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1. Abstract 

Introduction: Sepsis is a syndrome of life-threatening physiologic, pathologic, and 

biochemical abnormalities resulting from infection 1. The host immune response, specifically 

the loss of immune homeostasis induced by the pathogen, is of critical importance to the 

initiation, evolution, and outcome, of sepsis 2. With knowledge of this imbalance in the early 

phase of sepsis, altering this cascade of events may be both beneficial to the patient, in terms 

of dampening the deleterious effects of some of the cytokines involved on the body systems, 

and in aiding elimination of the pathogen.  

Using in vitro experiments, we elucidated how this immune homeostatic imbalance, 

specifically the cytokine milieu, could be modified, using Mesenchymal Stem/Stromal Cells 

(MSCs), to eradicate the offending pathogens more efficiently. 

Replication of systemic sepsis in animal experimental models can prove challenging. The 

essential attributes of an appropriate model include a focal infection that is polymicrobial in 

nature with resultant bacteraemia, and a release of bacterial products into the periphery 3. 

Caecal ligation and puncture (CLP), which disrupts the continuity of the bowel lining and 

replicates perforated visci, such as appendicitis or diverticulitis, has been the gold standard 

model for sepsis research since 1980 4. In vivo, using this model, we determined and 

compared the efficacy of three sub-populations of MSCs using our established CLP Model of 

Systemic Sepsis. 

 

Objectives:  

1. To demonstrate the ability of MSCs, in co-culture with human monocytes, to kill 

relevant sepsis-inducing pathogens, such as E. coli. The specific mechanism(s) by 

which this occurs was elucidated. 
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2. To determine the optimal degree of injury using the CLP model of systemic sepsis. 

We proposed that a 25% caecal ligation, with a single 19 Gauge through-and-through 

puncture would create a suitable model, as had been used previously in our 

laboratory. 

3. To determine if either the cryopreserved umbilical cord-derived MSCs are 

comparable, or more efficacious, than our bone-marrow-derived MSC population 

using our established CLP Model of Systemic Sepsis.  

 

Methods: In vitro, pre-activated MSCs, in co-culture with THP-1 human monocytes, were 

used to assess phagocytitic potential against E. coli bacteria in vitro. Enzyme-linked 

immunosorbent assay (ELISA) was used to assess MSC activation (MSC IL-6 and 8 

production), and spectrophotometry was used to assess E. coli phagocytosis by the above co-

cultures, under a variety of MSC pre-activated conditions (Cytomix-activated or not). 

Phosphate buffered saline (PBS) and Medical Research Council cell strain 5 (MRC5) -

fibroblast controls were used throughout all experiments. Transwell plate technology was 

used to elucidate the effects of contact and non-contact dependent mechanisms on the 

experiment.  

For CLP model re-establishment, sepsis was induced in rodents using varying degrees of 

caecal ligation and puncture (ligation of 25-60%, puncture of 19G-3mm) until multi-organ 

injury was observed, in keeping with organ injury from septic shock. Animals were 

monitored every 4 hours, and assessed for indices of physiologic and metabolic derangement, 

48 hours following injury. 

 

In vivo, sepsis was induced in rodents using our re-established CLP model of systemic sepsis. 

Umbilical cord and bone marrow MSCs were administered intravenously immediately 
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following the induction of CLP. Vehicle control (PBS) was used. Animals were monitored 

every 4 hours, and assessed for indices of physiologic and metabolic derangement, 48 hours 

following injury. 

 

Results:  

1. Activation of MSCs resulted in significantly increased Interleukin (IL)-6 and IL-8 

levels. In the spectrophotometry experiments, both umbilical cord (UC)- and bone 

marrow (BM)-MSCs, pre-activated with Cytomix, and co-cultured with differentiated 

THP-1 monocytes, enhanced macrophage E. coli phagocytosis, whether cell-cell 

contact was inhibited or not.  

2. We concluded that, using our novel puncture method, a caecal ligation of 60% and 

puncture of 2mm provided significant injury in this pilot series. 

3. In vivo, MSC therapy significantly reduced bacterial growth in both liver and spleen 

homogenate cultures. A significant increase in survival duration, and overall survival, 

was subsequently seen in animals receiving MSC therapy. Secondary analysis showed 

comparable efficacy of cryopreserved MSCs versus freshly harvested MSCs. 

 

 

Conclusion: In vitro experimentation provided evidence that our MSCs significantly enhance 

pathogen killing, both directly (contact-dependent), and indirectly (contact-independent). 

This allowed us to confidently progress to in vivo experimentation with our therapeutic. 

In vivo, MSC therapy significantly reduced organ bacterial growth, with evidence of an 

improved shock state in the injured animals, and increased survival. Cryopreserved MSCs are 

as efficacious as freshly harvested cells. These results will enable further testing of our 

cryopreserved therapeutic, prior to ultimate clinical translation. 
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Limitations of this series of experiments included inconsistencies in the re-establishment of 

the CLP model (potential inter-operator variability, potential animal batch variability, and a 

mandated change to anaesthesia drug regimens) and the lack of a series assessing 

administration of MSCs using a therapeutic window.  
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2. Introduction 

The contents of chapters 2 and 7 have been published in a review article entitled ‘Stem Cell-

based Therapies for Sepsis’5. 

2.1 Sepsis 
 

2.1.1 Sepsis – the extent of the problem 
 
Sepsis is a syndrome of life-threatening physiologic, pathologic, and biochemical 

abnormalities resulting from microbial infection 1, 6. Both pathogen and host factors influence 

the clinical presentation, severity and ultimately patient outcome. This includes the nature 

and virulence of the microbial pathogen, which drives tissue invasion and toxin production, 

and the health status and co-morbidities of the patient, which influence the host response. 

Patients frequently present with fever, shock and dysfunction of one or more organs, 

including the lungs (e.g. Acute Respiratory Distress Syndrome (ARDS)), kidneys (Acute 

Kidney Injury), brain (confusion, delirium, coma), liver, and cardiovascular system 

(myocardial dysfunction). 

Infections of the lungs, abdominal cavity, urinary tract, and soft tissue, constitute the 

commonest sources of sepsis 7. E coli, Klebsiella spp, and Pseudomonas aeruginosa 

constitute the dominant gram negative pathogens, while Staphylococcus aureus and 

Streptococcus pneumoniae are the most common gram positive pathogens 8. Recently, a 

global study of 14,000 critically ill patients found that 62% of isolates were gram-negative, 

while 47% were gram-positive, and 19% were fungal 9. Fungal infections are an increasing 

source of severe sepsis. In one third of cases, the causative organism is not determined. 

Sepsis exerts a significant socioeconomic impact, and is the leading cause of critical illness 

globally 10, 11. In 2011, sepsis was responsible for over $20 billion (5.2%) of hospital costs 12, 
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and 250,000 estimated deaths in the US 13. The reported incidence of sepsis is increasing 14, 

15, with factors such as an ageing and increasingly comorbid patient population, greater 

prevalence of impaired immunity, and increasing clinician recognition of sepsis all playing a 

role 16. Sepsis has an overall mortality of 40% 13, 17, and may cause half of all in-hospital 

deaths in the United States 18. Furthermore, long-term follow-up studies demonstrate that 

sepsis survivors continue to have a higher mortality in the 5 years following sepsis 19. In 

addition, survivors of sepsis endure long term psychological, cognitive, and physical 

impairments 20. 

2.1.2 Sepsis – role of the immune response 
 
The host immune response, specifically the loss of immune homeostasis induced by the 

pathogen, is of critical importance to the initiation, evolution, and outcome, of sepsis [Image 

2.1] 2. Patients in the early phases (hours to days) of sepsis present with fever, shock, and 

multi-organ dysfunction, and evidence of a ‘hyper-inflammatory’ innate immune response. 

Pathogen-associated molecular patterns (PAMPs), which originate from microorganisms, are 

specific molecular signatures recognized as foreign to the host, and bind to pattern 

recognition receptors expressed on innate immune cells to initiate and drive this initial hyper-

inflammatory phase 21.  Pattern recognition receptor activation generates diverse pro-

inflammatory molecule expression including Tumour Necrosis Factor-α (TNF- α), IL-1β, IL-

2, IL-6, IL-8, and Interferon-γ (IFN-γ) as well as anti-inflammatory cytokines such as IL-10 

22. This process is further driven by the release of damage associated molecular patterns from 

injured tissues and cells 21. This exuberant production of pro-inflammatory cytokines and 

other soluble mediators, coupled with the demonstration that injection of these mediators into 

animals could recapitulate some of the effects seen in sepsis, led to the concept of the 

‘cytokine storm’ as being responsible for early sepsis-related multiple organ failure and 

mortality 23. Key advances have occurred in the management of patients in the early phase of 
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sepsis, with earlier recognition enabling prompt broad spectrum antimicrobial therapy 24, 

aggressive source control 13, and goal directed resuscitation - all contributing to a reduction in 

mortality. 

 

Patients surviving the early phases of sepsis either regain immune homeostasis, clear their 

infection, and recover, or they transition into a protracted immunosuppressive phase where 

sepsis persists 2, 25, 26, [Image 2.1]. The proportion of patients that enter this later phase of 

sepsis is increasing, in part due to advances in early supportive care reducing early deaths, 

and also changes in the patient population, which is now older 13, and with significant 

comorbidities e.g. chronic renal and liver failure, that render them immunosuppressed, and 

unable to clear the infectious pathogen. 70% of sepsis deaths now occur in this phase 2, which 

is characterized by ‘opportunistic’ superinfections 27, latent viral reactivation 28, and evidence 

of profound immunosuppression 25, 29. 
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Image 2.1 – Immune dysfunction in sepsis. Reproduced with permission from Hotchkiss 
et al 2. 

 

 
 

Legend: The adaptive and innate host immune responses to sepsis. Patients in the 

early phases of sepsis present with fever, shock, and multiorgan failure, as well as evidence 

of a hyperinflammatory innate immune response. Patients surviving this phase may recover 

or progress to a later phase of sepsis resulting in a more immunosuppressed profile, 

characterized by functional deficits of the immune system and by superinfection and poor 

outcome. 

2.1.3 Sepsis Management – current State-of-the-Art 
 
While fewer patients die in the early ‘hyper-inflammatory’ phase of sepsis, the increasing 

number of people experiencing severe sepsis, coupled by the failure to improve outcome 

from the later phases of sepsis, means that the mortality burden of sepsis continues to 

increase 10, 11, 13, 17, 18. There are no therapies that directly modify the pathophysiology and 

injury mechanisms underlying sepsis. The focus of research over the last four decades has 

been on suppressing the early pro-inflammatory response to sepsis 23. To date, there have 
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been more than 40 unsuccessful clinical trials of agents that reduce pathogen recognition, 

block pro-inflammatory cytokines or block inflammation-signalling pathways 30, 31. 

 

A number of important insights have emerged from these efforts to find a therapy for sepsis. 

First, the traditional paradigm of sepsis as a ‘hyper-inflammatory’ disorder that led to the 

testing of interventions to suppress the immune response, is likely an over-simplification, as 

discussed above. Second, given the complexity of the host response to sepsis, inhibition of a 

single mediator, however important to the injury process, is unlikely to be effective. Third, 

the timing of therapeutic interventions may be important. While steroids can attenuate the 

early inflammatory response, these drugs have been demonstrated to worsen later immune 

suppression and increase mortality 32. In contrast, encouraging results have been reported 

from early phase studies of immune stimulation strategies to reverse specific immune defects 

in late sepsis, such as granulocyte macrophage colony stimulating factor (GM-CSF) 33 and 

Interferon-β1a 34, suggesting that the optimal therapeutic approach may vary considerably 

depending on the stage of sepsis. Fourth, sepsis is a heterogeneous disease - identification of 

sepsis sub-phenotypes or endotypes, as has recently been demonstrated for ARDS 35, may 

allow therapeutic interventions to focus on specific sepsis sub-populations more likely to 

benefit. 

 

A further concern is the on-going emergence of pathogens resistant to multiple antimicrobial 

therapies. Taken together with the failure to date of small molecule and other traditional drug 

therapy trials, these concerns raise the need to consider alternative therapeutic approaches, 

aimed at attenuating the pro-inflammatory response while enhancing host immune function, 

and tissue reparative capacity. Stem cells constitute an emerging therapeutic candidate that 
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might meet these requirements, and consequently are emerging as potential therapeutic agents 

for sepsis. 

 

2.2 Therapeutic potential of MSCs for sepsis 
 

The therapeutic potential of MSCs for sepsis is supported by several factors. First, as MSCs 

are relatively immune privileged (low expression of cell-surface human leukocyte antigen 

(HLA) class I and II molecules), they do not induce a classical cytotoxic T cell (rejection) 

response, and can therefore be used as an allogeneic therapy without the need for 

immunosuppression. Second, they modulate diverse aspects of the host immune response. 

While trials of agents that directly inhibit aspects of the immune response to sepsis have been 

unsuccessful, MSCs exert a more complex profile of immune effects. Importantly, MSCs 

may ‘reprogramme’ the immune system to reduce host tissue damage while preserving the 

immune response to microorganisms. Third, MSCs may enhance tissue repair and restoration 

following sepsis 36-38, restoring endothelial barrier function, mediated partly by secretion of 

factors that enhance resolution of tissue injury. Fourth, sepsis and septic shock frequently 

progress to dysfunction and failure of multiple organs. MSCs may decrease injury and/or 

restore function in diverse organs, including the liver, kidneys, heart and lungs. Fifth, MSCs 

may directly enhance host bactericidal capacity, by increasing macrophage bacterial 

phagocytosis and killing 39, and increasing secretion of anti-microbial peptides 40. Sixth, 

MSCs are well studied in clinical trials, with a growing safety record in patients. Concerns 

regarding the potential for long-term effects are mitigated by the fact that they disappear from 

the tissues within days of administration, while their effects often outlast their residence time 

in the tissues. 
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2.3 Mesenchymal Stem Cells 
 

2.3.1 Identification and Classification 
 
Friedenstein first identified mesenchymal stromal cells as clonogenic fibroblast precursor 

cells in the bone marrow of adult mice 41, 42. Other tissue sources used for MSC isolation 

include adipose tissue (AD), UC, peripheral blood, and organs such as the lung and heart 43. 

BM and UC-MSCs remain the most frequently investigated. MSCs are isolated by adherence 

of cells to tissue culture plastics from BM aspirates or UC tissue digests and can be further 

delineated by surface marker expression. BM-MSCs are positive for cluster of differentiation 

(CD) 105, CD73, CD44, CD90 and negative for CD45, CD34, CD14 (haematopoietic 

markers), CD11b, CD79α/CD19 and HLA-DR and will differentiate down the chondrogenic, 

osteogenic and adipogenic lineages 44. Following isolation of BM-MSCs, correct culture 

conditions must be instituted. MSCs reside in hypoxic environments in vivo and exposure to 

normoxic conditions (21% O2) leads to reactive oxygen species (ROS) generation, premature 

senescence, loss of stemness 45 and a reduction in population doublings 46. MSCs are known 

to be immunosuppressive in a range of conditions 47, 48 and are also partly immunoprivileged 

as they do not express HLA class II cell surface proteins 49, and also potentially due to their 

ability to be immunosuppressive 50. Thus, MSCs are an attractive option as a cell therapy for 

the treatment of sepsis. 

 

2.3.2 Sources of MSCs 
 

2.3.2.1 Bone Marrow Derived MSCs 
 

Bone marrow derived MSCs are the most extensively studied type of stem cell. The 

popularity in using BM-MSCs is due to successes seen when bone marrow transplantations 

were carried out in leukaemia patients following full body irradiation 51, 52. The bone marrow 
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aspirate is obtained from aspiration of iliac crests and is composed of a heterogeneous mix of 

cell types of which the actual ‘stem cell’ population accounts for roughly 0.001% - 0.01% of 

the nucleated cells 53. MSCs were initially identified as plastic adherent, colony forming cells, 

with the ability to differentiate along the osteogenic lineage 41, 42, 54, and subsequent studies 

demonstrated their multi-lineage differentiation potential 53, igniting great interest for their 

use in regenerative medicine. 

 

2.3.2.2 Umbilical Cord Derived MSCs 
 

The umbilical cord contains three types of stem cell; hematopoietic stem cells which can be 

differentiated to specific hematopoietic lineages in vitro 55, MSCs which are highly similar to 

BM-MSCs but demonstrate higher proliferation abilities 56 and differentiate to osteogenic, 

chondrogenic, hepatic and neural lineages 57-60, and finally multipotent, non-hematopoietic 

stem cells which express embryonic stem cell markers and differentiate into tissues from the 

three germ layers. UC is one of the most abundant stem cell sources with various advantages 

over other stem cell types and their sources. No ethical issues exist regarding collection of 

these cells 61 which is relatively simple to do without any impact on the mother or newborn. 

Compared to BM-MSCs [Table 2.1], these stem cells are less immunogenic, have a lower 

infection risk, and have a higher proliferation rate. However, to date, they are less studied 

than BM-MSCs. UC-MSCs are currently being investigated in clinical trials for many 

neurological, haematological, and endocrinological disease states 62. Safety and efficacy of 

UC-MSCs have been demonstrated in a rat model of bronchopulmonary dysplasia 63 and has 

also been shown to decrease systemic inflammation and attenuate lipopolysaccharide (LPS) -

induced acute lung injury (ALI) in both mouse and rat models 64 [Table 2.2]. 
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Table 2.1 Comparison of MSC Sub-populations65 

 MSC Source Bone Marrow Umbilical Cord 
Harvest Difficult Freely available 
Replicative Capacity Intermediate-high High 
Age-related decline Yes No 
Immunosuppressive Capacity High Intermediate 
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Table 2.2 – Selected preclinical studies examining mechanisms of action of MSCs in Pneumonia Sepsis 

 

Study Species Sepsis Model Cell 
Therapy 

MSC Route 
and Timing of 
Delivery 

Effect and Mechanism of Action 

Gupta et al., 
2007 66 Mouse LPS mBM-MSC IV, 4 hours 

post injury 

Improved survival, reduced lung water and protein, 
Increased IL-10 and reduced TNF-α/MIP-2 in BAL 
and Serum 

Lee et al., 2009 
67 Human 

LPS on ex-
vivo human 
lung 

hBM-MSC IV, 1 hour post 
injury 

Restoration of AFC through KGF dependent Sodium 
dependent alveolar fluid transport 

Krasnodembska
ya et al., 2010 40 Mouse E. coli 

pneumonia hMSC IV, 4 hours 
post injury 

Secretion of the anti-microbial peptide LL-37 
resulting in increased bacterial clearance 

Kim et al., 2011 
68 Mouse E. coli 

pneumonia hUC-MSC IT, 3 hours 
post injury 

MSCs attenuate E. coli-induced ALI by down-
regulating the inflammatory process and enhancing 
bacterial clearance. 

Islam et al., 
2012 69 Mouse LPS m/hBM-

MSC 
IT, at time of 
injury 

BMSC's protect against ALI by reconstituting 
alveolar bioenergetics through Cx43-dependent 
alveolar attachment and mitochondrial transfer 

Gupta et al., 
2012 70 Mouse E. coli 

pneumonia mMSC IV, 4 hours 
post injury 

mMSCs reduced the severity of E. coli pneumonia, 
in part via an anti-microbial peptide lipocalin-2 
dependent mechanism 

Lee et al., 
201371 Human 

E. coli injury 
on lungs (ex-
vivo) 

hMSCs 1 or 2 hours 
post injury 

MSCs restored AFC, reduced inflammation, and 
exerted anti-microbial activity, partly via KGF 
secretion. 

Elman et al., 
2014 72 Mouse LPS hBM/ 

ADMSC 
IP, at time of 
injury 

BM-MSCs provide greater survival benefit and 
multi-organ protection versus ADMSC. 

Asmussen et al., 
2014 73 Sheep Pseudomonas 

aeruginosa hMSC IV, over 1 hour hMSCs were well-tolerated, improved oxygenation, 
and decreased pulmonary oedema. 

Shalaby et al., 
2014 74 Mouse E. coli 

pneumonia mBM-MSC IV, 24 hours 
pre, or 12 

MSCs increased survival, reduced pulmonary 
oedema and lung injury. Increased anti-oxidant 



Chapter 2 

 15 

hours post 
injury 

activity with reduction in MPO activity and 
malondialdehyde levels. 

Hackstein et al., 
2015 75 Mouse K. pneumonia mBM-MSC IT, 4 hours 

post injury 

MSCs increased survival. Reduced alveolitis, protein 
leakage, TNF-α and IL-12 p70 expression. Reduced 
lung dendritic cell, IL-17+- and IFN-γ+-CD4+ T 
cells. 

Zhu et al., 2014 
76 Mouse LPS hBM-MSC 

MV 
IT, 12 hours 
post injury 

Reduced inflammatory cell, cytokine, and protein 
levels in lung, reduced EVLW, increased KGF 
levels, reduced pro-inflammatory cytokines and 
increased IL-10 levels 

Devaney et al., 
2015 38 Rat E. coli 

pneumonia hBM-MSC IV, 30 minutes 
post injury 

Reduced lung injury and lung bacterial burden via 
enhanced macrophage phagocytosis and increased 
alveolar LL-37 concentrations 

Monsel et al., 
2015 77 Mouse E. coli 

pneumonia 
hBM-MSC 
or MV 

IV, 4 hours 
post injury 

MVs derived from hMSCs were as effective as the 
parent stem cells; they improved survival through 
KGF secretion and enhanced monocyte phagocytosis 
of bacteria. MVs from Poly (I:C) pre-stimulated 
MSCs further enhanced the therapeutic effects. 

Hao et al., 2015 
78 Mouse LPS hBM/ES-

MSC 
IT, at time of 
injury 

Reduced inflammatory cell, cytokine, and protein 
levels in lung, reduced EVLW, reduced MMP-9 
secretion with BM vs ES-MSC 

Mao et al., 2015 
79 Mouse P. aeruginosa mAD-MSC IT, 1 hour post 

injury 

Inhibition of overproduction of PGE2 leading to 
improved macrophage phagocytosis, reduced 
alveolar neutrophil accumulation, reduced levels of 
MPO, MIP-2 and total protein in BALF. 

Sutton et al., 
2016 80 Mouse 

P. 
aeruginosa, 
S. Aureus, S. 
Pneumoniae 

hBM/AD- 
MSC 

IT, 24 hours 
post injury 

MSCs produced LL-37 with antimicrobial activity in 
vitro against all 3 bacteria, and in vivo against P. 
aeruginosa and S. aureus. Enhanced antimicrobial 
effectiveness in presence of MSC's. 

Sung DK et al., 
2016 81 Mouse E. coli 

pneumonia hUC-MSC IT, 3 hours 
post injury 

Β-Defensin-2 secreted by the MSCs via the TLR-4 
signalling pathway mediates microbicidal effects 
against E. coli, both in vitro and in vivo. 



Chapter 2 

 16 

 

 
Jackson MV et 
al., 2016 82 Mouse E. coli 

pneumonia hBM-MSC 
IV or IN, 4 
hours post 
injury 

Mitochondrial transfer from BM-MSCs to the AM 
via tunnelling nanotubes leads to enhancement in 
their phagocytic activity and mediates the 
antimicrobial effect of MSCs in ARDS. 

Curley et al., 
2016 83 Rat E. coli 

pneumonia hUC-MSC IV, 30 minutes 
post injury 

UC-MSCs grown in xeno-free conditions are as 
effective as BM-MSCs, they improve survival, 
enhance bacterial clearance, and reduce E. coli–
induced oxidant injury. 
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2.3.2.3 Pre-activation of MSCs 
 
Of relevance to systemic sepsis, evidence shows the potential of the use of inflammatory 

cytokines that are commonly released in sepsis pathogenesis for MSC pre-activation. A study 

in ARDS observed that pre-conditioning with IL-1β, TNF-α, and IFN-γ (Cytomix) 

stimulation enhanced the MSC CM effects on reducing pulmonary epithelial permeability 

after inflammatory injury 84. In other inflammatory animal disease models, MSCs pre-

activated with IFN-γ (a potent activator of macrophages and other inflammatory cells) were 

shown to improve survival in mice with GVHD 85 while another study demonstrated that 

IFN-γ pre-activated MSCs enhanced therapy in mice with colitis 86. In vitro, studies have 

shown that IFN-γ pre-activated MSCs caused the upregulation of anti-inflammatory PGE2 

and IDO, a possible mechanism of their effects in vivo 87, 88. Furthermore, pre-activation with 

TNF-α, IL-1β and NO together significantly improved the anti-inflammatory effect of the 

MSC secretome and enhanced repair in a rodent model of radiation induced intestinal injury 

89. Our laboratory has shown further shown the efficacy of pre-activated MSCs in 

ameliorating animal lung injury 90 and we aim to use this pre-activation process to maximise 

the potential of our MSCs in this experimental series.  

 

 

2.3.3 Insights from Preclinical Studies in Sepsis 
 
Pulmonary Sepsis: Initial studies demonstrated the potential for MSC therapy to decrease 

injury following pulmonary endotoxin instillation in murine models 66. This, and subsequent 

studies in this model, provided important mechanistic insights, elucidating the role of MSC 

secreted mediators, including keratinocyte growth factor (KGF) 67, TNF-stimulated gene-6, 

and Lipoxin A4 91 in modulating the immune response to endotoxin (reducing TNF-α and 

macrophage inflammatory protein-2 (MIP-2), increasing IL-10 concentrations), and in 
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promoting injury resolution and repair. The MSC secretome and MSC-derived microvesicles 

76, and embryonic stem cell derived MSCs 78, also effectively attenuated endotoxin-induced 

injury 76. Mitochondrial transfer from MSCs to the pulmonary epithelium appears important 

in reducing the severity of injury caused by pulmonary endotoxin instillation 69 [Image 2.2]. 

MSCs also demonstrate efficacy in relevant preclinical models of bacterial pneumonia 

induced by gram-negative organisms such as E. coli 38, 70, 74, Klebsiella pneumonia 75, and 

Pseudomonas aeuroginosa 79, 80 [Table 2.2]. In early pulmonary sepsis, our group and others 

have demonstrated that human bone marrow and umbilical cord derived MSCs decrease the 

severity of E. coli pneumonia, decreasing lung bacterial load, improving lung function, and 

increasing survival in rodent and ovine models 38, 68, 73, 77, 83, 92. The potential for MSCs to 

attenuate pneumonia induced by gram-positive organisms, including S. aureus and 

Streptococcus pneumonia has also been demonstrated 80. MSCs exert antimicrobial effects 

against methicillin resistant S. aureus in a rodent model of pouch infection 93, and in an 

infected wound model 94, and can directly inhibit the growth of S. aureus 95. Microvesicles 

(extracellular vesicles in the 50-1000nm range) secreted by MSCs are also effective in 

attenuating bacterial pneumonia in mice, via mechanisms including enhanced macrophage 

phagocytosis, mediated in part through the expression of KGF and cyclooxygenase (COX)-2 

messenger Ribonucleic acid (mRNA) in the injured alveoli 77. 
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Image 2.2 – Factors secreted from Mesenchymal Stem/Stromal Cells of importance for 
reducing severity of Pneumonia and Systemic Sepsis. Reproduced with permission from 
M Jerkic 5.  

 

 
 
 

Viral infection: In vitro studies demonstrate that human MSCs exhibit anti-viral effects, such 

as inhibition of virus-specific CD8+ T-cell proliferation 96, which is mediated through 

indoleamine 2,3-dioxygenase (IDO) secretion 96, 97. MSCs did not attenuate moderate 98 or 

severe 99 H1N1 (PR8 strain) influenza induced lung injury in mice. In the study by Gotts et 

al, MSCs modestly reduced viral load, but failed to reduce disruption of alveolar-capillary 

barrier in mouse lungs and severity of lung injury 98. In contrast, MSC therapy attenuated 

H9N2 avian influenza virus-induced acute lung inflammation and injury in mice 100, via 

reduction in TNF-α, IFN-γ, IL-1β and IL-6, and an increase in IL-10. This suggests that the 

efficacy of MSCs for influenza may be strain dependent, although further study is needed 

here to further understand these issues. 
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Systemic Sepsis: The therapeutic potential of MSCs has been established in preclinical 

systemic sepsis models [Table 2.3]. MSCs from the BM 78, and from AD 101, and 

macrophages co-cultured with AD-MSCs 102 decreased systemic endotoxaemia inflammatory 

changes in the lung, prevented apoptosis in the kidney, and decreased multi-organ injury in 

rodents. BM-MSCs significantly reduced cytokine and chemokine (IL-1β, IL-6, IL-10, 

Chemokine (C-C motif) ligand (CCL)-5, TNF-α) and improved survival following CLP in 

mice, a highly clinically relevant model of polymicrobial sepsis 39, 103. MSCs maintained 

effect and reduced multiorgan injury, while decreasing bacterial load and improving survival 

in mice, even when administered six hours after induction of polymicrobial sepsis in the CLP 

model 39. BM-MSCs attenuated murine CLP-induced sepsis induced kidney injury through 

diminished inflammation and enhanced macrophage phagocytosis, with reductions in renal 

mRNA levels of IL-6 and 17, TNF-α, IFN-γ, Chemokine (C-X-C motif) ligand (CXCL)-1, -2, 

and 5, and CCL-2 and 3 104, 105. Effect was also seen in Methicillin-Resistant Staphylococcus 

Aureus (MRSA) systemic infection, with reduced bacterial load and expression of cytokines 

and chemokines 93. In a genome-wide expression microarray analysis of animals post CLP, 

MSCs decreased transcription of genes relating to inflammation, up regulated genes relating 

to repair and microvasculature integrity, and normalized transcriptional pathways responsible 

for maintaining mitochondrial function and cellular bioenergetics 106 [Image 2.3]. MSCs can 

also reduce the cytokine response induced by Staphylococcal enterotoxin B (SEB) in mice, 

although it did not increase survival in this mode 107. 
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Image 2.3 – Organ-wide Mesenchymal Stem/Stromal Cell effect on Immune Cells. 
Reproduced from Keane et al 5. 

 

 
 

Legend: MSCs exert beneficial effects on organ systems through their interaction 

with cells of the innate and adaptive immune systems, subsequent controlled tissue 

inflammation, and vascular integrity. Enhanced endothelial repair, through mitochondrial 

transfer, allows for tissue inflammatory milieu gate keeping. M2-like macrophages enhance 

complement activation, increase microbe phagocytosis and clearance, and increase targeted 

neutrophil recruitment to injured tissue, via CXCL2. NETS release enhances phagocytosis, 

along with MSC-secreted anti-microbial peptides. MSC-derived exosomes reduce organ 

injury through their RNA secretome. The targeted control of microbial invasion is further 

influenced by Inflammasome/Caspase-1 deactivation, down regulation of GRK2 and PI3K, 

reduced secretion of TNF-α and iNOS, and an increased regulatory T-lymphocyte presence. 
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Table 2.3 – Selected preclinical studies examining mechanisms of action of MSCs in Systemic Sepsis 

 

Study Animal 
Sepsis 
Model 

Cell 
Therapy 

MSC Route and 
Timing of 
Delivery Effect and Mechanism of Action 

Nemeth et al., 
2009 103 Mouse CLP mBM-MSC IV, 24 hours 

pre/post injury 
PGE2 dependent reprogramming of macrophage to 
increase production of IL-10 

Mei et al., 
2010 39 Mouse CLP mMSC IV, 6 hours post 

injury 

Modification of inflammatory gene transcriptional 
activity, down regulation of the acute inflammatory 
response, and up regulation of pathways relevant to 
phagocytosis and bacterial clearance. 

DosSantos et 
al., 2012  106 Mouse CLP mMSC IV, 6 hours 

pre/post injury 

On transcriptional analysis, MSCs i) attenuated sepsis-
induced mitochondrial-related functional derangement, 
ii) decreased endotoxin/ Toll-like receptor innate 
immune pro-inflammatory transcriptional responses, 
and iii) coordinated expression of transcriptional 
programs implicated in the preservation of 
endothelial/vascular integrity. 

Krasnodembsk
aya et al., 2012 
92 

Mouse GNPS hMSC IV, 1 hour post 
injury 

Increased animal survival and bacterial clearance 
secondary to enhanced monocyte phagocytosis 

Shin et al., 
2013 101 Rat LPS hAD-MSCs IV, 30 minutes post 

injury 

hAd-MSCs decreased the level of inflammatory 
cytokines both in serum and in the lung, reduced 
inflammatory changes in the lung, prevented apoptosis 
in the kidney and improved multi-organ injury. 

Kim et al., 2014 
107 Mouse SEB m/h BM-

MSC 
IV, 1 hour pre- or 3 
hours post injury 

Reduced levels of IL-2, IL-6 and TNF-α, but no 
improvement in survival in therapeutic group. 

Luo et al., 
2014 104 Mouse CLP mMSC IV, 3 hours post 

injury 

Improved survival and sepsis-related acute kidney 
injury, possibly by inhibition of IL-17 production and 
immunomodulation. 
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Chao et al., 
2014 108 Rat CLP 

hUC-MSCs 
& hBM-
MSCs 

IV, 4 hours post 
injury 

MSCs increased circulating CD3+CD4+CD25+ Treg 
cells and Treg cells/T cells ratio, enhance Treg cell 
suppressive function, and decrease serum levels of IL-6 
and TNF-α. 

Wang  et al.,  
2015 109 Mouse CLP mMSCs or 

exosomes 
IV, 1 hours post 
injury 

MSC mediated cardio-protection mainly through 
exosomal transfer of miR-223 to macrophages and 
cardiomyocytes. 

Alcayaga-
Miranda et al., 
2015 110 

Mouse CLP Men-MSCs  IP, 3 hours post 
injury 

Men-MSCs in synergy with antibiotics improved the 
survival rate, enhanced bacterial clearance, and reduced 
organ injuries. 

Hu et al., 2016 
102 Mouse LPS hAd-MSCs IV, at time of 

injury 

Ad-MSCs, as well as macrophages  educated by Ad-
MSCs, decreased lung inflammation, pulmonary 
oedema, and inflammatory cytokine response in LPS-
induced systemic response. 
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2.3.4 Insights from Clinical Studies using MSCs 
 
Although MSCs have been tested in clinical trials for multiple conditions, taking advantage 

of their reparative, anti-inflammatory and immunoregulatory activities, evidence for 

therapeutic efficacy remains scant. An open label phase 1 dose escalation trial for early septic 

shock, led by McIntyre and Stewart at the University of Ottawa, was published in early 2018 

[Table 2.4]. The Cellular Immunotherapy for Septic Shock (CISS) Trial is a dose escalation 

safety study utilizing freshly cultured (i.e. not cryopreserved) allogeneic BM-MSCs for 

patients diagnosed with septic shock within 24 hours of Intensive Care Unit (ICU) admission. 

Doses assessed for safety and tolerability were 0.3, 1.0, and 3.0 million cells/kg. A historical 

cohort that met CISS eligibility criteria was also enrolled to compare the incidence of adverse 

advents with the CISS interventional arm 111. This key safety study has paved the way for the 

phase 2 CISS Trial [NCT03369275, CISS2], which will recruit 114 patients, and assess 

safety, and efficacy. This may ultimately lead to a large phase III randomised efficacy trial. 

A pilot study for a randomised, interventional trial (CHOCMSC), assessing MSC effect on 

organ failure during septic shock, is due to commence enrolment in France [NCT02883803]. 

A clinical trial of BM-MSCs recently concluded in Russia, assessing neutropenic patients 

with septic shock [NCT01849237], and demonstrated potentially promising results, although 

mortality was high in both groups 112. 

Of relevance to sepsis, phase I and IIa trials of MSCs in ARDS have been completed 113, 114. 

Safety of the MSC intervention was proven in both trials. A similar phase II study is also 

underway in the Republic of Korea [NCT02112500]. As MSCs contribute to tissue and 

immune system homeostasis under physiological conditions, their use in graft versus host 

disease (GvHD) is pertinent to sepsis due to the acute and chronic phases occurring in both 

pathologies. MSCs have been studied for the prevention 115 and treatment 116 of GvHD for 
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over 15 years, and are licensed for clinical use in certain countries, with a growing body of 

evidence regarding their clinical efficacy and mechanisms of action In 2008, Polchert et al’s 

work looked at IFN-γ and its licensing effect on MSC-induced immunosuppression. IFN-γ 

secreted by activated T-cells in tissue causes antigen display on local endothelium, allowing 

accumulation of activated T-cells. In parallel, IFN-γ induces parenchymal cells to secrete 

chemokines that cause accumulation of MSC’s in the tissue. IFN-γ licenses MSC to 

effectively mediate immunosuppression either directly on the pathogenic T-cells or indirectly 

by generating other immunosuppressive networks via tolerogenic dendritic cell (DC) or 

Treg’s 117. Further work, almost 10 years later, from Dazzi and colleagues has highlighted 

why MSC’s may be working in certain patient populations, and not in others 118. Host 

cytotoxic cell-induced MSC apoptosis creates a cascade whereby phagocytic engulfment of 

such apoptotic MSC’s stimulates IDO production from these phagocytes, ultimately causing 

the desired MSC-induced immunosuppressive effect. Lack of patient response to MSC 

therapeutics may therefore be related to an inability of host MSC apoptosis, rather than the 

incorrect MSC subpopulation. A number of trials of MSC are underway to further elucidate 

these findings, with recently completed [NCT01222039], and currently enrolling trials 

[NCT01765634, NCT01765660], examining specific MSC cell populations, varying dosage 

regimes, and evaluating the safety and efficacy of these cells for GvHD. The past difficulties 

encountered in the translating MSCs for GvHD are a reminder of the translational challenges 

that lie ahead in regard to MSC therapy for sepsis. 
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Table 2.4 – Selected clinical studies examining effects of MSCs of relevance to sepsis 

 
 
 

 

Study Phase Status Cell 
Therapy MSC Route and Timing of Delivery Findings / Comments 

 
RUMCESS Trial 
[NCT01849237] 

1 Completed MSC 
(Undefined) 

IV, within 10 hours of onset of septic shock 
in severely neutropenic patients 

Improved 28-day survival, 
benefit lost at day 90 

CISS Trial 111 1 Completed BM-MSC IV, Within 48 hours of developing severe 
sepsis Intervention well tolerated 

CHOCMSC 
[NCT02883803] 2 Not yet 

open 
MSC 
(Undefined) 

IV, within 12 hours of presentation with 
septic shock and organ failure (≥2 organs) Recruitment in progress 

START Trial 
[NCT01775774] 1 Completed BM-MSC IV, within 96 hours of ARDS diagnosis Intervention well tolerated 

START Trial 
[NCT02097641] 2 Completed BM-MSC IV, within 96 hours of ARDS diagnosis Intervention safely tolerated 

STELLAR Trial 
[NCT02112500] 2 In progress BM-MSC IV, patients requiring mechanical 

ventilation for ≥7 days Recruitment in progress 

REALIST 
Trial119 
[NCT03042143] 

1 Completed UC-MSC IV, within 72 hours of ARDS diagnosis Intervention safely tolerated 

REALIST Trial 
[NCT03042143] 2 In progress UC-MSC IV, within 72 hours of ARDS diagnosis Recruitment in progress 
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Competing solutions for sepsis – current state-of-the-art 

The emergence of antimicrobial resistance is recognised as one of the biggest current global 

challenges in medicine, further underlining the need for alternative strategies. Activated 

protein C was licensed for severe sepsis on the basis of initial promise 120, but was later 

withdrawn due to inefficacy in subsequent clinical trials 121. There are a number of trials of 

pharmacologic strategies in progress, or recently completed, such as a trial of statins in septic 

shock122, which, despite a reduction in inflammatory biomarkers in the intervention group, 

did not confer a mortality benefit on these patients. An early phase study of Interferon-beta 

1β 34 demonstrated promise, however a follow-on phase 3 trial was terminated for futility of 

treatment effect [NCT02622724]. A number of other ‘immunostimulatory’ strategies for 

sepsis are in clinical testing, including IFN-γ [NCT01649921], GM-CSF [NCT00252915 and 

NCT02361528], granulocyte colony stimulating factor (G-CSF) [NCT01479114] and IL-7 

[NCT02640807], and results are awaited. 

 

2.4 Mesenchymal Stromal Cells as a Therapy for Sepsis 
 
 
For many reasons, MSCs may be a therapeutic option for sepsis. MSCs are relatively immune 

privileged (low expression of cell-surface HLA class I and II molecules), lack an induced 

classical cytotoxic T cell (rejection) response, and can therefore be used as an allogeneic 

therapy without immunosuppression. MSCs exert a more complex profile of immune effects, 

‘reprogramming’ the immune system to reduce host tissue damage while preserving the 

immune response to microorganisms. MSCs may augment tissue repair and restoration 

following sepsis 36-38, restoring endothelial barrier function. This may decrease injury, halt 

progress to organ dysfunction and restore function in diverse organs, including the liver, 

kidneys, heart and lungs. MSCs may directly enhance host antimicrobial capacity, by 
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enhancing macrophage bacterial phagocytosis and killing 39, and increasing secretion of 

several anti-microbial peptides 40. Finally, MSCs are well studied in clinical trials, with a 

growing safety profile. 

 

2.4.1 Immunomodulatory Effects of MSCs 
 
The therapeutic potential for MSCs in sepsis is directly related to the diverse effects they 

exert on the innate and adaptive humoral and cellular immune responses [Image 2.3]. MSC 

therapy has been demonstrated to reprogram up to 13% of the total murine genome in murine 

systemic sepsis models, using genome transcriptional analysis. Immune-response related 

effects include down regulation of TLRs, NF-κB, and IL-6 signalling pathways, and up 

regulation of nuclear factor of activated T cell (NF-AT) related genes, genes involved in 

phagocytosis, antigen presentation, bacterial killing, coagulation, complement regulation and 

platelet activation, and genes involved in cell-to-cell interaction and endothelial/vascular 

integrity 39, 106. 

 

2.4.1.1 Effects on humoral immune response 
 
Immune cell-derived cytokines play key roles in the regulation of the host immune response. 

Multiple studies demonstrate that MSCs capacity to decrease the pro-inflammatory cytokine 

response (TNF-α, IFN-γ, Interleukins 1α, 1β, 6, 12, and 17) 39, 66, 101, 104, 108, 123-132, and to 

increase concentrations of the anti-inflammatory agents, including interleukin 1 receptor 

antagonist, IL-10, COX-2, and PGE2 103, 124, 125, 127, 133, 134. 

 

2.4.1.2 Effects on the inflammasome 
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The inflammasome is a key component of the innate immune system 135. This multi-protein 

oligomer of pattern recognition receptors and sensors regulates the activation of caspase-1 

and an inflammatory response to infectious microbes and molecules derived from host 

proteins. MSCs appear to regulate inflammasome function. Miao et al demonstrated that BM-

MSCs could regulate the NLRP3 inflammasome in Kupffer cells, via secretion of PGE2 

leading to increased Kupffer cell production of IL-10 134. This reduced NLRP3 

inflammasome activation, and reduces the inflammatory response and ensuing organ 

dysfunction 134. 

 

2.4.1.3 Effects on neutrophil response 
 
Activated neutrophils are recruited to tissue secondary to pattern recognition receptor 

activation, and subsequent generation of chemotactic and haplotactic gradients (e.g. CXCL-

2). Neutrophils then attempt eradication of the offending microorganism via phagocytosis, 

the release of neutrophil extracellular traps (NETS), and the release of anti-microbial peptides 

136. NETS are structures released from neutrophils 136, and are extremely efficient in pathogen 

trapping, killing, and prevention of pathogen dissemination. While this neutrophil response is 

generally advantageous, and central to effective source control and pathogen eradication, 

multi-organ dysfunction may develop when these activated neutrophils migrate from 

inflamed tissues to other, non-infected, tissue and organ systems (termed ‘reverse 

migration’), causing widespread host injury and organ dysfunction 137, 138. A subsequent 

imbalance of neutrophil receptor expression may culminate in infected tissues having 

inadequate or dysfunctional neutrophils that are insufficient for source control, while an 

abundance of activated neutrophils contribute to injury in distant, healthy tissue 137, 139, 140. 

MSCs, in many pre-clinical animal sepsis models, demonstrate the potential to alter 

neutrophil function to reduce host injury while maintaining bactericidal function 103, 105, 
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potentially through reversal of the above receptor expression imbalance. MSCs reduce 

unwanted infiltration of neutrophils to healthy target organs, reducing injury and improving 

the function of these organs in preclinical sepsis models 39, 72, 103-105, 141. MSCs also enhance 

neutrophil mediated phagocytosis, making them more effective in the clearance of bacteria 

105. This pivotal MSC-neutrophil interaction involved in the resolution of sepsis can be 

highlighted through neutrophil depletion, using anti-Ly6G antibody. This completely 

abrogated the protective effect of MSC’s in systemic sepsis 105. 

 

2.4.1.4 Effects on monocyte/macrophage response 
 
Macrophages, present in almost all tissues, coordinate developmental, metabolic and 

immunological functions, and thus contribute to the maintenance of homeostasis 142. 

Macrophage dysfunction plays a key role in the pathogenesis of multiple diseases 143, 

including sepsis, and therefore these cells represent attractive therapeutic targets. 

Macrophages, upon stimulation, become activated into one of two phenotypes, namely 

‘classically activated’ M1 macrophages that were considered ‘pro-inflammatory’ and play a 

key role in phagocytosis and killing of pathogens, and ‘alternately activated’ M2 

macrophages, with a more ‘pro-repair/resolution’ phenotype, that contribute to clearance of 

dead/injured host cells, and tissue repair. Much work has focused on the potential for MSCs 

to modulate macrophage function and phenotype 92, 144. MSCs have an ability to favour 

maturation into a novel ‘M2-like’ macrophage phenotype 92, 144, with improved phagocytic 

activity, and capacity for resolution of inflammation and injury repair 145. In a murine 

systemic sepsis model, MSCs secrete PGE2, which ‘reprograms’ macrophages to the ‘M2-

like’ phenotype. PGE2 increases macrophage production of IL-10, which reduces neutrophil 

monocyte transendothelial migration, neutrophil-induced organ damage, and increases 

intravascular neutrophil and monocyte numbers, improving organ function and reducing 
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pathogen load 39, 72, 92, 103-105, 124-126, 141. MSCs can increase intravascular monocyte phagocytic 

potential via complement activation 92, 146. They also have an ability to enhance macrophage 

phagocytosis via several mechanisms, including secreted factors as KGF 71, mitochondrial 

transfer (from MSC to macrophage), either via direct cell-cell contact (via tunnelling nano-

tubules) or indirectly (via exosomes) 82. MSCs also act on alveolar macrophages protecting 

them from LPS-induced apoptosis partially by inhibiting the Wnt/β-catenin pathway 147. 

Alteration of M1 macrophages to the M2 phenotype is important in injury resolution 148. 

Emerging data has observed a wider spectrum of macrophage phenotypes 143. It appears that 

macrophages are activated to a spectrum of phenotypes depending on macrophage origin, 

current tissue of residence, and whether exposed previously to the same insult 142, and 

activation patterns display an element of temporal and spatial plasticity. Consequently, the 

effects of MSCs on macrophage phenotype may vary considerably based on these factors, 

and simple conversion from a M1 to a M2 phenotype may be an oversimplification. 

MSCs may also help to target and focus the immune response to pathogens. In a study of 

urinary tract infection, a common cause of human sepsis, tissue resident macrophages caused 

focal recruitment of ‘helper’ blood born monocytes, and subsequently increased targeted 

neutrophil transendothelial migration, increasing initial phagocytosis, and allowing 

appropriate inflammatory resolution after pathogen clearance 149. MSC effects on pro- and 

anti-inflammatory processes will be key to furthering our understanding of MSC-macrophage 

interaction. 

  

2.4.1.5 Effects on adaptive immune response 
 
The well-described suppressive effects of MSCs on T-cell effector pathways, as seen in 

transplant studies, have been considered a potential concern in sepsis 150. Specifically, MSCs 

inhibit effector T-cell activation and can increase Treg numbers 151, 152, while suppressing 
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proliferation of CD4+ T helper cells, CD8+ cytotoxic T lymphocytes, and natural killer (NK) 

cells 87, 150, 153, 154. These effects may be direct or may occur indirectly via modulatory effects 

on antigen presenting cells such as DCs 150. 

In the setting of sepsis, MSCs have the potential to modulate Treg function. Tregs are 

classically considered to constitute a double-edged sword in infection, limiting inflammation 

and collateral tissue damage potentially at the price of interference with bacterial clearance 

155. Tregs appear to play a role in suppressing the hyper-inflammatory response to sepsis 152, 

by suppressing the activation of auto-reactive T effector cells 156. In contrast, in mice 

subjected to CLP-induced sepsis, adoptive transfer of in vitro-stimulated Treg cells enhanced 

bacterial clearance, and increased animal survival 157, suggesting that the presence of Treg 

cells is essential to bacterial clearance and sepsis resolution 158. MSCs have been 

demonstrated to induce Treg populations during sepsis 152, 159-161, potentially providing a 

mechanism of MSC-enhanced sepsis resolution. MSCs may also modulate NK cell function 

and DC differentiation 162, although the implications of this in sepsis are not well understood. 

MSCs also regulate B-cell function via poorly defined mechanisms. New insights into 

advanced macrophage ontogeny, activation, and function have shown their key regulatory 

effect on T-cell populations, again increasing Treg numbers versus CD4+, CD8+, and NK 

cells, and ensuring tissue-specific inflammatory homeostasis 143. This key interaction, and the 

effect of MSCs on it, needs to be further elucidated. 

 

2.4.2 Mechanisms of Action of MSCs in Systemic Sepsis 
 

MSCs work by multiple mechanisms, some of which require contact between the MSC and 

the target cells, while others are mediated via secreted products, both mediators and cell 

products, such as microvesicles and exosomes [Images 2.2 and 2.3]. 
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2.4.2.1 Cell contact-dependent effects 
 
In preclinical sepsis models, it seems that MSC migration to the site of injury and their 

retention there, at least for a short period of time following intrapulmonary endotoxin 

instillation, is required for efficacy 163. In a mouse model of endotoxemia-induced systemic 

sepsis, Xu et al. found that the therapeutic effect of MSCs in reducing lung injury was 

enhanced by direct cell-to-cell contact 164. Islam et al. demonstrated that MSCs transfer 

mitochondria to injured alveolar epithelial cells via connexin-43–containing gap junctions, 

thereby enhancing cellular adenosine triphosphate levels, epithelial cell function, and 

subsequent animal survival 69. 

 

2.4.2.2 MSC secretome 
 
The MSC secretome contains multiple antimicrobial peptides, such as LL-37 38, 40, lipocalin-2 

70, and β-defensin-2 81, with other immunomodulatory mediators in the MSC secretome 

including PGE2 103, TGF-β 165, IDO 166, IL-1-receptor antagonist 167, tumour necrosis factor-

α-induced protein-6 132, and IL-10 66. Németh et al. found that MSC-induced secretion of 

PGE2 attenuated septic injury secondary to CLP, causing reprogrammed host macrophages to 

increase IL-10 production 103. MSCs also increase COX-2 and PGE2 secretion when their 

TLR4 receptors are stimulated with endotoxin. 

 

2.4.2.3 MSC derived extracellular vesicles 
 
Extracellular vesicles are small cellular particles released from MSCs, which carry with them 

cytoplasmic and membrane constituents, including mitochondria 69 and gene products (i.e., 

mRNA and miRNAs) 168. Two variants of extracellular vesicles exist, namely microvesicles, 

which are in the 50-1000nm ranges, and exosomes, which are in the 40-100nm ranges. MSC-

derived microvesicles decrease injury in models of acute lung 76, 168 and kidney injury 169. 
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MSC-derived microvesicles decreased the severity of E. coli-induced severe pneumonia in a 

murine model 168. MSC-derived exosomes contributed to MSC-mediated cardio-protection in 

polymicrobial sepsis through miR-223 transfer to macrophages and cardiomyocytes, leading 

to attenuation of inflammatory response and inhibition of cell death in recipient cells 109. 

Human induced pluripotent stem cell (iPSC)-derived MSC exosomes demonstrated 

significant hepatoprotective effects in a hepatocellular injury model 170. In 2018, Chang and 

colleagues used AD-derived exosomes to significantly reduce CLP-induced mortality, 

inflammation and end-organ injury 171. 

 

2.4.2.4 Strategies to enhance MSC efficacy 
 
Inflammatory mediators (including IFN-γ, IL-1β and TNF-α) released from stimulated 

immune cells, activate MSCs and potentially enhance their function in sepsis 87. In vitro, 

MSC polarity can be modulated by activators of TLRs 172, either towards a pro-inflammatory 

(MSC1) or anti-inflammatory (MSC2) phenotype, depending on the TLR ligand 

time/concentration used for activation 173. UC-derived MSC activation with the TLR-3 ligand 

poly (I:C) increased their efficacy in murine CLP-induced systemic sepsis, via inhibition of 

miRNA 143, increased MSCs expression of COX-2, increased PGE2 production, and 

enhanced macrophage function 174. 

Another strategy used to enhance MSC efficacy is the over-expression of potentially 

therapeutic proteins. MSCs overexpressing angiopoietin 1 reduced endotoxin-induced 

alveolar inflammation and lung permeability 175. Several gene overexpression strategies, 

using genes such as angiotensin-converting enzyme 2 176, FGF-2 177, KGF 178 have been 

demonstrated to enhance MSC efficacy in attenuating endotoxin-induced lung injury 179, 180.  
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Efficacy of these enhancement strategies in polymicrobial preclinical sepsis models, with 

characterisation of effect on the immune response, would greatly enhance the translational 

potential of these approaches. 

 

 

2.5 hMSCs for Sepsis – Addressing Barriers to Clinical 
Translation 
 

2.5.1 Clinical Translational Challenges for MSC’s in Systemic Sepsis 
 

While there is considerable enthusiasm for the translation of MSCs to clinical testing for 

patients with severe sepsis, considerable barriers and knowledge gaps exist that significantly 

impede clinical translation of MSCs for patients with sepsis. These issues will need to be 

better understood in order to enhance the likelihood of successful clinical efficacy studies. 

These challenges can be divided into those that relate MSCs as a therapy, and those relating 

to sepsis as a disease target. 

2.5.1.1 Challenges relating to MSCs as a therapy 
 
Heterogeneity of MSC Populations: There is no single marker or characteristic that identifies 

a cell as an MSC. The International Society for Cell and Gene Therapy first defined MSCs 

for cellular therapy in 2006 based on the presence of three specific criteria, namely: (1) 

adherence to plastic; (2) the expression, or lack of, of certain surface molecules; and (3) their 

capacity for differentiation 44. There is growing evidence that MSCs represent a 

heterogeneous population of cells and that different MSC subtypes exist 181. ‘Quality 

assurance’ issues, as described in more detail below, further compound this heterogeneity. 

Consequently, MSC preparations produced by difference cell manufacturing facilities may 

differ in subtle but important ways, meaning that effects seen with one particular MSC 
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product may not be seen with another, increasing the risk of therapeutic heterogeneity and 

failure of clinical translation. A more specific and robust approach to defining an MSC is an 

imperative to reduce this heterogeneity 182, 183. 

One approach to decrease MSC heterogeneity may be to generate them from homogenous 

populations of induced pluripotent stem cells (iPSCs) 184. Proof-of-concept for this approach 

has been demonstrated, with iPSC-derived MSCs demonstrating comparable efficacy to BM-

derived MSCs in preclinical models of corneal injury 185. Both of our UC-derived MSC 

therapeutics are produced using Terumo technology (Quantum Cell Expansion System®), 

allowing for these MSCs to be produced in large quantities for future studies, and ultimately, 

clinical use. 

MSC ‘quality assurance’ challenges: An advantage of MSCs as a therapy is their ease of 

passage and culture in vitro. However, this brings challenges, including the risk that repeated 

passaging can alter the MSC phenotype, and may give rise to more restricted self-renewing 

progenitors that lose their differentiation potential, and may result in loss of efficacy 186. 

Repeated passage in culture may also give rise to chromosomal damage and even malignant 

transformation 187. The demonstration that thawed cryopreserved banked MSCs (generally 

used in clinical studies) may be less effective than ‘fresh’ MSCs (used in many key pre-

clinical studies) may explain inconsistencies in results between clinical and pre-clinical 

studies 188. Optimizing cryopreservation strategies for MSCs that maintain cell viability, 

potency and efficacy, is an important translational challenge. Our UC-MSCs were 

cryopreserved, and retained function when compared to our fresh BM MSCs throughout our 

in vivo experiments. The criteria for the selection of donors for the establishment of master 

cell banks, which are then used to manufacture the MSC batches for clinical use, and ‘release 

criteria’ for the release of cell batches for clinical use, are specified by regulatory agencies 
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such as the FDA. Compliance with these criteria is a key issue in ensuring cells of the highest 

quality are used in the clinical setting.  

Optimal MSC tissue source: MSCs can be isolated from many tissues and organs. The bone 

marrow remains the standard tissue source of MSCs, and most preclinical sepsis studies 

(including our laboratories initial preclinical studies) and early phase clinical sepsis studies 

use BM-MSCs. Other, potentially more plentiful sources of MSCs, including the UC and AD, 

are receiving increasing attention as potentially more feasible sources of cells for clinical use. 

Umbilical cords have the additional advantages of being a plentiful source, they are a waste 

biologic product, and donor heterogeneity is reduced. Menstrual derived MSCs, when 

combined with antibiotic therapy, synergistically improved the survival rate in mouse CLP 

induced sepsis, enhancing bacterial clearance and reducing organ injury 110. 

Interestingly, with regards to sepsis, there appears to be differential immunomodulatory 

effects of MSCs derived from differing tissues. MSCs derived from the Wharton’s Jelly of 

the UC attenuated increases in pro-inflammatory cytokines IL-1β, IL-6 and IFN-γ, but did not 

modulate the response of anti-inflammatory cytokines IL-4 and IL-10 in rats with CLP-

induced polymicrobial sepsis 126. Mouse AD-MSCs protected mice from Pseudomonas 

aeruginosa pulmonary infection by reducing lung bacterial load, neutrophil and MIP-2 levels 

79. AD-MSCs also enhanced the phagocytic and bactericidal ability of mouse BM-derived 

macrophages in vitro by inhibiting PGE2 signalling 79. Interestingly it was observed that 

when PGE2 was administered to AD-MSCs, their protective effects were negated 79. This 

contrasts with those effects observed with mouse BM-MSCs. Previous studies have suggested 

BM-MSCs release PGE2 that enhances phagocytic ability and bacterial clearance by 

macrophages and stimulates them to release anti-inflammatory IL-10 103, 189. These 

differential immunomodulatory effects of MSCs depending on their tissue source may be 

important to consider when determining the optimal MSC for clinical testing. 
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Mechanisms of action relevant to sepsis: Our understanding of the key mechanisms of 

action of MSCs, particularly as they relate to sepsis, remains incomplete. Specifically, we 

need to better understand which MSC mechanisms of action are most relevant to sepsis, and 

to develop strategies to enhance these effects. The most relevant MSC effects will likely 

differ based on the aetiology, source and phase of sepsis, highlighting the need to better 

characterize the biology of sepsis. A diverse array of secreted mediators, such as PGE2 103, 

KGF 168, and LL-37 40, have been demonstrated to possess therapeutic effects in pre-clinical 

sepsis models. Other effects of potential relevance in sepsis, such as modulation of 

macrophage phenotype and function, appear to be cell contact-dependent. The microvesicular 

fraction of the MSC secretome is effective in preclinical models of sepsis, via mechanisms 

involving mitochondrial and DNA transfer 168. The precise micro-environmental conditions 

may profoundly influence MSC behaviour 190. Dissecting out the relative importance of these 

different mechanisms of action, and determining which are of most importance in sepsis, is 

key to maximizing the therapeutic potential of these cells. 

MSC dosage regimens: The IV route of MSC administration has been used in the majority of 

preclinical studies, and the route that we used in these experiments. The potential of local 

application, e.g. intra-peritoneal in the case of abdominal sepsis or intra-pulmonary in the 

case of pneumonia, deserves further consideration. The optimal dose, or doses, of MSCs for 

critically ill patients with sepsis remains to be determined. Extrapolation from animal studies 

and from human studies of MSC administration in other disease states may be used as a 

guide, but is limited in terms of direct relevance to patients. It may also be the case that 

human MSC’s are more efficacious in humans, so the extrapolation of dosing regimens from 

animal studies may be significantly inaccurate and underestimated. In other studies in disease 

states such as post myocardial infarction, doses of 0.5-5 million cells/kg have been 

administered IV 191. The CISS phase 1 study in sepsis tested the safety of doses up to 3 
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million cells/kg, which were received without harm. The optimal dose of MSCs will differ 

substantially in different disease states. In addition, the dose will be influenced by other 

factors, such as the stage of illness, type of MSCs, route of cell delivery, viability and purity 

of MSCs, and condition of the patient. Timing of MSC delivery is also potentially important, 

with most preclinical studies to date focused on MSC delivery in the earliest phases of the 

host response to infection. Characterization of MSC efficacy in later phase sepsis, which is 

characterized by immune suppression, is a priority. The safety of repeated doses remains to 

be determined, with evidence to suggest that repeated administration does elicit an immune 

response 192. 

MSC safety concerns: Notwithstanding the substantial and growing body of evidence 

attesting to the safety of MSC therapy in humans, there remain a number of potential safety 

concerns. An acute concern is the potential for infusional toxicity during IV administration, 

due to the potential for clumping of the MSCs and their potential to act as microemboli, 

especially in the pulmonary circulation. This has not been a significant issue in non-critically 

ill patients. Encouragingly, the recent phase I study of MSCs for critically ill patients with 

ARDS did not report any infusional toxicities 113. A longer-term concern is that MSCs could 

promote tumour formation either via direct malignant transformation of the MSCs themselves 

or via indirect effects that facilitates tumour formation by other cells. Reassuringly, there 

have been no reports of increased tumorigenesis in the more than 2,000 patients that have 

received MSCs in clinical trials to date. 

2.5.1.2 Challenges relating specifically to sepsis 
 
Population Heterogeneity: Sepsis is a syndrome defined by a set of consensus clinical 

criteria that ‘lump’ together patients that vary considerably in terms of their underlying 

biology, in terms of the source and nature of the inciting agent(s) and the host response, and 

varying severity of illness. Some patients fulfilling clinical criteria for sepsis will not have a 
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pathogen as the underlying inciting agent. The sepsis diagnostic criteria are useful in enabling 

rapid identification and early resuscitation and organ support of severely ill patients with 

sepsis. In addition, patients in different phases of sepsis may respond very differently to a 

therapeutic intervention. Consequently, this heterogeneity constitutes an impediment in 

identifying effective therapeutic strategies, especially where these strategies may have 

potentially harmful as well as beneficial effects 193. This heterogeneity of treatment effect 

may explain some negative trials in sepsis to date, whereby a treatment may have benefit in a 

particular patient subset, e.g. severe sepsis with organ failure, but be ineffective or even 

harmful to patients with less severe sepsis. 

It is very unlikely that MSC therapy will be useful in all patients with sepsis. Identification of 

patient subgroups within the population with sepsis that are more likely to respond to MSC 

therapy, i.e. patient stratification, and testing MSCs in these patient groups, will be necessary. 

In this regard, the identification of sub-phenotypes or ‘endotypes’ within the sepsis 

population, as has been done in patients with ARDS by Calfee and colleagues 35, would be a 

key advance. A related approach, termed ‘Theranostics’, involves identifying biomarkers of 

therapeutic responsiveness. Man et al. 194 used this approach to identify potential subgroups 

of patients in the PROWESS-shock trial that may have benefited from activated Protein-C 

therapy 121. Similarly, Wong et al. identified a paediatric septic shock subgroup that had a 

higher mortality from corticosteroid administration 195. Recently, Reddy and colleagues 

published a review addressing subphenotypes in critical care, and how these can be translated 

into clinical practice196. Septic patient-populations can be divided into clinical or biomarker-

driven subphenotypes, the latter focussing on more mechanistic and biologic categorisation. 

Translation of subphenotypes into advancing clinical practice requires a better understanding 

of sepsis pathophysiology, how stable the subphenotypes are over time, how quickly, easily, 

and affordably we can diagnose them, and understanding the dramatic effect that 
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multimorbidity most likely has on these patient cohorts and their response to therapy. Based 

on our current understanding of the biologic mechanisms of action of MSCs, MSC therapy 

might be more likely to be effective in patients with a ‘hyper-inflammatory’ subphenotype. 

 

2.6 Preclinical Models of Systemic Sepsis for Research 
 

2.6.1 Exogenous Administration of a Toxin 
 

In 1941, Boivin and colleagues first isolated endotoxin from bacteria, which subsequently led 

to the use of the endotoxin model of sepsis 4. This model uses TLR agonists (TLR-4; LPS, 

TLR-9; CpG deoxyribonucleic acid (DNA), TLR-2; synthetic lipopeptide agonists) to create 

a reproducible acute inflammatory response with major cytokine efflux/innate immune 

response activation. An intravenous bolus of endotoxin gives an immediate and 

overwhelming hypodynamic circulatory phase, therefore a low dose infusion is necessary, but 

does not replicate the CLP immune effect discussed below 197. Success has been proven with 

inhibition of specific inflammatory mediators in preclinical models, but other preclinical 

models (CLP/colon ascendens stent peritonitis (CASP)), and clinical models, show a more 

sustained duration of cytokine elevation, at a lower peak concentration, than these 

endotoxicosis models. This difference possibly explains the lack of benefit in clinical trials. 

Caveats of this model include the fact that a single toxin may not mimic responses in human 

sepsis, the haemodynamic response is variable and related to toxin dose and infusion rate, and 

intra- and inter-species response variability to toxin is profound 4, 197.  

 

2.6.2 Exogenous Administration of a Viable Pathogen 

2.6.2.1 Administration of Live Organisms 
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Pitcairn et al in 1975 created one of the first animal sepsis models by intravenous 

administration of Escherichia coli to rats 198. Organisms are most commonly administered IV, 

IP, or IT. Usually only one strain is administered, and this is almost never a ‘host organism’. 

The pathogen often does not have the opportunity to colonise and replicate due to rapid lysis 

by the compliment system, thereby inducing a toxicosis model. It does, however, stimulate 

the hosts response to a specific pathogen 197. 

Issues with this model of sepsis include the fact that pathogen culture and quantification is 

required, and inter-laboratory variability may therefore exist. Bacteria may induce a toxic 

shock/cytokine storm response due to rapid lysis by the host complement system. The host 

response is dependent on the specific bacterial strain, and will differ depending on the organ 

infected, with specific cytokines having opposing effects on inoculation from the same 

organism in differing compartments. A variable response is seen depending on bacterial load 

administered and infusion rate. Rodent genomic variation also influences the response to 

differing pathogens. Finally, any withholding of therapies, such as antimicrobials, could 

detract from validity of therapeutic agent 4, 197. 

 

 

2.6.2.2 Administration of Caecal Inoculum 

 
This technique was first described by Onderdonk and colleagues in the University of 

California in 1974 199. Pre-made pellets or slurry containing frozen or fresh colonic content is 

injected into the peritoneal cavity under anaesthesia with a small midline incision (pellets), or 

using a cannula (slurry). Colonic content of donor rats is mixed with a glucose containing 

solution and barium sulphate. The latter is a known peritoneal irritant and increases the 

toxicity of the implanted faeces. A subsequent reproducible polymicrobial sepsis develops, 

with initial predominance of aerobic organisms (E. coli and Enterococcus) with significant 
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bacteraemia, and later an increase in anaerobic organisms (Bacteroides spp.) with a 

preponderance for abscess development 4, 199. It is similar to CLP and CASP in the 

polymicrobial septic scenario created, and ensuing inflammatory response 200. One main 

advantage over the two aforementioned techniques is reproducibility. One recent study 

reproduced similar mortalities among animals over a sixteen-month period, and given that 

bacteria can survive for many years under storage at -80oC, this model can maintain accuracy 

and consistency for long periods of time while avoiding inter-individual and inter-laboratory 

variation 201. One further advantage is that this model may be used to assess chronicity of 

acute inflammation and its clinical complications, of which few such models currently exist 

in laboratory research. 

 

2.6.3 Alteration of the Animal’s Endogenous Protective Barrier 

2.6.3.1 Colon Ascendens Stent Peritonitis 

 
Introduced in 1997 by Zantl et al 202, CASP uses a hollow stent of defined diameter, inserted 

into the colon ascendens of the animal, to allow persistent leakage of colonic contents into the 

peritoneal cavity. Studies have shown that a reproducible alteration of severity in the CASP 

model occurs with variation of the diameter of the inserted stent 197. It has the advantage of 

easy removal of the stent, potentially mimicking surgical resolution of a perforated viscus in 

humans. The model leads to multi-organ failure, with organ-specific inflammatory responses, 

often with opposing cytokine secretion in neighbouring organs. The model itself was 

developed to allay some of the flaws of the CLP model, but in turn has proven to be 

completely unique in terms of its pathogenesis and disease progression, as reviewed by Maier 

and colleagues 203. 

 



Chapter 2 

 44 

Many of the issues associated with the CLP model also exist here. However, CASP has a 

much less characterised haemodynamic response, and less experience exists to identify 

possible confounding variables in the model 197. 

Several studies have been performed directly comparing CLP and CASP models of systemic 

peritonitis and sepsis 203, 204 [Table 2.5]. CASP causes a profoundly stronger cytokine 

response, with an earlier and more significant bacteraemic insult. The puncture of the CLP 

model is rapidly sealed by loops of small bowel and mesentery, containing the injury and 

creating an abscess formation model, as opposed to the CASP model, where persistent 

leakage of intra-abdominal contents through the stent into the peritoneal cavity allows for a 

more diffuse and persistent systemic inflammatory response. Comparison of both models 

highlights disease mechanisms specific to the inciting injury (TNFα seems to be required for 

efficient intra-abdominal abscess formation (CLP) whereas IFN-γ, and TLR-related 

activation of the innate immune system, are crucial in combating systemic infection (CASP)), 

and some that are common to both models (the anti-inflammatory effects of IL-10) 197, 203. 

Because of the technical difficulty associated with stent placement, securing the stent, 

ensuring its patency, and avoiding abscess formation, CLP has remained the mainstay of 

systemic sepsis preclinical models over the past 20 years. 

2.6.3.2 Caecal Ligation and Puncture 

 
In 1980, Chaudry et al advanced the model of sepsis at that time, caecal ligation, by adding a 

needle puncture to the model (caecal ligation and puncture), thereby disrupting the continuity 

of the bowel lining, and replicating ruptured or perforated visci, such as appendicitis or 

diverticulitis 4. This has since been the gold standard model for sepsis research. The model 

creates a unique polymicrobial sepsis using the host’s own flora, with the necrotic bowel 

offering a native source of persistent inflammation. The severity of disease can be altered by 

ligation length of the caecum, or size of the needle puncture, with the ability to create acute, 
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sub-acute, or chronic sepsis models. Chaudry proved that mortality is linked to ligation 

length. Polymicrobial bacteraemia results with predictable metabolic derangements. 

Several limitations exist, including an inability to do time-course blood profiling due to blood 

volumes required (more so in mice, but also in rats), difficult physiologic measurements due 

to animal size, and disparities in human and rodent physiology. Advantages include ease of 

surgery, reproducibility, and similarity to clinical sepsis syndromes, specifically with regards 

to cell apoptosis (dendritic, endothelial, and epithelial cells in particular). 

A recent paper by Liu et al 205 has challenged the consistency in conventional CLP models 

using a syringe needle. They found that changes in the number of punctures, ligation 

percentage, or needle size, correlated inconsistently with model severity and mortality rates 

between groups (n=10). This laboratory used a novel puncture technique, using a three-edged 

needle. The technique provided more stable outcomes in repetitive groups, and increased 

severity correlated with increased needle size, as evidenced by elevated mortality, and 

worsening proinflammatory, coagulation, acid-base, and lung injury, profiles. The 

consistency likely relates to the inability of the puncture to seal itself, unlike a needle 

puncture, where a flap of tissue remains at the puncture site. While this paper provides good 

evidence that this newly developed technology provides a more predictable CLP model, more 

studies, in multiple laboratories, using this new technique, are necessary to consolidate this as 

the new gold standard in CLP modelling. 

Despite being the gold standard, many caveats remain with this model. The model generates 

multiple bacterial flora, which can prove difficult with bacteraemic counts, inter-laboratory 

variability can be troublesome, and withholding of accepted sepsis therapies could detract 

from validity of any therapeutic agent used. Variability seems to exist regarding age and 

strain of animal used, and potential exists for ascribing sepsis therapy success to enhanced 

abscess formation 197.  
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Table 2.5 – Characterization of animal models of peritoneal sepsis. Reproduced from Schabbauer 203. 
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2.7 Conclusions 
 
Preclinical studies have demonstrated the therapeutic potential of MSCs for sepsis. The 

mechanisms of action of MSCs are increasingly well characterized, and include modulation 

of the immune response, reduction of host injury from the pro-inflammatory response while 

augmenting bacterial clearance by indirect and direct mechanisms of action, and enhanced 

resolution of inflammation and enhanced tissue repair following injury. While we await 

evidence of MSC benefit in patients with sepsis, phase I – II studies are underway, and initial 

reports are encouraging, especially regarding MSC safety in this cohort. However, significant 

hurdles still exist, both in terms of MSCs as a therapy, and sepsis as a therapeutic target, that 

need to be overcome if the therapeutic potential of MSCs is to be realized. Addressing these 

on-going knowledge gaps will help us to fully harness the therapeutic promise of MSCs for 

our patients with sepsis. 

 

To date, many attempts have been made to discover a prevention, treatment or cure for 

Sepsis. The vast majority of preclinical and clinical trials, so far, have used BM-MSCs, with 

only four preclinical sepsis studies over the past 10 years utilising UC-MSCs. Experiments 

here concentrated both on demonstrating the ability of our MSCs to kill relevant sepsis-

inducing pathogens, and on the investigation of the preclinical therapeutic potential of our 

MSCs for sepsis, assessing two sub-populations of cryopreserved UC-derived MSCs, and 

benchmarking them against our laboratories established fresh BM-derived MSC population.  

In vitro experiments will assess the ability of our MSCs, in co-culture with human 

monocytes, to kill E. coli, a relevant sepsis-inducing pathogen. We will look specifically at 

both contact-dependent, and contact independent, mechanisms of action.  

In vivo, sepsis will be induced in rodents using the gold standard CLP model of systemic 

sepsis, as described above, which we will refine prior to intervention, based on our 
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laboratories previous CLP model. UC- and BM-MSCs will be administered intravenously 

following the induction of CLP. Vehicle control will be used. Animals will then be assessed 

for indices of recovery 48 hours following injury. 

Our ultimate aim is to bring these UC-MSCs forward to clinical trial, for the treatment of 

sepsis. This study is an initial step in this process. 
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3. Investigating the Therapeutic Potential of 
Mesenchymal Stem Cells in In vitro Models of 
Sepsis  

 

3.1 Abstract 
 
Introduction: Sepsis is a syndrome of life-threatening physiologic, pathologic, and 

biochemical abnormalities resulting from infection 1. The host immune response, specifically 

the loss of immune homeostasis induced by the pathogen, is of critical importance to the 

initiation, evolution, and outcome, of sepsis [Image 2.1] 2. With knowledge of this imbalance 

in the early phase of sepsis, altering this cascade of events may be both beneficial to the 

patient, in terms of dampening the deleterious effects of some of the cytokines involved on 

the body systems, and in aiding elimination of the pathogen.  

Using in vitro experiments we elucidated how this immune homeostatic imbalance, 

specifically the cytokine milieu, could be modified, using MSCs, to eradicate the offending 

pathogens more efficiently. 

 

Objectives: To demonstrate the ability of MSCs, in co-culture with human monocytes, to kill 

relevant sepsis-inducing pathogens, such as E. coli. The specific mechanism(s) by which this 

occurs was also elucidated. 

 

Methods: Pre-activated MSCs, in co-culture with THP-1 human monocytes, were used to 

assess phagocytic potential against E. coli bacteria in vitro. ELISA was used to assess MSC 

activation, and spectrophotometry was used to assess E. coli phagocytosis by the above co-

cultures, under a variety of pre-activated conditions (Cytomix [IL-1β + TNF-α + IFN-γ]-
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activated or not). Phosphate buffered saline (PBS) and Medical Research Council cell strain 5 

(MRC5) -fibroblast controls were used throughout all experiments. Transwell plate 

technology was used to elucidate the effects of contact and non-contact dependent 

mechanisms on the experiment.  

 

Results: Activation of MSCs resulted in significantly increased IL-6 and IL-8 production. In 

the spectrophotometry experiments, both UC- and BM-MSCs, pre-activated with Cytomix, 

and co-cultured with differentiated THP-1 monocytes, showed a significant increase in 

macrophage E. coli phagocytosis, whether cell-cell contact was inhibited or not.  

 

Conclusion: In summary, the above experiments provide evidence that our MSCs 

significantly enhance pathogen killing, both directly (contact-dependent), and indirectly 

(contact independent). This allows us to confidently progress to in vivo experimentation with 

our therapeutic. 

 

Contribution: I would like to acknowledge Dr. Daniel O’Toole for his advice and assistance 

in the completion of this series of experiments. 
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3.2 Introduction 
 
Key advances have occurred in the management of patients in the early phase of sepsis, 

including prompt broad spectrum antimicrobial therapy 24, aggressive source control 13, and 

goal directed resuscitation, all contributing to improved outcome and a reduction in mortality. 

However, the detrimental effect to body systems by soluble mediators is not ameliorated by 

these resuscitative treatment approaches, and once established, can often cause long-lasting 

organ injury that directly affects patient outcomes. With the knowledge of this initial 

‘cytokine storm’ in the early phase of sepsis, utilising ways of altering this cascade of events 

may be both beneficial to the patient in terms of dampening the deleterious effects of some of 

these cytokines on the body systems, and also in aiding elimination of the pathogen in 

question. A therapeutic for this phase of sepsis is therefore needed. 

Using in vitro experiments, we can elucidate how this cytokine milieu can be modified to 

eradicate the offending pathogens more efficiently, and what pathways lead to this. 

Specifically, using MSCs, we hypothesize that through the secretion of many factors, 

including IL-6 and IL-8, MSCs can enhance pathogen killing in a variety of conditions, 

directly, indirectly, and using conditioned media from MSCs themselves. 
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3.3 Aim 
 
To demonstrate the ability of MSCs, in co-culture with human monocytes, to kill relevant 

sepsis-inducing pathogens, such as E. coli.  
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3.4 Materials and Methods 
 

3.4.1 Cell Cultures 

3.4.1.1 Mesenchymal Stem Cells  
 
Human BM and UC MSCs were isolated as described previously 206, 207 [Table 3.1] and used 

at passages 1-4 for all experiments.  

BM-MSCs were cultured in Minimum Essential Eagle Medium Alpha modification (with 

Glutamax (L-alanine-L-glutamine), Cat. No. 32561094, GIBCO®) supplemented with 10% 

Fetal Calf Serum (FCS), penicillin G (100 U/mL) streptomycin (100 μg/mL) and Fibroblast 

Growth Factor-1 (FGF-1) (10ng/mL) (PeproTech EC Ltd., London, UK). Cells were 

maintained in 95% humidity, 5% CO2 and 2% O2 (hypoxia) at 37°C. 

Frozen UC-MSCs were received as cryopreserved aliquots from Orbsen Therapeutics Ltd., 

thawed, and resuspended prior to administration.  

For animal dosing, cells were reconstituted in PBS (Sigma-Aldrich) prior to administration. 

 
Table 3.1 – MSC Type and Source  

 
 

3.4.1.2 Pre-activation Protocol for MSCs 
 
MSCs were seeded at a density of 2.5x105 MSCs/well. 48 hours later, on Day 3, the MSCs 

were washed twice in PBS solution and re-fed with serum-free, antibiotic-free, media. 

Inflammatory cytokines (IL-1β, IFN-γ, TNF- α, or Cytomix [IL-1β + TNF-α + IFN-γ]), as 

MSC Type Isolation Methods Source 
Human Bone Marrow 
Derived Heterogeneous 
MSCs 

As previously described 
by Wagner et al., 2005 
206 

1: Centre for Cell 
Manufacturing, Ireland 
(CCMI) 

Human Umbilical Cord 
Derived MSCs 

As previously described  
by Sarugaser et al., 
2005207 

1: Orbsen Therapeutics Ltd., 
NUI Galway, Ireland  
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outlined in Table 3.2, were added to the MSCs, to facilitate cell pre-activation. Control media 

had vehicle control added for completeness.  

 
Table 3.2 – List of Activators for Pre-activated MSC In Vitro Experiments 

 

 

3.4.1.3 Fibroblasts (MRC-5) 
 
Primary human lung fibroblasts were purchased from American Type Culture Collection 

(ATCC) and frozen following culture in aliquots of 1 x106 cells/mL in cryovials stored in 

liquid nitrogen. When thawed from liquid nitrogen, the fibroblasts were seeded in T175 

polystyrene filtered lid flasks (Greiner , Monroe, NC) at a seeding density between 8 x105 -

1 x106 cells per flask. The medium (MEM-α modification with 10% Hyclone FCS, 

Penicillin-Streptomycin, and L-glutamine) was refreshed every 3-4 days. When the 

fibroblasts had reached a confluence of 70%, they were trypsinized with 0.25% 

Trypsin/Ethelyenediaminetetraacetic acid, resuspended with medium, and centrifuged at 400 

x g for 5 minutes. The supernatant was then aspirated, the fibroblasts were resuspended in 

PBS, and a cell count was performed using a haemocytometer.  

 

3.4.1.4 Human Leukemic Monocytic cell line (THP-1)  
 
THP-1 cells were received as a kind gift from Professor Afshin Samali (Apoptosis Research 

Centre, Biomedical Sciences, NUI Galway, Ireland) as a growing passage 8 suspension 

culture and used at passages 9 to 12.  

Activator Concentration 
Human Recombinant IL-1β 
(ImmunoTools, Germany) 

10ng/mL 

Human Recombinant IFN-γ 
ImmunoTools) 

50ng/mL 

Human Recombinant TNF-α 
(ImmunoTools)  

50ng/mL 

Cytomix (IL-1β + TNF-α + IFN-γ) 10 + 50 + 50 ng/mL 
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THP-1 cells were originally purchased from ATCC and are a spontaneously immortalized 

monocyte-like cell line, derived from the peripheral blood a 1-year old male infant case of 

acute monocytic leukaemia (M5 subtype). While human peripheral blood monocytes can, in 

certain instances, be preferable for research, THP-1 cells are a biologically convenient 

alternative albeit simplified model of human macrophages, and are easily accessible208. THP-1 

cell lines have certain limitations versus ex-vivo monocytes. Monocytes are more responsive to 

LPS due to high expression of CD-14, as compared to monocyte-like THP-1 cells. However, 

when PMA-activated, monocyte-like THP-1 cells have a similar induced M1 response to 

monocytes cell lineages209. 

THP-1 monocytes were cultured in suspension in a T75 tissue culture flask in RPMI 1640 

media upright (to ensure the cells do not attach) at 37°C in 5% CO2. THP-1. Monocytes were 

differentiated into a macrophage-like phenotype using phorbol 12-myristate 13 acetate 

(PMA) at 1μg/mL concentration for 72 hours (PMA-activated THP-1’s). 

 

3.4.1.5 Bacterial Culture 
 

3.4.1.5.1 Escherichia Coli 
 
The E. coli used in these experiments was originally isolated from the urine of a female 

infant, labelled E5162 (serotype: O9 K30 H10) and was supplied by the National Collection 

of Type Cultures, Central Public Health Laboratory, London, England. The E. coli were 

stored on preservative beads (Protect, Lancashire, England) at -80°C. Beads were placed in 

3mL vials of nutrient broth (W14060, LIP Diagnostics, Galway, Ireland) and incubated at 

37°C, 120rpm for 17 hours, to allow bacterial concentrations to reach a plateau. 

3.4.1.5.2 E. coli opsonisation 
 
E. coli were opsonised as follows: An E. coli pellet was created by centrifuging the E. coli 

broth at 500 x g for 5 minutes. Human blood was spun using the same protocol, separating 
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the serum from the cellular component. Serum was diluted 1:1 using PBS. The E. coli pellet 

was resuspended in 1mL of the serum dilution mix and incubated for 5 minutes. The E. coli 

was then pelleted out of the serum dilution mix using the same protocol, and resuspended in 

PBS, for addition to the co-culture. 

3.4.2 Bacterial killing via conditioned media 

 
Bacterial killing, or inhibition of proliferation, via conditioned media was performed using 

the following protocol:  

On day 1, MSCs were seeded onto 6-well plates, at a density of 2.5x105 MSCs/well. Each 

well in the 6-well plate had a surface are of 9.6cm2.  

24 hours after seeding of wells, PMA-activated THP-1s were added, where specified, at a 

ratio of 1:1.  

On day 3, all wells were washed with PBS. Antibiotic-free media, activated with PBS or 

Cytomix, was added in biologic triplicate to the necessary experimental groups.  

24 hours after addition of the media above, conditioned media from each group was 

transferred to V-bottomed 96-well plates, 200uL/well. E. coli was then added, at two 

concentrations, 102 or 103 colony forming units (CFU)/uL of media. The plates were 

incubated at 37°C, 120rpm, for 6 hours. 

6 hours after addition of E. coli, the V–bottomed 96-well plates were spun to pellet surviving 

E. coli to the base of the well, allowing the conditioned media to be removed. 200uL 

PBS/well was then added, the E. coli pellet agitated, and the subsequent mixture transferred 

to a 96-well flat-bottomed plate, for reading in the spectrophotometer. 

 

3.4.3 In vitro quantification of bacterial killing 
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3.4.3.1 Spectrophotometry 
 
Spectrophotometric analysis was used for both ELISA and bacterial killing via conditioned 

media (4.3 above) using a VICTOR™ X plate reader (Perkin Elmer, Waltham, MA, USA). 

Specific protocols were used for both experimental models, using flat-bottomed 96-well 

plates for samples. Absorbance of 450nm and 550nm was used for the ELISA, with 595nm 

used for the bacterial killing experiments. Readings were set against pre-prepared standard 

curves for quantification purposes. 

 

For the spectrophotometric bacterial killing experiments, frozen BM- and UC-MSCs in FCS 

(containing antibiotic) were seeded onto 24-well plates, at 2.5x105 MSCs/well for 24 hours 

under conditions of 37°C, 95% humidity, 5% CO2, and hypoxic conditions of 2% O2. 

Following this, differentiated THP-1 monocytes (Section 3.4.1.4) in FCS were added to the 

MSCs at a ratio of 1:2.5 and incubated for 24 hours (day 2). 50% of the wells were directly 

co-cultured, 50% were co-cultured using transwell plate inserts, inhibiting direct contact 

between MSCs and monocytes. Following incubation, all wells were washed with PBS (day 

3). Antibiotic-free media, activated with PBS or Cytomix, was added in biologic triplicate. 6 

groups were created; Control (PBS), Fibroblast control (MRC-5), Cytomix-activated 

monocytes, and Cytomix-activated MSC-monocyte co-cultures using our three MSC sub-

populations. On day 4, conditioned media from above 6 groups was transferred to V-

bottomed 96-well plates, 200uL/well. Opsonised E. coli (as per section 3.4.1.5.2) was then 

added, at concentrations of 0, 1 x103, and 1 x104 CFU/uL of media respectively. The plates 

were shaken at 120rpm, at 37°C, for 4 hours.  

At 4 hours, the V–bottomed 96-well plates were spun to pellet surviving E. coli to the base of 

the well, allowing the conditioned media to be removed. 200uL PBS/well was then added, the 

E. coli pellet agitated, and the subsequent mixture transferred to a 96-well flat-bottomed 
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plate, for reading in the spectrophotometer, at an absorbance of 595nm, using an experiment-

specific protocol.  

3.4.3.2 ELISA 
 
Firstly, fresh UC-MSCs in 5% Human Platelet Lysate were prepared for the ELISA and 

seeded onto 6-well plates, at 2x105 MSCs/well for 24 hours under conditions of 37°C, 95% 

humidity, 5% CO2, and hypoxic conditions of 2% O2.  

Human monocytes were then added to the MSCs at a ratio of 1:1. 24 hours later (day 3), all 

wells were washed with PBS. Antibiotic-free media, activated with PBS or Cytomix, was 

added in biologic triplicate. 4 groups were created: Control, PBS, Cytomix, and monocyte 

only: the latter group was not activated, and also had MEM-α media exchanged on day 3. 24 

hours later (day 4), unopsonised E. coli was added to each well, at a concentration of 1 

CFU/uL of media (3mL media/well, 3000CFU’s/well) for 6 hours. 1mL from each well was 

centrifuged at 10,000rpm for 5 minutes to pellet surviving E. coli to the bottom of the 

eppendorf tube. 900uL of the supernatant was then removed, and used for the ELISA, which 

was performed on day 5 to assess IL-6 and IL-8 levels. 

 

MSC inflammatory response was assessed by secretion of the cytokine IL-8, using an IL-8 

sandwich ELISA DuoSet kit (R&D Systems Inc., Minneapolis, MN, USA) as per 

manufacturer’s instructions. A 96 well MaxiSorp® microplate (NUNC, Thermo Fisher 

Scientific Ltd.) was coated with 100μL per well of the capture antibody diluted in PBS to a 

working concentration of 4μg/mL, sealed with parafilm, and incubated overnight at 4°C. The 

plate was then washed three times with wash buffer (1% Tween-20 in PBS, 300μL per well 

per wash). Plates were then blocked with the reagent diluent (1% bovine serum albumin in 

PBS, 100μL per well) and incubated for 1 hour at room temperature. The wash step was then 

repeated.  
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The IL-8 standard was reconstituted in deionised water and a standard curve made with the 

highest value reading at 2000pg/mL and a seven point, 2-fold serial dilution of this was made 

in reagent diluent. Standards were added in duplicate to the plate (100μL per well). At this 

time the conditioned media samples (4.3 above) were diluted 1 in 20 in reagent diluent and 

also added to the plate (100μL per well) and incubated overnight at 4°C. The wash step was 

then repeated. The detection antibody was diluted in reagent diluent to a working 

concentration of 20ng/mL and 100μL was added to each well and incubated for 2 hours at 

room temperature. The wash step was again repeated. The streptavidin-HRP was diluted 1 in 

200 in the reagent diluent and added to the plate (100μL per well to give 50ng/mL final) for 

30 minutes at room temperature. The wash step was again repeated and 100μL of 3, 3′, 5, 5′ 

Tetramethylbenzidine substrate (Sigma-Aldrich) was added to the plate (100μL per well). 

The plate was incubated at room temperature in the dark. 50μL of stop solution (2N H2SO4, 

Sigma-Aldrich) was then added. The optical density of the samples was read on a plate reader 

at 450nm with a wavelength correction at 550nm. IL-8 levels were quantified against the 

standard curve. 

The same ELISA process was used to measure IL-6 cytokines levels from the same 

experimental samples. 

 

3.4.3.3 Transwell Permeable Supports 
 
Transwell plates allow separation of two cell populations, suspended in a medium, in 

experimental conditions. In this set of experiments, we used the technology to separate MSC 

and THP-1 populations, allowing assessment of contact-dependent, and contact-independent 

mechanism of action for E. coli killing. 
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3.4.4 Statistical Analysis 
 
Statistical analysis was performed on scientific data using GraphPad Prism software. All data 

is expressed as mean (n=3) with error bars representing standard deviation. Statistical 

analyses were performed using ANOVA with Sidak’s Multiple Comparison Test to compare 

data sets. P values less than 0.05 were considered to be significant. 
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3.5 Results 
 

3.5.1 ELISA 
 
Using fresh co-cultures, IL-6 (Figure 3-1 A and B) and IL-8 (Figure 3-1 C and D) levels 

were measured using ELISA in MSC-only activated cultures, and also in MSC-monocyte-E. 

coli activated co-cultures. IL-6 and IL-8 levels were significantly increased by Cytomix 

activation in all experiments. 
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Figure 3-1: IL-6 and IL-8 ELISA for MSC Activation. 

IL-6 (Panel A and B) and IL-8 (Panel C and D) secretion influenced by cytokine activation 

of MSC-only cultures, and MSC-monocyte-E. coli co-cultures. Secretion of both IL-6 and IL-

8 was significantly enhanced by cytomix activation.  

Columns represent mean values (n=3). Error bars represent standard deviation. 

Panel A-D 

* (P < 0.05), ** (P<0.01), *** (P<0.001) , **** (P<0.0001) significantly different from all other groups 

(ANOVA, Sidak’s Multiple Comparison Test)  
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3.5.2 Spectrophotometry 
 
Following MSC-monocyte co-culture and activation with Cytomix, conditioned media was 

used to assess efficacy in killing E. coli.  

In Figures 3-2 and 3-3, our MSC sub-populations were assessed against control groups for E. 

coli killing. As both sub-populations were not available to our laboratory simultaneously, 

experiments with each population were completed in isolation. Transwell permeable supports 

were used to separate MSCs and monocytes, creating a situation of contact-independent 

mechanism of action for E. coli killing. Under both contact-dependent (Panels A-C) and 

contact-independent (Panels D-F) conditions, and at a concentration of 1000 E. coli/uL, both 

groups of MSC significantly increased E. coli killing versus both control and MRC5 

fibroblasts. With the exception of MRC5 versus MSCs in the non-contact groups, both 

groups of MSC also significantly increased E. coli killing versus both control and MRC5 

fibroblasts at the higher concentration of 10,000 E. coli/uL.  
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Figure 3-2: Spectrophotometry to assess E. coli killing by BM-MSC co-cultures using 

transwell plate technology.  
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Under both contact (Panels A-C) and non-contact (Panels D-F) conditions, and at both 

concentrations of E. coli, BM-MSCs significantly increased E. coli killing versus both control 

and MRC5 fibroblasts, with the exception of MRC5 versus BM-MSC at the higher 

concentration of 10,000 E. coli/uL.  

Columns represent mean values (n=3). Error bars represent standard deviation.  

Panel A-F 

* (P < 0.05), ** (P<0.01), *** (P<0.001) , **** (P<0.0001) significantly different from control group 

(ANOVA, Sidak’s Multiple Comparison Test)  

$ (P < 0.05), $$ (P<0.01), $$$ (P<0.001) , $$$$ (P<0.0001) significantly different from MRC5 Fibroblast group 

(ANOVA, Sidak’s Multiple Comparison Test) 
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Figure 3-3: Spectrophotometry to assess E. coli killing by UC-MSC co-cultures using 

transwell plate technology.  
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Under both contact (Panels A-C) and non-contact (Panels D-F) conditions, and at both 

concentrations of E. coli, BM-MSCs significantly increased E. coli killing versus both control 

and MRC5 fibroblasts, with the exception of MRC5 versus UC-MSCs at the higher 

concentration of 10,000 E. coli/uL.  

Columns represent mean values (n=3). Error bars represent standard deviation.  

Panel A-F 

* (P < 0.05), ** (P<0.01), *** (P<0.001) , **** (P<0.0001) significantly different from control group 

(ANOVA, Sidak’s Multiple Comparison Test)  

$ (P < 0.05), $$ (P<0.01), $$$ (P<0.001) , $$$$ (P<0.0001) significantly different from MRC5 Fibroblast group 

(ANOVA, Sidak’s Multiple Comparison Test) 
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3.6 Discussion 
 

MSCs exert their immunoregulatory effects in many ways. MSC cytokine secretion has a 

profound influence on immune function, especially in the setting of inflammation. Pathogen-

induced inflammation is a hallmark of sepsis. IL-6 and IL-8, measured here, are two of the 

many cytokines secreted by MSCs, and can act as a marker of MSC activation, as assessed in 

this experiment. IL-6 acts as both a pro- and anti-inflammatory cytokine, with profound 

effects on both humoral and cellular immune function 210.  As depicted in Image 2.3 above, 

MSCs, via IL-6 (among other signalling molecules), enhance neutrophil recruitment, 

encourage a conversion from neutrophil to macrophage phagocytosis, stimulate T-cell 

production, and together with IL-4, participate in the generation of a Th2 immune response 

210.  

This experiment was to clarify the production of both of these cytokines by our MSCs; in the 

MSCs alone, and also in the presence of immune cells (THP-1 monocytes), and an offending 

pathogen (E. coli) as a co-culture. A group with monocytes alone was created to clarify the 

cell of origin of the measured cytokines in co-culture. MSC secretion of IL-6 and IL-8 was 

significantly increased by Cytomix activation in all experiments.  

Once we clarified MSC activation, we proceeded to spectrophotometric analysis of 

conditioned media, where we analysed remaining live E. coli organisms in samples from each 

of the groups.  

Our two MSC sub-populations were assessed against control groups for E. coli killing. All 

groups of MSC significantly increased E. coli killing versus both control and MRC5 

fibroblasts, at both concentrations of E. coli (with the exception of MRC5 versus MSCs in the 

10,000 E. coli/uL non-contact group), in both contact-dependent, and contact-independent 

conditions.  
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As eluded to above, MSCs work by multiple mechanisms, some of which require contact 

between the MSC and target cells, while others are mediated via secreted products, both 

mediators, and cell products, such as microvesicles and exosomes [Images 2.2 and 2.3 

above] which the above experiments have shown.  

MSCs secrete multiple antimicrobial peptides, such as lipocalin-2 70, β-defensin-2 81 and LL-

37 38, 40. Other immunomodulatory mediators in the MSC secretome include PGE2 103, 

transforming growth factor (TGF)-β 165, IDO 166, IL-1-receptor antagonist 167, tumour 

necrosis factor-α-induced protein-6 132, and IL-10 66. E. coli-induced stimulation of the toll-

like receptor (TLR) 4 expressed by the MSCs, increases MCS production of PGE2 and 

COX2, further enhancing MSC pathogen killing directly, and indirectly via enhanced 

macrophage phagocytosis. 

MSCs also release subcellular particles, termed extracellular vesicles, which incorporate 

cellular components, including mitochondria 69 and gene products (i.e., mRNA and miRNAs) 

77. Two types of extracellular vesicles exist, namely microvesicles, which are in the 50-

1000nm range, and exosomes, which are in the 40-100nm range. Our transwell plate pore 

size in this experiment was 400nm, therefore allowing a significant proportion of these 

vesicles to traverse the plate and interact with the monocyte-E. coli compartment and 

contribute to E. coli killing. 

Using differentiated THP-1 monocyte cell lines, our in vitro co-culture experiments also 

highlight how MSCs enhance macrophage phagocytosis function. Macrophages, upon 

stimulation, become activated into one of two phenotypes, namely ‘classically activated’ M1 

macrophages that were considered ‘pro-inflammatory’ and play a key role in phagocytosis 

and killing of pathogens, and ‘alternately activated’ M2 macrophages, with a more ‘pro-

repair/resolution’ phenotype, that contribute to clearance of dead/injured host cells, and tissue 

repair. A key effect of MSCs on macrophages in this experiment may be their ability to 
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favour maturation into a novel ‘M2-like’ macrophage phenotype 92, 144, with improved 

phagocytic activity, and capacity for resolution of inflammation and injury repair 145. 

MSCs can increase intravascular monocyte phagocytic potential via complement activation, 

increasing C5a levels, with subsequent CD11B up regulation, both crucial for effective 

pathogen clearance 92, 146.  They also have an ability to enhance macrophage phagocytosis via 

several mechanisms, including secreted factors as KGF 71, mitochondrial transfer (from MSC 

to macrophage), either via direct cell-cell contact (via tunnelling nano-tubules) or indirectly 

(via exosomes) 82. Here, we have demonstrated a significant increase in MSC-induced E. coli 

killing, in both contact and non-contact experimental conditions above. 

 

3.7 Summary  
 
In summary, the above experiments provide evidence that our MSCs significantly enhance 

pathogen killing, both directly (contact-dependent), and indirectly (contact independent) 

using direct co-culture, and indirect conditioned media, conditions. This allows us to 
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4. In vivo Materials and Methods 

4.1 Approval and Ethical Issues 
 
We used our newly established model of severe sepsis and septic shock in these studies, 

based on our laboratory’s previously published models 211, and modified it significantly (see 

Chapter 6) to enhance the model to mimic severe sepsis, seen clinically in humans. Adult 

CD® male Sprague Dawley rats (Charles River Laboratories, Kent, UK) weighing between 

350–450g were used and all work was approved by the Animal Ethics Committee of the 

National University of Ireland, Galway and conducted under license from the Health 

Products Regulatory Authority, Ireland. 

 

4.1.1 Animal Health and Distress Scoring 
 
All animals were appropriately monitored for pain, distress, illness, morbidity or mortality 

with the necessary actions taken to avoid such circumstances. Animal welfare was priority 

and it was ensured that no unnecessary distress or harm was suffered at all times. Prior to the 

commencement of in vivo experimentation and following experimental procedures, animal 

models underwent distress scoring to ascertain their health and well-being. Distress scoring 

was performed both before injury and every 4 hours following injury and treatment according 

to table 4.1 (Appendix, ACREC application 151124 document, last two pages). Animals were 

euthanized if they reached stated endpoints on the distress-scoring sheet.  
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Table 4.1 – Animal Health and Distress Scoring Sheet 
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4.2 Injury Model 
 
Anaesthesia was induced with intraperitoneal (IP) ketamine 80 mg.kg-1 (Ketalar, Pfizer, 

Cork, Ireland) and medetomidine 1 mg.kg-1 (Medetor®; Chanelle Veterinary, IDA Industrial 

Estate, Dublin Road, Loughrea, Co. Galway). Sterile technique was utilized during all 

manipulations. After confirming depth of anaesthesia by absence of response to paw 

compression, intravenous access was gained via a 22G cannula to the tail vein and further 

anaesthesia maintained with intravenous boli of alfaxalone (Alfaxan, 10 mg/mL; Chanelle 

Veterinary, IDA Industrial Estate, Dublin Road, Loughrea, Co. Galway). 

 

The lower half of the abdomen was shaved and disinfected with 70% alcohol and the caecum 

mobilized through an approximately 2cm long, median abdominal incision, using size 10 

scalpel. The caecum was filled by gently ‘milking back’ colon contents and the distal 25-60% 

of the length of the caecum is ligated with a 3-0 silk ligature distal to the ileo-caecal valve, 

without causing bowel obstruction. The caecum was then subjected to a double perforation 

with a sterile 2-3mm punch, and gently compressed until its contents began to exude, to 

ensure patency of the perforation sites. The bowel was then repositioned and the abdominal 

incision closed in layers with 4-0 silk sutures. All rats were given 10ml.kg-1 of 0.9% w/v 

Sodium Chloride (B. Braun, Dublin, Ireland) intravenously for fluid resuscitation. 

Our laboratories already established CLP model (25% ligation, 19G puncture) was continued 

for this set of experiments, to validate it and ensure a sufficient level of systemic sepsis in the 

animals. However, as the continuation of the original model did not produce significant 

injury in the animals, we increased the injury in a stepwise fashion until a significant multi-

organ injury was seen. As caecal ligation produces an ischaemic colitis model, and the caecal 

puncture allows initial peritoneal soiling, a step-wise increase in model injury was initiated. 
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For the MSCs regimen, MSCs were delivered via a 22G tail vein cannula in 500uL 0.9% 

saline.  

When animals recovered from anaesthesia they were housed in individually ventilated cages 

(IVC) for close observation and monitoring for a total time of 48 hours post CLP procedure. 

Fluid support was provided as SC 0.9% NaCl, 12ml.kg-1, 3 times per day, containing 

0.05mg.kg-1 buprenorphine (Bupaq®; Chanelle Veterinary, IDA Industrial Estate, Dublin 

Road, Loughrea, Co. Galway) for pain relief. 

Additional bedding material was provided, with softened food provided on the floor of the 

cage, and a lowered drinking nozzle. 

 

4.3 Assessment of Extent of Recovery Following CLP 
 

4.3.1 Airway and Arterial Cannulation 
 
Anaesthesia was induced with IP ketamine 80mg.kg-1 and medetomidine 1 mg.kg-1. Sterile 

technique was utilized during all manipulations. After confirming depth of anaesthesia by 

absence of response to paw compression, intravenous access was gained via a cannula to the 

tail vein and further anaesthesia maintained with intravenous boli of alfaxalone. 

 

Following this, a tracheostomy tube (2 mm internal diameter) was inserted and secured and 

intra-arterial access (22 gauge cannulae, Becton Dickinson, Cowley, U.K.) was sited in the 

right internal carotid artery. Cisatracurium besilate (0.5 mg/mL; GlaxoSmithKline, Dublin, 

Ireland) was administered intravenously to produce muscle relaxation, and anaesthesia 

maintained with alfaxone infusion (5-20 mg.kg-1.hr-1).  

 

4.3.2 Harvest Ventilatory Strategy 
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The animals were ventilated using a small animal ventilator (Model 683, Harvard Apparatus, 

Kent, U.K.) with an inspired gas mixture of FiO2 of 0.3, respiratory rate of 90 breaths/min, 

tidal volume of 6 mL.kg-1, and positive end-expiratory pressure of 2cm H2O. This is the 

baseline ventilatory strategy for our laboratories CLP model, allowing non-injurious 

ventilation of the animal for the duration of the harvest procedure. To minimize lung de-

recruitment, a recruitment manoeuvre consisting of a positive end-expiratory pressure of 

10cm H2O for 25 breaths was applied every 15 min throughout the protocol, as lung de-

recruitment is unavoidable when the animal is initially anaesthetised and for the duration of 

tracheostomy insertion. Intra-arterial blood pressure is closely monitored during each 

recruitment manoeuvre to ensure maximal haemodynamic stability. 

Depth of anaesthesia was assessed every 15 minutes by monitoring the cardiovascular 

response to paw clamp. Body temperature was maintained at 36-37.5°C using a 

thermostatically controlled blanket system (Harvard Apparatus, MA, USA) and confirmed 

with an indwelling rectal temperature probe. 

 

4.3.3 Physiological Parameter Measurement 
 
Intra-arterial blood pressure, peak airway pressures and rectal temperature were recorded 

continuously for twenty minutes. Arterial blood was sampled to assess oxygenation, 

ventilation and acid-base status under conditions of 30% inspired and 100% inspired oxygen.  

 

4.3.4 Euthanasia 
 
At the end of the harvest ventilation protocol animals were given 400U.kg-1 IV heparin (CP 

Pharmaceuticals, Wrexham, United Kingdom), and sacrificed by exsanguination under 

anaesthesia. Death was verified by observation of permanent cessation of the circulation on 

invasive monitoring. 
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4.4 Sample Collection 
 

4.4.1 Peritoneal Lavage 
 
Immediately post-mortem, the abdomen is opened and peritoneal lavage (PL) collection was 

performed by intra-abdominal instillation of 5mL of normal saline and collection of the 

returned fluid.  

 

4.4.2 Organ Homogenate Culture 
 
Immediately post-mortem, liver and spleen samples were collected. Organs were weighed, 

and homogenized using a homogenizer. The homogenate was then added to 5mL of normal 

saline and the returned fluid collected. 

4.4.3 Wet:Dry Ratio 
 
Wet/Dry lung weights were determined by tying off and removing the lowest lobe of the right 

lung, and drying the lung at 37°C for 72 hours before re-weighing. A single lobe is used to 

allow accurate assessment of extravascular lung water content, and also to allow an 

appropriate amount of remaining lung to be fixed for later histological examination if 

necessary.  

 
 

4.5 Sample Analysis 
 
The concentration of bacteria in blood, abdominal, and organ homogenate fluid, was 

determined by plating serial dilutions on blood agar plates and carrying out a colony count 24 

hours later.  
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The liver, spleen, and both kidneys are also dissected from the abdomen with samples both 

frozen and stored at -80°C, and fixed using paraformaldehyde (4% wt.vol-1) in phosphate 

buffered saline (300mOsmol) as described above.  

 

4.6 Statistical Analysis 
 
Statistical analysis was performed on scientific data using GraphPad Prism software. Sample 

size was calculated using the Resource Equation Method 212, maintaining an E value of 

between 10 and 20. The majority of results were presented as mean ± standard deviation. 

Data distribution was examined for normality using Kolmogorov-Smirnov tests. Statistical 

analyses were performed using the Student's t-test and the Mann Whitney Rank Sum Test to 

compare data sets from experiments comparing two experimental groups. One-way ANOVA 

analysis followed by the Dunnett’s or Tukey’s Multiple Comparison Test to compare all pairs 

of means was performed on data from experiments comparing three or more experimental 

groups. Survival analyses used the Log-rank (Mantel-Cox) Test. Parametric tests were 

performed if sample size was greater than 15. Otherwise, non-parametric tests were used for 

analysis. P values less than 0.05 were considered to be significant. 
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5. Determination of the Optimal Degree of Injury 

using a Caecal Ligation and Puncture Model of 

Systemic Sepsis 

5.1 Abstract 
 
Introduction: Replication of systemic sepsis in animal experimental models can prove 

challenging. The essential attributes of an appropriate model include a focal infection that is 

polymicrobial in origin with resultant bacteraemia, and a release of bacterial products into the 

periphery 3. CLP, which disrupts the continuity of the bowel lining and replicates a ruptured 

or perforated viscus, such as appendicitis or diverticulitis, has been the gold standard model 

for sepsis research since 1980 4. 

 

Objectives: To determine the optimal degree of injury using the CLP model of systemic 

sepsis. We proposed that a 25% caecal ligation, with a single 19 Gauge through-and-through 

puncture would create a suitable model, as had been used previously in our laboratory. 

 

Methods: Sepsis was induced in rodents using varying degrees of CLP (ligation of 25-60%, 

puncture of 19G-3mm) until a significant injury was seen in two or more organ systems, in 

keeping with septic shock-associated multi-organ failure. Animals were assessed for indices 

of physiologic and metabolic derangement 48 hours following injury. 

 

Outcomes: Using our novel puncture method, a caecal ligation of 60% and puncture of 2mm 

provided significant multi-organ injury in this pilot series. 
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Conclusions: Lactataemia and increased arterial CO2 proved significantly different between 

caecal ligation and puncture groups, and we chose to carry the above-mentioned injury 

forward to our therapeutic series. 

 

Contribution: I would like to acknowledge Dr’s Brendan Higgins and James Devaney 

(R.I.P) for their advice and assistance in the completion of this series of experiments.  
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5.2 Introduction 
 

5.2.1 Preclinical Models of Systemic Sepsis for Research 
 

Sepsis is a syndrome of life-threatening physiologic, pathologic, and biochemical abnormalities 

resulting from microbial infection 1. Appropriate replication of this in animal experimental 

models of systemic sepsis can prove challenging. The essential attributes of an appropriate 

model include a polymicrobial nature, focal infection origin, resultant bacteraemia, and a release 

of bacterial products into the systemic circulation 3. As discussed above, several models exist, 

but vary hugely in their technical difficulty, consistency of injury level, immune response, and 

ability to accurately replicate human disease states and time courses. 

 

5.3 Study Objectives 
 
To determine the optimal degree of injury using the CLP model of systemic sepsis. A 25% 

caecal ligation, with a single 19 Gauge through-and-through puncture previously created a 

suitable model in our laboratory. We aimed to repeat this injury, assess its severity, and increase 

the injury in a stepwise fashion until a significant multi-organ injury was seen, if necessary. A 

stepwise increase in injury would involve a range of incremental caecal ligation percentages, 

and/or puncture strategies (ligation of 25-60%, puncture of 19G-3mm). 
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5.4 Methods 

5.4.1 Induction of CLP 
 
CLP was induced as described previously in Section 4.2. 

5.4.2 CLP groups 
 

Table 5.1 – CLP groups. 

 

In order to standardise the CLP model in 

our laboratory, the initial experimental 

series focused on achieving a significant 

injury in two or more organ systems, 

from the respective injury groups. This 

allowed us to use an injury severity 

accurately reflecting animals with sepsis 

and septic shock, and ensured adequate 

powering of future interventional series to highlight significance. 

5.4.3 Assessment of Recovery following CLP 
 
Injury severity was assessed at 48 hours as described previously (Section 4.3). Briefly, animals 

were anaesthetised and surgical tracheostomy performed. Baseline ventilation was performed for 

20 minutes as described. After baseline ventilation arterial blood gas concentration was 

measured and static compliance recorded. Ventilation proceeded with 100% O2 for a further 20 

minutes. After this, another blood sample was taken and the animal was sacrificed by 

exsanguination. Blood was collected and the lung tissue harvested and preserved as previously 

described (Section 4.4). 

Group Ligation 

% 

Puncture 

Size 

Animals 

(n) 

1 25 19G 4 

2 37.5 19G 6 

3 25 16G 16 

4 40 16G 8 

5 25 2mm 8 

6 40 2mm 8 

7 60 2mm 8 

8 60 3mm 8 
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5.4.4 Agar plating 
 
Colony counts were performed using Brilliance UTI Clarity Agar plates (W11103, LIP 

Diagnostics). These are non-selective chromogenic media plates recommended for the 

cultivation, differentiation, and enumeration of urinary tract pathogens based on colony colours 

and morphology. 

100uL samples were aliquoted onto each plate, and spread evenly to the whole surface of the 

plate with a plate spreader. Samples were used at dilutions of 1:1, 1:10, and 1:100, depending on 

experiment in question and expected growth rate of the microorganism in question. 

Samples were then incubated overnight at 37°C with light protection. Colony forming units 

(CFU) were subsequently typed visually, using manufacturer’s CFU identification schema and 

counted. 
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5.5 Results 
 

Overall, 66 animals were entered into the pilot study. Animals were 9-12 weeks old, with a 

mean weight of 409 ± 50 grams. Inconsistent organ injuries between initial groups using the 

conventional technique (through-and-through needle punch, 16-19 Gauge) necessitated the 

introduction of a new puncture technique (punch device, 2-3mm) to allow exudation of 

colonic contents, adequate peritoneal soiling, subsequent sepsis induction, and multi-organ 

failure. Regular 4-hourly animal distress scoring was paramount during this series to ensure 

that animals endured no excessive or unnecessary distress or pain. Animal welfare was 

maintained by ensuring easy and consistent access to fresh water and feed, appropriate 

analgesia throughout the injury period, and environmental enrichment with daily bedding 

changes, and coloured tubing to allow undisturbed rest at an appropriate temperature for the 

individual animal. 

 

5.5.1 Multi-organ failure according to degree of CLP 
 

CLP was induced in 4 groups of animals with three variations in percentage ligation (25, 

37.5, and 40%), and two differing degrees of needle puncture (16 versus 19 Gauge) (Table 

5.1 and Image 5.1). Lactataemia (Figure 5-1, Panel A) was significantly higher, compared 

to sham animals, in several groups, as the injury severity increased beyond group 2. No other 

organ injury was apparent from these initial 4 groups.  

Therefore, CLP was iteratively induced in a further 4 groups of animals with three variations 

in percentage ligation (25, 40, and 60%), and two differing degrees of novel non-needle 

puncture (2 and 3 mm) (Table 5.1 and Image 5.2). Arterial CO2 correlated with severity of 

injury (Figure 5-1, Panel B) with the latter three groups (40% x 2mm, 60% x 2mm, and 60% 

x 3mm) being significantly higher versus sham group.  
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Therefore, once we progressed to the injury of 40% ligation and 2mm puncture (Group 6), 

both lactataemia and arterial CO2  (Figure 5-1, Panel B) were significantly higher, signifying 

progression of organ injury. There were no significant inter-group differences in lactataemia, 

but groups 6-8 had a significantly higher arterial CO2 than all other groups.  

 

Image 5.1 – Needle puncture 

  

 

Image 5.2 – Non-needle puncture 
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Figure 5-1: The metabolic acid-base and ventilatory status with varying severities of 

CLP injury.  
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Lactataemia was significantly higher, compared to sham animals, in several groups, as the 

injury severity increased. There were no significant inter-group differences. 

Arterial CO2 correlated with severity of injury (Panel B) with the latter three groups (40% x 

2mm, 60% x 2mm, and 60% x 3mm) being significantly higher versus sham group. These 

latter 3 groups also had a significantly higher arterial CO2 than all other groups.  

 

Panel A 

* (P < 0.05), ** (P<0.01), *** (P<0.001) significantly different from Sham group (ANOVA, Dunnett’s multiple 

comparisons test)  

 
Panel B 

* (P < 0.05), ** (P<0.01), *** (P<0.001) significantly different from Sham group (ANOVA, Dunnett’s multiple 
comparisons test) and between groups (ANOVA, Tukey’s multiple comparisons test)
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5.5.2 Oxygenation with varying severities of CLP 
 
Oxygenation had wide inter-group variation (Figure 5-2). Oxygenation was significantly 

lower in the 25% x 2mm versus sham group. There were no significant inter-group 

differences. 

 

 
 

 

Figure 5-2: Oxygenation with varying severities of CLP injury.  

Oxygenation had wide inter-group variation. Oxygenation was significantly lower in the 25% 

x 2mm versus sham group. There were no significant inter-group differences. 

Panel A 

* (P < 0.05) significantly different from sham group (ANOVA, Dunnett’s multiple comparisons test)  
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5.5.3 The bacteraemic effect with varying severities of CLP 
 
Blood cultures of Proteus spp (Figure 5-3, Panel A) and Enterococcus spp (Figure 5-3, 

Panel B) were performed. Proteus spp CFU in the sham group were significantly higher than 

all other groups (Panel A), with no significant inter-group differences. There were no 

significant inter-group differences in Enterococcus spp bacteraemia. 
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Figure 5-3: The bacteraemic effect with varying severities of CLP injury.  
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Blood cultures of Proteus spp (Panel A) and Enterococcus spp (Panel B), with number of 

positive blood cultures in animals (Panel C). Colony forming units in the sham group were 

significantly higher than all other groups (Panel A) with no significant inter-group 

differences. However, bacteraemia did not increase progressively with degree of CLP 

severity. There were no significant inter-group differences in Enterococcus spp bacteraemia. 

Panel A 

(P < 0.05), ** (P<0.01), *** (P<0.001) , **** (P<0.0001) significantly different from sham group (ANOVA, 

Dunnett’s multiple comparisons test)  
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5.5.4  The haemodynamic impact of varying severities of CLP  
 
Heart rate (Figure 5-4, Panel A) was significantly higher in the 37.5% x 19G group than all 

other groups, while mean arterial pressure (Figure 5-4, Panel B) did not vary significantly 

between groups. 

 

 
 

 

Figure 5-4: The haemodynamic impact of varying severities of CLP injury.  
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Heart rate (Panel A) was significantly higher in the 37.5% x 19G group than all other groups, 

while mean arterial pressure (Panel B) did not vary significantly between groups. 

 

Panel A 

* (P < 0.05), ** (P<0.01), *** (P<0.001), **** (P<0.0001) significantly different from 37.5% x 19G group 

(ANOVA)  
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5.5.5 The physiologic impact of varying severities of CLP 
 
Percentage weight loss (Figure 5-5, Panel A) and thermoregulation (Figure 5-5, Panel B) 

did not alter significantly between groups. 

 

 

 

Figure 5-5: The physiologic impact of varying severities of CLP.  

Percentage weight loss (Panel A) and thermoregulation (Panel B) did not alter significantly 

between groups.  
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5.5.6 Extravascular lung water as a marker of organ injury with 
varying severities of CLP 

 
The wet:dry ratio did not change significantly between CLP groups (Figure 5-6)  

 

 
 

 

Figure 5-6: Extravascular lung water as a marker of organ injury with varying 

severities of CLP.  

The wet:dry ratio did not change significantly between CLP groups. 
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5.5.7 Mortality with varying severities of CLP 
 

Mortality in groups varied from 0-37.5 %, and, again, this did not increase with a progressive 

increase in model severity (Figure 5-7, Panel B). CLP-related mortality reached > 30% in 

group 2 and 8 (Figure 5-7, Panel A), with mortality in group 2 relating to failure to wake 

from anaesthesia post-CLP. Group 4 had a 25% mortality related to technical issues at 

induction of anaesthesia for harvesting, but had no mortality for the 48-hour model duration. 

 

 
 

 

Figure 5-7: Pilot series groups and group mortality according to degree of CLP injury.  
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Pilot series groups created to assess optimal injury severity and powering of groups for 

therapeutic studies (Panel A). Graph representing inter-group injury severity (Panel B). 

CLP-related mortality only reached > 30% in group 8, with mortality in group 2 relating to 

failure to wake from anaesthesia post-CLP. Group 4 had a 25% mortality related to technical 

issues at induction of anaesthesia for harvesting. 
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5.6 Discussion 
 

5.6.1 Establishment of CLP Model 
 
Previous studies in our laboratory using CLP (40-50% ligation, 18-guage through and 

through puncture) had mortalities ranging from 0-42%, and 35-40%, over a 6-hour and 96-

hour timeframe respectively 211, 213. Re-establishing the CLP model was the primary objective 

of this series, and assessing severity of same, to delineate the optimal injury required to carry 

forward to our therapeutic series for intervention. Re-establishing the model was necessary 

due to several factors, namely, changes in anaesthesia practice, and operator, a new cohort of 

animals, and potentially changes to the animals feed. As the model operator had changed, we 

were aware that while the repeatability of the model should be maintained, once established, 

model reproducibility in our laboratory might vary significantly214. Efforts to increase the 

reproducibility of the model included the previous operator engaging in an intensive teaching 

module with the new operator, and subsequently supervising the new operator until a 

satisfactory CLP model was re-established.  

Inconsistent organ injury in the 4 groups initially created (Groups 1-4) led to the creation of 4 

further groups (Groups 5-8). Post-mortem analysis of the caecal puncture created by the 

needle appeared to be sealing itself off, and inhibiting adequate peritoneal soiling with caecal 

contents. While CLP is classically an abscess-forming injury model, sealing-off of the injury 

too early in the model inhibits sufficient soiling, and hence the model is ineffective and 

induces sepsis inconsistently. Therefore, we altered our model from a needle puncture to a 

non-needle puncture, which punctured the caecum, but did not leave a flap of tissue 

remaining, avoiding the possibility of sealing the puncture and inhibiting sepsis progression. 

We hypothesised that this model would provide a much more consistent and reproducible 
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injury. The above-mentioned paper by Liu et al 205 was published shortly after conclusion of 

this project, and supported our proposed and novel injury model. 

 

5.6.2 Physiologic Variation Between Groups 
 
Lactataemia was significantly higher, compared to sham animals, in the initial 4 groups, as 

the injury severity increased, suggesting that our injury model created a significant, and 

consistent, septic injury, but one not necessarily in a step-wise fashion. Once we changed our 

puncture from a needle to non-needle technique, inadequate respiratory compensation for the 

models metabolic disturbance became apparent from group 6 onwards, with a rising arterial 

CO2 correlating with severity of metabolic acidaemia and model injury in these groups. 

Group 6 saw a wide variation in both lactate and arterial CO2 measurements. We cannot 

explain this definitively, but can postulate that animals in this group were nearing the upper 

limit of their ability to compensate for the metabolic insult.  

Oxygenation, haemodynamics (heart rate and mean arterial pressure), weight loss, 

thermoregulation and extravascular lung water (wet:dry ratio) did not differ significantly with 

increasing severity of injury. Bacteraemia also did not differ significantly with increasing 

severity of injury. The colony count of the sham animals grew an unexpectedly high amount 

of Proteus spp. Given that the animal was healthy at the time of analysis, this may have been 

a laboratory contaminant that created this situation. The possibility remains that the animals 

that succumbed to the CLP injury may have declared significant physiologic and metabolic 

derangements prior to dying. However, given the individually low distress scorings prior to 

these animals dying, it proved impossible to identify, early in the course, which animals were 

entering septic shock versus those that were not.  

CLP-related mortality is depicted in here for reporting purposes only. Mortality in group 3 

related to failure to wake from anaesthesia post-CLP. This was postulated to be secondary to 
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the novel use in our laboratory of the α-2 agonist medetomidine, the use of which was 

stipulated by our institution 215. In conjunction with our institutional veterinarian, use of the 

reversal for medetomidine, atipamerzole (Revertor®; Chanelle Veterinary, IDA Industrial 

Estate, Dublin Road, Loughrea, Co. Galway), corrected this issue for us. Group 2 had a 25% 

mortality related to technical issues at induction of anaesthesia for harvesting, and had 0% 

mortality for the 48-hour model duration. This was likely due to impingement of the vagus 

nerve, running adjacent to the carotid artery, at time of arterial cannulation, resulting in a 

parasympathetically-induced cardiac arrest. 

As discussed above, a differential effect is apparent between lactataemia, arterial CO2, and 

oxygenation, with discordance between relatively static oxygenation levels and rising CO2 

measurements as the injury was increased. Severe metabolic disturbance (rising lactataemia 

and arterial CO2), therefore, became apparent from group 6 onwards, and we chose to carry 

the CLP injury in group 7 (60% ligation, 2mm puncture) forward to our therapeutic series. 

 

5.6.3 Summary and Conclusions 
 

Given our laboratories precedence of CLP modelling, we were confident that recommencing 

this injury would be relatively straight-forward, and that a step-wise increase in injury 

severity would show a similar increase in sepsis severity and illness in the animals, at the 48-

hour time point. This did not occur in our classical CLP model, hence our change to an 

alternative and novel puncture method. Once we increased our puncture size to 2mm, we saw 

a significant rise in injury severity in the 48-hour model window. As discussed above, 

significant changes in physiological parameters, apart from lactataemia and arterial CO2, 

were not seen at time of harvest, as the injury severity increased, but may have been apparent 

earlier in the time-course, in those animals not surviving to harvest, despite similar distress 

scoring among all animals. 
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Severe metabolic disturbance (lactataemia and arterial CO2), therefore, remained the only 

significant differences between groups, and we chose to carry the CLP injury from group 7 
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6. Determination of the Efficacy of MSCs in 

Enhancing Recovery Following Caecal Ligation 

and Puncture-induced Sepsis 

6.1 Abstract 
 
Introduction: Sepsis is a syndrome of life-threatening physiologic, pathologic, and 

biochemical abnormalities resulting from microbial infection. There are no therapies that 

directly modify the pathophysiology and injury mechanisms underlying sepsis. Here, we 

determine the efficacy of MSC therapy using our established CLP Model of Systemic Sepsis, 

and subsequently compare sub-populations of MSCs (cryopreserved versus fresh harvest). 

 

Objectives:  

1. To determine the efficacy of MSC therapy using our established CLP Model of Systemic 

Sepsis. 

2. To determine if the cryopreserved UC-derived MSCs are comparable to, or more 

efficacious, than our BM-derived MSC population using the same model.  

 

Methods: Sepsis was induced in rodents using our established CLP model of systemic sepsis. 

Thirty minutes following CLP sepsis induction, animals were randomised to receive an 

intravenous dose of 1x107 cells/kg (passage 1-4) UC-MSCs (n=14), BM- MSCs (n=8) or 

vehicle (n=18). The severity of sepsis, and the effect of MSC therapy (combined and 

separately) were assessed 48 hours following injury. The efficacy of UC-MSCs and of BM-

MSCs was then assessed as a secondary analysis. 
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Outcomes: MSC therapy significantly attenuated the severity of CLP-induced sepsis, 

reducing bacterial growth in both liver and spleen homogenate cultures. A significant 

increase in survival duration, and overall survival, was subsequently seen in animals 

receiving MSC therapy. Secondary analysis showed comparable efficacy of cryopreserved 

MSCs versus freshly harvested MSCs. 

 

Conclusions: MSC therapy significantly attenuated the severity of CLP-induced sepsis, 

improving survival and decreasing organ bacterial burden. Cryopreserved UC-MSCs were 

comparably effective to freshly harvested BM-MSCs. The results here will enable further 

testing of our cryopreserved therapeutic, prior to ultimate clinical translation. 

  

Contribution: I would like to acknowledge Dr. Daniel O’Toole for his advice and assistance 

in the completion of the ex-vivo analysis, and Professor John Laffey for his advice and 

assistance with the statistical analysis in this series of experiments. 
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6.2 Introduction 
 
Sepsis is a syndrome of life-threatening physiologic, pathologic, and biochemical 

abnormalities resulting from microbial infection 1. Both pathogen and host factors influence 

the clinical presentation, severity and ultimately patient outcome. This includes the nature 

and virulence of the microbial pathogen, which drives tissue invasion and toxin production, 

and the health status and co-morbidities of the patient influencing the host response.  

Key advances have occurred in the management of patients in the early phase of sepsis, with 

earlier recognition facilitating prompt broad spectrum antimicrobial therapy 24, aggressive 

source control 13, and goal-directed resuscitation, all contributing to improved outcome and a 

reduction in mortality. 

Patients surviving the early phases of sepsis either regain immune homeostasis, clear their 

infection and recover, or they transition into a protracted immunosuppressive phase where 

sepsis persists 25, 26,2[Image 2.1]. The proportion of patients that enter this later phase of 

sepsis is increasing, in part due to the advances in early supportive care reducing early deaths, 

and also changes in the patient population, which is now older 13, and with significant 

comorbidities e.g. chronic renal and liver failure, that render them immunosuppressed, and 

unable to clear the infectious pathogen. 70% of sepsis deaths now occur in this phase 2. 

There are no therapies that directly modify the pathophysiology and injury mechanisms 

underlying sepsis. The focus of research over the last 4 decades has been on suppressing the 

early pro-inflammatory response to sepsis 23. To date, there have been more than 40 

unsuccessful clinical trials of agents that reduce pathogen recognition, and/or block pro-

inflammatory cytokines, and/or inflammation-signalling pathways 30, 31. 

Taken together with the failure to date of ‘drug’ therapy trials, these concerns raise the need 

to consider alternative therapeutic approaches, aimed at attenuating the pro-inflammatory 

response while enhancing host immune function, and tissue reparative capacity. Stem cells 



Chapter 6 

 104 

constitute an emerging therapeutic candidate that might meet these requirements, and 

consequently are emerging as potential therapeutic agents for sepsis. Fresh BM-MSCs are the 

gold standard for stem/stromal cell research over the last two decades. As we now see many 

unique advantages with other MSC sub-populations, especially UC-MSCs (Table 2.1 above), 

and the need to have a cryopreserved therapeutic to allow ‘off-the-shelf’ use in clinical 

settings, we are comparing both fresh and cryopreserved MSC sub-populations in systemic 

sepsis. Our laboratory has already shown equivalence between fresh and cryopreserved UC-

MSCs in a pre-clinical pneumonia model216.  

MSC dosing regimens in preclinical models are relatively established, in our laboratory, and 

internationally, with a MSC dose of 1x107 cells/kg now somewhat standard90, 131, 144, 216-218. 

This is also the case with clinical trials in ARDS and sepsis111, 113, 114.  

Therefore, here we determine and compare the efficacy of two sub-populations of MSCs 

(fresh BM-derived MSC’s versus cryopreserved UC-derived MSCs), at the above dose, using 

our established CLP Model of Systemic Sepsis, as outlined above in Chapter 5. 
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6.3 Aims and Hypothesis 
 
1. To determine the efficacy of MSC therapy using our established CLP Model of Systemic 

Sepsis. 

2. To determine if the cryopreserved UC-derived MSCs are comparable, or more efficacious, 

than our fresh BM-derived MSC population using the same model.  

 

We hypothesised that the cryopreserved UC-derived MSCs would be at least as effective as 

BM-derived MSCs using this model. This was assessed using parameters of lung injury 

(oxygenation), haemodynamic derangement (heart rate and mean arterial pressure), metabolic 

insult (lactataemia and pH derangement), and bacterial growth (blood, peritoneal fluid, and 

solid organ homogenate).  
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6.4 Methods 
 
 

6.4.1 Induction of CLP 
 
CLP was induced as described previously in Section 4.2. 

 

6.4.2 hMSC Sub-Population Isolation 
 
Sub-populations of MSCs were provided by the Centre for Cell Manufacturing, Ireland (BM-

MSCs), and Orbsen Therapeutics Ltd. (UC-derived MSCs, UC-O)(Section 3.4) briefly as 

follows; BM-MSCs were cultured in Minimum Essential Eagle Medium Alpha modification, 

Glutamax supplemented with 10% FCS, penicillin G, streptomycin, and FGF-1.  

Frozen UC-MSCs were received as cryopreserved aliquots from Orbsen Therapeutics Ltd., 

thawed, and resuspended prior to administration  

 

6.4.3 hMSC Administration 
 
Cells were used in animal studies between passages 1 and 4 at a dose of 1x107 cells/kg. 

MSCs were administered 30 minutes after CLP induction. 

Animals were randomised to receive BM or UC-MSCs in experimental groups, and vehicle 

(PBS) in control groups. Blinding was not possible due to the nature of the MSC delivery 

from the processing laboratory. 

 

6.4.4 Assessment of Recovery following CLP 
 
Animals were harvested at 48 hours following induction of CLP sepsis as described 

previously (Section 4.3). Briefly, animals were anaesthetised and surgical tracheostomy 
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performed. Baseline ventilation was performed for 20 minutes as described. After baseline 

ventilation arterial blood gas concentration was measured and static compliance recorded. 

Ventilation proceeded with 100% O2 for a further 20 minutes. After this, another blood 

sample was taken and the animal was sacrificed by exsanguination. Blood and PL fluid were 

collected and solid organs harvested and preserved as previously described (Section 4.4). 

 

6.4.5 Statistical analysis 
 
Logistical issues with MSC delivery and thawing created an unavoidable imbalance in the 

group numbers for each intervention arm, which was originally intended to be 8 animals per 

group. This distorted our E value for sample size, which was calculated at 21 initially ((8 

animals x 3 groups)-3 groups = 21).  

Prior to undertaking this series of experiments, we made the decision to analyse the outcomes 

in two ways. Firstly, we would assess all animals receiving MSCs versus vehicle control. 

Once completed, we would then analyse animals receiving each MSC sub-population, to 

assess for non-inferiority between both groups. 
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6.5 Results 
 
Overall, 40 animals were entered into the therapeutic study; 18 in the control group, 14 in the 

UC-MSC group, and 8 in the BM MSC group. Animals were 9-12 weeks old, with a mean 

weight of 417 ± 92 grams. 

Regular 4-hourly animal distress scoring was paramount during this series to ensure that 

animals endured no excessive or unnecessary distress or pain. 

 

6.5.1 MSC Therapy Improves Survival Following CLP 
 
Following the induction of CLP, animals were randomised to receive UC or BM MSCs. 

Groups were compared to a vehicle control group, who received PBS immediately post 

injury.  

Groups that received MSCs showed a significant increase in survival duration (Figure 6-1, 

Panel A), with animals receiving MSC therapy surviving on average 12 hours longer over the 

48-hour model. The overall survival, as visually depicted in the Kaplan-Meier Curve (Figure 

6-1, Panel B), was significantly increased in the MSC therapy group versus the control group 

(p<0.05). 
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Figure 6-1: The effect of MSC Therapy on Survival Duration and Overall Survival.  

Survival duration (Panel A) and overall survival (Panel B) were both significantly greater in 

the MSC group versus the control group.  

Panel A and B 

* (P < 0.05) significantly different from control group (Log Rank (Mantel-Cox) Test) 
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6.5.2 MSC Therapy Enhances Bacterial Killing Following CLP 
 
Liver and spleen homogenate cultures were performed to assess bacterial load in control and 

therapeutic groups, along with blood and peritoneal cultures. 

MSC therapy significantly reduced bacterial growth in both liver (Figure 6-2, Panel A) and 

spleen (Figure 6-2, Panel B) homogenate cultures. Assessing individual bacterial species 

growth in the liver, the growth of Klebsiella spp (Figure 6-3, Panel A), Enterococcus spp 

(Figure 6-3, Panel B) and Escherichia spp (Figure 6-3, Panel C) were all significantly 

reduced by MSC therapy. Similarly, in the spleen, the growth of Klebsiella spp (Figure 6-4, 

Panel A) was significantly reduced in the MSC group.  Blood (Figure 6-5, Panel A and 

Figure 6-6, Panels A-C) and peritoneal (Figure 6-5, Panel B and Figure 6-7, Panels A-C) 

bacterial growth did not vary significantly from the control group, despite peritoneal bacterial 

growth showing a strong trend towards significance (P 0.058). 

The reduction in organ bacterial load may have also contributed to a reduced acidaemia in the 

MSC treated animals. pH (Figure 6-8, Panel A) was significantly higher in the MSC therapy 

group, with a marked acidaemia observed in the control group, although lactataemia did not 

vary significantly between groups (Figure 6-8, Panel B). Heart rate (Figure 6-9, Panel A), 

and blood pressure (Figure 6-9, Panel B) also did not vary significantly between groups, 

despite these parameters showed strong trends towards significance (P 0.09 and 0.07 

respectively).  
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Figure 6-2: The effect of MSC Therapy on Organ Bacterial Growth.  

Liver bacterial growth (Panel A) and splenic bacterial growth (Panel B) were both 

significantly reduced in the MSC group versus the control group. 

Panel A and B 

* (P < 0.05), ** (P<0.01) significantly different from control group (Mann Whitney Test) 



Chapter 6 

 112 

 

 

Figure 6-3: The effect of MSC Therapy on Liver Bacterial Growth.  
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The growth of Klebsiella spp (Panel A), Enterococcus spp (Panel B) and Escherichia spp 

(Panel C) were all significantly reduced in the MSC group versus the control group. 

Panels A-C 

* (P < 0.05), ** (P<0.01) significantly different from control group (Mann Whitney Test) 
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Figure 6-4: The effect of MSC Therapy on Spleen Bacterial Growth.  
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The growth of Klebsiella spp (Panel A) was significantly reduced in the MSC group versus 

the control group. Enterococcus spp (Panel B), and escherichia spp (Panel C) did not vary 

significantly from the control group. 

Panel A 

* (P < 0.05), ** (P<0.01) significantly different from control group (Mann Whitney Test) 
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Figure 6-5: The effect of MSC Therapy on Peritoneal and Blood Bacterial Growth.  

Bacterial growth in peritoneal lavage (Panel A) and blood (Panel B) did not vary 

significantly from the control group. 
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Figure 6-6: The effect of MSC Therapy on Blood Bacterial Growth.  

The growth of Proteus spp (Panel A), Enterococcus spp (Panel B), and Klebsiella spp 

(Panel C) did not vary significantly from the control group. 
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Figure 6-7: The effect of MSC Therapy on Peritoneal Bacterial Growth.  

The growth of Proteus spp (Panel A), Enterococcus spp (Panel B), and Klebsiella spp 

(Panel C) did not vary significantly from the control group. 



Chapter 6 

 119 

 

 

 
 

 

Figure 6-8: The number of Positive Cultures.  

The number of positive organ homogenate (Panel A), peritoneal lavage (Panel B), and blood 

(Panel C) cultures is outlined here. 
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Figure 6-9: The effect of MSC Therapy on Metabolic Acid-Base Status.  

pH (Panel A) was significantly higher in the MSC group versus the control group.. 

Lactataemia (Panel B) did not vary significantly from the control group. 

Panel A 

(P < 0.05) significantly different from control group (T-test) 
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Figure 6-10: The effect of MSC Therapy on Haemodynamics. 

Heart rate (Panel A) and mean arterial pressure (Panel B) did not vary significantly from the 

control group. 
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Figure 6-11: The effect of MSC Therapy on Oxygenation and Ventilation.  

Arterial O2 (Panel A) and CO2 (Panel B) did not vary significantly from the control group. 
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6.5.3 Cryopreserved MSCs are Comparable to Freshly Harvested 

MSCs in Reducing the Severity of Sepsis Following CLP 
 
As a secondary analysis, we compared our cryopreserved UC-MSC population with our 

laboratories freshly harvested BM MSCs as an initial comparison of their efficacy. 

 

Survival duration (Figure 6-11, Panel A), overall survival (Figure 6-11, Panel B), total 

bacterial growth in liver homogenate (Figure 6-12, Panel A and Figure 6-13, Panels A-C), 

and in peritoneal (Figure 6-15, Panels A) and blood cultures (Figure 6-15, Panel B and 

Figure 6-16, Panels A-C), metabolic acid-base status (Figure 6-18, Panels A and B), 

haemodynamics (Figure 6-19, Panels A and B), and lung function (Figure 6-20, Panels A 

and B), did not vary significantly between MSC groups. Total bacterial growth in spleen 

homogenate cultures was significantly less in the BM MSC group (Figure 6-12, Panel B). 

Interestingly however, the growth of Klebsiella spp (Figure 6-17, Panel C) in peritoneal 

cultures was significantly reduced by the cryopreserved UC-MSC group. 
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Figure 6-12: The effect of Sub-Populations of MSCs on Survival Duration and Overall 

Survival.  

Survival duration (Panel A) and overall survival (Panel B) did not vary significantly between 

MSC groups.  
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Figure 6-13: The effect of Sub-Populations of MSCs on Organ Bacterial Growth.  

Liver bacterial growth (Panel A) did not vary significantly between MSC groups. Splenic 

bacterial growth (Panel B) was significantly reduced in the BM-MSC group. 

Panel B 

* (P < 0.05) significantly different from UC MSC group (Mann Whitney Test)  
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Figure 6-14: The effect of Sub-Populations of MSCs on Liver Bacterial Growth.  

The growth of Klebsiella spp (Panel A), Enterococcus spp (Panel B) and Escherichia spp 

(Panel C) did not vary significantly between MSC groups. 
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Figure 6-15: The effect of Sub-Populations of MSCs on Spleen Bacterial Growth.  

The growth of Klebsiella spp (Panel A), Enterococcus spp (Panel B) and Escherichia spp 

(Panel C) did not vary significantly between MSC groups. 
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Figure 6-16: The effect of Sub-Populations of MSCs on Peritoneal and Blood Bacterial 

Growth.  

Bacterial growth in peritoneal lavage (Panel A) and blood (Panel B) did not vary 

significantly between MSC groups. 
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Figure 6-17: The effect of Sub-Populations of MSCs on Blood Bacterial Growth.  

The growth of Proteus spp (Panel A), Enterococcus spp (Panel B), and Klebsiella spp 

(Panel C) did not vary significantly between MSC groups.
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Figure 6-18: The effect of Sub-Populations of MSCs on Peritoneal Bacterial Growth.  
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The growth of Proteus spp (Panel A) and Enterococcus spp (Panel B) did not vary 

significantly between MSC groups. The growth of Klebsiella spp (Panel C), however, was 

significantly reduced in the UC-MSC group. 

Panel C 

* (P < 0.05), ** (P < 0.01) significantly different from BM MSC group (Mann Whitney Test) 
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Figure 6-19: The effect of Sub-Populations of MSCs on Metabolic Acid-Base Status.  

pH (Panel A) and lactataemia (Panel B) did not vary significantly between MSC groups. 
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Figure 6-20: The effect of Sub-Populations of MSCs on Haemodynamics. 

Heart rate (Panel A) and mean arterial pressure (Panel B) did not vary significantly between 

MSC groups. 
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Figure 6-21: The effect of Sub-Populations of MSCs on Oxygenation and Ventilation.  

Arterial O2 (Panel A) and CO2 (Panel B) did not vary significantly between MSC groups. 
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6.6 Discussion 
 
 

6.6.1 MSC therapy improves survival and enhances bacterial Killing 

Following CLP 
 
Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host 

response to infection6, and multi-organ failure is a prominent feature in the early phases 

(hours to days) of sepsis2, as demonstrated here by our CLP model. MSCs have been 

previously demonstrated to significantly reduce bacterial load, in both organ systems and 

blood 38, 39, 68, 70, 73-75, 77, 79, 80, 83, 92-95, 104, 105 [Table 2.2 and 2.3]. Here, we demonstrated 

significant reductions in bacterial growth in both liver and spleen organ homogenates. 

Reductions in bacterial growth in peritoneal cultures also showed a strong trend towards 

significance. This significant reduction in host bacterial load has obvious beneficial effects on 

the host, ameliorating the dysregulated host immune response, conferring protection from the 

initial hyperinflammatory stage of the model 21, and allowing reestablishment of homeostatic 

immune regulation.  

Subsequently, groups that received MSCs showed a significant increase in survival duration, 

with animals receiving MSC therapy surviving on average 12 hours (37%) longer over the 

48-hour model. The overall survival was also significantly increased in the MSC therapy 

group versus the control group. These results are in keeping with previous MSC studies 92, 104, 

110.  

Despite these reductions in bacteraemia, a significant improvement in pH levels, and 

significantly improved survival in the MSC group, lactataemia did not show significant 

improvement in this group, nor did haemodynamic indicators of reduced inflammation (heart 

rate and mean arterial pressure), despite the latter showing a strong trend towards significance.  
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Whether this represents type II error or not is difficult to conclude, but given the significant 

reductions in bacteraemia and improved survival in the therapeutic group, it may be 

reasonable to suggest such an error to be present. 

 

6.6.2 Cryopreserved MSCs are Comparable to Freshly Harvested 

MSCs in Reducing The Severity of Sepsis Following CLP 
 
Once we established that MSC therapy significantly ameliorated our sepsis injury, as a 

secondary analysis we compared our cryopreserved UC-MSC population with our 

laboratories freshly harvested BM MSCs. We aimed to compare the efficacy of the 

cryopreserved UC-MSCs to the freshly harvested BM-MSCs. 

 

Survival duration, overall survival, metabolic acid-base status, lung function, 

haemodynamics, and total bacterial growth in liver homogenate, and in peritoneal and blood 

cultures, were comparable, and did not vary significantly between MSC groups. Total 

bacterial growth in spleen homogenate cultures was less in the BM MSC group. However, the 

growth of Klebsiella spp in peritoneal cultures was significantly reduced by the 

cryopreserved UC-MSC group. 

These latter inter-group variations in bacterial growth are very interesting. The BM-MSC 

sub-population cleared significantly more bacteria in the spleen than UC-MSCs. While in the 

peritoneum of the animals, UC-MSCs cleared significantly more Klebsiella spp than BM-

MSCs. These findings raise the question of whether differing MSC sub-populations may be 

more appropriate for differing sources of sepsis. Perhaps sepsis source control is better with 

specific subpopulations, with BM-MSCs reducing bacterial spread and secondary infection in 

this CLP injury model.  

 



Chapter 7 

 137 

While these are encouraging findings in terms of clinical translation potential of our 

cryopreserved UC-MSC therapeutic, it is important to emphasize that this sub-study was not 

powered to prove non-inferiority, and additional studies may be needed in this regard to out-

rule the possibility of a type II error having also occurred here. Such further studies will 

bolster the argument for progression of the cryopreserved therapeutic to clinical trial. 

 

 

6.6.3 Summary 
 
MSC therapy significantly reduced organ bacterial growth, with evidence of an improved 

shock state in the injured animals. A subsequent and significant increase in survival was seen 

in the animals that received MSC therapy. Secondary analysis confirmed comparable efficacy 

of cryopreserved versus freshly harvested MSCs.  

Previous studies, using fresh UC-MSCs in animal sepsis models, have demonstrated both 

reduced injury severity219-223, and reduced mortality224, 225. Another recent study in 

collaboration with our laboratory has also demonstrated the effectiveness of cryopreserved 

UC-MSCs in reducing injury severity in a preclinical ARDS model83. These studies all lead 

towards using a cryopreserved UC-MSC therapeutic in a systemic sepsis model, as we have 

achieved in this set of experiments.  

It is clear that a significant hurdle in clinical translation of MSC therapy is the ability to 

produce, and store, a MSC therapeutic for immediate use in sepsis and septic shock patients, 

and maintenance of MSC efficacy during such storage processes. Cryopreservation, unlike 

fresh production and harvest, enables such an ‘off-the-shelf’ therapeutic. The results here will 

enable further testing of our cryopreserved therapeutic, with our ultimate aim being clinical 

translation. 



Chapter 7 

 138 

7. Discussion 

7.1 Sepsis 
 
Sepsis is a syndrome of life-threatening physiologic, pathologic, and biochemical 

abnormalities resulting from microbial infection 1, 6. The nature and virulence of the 

microbial pathogen, which drives tissue invasion and toxin production, and the health status 

and co-morbidities of the patient, which influence the host response, influence the clinical 

presentation and ultimately patient outcome. In a study of over 14,000 patients with sepsis, 

62% of isolates were gram-negative, while 47% were gram-positive, and 19% were fungal 9. 

In one third of cases, the causative organism is not determined. 

Sepsis exerts a significant socioeconomic impact, and is now the leading cause of critical 

illness globally 10, 11, being responsible for over $20 billion (5.2%) of hospital costs 12, and a 

quarter of a million estimated deaths in the United States 13. The incidence of sepsis is 

increasing 14, 15, it has an overall mortality of 40% 13, 17, and may cause half of all in-hospital 

deaths in the United States 18. Furthermore, long-term follow-up studies demonstrate that 

sepsis survivors continue to have a higher mortality in the 5 years following sepsis 19. In 

addition, survivors of sepsis endure long term psychological, cognitive, and physical 

impairments 20. 

 

7.2 Caecal Ligation and Puncture as a Preclinical Model of 
Systemic Sepsis 
 

7.2.1 Importance of CLP 
 
Since 1980, CLP has been the gold standard model for sepsis research 4. A unique 

polymicrobial sepsis is created using the host’s own flora, with necrotic bowel offering a 
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native source of persistent inflammation. Polymicrobial bacteraemia results with predictable 

metabolic derangements.  

Liu et al 205 challenged the consistency of conventional CLP models using a syringe needle. 

They found that changes in the number of punctures, ligation percentage, or needle size, 

correlated inconsistently with model severity and mortality rates between groups. Liu’s 

laboratory used a novel puncture technique, using a three-edged needle. The technique 

provided more stable outcomes in repetitive groups, and increased severity correlated with 

increased needle size, as evidenced by elevated mortality, and worsening proinflammatory, 

coagulation, acid-base, and lung injury profiles. Our studies correlate with these 

inconsistencies, and led to our adoption of a further novel puncture method, as described 

above. 

Despite being the gold standard, many caveats remain with this model. Multiple bacterial 

flora generated can prove difficult with quantitative colony isolation, and potential exists for 

ascribing sepsis therapy success to enhanced abscess formation 197. We rarely found abscess 

formation in our animals however using our 48-hour model. 

 

7.3 Sepsis and the Immune System 
 

7.3.1 Sepsis – role of the immune response 
 
The host immune response, specifically the loss of immune homeostasis induced by the 

pathogen, is of critical importance to the initiation, evolution, and outcome, of sepsis [Image 

2.1] 2. Patients in the early phases (hours to days) of sepsis present with fever, shock, and 

multi-organ failure, and evidence of a ‘hyper-inflammatory’ innate immune response. 

PAMPs, which originate from microorganisms, are specific molecular signatures recognized 

as foreign to the host, and bind to pattern recognition receptors expressed on innate immune 



Chapter 7 

 140 

cells to initiate and drive this initial hyper-inflammatory phase. 21.  Pattern recognition 

receptor activation generates diverse proinflammatory molecule expression including Tumour 

Necrosis Factor-α (TNF- α), Interleukin (IL)-1β, IL-2, IL-6, IL-8, and Interferon-γ (IFN-γ) as 

well as anti-inflammatory cytokines such as IL-10 22. This process is further driven by the 

release of damage associated molecular patterns from injured tissues and cells 21. This 

exuberant production of pro-inflammatory cytokines and other soluble mediators, coupled 

with the demonstration that injection of these mediators into animals could recapitulate some 

of the effects seen in sepsis, led to the concept of the ‘cytokine storm’ as being responsible 

for early sepsis-related multiple organ failure and mortality 23. Key advances have occurred in 

the management of patients in the early phase of sepsis, with earlier recognition facilitating 

prompt broad spectrum antimicrobial therapy 24, aggressive source control 13, and goal-

directed resuscitation, all contributing to improved outcome and a reduction in mortality. 

Patients surviving the early phases of sepsis either regain immune homeostasis, clear their 

infection, and recover, or they transition into a protracted immunosuppressive phase where 

sepsis persists 2, 25, 26 [Image 2.1]. The proportion of patients that enter this later phase of 

sepsis is increasing, in part due to the advances in early supportive care reducing early deaths, 

and also changes in the patient population, which is now older 13, and with significant 

comorbidities e.g. chronic renal and liver failure, that render them immunosuppressed, and 

unable to clear the infectious pathogen. 70% of sepsis deaths now occur in this phase 2, which 

is characterized by ‘opportunistic’ pathogen superinfections 27, latent viral reactivation 28, and 

evidence of profound immunosuppression 25, 29. 

 

7.3.2 Need for Novel Therapies for Sepsis 
 
There are no therapies that directly modify the pathophysiology and injury mechanisms 

underlying sepsis. The focus of research over the last four decades has been on suppressing 
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the early pro-inflammatory response to sepsis 23, with more than 40 unsuccessful clinical 

trials of agents that reduce pathogen recognition, and/or block pro-inflammatory cytokines, 

and/or inflammation-signalling pathways 30, 31. Due to improved clinical recognition of 

sepsis, earlier institution of appropriate antimicrobial therapy and adequate haemodynamic 

resuscitation, less patients now die in the early ‘hyper-inflammatory’ phase of sepsis. 

However, an increased incidence of severe sepsis, coupled by the failure to improve 

outcomes from the later phases of sepsis, means that the mortality burden of sepsis continues 

to increase 10, 11, 13, 17, 18. 

We have learned several important lessons from these trials. Sepsis as a ‘hyper-

inflammatory’ disorder is likely an over-simplification. Inhibition of a single mediator in the 

sepsis cascade is unlikely to be effective. Focusing specific therapies according to the phase 

of sepsis may be important. Steroids may dampen the early inflammatory response, but 

worsen later immune suppression and increase mortality 32. In contrast, encouraging results 

have been reported from early phase studies of immune stimulation strategies to reverse 

specific immune defects in late sepsis 33, 34. Sepsis is a heterogeneous disease, and 

identification of sepsis sub-phenotypes or endotypes, as recently demonstrated for ARDS 35, 

may allow for focusing of therapeutic interventions on specific sepsis sub-populations more 

likely to benefit. A further concern is the on-going emergence of pathogens resistant to 

multiple antimicrobial therapies. Therefore, alternative therapeutic approaches are needed 

aimed at attenuating the pro-inflammatory response, while enhancing host immune function 

and tissue reparative capacity. MSCs constitute an emerging therapeutic candidate that might 

meet these requirements as a therapeutic agent for sepsis. 

7.3.3 Mesenchymal Stromal Cells as a Therapy for Sepsis 
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For many reasons, MSCs may be a therapeutic option for sepsis. MSCs are relatively immune 

privileged, lack an induced classical cytotoxic T cell (rejection) response, and can be used as 

an allogeneic therapy without immunosuppression. MSCs exert a more complex profile of 

immune effects, reducing host tissue damage while preserving the immune response to 

microorganisms. MSCs may augment tissue repair and restoration following sepsis 36-38, 

which may decrease injury, halt progress to organ dysfunction and restore function in diverse 

organs. MSCs may directly enhance host antimicrobial capacity, by enhancing macrophage 

bacterial phagocytosis and killing 39, and increasing secretion of several anti-microbial 

peptides 40. MSCs are well studied in clinical trials, with a growing safety profile. 

MSCs have an established therapeutic potential in preclinical systemic sepsis models [Table 

2.3 above], yet the evidence for therapeutic efficacy of MSCs clinically remains scant, 

despite their use in clinical trials for multiple conditions [Table 2.4 above]. The Cellular 

Immunotherapy for Septic Shock (CISS) Trial, an open label phase 1 dose escalation trial for 

early septic shock, has paved the way for the phase 2 CISS Trial, assessing safety and 

efficacy. Other trials include French (CHOCMSC, [NCT02883803]) and Russian112 studies. 

Of relevance to sepsis, phase I trials of MSCs in ARDS has been completed 113, and phase II 

studies are underway in the US [NCT02097641], in the Republic of Korea [NCT02112500], 

and in the British Isles [NCT03042143]119. MSC use in the treatment of GvHD is pertinent to 

sepsis due to the occurrence of acute and chronic phases in both pathologies with studies for 

the prevention 115 and treatment 116 of GvHD on-going for over 17 years, and are licensed for 

clinical use in certain countries, with a growing body of evidence regarding their clinical 

efficacy and mechanisms of action.  
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7.4 The Therapeutic Potential of Mesenchymal Stem Cells in In 
Vitro models of Sepsis 
 
This series of in vitro experiments assessed how the immune homeostatic imbalance 

occurring in sepsis, specifically the cytokine milieu, can be modified by MSCs to eradicate 

offending pathogens more efficiently.  

 

7.4.1. MSC activation using ELISA 
 
This experiment clarified the production of both IL-6 and IL-8 by our MSCs, both markers of 

MSC activation; in the MSCs alone; and also in the presence of immune cells (THP-1 

monocytes), and an offending pathogen (E. coli) as a co-culture. Both IL-6 and IL-8 secretion 

was significantly increased by Cytomix activation in all experiments.  

 

7.4.2. E. coli killing quantified using Spectrophotometry 
 
We assessed E. coli killing via spectrophotometric analysis, and used transwell plate 

technology to create a contact-independent mechanism of action for E. coli killing. Under 

both contact-dependent and contact-independent conditions, and at a concentration of 1000 E. 

coli/uL, all groups of MSC significantly increased E. coli killing versus both control and 

MRC5 fibroblasts. All groups of MSC also significantly increased E. coli killing versus 

control at the higher concentration of 10,000 E. coli/uL. Previous studies have assessed the 

MSC secretome, which contains peptides 38, 40, 70, 81 and other immunomodulatory mediators 

66, 103, 132, 165-167, all of which enhance macrophage phagocytosis. Studies have also shown 

MSC release of extracellular vesicles 69, 77. Our experiments highlighted that effective 

phagocytosis occurred with or without MSC-monocyte contact, further evidence of our MSCs 

effect on pathogen clearance. Our MSCs may also favour our differentiated THP-1 monocyte 
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maturation into a ‘M2-like’ macrophage phenotype, which has previously been proven to 

improve phagocytic activity, and capacity for resolution of inflammation and injury repair 92, 

144, 145. 

 

7.4.3 Summary  
 
The above experiments provide evidence that our MSCs significantly enhance pathogen 

killing, both directly (contact-dependent), and indirectly (contact independent) using direct 

co-culture, and indirect conditioned media, conditions. 

 

 

7.5 Determination of the Optimal Degree of Injury using a Caecal 
Ligation and Puncture Model of Systemic Sepsis 
 

7.5.1 Establishment of CLP Model 
 
Re-establishing model injury and severity was the primary objective of this series of 

experiments. This was necessary due to several factors, namely changes in anaesthesia 

practice and operator.  

Due to inconsistencies in injury severity using the conventional needle puncture approach, we 

altered our model from a needle puncture to a non-needle puncture, which punctured the 

caecum, but did not leave a flap of tissue remaining, avoiding the possibility of sealing the 

puncture and inhibiting sepsis progression. This allowed us to create a sepsis model that 

caused multi-organ injury. A similar novel model was published shortly after conclusion of 

this study 205. 
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7.5.2 Physiologic Variation between Groups 
 
Blood lactate and arterial CO2 were the only physiologic variables in this experiment that 

correlated with severity of injury in groups with the novel puncture method. Both variables 

confirmed the presence of multi-organ injury, but lacked a step-wise increase in insult with 

an increase in CLP severity. Because of our 48-hour model duration, animals that succumbed 

to the CLP injury may have declared significant physiologic and metabolic derangements 

prior to dying. However, given the individually low distress scorings prior to these animals 

dying, it proved impossible to identify, early in the course, which animals were entering 

septic shock. 

 

7.5.3 Summary and Conclusions 
 

Despite our laboratories precedence of CLP modelling, a step-wise increase in injury severity 

did not show a similar increase in sepsis severity and illness in the animals, hence our change 

to an alternative puncture method. Blood lactate and arterial CO2 both correlated with 

severity of injury in groups with the novel puncture method. Once we altered our puncture 

method, we saw a significant rise in sepsis severity and the presence of multi-organ injury. 

We chose to carry the CLP injury of 60% ligation and 2mm puncture forward to our 

therapeutic series.  

 

7.6 Determination of the Efficacy of MSCs in Enhancing 
Recovery Following Caecal Ligation and Puncture-induced Sepsis 
 

7.6.1 MSC Therapy Improves Survival Through Enhanced Bacterial 

Killing Following CLP 
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MSCs have been previously demonstrated to significantly reduce bacterial load, in both organ 

systems and blood 38, 39, 68, 70, 73-75, 77, 79, 80, 83, 92-95, 104, 105. Here, we demonstrated significant 

reductions in bacterial growth in both liver and spleen cultures. Reductions in bacterial 

growth in peritoneal cultures also showed a strong trend towards significance. This 

significant reduction in host bacterial load is likely to have beneficial effects on the host, 

ameliorating the dysregulated host immune response, conferring protection from the initial 

hyperinflammatory stage of the model 21, and allowing re-establishment of homeostatic 

immune regulation. Groups that received MSC therapy showed a significant increase in 

survival duration. Animals receiving MSC therapy survived, on average, 12 hours (37%) 

longer over the 48-hour model. The overall survival was also significantly increased in the 

MSC therapy group.  

 

7.6.2 Cryopreserved MSCs are Comparable to Freshly Harvested 

MSCs in Reducing The Severity of Sepsis Following CLP 
 
Once we established that MSC therapy significantly ameliorated our sepsis injury, a 

secondary analysis was performed where we compared our cryopreserved UC-MSC 

population with our laboratory’s freshly harvested BM MSCs. 

Survival duration, overall survival, metabolic acid-base status, lung function, 

haemodynamics, and total bacterial growth in liver homogenate, and in peritoneal and blood 

cultures, were comparable, and did not vary significantly between MSC groups. Spleen 

homogenate bacterial growth was less in the BM MSC group. However, the growth of 

Klebsiella spp in peritoneal cultures was significantly reduced by the cryopreserved UC-MSC 

group. 
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7.6.3 Summary and Conclusions 
 
MSC therapy significantly reduced organ bacterial growth, reducing haemodynamic and 

metabolic disturbance. A significant increase in survival was seen in the animals that received 

MSC therapy. Secondary analysis confirmed comparable efficacy of cryopreserved versus 

freshly harvested MSCs.  

Previous studies have proven survival benefit using MSCs 92, 104, 110. Further studies, 

specifically using fresh UC-MSCs in animal sepsis models, have demonstrated both reduced 

injury severity219-223, and reduced mortality224, 225. Cryopreserved UC-MSCs have also been 

shown to reduce injury severity in a preclinical ARDS model83. These studies all lead 

towards using a cryopreserved UC-MSC therapeutic in a systemic sepsis model, as we have 

achieved in this set of experiments.  

Our set of experiments is the first study to date proving efficacy using a cryopreserved 

therapeutic in a preclinical model of systemic sepsis. A significant hurdle in clinical 

translation of MSC therapy is the ability to produce, and store, an MSC therapeutic for 

immediate use in sepsis and septic shock patients, and maintenance of MSC efficacy during 

such storage processes. Cryopreservation of MSCs, unlike fresh production and harvest, 

enables immediate access to such therapeutics. The results here will enable further testing of 

our cryopreserved therapeutic, with our ultimate aim being clinical translation. 

 

 

7.7 Limitations and Future Directions of These Studies 
 

As with any experimental analysis a number of limitations must be addressed before a 

procedure is considered for clinical use. In this study we used a re-established rodent model 

of CLP and examined the effects of intravenous MSC administration at the time of injury on 
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the recovery profile of the animal. The limitations of this model and our therapeutic are as 

follows;  

 

1. The CLP model was re-established in our laboratory using a different operator. 

Despite consistent animal injury in previous CLP experiments in our laboratory211, 213, 

the same CLP injury in these experiments did not produce similar and consistent 

results. Therefore, a novel CLP injury was created, extending the time period of re-

establishment of the CLP model.  

2. Furthermore, during CLP re-establishment, mortality was elevated in some groups 

relating to failure to wake from anaesthesia post-CLP. This was postulated to be 

secondary to the novel use in our laboratory of the α-2 agonist medetomidine, the use 

of which was stipulated by our institution 215. Using the reversal for medetomidine, 

atipamerzole corrected this issue for us, further extending the time period of re-

establishment of the CLP model however. 

3. Potential for operator-bias could not be fully eliminated due to the logistics involved 

in the delivery of the MSCs from the processing laboratory. 

4. MSC delivery contemporaneously with CLP injury may not accurately reflect an 

ability to clinically translate, as patients rarely present immediately following septic 

insult. Future experimental studies with therapeutic windows are needed to address 

this issue. 
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7.8 Overall Summary and Conclusions 
 
To date, many attempts have been made to discover a prevention, treatment or cure for sepsis. 

Experiments in this study concentrated both on demonstrating the ability of our MSCs to kill 

relevant sepsis-inducing pathogens, and on the investigation of the preclinical therapeutic 

potential of our MSCs for sepsis, assessing cryopreserved UC-derived MSCs with our 

laboratories established fresh BM-derived MSC population.  

In vitro experiments assessed the ability of our MSCs, in co-culture with human monocytes, 

to kill relevant sepsis-inducing pathogens, specifically looking at both contact-dependent, and 

contact independent, mechanisms of action. To do this, we cultured our laboratories E. coli 

pathogenic cell line. We opsonized the pathogen to simulate optimal phagocytitic conditions. 

Outcomes were measured using spectrophotometric analysis.  

In vivo, sepsis was induced in rodents using our newly established CLP model of systemic 

sepsis. UC- and BM-MSCs were administered intravenously following the induction of CLP. 

Vehicle control was used. Animals were assessed for indices of recovery 48 hours following 

injury. 

 

In this series of experiments, it was shown that: 

1. Both MSC sub-populations significantly enhanced pathogen killing, both directly 

(contact-dependent), and indirectly (contact independent) using direct co-culture, and 

indirect conditioned media, in vitro.  

2. Our change to an alternative and novel puncture method resulted in a significant rise 

in sepsis severity and multi-organ injury in our 48-hour model window, not seen in 

any other group when using our laboratories previously established CLP model.  

3. In vivo, MSC therapy reduced organ bacterial load following CLP.  
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4. We showed a significant increase in survival duration, and overall survival, in the 

MSC therapy group. 

5. A secondary analysis showed comparable efficacy of the cryopreserved MSCs versus 

our laboratories freshly harvested BM MSCs following CLP  

 

This study broadens our understanding of MSCs in an in vitro environment. It has also 

created a novel model for CLP. In vivo experiments assessing MSC sub-population 

effectiveness in ameliorating CLP injury showed significant reductions in organ bacterial 

load, and increased survival in animals receiving MSC therapy. Cryopreserved MSCs were 

comparably efficacious to freshly harvested cells. Our laboratory has much experience with 

thawed cryopreserved MSCs226, particularly in preclinical pulmonary sepsis models217, 218, 227, 

228, but these findings have not been previously described in pre-clinical systemic sepsis 

models. These results will enable further testing of our cryopreserved therapeutic, with our 

ultimate aim being clinical translation for the treatment of sepsis. 
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8. Publications 

 

8.1 Review Articles 
 
Stem Cell–based Therapies for Sepsis. 
Colm Keane, Mirjana Jerkic, John G. Laffey. Anesthesiology 2017;127(6):1017-1034. 
 

8.2 Book Chapters 
 
Mesenchymal Stem/Stromal Cells for Sepsis.  
Colm Keane, John G. Laffey. In: Vincent, J.-L. ed. Annual Update in Intensive Care and 
Emergency Medicine 2017. Brussels: Springer, pp. 33-5
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9. Presentations 

 

9.1 National Presentations 
 

1. Tallaght University Hospital Grand Rounds, September 2017 

2. St. James’s Hospital Grand Rounds, March 2018 
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