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Abstract
The use of mesenchymal stromal cells (MSCs) for treatment of bacterial infections, including
systemic processes like sepsis, is an evolving field of investigation. The present study was
designed to investigate the potential use of MSCs, harvested from compact bone, and their
interactions with the innate immune system, during polymicrobial sepsis induced by cecal ligation
and puncture (CLP). We also wanted to elucidate the role of endogenous HO-1 in MSCs during a
systemic bacterial infection. MSCs harvested from the bones of heme oxygenase (HO)-1 deficient
(−/−) and wild-type (+/+) mice improved the survival of HO-1−/− and HO-1+/+ recipient mice
when administered after the onset of polymicrobial sepsis induced by cecal ligation and puncture
(CLP), compared with the administration of fibroblast control cells. The MSCs, originating from
compact bone in mice, enhanced the ability of neutrophils to phagocytize bacteria in vitro and in
vivo, and to promote bacterial clearance in the peritoneum and blood after CLP. Moreover, after
depleting neutrophils in recipient mice, the beneficial effects of MSCs were entirely lost,
demonstrating the importance of neutrophils for this MSC response. MSCs also decreased
multiple organ injury in susceptible HO-1−/− mice, when administered after the onset of sepsis.
Taken together, these data demonstrate that the beneficial effects of treatment with MSCs after the
onset of polymicrobial sepsis is not dependent on endogenous HO-1 expression, and that
neutrophils are crucial for this therapeutic response.
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Introduction
Mesenchymal stromal cells (MSCs) are a population of cells originally isolated from bone
marrow [1], although MSCs have also been identified in other tissues and organs [2–5].
MSCs derived from the bone marrow contribute to the formation of hematopoietic stem cell
(HSC) niches [6], and MSCs also exist in compact bone [7]. MSCs are considered to be a
promising platform for cell-based therapy, and in preclinical animal models, MSCs have
been shown to contribute to tissue repair despite limited levels of engraftment and
transdifferentiation [8]. It appears that a critical property of MSCs, in limiting tissue injury,
is modulation of the immune response. MSCs have the ability to regulate both the innate and
the adaptive immune responses in a variety of disease models [6, 9, 10].

Investigators have recently begun to explore the potential of stem cell therapy in sepsis, a
complex disease process due to a severe underlying infection leading to a systemic
inflammatory response [11–14]. Even with standard therapeutic approaches for sepsis,
morbidity and mortality rates remain high [15, 16]. Progression to severe sepsis, and the
development of shock, often leads to multiple organ dysfunction/failure and death. Thus,
new strategies are necessary to advance our understanding of the pathophysiology and
treatment of sepsis. MSCs originating from either bone marrow [17, 18] or adipose tissue
[19] have been shown to be beneficial in abdominal sepsis induced by cecal ligation and
puncture (CLP) in mice. In addition, human bone marrow-derived MSCs have been studied
in bacterial pneumonia models in mice [20]. Due to their immunomodulatory properties and
their ability to protect organs from injury [9, 21], MSCs are being considered for therapy in
sepsis.

A cytoprotective molecule that has also been shown to be advantageous during sepsis is
heme oxygenase (HO)-1. HO-1 is highly inducible by inflammation, and important for heme
degradation. The products of heme breakdown include carbon monoxide, biliverdin, and
ferrous iron [22]. Expression of HO-1 is protective during CLP-induced sepsis in mice [23],
and HO-1 and its products have been shown to have anti-inflammatory, anti-oxidant, and
anti-apoptotic properties [24–28]. Since similar properties of MSCs are vital for tissue repair
[8], we wanted to further explore the role of HO-1 in MSC function. HO-1 has been shown
to be important for the immunosuppressive response of MSCs during heart allo-
transplantation [29] and ischemic injury [30] in rats, and also in T-cell function [31].
However, the role of HO-1 in MSCs interacting with the innate immune response during
sepsis is not known.

At the present time the predominance of MSC studies, including investigations in sepsis,
endotoxemia, and lung injury, have focused on bone marrow-derived cells [17, 18, 20, 32–
36]. The isolation of MSCs from bone marrow is more challenging in mice compared with
humans or other animals, due to the lower frequency of MSC in bone marrow [37] and
contamination of hematopoietic cells in culture. Recently, MSCs have been harvested in
large numbers from compact bone of mice [7], and shown to have immunoregulatory
properties in vivo [38–40]. However, the potential benefit of these MSCs in sepsis has not
been investigated. The present study focused on MSCs from compact bone and their
interactions with the innate immune response during CLP-induced sepsis, and elucidated the
importance of endogenous HO-1 in these cytoprotective cells. To eliminate the effects of
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HO-1 expression in non-MSCs, our studies included the use of HO-1 null (−/−) mice [41],
which are known to be very susceptible to tissue injury associated with sepsis in mice [23].

Materials and Methods
Reagents

Mouse (m) interleukin (IL)-1β, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and
granulocyte-colony stimulating factor (G-CSF) were purchased from R&D Systems
(Minneapolis, MN).

HO-1 deficient mice
HO-1−/− mice were generated as described [41], and bred back to a pure BALB/c genetic
background. HO-1+/+ mice were littermate mice from heterozygous breeding.

Isolation and characterization of cells from compact bone
MSCs were harvested from mouse compact bone as described previously [7], with
modifications. In brief, femurs and tibias of mice (either HO-1+/+ or HO-1−/− mice) were
dissected and the marrow was flushed out. Cells from compact bone were isolated following
mechanical digestion (crushing and enzymatic digestion with 0.1% collagenase I and 0.25%
collagenase II with 2% FBS for 45 minutes). The isolated cells were filtered via a 70 μm
cell strainer, and centrifuged at 300 g for 10 minutes at room temperature. The supernatant
was removed, red blood cells lysed, and the cells were plated for expansion using
MesenCult Proliferation Kit (StemCell Technologies, Vancouver, BC). Next, MSCs were
isolated by negative selection using the EasySepR mouse mesenchymal stem/progenitor cell
enrichment cocktail (StemCell Technologies). Lineage depleted cells were plated in full
medium (StemCell Technologies) and expanded for two passages prior to
immunophenotyping and use. For flow cytometric analyses, cells were analyzed using a BD
FACS Canto II. At least 10,000 events were collected and data was analyzed using FlowJo
software. Antibodies used for cytometric immunophenotyping of cells are listed in
Supplemental Information, Table S1.

Isolation and characterization of lung fibroblasts
Lungs were harvested from wild-type BALB/c mice, and fibroblasts isolated (lineage
negative/Sca1-depleted cells). The cells were plated in medium and expanded prior to
immunophenotyping and use. See the Supplemental Information for further details.

Differentiation Assays
Multilineage differentiation capacity of MSCs harvested from compact bone of HO-1+/+ and
HO-1−/− mice was performed as previously described [7]. The cells were differentiated into
osteoblasts, adipocytes, and chondrocytes.

CLP model of polymicrobial sepsis
To induce polymicrobial sepsis, we utilized an established murine model of cecal ligation
and puncture (CLP) as previously described [23, 42]. For experiments using HO-1−/− mice
and mice after neutrophil depletion, two-thirds of the cecum was tied off and one 19-gauge
hole was used for CLP. For experiments using wild-type mice, a more severe injury was
performed, with two-thirds of the cecum tied off and two 21-gauge holes. Sham-operated
mice underwent the same procedure, including opening of the peritoneum and exposing the
bowel, but without ligation and needle perforation of the cecum. All mice undergoing CLP
or sham procedures were male. Animal care and use for all experiments was approved by
the Harvard Medical Area Standing Committee on Animals, Harvard Medical School.
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Cell administration after CLP
To assess the efficacy of cellular treatment, mice received an intravenous (i.v.) injection via
the tail vein of MSCs from HO-1+/+ or HO-1−/− mice, or lung-derived fibroblasts, at a dose
of 5.0 × 105 cells in 200 μl of phosphate buffered saline (PBS) 2 hours post-CLP.
Additional tail vein i.v. injections of 2.5 × 105 cells in 200 μl of PBS were given 24 and 48
hours post-CLP. As a non-cellular control group in survival experiments, PBS was
administered in a volume of 200 μl, at the same time points. Since the half-life of MSCs
administered i.v. is ≈24 hours [43], we gave a total dose of cells comparable to other studies
[17, 44], but divided the cells into 3 separate doses to prolong the time of viable MSCs after
the onset of sepsis.

Depletion of neutrophils
To deplete neutrophils, mice were injected intraperitoneally (i.p.) with Ly6G (clone 1A8)
antibody at a dose of 10 mg/kg [45], 12 hours prior to the CLP surgery. In separate
experiments, neutrophils were depleted as above, and CLP performed followed by i.v.
administration of HO-1+/+ MSCs, fibroblasts, or PBS at 2, 24, and 48 hours after surgery.
Rat IgG was used as a control antibody for the Ly6G antibody.

Bacterial phagocytosis and assessment of blood/peritoneal CFUs
In vitro phagocytosis—To isolate peritoneal neutrophils, HO-1−/− mice were given an
i.p. injection of a 2% solution of Bio-Gel P100 polyacrylamide beads (Bio-Rad, Hercules,
CA). After 24 hours, 10 ml of sterile PBS was used to lavage the peritoneal cavity, and cells
were washed and labeled with Gr-1 microbeads (Miltenyi Biotec, Auburn, CA). Following
magnetic selection, Gr-1 positive cells were placed in RPMI 1640 with 0.3% BSA and 10
mM HEPES. To activate the neutrophils, 10 ng/mL of m G-CSF was added to the medium,
and incubated for an additional 2 hours. Following activation, MSCs from HO-1+/+ or
HO-1−/− mice were added at a ratio of 1 MSC to 10 neutrophils. GFP labeled Escherichia
(E.) coli (strain MMB1287) and Enterococcus (E.) faecalis (strain V583) were then added at
10 multiplicity of infection (MOI) per neutrophil. To examine the extent of phagocytosis
[46], cells were harvested at 2 hours, washed, and incubated with Ly6G-APC conjugated
antibody (BioLegend, San Diego, CA, clone 1A8). Following staining, cells were fixed (BD
Cytofix/Cytoperm™, BD Biosciences) and flow cytometry was performed using a BD FACS
Canto II. At least 10,000 events were collected and data was analyzed using FlowJo
software and changes were documented as mean fluorescent intensity (MFI).

In vivo phagocytosis—To perform in vivo phagocytosis assays, HO-1−/− mice were
injected i.p. with 2×107 live GFP-labeled E. coli (strain MMB1287). The mice were
subsequently injected with either MSCs or fibroblasts, 1×106 cells per mouse. After one
hour of incubation, the mice were anesthetized and a peritoneal lavage was performed. The
cells from the lavage were treated with 0.2% of trypan blue for 1 minute to quench
extracellular fluorescence, and then incubated with Ly6G-APC conjugated antibody (clone
1A8). Labeled cells were fixed, and flow cytometry was performed as described for the in
vitro neutrophil phagocytosis assay.

Bacterial CFUs—Serial log10 dilutions of whole blood were performed, and aliquots were
cultured on Luria-Bertani (LB) agar plates as described [23, 47]. CFUs were counted
following overnight incubation at 37°C. In addition, serial log10 dilutions of peritoneal
lavages were also performed, and CFUs counted.
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Histology
Mice were sacrificed 24 hours following CLP and the spleens, livers, small bowels (ileum),
and kidneys were harvested for histological evaluation. The tissues were fixed in 10%
formalin, processed, embedded in paraffin, and sections (5 μm) were stained with
hematoxylin-eosin (H&E) and periodic acid-Schiff staining (PAS) (Sigma-Aldrich, St.
Louis, MO). Liver, kidney, small bowel, and spleen sections were stained with Gr-1
antibody (BD Biosciences). To assess injured/dying cells, formalin-fixed-paraffin sections
were stained for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
using the ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Millipore, USA).
Tissue sections stained with Gr-1 and TUNEL were scored by an investigator who was
blinded to the treatment. The area of positively stained cells was calculated per 40X
objective using FRIDA Software (FRamework for Image Dataset Analysis, [47]), and 10
fields were assessed per tissue section.

Tissue Injury
Tissue sections stained with H&E and PAS were evaluated by a pathologist who was
blinded to the experimental procedures. An injury score was assigned to each tissue. For the
ileum, scoring was performed for mucosal injury as recently described [47]. Mucosal
scoring included grade 0, normal mucosal villi; grade 1, development of subepithelial space;
grade 2, extension of the subepithelial space with moderate lifting of the epithelial layer
from the lamina propria; and grade 3, massive epithelial lifting down the sides of villi,
possibly with a few denuded tips. Kidney injury was graded as previously described [48], 0
to 5 according to the percentage of tubules that displayed cell necrosis, loss of brush border,
cast formation, and tubule dilation (0 = none, 1 = <10%, 2 = 11–25%, 3 = 26 to 45%, 4 =
46–75%, and 5 = ≥76%). Liver injury was scored according to the system developed by
Sneed and colleagues [49]. Necrosis, hemorrhage, parenchymal inflammatory infiltrate, and
sinusoidal inflammatory infiltrate were each individually scored from 0 (normal) to 4
(severe). The scores from each category were summed, providing a total hepatic injury
score. Finally, for the spleen, injury was assessed according to changes in size and
cellularity of the white pulp (periarteriolar sheaths, follicles, and marginal zones) and the red
pulp as described [50]. Also, changes in germinal center development in lymphoid follicles
were determined. From this assessment, injury was graded as 0 (normal), 1 (mild), 2
(moderate), and 3 (severe).

Statistical analysis
Data are expressed as mean ± SEM. Comparisons of mortality were made by analyzing
Kaplan-Meier survival curves, and then log-rank test to assess for differences in survival.
For comparisons between two groups, we used Student’s two-tailed unpaired t test, or
Mann-Whitney U testing for non-parametric analyses. One-way analysis of variance
followed by Newman-Keuls post test, or Kruskal-Wallis one-way analysis of variance
followed by Dunn’s post test, was used for analysis of more than two groups. Nonparametric
statistical analyses were performed in circumstances where the data were not normally
distributed. The numbers of samples per group (n), or the numbers of experiments, are
specified in the figure legends. Statistical significance is accepted at P<0.05.

Results
HO-1+/+ and HO-1−/− MSCs from Compact Bone are Phenotypically Similar

MSCs harvested from compact bone of HO-1+/+ and HO-1−/− mice were phenotyped by
their ability to adhere to plastic and form CFU-Fs, to express specific cell surface markers,
and to demonstrate multipotent differentiation potential (Supplemental Information, Figures

Hall et al. Page 5

Stem Cells. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



S1 and S2). MSCs harvested from HO-1+/+ mice showed evidence for expression of
mesenchymal markers including CD105, CD73, CD140b, CD44, CD29, and CD51 (Figure
S1A). These cells also expressed Sca1, but not the receptor of stem cell factor, c-kit. There
was no evidence for expression of hematopoietic lineage markers such as CD45 and CD34.
The percentage of MSCs expressing MHC II was minimal. HO-1+/+ MSCs also expressed
no CD133 and minimal Flk-1, the receptor for vascular endothelial growth factor. MSCs
harvested from compact bone of HO-1−/− mice (Figure S1B) showed a very similar
phenotype as wild-type cells, with the only clear difference being a higher percentage of
HO-1−/− cells expressing Sca1. We also assessed the expression levels of mesenchymal
markers in MSCs harvested from HO-1+/+ and HO-1−/− mice, using mean fluorescence
intensity (Figure S2D). The expression levels of the majority of mesenchymal makers was
not different between MSCs harvested from HO-1−/− and HO-1+/+ mice. Only expression of
CD105 appeared to be higher in HO-1−/− cells compared with HO-1+/+ cells. In regard to
differentiation potential, MSCs from both HO-1+/+ and HO-1−/− mice were able to
differentiate in vitro into osteoblasts, adipocytes, and chondrocytes (Figure S1C). We
quantitated the degree of osteoblast differentiation [51] in these bone-derived cells and
found that HO-1+/+ and HO-1−/− MSCs differentiate to a similar degree (Figure S2E).

To further demonstrate the similarity of cell phenotypes, HO-1+/+ and HO-1−/− MSCs were
exposed to pro-inflammatory mediators (IL-1β, TNF-α and IFN-γ) and assessed for the
expression of CD54 and CD106 (Supplemental Information, Figure S3A and S3B). These
molecules have been shown to be crucial for the immunoregulatory properties of MSCs
[52]. The inflammatory stimuli resulted in an increased expression of CD54 and CD106, and
the level of induction was not different in the presence or absence of HO-1 (Figure S3).
These data suggest that MSCs harvested from compact bone of HO-1+/+ and HO-1−/− mice
are similar phenotypically in vitro.

As a control cell for our studies, we used fibroblasts harvested from the lungs of wild-type
mice. These cells expressed some mesenchymal markers, such as CD140b, CD105, CD44,
and CD29 (Supplemental Information, Figure S4). However, they did not express CD73,
and there was no evidence for expression of CD45, a marker of the leukocyte lineage of
hematopoietic cells. Also, the cells harvested from the lungs were depleted for Sca1 to
exclude contamination of fibroblasts with lung MSCs.

Exogenous Administration of HO-1+/+ and HO-1−/− MSCs Increases Survival of Mice After
Onset of CLP-induced Sepsis

To understand the biological importance of HO-1 in MSCs in vivo, cells harvested from
HO-1+/+ and HO-1−/− mice were administered to HO-1−/− mice after the onset of CLP-
induced sepsis (two-thirds cecum ligated, one 19-gauge hole). HO-1−/− mice are very prone
to organ injury and death in this clinically relevant model of sepsis [23]. When HO-1+/+

cells were administered (i.v.) 2 hours (5.0 × 105), 24 hours (2.5 × 105), and 48 hours (2.5 ×
105) after the onset of polymicrobial sepsis, survival (90%) markedly increased compared
with mice receiving fibroblast control cells (44%, Figure 1A). Treatment of HO-1−/− mice
subjected to CLP-induced sepsis with HO-1−/− MSCs, administered at the same doses and
time points, resulted in a comparable improvement in survival (80%) as mice treated with
HO-1+/+ MSCs. These data revealed that expression of HO-1 in MSCs is not required for
their beneficial effects during polymicrobial sepsis, even when mice deficient in HO-1 are
the recipients of MSC treatment.

We next administered MSCs to HO-1+/+ mice after the onset of CLP-induced sepsis (Figure
1B). A more severe model of CLP was induced in the cecum in wild-type mice (two-thirds
cecum ligated, two 21-gauge hole), as they are not as susceptible to injury as HO-1−/− mice.
The number of cells, volume of injections, and timing of cell administration was identical to
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the HO-1−/− recipients, and control groups included the administration of fibroblasts or
vehicle (PBS). The lethality of mice receiving fibroblasts or PBS was not different, and the
administration of HO-1+/+ MSCs increased survival by 36 to 49%, respectively (Figure 1B).
Survival of mice receiving HO-1−/− MSCs was not significantly different from mice
receiving HO-1+/+ MSCs, but was increased compared with mice receiving PBS.

To determine the importance of neutrophils—a critical cell involved in the immune response
to bacterial infections—for the beneficial MSC response during sepsis, neutrophils were
depleted in vivo by administering an antibody targeting Ly6G, as described previously [45].
The Ly6G antibody was given 12 hours prior to CLP (two-thirds cecum ligated, one 19-
gauge hole), and circulating neutrophils (Supplemental Information, Figure S5A) were
decreased 10-fold by the time of surgery, and remained depleted after 72 hours (Figure
S5B). MSCs were not able to rescue mice from polymicrobial sepsis after depletion of
neutrophils (Figure 1C), and their survival was comparable to mice receiving control
fibroblasts or PBS. Moreover, when control rat IgG was administered instead of Ly6G
antibody, there was no lethality in this less severe CLP model (data not shown). These data
confirm the importance of neutrophils during the response to sepsis, and demonstrate that
neutrophils are critical for the MSC-induced increase in survival.

MSCs Enhance Phagocytosis of Bacteria by Neutrophils, and Increase Bacterial Clearance
During Polymicrobial Sepsis

To further understand the beneficial effects of MSCs in CLP-induced sepsis, we performed
bacterial phagocytosis assays, using neutrophils as important phagocytic cells involved in
the response to infection. As shown in Figure 2A, neutrophil phagocytosis of E. coli was
markedly increased in the presence of HO-1−/− (5-fold) or HO-1+/+ (6-fold) MSCs, as
compared with neutrophils alone. Addition of fibroblasts did not alter neutrophil
phagocytosis (data not shown). Phagocytosis of E. faecalis by neutrophils was also increased
in the presence of HO-1−/− (1.8-fold) or HO-1+/+ (1.7-fold) MSCs. Representative images of
flow cytometry pseudo-color density plots for neutrophil phagocytosis are shown in
Supplemental Information, Figure S6A. MSCs alone did not phagocytize bacteria in the
absence of neutrophils (Figure S6B). To translate this concept in vivo, E. coli were injected
into the peritoneum of HO-1−/− mice, along with MSCs (either HO-1−/− or HO-1+/+) or
fibroblasts. Neutrophil phagocytosis of E. coli was significantly increased in vivo in the
presence of HO-1−/− (3.2-fold) or HO-1+/+ (4.4-fold) MSCs, as compared with neutrophils
plus fibroblasts (Figure 2B). These data suggest that in an acute bacterial exposure,
neutrophils play an important role in the ability of MSCs to increase phagocytosis, and this
response is not dependent on expression of HO-1. Since HO-1+/+ and HO-1−/− MSCs were
phenotypically and biologically similar in the setting of an exposure to bacteria, in vitro and
in vivo, the remainder of studies were performed using HO-1+/+ MSCs.

With evidence that enhanced bacterial phagocytosis by neutrophils contributes to the MSC
response, peritoneal and blood bacterial counts were assessed in HO-1−/− mice undergoing
sham or CLP surgery, in which mice received treatment with MSCs or fibroblast control
cells. Cells were administered 2 hours (5.0 × 105 i.v.) after CLP, and bacterial CFUs from
the peritoneum and blood were assessed at 24 hours. Compared with sham surgery, mice
undergoing CLP that received fibroblasts had a significant increase in peritoneal bacteria
(Figure 3A). Mice receiving MSCs after CLP did not have a significant difference in
peritoneal bacteria compared with sham surgery. When bacterial CFUs from blood were
subsequently assessed in HO-1−/− mice undergoing CLP, mice receiving MSCs had a
significantly lower number of circulating bacteria compared with mice receiving fibroblasts
(Figure 3B). These same studies were performed in HO-1+/+ mice, and administration of
MSCs after CLP led to a reduction in bacterial CFUs from the peritoneum and blood
compared with mice receiving fibroblasts (Figure 3C and 3D). Moreover, the ability of
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MSCs to promote bacterial clearance from the blood after CLP was lost in mice depleted of
neutrophils (Figure 3D). Thus, MSCs increase neutrophil phagocytosis and improve
bacterial clearance from the peritoneum and blood of HO-1−/− and HO-1+/+ mice, and
neutrophils are critical for this clearance of bacteria by MSCs after CLP.

MSCs Decrease Organ Injury During CLP-induced Sepsis
Histological analysis of organs 24 hours after CLP-induced sepsis in mice treated with
fibroblast control cells demonstrated an increased injury score in small bowels (ileum),
kidneys, livers, and spleens (Figure 4) compared with organs from sham operated mice.
Bowel injury in mice receiving MSCs after CLP was not significantly different from sham
mice, and in kidneys, livers, and spleens the administration of MSCs produced a significant
decrease in injury scoring compared with fibroblast treated mice. Representative images
form the injured organs showed evidence for subepithelial spaces in the villi of the small
bowel, tubular epithelial cell swelling and degeneration in the kidney, liver necrosis, and
numerous tingible bodies (macrophages engulfing apoptotic nuclei) and nuclear debris from
dying cells in the white pulp of the spleen from mice receiving fibroblasts after CLP (Figure
5, arrows). In contrast, mice receiving MSCs demonstrated minimal subepithelial spaces, no
evidence of tubular epithelial cell injury, no liver necrosis, and minimal evidence of tingible
bodies. Circulating white blood cells (WBCs) were increased in HO-1−/− mice receiving
fibroblasts after CLP, and treatment with MSCs produced a significant decrease in
circulating WBCs compared with fibroblast treated mice (Supplemental Information, Figure
S7A). Furthermore, we assessed Gr-1+ cells (predominantly neutrophils) in small bowels,
kidneys, and livers of HO-1−/− mice after CLP. There was a significant decrease in Gr-1+

cells in small bowels of mice treated with MSCs compared with mice receiving fibroblasts
after CLP (Figure S7B). In kidneys and livers, mice receiving MSCs had no difference in
Gr-1+ infiltrating cells compared with sham operated mice (Figures S7C and S7D
respectively). These data mirror the decrease in injury of organs from mice receiving MSCs
after CLP.

To use a second independent means of assessing tissue injury, TUNEL staining was
performed in the organs of HO-1−/− mice undergoing sham or CLP surgery. As shown in
Figure 6, evidence for TUNEL staining was dramatically increased in the organs (small
bowels, kidneys, livers, and spleens) of HO-1−/− mice 24 hours after CLP when receiving
fibroblasts. This staining was dramatically reduced in HO-1−/− mice receiving MSCs,
demonstrating a significant reduction in injury. In fact, the level of TUNEL staining in
septic mice that received MSCs was not significantly different from sham-operated mice.
This decrease in organ injury produced by MSCs was also evident in tissue from HO-1+/+

mice after CLP. As seen in Figure 7, the increase in tingible bodies in splenic tissue of wild-
type mice receiving PBS or fibroblasts after CLP was reduced in mice receiving MSCs.
There was also a marked decrease in TUNEL staining in spleens of HO-1+/+ mice receiving
MSCs. These data demonstrate that administration of MSCs after the onset of polymicrobial
sepsis in mice leads to a decrease in end-organ injury.

Discussion
MSCs have been harvested in large numbers from compact bone of mice [7, 38], and these
cells are reported to support bone formation in vivo when cultured in basic fibroblast growth
factor-conditioned medium [53]. Interestingly, when infused into mice, these MSCs also
have immunoregulatory properties in vivo, prolonging skin grafts across major
histocompatibility barriers [38] and inhibiting the development of acute graft-versus-host
disease in mice [39, 40]. While the properties of these cells are suggested to be similar to
their bone marrow counterparts in mice and humans [7, 38], to our knowledge MSCs
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harvested from compact bone have not been investigated for their functional importance in
polymicrobial sepsis.

HO-1 is known to be a critical mediator in the response to sepsis, as shown previously by
the enhanced lethality of HO-1−/− mice undergoing CLP [23] and exaggerated tissue injury.
In the present study, we wanted to investigate the role of HO-1 specifically in MSCs, by
administering either HO-1+/+ or HO-1−/− cells to mice deficient in HO-1 after the onset of
polymicrobial sepsis. We utilized HO-1 deficient mice as recipients of MSCs because
upregulation of HO-1 in endogenous cells during sepsis would increase production of CO,
and then have an effect on the exogenously administered MSCs. The ability of CO to diffuse
from one cell type to another, and produce a biologic response, has been demonstrated
previously utilizing targeted cell expression of HO-1 [23, 54].

Prior studies have shown that overexpression of HO-1 can improve bone marrow-derived
MSC function in disease models such as hypoxia-induced pulmonary hypertension [36] and
myocardial ischemia [30]. However, the effect of genetic deficiency or inhibition of
endogenous HO-1 in MSCs is less clear. In cisplatin-induced injury, HO-1−/− MSCs were
not protective to the kidney [55] compared with wild-type MSCs. Also, in heart allograft
studies, the protective effects of MSCs were lost after HO-1 inhibition [29]. However,
during hypoxia-induced pulmonary hypertension, the therapeutic effects of bone marrow-
derived MSCs harvested from HO-1 deficient mice were not dramatically different from
wild-type MSCs, and both populations of cells were able to confer partial protection from
the hypoxia [36]. This suggests that the importance of endogenous HO-1 in MSCs may
depend on the model of disease. In the present study, we show that exogenous
administration of either HO-1+/+ or HO-1−/− MSCs were capable of significantly improving
survival after the development of CLP-induced sepsis in HO-1−/− mice (Figure 1A). This is
a striking response, as HO-1−/− mice are very susceptible to sepsis-induced injury, resulting
in multiple organ injury (Figures 4, 5, and 6). HO-1+/+ and HO-1−/− MSCs were also able to
improve survival of wild-type mice after the onset of CLP-induced sepsis (Figure 1B). In
addition, HO-1−/− MSCs have a similar response as HO-1+/+ MSCs to improve the
phagocytosis of neutrophils, both in vitro and in vivo (Figure 2). Taken together, it does not
appear endogenous HO-1 is required for MSC to promote their favorable effects during
polymicrobial sepsis. However, this certainly does not exclude the possibility that genetic
upregulation of HO-1 may be more beneficial for MSCs during sepsis, as has been shown
when using bone marrow-derived cells in other disease models [30, 36].

Sepsis is a disease process that involves an exaggerated immune response, and MSCs are
known to have important immunoregulatory properties [6, 9, 10, 56]. During the
hyperimmune phase of sepsis, MSCs may protect the host by dampening the inflammatory
response. Nemeth and colleagues reported that bone marrow-derived MSCs were able to
reprogram macrophages in a prostaglandin E2-dependent manner, causing macrophages to
increase production of IL-10, an anti-inflammatory cytokine [17]. Moreover, MSCs were
able to decrease serum levels of the pro-inflammatory cytokines TNF-α and IL-6. However,
if MSCs only suppressed the immune response during sepsis, the eradication of infecting
organisms responsible for sepsis pathobiology would be jeopardized. Beyond this anti-
inflammatory response, human MSCs have been shown to express the antimicrobial peptide
LL-37, contributing to the clearance of gram-negative bacteria (E. coli) in the lung [20]. It
has also been shown that MSCs (harvested from mouse bone marrow or human adipose
tissue) can increase bacterial clearance in mouse models of sepsis [18, 19], and that CD11b+

cells from the peritoneum or spleens of CLP injured mice receiving MSCs have improved
phagocytic activity [18]. In addition, recently it was reported that human MSCs reduced
bacteremia in a gram negative model of sepsis in mice, in part by improving the phagocytic
activity of blood CD11bhiCD115+ mononuclear cells [44].
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Prior investigations assessing cellular therapy in sepsis have focused on the effects of MSCs
on macrophage and monocyte function, however our interest was in the interactions between
MSCs and neutrophils, one of the earliest immune responders to a bacterial infection.
Neutrophils are clearly an important cell during sepsis, as shown by increased lethality when
neutrophils are depleted prior to CLP [57]. Other than the ability of MSCs to decrease
neutrophil infiltration into organs during models of sepsis and endotoxemia (Supplemental
Information, Figure S7 and reviewed in [56]), less is known about the ability of MSCs to
alter neutrophil function in vivo, or the importance of neutrophils to the MSC response. We
demonstrate that MSCs (HO-1+/+ or HO-1−/−) were able to enhance the phagocytic activity
of neutrophils, both in vitro and in vivo (Figure 2). Evidence for enhanced phagocytic
activity of neutrophils helped to explain the improved clearance of bacteria in the
peritoneum and blood by MSCs (Figure 3). Moreover, when neutrophils were depleted prior
to CLP, MSC were unable to increase survival during polymicrobial sepsis, compared with
fibroblasts or PBS (Figure 1C), and they were unable to promote bacterial clearance from
the blood (Figure 3D). These studies provide new insight regarding the critical interactions
between MSCs and neutrophils during sepsis.

Conclusions & Summary
MSCs harvested from compact bone are capable of decreasing lethality associated with
CLP-induced polymicrobial sepsis. This beneficial MSC response does not require
endogenous HO-1; however, the presence of neutrophils is essential for MSCs to improve
survival. Furthermore, MSCs are able to improve bacterial clearance from the peritoneum
and blood, and decrease tissue injury, after the onset of polymicrobial sepsis. Thus, MSCs
are beneficial during a systemic bacterial infection, and the response of neutrophils to
exogenous MSCs is crucial for the improved outcome.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MSCs improve survival following CLP-induced polymicrobial sepsis and neutrophils are
critical for this response. A) HO-1−/− mice were treated with HO-1+/+ MSCs (solid black
line, n=10), HO-1−/− MSCs (dashed black line, n=10) or fibroblasts (solid gray line, n=9) at
2, 24 and 48 hours post-CLP. Mice were monitored for survival over 7 days, and data are
presented as a Kaplan-Meier survival curve. Survival for HO-1+/+ MSCs versus fibroblasts,
* P=0.031; HO-1−/− MSCs versus fibroblasts, * P=0.045.
B) HO-1+/+ mice were treated with HO-1+/+ MSCs (solid black line, n=26), HO-1−/− MSCs
(dashed black line, n=22), fibroblasts (solid gray line, n=17), or PBS (dashed gray line,
n=18) at 2, 24 and 48 hours post-CLP. Mice were monitored for survival over 7 days, and
data are presented as a Kaplan-Meier survival curve. Survival for HO-1+/+ versus fibroblasts
(* P=0.049) and PBS († P=0.005); HO-1−/− MSCs versus PBS († P=0.032). C) HO-1+/+
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mice receiving Ly6G antibody were treated with HO-1+/+ MSCs (solid black line, n=13),
fibroblasts (solid gray line, n=13), or PBS (dashed gray line, n=6) administered 2, 24, and 48
hours post-CLP. Mice were monitored for survival over 7 days, and data are presented as a
Kaplan-Meier survival curve.
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Figure 2.
MSCs enhance the ability of peritoneal neutrophils to phagocytize bacteria. A) Activated
peritoneal neutrophils were incubated with GFP-labeled E. coli or E. faecalis in the presence
of MSCs (HO-1+/+, black bars or HO-1−/−, gray bars) or in the absence of MSCs (− MSCs,
white bars) in vitro. Mean fluorescence intensity data are presented as mean±SEM from 3
independent experiments. *P<0.01 versus no MSCs, using Kruskal-Wallis one-way analysis
of variance followed by the Dunn’s post test analysis. B) GFP-labeled E. coli were injected
i.p. into HO-1−/− mice in the presence of MSCs (HO-1+/+, black bars or HO-1−/−, gray bars)
or fibroblasts (striped bar) in vivo. Mean fluorescence intensity data are presented as mean
±SEM of 3–4 mice per group. *P=0.043 versus fibroblasts, using Kruskal-Wallis one-way
analysis of variance followed by the Dunn’s post test analysis.
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Figure 3.
MSCs promote bacterial clearance in mice after CLP, and this response is lost when
neutrophils are depleted. HO-1−/− mice underwent sham (−) or CLP (+) surgery, and 2 hours
after surgery were treated with MSCs or fibroblasts. At 24 hours after surgery, peritoneal
fluid (A) and blood (B) were collected. CFUs were determined after incubating at 37°C
overnight. Peritoneal fluid: sham, n=8; MSCs, n=8; fibroblasts, n=8. Blood: MSCs, n=6;
fibroblasts, n=6. Horizontal bars represent mean values. Experiments were performed 2
independent times. *P<0.05 versus sham, using Kruskal-Wallis one-way analysis of
variance followed by the Dunn’s post test analysis (A), and †P<0.05 MSC versus fibroblast,
Mann-Whitney U testing (B). HO-1+/+ mice also underwent sham (−) or CLP (+) surgery,
and 2 hours after surgery were treated with MSCs or fibroblasts. At 24 hours after surgery,
peritoneal fluid (C) and blood (D) were collected. CFUs were determined after incubating at
37°C overnight. Peritoneal fluid: sham, n=8; MSCs, n=7; fibroblasts, n=6. Blood (no
neutrophil depletion): MSCs, n=7; fibroblasts, n=6. Blood (neutrophil depletion): MSCs,
n=6; fibroblasts, n=6. Horizontal bars represent mean values. Experiments were performed 2
independent times. *P<0.05 versus sham, and † P<0.05 versus fibroblasts, using Kruskal-
Wallis one-way analysis of variance followed by the Dunn’s post test analysis (C), and
†P<0.05 MSC versus fibroblast, Mann-Whitney U testing (D). NS, not significant.
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Figure 4.
MSCs protect organs from injury after CLP-induced polymicrobial sepsis. HO-1−/− mice
underwent sham (−) or CLP (+) surgery, and 2 hours after surgery were treated with MSCs
or fibroblasts. At 24 hours after surgery, tissues were scored for injury (see Methods
section). Horizontal bars represent mean values. Sham, n=8–10; MSCs, n=9–10; fibroblasts,
n=9–10 for the kidney, liver and spleen. Sham, n=6; MSCs, n=7; fibroblasts, n=4 for the
small bowel. *P<0.05 versus sham, †P<0.05 versus fibroblasts using Kruskal-Wallis one-
way analysis of variance followed by the Dunn’s post test analysis.
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Figure 5.
Representative images of organs from mice that received MSCs or fibroblasts after the onset
of CLP-induced sepsis. H&E staining of sections from small bowel, liver, and spleen, and
PAS staining of kidney, from mice 24 hours after sham (−) or CLP (+) surgery. In the CLP
mice, 2 hours after the onset of sepsis, MSCs or fibroblasts were administered. The arrows
point to subepithelial spaces in the villi (small bowel, black arrows), tubular epithelial cell
swelling (kidney, black arrows), necrotic regions (liver, black arrows), and tingible body
macrophages, predominantly in the white pulp, which have phagocytized apoptotic cells
(spleen, yellow arrows). Light microscopy images, small bowel and kidney (20X objective),
liver (10X objective), and spleen (40X objective).
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Figure 6.
MSC treatment decreases tissue injury 24 hours after CLP-induced polymicrobial sepsis.
HO-1−/− mice underwent sham (−) or CLP (+) surgery, and 2 hours after surgery were
treated with MSCs or fibroblasts. At 24 hours after surgery, tissues were harvested and
injury was evaluated by TUNEL staining (brown), and quantitated (left panels). Light
microscopy images were taken with a 40X objective, and the bar in the sham panels
represents a length of 50 μm. Data are represented as mean±SEM. Sham, n=6; MSCs, n=7–
8; fibroblasts, n=6–8. *P<0.05 versus sham, †P<0.05 versus fibroblasts using Kruskal-
Wallis one-way analysis of variance followed by the Dunn’s post test analysis.
Representative small bowel, kidney, liver and spleen sections of HO-1−/− mice are to the
right of the quantitative graphs.
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Figure 7.
MSCs decrease splenic injury in wild-type mice after CLP-induced polymicrobial sepsis. A)
PAS staining of spleen tissue from sham mice (− CLP) or mice 24 hours after CLP (+). In
the CLP mice, 2 hours after the onset of sepsis, PBS, fibroblasts, or MSCs were
administered. The white arrows point to representative tingible body macrophages,
predominantly in the white pulp, which have phagocytized apoptotic cells. B) TUNEL
staining was performed, in the same groups as described in (A), to identify apoptotic cells in
splenic tissue after CLP. The brown staining identifies the apoptotic splenocytes. Light
microscopy images, taken with a 20X objective. C) TUNEL staining was quantitated, and
the data are represented as mean±SEM. For mice undergoing CLP, a minimum of 4–5 mice
per group were analyzed. *P<0.05 versus sham, †P<0.05 versus fibroblasts and PBS using
one-way analysis of variance followed by Newman-Keuls post test analysis. NS, not
significant.
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