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Abstract
Introduction—Critical illnesses continue to be major causes of morbidity and mortality
worldwide. Recent investigations show that stem cells may be beneficial as prognostic biomarkers
and novel therapeutic strategies in these syndromes. This article reviews the use of stem cells in
sepsis and acute lung injury as prognostic biomarkers and also as a potential for exogenous cell-
based therapy.

Methods—A directed search of the medical literature was done using PubMed and OVID to
evaluate topics related to pathophysiology of sepsis and acute lung injury, in addition to the
characterization and utilization of stem cells in these diseases.

Conclusions—Stem cells have shown significant promise in the field of critical care medicine
both for prognostication and treatment strategies. Although recent studies have been done to
describe the mechanistic pathways of stem cells in critical illness, further investigation is
necessary to fully delineate the mechanisms behind a stem cell’s immunomodulatory
characteristics and its ability to mobilize and engraft in tissues.
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Every year, critical illnesses affect millions of people worldwide and result in significant
morbidity and mortality. Sepsis, the prototypical critical illness, is manifested clinically by a
systemic inflammatory response to an infection and can progress with variable intensity to
severe organ dysfunction and death.1 Acute lung injury (ALI) and its severe form, acute
respiratory distress syndrome (ARDS), are the devastating causes of respiratory failure,
which is one of the most common organ dysfunctions in sepsis. When characterized by
disruption of the alveolar capillary membrane, ALI/ARDS can result in pulmonary edema
and significant hypoxemia.2 Despite years of research and recent advances in therapeutic
strategies for these 2 diseases,3–5 morbidity, mortality and healthcare expenditures remain
high,6,7 whereas efforts to identify novel therapies and factors that predict survival have
been unrevealing.

Complex pathophysiologic responses occur when a host responds to a systemic infection.
Research has shown that sepsis8,9 and ALI/ARDS2,10,11 are characterized by
proinflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-6, in
addition to coexisting anti-inflammatory cytokines, which modulate the inflammatory
response.12 Bronchoalveolar lavage studies in subjects with ALI/ARDS have even shown
significant inflammation in radiographically spared regions of the lung.13 Understanding the
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pathogenesis of these syndromes has lead to aggressive attempts to identify the new
pathogenetically important biomarkers and therapies. Both embryonic and adult tissue-
derived stem cells have shown remarkable potential to repair and regenerate various organs,
including the lungs.14 –16 Krause et al17 discovered in a landmark article that single bone
marrow cells can self-renew in vivo and differentiate into hematopoietic progenitors and
mature cell types, opening the door for cell-based therapy. In addition, stem cells are able to
mitigate injury and inflammation through paracrine mechanisms14,18,19 and may even help
prognosticate survival.20,21 Although there is still considerable controversy regarding a stem
cell’s ability to engraft and repair injured tissue, these findings suggest that stem cells may
offer novel approaches as prognostic biomarkers and cell-based therapies in critical illness.
This review will focus on the utilization of adult tissue-derived stem cells in sepsis and ALI/
ARDS.

EPIDEMIOLOGY AND PATHOPHYSIOLOGY OF SEPSIS AND ALI
Sepsis as a Prototypical Critical Illness

Sepsis is a significant public health problem, affecting more than 700,000 people every year
in the United States. In the United States, sepsis is a leading cause of death in the intensive
care unit (ICU), and it is the 10th leading cause of death overall.6,22,23 Sepsis is an acute
inflammatory response to an infection, and the severity of the inflammatory response may
cause organ dysfunction, which is a primary determinant of survival.1 The development of
organ dysfunction, such as respiratory, hepatic or renal failure, is highly variable in patients
with sepsis and cannot be predicted by clinical or physiologic variables.24–27

The pathophysiologic changes in the microvasculature significantly influence morbidity and
mortality in sepsis (Figure 1).28 An infectious insult, classically described as bacterial
endotoxin, initiates a pathophysiologic cascade involving circulatory disturbances, lactic
acidosis and tissue necrosis, ultimately resulting in shock and death.29,30 Studies have
shown that a number of cytokines are released by lipopolysaccharide (LPS)-activated
inflammatory cells during the onset of an endotoxin response and are important for host
immune defense and resolution of the inflammatory response as they interact with invading
pathogens.31,32 Simultaneously, activation of anti-inflammatory pathways may lessen the
inflammatory response.12 Low doses of endotoxin have been known to activate
macrophages33 and release a variety of chemoattractant factors initiating signaling cascades.
These systemic signals mobilize stem cells from the bone marrow, recruiting them to injured
sites where they may differentiate into a variety of tissue-specific cell types,14,16,17,34 –36

and modify the immune response.37,38

ALI and ARDS
ALI and ARDS, severe forms of hypoxemic respiratory failure, are most frequently
complications of sepsis.7 Patients with this disease often require extended mechanical
ventilatory support and have a mortality of approximately 30% to 50%.7 Unfortunately,
current treatment is largely supportive with lung protective ventilation and a conservative
fluid strategy3,39 because there are no proven pharmacologic therapies to reduce the severity
of lung injury or to improve the clinical outcomes.40– 42

Characterized by diffuse pulmonary infiltration, increased pulmonary capillary permeability
and severe hypoxemia, ALI/ARDS can also result in damage of epithelial and endothelial
surfaces, disruption of the alveolar-capillary barrier and flooding of alveolar spaces with
fluid.2 In addition, endotoxemia itself can cause an acute systemic inflammatory response,
which has been associated with lung edema, altered pulmonary function and deposition of
inflammatory cells in the lungs.43 Experimental models have shown that pulmonary
neutrophils increase activation of nuclear factor-κβ and produce increased amounts of
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proinflammatory cytokines.10,44 Pulmonary epithelial and endothelial cells of donor origin
have been identified after hematopoietic stem cell and lung transplant in both murine and
human studies,17,45,46 suggesting that stem cells once evoked from a cellular response have
the unique ability to target the injured areas,16,32,45 to modulate the immune response and to
repair the damaged tissue.47–50 These properties make bone marrow-derived stem cells
attractive as cell-based therapy and as prognostic biomarkers for both sepsis and ALI/
ARDS.

STEM CELL CLASSIFICATION
Stem cells have the capacity for extensive self-renewal with the potential to change into
cells of multiple lineages.51 Individual stem cells self-generate and undergo continuous cell
formation, leading to a succession of cells that have progressively less capacity for self-
generation until ultimately a lineage-committed cell is formed. Until recently, the beneficial
effects of stem cells were mostly attributed to their ability to incorporate into tissue
(engraftment) and repair injured areas. Engraftment may still occur with some stem cells,
but recent investigations propose that other mechanisms may be involved, including a stem
cell’s ability to exert paracrine effects and generate the necessary signaling factors for tissue
repair. These abilities may make stem cells uniquely suited to be prognostically and
therapeutically important in critical illness.

A variety of stem cells have been isolated and characterized in the last several years.
Although, currently, no uniform classification exists, stem cells have been broadly classified
into adult-tissue derived and embryonic stem cells. Embryonic stem cells are derived from
the inner cell mass of a developing blastocyst and are designated as pluripotent.
Pluripotency gives these stem cells the ability to proliferate indefinitely without
differentiation. However, this characteristic may present as a disadvantage for these cells
have undergone unregulated growth leading to the formation of neoplasms.52–54 In contrast,
adult tissue-derived stem cells, which will be discussed in this review, are also able to
differentiate into a variety of adult tissues, but the fate of these cells seems to be somewhat
restricted. Of these cells, mesenchymal stem cells (MSCs) and endothelial progenitor cells
(EPCs) are perhaps the most widely studied.

Mesenchymal Stem Cells
MSCs have been isolated from multiple tissues,55,56 but the bone marrow is the best
characterized source and much of the knowledge of MSCs is derived from studies involving
bone marrow-derived MSCs (BMDMSCs). The small numbers present in the bone marrow
necessitate expansion of these cells in vitro. Consensus minimal criteria to define human
MSC include (1) selection for a plastic-adherent cell population in standard culture
conditions; (2) expression of CD105, CD73 and CD90 and lack expression of CD45, CD34,
CD14, CD11b, CD79α, CD19 or human leukocyte antigen-DR surface molecules and (3)
ability to differentiate into adipocytes, osteocytes and chrondrocytes in vitro.57 In the lung,
BMDMSCs are able to engraft as type I and type II alveolar epithelial cells, endothelial
cells, fibroblasts and bronchial epithelial cells.14,19 MSCs have immunomodulatory
characteristics that augment tissue repair. In animal models of lung injury, administration of
these cells attenuates severity of the inflammatory response despite low levels of cell
engraftment.14,16 In addition, MSCs seem to not be immunogenic having an innate ability to
avoid detection by a recipient’s immune system.38 These cells are able to inhibit lymphocyte
proliferation,47,58 expressing only intermediate levels of major histocompatibility complex
(MHC) class I but not MHC class II,59 intimating that undifferentiated and differentiated
MSCs may be suitable for transplantation even between MHC incompatible individuals
(Figure 2).
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Endothelial Progenitor Cells
In addition to MSCs, EPCs have also been studied in sepsis and ALI/ARDS. These cells
were first discovered in 1997 when Asahara et al60 purified a population of cells that
displayed properties of both endothelial cells and progenitor cells. They hypothesized that
the peripheral blood contained cells capable of trafficking toward ischemic sites and
differentiating into mature ECs, which they termed “endothelial progenitor cells.”60

Progenitor cells are different than stem cells in that they are farther along the pathway of
differentiation compared with true stem cells, committed to forming 1 specific cell type.
Since their discovery, EPCs have been extensively studied as biomarkers of cardiovascular
disease and as cell-based therapy for the repair of damaged vasculature.61,62 However,
similar to MSCs, EPC investigators continue to speculate on an alternate mechanism besides
engraftment, given the lack of evidence of long-term engraftment into newly formed
vessels.63,64

In contrast to MSCs, the phenotypic characterization of EPCs is controversial for there is no
unique marker in animals or humans to define an EPC. The peripheral circulation often
contains other circulating endothelial cells (CECs), which confound accurate identification
of EPCs. Several culture methods have been described,60,62,65,66 but, typically, the initial
population in a cell culture is heterogeneous, making it difficult to determine the precursor
cell that gives rise to EPCs. There is an alternative method known as fluorescence-activated
cell sorting, which can potentially identify more homogenous EPCs using specific cell
surface antigens.67 Human circulating EPCs have typically been identified as cells that
express CD34, CD133 or vascular endothelial growth factor receptor (VEGFR)-2.60,68

However, these cell surface antigens are also expressed on human hematopoietic stem
cells,69 making it difficult to differentiate between EPCs, CECs and other hematopoietic
cells.

STEM CELLS AS PROGNOSTIC BIOMARKERS
The last several years have seen a significant increase in the amount of preclinical and
clinical data regarding the predictive potential of stem cells in critical illness.

Prognostic Implications of Stem Cells in Sepsis
A variety of stem cells have been investigated for their prognostic capabilities in sepsis
(Table 1). In 2001, Mutunga et al70 found a significant increase in CECs in a small group of
patients with sepsis and septic shock compared with ICU controls or healthy people. CECs
were identified by indirect immunofluorescence, using antibodies to von Willebrand factor
and VEGFR KDR. Increasing numbers of CECs were found even in patients with sepsis
without shock, suggesting that endothelial damage preceded the development of organ
failure.70 In addition, the number of CECs was higher in patients who died of septic shock
compared with survivors, supporting the view that the magnitude of increase in circulating
cell numbers in sepsis maybe related to vascular injury severity.70 This study provided direct
evidence for endothelial dysfunction in humans during septic shock. A few years later,
Tsaganos et al71 studied 44 patients with ventilator-associated pneumonia and sepsis, a more
homogenous population than previous studies. They observed that time of survival was
decreased for patients with ≥310/μL of CD34/CD45 cells on day 1 compared with those
patients with <310/μL of cells, a similar result to Mutunga et al70 in that survival was
associated with fewer number of circulating CD34/CD45 progenitor cells.

Studies evaluating EPCs specifically in sepsis have only emerged in the last few years. Rafat
et al21 measured levels of circulating EPCs in a cohort of 32 patients within 48 hours after
sepsis onset. EPCs were identified by fluorescence-activated cell sorting using antibodies
against CD34, CD133 and VEGFR-2. They found that the number of circulating EPCs was
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significantly higher in patients with sepsis versus nonseptic ICU patients and healthy
controls,21 comparable with the previous studies. This number remained increased even 5
days after the initial sampling, and high numbers of circulating EPCs correlated with high
serum levels of VEGF, granulocyte monocyte colony-stimulating factor and
erythropoietin.21 However, in contrast to previous studies, Rafat et al21 found that sepsis
survivors had significantly greater number of EPCs than non-survivors, suggesting that not
only vascular damage induces release of stem cells in circulation but also circulating stem
cells may predict clinical outcome in critically ill patients. Similarly, Burnham et al recently
studied EPC in a cohort of patients with sepsis and ALI. EPC was assessed by a colony-
forming unit (CFU) cell culture assay in which peripheral blood mononuclear cells were
isolated using Ficoll density gradient centrifugation and cultured in EPC media. Analysis
revealed that those with CFU count ≥48 per volume had an overall better survival compared
with those with CFU count <48.72

Recently, our group at Emory University studied EPCs in a cohort of patients with sepsis as
a biomarker for organ dysfunction, a major determinant of mortality in sepsis (manuscript
submitted). EPCs were assessed by a CFU cell culture assay in which peripheral blood
mononuclear cells were isolated using Ficoll density gradient centrifugation and cultured in
EPC media. In this study, EPC CFU numbers were significantly lower in patients with
sepsis compared with ICU and healthy control subjects (P = 0.0005). Furthermore, total
Sepsis-Related Organ Failure Assessment score decreased as EPC CFU counts increased for
65 survivors and 21 nonsurvivors (P = 0.04) and for 53 patients without shock and 33
patients with shock (P = 0.0025). Hence, the number of circulating EPCs inversely
associated with the severity of organ dysfunction, irrespective of shock and mortality in
sepsis. This study shows that the measurement of EPC CFUs is a promising novel
prognostic biomarker for organ dysfunction in patients with sepsis and supports the
hypothesis that mobilization of EPC CFU counts from the bone marrow may contribute to
repair of the vascular endothelium and to injured organs.

Prognostic Implications of Stem Cells in ALI
Recent advancements with stem cells have also been made in the area of ALI/ARDS (Table
1). A few years ago, Burnham et al hypothesized that an increased number of circulating
EPCs in the first 72 hours of ALI would be beneficial. They found that patients with ALI/
ARDS had significantly greater EPC CFU counts compared with the healthy controls.20 In
addition, patients with ALI with an EPC CFU count ≥35 had >28-day survival compared
with those patients with an EPC CFU count <35, concluding that adequate mobilization of
EPCs from bone marrow in ALI/ARDS could contribute to repair and recovery of damaged
pulmonary endothelium,20 conferring a survival benefit. Furthermore, EPC counts were
similarly increased in the 44% of subjects with septic shock.20

THERAPEUTIC POTENTIAL OF STEM CELLS
An assortment of clinical trials have used stem cells in diseases such as cardiovascular
diseases,49,61 heart failure,73 pulmonary hypertension,74 graft-versus-host disease15 and
cerebrovascular disease.75 However, until recently, MSCs and EPCs had not been
extensively studied in critical illness.

Cell-Based Therapy in Sepsis
Many studies evaluating cell therapy in sepsis have been done regarding BMDMSCs (Table
2). Xu et al19 hypothesized that BMDMSCs would inhibit the acute inflammatory response
from endotoxin, effectively protecting the lung from ALI. They found that BMDMSCs
delivered intravenously to mice after systemic administration of endotoxin suppressed
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systemic inflammation.19 Lungs from animals receiving endotoxin but not BMDMSCs
showed vascular congestion and increased cellularity, attributable mostly to neutrophils,
whereas those receiving BMDMSCs plus endotoxin were devoid of these changes and
resembled control animals.19 In addition, BMDMSCs moderated the increase in
proinflammatory cytokines but did not alter serum concentrations of the anti-inflammatory
cytokine IL-10.19

More recently, MSCs have been evaluated in other murine models of sepsis, including cecal
ligation and puncture (CLP). Mice given MSCs at the time of surgery for CLP lived longer
than those untreated.76 In particular, the beneficial effect was seen when cells were injected
24 hours before or 1 hour after CLP. Examining organ dysfunction, this group found that
kidney function (measured by serum creatinine and renal tubular injury scores) and liver
dysfunction (measured by glycogen storage and transaminases) were markedly improved in
the treated mice.76 Similar to others, the authors also found that TNF-α and IL-6
concentrations were reduced in treated mice, whereas anti-inflammatory cytokine IL-10
levels started to increase 3 hours postcell infusion. In addition, treatment of MSCs
significantly reduced peritoneal, renal and liver vascular permeability seen with CLP
surgery. The authors also examined whether MSCs might reprogram other immune cells to
help mediate this response. They discovered that although lymphocyte populations of T, B
and natural killer (NK) cells did not mediate the effect of MSCs on CLP, MSCs were no
longer effective in mice lacking monocytes, macrophages or IL-10 suggesting that injected
MSCs may interact with circulating immune cells to reprogram the host immune response.76

Their experiments show that the beneficial effect could be due to increased release of
prostaglandin E2 from MSCs acting on the EP2 and EP4 receptors of the macrophages,
stimulating production and release of IL-10,76 an effect seen in previous studies.77

Similarly, Gonzalez-Rey et al78 discovered that infusion of human adipose-derived MSC
ameliorated severity of dextran sulfate sodium-induced colitis, increasing survival in mice.
These MSC decreased inflammatory cytokines and increased IL-10, protecting animals from
severe sepsis.78 A recently published study treating peritoneal sepsis in mice also
demonstrated that intravenous BMDMSCs reduced mortality in septic mice given
antibiotics, even when compared with control mice given antibiotics.79 MSCs alone
significantly reduced pulmonary and systemic cytokine levels in addition to enhancing
bacterial clearance.79

Cell-Based Therapy in ALI
Various investigators have demonstrated the ability of stem cells to repair damaged lung
epithelium and endothelium16,32,45,80 and have correlated these cells to clinical outcomes
(Table 2). Kahler et al45 demonstrated that EPCs are integrated into the endothelial tissue of
a transplanted lung suffering from ALI, whereas virtually no cells were found in the healthy
lung, illustrating that EPCs home to areas of vascular injury and may be important in the
repair process. Lam et al81 studied the effects of autologous EPCs transplantation on
pulmonary endothelial regeneration in a rabbit model of ALI and showed that endothelial
dysfunction in the pulmonary artery was significantly attenuated in rabbits treated with
EPCs. These cells potentiated the relaxation response to acetylcholine in pulmonary arteries,
reducing lung water content and hyaline membrane formation, proposing that the therapeutic
benefits of EPCs in ALI were most likely derived from an effect on re-endothelialization of
the damaged pulmonary artery wall and alveolar-capillary membrane. Most recently, Mao et
al82 isolated EPCs from male donor bone marrow and expanded them in vitro before
infusing them into female rats with LPS-induced ALI. Using Y-chromosome in situ
hybridization and reverse transcription polymerase chain reaction to confirm engraftment,
they found that rats receiving EPCs had reduced pulmonary edema, hemorrhage and hyaline
membrane formation in addition to an increased survival rate (44% versus 81%, P = 0.03)
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compared with saline-treated controls.82 EPCs were not detected in lungs without LPS,
again implying that injured lung cells produced chemoattractant factors that allow EPCs to
mobilize to the injury site. Furthermore, anti-inflammatory cytokines were increased in
EPC-treated rats.82 These findings suggest that EPC benefits arise not only from repair of
damaged endothelium but also from improving the inflammatory milieu.

The immunologic tolerance of BMDMSCs, along with their anti-inflammatory
characteristics, makes them potentially attractive for cell-based therapy in ALI/ARDS as
well. Several animal studies have shown that exogenously administered BMDMSCs
augment tissue repair. These effects seem to be mediated by soluble factors produced by
BMDMSCs for levels of engraftment seem to be too low to account for their protective
effects.14,19 Administration of BMDMSCs attenuated the acute inflammatory response to
LPS and protected the lung from injury and pulmonary edema in several preclinical models
of ALI,14,16,19,83–85 even conferring a survival benefit.14 Xu et al19 showed by histologic
examination that infusion of BMDMSCs completely attenuated the neutrophil infiltration in
the lung between 6 and 48 hours, the time frame when LPS is known to cause structural
alterations in the lung. Further investigation showed that BMDMSCs migrated in response
to LPS-treated lungs when placed in a coculture environment, again suggesting that
chemoattractant factors from the injured lung instigated BMDMSCs chemotaxis.19 Gupta et
al14 found that intrapulmonary delivery of MSCs improved survival and attenuated
endotoxin-induced ALI in mice compared with control mice that received saline (80%
versus 42%; P < 0.01). Mice given MSCs trended toward lower excess lung water at 24
hours with a significant difference at 48 hours (P < 0.01) versus those mice that received the
fibroblast cell line or nonviable MSCs. In addition, there was significant histological
improvement in the severity of lung injury after MSCs administration despite a level of
engraftment of <5% at 48 hours after injury. The beneficial effects with MSCs seem to be
mediated by a shift from a proinflammatory to an anti-inflammatory response to endotoxin,
an effect also noted by Xu et al.19

This group has also tested the ability of human allogeneic MSCs to resolve pulmonary
edema in an ex vivo perfused human lung preparation injured by endotoxin.88 After
Escherichia coli endotoxin-induced ALI, treatment with either allogeneic human MSCs or
human MSC-conditioned medium reduced pulmonary edema, improved lung endothelial
barrier integrity and normalized alveolar epithelial fluid transport.88 In addition, histological
examination showed a reduction in inflammatory cell infiltration and septal thickening.
Previous animal studies have shown that alterations in proinflammatory and anti-
inflammatory cytokines may account for some of these beneficial effects,14 but anti-
inflammatory cytokines were not increased in this ex vivo human model. However, levels of
monocytes and neutrophils were significantly lower compared with their previous animal
model,14 leading the authors to believe that these low levels may represent an early anti-
inflammatory effect or lung recovery.88 In addition, the authors also tested the ability of
MSCs to secrete keratinocyte growth factor (KGF), which has shown to reduced ALI in
small animal models of pulmonary edema.89,90 They found that MSCs pre-treated with KGF
siRNA resulted in an 80% reduction in therapeutic effect, which was restored by the
addition of recombinant KGF. This suggests that secreted KGF is an important paracrine
soluble factor that mediates the effect of MSCs on alveolar fluid clearance.88

CONCLUSION
Considerable progress has been made in the last decade regarding management strategies in
critical illnesses, specifically sepsis and ALI/ARDS. Fluid resuscitation in severe sepsis and
septic shock has hit a new milestone,5 whereas the use of lung protective ventilation with
tidal volume and plateau pressure limits has reduced mortality substantially in ALI/ARDS.3
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However, despite these recent advances, more work needs to be done to (1) further improve
morbidity, it is now apparent that survivors of ARDS suffer neuropsychiatric problems and
muscular weakness, which can be permanent leading to long-term disability91,92 and (2)
reduce the cost of healthcare, as our growing aging population continues to rise, so do the
most common diseases requiring ICU care, severe sepsis and ALI.7,93 Stem cells have
shown significant promise in this field, both as biomarkers to prognosticate organ
dysfunction and mortality and as novel therapies to treat organ failures, including ALI.
Whether these mechanisms are based on paracrine effects or direct tissue engraftment
remain to be elucidated, but our better understanding of disease pathogenesis and stem-cell
pathobiology suggests tremendous potential for growth in this area.
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FIGURE 1.
The pathophysiology of sepsis involves a complex set of interactions between inciting toxin,
host immune response and inflammatory and coagulation pathways. LPS,
lipopolysaccharide; TRAF6, TNF receptor-associated factor 6; NIK, nuclear factor κβ
inducing kinase; NF-κβ, nuclear factor κβ. Adopted from Cribbs SK, Martin GS. Treating
sepsis: an update on the latest therapies, part 1. Infect Med 2009;26:134–143.
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FIGURE 2.
Bone marrow-derived mesenchymal stem cells (BMDMSCs) organize a complex array of
mechanisms that regulate T-cell proliferation including secretion of soluble effector
molecules and growth factors [hepatocyte growth factor (HGF), transforming growth factor
(TGF)-β1 and interleukin (IL)-10] which inhibit lymphocyte proliferation. At high
concentrations, BMDMSCs inhibit B-cell proliferation, immunoglobulin secretion and
interferon (INF)-γ production in stimulated natural killer (NK) cells. In addition, MSCs
increase proliferation of T-regulatory cells by increasing TGF-β1 production.
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TABLE 1

Stem cells as prognostic biomarkers in patients with sepsis and ALI/ARDS

Author Cell type Disease Clinical outcome P

Mutunga et al70 Endothelial cells Sepsis Positive correlation with mortality 0.026

Burnham et al20 Endothelial progenitor cells
(colony-forming unit)

ALI/ARDS Positive correlation with survival <0.04

Tsaganos et al71 CD34/CD45 cells Ventilator-associated
pneumonia and sepsis

Positive correlation with mortality 0.022

Rafat et al21 Endothelial progenitor cells
(FACS)

Sepsis Positive correlation with survival 0.0001

Burnham et al72 Endothelial progenitor cells
(colony-forming unit)

Sepsis and ALI/ARDS Positive correlation with survival 0.06

Cribbs et al
(unpublished)

Endothelial progenitor cells
(colony-forming unit)

Sepsis Positive correlation with improved
organ dysfunction

<0.05

ALI/ARDS, acute lung injury/acute respiratory distress syndrome; FACS, fluorescence-activated cell sorting.
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TABLE 2

Preclinical therapeutic studies of stem cells in animal models of sepsis and ALI/ARDS

Author Cell type Disease Clinical outcome with stem cells

Rojas et al16 Bone marrow-derived MSC Bleomycin-induced ALI Histological decrease in lung injury
Increase in GM-CSF and G-CSF
Decrease in proinflammatory cytokines

Gupta et al14 Bone marrow-derived MSC Endotoxin-induced ALI Histologic decrease in lung injury
Increase survival
Decrease in excess lung water and BAL protein
Decrease in proinflammatory cytokines
Increase in anti-inflammatory cytokine

Xu et al19 Bone marrow-derived MSC Endotoxin-induced ALI Histologic decrease in lung injury
Decrease in excess lung water
Decrease in proinflammatory cytokines
Increase in anti-inflammatory cytokines

Kahler et al45 Bone marrow-derived EPC
(cultured in vitro)

ALI Integration of EPC into tissue of injured lung

Ortiz et al85 Bone marrow-derived MSC and
MSC-conditioned medium

Bleomycin-induced ALI Decrease in proinflammatory cytokines
Decrease in BAL protein

Zhao et al86 Bone marrow-derived MSC Bleomycin-induced ALI Histologic decrease in lung injury
Decrease in laminin and hyaluronan in BAL
Decrease in proinflammatory cytokines

Lam et al81 Peripheral blood EPC (cultured in
vitro)

ALI Histologic decrease in lung injury
Decrease in endothelial dysfunction in pulmonary
artery
Decrease in excess lung water

Nemeth et al76 Bone marrow-derived MSC Sepsis Improve survival and organ dysfunction
Decrease in proinflammatory cytokines
Increase in anti-inflammatory cytokines

Gonzalez-Rey et al78 Adipose-derived MSC Sepsis Histologic and clinical decrease in colitis
Improve survival and organ dysfunction
Decrease in proinflammatory cytokines
Increase in anti-inflammatory cytokines

Lee et al83 Human allogeneic MSC and
human MSC-conditioned medium

ALI Histologic decrease in lung injury
Decrease in excess lung water
Restored alveolar fluid clearance

Mei et al79 Bone marrow-derived MSC Sepsis Histologic decrease in lung injury
Decrease in BAL protein
Improve survival in setting of antibiotics
Improved organ dysfunction
Decrease in proinflammatory cytokines

Gene plus cell therapy

Mei et al84 Syngeneic MSC with and without
ANGPT1 gene

Endotoxin-induced ALI Histologic decrease in lung injury
Decrease in inflammatory cells in BAL
Near complete reversal of increased lung
permeability with gene transfection

Xu et al87 Bone marrow-derived MSC with
and without Ang1 gene

Endotoxin-induced ALI Further histologic decrease in lung injury with gene
transfection vs. MSC alone
Further decrease excess lung water and BAL
protein vs. MSC alone
Further decrease in proinflammatory cytokines

GM-CSF, granulocyte monocyte colony-stimulating factor; MSC, mesenchymal stem cell; ALI, acute lung injury; EPC, endothelial progenitor cell;
BAL, bronchoalveolar lavage.
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