
Moreover, when recombinant SDF-1a was added to the conditioned medium of wild-type
MSCs, this led to a further increase in the phagocytosis of £. coliand E. faecalis
(Supplemental Fig. 5A-B) by neutrophils. These data verify that SDF-1 in part contributes
to the paracrine actions of MSCs to promote neutrophil phagocytosis. Interestingly, exposure
of neutrophil to SDF-1a in the absence of MSC conditioned medium did not result in
enhanced neutrophil phagocytosis (Supplemental Fig. 5A-B). This suggests that SDF-1 in
conjunction with other paracrine factors produced by shSCR MSCs, but not shSDF-1 MSCs,
are necessary for the improved phagocytosis response by neutrophils.

Persistent recruitment of neutrophils from the bone marrow, and increased neutrophil
death, foster bone marrow hypocellularity in mice receiving shSDF-1 MSCs during sepsis

We next evaluated inflammatory cells in the peritoneum at 24 hours after CLP-induced
sepsis. All groups of mice undergoing CLP had increased white blood cells (WBCs) in the
peritoneum compared with sham mice (Supplemental Fig. 6A). Mice receiving shSCR
MSCs had a trend toward lower total WBCs compared with mice receiving shSDF-1 MSCs
or PBS, although this difference was not statistically significant. However, there were
significantly fewer Ly6G* neutrophils in mice receiving shSCR MSCs after CLP, compared
with mice receiving shSDF-1 MSCs or PBS (Fig. 3A). In contrast, there was no difference in
F4/80* macrophages (Supplemental Fig. 6B). We also performed a manual count of myeloid
cells in the peritoneum (Supplemental Fig. 7A). There was heterogeneity in the maturity of
neutrophils in mice after CLP, with evidence of immature myelocytes, metamyelocytes, and
banded neutrophils, in addition to mature neutrophils. Even though there were fewer
neutrophils in the peritoneum of mice receiving shSCR MSCs, the percentage of mature
neutrophils was greater than in the shSDF-1 or PBS groups (Fig. 3B). Mice receiving
shSDF-1 MSCs or PBS after CLP showed not only increased numbers of Ly6G™*
neutrophils, but also more immature myeloid cells compared with mice receiving shSCR
MSCs (Supplemental Fig. 7B).

To evaluate a critical source of immune cells after an infectious insult, we investigated the
bone marrow. Hematoxylin and eosin (H&E) staining of femurs from mice 24 hours after

CLP showed decreased cellularity of the bone marrow in all sepsis groups, compared with
sham mice (Supplemental Fig. 7C). However, mice receiving shSDF-1 MSCs or PBS after
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CLP-induced sepsis demonstrated even more hypocellularity (% area) than mice receiving
shSCR MSCs (Fig. 3C). To confirm the decreased cellularity of the bone marrow, femurs of
mice were flushed, and cellularity was assessed (after removal of RBCs) by automated
counting. Figure 3D demonstrates decreased cellularity of the bone marrow in mice
receiving shSDF-1 MSCs or PBS, compared with mice receiving shSCR MSCs, after the
onset of sepsis. While recruitment of cells out of the bone marrow during sepsis contributes
to the depletion of cell reserves, we also assessed cell death. TUNEL staining of femurs 24
hours after CLP showed increased TUNEL-positive staining in the bone marrow of mice
receiving shSDF-1 MSCs or PBS, compared with mice receiving shSCR MSCs (Fig. 3E). To
specifically determine cell death in the Ly6G™* population of the bone marrow, flow
cytometry was performed (gating strategy, Supplemental Fig. 8) and revealed increased
apoptosis in neutrophils (Annexin V* Ly6G*) of septic mice receiving shSDF-1 or PBS,
compared with shSCR MSCs (Fig. 3F).

We subsequently assessed granulocyte colony-stimulating factor (G-CSF) in response to
CLP-induced sepsis. Previous studies have shown that increased expression of G-CSF is
responsible for the dramatic increase in neutrophil production, and the mobilization of
neutrophils from the bone marrow in part through decreasing expression of SDF-1 during
infection (25-31). Assessment of livers, kidneys, and lungs demonstrated that G-CSF
MRNA was increased after CLP-induced sepsis compared with Sham mice (Fig. 4A-C
respectively). In septic mice receiving shSDF-1 MSCs or PBS, the levels of G-CSF were
increased compared with mice receiving sShSCR MSCs. This translated into markedly higher
plasma levels of G-CSF protein in mice receiving shSDF-1 MSCs or PBS, compared with
mice receiving ShSCR MSCs, during sepsis (Fig. 4D). Furthermore, immunostaining for
SDF-1 in femurs/bone marrow of mice demonstrated the highest levels of SDF-1 in Sham
mice. After CLP-induced sepsis, cells staining for SDF-1 were significantly reduced in mice
receiving shSDF-1 MSCs or PBS, while mice receiving shSCR MSCs showed increased
SDF-1 staining, comparable to Sham mice (Fig. 4E and Supplemental Fig. 9A). In contrast
to bone/bone marrow expression of SDF-1, plasma levels of SDF-1 were not different
between the groups of mice after CLP-induced sepsis (Supplemental Fig. 9B).

MSCs are able to enhance phagocytosis of not only mature, but also immature neutrophils

Finally, using a mouse myeloid cell line (MPRO), which exhibits promyelocyte
characteristics, we differentiated these cells into immature or mature neutrophils (Fig. 5A)
and assessed the impact of conditioned medium from MSCs (shSDF-1 or shSCR) on
neutrophil function. Figure 5B demonstrates that immature neutrophils (left panel) overall
had less ability to phagocytize bacteria (£. coli) compared with mature neutrophils (right
panel). However, in both immature and mature neutrophils, conditioned medium from
shSCR MSCs was able to increase bacterial phagocytosis /7 vitro. This improvement in both
immature and mature neutrophil phagocytic function was completely lost when conditioned
medium from shSDF-1 MSCs was used (Fig. 5B). We also assessed bacterial killing by
neutrophils exposed to shSCR or shSDF-1 conditioned media. Overall, bacterial killing was
decreased in immature compared with mature neutrophils. However, in contrast to
phagocytosis, conditioned medium from shSCR MSCs did not have an effect on the killing
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response of neutrophils compared with conditioned medium from shSDF-1 MSCs, or in the
absence of conditioned medium (Fig. 5C).

DISCUSSION

Neutrophils serve as a first line of defense to combat infectious insults. During this process,
neutrophils are recruited to the site of infection, and after they exert their antimicrobial
actions the majority of these cells undergo cell death (32). When the bacterial infection is
controlled, resolution of inflammation occurs (33, 34), which allows a return to homeostasis
and prevents collateral organ injury. Sepsis has recently been redefined as a life-threatening
organ dysfunction caused by a dysregulated host response to infection (35), and failure to
control invading pathogens will result in an impaired response (36) including sustained
inflammation and a prolonged neutrophil lifespan (37).

Inhibition of the CXCL12 (SDF-1)-CXCR4 axis in the bone marrow plays a critical role in
the egression of neutrophils out of the bone marrow (27), thus we wanted to define the role
of MSC—derived SDF-1 during sepsis, and its impact on the neutrophil response. Silencing
of SDF-1 (shSDF-1) in MSCs resulted in a loss of the therapeutic benefit of these cells
during CLP-induced sepsis (Fig. LA-C and Supplemental Fig. 3), with greater mortality and
worse organ dysfunction than mice receiving MSCs with intact SDF-1 (shSCR MSCs).
Along with a worse outcome, mice receiving shSDF-1 MSCs during sepsis have higher
peritoneal and blood bacterial counts than mice receiving sShSCR MSC (Fig. 1D-E). While
MSCs enhanced phagocytosis of both gram-negative (£. coli) and gram-positive (E. faecalis)
bacteria by neutrophils, this enhanced phagocytosis (via cell-to-cell or paracrine actions)
was blunted when SDF-1 was silenced in MSCs or by blocking CXCR4 on neutrophils (Fig.
2E-F). This altered phagocytic response likely contributed to the higher level of bacteremia
and mortality.

During a severe systemic bacterial infection, circulating leukocytes are increased with a
predominant neutrophilia, as the large storage pool of mature neutrophils are rapidly
mobilized from the bone marrow (38). If the bacterial infection persists, the consumption of
neutrophils remains high and the existing reservoir of mature cells are inadequate to control
the infection (39). Thus, immature neutrophil precursor cells are released into the circulation
to help fight the infection (27). However, increased numbers of circulating immature
neutrophils are associated with an increased risk of death in septic shock (40), and their
ability to phagocytize bacteria and promote bacterial Killing is less efficient than mature
neutrophils (41). In the present study, assessment of inflammatory cells in the peritoneum
revealed fewer, and more mature neutrophils in the peritoneum of mice receiving shSCR
MSCs after CLP-induced sepsis (Fig. 3A-B), while mice receiving shSDF-1 MSCs had
more neutrophils and increased numbers of immature neutrophil precursors, including
myelocytes, metamyelocytes and banded neutrophils (Supplemental Fig. 7A-B). These data
suggested a prolonged inflammatory response in the presence of shSDF-1 MSCs in the
setting of uncontrolled infection. Even though the phagocytic activity of immature
neutrophils, and their ability to kill bacteria, were decreased compared with mature
neutrophils (Fig. 5), shSCR MSCs were capable of improving phagocytic function of
immature neutrophils, and this effect was lost with shSDF-1 MSCs.
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To further investigate the immune response, we examined the reaction of the bone marrow to
the systemic infection. The bone marrow itself appeared hypocellular (Fig. 3C), with fewer
total cells (Fig. 3D). Moreover, flow cytometric analysis revealed more apoptotic Ly6G*
neutrophils (Fig. 3F) in septic mice receiving shSDF-1 MSCs, contributing to bone marrow
hypocellularity. It has been suggested that tissue endothelial cells are sensors of systemic
infections, and are important for the propagation of pathogen signals into G-CSF driven
granulopoiesis in the bone marrow (42). Moreover, administration of G-CSF downregulates
SDF-1 in the bone/bone marrow and CXCR4 in myeloid cells of the bone marrow (30, 31),
allowing mobilization of cells. Organs important for production of G-CSF include the liver,
kidneys, and lungs — all of which were injured or displayed an inflammatory response during
CLP-induced sepsis (Supplemental Fig. 3). Compared with mice receiving shSDF-1 MSCs
or PBS, the mice receiving shSCR MSCs have a marked reduction in G-CSF mRNA in these
organs, decreased G-CSF total protein in the plasma, and increased expression of SDF-1 in
the femur/bone marrow (Fig. 4 and Supplemental Fig. 9A). This G-CSF response was
consistent with more efficient pathogen clearance (27) and resolution of peritoneal
inflammation in mice receiving shSCR MSCs, while mice receiving shSDF-1 MSCs have
persistent peritoneal and bloodstream bacteremia, analogous to mice receiving PBS (Fig.
1D-E). We believe that the level of SDF-1 expression in the bone/bone marrow was a
reflection of bacterial clearance and G-CSF production in the different groups, and not
directly related to the production and secretion of SDF-1 by MSCs.

CONCLUSION

In the present study, we demonstrated that treatment with ShSCR MSCs during sepsis
resulted in improved phagocytosis of bacteria by neutrophils, both mature and immature
cells, resulting in more efficient clearance of bacteria. Thus, the stimulus for persistent
granulopoiesis (G-CSF) was alleviated, and fewer immature cells were released from the
bone marrow and present at the site of infection (peritoneum). In addition, ShSCR MSCs
protected Ly6G* neutrophils from death in the bone marrow during sepsis. All of these
actions of ShSCR MSCs allowed improved survival and a return of the inflammatory
response to homeostasis. In contrast, neutrophils of mice receiving shSDF-1 MSCs during
sepsis have less efficient phagocytosis and persistent bacteremia, resulting in continued
consumption of mature neutrophils and death of Ly6G* cells in the bone marrow. The
continued granulopoietic response, and the presence of more immature neutrophils from
myeloid precursors in the peritoneum, further contributed to persistent bacteremia and death
in the mice. These data support the importance of SDF-1 for an efficacious MSC response
and improved neutrophil function during sepsis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Improved survival and bacterial clearance by MSCs during polymicrobial sepsis is lost after

silencing SDF-1. A) RNA was extracted from mouse lung fibroblasts (Fb, white bar) and
bone-derived MSCs (black bar) and quantitative real-time PCR (qRT-PCR) was performed
for SDF-1. Data are presented as fold change in RNA levels of SDF-1 normalized to B-actin,
mean + SEM, n=6 per group from three independent experiments. * versus Fb, £~=0.0003. B)
RNA was extracted from shSCR MSCs (black bar) and shSDF-1 MSCs (striped bar), and
gRT-PCR was performed for levels of SDF-1. Data are presented as fold change in RNA
levels of SDF-1 normalized to B-actin, mean £ SEM, n=9 per group from three independent
experiments. * versus shSCR, A<0.0001. ELISAs for SDF-1 were also performed on cell
culture supernatants of shSCR and shSDF-1 MSCs. * versus shSCR, £<0.0001. C) Septic
BALB/c mice were randomly separated into 3 groups: PBS control (black solid line, n=15),
shSCR MSCs (gray solid line, n=25), and shSDF-1 MSCs (black dashed line, n=25). All
mice were subjected to CLP, and 2 hours after CLP the mice received PBS or cells (5 x 10°)
via tail vein injection. This treatment was also repeated at 24 hours (2.5 x 10°) after CLP.
Survival of mice was monitored over 7 days, and data are presented as Kaplan-Meier
survival curves. T shSCR MSCs versus PBS, £=0.0006; 8 shSDF-1 versus shSCR, P=0.01.
Bacteria were assessed in the peritoneum (D) and blood (E) in the PBS control (circles,
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n=13 or 14 respectively), shSCR MSCs (squares, n=12 or 14 respectively), and shSDF-1
MSC:s (triangles, n=15 or 11 respectively). £=0.0077 and P=0.0005 respectively, with
significant comparisons t versus CLP+PBS (- MSCs), § versus CLP+shSCR MSCs.
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Figure 2.
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SDF-1 is important for the paracrine actions of MSC to enhance neutrophil phagocytosis.
Isolated peritoneal neutrophils were incubated with GFP-labeled E. coli (A) or E. faecalis
(B) in the presence of no MSCs (black bars, n=4 in each group), ShSCR MSCs (gray bars,
n=5 or 4 respectively), or shSDF-1 MSCs (striped bars, n=6 or 4 respectively). £<0.0001
and P=0.0003 respectively, with significant comparisons T versus E. coli (- MSCs), § versus

E. coli+shSCR MSCs. Next, isolated peritoneal neutrophils were incubated with GFP-

labeled E. coli (C) or E. faecalis (D) in the presence of no conditioned medium (- CM,
black bars, n=4), CM from shSCR MSCs (gray bars, n=4), or CM from shSDF-1 MSCs
(striped bars, n=4). Neutrophils were also incubated with GFP-labeled E. coli (E) or E.
faecalis (F) in the presence of no CM (- CM, black bars, n=4 or 5 respectively), CM from
wild-type MSCs (gray bars, n=4 or 5 respectively), or wild-type MSC CM in the presence of

AMD 3100, an antagonist of CXCR4 (striped bars, n=4 or 5 respectively). For (C)

F£<0.0001, (D) ~<0.0001, (E) P=0.0165, and (F) ~£<0.0001, significant comparisons T versus

no CM, and § versus CM from shSCR MSCs or no AMD 3100.
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Figure 3.
Administration of shSDF-1 MSCs to mice during sepsis leads to more total peritoneal

neutrophils, a less mature phenotype and bone marrow hypocellularity, than mice receiving
shSCR MSCs. A) Mice were subjected to Sham or CLP surgery, and mice receiving CLP
were randomly separated into 3 groups: PBS control (black bar, n=5), shSCR MSCs (gray
bar, n=5), and shSDF-1 MSCs (striped bar, n=5). Mice received PBS or cells (5 x 10°) via
tail vein injection 2 hours after CLP. The peritoneal fluid was assessed by flow cytometry for
Ly6G™ neutrophils. £=0.0003, with significant comparisons * versus Sham, t versus CLP
+PBS (- MSCs), § versus CLP+shSCR MSCs. B) Mice were subjected to Sham or CLP
surgery, and 2 hours after CLP the mice received PBS or cells (5 x 10°) via tail vein
injection. Manual assessment of mature neutrophils from cytospins was assessed as a % of
total myeloid cells. Sham (white bar, n=9), PBS (black bar, n=14), shSCR MSCs (gray bar,
n=15), and shSDF-1 MSCs (striped bar, n=16). £<0.0001, with significant comparisons *
versus Sham, T versus CLP+PBS (- MSCs), § versus CLP+shSCR MSCs. C) Bone marrow
cellularity (%) and D) total number of cells was quantitated from mice undergoing Sham
(white bar, n=5 in each assay), PBS control (black bar, n=5 or 6 respectively), ShSCR MSCs
(gray bar, n=5 in each assay), and shSDF-1 MSCs (striped bar, n=5 or 6 respectfully).
F£<0.0001 for (C) and (D), with significant comparisons * versus Sham, t versus CLP+PBS
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(= MSCs), § versus CLP+shSCR MSCs. E) Bone marrow TUNEL staining (% area) and F)
flow cytometry for % Annexin V* Ly6G* neutrophils in the bone marrow was quantitated
from mice undergoing Sham (white bar, n=3 or 5 respectively), PBS control (black bar, n=5
in each assay), ShSCR MSCs (gray bar, n=5 in each assay), and shSDF-1 MSCs (striped bar,
n=5 in each assay). A<0.0001 for (E) and (F), with significant comparisons * versus Sham, ¥
versus CLP+PBS (- MSCs), § versus CLP+shSCR MSCs.
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Figure 4.
Administration of ShSCR MSCs to mice during CLP-induce sepsis leads to a marked

reduction in G-CSF, which is lost in mice receiving shSDF-1 MSCs. Mice were subjected to
CLP, and 2 hours after CLP the mice received PBS or cells (5 x 10°) via tail vein injection.
At 24 hours after CLP, tissues were harvested and RNA extracted, and quantitative real-time
PCR was performed for levels of G-CSF in livers (A), kidneys (B) and lungs (C). Data are
presented as fold change in RNA levels of G-CSF normalized to p-actin (mean+SEM).
Sham (white bars, n=4), PBS control (black bars, n=8-9), shSCR MSCs (gray bars, n=9-
10), and shSDF-1 MSCs (striped bar, n=9-10). A<0.0001 in livers, kidneys, and lungs, with
significant comparisons * versus Sham, T versus CLP+PBS (- MSCs), § versus CLP
+shSCR MSCs. D) G-CSF protein levels were also assessed in plasma at 24 hours after CLP
in Sham (circles, n=7), PBS control (squares, n=15), shSCR MSCs (upward triangles, n=14),
and shSDF-1 MSCs (downward triangles, n=13). Data are represented as pg/ml. £<0.0001
with significant comparisons * versus Sham, t versus CLP+PBS (- MSCs), § versus CLP
+shSCR MSCs. E) The area of SDF-1 positively stained cells was calculated per 20X
objective of femur/bone marrow (Bone/BM) tissue, and random fields from 3 independent
experiments were assessed per tissue section of Sham (circles, n=28), CLP+PBS (squares,
n=14), CLP+ shSCR MSCs (upward triangles, n=19) and shSDF-1 MSCs (downward
triangles, n=22). Data are represented as mean+SEM. £<0.0001, with significant
comparisons * versus Sham, T versus CLP+PBS (- MSCs), § versus CLP+shSCR MSCs.
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Figure5.
Paracrine actions of MSCs are able to enhance phagocytosis of immature neutrophils, and

this response is abolished by silencing SDF-1. MPRO cells were left uninduced, or induced
by all-transretinoic acid (ATRA, 10 pM) into immature (1 day) or mature (3 days)
neutrophils. A) Cytospins were performed and stained with Hema 3 to assess cell
morphology (top row). Flow cytometry was also performed to demonstrate the increasing
expression of Ly6G as the cells matured (bottom row). B) MPRO cells were induced to
become immature (left panel) or mature (right panel) neutrophils, and incubated with GFP-
labeled E. coliin the presence of no MSC CM (n=3 in both groups), ShSCR MSC CM (n=4
in both groups), or shSDF-1 MSC CM (n=4 in both groups). £<0.0001 and ~£=0.0035 in
immature and mature cells respectfully, with significant comparisons * versus no MSC CM,
t versus shSCR MSC CM. C) MPRO cells were induced to become immature (left panel) or
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mature (right panel) neutrophils as in (B). P=0.1864 and ~=0.2686 in immature and mature
cells respectfully, NS= not significant.

Crit Care Med. Author manuscript; available in PMC 2021 May 01.



	Abstract
	INTRODUCTION
	MATERIAL AND METHODS
	Study approval.
	Statistics.

	RESULTS
	Silencing of SDF-1 in MSCs leads to a loss of survival benefit and worse bacterial clearance in sepsis
	SDF-1 is important for the ability of MSCs to promote neutrophil phagocytosis
	Persistent recruitment of neutrophils from the bone marrow, and increased neutrophil death, foster bone marrow hypocellularity in mice receiving shSDF-1 MSCs during sepsis
	MSCs are able to enhance phagocytosis of not only mature, but also immature neutrophils

	DISCUSSION
	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

