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Abstract

Experimental strategies to reduce the incidence of anastomotic leak (AL) have failed to
establish efficacy when translated into clinical practice. There is an increasing interest
in the use of stem cell therapies with a focus on the potential repair capability of
mesenchymal stem cells (MSCs). However, there remains uncertainty around the
fundamental mechanistic process of bowel healing. It is hypothesised that a novel
source of MSCs, derived from omentum harvested at laparotomy, can be delivered to

an anastomosis to promote healing and prevent AL.

A large scale in-vivo murine study provides a compelling case that the alginate gel
delivery vehicle chosen may reduce the severity of anastomotic leak and could provide
a practical therapeutic delivery option in humans. The stromal vascular cell fraction is
similar across two murine strains, regardless of sex, and contains factors conducive to
wound healing. There was a signal that mesenchymal stem cells contained within the
stromal vascular cell fraction might reduce anastomotic leak. By combining all the
known literature, a novel anastomotic healing model has been developed that provides
a way for researchers to investigate the histological changes at the anastomotic line in
pre-clinical studies. My findings indicate that healing at the colonic anastomotic line
appears to follow the same broad biological steps as documented in the skin healing
literature. These findings can now be used to inform pre-clinical testing of other
therapeutic interventions for anastomotic leak. My research concludes at the stage
where gel/mesenchymal stem-cell-based interventions are ready to be taken into the

clinical setting.
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1. Introduction

Anastomotic leak is a common, but poorly understood, complication of colorectal
surgery for both benign and malignant conditions. Strategies to address anastomotic
leak have largely failed, due to limited standardisation of techniques, heterogeneity of
study design, and a lack of understanding of the mechanisms underpinning
anastomotic healing. A multifaceted approach to investigate and overcome these
issues is required. This chapter describes the current understanding of the aetiology
underlying anastomotic leak. A commentary on the normal wound healing processes of
colonic anastomoses is provided and compared to normal skin healing, which is
thought to involve analogous mechanisms. The evidence supporting current and novel
interventions is discussed in the context of its impact on patient outcomes. Finally, a
structure for my doctoral investigations will be outlined, including the development of a
novel intervention to prevent anastomotic leak and an animal model to facilitate
laboratory investigations of anastomotic leak and the temporal biology of anastomotic

healing.

1.1 The Clinical Problem - Colorectal Anastomotic Leak

The prevention of anastomotic leak (AL) remains one of biggest challenges in
gastrointestinal surgery with ongoing controversy regarding the best strategy to reduce
this serious post-operative complication. (5) AL is the cause of significant morbidity and
mortality. (6,7) Research into the development of AL, its management, short- and long-
term costs, and impact on patients and society has received relatively little attention.
(8) Attempts to reduce the incidence and impact of AL, including advances in surgical
technique and perioperative care, have shown promise in pre-clinical studies, but have
failed to demonstrate efficacy in clinical practice, with the incidence of AL remaining the
same as it was half a century ago. A better understanding of why AL occurs is

required to enable novel interventions to be developed. In addition, an understanding of

22



the true cost of AL is essential if we are to accurately assess the value of new

interventions and their potential translation into routine clinical care.

1.1.1 Definition and Grading

There remains no universally accepted definition of AL (9) with the majority of studies
using a combination of clinical features and radiological findings for diagnosis. In 2001,
Bruce et. al. described 56 separate definitions of AL in a systematic review of 97
studies. (10) Until 2016, there was no core outcome set that existed for AL precluding
accurate comparison of leak rates between institutions and outcomes in interventional
studies. (11) In 2020, following a modified Delphi exercise, Van Helsingen et. al.
published an international consensus document with recommendation to adopt the
International Study Group of Rectal Cancer (ISREC) definition of AL which defines leak
as “a defect of the intestinal wall at the anastomotic site (including suture and staple
lines of neorectal reservoirs) leading to a communication between the intra- and
extraluminal compartments.” (12) The same group validated a severity grading system
in 746 patients who underwent sphincter preserving surgery and described a severity
rating based on intervention requirement; Grade A (no change in management), Grade
B (active therapeutic intervention) and Grade C (requiring re-laparotomy or
laparoscopy) with leak rates of 16%, 23% and 61% respectively. (13) These consensus
grading systems are based on evaluation of leaks in rectal anastomoses but are often
extrapolated to other gastrointestinal anastomoses. In 2020, the TENTACLE-Rectum
group began recruitment to an international multicentre retrospective cohort study to
investigate which factors contribute to AL in rectal anastomoses and how best to
manage leak based on clinical and radiological characteristics; the results are awaited.

(14)
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1.1.2 Incidence

The incidence of AL is variably reported between 5%-19% depending on the site of the
anastomosis in the gastrointestinal tract (15) with the largest studies reporting
incidences of 6% after both right and left sided colonic cancer surgery (16) and 8%
following right hemi-colectomy. (17) In a recent meta-analysis of 84 studies including
45 randomised controlled trials (RCTs) and 24,845 anastomoses, the incidence of AL
following rectal cancer surgery was estimated at 11%. (18) Smaller studies have
demonstrated colo-colonic leak rates of 0-2% and ileocolonic leak rates from 0-4%.
(19-22) There has been no reported difference in AL rates between laparoscopic or
robotic resections when compared to open procedures or between stapled and hand
sewn anastomoses. (23—26) There is some evidence to suggest that intra-corporeal
anastomoses confer a lower risk of AL, however, this is disputed with several

systematic reviews providing opposing evidence. (27,28)

1.1.3 Risk Factors & Risk Predictions Scores

Many studies have identified risk factors for AL and multiple preoperative and
intraoperative AL prediction scores have been proposed (29-31) with reasonable
predictive value as described by Dekker et. al. (30) However, a recent systematic
review by Venn et. al. demonstrated poor reporting strategies and concluded
methodological shortcomings have limited the wider adoption of these tools. Prediction
scores appeared to perform well in discriminating those at highest from low risk, but the

authors reported concerns of bias in the 34 included studies. (32)

A review of the literature shows that risk factors for AL are often classified as technical

versus patient / perioperative factors or modifiable versus non-modifiable factors (Table

1).
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Table 1 | Risk factors for anastomotic leak identified compiled from current currently

available literature.

Modifiable Non-Modifiable
Technical Intraoperative Blood Loss (>100-500mls) (28) Emergency Surgery (15)
Factors Number of Stapler Firings (>2-3) (19,33—41) Non-specialised Surgeon (48,49)
Duration of Surgery (>2-4 Hours) (33,42—-44) Centre Case Load (50)
L] Operating Field Contamination (42)
] Preoperative Transfusion (15,45,46)
. Epidural (47)
] Vasopressors (47)
] Extra-corporal Anastomosis (28)11/10/24
11:31:00 AM
Patient or . Poor Nutrition (Low Albumin) (15) . Sex (Male) (15,33,43,44,57-61)
Peri-operative | = Anaemia (<10.5g/dL) (42) . Smoking (15,43,58,62,63)
Factors . Peri-operative Hypothermia (51) . Obesity (15,33,43)
. Antibiotics (52,53) . Diabetes Mellitus (42,43)
. Bowel Preparation (54-56) . Renal Disease (15)

. Coronary Heart Disease (62)

. Previous Neoadjuvant Therapy
(15,33,44,60,64—68)

. Tumour Size >2.5-5cm (15,33,43)

. Tumour Stage (T3/T4) (57)

L] ASA Score (lI-1V) (15,57)

. Alcohol Excess (15,63)

. Immunosuppressants (15)

. Pulmonary Disease (45)

1.1.4 Anastomotic Healing

Two explanations are usually put forward to explain the mechanism underlying AL:

(1) patient-related or perioperative factors, for example, baseline nutritional status,
smoking history, or the use of pre-operative mechanical bowel preparation
(2) surgical technique, for example, ischaemia and tension at the anastomotic line or

stapling device failure.

However, without reviewing the macroscopic and microscopic appearances of the

anastomosis it is often impossible to determine the exact cause of anastomotic failure.

(69)
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Within the literature, studies commonly investigate single causative factors for AL
without attempt to standardise or control for other causative factors which could
confound the results. In addition, these studies almost unanimously fail to attribute
differences that occur within treatment groups. This has led to a current evidence base
built on between-group comparisons where conclusions are more likely to be
associative than causative, with claims often caveated with the (likely) multifactorial

causation of AL. (70)

The molecular and cellular events of wound healing at the anastomotic line and the
underlying risk factors for anastomotic leak (Table 1) remain poorly understood. (71—
74) The observation that AL can still occur in a technically perfect anastomosis and
optimised patient, suggests that additional underlying factors have not been defined.
(75-77). Previous doctrine on the construction of a secure anastomosis dictates that
there should be: (A) sound surgical anastomotic technique (B) adequate blood supply
at the anastomotic line (C) tension-free anastomotic join (D) good approximation of
tissues (E) absence of obstruction distal to the anastomosis, and (F) absence of

disease (e.g. malignancy or local sepsis) at the anastomotic site. (78)

During acute intestinal inflammation (e.g. inflammatory bowel disease), neutrophils and
monocytes (later macrophages) migrate into the local tissues and secrete a variety of
oxygen radicals and enzymes, which degrade the tissue. Pro-inflammatory cytokines
and chemotactic and cell-activating peptides are also secreted or released from the
stromal matrix. In severe tissue damage, migration of myofibroblasts occurs to the area
of insult with the production of new extracellular matrix and ultimately contraction of the

wound. (79)
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1.1.4.1 Response to Tissue Injury

Wound repair is a regulated process which occurs immediately following an insult that
disrupts the normal structure and function of tissue. (80) The primary purpose is to
restore the integrity, function and tensile strength of the injured tissue. The process has
been extensively studied in human skin (81-83) and follows three distinct but

overlapping stages:

I. Inflammation: Platelet aggregation and vasoconstriction at the site of injury results in
the formation of a fibrin-based clot to secure haemostasis. (84) Increased vascular
permeability surrounding the injured site results in an efflux of inflammatory cells into
the wound which utilise the fibrin clot as a provisional matrix. Neutrophils, the initial
dominant cell type, protect the wound from microbe invasion through the removal of
foreign particles and bacteria. At 48 hours following insult, monocytes which
differentiate into macrophages, are the predominant cell type, being recruited through
release of growth factors and cytokines from platelets. Platelet derived growth factor
(PDGF) and transforming growth factor beta (TGFf) are two of the key mediators
driving the repair process. These combine with plasma proteins such as fibrin,
fibronectin and vitronectin to deposit provisional wound matrix and encourage cell
migration. Macrophages phagocytose foreign organisms and secrete pro-inflammatory
cytokines, including PDGF, which stimulate the next stage of healing with granulation

tissue formation. (84—86)

. Proliferation: By day 4, fibroblasts predominate and their influx into the wound is
regulated by various growth factors including basic fibroblast growth factor (bFGF),
PDGF and TGF. Fibroblasts substitute the initial wound repair matrix established in
the inflammation phase with collagen rich granulation tissue. (87) Proteases such as

matrix-metalloproteinases (MMPs) are released to degrade the extracellular matrix and
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aid the migration of fibroblasts into the wound. New extracellular matrix is formed,
consisting of fibrin, fibronectin and proteoglycans, including hyaluronic acid, which are
gradually replaced through collagen deposition. This is initially collagen Il which is then
gradually replaced by collagen Il. The process is modulated by several factors including
vascular endothelial growth factor (VEGF), which also induces angiogenesis. A
proportion of fibroblasts take up a myofibroblast phenotype with alpha smooth muscle

actin (a-SMA) myofilaments which allows the wound to contract. (86,88)

I1l. Remodelling: newly formed granulation tissue undergoes remodelling with an
observed reduction in the density of fibroblasts and macrophages. Collagen fibres
undergo cross linkage and are converted to thick collagen bundles and contractile units
through the synergistic action of MMPs and tissue inhibitors of MMPs (TIMPs).
Endopeptidases also are also secreted by cells such as fibroblasts, and macrophages.
Through this process, a proportion of cells within the ECM undergo apoptosis however
remodelling continues and scar tissue (with a reduced cellular and vascular

component) forms surrounding uninjured, healthy tissue. (86,87)

1.1.4.2 Physiology of Anastomotic Healing

The colonic wall is made up of four layers, from innermost (luminal) to outermost
(serosal) layers: i) mucosa and lamina propria, ii) submucosa, iii) muscularis mucosa
(circular and longitudinal muscle), and iv) serosa with peritoneal lining. In adults, the
colon can be distinguished from the small intestine histologically by the absence of villi,
plicae circularis, and Paneth cells. The crypts of Lieberkiihn are deeper in the colon
and goblet cells become more abundant. (Figures 1 & 2). The strength of an
anastomosis is reliant on the serosa supported by the submucosa which contains blood
vessels, lymphatics and nerve fibres along with the majority of bowel wall collagen;

Type | (68%), Type lll (20%) and Type V (12%). (89,90) Smooth muscle cells intertwine
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with a collagen network to make up the muscularis propria which is covered by the thin
serosa — the external most layer of the bowel wall which includes the peritoneum

(Figures 1 & 2).

Figure 1 | Schematic representation of the normal structure of the large intestine

created with Biorender.com
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Figure 2 | Schematic human representation (a) and Haematoxylin and Eosin stain of

large intestine of the normal structure of the large intestine adapted from Mescher et.

al. (91)
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During the formation of an anastomosis, all four layers of the bowel wall are transected.
Throughout the 1800’s, approximation of bowel wall layers included either the serosa
alone (92) the serosa and the mucosal layers (93) or submucosa. (94) By the late 20"
century studies favoured single layer anastomosis. (94—96) Findings from a recent
systematic review including 13 experimental studies suggested that double-layer
anastomoses were inferior to single-layer anastomoses due to an observed reduction
of perfusion and increased inflammation at the anastomotic line. (97) It is also
highlighted that single layer anastomoses take less time to construct and are less
costly. (98) It has been demonstrated in ex vivo animal and human studies that sutures
which incorporate the mucosal layer of the bowel wall do not contribute to anastomotic
strength; with the strength of the join lying within the serosa and collagen and elastin
rich submucosa. (80) Although practice varies and is subject to personal preferences of
the surgeon, a single-layer anastomoses, not including the mucosa in the suture, has
been broadly adopted. (25,26) The evidence base surrounding advantage of stapled

versus hand-sewn anastomoses is discussed in detail in section 1.3.3.

Anastomotic healing is a dynamic process involving the interplay of degradative and
reparative processes. It is a fine balance where factors may tip the balance in favour of
degradation and anastomotic breakdown (e.g. local sepsis at the anastomotic line),
whilst excess repair will lead to fibrosis and stricture formation. It is believed that bowel
wall healing broadly follows the same processes as wound healing in human skin. (81—
83) Although many of the cellular and molecular processes are common to all tissue
healing, anastomotic healing environment differs markedly (Table 2). (89) The technical
and biological processes involved make it challenging to reproduce anastomotic
healing in vitro (99) and hence the translation of wound healing models in skin to the Gl

tract is extremely challenging.
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Table 2 | Major differences between skin and anastomotic healing. Adapted from

Morgan et. al. 2022 (100)

to temperature changes

Skin Wound Intestinal Anastomosis
Time to Full
Strength Gradual up to 6 Months Rapid ~ 1 month
(~80%)
Strength .
Layers Dermis Submucosa & Serosa
Collagen
Producing Fibroblasts Fibroblasts and SMCs
Cells
Main
Collagen Type 1 80% / Type Il 20% Type 1 68% / Type lll 20% / Type V 12%
Subtypes
Collagenase Minimal Increased in inflammatory phase (colon> small
Activity bowel)
pH Stable Wide range based on gastrointestinal tract location
Aerobic skin flora, infections generally Gut microbiome with aerobic and anaerobic bacteria,
Microbiome treated topically, rare instances of potential for intra-peritoneal infection in the setting of
bacteraemia AL
Mechanical Poter_ltlal ten5|on_W|th mqvement Persistent sheer stress from intraluminal contents
depending on location, minimal sheer : .
Stress and peristalsis
stress
. Remains reasonably constant, but subject Perfusion dependant on splanchnic perfusion which
Perfusion

varies with physiological state

When bowel mucosa is breached, repair is undertaken by migration and hyperplasia of

epithelial cells along with platelet aggregation and clot formation. This closes the

defect, generates a partition to luminal bacteria and stimulates initial repair over a 72

hour period. (101) During the first few days following anastomosis creation, collagen

degradation occurs with breakdown of damaged ECM regulated through several

growth factors, cytokines, and collagenases at the site of injury which results in low

anastomotic strength. (102) In the presence of sepsis, the reduction in tissue collagen

content is exaggerated. (103) Extracellular MMPs are the main group of enzymes

responsible for anastomotic healing, with some evidence suggesting overexpression of

MMP-9 may increase the risk of AL through increased collagen degradation. (104)
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Anastomosis integrity is therefore reliant on the ability of the collagen ratio present to

hold the suture or staple material until new deposition can occur.

Three subtypes of collagen are produced by both fibroblasts and smooth muscle cells
in anastomotic healing, whereas collagen is only synthesised by fibroblasts in skin
healing. (105,106) Limited evidence suggests that there is an increased risk of AL in
patients with specific extracellular matrix compositions. This includes a reduced
collagen type I/l ratio and an increased expression of collagenase subtypes in the
mucosa and submucosa. (107) Aprotinin (a collagenase inhibitor that promotes
collagen formation) has been shown to increase anastomotic burst pressure and
breaking strength in a rat model. (108) In humans a reduction of clinical and
radiological AL was observed in a single RCT with application of aprotinin at the time of

surgery (n=100). (109)

1.1.4.3 Anastomotic Vascularity

Adequate blood supply to the anastomotic line is essential for healing, with impaired
tissue perfusion being a recognised risk factor for AL. Impaired perfusion can be
secondary to systemic hypoperfusion (hypovolaemia), global reduction in bowel
perfusion (macro- or microvascular disease, vasoconstriction to support other vital
organs in states of shock), or a local reduction in blood supply as a consequence of
bowel resection and tissue injury. Tissue oxygenation must be adequate to ensure
optimal healing and is reliant on three factors; vascularity, vasomotor control, and

arterial oxygen tension. (110,111)

Intraoperatively, bowel perfusion is assessed by palpation of pulsatile of mesenteric

vessels, visibly assessing the colour of the bowel, and any active (or lack of) bleeding
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at the wound edges of the bowel transection. More complex means of assessing tissue

perfusion and oxygenation have been trialled and are discussed in section 1.3.2.3.

1.1.4.4 Influence of Microorganisms and The Microbiome

There is a growing literature in support of the gut microbiome being implicated in AL
based on the hypothesis that leakage is an infective complication of an anastomosis.
Recent studies in rat models have demonstrated that anastomotic injury results in a
change in microbiota at the anastomosis with a 500-fold and 200-fold relative increase
in the mucosal prevalence of Enterococcus and Escherichia/Shigella species
respectively, with no change in the luminal prevalence. In rats that developed an AL,
there was an observed increase in the production of cytotoxic necrotic factors and
extracellular matrix degrading enzymes. (112) In a further rat study, it was
demonstrated that Enterococcus Faecalis contributed to AL through the upregulation of
collagenase activity and activation of MMP-9. (113) This has been further supported in
animal models of low anterior resection with rectal anastomoses (114) which

demonstrated changes of rectal flora observed following radiotherapy. (115)

In humans, Enterococcus faecalis and Pseudomonas aeruginosa are pathogens which
have been implicated in AL (116) Alverdy et al. suggest that a decrease in microbial
diversity following bowel resection and anastomosis encourages overgrowth of certain
opportunistic species with a transition to a pathological phenotype with increased
proteinase production leading to disruption in anastomotic healing. However an
understanding of ‘normal’ microbiota and implications for gut function remain broadly

unknown. (117)
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1.1.4.5 Bowel Mobility

An overlooked area of potential influence on anastomotic integrity is the shear stress
exerted by bowel peristalsis and luminal faecal transit. In a post hoc analysis of a
randomised control trial, post-operative ileus was significantly associated with a higher
prevalence of AL and an increased day-2 serum C-reactive protein post colorectal
resection (n=43). (118) However, it is important to consider that the converse could
also be argued and that early AL could in-fact cause ileus and a raised serum C-

reactive protein.

1.2 The Economic Problem?

Anastomotic leak poses a significant financial burden on patients, hospitals and
society. The evidence on the true cost of AL is limited and varies internationally, with
differences in the methodology of economic analysis, health care systems, cost coding,
and reporting of outcomes. (8) In the UK, current evidence suggests that NHS hospitals
underestimate the true cost of AL, leading to inadequate reimbursement. (8) Little is
known about the direct or in-direct financial costs in terms of reduced quality of life for
patients and decreased productivity for society. There is also a need to better
understand what factors influence these costs (119) to inform improved health

economic modelling.

" The following are the abridged findings of the systematic review undertaken as part of
the preparatory work for this thesis published as: Khalil M, Burke JR La Raja C, Quyn
A, Wargos-Palacios A, Meads D, Jayne D. The economic burden of colorectal
anastomotic leak: A systematic review. (2022) The Annals of The Royal College of
Surgeons of England Volume 105, Number S1, doi: 10.1308/rcsann.2022.0159 (Peer
Reviewed Abstract) (3)
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1.2.1 Economic Burden

A recent systematic review investigated the economic burden of anastomotic leak in 10
studies across Europe and North America (8 studies in the USA, 1 study in the UK, and
1 study in Italy). Of the 486,444 patients included, 27,338 (5.62% [4.45%-12.30%]) had
AL within 30 days of colorectal surgery. Reported total hospital costs ranged between
$15,545 - $72,905 (AL) versus $7491 - $30,409 (Non-AL). Median length of hospital
stay after AL was increased in 8 of the 10 studies by an average of 9.96 days (AL)
[11.88 days - 30.28 days] as compared to the average hospital stay with no AL 5.0
days [3.46-13.93]. In the UK, the estimated cost of AL is £17,000, equating to an
additional annual cost of £1-3 million when extrapolated nationally. (8) In Europe, the
estimated additional cost of an AL is around 12,000 EUR with an added length of stay
of 20 days (120). In the US, the figures are an additional $24,000 per AL and an extra 7
days stay. (121). Given that AL rates remain constant and the incidence of colorectal
cancer is increasing in the younger population there is concern that this problem, and

the associated costs, will only escalate. (122)

1.2.2 The Environmental Impact

The treatment of AL carries an environmental impact. A recent environmental impact
assessment by Biscofberger et. al. using activity and carbon emission data for a typical
AL care pathway demonstrated an average climate, water and waste impact of 1303 kg
CO2-eq, 1803 m? of water, and 123kg of waste per patient. (123) The greatest
contributors to this were grade C leaks (see section 1.1.1). Building environmental
impact into the rationale for allocation of research funding is slowing starting to take

hold and is an important consideration. (124)
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1.3 Current Strategies to Prevent Colorectal Anastomotic Leak

The mainstay of attempts to reduce AL are based on altering modifiable risk factors
and reducing the impact of non-modifiable risk factors (Table 1). (125) These can be

broadly classified into 5 categories:

1. Preoperative interventions
2. Intraoperative checks

3. Anastomotic construction

4. Anastomotic reinforcement

5. Anastomotic protection

1.3.1 Preoperative Interventions
1.3.1.1 Mechanical Bowel Preparation

The use of oral mechanical bowel preparation prior to colorectal resection and
anastomosis remains contentious (126—128) with clear disadvantages documented
including hypovolaemia and metabolic disturbance. (55,129) Mechanical bowel
preparation does confer the ability to perform intra-operative endoscopic investigation
and helps to avoid faecal loading of the colon. Until recently the effect of mechanical
bowel preparation and its effect on the gut microbiome had not been considered. (130)
A recent meta-analysis of 60 randomised controlled trials, including 16,314 patients,
demonstrated no significant difference in AL when using mechanical bowel preparation
in the absence of intravenous and oral antibiotics. However, it is thought that
mechanical bowel preparation does reduce septic complications including abdominal

and pelvic collections which are likely related to subclinical leaks. (131)
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1.3.1.2 Preoperative Antibiotics

Preoperative non-absorbable oral antibiotic preparations (OAP) have been shown to
reduce the risk of AL following elective gastrointestinal surgery, supported by a recent
systematic review. (132) Administering OAPs with mechanical bowel preparation may
allow increased delivery of OAP to the colonic mucosa through reduction of faecal
loading within the bowel lumen. More recently Koskenvuo et. al. demonstrated that
mechanical bowel preparation and preoperative oral antibiotics significantly reduced
anastomotic dehiscence’s (5.8% vs 13.5%, OR, 0.39 [95% CI, 0.21-0.72]) in a 565
patient randomised controlled study. (126,133—-135) The previous systematic review of
Tan et. al demonstrated marginally lower AL rates with intravenous antibiotics and oral
antibiotics (OR 0.63 (95 per cent Cl 0.44 to 0.90)) and intravenous antibiotics and oral
antibiotics and mechanical bowel preparation (OR 0.62 (95 per cent Cl 0.41 to 0.94))

compared with intravenous antibiotics alone. (131)

1.3.2 Intraoperative Checks
1.3.21 Air Leak Test

The air leak test is a safe, rapid, and inexpensive check for anastomotic integrity that
involves submerging the anastomosis under saline and carefully infiltrating air into the
distal bowel lumen by means of a syringe or endoscope per rectum. (136) In those
patients with a positive test, suture repair of the defect alone was associated with a
higher AL rate and it was recommended that the anastomosis either be refashioned or
a diverting stoma performed. 25% of air leaks were detected in patients that underwent
the test. After their operation 4% suffered clinical leaks in the 'test' group and 14% in
the 'no test' group (P = 0.043). There were 11% radiological leaks in the 'test' group
and 29% in the 'no test' group (P = 0.006). These principles have been applied to

anastomoses throughout the large intestine (137)
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1.3.2.2 Intraoperative Endoscopy

Endoscopic evaluation of an anastomosis allows for a more accurate assessment of
the anastomotic line including integrity of the join, the identification of intraluminal
bleeding and the detection of additional pathology. (137,138) Its benefit in routine use
has yet to be demonstrated. The largest study by Shamiyeh et. al. (h=338)
demonstrated minimal AL pick up rates between routine (1.2%) and non-routine

endoscopy (1.5%) after the formation of an anastomosis. (139)

1.3.2.3 Bowel Perfusion Assessment

Recent advancements in fluorescent perfusion angiography (FPA) have allowed
surgeons to subjectively assess local tissue perfusion, identify optimal bowel segments
for anastomosis and to check anastomotic perfusion afterward joining. This is achieved
through systemic injection of a fluorophore (e.g. indocyanine green, ICG) followed by
visualisation using a near-infrared camera. (140,141) When administered
intravenously, ICG binds with high affinity to plasma proteins and remains largely within
the intravascular space. It has a short plasma (3-5 minutes) and intravascular (15-20

minutes) half-life , which allows for multiple dose administration. (142)

The use of near-infrared indocyanine green (NIR-ICG) intraoperatively to assess
anastomotic perfusion is safe and feasible (142,143), however, no system is yet able to
objectively quantify tissue perfusion and the adequacy of the blood supply remains
reliant on the operating surgeon’s judgement. There have been numerous systematic
reviews on the use of bowel perfusion assessment in colorectal surgery, based on
observational studies but few randomised controlled trials. The latest review by Renna
et. al. (2023) investigated the assessment of bowel perfusion with fluorescence
angiography as well as hyperspectral and laser speckle contrast imaging with all

modalities demonstrating comparable results. The pooled leak rate following an
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anastomosis was 0.05 (95 per cent Cl 0.04 to 0.07) as compared to 0.10 (0.08 to 0.12)
without, across 66 eligible studies involving 11,560 patients. (144) In 2017, a large RCT
in the USA evaluating ICG-NIR in rectal surgery was terminated due to slow
recruitment. (145) Following this review the EssentiAL trial published its results in May
of 2023. This was a randomised open-label phase 3 trial including 850 patients across
41 hospitals in Japan. Designed as a non-inferiority study; the observed reduction AL
rate in the ICG+ group was lower than expected leading the authors to conclude that
ICG-FI was not superior to white light. Despite a statistically significant 4.2% reduction
in AL seen in the ICG+ group the study was not deemed significant overall because It
failed to reach the prescribed non-inferiority boundaries. (146) The MRC/NIHR IntAct
trial is an ongoing European RCT comparing surgery with NIR-ICG against white light

laparoscopy in the prevention of AL with results anticipated in 2024. (147)

This use of light spectroscopy and modified pulse oximetry has demonstrated a
reactive rise in tissue oxygen tension in the proximal anastomotic segment in a single
study, highlighting a possible tissue level compensatory mechanism. (148-150) A
further study has demonstrated increased bowel blood flow and volume through CT
perfusion scanning in patients undergoing chemoradiotherapy at the site of rectal
cancer. (151) This has implications for assessing AL risk particularly after neo-adjuvant
therapy where there is a perceived increased risk of AL despite a recent meta-analysis
indicating the opposite. (152) The AVOID Study (Trial registration: NCT0471203) which
is a phase Ill, multicentre, randomised controlled trial (n=978) using indocyanine green
for the prevention of anastomotic leakage in colorectal surgery is due to report out in the

coming months.
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1.3.3 Anastomosis Construction
1.3.3.1 Stapled Versus Hand-sewn Anastomoses

Findings from a number of Cochrane reviews and meta-analyses have not
demonstrated superiority for either stapled or hand-sewn anastomoses at any site of
the large intestine and rectum. (97,153—155) However stapled anastomoses are
preferred in many centres due to speed, ease and reproducibility. There are several
studies where findings indicate that in rectal anastomoses, the number of staple firings
in double stapled anastomoses increase AL rates in the distal rectum with no difference

in single over double-stapled low rectal anastomoses. (19,34-37)

1.3.3.2 Compression Anastomoses

Various innovative methods for constructing anastomoses have been tried, including
the use of anastomotic compression devices (first described 200 years ago) (156), and
then in the 1980s using the AKA-2™ device (Seidel Medipool, Munich, Germany). This
device was made from two plastic rings which compressed inverted bowel edges that
released spontaneously at day 4 to 6. The ring device results in simultaneous necrosis
and healing, but the device can only be applied during open surgery. (157,158) A
similar bio fragmentable anastomotic ring (BAR) (Valtrac, Davis & Geck, Wayne, NJ,
USA) was devised, which when closed left a small window between the two rings to
reduce tissue necrosis. The patient then passes the rings per rectum 2-3 weeks later.
Although described as a “suture-less” anastomosis, it requires sutures to secure the
device in place. (159,160) In 2011, the NiTi ColonRing ™ (NiTi Surgical Solutions,
Chesterfield, USA) introduced compression rings that had shape memory properties,
with claims of a more uniform tissue compression at the anastomotic line. Findings
from a large multicentre study (n=1180) demonstrated a leak rate of 3% in mostly end-
to-end laparoscopic, left sided anastomoses, but like all other compression devices it

has yet to be broadly adopted. (161)

40



1.3.4 Anastomotic Reinforcement

The challenge of AL has attracted substantial industry attention resulting in several
diverse products being brought to the market. However, few strategies have enjoyed
commercial longevity, largely through failure to establish efficacy in wider clinical
practice. At the other end of the spectrum, simple staple line reinforcement with bio
absorbable materials such as a buttress sutures to improve tissue apposition and
increase tensile strength has shown no benefit in three large randomised studies.

(162-164)

1.3.4.1 Intra-luminal Stents / Bypass Technology

Various intra-luminal colonic stents and anastomotic line bypass technologies have
been trialled to protect colorectal anastomoses. Clinical testing has shown the devices
to be safe, but lacking in efficacy. (165—168) Findings from the most recent pilot studies
of Colospan (Colospan Ltd. Kfar-Saba, Israel) and Safeheal Colovac (Colovac,
Safeheal, France) have shown them to be safe and are currently undergoing efficacy

trials. (169,170)

1.3.4.2 Mesenteric Flap

A single study has reported the use of a pedicled mesenteric flap 1-2cm distal to the
site of anastomosis to auto-buttress the join line following left sided colectomies with no
difference in AL rates in 65 patients. This has yet to be the subject of a comparative

study and hence findings of this single study are to be interpreted with caution. (171)

1.3.4.3 Defunctioning stoma
In many centres the routine use of a defunctioning stoma upstream from the
anastomosis is used. The rationale that this may reduce reoperation rate in the event of

AL (due to stool already being diverted) or reduce the severity (reducing the amount of
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effluent passing through any mucosal breach) appears to have some merit. (172) The
suggestion that a defunctioning stoma reduces the risk of leak by around 10% is
evidenced in a recent meta-analysis of 8000 patients, however this is disputed. (173—

175)

1.3.4.4 Trans-anal / -rectal Drainage Tube

A trans-anal drainage tube is a silicon tube placed per rectum with the tip beyond /
above the joint line and the distal end secured to the thigh or buttock following an
anastomosis. Seven trials, with over 1600 participants, were examined in a recent
meta-analysis which demonstrated a lower AL rate in the trans-anal tube group (RR
0.38; 95 % confidence interval (Cl) 0.25-0.58; P < 0.0001), as well as a reduced
reoperation rate (RR 0.31; 95 % CI 0.19-0.53; P < 0.0001) and a shorter hospital stay

(mean = -2.59 days; 95 % CI -3.69 to -1.49; P < 0.0001). (176)

1.3.5 Tissue Adhesives and Sealants

1.3.5.1 Fibrin Glue

The use of fibrin-based products to ‘seal’ an anastomosis has been investigated for the
best part of three decades. Fibrin is a polymer protein which is the final product
following lysis of plasma fibrinogen and is readily available from donated plasma.
Although findings from some animal studies have demonstrated a benefit in reducing
AL, a systematic review by Vakalopoulos et. al. in 2013 found no benefit in AL rate

from the use of fibrin glue across all human studies. (177,178)
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1.3.5.2 Platelet Rich Concentrates?

There are two main types of platelet concentrates: platelet-rich plasma (PRP) and
platelet-rich fibrin (PRF). PRP was the first to be developed and reported by Marx et al.
in 1998. It is produced using a two-step centrifugation process with biochemical
additives, such as anticoagulants or bovine thrombin. (179) In contrast, PRF does not
require additives and is produced using a single centrifugation step. This is carried out

immediately after blood is drawn to prevent coagulation. (180)

The main difference between the two types is their fibrin architecture, where PRF has a
higher density of fibrin. (181) During production of PRF, in the absence of an
anticoagulant, the fibrin network gradually forms during centrifugation. This results in a
three-dimensional fibrin scaffold with associated platelets and leukocytes, which has
the advantage of releasing high quantities of growth factors over a sustained period.
Findings from previous studies have shown that PRF releases a significant amount of
platelet derived growth factor (PDGF), fibroblastic growth factor (FGF) and vascular

endothelial growth factor (VEGF) for up to 2 weeks after centrifugation. (182,183)

Platelet rich concentrates have been used in clinical trials for arthroscopic rotator cuff
repair, and a recent meta-analysis suggests the PRP-infused collagen matrices may

reduce recurrence rates in selected circumstances. (184) Delivery methods vary but it
is feasible to create a PRP mesh which could theoretically be sutured externally to the

bowel wall. (4) Findings from rat and pig models have shown mixed benefits in

2The following are the abridged findings of the feasibility study and literature review
undertaken as part of the preparatory work for this thesis published as: Burke JR,
Helliwell J, Kowal M, Jayne D. Characterisation of a Platelet Rich Fibrin Membrane and
Formation of an Autologous Fibrin Mesh. British Journal of Surgery, Volume 108, Issue
Supplement 6, September 2021 doi: 10.1093/bjs/znab259.198 (Peer Reviewed
Abstract) (4)
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anastomotic bursting pressure, but have not shown any difference in AL rates. (185—

187) PRP has yet to be investigated for efficacy in clinical trials for colorectal AL. (188)

1.3.5.3 Cross Linking Gelatins

Cross-linking Gelatins are cow-derived sealants that are currently under investigation in
clinical studies. Early animal studies suggest that these sealants induce less tissue
inflammation than fibrin glue after it is exposed to high-frequency light which induces

polymerisation. (189,190)

1.3.5.4 Polyglycolic acid

Seamguard® (Gore & Associates Inc, Flagstaff, Arizona, USA) is a polyglycolic acid-
based material used to buttress and provide additional extraluminal strength to stapled
anastomoses. Efficacy is reported in bariatric surgery, but a recent randomised
controlled trial in colorectal surgery failed to show a benefit in AL reduction.

(163,164,191)

1.3.5.5 Alginate Gel

The most notable ongoing trial is currently investigating LifeSeal™ (LifeBond, Caesarea
Industrial Park, Israel) and its effect on overall AL rates in subjects undergoing low
anterior resection with an anastomosis less than 10 cm from the anal verge, in a
prospective, multi-centre, multinational randomised, single-blind, double armed study. It
is a gelatin based product which aims to seal the anastomotic line. (192) Findings from
a recently published retrospective study of 356 patients demonstrated a lower
incidence of AL in a group of left sided colon cancers (n=43) after propensity score

matching in LifeSeal (2.3% AL) versus control (13.4% AL) p=0.042. (193)
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1.3.5.6 Butyrate

In animal models, Butyrate has been used in 19 studies and demonstrated significantly
increased anastomotic strength, collagen synthesis and collagen maturation but there
remains no current use in human clinical studies. Butyrate is thought to exert its
function by acting as a histone deacetylase (HDAC) inhibitor or signalling through G-

protein coupled receptors at the anastomotic line. (194)

1.3.6 The Role of Adhesions

Bowel adhesions are irregular bands of scar tissue that form between two abdominal
structures that are not normally bound together. Little is known about the role of
adhesions in anastomotic leak. Intuitively, adhesions could play a role in contributing to
leak through their theoretical external tension on an anastomotic line or be protective
as a “natural sealant” for breaches in the anastomosis. There are few animal studies

investigating this concept. (113)

1.4 The Use of Omentum

1.4.1 Omental Wrapping (Omentoplasty)

The greater omentum is a fatty, double layered membrane that hangs from the greater
curvature of the stomach and is the first structure encountered during a laparotomy. Its
role in localising abdominal inflammation through adhesion formation, its angiogenetic
properties, and its ability to absorb fluid and particulate matter and present them to
macrophages and immunocompetent cells suggest it might be a viable source of
protection for bowel anastomoses. (195). The deliberate wrapping of vascularised
greater omentum around an anastomosis (Omentoplasty) may enhance healing (196).
However, the evidence is not strong enough to recommend routine adoption in

colorectal surgery. There is some evidence of its use in the prevention of oesophageal
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leak which may reflect the early evidence of differing microbiome between the two sites
and its effect on AL. (195) It is safe and technically easy to perform and may help fill
dead spaces (such as the pelvis) after anterior resection and so could theoretically

contain low volume leaks. (15,197)

1.4.2 Mesenchymal Stem Cells

Clinical interest in stem cell therapy for wound healing has risen exponentially over the
last decade with a particular focus on the capability of adipose-derived mesenchymal
stem cells and their ability to promote human tissue regeneration and repair. (198)
(199). First described by Becker et. al. in 1963, (200) stem cells can be classified
broadly as Embryonic or Adult Mesenchymal and are characterised by their ability to
self-renew and differentiate into multiple cell lineages. (201) Mesenchymal stem cells
(MSCs) are usually harvested from the stromal-vascular cell fraction (SVCF) of
subcutaneous fat or bone marrow with established minimum criteria for defining them
in humans. (199,202) They have multipotent capability to differentiate into several cell
types and produce angiogenic and anti-inflammatory factors that promote wound
healing. They can be isolated or delivered within a mixed cell population to a site of
interest through a variety of delivery mediums making them a potential prophylactic
intervention at the site of an anastomosis. Autologous adult stem cells, such as MSCs
are more readily available than embryonic stem cells and have none of the ethical or

immune-reactive constraints. (199,203,204)

Minimal criteria to characterise human MSCs have been defined (Appendix 1). These
criteria, proposed in 2006 by the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy, aimed to promote standardisation in MSC

research findings. (202) Notably, both in humans and in mice, radiotherapy resistant
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phenotypes have been described. In 2015, Nicolay et. al. demonstrated that after high
radiation doses MSCs were able to retain their stem cell characteristics which may be a
result of their particular DNA repair pathways. (205) A proposed limitation to the
therapeutic use of MSCs is the concern that they may promote abnormal growth of
occult tumour cells. However, studies show conflicting results with the reporting of both
promotion and suppression of tumour growth, which may be due to the different cancer
types and treatment regimens. (206) Despite this, findings of a review by Klopp et. al.
in 2011 found evidence of new tumour formation in over 1000 patients treated with

MSCs for a variety of pathologies. (207)

1.4.3 Adipose Derived Regenerative Cells

MSCs have been isolated from various tissue types, including bone marrow, muscle,
skin, and adipose tissue. In addition to its role as an energy store and thermal insulator,
adipose tissue performs numerous endocrine functions. (208) Given the abundance
and accessibility of adipose tissue, it is an ideal source of regenerative cells for
therapeutic application. Adipose derived regenerative cells (ADRCs) is a term used to
describe MSCs isolated from the SVCF of human adipose tissue. (209) ADRCs consist
of a heterogenous mixed cell population including mesenchymal progenitor cells,
pericytes, adipocytes, macrophages and T-cells that produce a rich milieu of cytokines

and growth factors conducive to wound healing. (59,210,211)

1.4.4 Omental Derived Regenerative Cells

ADRC:s are found in the SVCF of white adipose tissue which is present in
subcutaneous fat and the omentum. (212) Current lipoaspiration techniques confer an
abundance of ADRCs over bone marrow aspiration. (213) Procedures are less painful

than harvesting bone marrow stem cells and with less ethical considerations, (201)
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however, they are not without morbidity. (214—217) Other biological sources may
therefore be more suitable and translatable for use in animal and human models of
anastomotic leak. An ideal source for harvest in abdominal operations is the greater
omentum. If omental derived regenerative cells (ODRCs) can be harvested through the
modification of existing ADRC methods, they could be a powerful biological source for
augmenting healing of gastrointestinal anastomoses. (218-221) MSCs have been used
in a single human study demonstrating the feasibility of autologous delivery through
mesenteric vessels to the site of 6 paediatric small bowel anastomoses following
transplantation for short gut syndrome. (222) However, no clinical or histological

efficacy was demonstrated.

1.5 Summary

Colorectal AL has been a longstanding complication of bowel surgery and the subject
of clinical, academic, and industry interest. Improving outcomes of patients who
undergo an anastomosis relies on a better understanding of anastomotic line healing
and a standardisation of technique for those patients who are recruited into clinical
trials. Innovative solutions, with the patient and surgeon at the centre of new

developments, is imperative if we are to overcome the challenge of AL.
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2. Thesis Aim and Objectives

2.1 Thesis Aim

The main aim of this PhD is to determine whether the application of omental derived
regenerative cells to the anastomotic line improves healing and reduces AL in an

animal model.

The completed programme of work will form an evaluation of the current literature on
the clinical use of omental derived regenerative cells, the processes involved in normal
anastomotic healing, and characterisation of omental derived regenerative cells
(ODRCs) harvested from the Omental stromal vascular cell fraction. | will utilise
different methodologies including systematic reviews, animal studies, and laboratory
techniques to put forward the case to support the first in human clinical trial of ODRCs

to reduce AL.

2.2 Thesis Objectives

To conduct a systematic review of the literature to identify how omental derived
regenerative cells, as a source of mesenchymal stem cells, have been used to
augment anastomotic healing (Chapter 3).

To investigate the characteristics of omental stromal vascular cell fraction and
explore a suitable vehicle for their delivery to an anastomosis (Chapter 4).

To develop a reliable and reproducible animal model to study the biological
mechanisms of anastomotic healing (Chapter 5).

To evaluate the efficacy of an omental regenerative cell-gel implant to improve

anastomotic healing and prevent leak in an animal model (Chapter 6).
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The discussion in Chapter 7 explores how these models may be used as the standard
to test new interventions for both histological (Chapter 5) and macroscopic or clinical
outcomes e.g. leak vs. no leak (Chapter 6). If significant changes to AL rates are to be

realised a standardised approach to preclinical testing of new interventions is required.

50



3. The Use of Mesenchymal Stem Cells in Animal Models of Anastomotic Leak —

A Systematic Review3

Mesenchymal stem cells are the primary regenerative cell of interest within the human
omentum. To date, there has been one human study of MSCs applied to small bowel
transplant in six patients in a paediatric population. Animal models are required to test
both the safety, feasibility and, if possible, efficacy of any novel intervention before any
clinical evaluation is possible. A narrative meta-synthesis is conducted which analyses
the key variables in animal studies of anastomotic healing. Given the possible cross-
over, studies involving the upper gastrointestinal tract are included to present a full
understanding of the topic. This chapter will inform both the selection of an appropriate
animal model and the design of a randomised study to test the use of mesenchymal stem

cells in the prevention of anastomotic leak.

3.1 Background

The fact that clinical studies do not include an accepted definition of AL precludes an
accurate comparison of study outcomes. (223) It is suggested that studies should focus
on understanding the biological processes that lead to AL prior to conducting human
investigations. (224) Various preclinical models of AL exist, but Yauw et. al. concluded
in a systematic review that the vast majority of studies were of poor quality and there

was heterogeneity in animal models due to varying anatomy and physiology between

3 The following are the abridged findings of the systematic review undertaken as part of
the preparatory work for this thesis published as: Burke JR, Helliwell J, Wong J, Quyn
A, Herrick S, Jayne D. The use of mesenchymal stem cells in animal models for
gastrointestinal anastomotic leak: A systematic review. Colorectal Disease. 2021
Dec;23(12):3123-3140. doi: 10.1111/codi.15864. Epub 2021 Aug 20. PMID: 34363723.
(Peer Reviewed Full Manuscript) (1)
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species. (225) The introduction of the ARRIVE guidelines in 2010 (updated in 2020)
improved the reporting of outcome measures in animals. (226) A 2016 International
consensus statement (210) outlines clear recommendations and reporting standards

for animal research into lower gastrointestinal AL.

Clinical interest in stem cell therapy for wound healing has risen exponentially over the
last decade (198) with particular focus on the capability of adipose-derived
mesenchymal stem cells and their use as a cell-based therapy to promote human

tissue regeneration and repair. (199).

3.2 Aim

To investigate the evidence supporting the use of MSCs in animal models of
anastomotic leak and whether the models and methodology used meet the minimum

standard to justify their clinical application. (59,210)

3.3 Research Question

Primary Research Question:
= Do MSCs confer any benefit in preventing leakage when applied to animal

models of gastrointestinal AL and how is efficacy assessed?

Secondary Research Questions:
= What methods are used to isolate and deliver MSCs to an anastomosis?
= Do the animal models comply with ARRIVE guidelines? (227)
* In those models with lower gastrointestinal anastomoses, do they comply with
the 2016 International Consensus statement regarding the use of animal

models for research in lower gastrointestinal tract anastomoses? (210)
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3.4 Methods

3.41 Search Strategy

The protocol for this review was guided by the PRISMA reporting guidelines and was
registered with PROSPERO (reg. number: 42020169057) and the SyRF (Systematic
Review Facility) in line with The National Centre for the Replacement, Refinement and
Reduction of Animals in Research (NC3Rs). (228) The following electronic databases
published between 15t January 1947 to 1% May 2020 were searched: MEDLINE,
EMBASE, Web of Science, Cochrane Library and clinicaltrials.gov. To ensure literature
saturation, citations and reference lists of selected studies were reviewed to identify
any missed papers. All studies that explored the delivery of MSCs to or within a
gastrointestinal anastomosis were considered. All studies which involved animals
across all species that underwent surgery to model a gastrointestinal AL were

considered.

Figure 3 | Search Strategy for OVID (MEDLINE, EMBASE & Web of Science)

1. Mesenchymal.mp
2. Stem.mp

3. Stromal.mp

4. Cell.mp

5. Anastomo*

10R20R3
4 AND 6
5 AND 6 AND 7

[Limit to Animals]
[Limit to English Language]

Cochrane Library Search Strateqy
((((mesenchymal) OR stem) OR stromal)) AND (Cell) AND (Anastomo®))

Clinicaltrials.gov Search Strategy
Search “Anastomotic Leak” = 111 hits
Search “Anastomotic Leak” [Limit= studies which has results] = 2 hits

53



Studies where MSCs were applied to laboratory animals to demonstrate an effect on
the healing of a gastrointestinal anastomosis (through any route or vehicle) were
considered. These included, but were not limited to, autologous, allografts and

xenograft cell transplants delivered locally or systemically:

Interventions:
(a) Mesenchymal Stem Cells alone

(b) Mesenchymal Stem Cell + Delivery Vehicle

Comparators:

(a) Placebo
(b) Control
(c) Placebo + other therapy

(d) Control + other therapy

The search was undertaken on 31° January 2020 and repeated on 1% May 2020.
Results were limited to title and full abstract for the initial search. English-language,
original articles identified through the database search were included. Duplicates and
conference abstracts were removed. Selection was not limited to peer-reviewed

publications and included grey literature. Reviews were not excluded.

3.4.2 Inclusion Criteria
» Investigates the application of mesenchymal stem cells to or within a
gastrointestinal anastomosis
= Experimental Study

= English Language
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3.4.3 Exclusion Criteria
= Study Protocols
= Non-English Language

= Conference abstracts, case reports, letters and chapters

3.4.4 Data Extraction and Analysis

Studies were selected using a staged review of titles and abstracts, followed by full text
review by two independent reviewers; Joshua Burke (The Candidate) and Mr Jack
Helliwell (NIHR Academic Clinical Fellow, Leeds, UK). Identified abstracts, and those
from additional sources, were screened independently by the two reviewers to identify
studies that potentially met the inclusion criteria. The full texts of potentially eligible
studies were retrieved and independently assessed for eligibility by the two reviewers.
Any disagreement over the eligibility of studies was resolved through discussion with
the senior research team. Data were compiled in an Excel spreadsheet (Microsoft, CA,
USA), which was tested initially in five studies to ensure clarity and completeness.
Extracted data included study characteristics, animal breed, age, strain and weight, AL
model, stem cell source, mode of delivery and vehicle. All experimental and histological

outcomes were extracted.

3.4.5 Data ltems

3.4.5.1 Compliance to ARRIVE Guidelines

The ARRIVE Guideline checklist was used to quantitatively assess compliance to
reporting outcomes and the design of animal studies. Studies were scored
independently by the two reviewers; Joshua Burke (The Candidate) and Mr Jack
Helliwell (NIHR Academic Clinical Fellow, Leeds, UK) using the ARRIVE 2.0 38-point
checklist with each item scored as 1 (compliant) or 0 (non-compliant). Each of the

scores were then averaged and reported as a total percentage score (Appendix 2).
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3.4.5.2 Compliance of Lower Gastrointestinal Models to International

Consensus

All studies involving lower gastrointestinal anastomoses were reviewed against recent
International Consensus criteria on the use of animal models for research on lower
gastrointestinal tract anastomoses. Studies were scored independently by two
reviewers across the 6 domains; selection of animal model, location and type of
surgery, macroscopic outcome, histological assessment, mechanical and biochemical
outcome measures, animal testing and welfare. Each domain was scored as 1
(compliant) or 0 (non-compliant) depending on alignment with the domain consensus
statement. Each of the Scores was then averaged and reported as a total percentage

score (Appendix 3). (229)

3.4.6 Risk of Bias in Individual Studies
Due to the heterogeneity of study designs, the use of a bias scoring tool was deemed

inappropriate.

3.4.7 Types of Outcome Measures

All outcomes including experimental and histological were examined. Experimental
outcomes included anatomical site, mortality, anastomosis closure rate, AL rate,
systemic infection rate, abscess formation, adhesion formation and ileus. Histological
outcomes included inflammatory cell infiltration, mechanical strength,
neovascularisation, collagen deposition and the presence stem cells confirmed as

residing at anastomosis.
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3.4.8 Summary Measures
Binary outcome measures included leak rate reduction and odds ratios. Continuous

outcomes included difference in means.

3.4.9 Synthesis of Results

Quantitative data synthesis was not attempted to avoid the anticipated effects of
excess heterogeneity between studies. A descriptive approach was chosen to
summarise the diverse range of selected studies in a structured manner, following the
European Social Research Council Guidance on the Conduct of Narrative Synthesis in
Systematic Reviews. (230) The results were tabulated to highlight important similarities
and differences between the studies. The studies were also grouped by anatomical
site and evidence synthesised to provide a narrative, relevant to the research

questions.
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3.5 Results

The initial search using all 3 search platforms returned 1483 articles. After duplicates
were removed, 1205 results remained and the abstracts were compiled into a database
and screened, leaving 17 abstracts for full-text assessment based on inclusion and

exclusion criteria. Of these, seven studies were further excluded leaving 12 studies in

the final analysis. (Figure 4)

Figure 4 | PRISMA flow diagram of search and eligibility process.

—
o Records identified through database Additional records identified through
o searching other sources
= n=1483 (n=5)
8 (Medline = 341 Reference Lists = 2
= EMBASE = 1134 Citations = 3
-E EMBASE in Process = 6
o ClinicalTrials.gov = 0
-] Cochrane Library =0
Web of Science = 2)
}
=)
£ Duplicates removed
5 (n=283) Records excluded by title and
(7] l abstract
h (n=1188)
[72]
Records screened N No use of MSCs in GI
(n = 1205) g Anastomosis = 840
Conference Abstracts = 303
Case Reports = 11
Editorial, Letter or Chapter =
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>
= v
2 Full-text articles assessed for
g eligibility >
w (n=17) Full-text articles excluded.
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Do mesenchymal stem cells confer any benefit in preventing leakage when applied to

animal models of gastrointestinal AL and how is efficacy assessed?

3.5.1 Anatomical Location

Gastrointestinal anastomoses were performed in 438 animals across 7 studies in 4
different species (rabbit, rat, pig and micro pig) with 58% being performed in rat colon
(Table 3). The studies demonstrated variance in the anatomical site of gastrointestinal
anastomoses (Oesophagus = 1, Stomach = 1, Bile Duct = 2, Small Bowel = 1, Large

bowel = 7). Half were randomised studies and half were prospective cohort studies.

3.5.2 Use of Mesenchymal Stem Cells

Eleven studies utilised allogenic MSCs, and only Sukho et. al. delivered cultured cells
using a xeno-transplant (231). Eight studies used subcutaneous adipose tissue as the
source of MSCs. (232-238) A further three studies used bone marrow aspirate
(232,239,240) and a single study used intrabdominal adipose tissue. (241) All cells
were cultured to confluence, most commonly at third passage with a median of 2x10°
cells (1x10°-1x10") applied to the anastomosis. In nine studies, MSCs were labelled
prior to application to confirm that MSCs were present at the anastomotic site (Table
3). Three studies isolated MSC subtypes using a range of cell markers with

immunofluorescence.
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Table 3 | Study design, population, mesenchymal stem cell source, and data outcomes for the 12 included studies. SCA = Sub-cutaneous Adipose

Tissue. BMA = Bone Marrow Aspirate. IAA = Intrabdominal Adipose Tissue.

& Afzi(:t?lzal Authors Date Study Type N Population Stem Cell Source MDe;:}S:r;f Vehicle Passage Nolof dc:slf del./ Labelled
1 | Oesophagus Xue et. al. (China) (232) 2019 RS 21 Rabbit Allogenic MSC BMA Local Fibrin Matrix 3 2x10° Lenti.GFP
2 Gastric Komiyama et. al. (Japan) (242) 2013 Cohort 40 Rat Allogenic MSC 1AA Local None 3 1x107 CM-DiL
3 Bile Duct Zhang et. al. (USA) (243) 2020 Cohort 9 Pig Allogenic MSC SCA Local Vicryl Mesh Stent 3/4 4x10° 89Zr PET
4 Bile Duct Hara et. al. (Japan)(233) 2020 Cohort 11 Pig Allogenic MSC SCA Local Cell Sheet 3 2x10° PKH26GL
5 | Small Bowel Maruya et. al. (Japan) (234) 2017 RS 7 Micro Pig Allogenic MSC SCA Local Cell Sheet & 2x10° PKH26GL
6 Colon Pascual et. al. (Spain) (235) 2008 RS 40 Rat Allogenic MSC SCA Bio suture Bio suture - - copGFP
7 Colon Adas et. al. (Turkey) (240) 2011 Cohort 40 Rat Allogenic MSC BMA Local Injection (PBS) - 1x10° BrdU

8 Colon Yoo et. al. (Korea) (244) 2012 RS 60 Rat Allogenic MSC SCA Local Fibrin Matrix 3 1x10° -

9 Colon Adas et. al. (Turkey) (239) 2013 Cohort 40 Rat Allogenic MSC BMA Systemic NACL 0 1x10° BrdU
10 Colon Van De Putte et. al. (Belgium) (237) 2017 Cohort 48 Rat Allogenic MSC SCA Systemic PBS - 1x10° Crystal Violet
11 Colon Sukho et. al. (Netherlands) (231) 2017 RS 57 Rat Xenograft MSC SCA Local Cell Sheet - - SPIO
12 Colon Alvarenga et. al. (Brazil) (245) 2019 RS 65 Rat Allogenic MSC SCA Local Injection - 2x10° -
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Table 4 | MSC subtypes, characterisation markers, and method of characterisation used for the 12 included studies. SCA = Sub-cutaneous Adipose

Tissue. IF = immunofluorescence. FACS = Fluorescence-activated cell sorting.

i Al'_‘g:'t?:‘al Authors Date i:":g N Population Stem Cell Source Isolation of Subtype Characterisation Markers Used Method
1 | Oesophagus Xue et. al. (China)(232) 2019 RS 21 Rabbit Allogenic MSC BMA Adipocytes and Osteocytes CD29/CD44/CD90/ CD45/ oil-red O/ alizarin red IF

2 Gastric Komiyama et. al. (Japan)(242) 2013 Cohort 40 Rat Allogenic MSC 1AA N/A CD90/CD31/CD34 FACS
3 Bile Duct Zhang et. al. (USA)(243) 2020 Cohort 9 Pig Allogenic MSC SCA N/A CD34 IF

4 Bile Duct Hara et. al. (Japan)(233) 2020 Cohort 11 Pig Allogenic MSC SCA N/A CD44/CD31/CD45 IF

5 | Small Bowel Maruya et. al. (Japan)(234) 2017 RS 7 Micro Pig Allogenic MSC SCA Adipocytes and Osteocytes CD29/CD44/CD90/CD105/CD31/CD45 IF

6 Colon Pascual et. al. (Spain)(235) 2008 RS 40 Rat Allogenic MSC SCA N/A Not Disclosed N/A
7 Colon Adas et. al. (Turkey)(240) 2011 Cohort 40 Rat Allogenic MSC BMA N/A ey S%f)%geﬁ?op/ g)ﬁjgg;;tgfai‘:igcz?:f /e FACS/IF
8 Colon Yoo et. al. (Korea)(244) 2012 RS 60 Rat Allogenic MSC SCA Endothelial Cells CD31 IF

9 Colon Adas et. al. (Turkey)(239) 2013 Cohort 40 Rat Allogenic MSC BMA N/A CD29/CD45/CD54/CD106 FACS
10 Colon Va(’]szgn’f rﬁ’ff(ez?‘fg )a" 2017 | Cohort | 48 Rat Allogenic MSC | SCA N/A CD90/CD73/CD45 FACS
1 Colon Sukho et. al. (Netherlands)(231) 2017 RS 57 Rat Xenograft MSC SCA N/A CD34/CD3/.CD163/CD31/ IF
12 Colon Alvarenga et. al. (Brazil)(245) 2019 RS 65 Rat Allogenic MSC SCA N/A CD90/CD73/CD34/CD45 FACS
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3.5.3 Primary Outcome Measures (Operative)

Ten studies reported anastomotic healing or a defect closure rate through macroscopic
observation. Eight reported on all-cause mortality of animals. Studies varied in their
method of measurement of adhesions, abscess formation and ileus. Seven studies

measured burst pressure of the healed anastomosis (Table 4).

Mortality and Anastomosis Leak / Closure Rate

Mortality was reported in 75% of studies and AL in 83% of studies. (Table 5) The study
in rabbit oesophagus by Xue et. al. was the only study to demonstrate a significant leak
rate reduction when MSCs were applied in the intervention group versus control with
an odds ratio of 0.02 (95%CI 0.01-0.29 p<0.01) (Table 6). However, all-cause mortality
was more than double that in the control group. Studies that measured leak and
closure rate did so through macroscopic specimen evaluation, however all studies
failed to report their definition of a ‘leak’. Xue et. al. also examined healing rate in an
oesophageal defect model through T2 weighted cervical magnetic resonance imaging.
(232) Van de putte et. al. (paediatric endoscope) and Alvarenga et. al. (flexible
bronchoscope) used endoscopic evaluation on rat models prior to euthanasia.

(237,245)
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Table 5 | Study design, operative and histological primary outcomes for the 12
included studies. A/CR = Anastomosis / Closure Rate. AB = Abscess M = Mortality. A =
Adhesions, | = lleus. BP = Burst Pressure. IN = Inflammation. N = Neovascularisation.

C = Collagen Deposition. SCR = Stem Cell Resides.

Primary Outcome Measures Primary Outcome
Anatomical Study (Operative) Measures (Histological)
# Author / Country Date N Populati
Location Design A
AB | M A | BP IN N C SCR
CR
Oesophagus | Xue et. al. (China)| 2019 RS 21 Rabbit | Y| V|V XXX Vx| V]A
2 . Komiyama et. al. | 5,44 Cohort %0 Rat N X X[ X[ x| W N[V v
(Japan)

3 BileDuct |zhang et al. (USA) 2020 | Cohort 9 Pig XX A XX XX XX

4| BileDuct |Haraet al (Japan) 2020 | Cokort | 11 Pig VIV X x Y x VA

5| SmallBowel | Marwaetal | 557 RS 7 Micropig | X | X | X | XXV x| ] A

(Japan)

6 Pascual et. al. N X[ X[ N X| N X | Xx]|X R
Colon (Spain) 2008 RS 40 Rat

7 Adas et. al. N XX | N x| A NNV N
Colon (Turkey) 2011 Cohort 40 Rat

8 Colon Yoo et. al. (Korea)| 2012 RS 60 Rat N N N VY v v v v X

9 Adas et. al. N X [N x| x| A NNV N
Colon (Turkey) 2013 Cohort 40 Rat

10) - Van De Putte et. | 5. i 48 Rat N X[ NN XX NV X \

al. (Belgium)

1 Sukho et. al. NN NN XN NN N
Colon (Netheriands) 2017 RS 57 Rat

12) Alvarenga et. al. N[NV VX)X N[V X
Colon (Brazil) 2019 RS 65 Rat
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Table 6 | Study design, mortality, and leak rates for the 12 included studies.

Odds
Anatomic Establ Odds Ratio of
Study Populat Mortality Rate Leak Rate Ratio of
# al Authors Date N ished Mortality vs.
Design ion vs. Control Reduction | AL Versus
Location model Control
Control
1 | Oesopha | Xue et. al. 2019 RS 21 Rabbit X 0.26 83% vs 0.02
(China) 25% v 56 % (95%Cl 0.04- 33% (95%Cl
gus (p=0.17) 1.70 p=0.16) (p=0.02) 0.01-0.29
p<0.01)
2 Gastric Komiyama | 2013 | Cohort 40 Rat X
et. al.
(Japan)
3 | Bile Duct | Zhang et. 2020 | Cohort 9 Pig X
al. (USA) 0% vs 33% vs
0%
4 | Bile Duct | Haraet. al. | 2020 | Cohort 11 Pig X - 0% 1.0
(Japan) 0%
5 Small Maruya et. | 2017 RS 7 Micro X
al. (Japan) Pig
Bowel
6 Colon Pascual et. | 2008 RS 40 Rat X - - - 1.0
al. (Spain)
7 Colon Adaset. al. | 2011 | Cohort 40 Rat X - - 0%
(Turkey)
8 Colon Yooet. al. | 2012 RS 60 Rat N 13% vs. 10 % 1.38 (95%ClI 13% vs. 13 1.0
(Korea) No (p=0.6) 0.28-6.79 % p=1.0)
leak p=0.16)
Rate
9 Colon Adas et. al. | 2013 | Cohort 40 Rat X 0% 0% 0%
(Turkey)
10 Colon Van De 2017 | Cohort 48 Rat X 30% vs 30% 1.0 0%
Putte (95% CI 0.10-
(Belgium) 9.61 p=1.0)
11 Colon Sukho et. 2017 RS 57 Rat X 0% 0% 0%
al.
(Netherland
s)
12 Colon Alvarenga 2019 RS 65 Rat X 30% vs 30% 1.0 (95% CI 0%
et. al. 0.10-9.61
(Brazil) p=1.0)6.5
30% vs 0% (95% CI 0.27-
160.9 p=0.25)

3.5.4 Adhesion and Abscess Formation

Eight studies macroscopically evaluated adhesion formation with four studies using
adhesion scoring systems (Table 5). (233,235,237,238,240,245,246) Hara et. al. used
a previously published classification of adhesion formation (grade 0: none, grade 1:
film-like with no neovascularisation, grade 2: moderately thick with partial

neovascularisation, grade 3: thick, solid adhesion with neovascularisation). (233,247)
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Pascual et. al. adapted the adhesion index originally described by Garcia-Olmo et. al.

in 1996 on a rat colon model. (235,248)

Five studies reviewed the macroscopic presence of abscess. Four studies failed to
define their minimum criteria for abscess. Sukho et. al. utilised an adhesion scoring
system identifying the size and quantity of abscess formation. (0, no adhesion; 1, mild
adhesions, mainly between the lesion and omentum; 2, moderate adhesion, between
the lesion and a loop of the small bowel and the omentum; 3, severe, extensive
adhesion, including abscess formation in rat colon). (231,249) Yoo et al. evaluated
adhesions using a scale reported by Van der Ham et. al. (0, no adhesion; 1, mild
adhesions, mainly between the lesion and omentum; 2, moderate adhesion, between
the lesion and a loop of the small bowel and the omentum; 3, severe, extensive
adhesion, including abscess formation) in a rat colon model with vessel ligation.

(244,250)

3.5.5 lleus

Yoo et. al. defined ileus as small bowel dilatation 21.5 cm near the ileocecal junction

and found a lower incidence of ileus in the control group (4/27) versus the

mesenchymal stem cell group (0/26) in a rat colon model (p= 0.041) (244)

3.5.6 Burst Pressure

Burst pressure was measured in resected anastomoses in seven studies. Komiya et.

al., Maruya et. al. and Sukho et. al. used an under-solution, air leak pressure technique

with a manometer. (231,234,242) Pascual et. al. and Sukho et. al. used methylene blue

65



injected intraluminally to observe leakage at the anastomotic line, (235,244) whereas

Adas et. al. used a constant airflow pump to assess leakage. (239,240)

3.5.7 Primary Outcome Measures (Histological)

Inflammation, neovascularisation and collagen deposition were the three most common
primary outcomes measures used as surrogate markers for anastomotic healing with

five studies demonstrating efficacy in at least one of the outcome measures (Table 5).

3.5.8 Inflammation

Eleven studies measured Inflammation as a histological outcome by Haematoxylin and
Eosin staining and light microscopy using different, non-validated, quantification
scores. Van de Putte et. al. used "®F-FDG-PET-CT to identify intramural inflammation
but failed to demonstrate a significant difference between MSC exposed rat colon and
controls. (237) Sukho et. al. measured the number of T-cells and M2 macrophages to
evaluate the inflammatory response at the anastomoses in rat colon, but with no

significant difference between intervention and control groups.(231)
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Table 7 | Study design and surrogate markers for wound healing for the 12 included studies.

(Brazil)

mild; and 0 absent.

(P<0.005)

# Anatomical Authors Date Study N Population No of Days Post Inflammation MSC vs. Inflammation S Neovascularisation Neovascularisation Collagen Collagen Deposition
Location Design Anastomosis Control Assessment MSC vs. Control Assessment Deposition MSC Assessment
Vs. Control
1 Oesophagus Xue et. al. (China) 2019 RS 21 Rabbit Week 5 Dispersive vs. Severe - - - No Difference -
(p<0.05)
2 Gastric Komiyama et. al. 2013 Cohort 40 Rat Day 7 MSD 0: none, 1: slight; 2, 4d NSD 0: none, 1: slight; 2, 4d NSD 0: none, 1: slight; 2,
(Japan) moderate; and 3, dense 7d 2.7 vs. 1.9 p<0.01 moderate; and 3, 7d2.4vs. 1.7 moderate; and 3,
dense p<0.01 dense
3 Bile Duct Zhang et. al. 2020 Cohort 9 Pig - - - - -
(USA) Day 30 -
4 Bile Duct Hara et. al. 2020 Cohort 11 Pig Day 14 Gross Assessment - Gross Assessment - Gross Assessment -
(Japan)
5 Small Bowel Maruya et. al. 2017 RS 7 Micro Pig Day 5 - - - - 7d4.91+£0.43 vs. Hydroxyproline
(Japan) Day 7 3.82+0.83 Content pg/mg
6 Colon Pascual et. al. 2008 RS 40 Rat Days 4,7,14 & 21 - - - - - -
(Spain)
7 Colon Adas et. al. 2011 Cohort 40 Rat Day 4 NSD 0: none, 1: slight; 2, 4d 2.5vs. 1.4 p<0.01 7d | O: none, 1: slight; 2, 4d No Sig. Dif 0: none, 1: slight; 2,
(Turkey) Day 7 moderate; and 3, dense No Sig. Dif. moderate; and 3, 7d22vs. 14 moderate; and 3,
dense p<0.05 dense
8 Colon Yoo et. al. (Korea) 2012 RS 60 Rat Day 7 1.50 vs. 2.88 (p<0.001) 0, no alteration; 1, mild 32.6 vs. 25.7 (p<0.05) No/mm?2 0.76 vs. 0.35 0, no alteration; 1,
alteration; 2, moderate (p<0.05) mild alteration; 2,
alteration; 3, dense moderate alteration;
alteration; and 4, profuse 3, dense alteration;
alteration (CD31) and 4, profuse
alteration
9 Colon Adas et. al. 2013 Cohort 40 Rat Day 4 NSD scored from 0 to 3 4d 2.4 vs. 1.4 p<0.01 0: none, 1: slight; 2, 4d 0.77 vs. 044. Hydroxyproline
(Turkey) Day 7 7d NSD moderate; and 3, (p<0.001) Content pg/mg
dense
10 Colon Van De Putte et. 2017 Cohort 48 Rat Day 7 NSD 18 NSD VWF vessels / sample| - -
al. (Belgium) F-FDG-PET-CT
11 Colon Sukho et. al. 2017 RS 57 Rat Day 3 7d 508 vs 204 (p<0.001) CD3+ T cells/mm? NSD Vessel Density NSD % Area
(Netherlands) Day 7 /
12 Colon Alvarenga et. al. 2019 RS 65 Rat Day 7 NSD 3 severe; 2 moderate; 1 NSD Gross Assessment 22%vs. 32.5% Density
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3.5.9 Neovascularisation

Three studies measured neovascularisation using Masson Trichome staining and light
microscopy. Yoo et. al. showed significantly higher microvascular density in the MSC
group than in the control group as demonstrated by CD31 immunohistochemistry. They
showed a greater number of vessels per high field view in the MSC group as compared
to controls: 32.6 vs. 25.7 (p<0.05) on day 7 in an ischaemic rat colon model. (244).
Adas et. al. has previously demonstrated a greater proportion of vessels at day 4 with
no significant difference shown at day 7. This assessment was completed using a non-
validated classification method: 0: none, 1: slight; 2, moderate; and 3, dense.

(239,240)

3.5.10 Collagen Deposition

Collagen deposition was assessed using Masson Trichome staining in six studies,
hydroxyproline content in two studies, picrosirius red staining in two studies, and
Collagen-1 staining in one study. (Table 7) Two studies by Xue et. al. and Maruya et.
al. distinguished between collagen sub-type using immunohistochemistry. (232,234)
Xue e. al. demonstrated that collagen deposition between the submucosa layer and
muscular layer was denser and the collagen fibres distributed more compactly and
disorderly in a MSC exposed rabbit oesophagus model.(232) Yoo et al demonstrated
that collagen deposition, as shown by Masson trichrome staining, was significantly

more prevalent in an MSC group than in controls. (244)
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What models and methodology are used to isolate and deliver MSCs to the

anastomotic site?

3.5.11 Method of Delivery & Vehicle

Nine studies delivered MSCs locally, two delivered MSCs systemically, and one
through cells cultured on bio sutures incorporated within the anastomosis (Table 8). A
mesenchymal stem cell sheet (three studies) was the most common method of local

delivery followed by use of a fibrin matrix (two studies) (Table 3).

3.5.12 Model of Anastomotic Leak

There was little consistency in the models of AL used. No studies used a model of AL
with a known leak rate. All studies included a control/comparator group. Three utilised
full anastomoses alone, four utilised a full anastomosis in combination with ischaemia /
delayed wound healing - one in the presence of induced colitis and one post radiation
of the abdominal cavity. The final two studies included a full anastomosis with stent
insertion and an incision model (Table 3). All studies that disclosed detailed methods of
anastomotic construction used an end-end anastomosis. Suture size ranged from 6/0
to 8/0. Nine studies opted for a monofilament suture. The six colorectal models all

utilised a rat model with a complete anastomosis.
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Table 8 | Study design, anastomosis model, and suture choice for the 12 included

studies. CA = Complete Anastomosis, VL — Vessel Ligation.

Anato
0 Suture | Known
mical Study Popula - Anastom | Suture | Suture . Contro
# Locati Authors Date Design N tion Model Specific Site e No Size Maatlerl }I?-:taek” |
on )
Oesop Xue et. al. ; 2mm Defect Cervical
1 Rents (China) 2019 RS 21 Rabbit in CA @S End-end - - - X v
Gastri Komiyama et. Repaired Greater Polypro
2 c al. (Japan) 2013 | Cohort 40 Rat Incision Curvature : 1 6/0 pylene X v
Bile Zhang et. al. . CA with S 2x
3 Duct (USA) 2020 | Cohort 9 Pig stent CBD Midpoint End-end Gt 7/0 PDS X v
Bile Hara et. al. " Proximal to monofil
4 puct (Japan) 2020 | Cohort 11 Pig CA duct End-end - 6/0 ament X v
Small Maruya et. al. Micro | Incision + VL | Multiple sites / .
5] Bowel (Japan) 27| RS v Pig + Mito-C subject : : 2l Ve % V
Pascual et. al. 5cm Distal to "
6] Colon (Spain) 2008 RS 40 Rat CA 1cv End-end 6 - Vicryl X v
Adas et. al. 3cm Proximal Polypro
7| Colon (Turkey) 2011 | Cohort | 40 Rat CA+VL i e End-end 8 6/0 pylone X v
Yoo et. al. Proximal 3cm Prolen
8| Colon (Korea) 2012 RS 60 Rat CA+VL of Dec. Colon End-end - 6/0 e X v
Adas et. al. 3cm Proximal Polypro
9| Colon (Turkey) 2013 | Cohort | 40 Rat CA+VL i e End-end 8 6/0 pylone X v
Van De Putte . 2mm
1 CA+ 4cm proximal .
Colon et al. 2017 | Cohort 48 Rat o End-end | spacin 6/0 PDS X v
0 (Belgium) Radiation to the rectum g
1 Sukho et. al. 1cm distal to
4| Colon (Netherlands) 2017 RS 57 Rat CA e End-end 5 8/0 Daflon X v
. End-end/
1 Alvarenga et. ” 4cm proximal . Polypro
2 Colon al. (Brazil) 2019 RS 65 Rat CA/ Colitis to rectum sI;r;gelf 1 6/0 pylene X v

3.5.13 ARRIVE Guidelines Compliance

Median ARRIVE guideline compliance across all 12 studies was 56% (IQR 45-62).
Colorectal anastomosis studies had a greater compliance (61%, IQR 61-63) compared

to non-colorectal studies (45%, IQR 42-47) (Table 8) (Appendix 2). (227)
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3.5.14 International Consensus Compliance

Of the seven colorectal anastomosis model studies, one studied scored 4/5, 4 studies
scored 5/6 and 2 studies scored 6/6 for compliance to the Lower Gastrointestinal

Consensus Criteria (Table 9) (Appendix 3). (210)

. Lower GI Median ARRIVE
# AE:;:':;::?' Authors Date Ds;::i):‘ N Pop C Guideline Criteria
9 (6 Categories) (38 point)
Xue et. al. (China) 2019 RS 21 Rabbit n/a 434
1| Oesophagus
. Komiyama et. al. 2013 Cohort 40 Rat n/a 50.0
2 Gastric (Japan)
Zh. . al. A, 2021 h Pi b
3 Bile Duct ang et. al. (USA) 020 Cohort 9 ig n/a 39.5
4 Bile Duct Hara et. al. (Japan) 2020 Cohort 11 Pig n/a 50.0
5| Small Bowel Maruya et. al. (Japan) 2017 RS 7 Micro Pig n/a 46.1
6 Colon Pascual et. al. (Spain) 2008 RS 40 Rat 4/6 447
A . al. (Turk 2011 h 4 R 1.
7 Colon das et. al. (Turkey) 0 Cohort 0 at 6/6 61.8
Yo . al. (K 2012 R R .
s Colon 00 et. al. (Korea) 0 S 60 at 6/6 60.5
A . al. (Turk 201 h 4 R 4.
9 Colon das et. al. (Turkey) 013 Cohort 0 at 5/6 64.5
Van De Putte et. al. 2017 Cohort 48 Rat 5/6 60.5
10 Colon (Belgium)
Sukho et. al. 2017 RS 57 Rat 5/6 69.7
" Colon (Netherlands)
Alvarenga et. al. 2019 RS 65 Rat 5/6 64.5
12 Colon (Brazil)

Table 9 | Study design and scores for compliance to ARRIVE guidelines and

International Lower Gl consensus.
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3.6 Discussion

The prevention of AL remains an unmet clinical need and attempts to reduce, detect
and treat its occurrence continue across the surgical and research communities. In
humans, the basic principles of anastomosis formation centre around adequate blood
supply, avoidance of tension at the anastomotic line, and submucosal suturing. (251)
However, there is widespread variation in technique, (97,252) definition, measurement
(253) and reporting of outcomes (254,255) with comparable results in both stapled and
hand sewn anastomoses. (256) This is likely to have confounded previous
investigation of prophylactic interventions and has limited the comparison of outcomes
between trials as is also evident, perhaps, in this systematic review of animal models.
Internationally there is a move to standardise anastomotic technique (257,258)
definition of leak, (9) reporting of outcomes, (10,259) interventional study design and

the translation of technologies to prevent AL in humans. (147)

Technological attempts to reduce the incidence of AL have failed to establish efficacy
when translated to clinical practice despite some promising in vivo results.
Interventions include devices to improve anastomosis formation through stapling and
anastomotic line compression, (260) anastomotic buttressing, (261) intra-luminal stents
(166) gels, (262) surgical sealants/adhesives (263,264), fibrin glue (265,266) and
assessment of anastomotic blood supply (143). Unfortunately, none of these

technological advances has made an impact on the incidence of AL.
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If animal models are to be used effectively to test preclinical interventions in AL it is
paramount to standardise both the model and outcome measures. (267,268) This will
increase the reliability of findings, reduced heterogeneity between studies, aid the
comparison of outcomes, reduce the number of animals required for testing and
streamline the translation of novel interventions into clinical practice. (269) Of the 12
studies included in this review only Yoo et. al. tested the application of MSCs in an
established model. (244) Fifty percent of studies attempted to replicate conditions
unfavourable to anastomotic wound healing (Table 8) but no study used a model of AL
with a known leak rate meaning that the efficacy of the intervention was reliant on
surrogate measurements of wound healing. There is a need to strictly define outcome
measures in animal studies of anastomotic leak with a clear difference between
macroscopic efficacy (mortality, leak rate) and histological efficacy (surrogate markers
of wound healing). Only half the studies reported mortality figures, which is contrary to

the 3R principles and non-compliant with ARRIVE guidelines. (226)

The process of harvesting mesenchymal stem cells results in a multipotent mixed cell
population (the stromal vascular cell fraction or SVCF) with the capacity to differentiate
into osteoblasts, adipocytes and chondroblasts. There is wide variation in the source,
isolation and characterisation of mesenchymal stem cells. In 2016 Dominici et. al.
generated consensus on how to correctly define a mesenchymal stem cell population
in humans (Appendix 1), but similar criteria do not exist for animals, where the cluster
of differentiation proteins and cell markers vary from species to species. (202) Of the
twelve studies included in this review there were some attempts to define animal
mesenchymal stem cell populations. Where this occurred, most studies described
experiments demonstrating differentiation capacity as proof of cell population harvest
or utilised human cluster differentiation proteins as defined by Dominici et. al. All
studies cultured mixed cell populations or isolated MSCs prior to delivery or

application.
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Eight of the included studies used subcutaneous adipose tissue and three used bone
marrow aspirate as the source of MSCs. Current lipoaspiration procedures are less
painful than harvesting bone marrow stem cells, with less ethical considerations. (201)
However, they are not without morbidity. (214—217) Other sources may be more
suitable and translatable for use in animal and human models of AL to allow delivery of
a mixed cell population in a single operation, for example omentum during laparotomy.

(218,219)

In humans, AL usually occurs between day 4-7 following surgery, depending on where
the anastomosis is performed along the gastrointestinal tract. (270) Overall, the leak
rate across all studies in this review was low in the models used. The quality and rate
of wound healing varied between animal species (271) and was likely influenced by the
chosen model of AL. In animal models it is therefore important to use an established
model with a known leak rate and an accurate estimate on which day after the
anastomosis that a leak is likely to occur. Cross sectional imaging or endoscopic
examination of the anastomosis in animal models may streamline studies and avoid
the unnecessary suffering of subclinical leaks and early termination of animals with
‘missed leaks’. (272—274) Current attempts to standardise anastomosis formation in
humans should be matched with standardisation in animal models of AL to allow
accurate comparison of novel AL prevention or mitigation strategies in pre-clinical
studies. (257) Studies may not require AL leak models where an intervention’s effect
on anastomotic healing or surrogate markers of wound healing are the primary
outcome and model choice may be influenced by whether the intervention aims to

prevent leak or mitigate the effect of post-leak pelvic sepsis.
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It is unclear whether burst pressure is an accurate surrogate for anastomotic integrity,
yet this continues to be routinely used in pre-clinical studies. (275) It is uncertain
whether adhesions are a macroscopic sign of a small AL and whether this reflects a
continuum of severity from adhesion to localised abscess formation though to feculent
peritonitis. Where adhesions are measured, a standardised, validated scoring system
should be used. (276,277) Inflammatory markers, neovascularisation and collagen
formation are appropriate surrogate markers of normal wound healing and can be used
to measure the effects of inflammation and fibrosis, which may be mediated through
the paracrine action of MSCs. (199) These should be measured where possible using
standardised or widely used scoring systems. (278) The type of collagen deposited
varies in bowel injury compared to cutaneous wound healing. (71) More detailed
conclusions may be drawn if collagen type is included during histological analysis of
AL. Constituent analysis, such as hydroxyproline content, are commonly used as a
direct measure of the amount of collagen present as per Maruya et. al. and could be

considered. (279)

This review utilised two simple, non-validated scoring systems to quantify compliance
to current best practice, which requires further validation. There was wide study
heterogeneity, even amongst the rat colon models which made up seven of the twelve
studies. This meant that quantitative comparison of outcome measures was not

feasible.
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Recommendations

1. Pre-clinical safety and efficacy studies should use an established animal model
of AL with a known leak rate and known likely post-operative day of AL. Efficacy
studies should perform an appropriate sample size calculation in line with
ARRIVE guidelines and report both mortality and leak rates. (227)

2. Where wound healing, or a surrogate marker of wound healing, is the primary
outcome measure, an animal model that does not leak is more suitable.

3. A method for correctly defining mesenchymal stem cell populations across
animal species is required.

4. Alternatives to bone marrow and subcutaneous adipose tissue as sources of
mesenchymal stem cells should be considered.

5. Surrogate outcome measures of wound healing should be reported using
validated methods of assessment, including anastomotic line inflammation,
neovascularisation and collagen deposition.

6. All studies should comply with ARRIVE guidelines. (226,227)

7. All studies involving the lower gastrointestinal tract should conform to current

International consensus. (229)
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4. Investigating the feasibility of omental derived regenerative cell harvest,

stromal vascular fraction composition and delivery vehicle.

In Chapter 3, eleven different methods of ADRC delivery to the site of an anastomosis
were highlighted. The most common method of harvest was from subcutaneous adipose
tissue with a local method of delivery. All studies to date have cultured cells before
implantation, which when translated to the human scenario would add an extra
procedure and second surgery with additional risk of morbidity and mortality. An
allogenic stem cell implant was the most common type used with most studies culturing
cells under standard conditions without isolation or influence of subtypes. The feasibility
of ADRC technology would be improved in human subjects if allogenic stem cells could
be harvested from the omentum and implanted at the anastomotic line within the same
operation. In this chapter, a method for harvest and culture of omental mesenchymal
stem cells, characterisation of the omental stromal vascular fraction (OSVCF), and the

identified delivery vehicle for application to an anastomosis are described.

41 Background

4.1.1 Harvest

In 1966, Rodbell et. al. pioneered the isolation of stromal vascular cell fraction (SVCF)
from adipose tissue using collagenase digestion. (280) This process has been refined

over the last half a century and now involves the following steps: (281)

1. Mincing of resected adipose tissue to increase surface area;
2. Collagenase digestion and incubation;
3. Filtering and Centrifugation;

4. Plate Seeding and Incubation.
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The final step of centrifugation separates the SVCF into three fractions from the top of
the liquid to bottom: 1. Mature Adipocytes, 2. Aqueous adipose fraction, and 3. Cellular
SVCF Pellet. Erythrocytes often accompany the SVCF pellet. A red cell lysis buffer can
be incorporated into the protocol to make a purer SVCF sample through removing any

red cells harvested during tissue resection.

In humans, various positive and negative cell markers have been used for ADRC
identification. CD45, a haemopoietic cell surface marker, which is low or undetectable
in ADRCs compared to SVCF cells, is often used. Positive surface cell markers include
CD73, CD90, CD44 (Cancer stem cell markers) and CD105 (Endoglin, an accessory
receptor for transforming growth factor beta). ASCs can be distinguished from bone
marrow aspirate MSCs through negative CD106 (Vascular cell adhesion protein) and

positive CD36 (Human adipocyte progenitor protein). (282,283)

An ideal source of ADRCs for harvest during abdominal operations is the greater
omentum. If omental derived regenerative cells (ODRCs) can be harvested through the
modification of existing ADRC isolation methods they could be a valuable resource for
gastrointestinal repair and other applications. (218-221) In addition to ADRC
multipotency, they secrete paracrine factors (284) and multiple growth factors

conducive to wound healing. (285)

Current lipoaspiration techniques (213) provide a superior yield of ADRCs as
compared to bone marrow aspiration (201) however, both techniques are not without
morbidity. (214—217) ADRCs are also found in the SVCF of white adipose tissue (212)

which is present in the greater omentum. (218-221)
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Delivery of MSCs to an anastomosis in an animal model has been shown to be feasible
and safe with potential benefits in terms of reduced leak, mortality and associated

complications, and surrogate histological outcomes. (287)

4.1.2 Selecting the Optimum Animal

International consensus supports the use of rat, mouse and pig as the most
appropriate models of AL and the closest to the human scenario. (229) No model is
currently described using the pig (288) and the majority of experimental colorectal AL
models described have used rats. However, even under extreme conditions, the rat
rarely develops anastomotic leakage with abscess formation or faecal peritonitis. The
reasons for this remain unclear, but this limitation makes the rat model unsuitable for
routinely investigating AL and treatments, leaving the mouse as the only practical
option. The C57BL/6 (B6) mouse is the most widely used strain in biomedical research.

(289,290)

Murine omentum is structurally similar to human omentum but its cellular composition
is poorly defined. (291) Wilkosz et al. utilised scanning electron and transmission
electron microscopy to study the structure of human and murine greater omentum,
(219) demonstrating that both had similar microscopic structures. Two distinct tissue
types were identified: |. Adipose Rich and Il. Translucent and Membranous. Omental
regions rich in adipose tissue were well vascularised with a mesothelial cell layer
covering except where ‘milky spots’ (areas with a high density of inflammatory cells)
were present. In contrast, translucent areas were poorly vascularised with

fenestrations. (219)

79



4.1.3 Selecting the optimum delivery vehicle for ODRC application to an
anastomosis

Alginate hydrogels are used in a wide variety of biomedical applications, including
tissue engineering, and cell and drug delivery. (292) They are widely available,
biocompatible, non-immunogenic, and FDA approved for use in human trials, and can
be formulated to rapidly set at physiological temperatures and pH. Importantly, they do
not impair colonic anastomotic healing and are not known to cause complications.
(177) Alginate hydrogels also protect the viability of contained cells from forces exerted

during injectable delivery and may prevent post-surgical adhesion formation. (293)

A previous researcher, Anabelle Williams, University of Leeds, has optimised a 4%
alginate and calcium chloride solution for gelation as a vehicle for application and
characterised its physical properties. Alginate gels biodegrade over time in vivo,
however my preliminary findings using an in-house pig anastomosis model has
confirmed that alginate gel is still present at an anastomosis 7 days after application
(Figure 5). Once this was confirmed the model was discontinued given the previously

discussed international consensus.

Figure 5 | Application of alginate gel to Masson a 7-day old pig colon anastomosis with

gel (Arrow) present at the join line (*) x20 Masson Trichrome.
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4.2 Aims

1. To assess whether the SVCF can be harvested and cultured from the greater
omentum of Black C57bl-6 mice using protease extraction methods.

2. To characterise the SVCF of the C57bl-6 mouse omentum using flow cytometry.
3. Refine the formulation and micro delivery of a rapid setting, biologically compatible

alginate gel to embed omental SVCF.

4.3 Method

4.3.1 Harvest of C57bl-6 omentum

The harvest protocol was optimised using male C57BL/6 mice (Appendix 4), aged 10-
12 weeks weighing approximately 20g. Four black B6 mice (Charles-River, Canterbury,
UK) were held under institutional licence (University of Leeds), approved by the local
animal welfare committee (AWERB - University of Leeds, PP9886008), following UK
Home Office Regulations. All animals were maintained in individually ventilated cages
under pathogen-free conditions in the Animal Experiment Facility of the University of
Leeds and provided with food and water ad libitum. Mice were subject to Schedule 1
killing. A midline laparotomy was performed and the greater curvature of the stomach
and the attached greater omentum was identified (Figure 6). The omentum was
dissected out and placed into 4% PFA (Sigma-Aldrich, Dorset, UK). Specimens were
placed into fixing cassettes and submerged in 70% ethanol (Sigma-Aldrich, Dorset,
UK) overnight. The specimens were then embedded in wax, sectioned at 5um using a
microtome (Epredia, Runcorn, UK), and stained using H&E (Sigma-Aldrich, Dorset,

UK) to confirm harvest of mouse omentum.
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Figure 6 | Macroscopic appearance of murine omentum (b) and its anatomical
relationship with the greater curvature of the stomach (a) the liver (c), the stomach-

spleen connective tissue complex (d) and the pancreas (e).

4.3.2 lIsolation of C57bl-6 ODRCs

The isolation protocol was optimised using the four additional male C57BL/6 mice
treated as described in 4.3.1 (Appendix 4) (Charles River, Canterbury UK). Following
schedule 1, the abdomen was shaved and the skin prepared using chlorhexidine 0.5%
/ ethanol 70% spray (Sigma Aldrich, Dorset UK). A 1.5cm laparotomy was made from
xiphisternum to mid abdomen. The omentum was resected and washed with 5mls of
HBBS containing 5% Amphotericin (Sigma Aldrich, Dorset UK). The specimen was
next placed in 5mis of 0.25% EDTA/Trypsin (Sigma Aldrich, Dorset UK) for 20 minutes
at 37 C. Following neutralisation with 1ml FCS, the specimen was mashed though a
100uL cell sieve. The resulting SVCF solution was combined with 5mls of complete
10% DMEM (450mls DMEM, 50mls FBS, 5mis L-glutamine and 5mls of Penicillin /
Streptomycin) and centrifuged at 2000rpm (440RCF) at 37 C for 5 minutes. Media was
removed and the cell pellet re-suspended in 1ml of complete DMEM. Live/dead cell
counts were performed following trypan blue (Sigma-Aldrich, Dorset, UK) staining

using a Countess™ Il Automated Cell Counter (Thermofisher, UK). Cells were seeded
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in 6 well plates at 5x10%/ml. Media was changed at 72 hours and then every 48 hours

aiming for 70% cell confluence.

4.3.3 Flow Cytometry of C57bl-6 ODRCs

Whilst C57BL/6 mice remain the most common strain in scientific research some of the
models identified in Chapter 1 also utilised the BABL/c mouse. Another genetically
identical mouse strain. To ensure results are as comparable as possible to current
literature O-SVCF was compared across two different mice lineages using splenic
tissue as a control. Six C57BL/6 (3F:3M) and six BALB/c (3F:3F), 10-12 weeks of age
and an approximate weight of 20g, were purchased from a commercial supplier
(Envigo, Hillcrest, UK) and were treated in the same manner as described in section
4.3.2. All animals were maintained in individually ventilated cages under pathogen-free
conditions in the Biological Services Facility (BSF) of the University of Manchester and

provided with food and water ad libitum.

An aliquot of total omental derived stromal vascular cell fraction containing 1x10° cells,
was stained using reagents in a viability assay kit according to manufacturer’s
instructions (Zombie UV, Biolegend, London, UK) and blocked with 5 pg/mL anti-
CD16/32 (clone 93; Biolegend, London, UK) and heat inactivated normal mouse serum
(1:10, Sigma-Aldrich) in flow cytometry buffer (0.5% BSA and 2 mM EDTA in

Dulbecco’s PBS) before addition of antibodies whilst keeping the solution on ice.

4.3.4 Flow Cytometry Antibody Panel

There is a lack of consensus on the criteria for defining animal mesenchymal stem
cells and there is huge variability within the published literature in the mouse

population. The minimum cell expression profiles seen in humans (Appendix 1) are
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generally accepted in other animal species, with some differences in surface cell

markers accounting for inter-species variation. (294,295)

Following a review of the literature, and in collaboration with Dr Rinal Sahputra, Post-
doctoral Researcher, University of Manchester, a bespoke antibody panel for murine
SVCF characterisation was selected (Table 10). There is general acceptance that
mouse MSCs positively express Sca-1, CD105, and CD29 and are negative for CD45,

CD31, Lyve, CD90.2, WT1, CD116, PDPN, PDGFRa.

All antibodies were purchased from Biolegend, unless stated otherwise. Flow
cytometry was carried out with the assistance of Dr Rinal Sahputra, post-doctoral
researcher, University of Manchester as described by Sahputra et. al. in 2022. (296)
PECs were analysed on a BD FACSymphony machine using BD FACSDiva software
(BD Biosciences). Post-acquisition analysis and population proportions of single live
cells (such as MSCs) was performed using FlowJo v10 software (BD Biosciences,

London, UK). The gating strategy for flow cytometry is shown in Figure 7.

Fluoro- Endo- Meso- Fibro-

Filter s Antigen Clone Dilution Supplier thelial thelial blast MsC 1’ Ref
355 450_50 BUV440 Live/Dead Zombie UV 1:1000 Biolegend N/A N/A N/A N/A
561 670_30 PE-Cy5 CD45 30-F11 1:400 Biolegend - - - - (297)
637 670_30 APC CD31 MEC13.3 1:100 Biolegend + (298)
488 530_30 FITC Lyve1 ALY7 1:100 Invitrogen + (299)
405 450_50 PB CD90.2 30-H12 1:100 Biolegend + + (300,301)
637 730_45 AF700 WT1 30-F11 1:100 Biolegend + +* (302,303)
405 525_50 BV510 CD117 6D5 1:100 Biolegend + + - (304)
561 586_15 PE PDPN 8.1.1 1:100 Biolegend + +/- +/- (305)
561 780_60 PE-Cy7 PDGFRa IAFS98 1:100 Biolegend - + o (306)
56061020 | oo cD29 HMB1-1 1100 | Biolegend . (307,308)
637 780_60 APC-cy7 CD105 1A8 1:100 Biolegend + (294,295)
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‘ 405 710_50 ‘ BV711 ‘ Scat ‘ D7 ‘ 1:180 ‘ Biolegend ‘ ‘ ‘ ‘ + ‘ (294,295) ‘

Table 10 | Flow Cytometry Panel for C57bl-6 ODRCs. “+” = Positive cell marker. “-“ =

negative cell marker. “*” = weak signal due to two-hour staining protocol.
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Figure 7 | Gating Strategy for Flow Cytometry Panel analysis and gating of lineage+ or lineage- cells identified as described in Table 10 for omental

stromal vascular cell fraction for 6 (3M:3F) C57BL/6 mice.
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4.3.5 Development of Alginate Gel Delivery Vehicle

100mls of 10% complete DMEM was placed in a 500ml Duran bottle. 4g of Sodium
Alginate (Sigma, UK) was added slowly and the solution stirred with a magnetic stirrer
for 5 minutes. The solution was then sterilised in an autoclave. Omentum was
processed as per the harvest and isolation protocol to extract MSCs (section 4.3.1)

(Appendix 4).

4.3.6 Statistical Analyses

Statistical analyses were performed using Prism 10 (Graph-Pad software Inc., La Jolla,
CA, USA). Data were tested for normal distribution using a Shapiro-Wilk test prior to
analysis of significant differences between groups. Data deemed to follow Gaussian
distribution were subsequently analysed using the Student’s t-test for two groups, or
ANOVA followed by Tukey or Sidak posthoc test for experiments with more than 2
groups. Data with non-Gaussian distribution were analysed using the Mann-Whitney test
(2 groups) or Kruskal-Wallis ANOVA followed by Dunn’s multiple comparison test for
experiments with more than 2 groups. Differences with a p-value of less than 0.05 were

considered statistically significant.
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4.4 Results

4.41 Omental Harvest

Optimisation of the technique required removal of the omentum without incorporation of

splenic and pancreatic tissue (Figure 8).

Figure 8 | Anatomical relations of the murine greater omentum (A), the stomach
posteriorly (B), pancreas medially (C), splenic adipose tissue laterally (D) and spleen

postero-laterally (E). Created with Biorender.com.

In optimisation experiments, the splenic adipose tissue was inadvertently harvested as
part of the omental sample which was undesirable and could have skewed the results
of the O-SCVF isolation and characterisation. Refinement of the technique through
practice and repeated histological confirmation ensured that only omental tissue was

included in the O-SVCF characterisation studies.
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4.4.2 Confirmation of C57bl-6 omental harvest

All specimens from the first three mice contained pancreatic tissue (Figure 9). This
process was repeated with one further C-57bl6 (B1) mouse where the omentum and

pancreas were harvested separately to ensure the correct tissue was bring isolated

(Figure 10).

Figure 9 | Microscopic appearance (x20 magnification) of murine pancreas (a) and

omentum (b) harvested from a black C-57bl6é mouse.

Figure 10| Microscopic appearance (x20 magnification) of murine pancreas (e) and
omentum (b) harvested from a black C-57bl6 mouse confirming that the omentum

could be isolated without including pancreatic tissue.
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4.4.3 Culture of C57bl-6 omental harvest

Omentum was successfully harvested from three mice (Table 11) and MSCs cultured

to day 7 (Figure 11).

Table 11| Cell counts and Live/Dead proportions at time of harvest for 3 C57bl-6 mice

Mouse Sample Full Count Live (%) Dead (%)
12W-M Omentum 1 9.56x10”5 97 3
12W-M Omentum 2 5.4x10"5 97 3
12W-F Omentum 3 4.46x1075 95 5

Figure 11 | C57bl-6 ODRCs culture day 7.

4.4.4 Flow Cytometry of C57bl-6 ODRCs

Around 99% of O-SVCF cells were CD45 negative (non-haemopoietic). There was no
significant difference between mean relative percentage of single live cells between
either strain of mice or sex. (Figure 12). Endothelial Cells were the most common cell
type, accounting for 2.1 — 2.5% of cells positive in the selected panel of mesenchymal

stem cell markers (Figure 12).
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Figure 12 | Flow cytometry data showing cellular composition of omental stromal

vascular cell fraction. (Black Bars: Male, Grey Bars: Female) Mean relative percentage

of single live cells with (a) CD45 negative non-haemopoietic cells (b) Endothelial cells

(c) Mesenchymal stem cells (d) Fibroblasts (e) Mesothelial cells (f) Lymphatic

endothelial cells and (h) pooled species mean relative percentage of single live cells.

Statistical analysis using ANOVA.
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4.4.5 Gel Production

0.10 ml of media containing cells was mixed with a 0.15mls of 4% DMEM / Gel and
placed through a y-connector containing 0.250mls of 150mM calcium chloride to
produce a cell/gel ribbon (Figure 13). This was trialled on the bowel of a Schedule 1
mouse in triplicate for each concentration showing good gel adherence, which
remained in place through closure and re-laparotomy (Figure 13). The use of complete
DMEM did not alter the desired gelation time using the scaled down micro-gel

applicator (Figure 13).

Figure 13 | Cell/Gel ribbon adherence to bowel wall simulated (A) & live (B) after using

a using a dual syringe system with 3d-printed Y-connector.

c Y-connector
Cell Media cacl2
Alginate
& 16 0.1ml
Trypsinised 1
SVCF
0.1ml
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4.5 Discussion

O-SVCF can be harvested from mouse omentum and incorporated within a rapidly
setting alginate gel applied to murine bowel wall. Multiple techniques for O-SVCF
harvest have been described in the literature, including omental explant (309) and
peritoneal lavage. (296) However, neither are easily translatable to humans because
an extra procedure would be required or enzymes would need to be infiltrated into the
peritoneal cavity. Alternative sources of adipose tissue were also considered, such as
the lipotransfer techniques which have been described previously in human breast
augmentation. (310) These would still require an additional procedure. Controversy
remains over the ideal panel for characterisation of mouse MSCs. The described panel
of cell markers included a broad representation of cell phenotypes that were positive

and negative for markers of mouse MSCs previously described in the literature.

Whilst several delivery vehicles were considered, alginate gel was deemed the best for
delivery of O-SVCF to an anastomosis. Alginate is FDA approved, is cheap, and can
be scaled down for micro-applications. The design and production of the 3d micro Y-
connector device was done so with the help of Dr Benjamin Johnson (Experimental
Officer, School of Physics and Astronomy, University of Leeds) which can deliver a

reproducible cell/gel ribbon that adheres to bowel wall in a mouse model.

In this chapter, | have demonstrated the presence of Omental MSCs in samples of
mouse omentum. There were no significant differences between sex or between two
mouse strains. Given that Pommergaard et. al. utilised a C57BL/6 mouse and there is
no apparent difference in their characterisation profile of the omentum the decision was
made to proceed with experiments using this strain of mice. This was to allow for
comparison of results between the identified studies also by Komen et. al. and Pantalis

et. al. (289,327,328)
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5. Investigating the Biology of Anastomotic Wound Healing in a Temporal

Mouse Model

To better understand why some anastomoses fail to heal, an increased understanding
of the normal gut healing process is required. The literature is replete of information on
how human bowel heals because of the ethical considerations involved in harvesting a
healed anastomosis for histological analysis. Previous research is limited to a single
retrospective study. To further investigate anastomotic wound healing, an animal study
investigating a 50% anastomosis in C57BL/6 mice was conducted. These
anastomoses allow comparison of traumatised but healing bowel with un-touched
bowel wall within the same animals. This has generated a histology tissue bank for
future detailed analysis. The development, techniques and optimisation of the model,
and a narrative of the wound healing process at the anastomotic line, are presented in

this thesis.

5.1 Background

In 2003 Shamafi et. al. examined 30 human bowel anastomoses at post-mortem in an
attempt to characterise colonic healing. Subjects were heterogenous in terms of the
bowel pathology dictating resection, all-cause mortality, period between anastomosis,
death and resection. Therefore any meaningful conclusions are limited. The
histopathological examination of the anastomoses that leaked (n=5) showed full
thickness necrosis of the mucosa with the formation of a surface membrane of fibrin,
acute inflammatory cells and pus. There was discontinuity of the muscle layer with
focal areas of necrosis and neutrophilic infiltrate with early features of granulation
tissue formation, but no foreign body giant cell reaction. To date, there have been no
further attempts to characterise anastomotic wound healing in humans or animal

models.
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The development of murine small intestine is markedly similar to humans (311) but
differs in that mice have 50% less large bowel per Kg. The understanding of the
development of murine large bowel is minimal (312) There is some variation in
intraluminal content with a higher water component, lower pH, and a greater amount of
lymphoid tissue in the mouse colon compared to humans (313) The intestinal immune
system is highly conserved between mice and humans with similar micro-anatomical
features (e.g. immunoglobulins) and the outcome of intestinal immune response is the
same (e.g. tolerance of food, commensal flora, maintenance of the integrity of the
epithelial barrier with some differences in the pathways that achieve the immune
response). (314) As previously described, there is international consensus that a
mouse model is a favourable animal for conducting anastomotic experiments with the
additional benefit of potential knockout models.(229) The suitability of a mouse model

of anastomotic healing is also discussed in section 4.1.2.

5.2 Aim

1. To develop a mouse model of anastomotic leak with a 0% leak rate that provides
within-subject control.
2. To provide a narrative of the histological wound healing processes at the

anastomotic line.

5.3 Methods

5.3.1 Simulation (Plastic Vessel)

The technical ability to perform small luminal anastomoses requires practice,

specialised instruments, and a high-quality microscope. To ensure methodological
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rigour through standardisation of technique and to ensure that the researcher was safe
and able to perform surgery on live animals, a series of simulated experiments were
performed under the guidance of Mr Jason Wong, Consultant Plastic Surgeon, an
expert in microvascular anastomoses. (315,316) The surgical literature suggests that it
takes a minimum of 50 cases to reach the plateau or “turning point” of the learning
curve for a new surgical technique. (317-320) Therefore, 50 anastomoses on 3mm
artificial vessels (Limbs & Things, UK) (321) (which represents the diameter of the
mouse colon at 1cm from the caecum) (322,323) as per Pommegard et. al. (289) were
performed (Figure 14). A microvascular clamp was used to stabilise the vessel. In
subsequent animal experiments (section 5.3.2) the anastomoses were performed

without the clamps to avoid inadvertent injury to the bowel. (324,325)

Figure 14 | To overcome the learning curve associated with micro anastomoses
simulation experiments were performed on artificial vessels to allow for a standardised

anastomosis.

5.3.2 Simulation (Schedule 1 Black C57BL/6 Mice)

Following rehearsal on the simulated dry lab models, 3 anastomoses on Schedule 1

C57BL/6 mice (Figure 15) were performed. A modified leak test was conducted after
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each anastomosis to check for anastomotic integrity by injecting the bowel lumen with
sterile water (Figure 15). If there was any air or water leak, the sutures were taken

down and the 50% anastomosis refashioned.

Figure 15| To ensure the anastomotic technique learned on artificial vessels was

transferable to animal subjects the simulation experiment was repeated on schedule 1

mouse colon of the same diameter.

5.3.3 Temporal Study (Black C57BL/6 Mice)

The previously described husbandry conditions described in chapter 4 were utilised
using male C57BL/6 mice, aged 10-12 weeks and an approximate weight of 20g for the
temporal study. Animals were purchased from a commercial supplier (Charles River,

UK).

Mice were anaesthetised and a midline laparotomy performed as per section 4.3.2.
Following midline incision, the caecum was delivered and a 50% transection performed
across the antimesenteric border to mesentery using microscopic scissors. Two stay
sutures were placed at 0 and 180 degrees to ensure even spacing between the
additional sutures on either wall. Five Interrupted submucosal sutures were placed on
the opposing bowel wall ends, and knots were tied conventionally with an initial double

throw, followed by an additional two single throws using 8.0 vicryl submucosal sutures
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(BD, London, UK) (Figure 15). An air leak test was performed by submerging the join
line under sterile water and gently forcing intraluminal contents through the lumen
passing the join line. If there was leakage of air or content, the sutures were taken

down and the 50% anastomosis refashioned.

Healing of the mouse colon is rapid under normal conditions, and might be faster in
some C57BL/6 models of severe colitis when re-epithelisation of the mucosa occurs
within 2 days. (326) To capture early histological changes at the anastomotic line, six
(3 male and 3 female) C57BL/6 mice were sacrificed at day 1,3,5,7 and 14 days

(n=30).

5.3.4 Histological Analysis

5.3.4.1 Sectioning

The processing of mouse colon for histology is difficult due to its friable nature and
tendency for the bowel to collapse. There is also the decision of whether to section the
colon in either the longitudinal or transverse plane. Following repeated trial histology
experiments the decision to apply a pink 16-gauge Venflon cannula (1.1mm in
diameter) (BD, London, UK) through the lumen of the bowel prior to fixing with 4%
paraformaldehyde (Sigma-Aldrich, Dorset, UK) overnight with removal prior to wax
embedding was made. This held the lumen patent, helped stop the distortion of tissue
and aided in alignment of samples (Table 12). 5-micron sections of the bowel,
including the anastomosis, were taken 100 microns apart. The longitudinal sections
had the advantage of being able to visualise the anastomosis in any section, so this
option was preferred. Eight sections were taken in 3 areas of the bowel (low, middle

and high) (Figure 16).
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Table 12 | Optimisation of bowel sectioning to demonstrate histological changes at the

anastomotic line.

Section Transverse Longitudinal
Example
oo,
Advantages = Visualise entire circumference Can visualise the anastomosis
of bowel no matter where the section is
= Allows comparison of injured to taken.
non-injured sides Allows for comparison of
injured to non-injured sides
Disadvantages = Difficult to capture anastomotic More difficult to visualise
line when sectioning sutures

Figure 16 | Optimisation of bowel sectioning in the longitudinal plane to capture the

anastomosis. The cannula is removed prior to sectioning.

Adherent Organs/tissue to
anastomosis

Wax

Mesentery at 6 o'clock

Bk

Low: When the cannula starts becoming
visible

S3

\

sS4 -

Middle: Cannula at its max diameter
(1.1m) or middle of the cannula

High: When the cannula just
disappears
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5.3.4.2 Narrative of Anastomotic Healing

There is no consensus on the best histological markers to assess bowel wall healing.
Markers were selected based on section 1.1.4.1 (Response to tissue injury in the skin),
section 1.1.4.2 (Physiology of Anastomotic Healing) and following the findings of the

systematic review presented in Chapter 2.

5.3.4.3 Cytochemistry and Immunohistochemistry of sectioned tissue

specimens

Tissue sections were subject to histological analysis (Table 13). All antibodies and
solutions were prepared according to predefined protocols (Appendix 5). In brief,
sections were mounted on glass slides, dewaxed and rehydrated, and subjected to
antigen retrieval according to Table 13. Hydrogen peroxide was then applied to the
sections (200mls of methanol (Sigma-Aldrich, UK) in 2mls of H20, for 10 minutes).
Following rinsing with water and Tris-Buffered Saline (TBS), a pre-block was performed
in antibody diluent with subsequent administration of the primary antibody for one hour
at room temperature. Following rinses with Tris-Buffered Saline with 1% Tween (TBST)
and TBS, the secondary antibody (Goat anti-rabbit; Abcam, UK) was applied and
incubated for 30 minutes at room temperature. Following rinses with TBST and TBS,
Diaminobenzidine (DAB) (Sigma-Aldrich, UK) substrate was applied and incubated for
10 minutes. Following water rinse the sections were counterstained with haematoxylin

and eosin as per 5.3.4.3. Slides were then mounted using DePex (Sigma-Aldrich, UK).
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Table 13 | Details of cytochemical and immunohistochemical agents used to

investigate anastomotic healing.

N | Stain Product Cat Antigen Diluti Supplier Features
No Retrieval on Investigating
1 | Haematoxylin | Haematoxylin | 100 - - VWR Epithelialisation,
Solution 470 Internation | Muscle Distribution,
05 al Necrosis, Fibroblast
activity,
1| Eosin Eosin 1% 625 | - 1100 | BioServU 'r';fs'?mg;frtlf n, issue
g and
Aque_ous 025 K cell organisation
Solution
2 | Masson Trichrome HT1 10mM - Merck Life Fibrosis
Trichrome Stain 5- Citric Acid Science
(Masson) Kit 1KT | buffer pH UK
6.0 Limited
3 | CD31 Rabbit anti- Ab1 10mM 1:1000 | Abcam Neovascularisation
mouse CD31 | 829 Tris-EDTA
81 pH 9.0 (no
Methanol
Block)
4 | F4/80 Rabbit anti- MC 10mM 1:750 BioRad Macrophage Activity
mouse F4/80 | A49 Citric Acid
7GA | buffer pH
6.0
5| a-SMA Rabbit anti- Ab5 10mM 1:1000 | Abcam Smooth muscle cells
mouse o- 694 Citric Acid
SMA buffer pH
6.0
6 | Secondary Goat Anti Ab6 | - 1:1000 | Abcam -
Rabbit 721

5.3.4.4 HG&E staining of sectioned tissue specimens

Sections were mounted on glass slides and treated with Mayer’s Haematoxylin

solution before rinsing in cold running water for 1 minute. The slides were washed in
Scott’'s Tap Water for 1 minute before rinsing in running water for a further 1 minute.
Slides were counterstained with Eosin for 1 minute before being rinsed in running

water for 1 minute. Slides were then dehydrated in ethanol, rehydrated in xylene, and

mounted on to coverslips using DePeX Mounting Medium (Sigma Aldrich, UK).

Slides were qualitatively assessed to characterise anastomotic line healing. One

C57BL/6 mouse from each day of harvest (1,3,5,7 and 14) was selected and analysed.

A photomicrograph was taken and the distribution of cytochemical and
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immunochemical reactivity was subjectively assessed at X5, X10, x20 and x40

magnification.

5.4 Results

5.4.1 Simulation (Plastic Vessel)

Fifty anastomoses were performed using the simulated vessels. The average time to
perform an anastomosis was 8.51 [£1.10] minutes. The time for anastomosis

decreased with increasing experience (Figure 17).

Figure 17 | A: time to completion of anastomosis in simulated vessels; B: time to
complete anastomosis in Schedule 1 C67BL/6 mice. Time to completion gradually
decreased and plateaued in simulation models with the consistency demonstrated in
subsequent Schedule1 experiments. This suggested a learning curve of around 7
cases. There was no difference in anastomotic time in Schedule 1 experiments after

completing the 50 simulated anastomoses.
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5.4.2 Simulation (Schedule 1 Black C57BL/6 Mice)

Five anastomoses were performed using Schedule 1 Black C57BL/6 mice. The
average time taken to perform an anastomosis was 10.67 [£0.43] minutes. The time to

complete an anastomosis remained constant across the 5 experiments (Figure 17).

5.4.3 Temporal Study

5.4.3.1 Proving the model

Six (3 male and 3 female) C57BL/6 mice with a median age of 11 weeks [9-15] were
anastomosed at day 1,3,5,7 and 14 days (n=30). Mean operation time was 25.3
minutes [£2.1]. Anastomotic leak rate was 0%, abscess formation rate was 0%, and
feculent peritonitis rate was 0%. There was one Schedule 18 for a bleed at the
anastomotic line that was reported to the UK Home Office. This experiment was
repeated. 87% (n=26) of the anastomoses had other organs adherent to at least part of

the anastomotic line.

5.4.3.2 Histology
Histology was completed successfully for all 5 cytochemical and immunochemical
markers based on 3 sections from 6 mice (3M:3F) across 5 time points with day 0 as

the control. This resulted in 540 slides for future quantitative analysis.
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5.4.3.3 The Temporal Biology

Slides from five male mice were taken from each of the time points (Days 1,3,5,7 and
14) for microscopic analysis. The photographs shown in Figure 18-35 were all taken

using either a x5 or x10 microscope objective lens. However, all images were reviewed

using up x40 objective for more detailed analysis.

Figure 18 | Control colonic wall in C57BL/6 male mouse subjected to Haematoxylin and

Eosin staining (Objective magnification x2 (top) and x20 (bottom).
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Figure 19 | Day 0 (Control) C57BL/6 male mouse - Haematoxylin and Eosin (x5). All layers of the bowel wall are intact with no inflammatory cells present.

Importantly there has been no tissue trauma caused using a Venflon to maintain the patency of the bowel lumen for sectioning.
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Figure 20 | Day 1 - Haematoxylin and Eosin C57BL/6 male mouse (x5). There is complete transection of all layers of the bowel wall with a concentration of

inflammatory cells (neutrophils), platelet and a clot formation, and an early fibrin plug. There is no continuity of any layers of the colon with mucosal herniation, no

layer bridging, no restoration of villous epithelium and no restoration of vascular pattern.
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Figure 21 | Day 3 - Haematoxylin and Eosin x5. The serosa appears to be intact with continuing, Inflammatory cells are still present but in lower abundance and appear to be more
organised. There is a suggestion of reconstitution of the basement membrane as it is starting to be deposited along the fibrin plug (confirmed on Masson Trichrome stain Figure 22)

and some new blood vessels but no continuity of submucosa or muscular layers. There is minimal smooth muscle cell deposition (a-SMA Figure 23).
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Figure 22 | Day 3 — Masson Trichrome x10. There is suggestion of reconstitution of the basement membrane stained blue as it is starting to make its way along the fibrin plug.
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Figure 23 | Day 3 — a-SMA x10. Limited smooth muscle cells stained brown over the epithelial defect.
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Figure 24 | Day 5 - Haematoxylin and Eosin x5. Basement membrane continues to develop, but is yet to be fully intact (Masson Trichrome Figure 25), with formation of multiple new
blood vessels (CD31 Figure 26). Deposition of smooth muscle cells has begun within the extracellular matrix with apparent early bridging across the defect (a-SMA Figure 27) There

remains a persistent epithelial defect with less inflammatory cell infiltrate and oedema than previous days. No continuity of submucosa or muscular layers.
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Figure 25 | Day 5 — Masson Trichrome x10. There is suggestion of continued reformation of the basement membrane stained blue as it continues to make its way along the fibrin plug.
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Figure 26 | Day 5 — CD31 x10. There is suggestion of multiple new vessels stained brown forming around the periphery of the extracellular matrix.
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Figure 27 | Day 5 — a-SMA x10. An increased abundance of smooth muscle cells stained brown as the muscle layer begins to organise over the epithelial defect.
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Figure 28 | Day 5 — F4/80 x10. There are some macrophages stained brown around the adherent adipose tissue but non-within the Extracellular matrix.
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Figure 29 | Day 7 - Haematoxylin and Eosin x5. Basement membrane is now intact (Masson Trichrome Figure 30). The muscle layer is more organised and in continuity and there is

submucosal apposition (a-SMA Figure 31). The epithelial defect has healed and there is minimal inflammatory cell infiltrate.

— Suture

Continuous
—muscle layer

Apposition of
— submucosa

Apposition of
| epithelium.

115



Figure 30 | Day 7 — Masson Trichrome x10. The basement membrane stained blue is completely intact.
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Figure 31 | Day 7 — a-SMA x10. Smooth muscle cells stained brown as the muscle layer is completely intact to organise over the continual epithelial layer.
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Figure 32 | Day 7 — F4/80 x10. There is an abundance of macrophages stained brown within the remaining extracellular matrix.
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Figure 33 | Day 14 - Haematoxylin and Eosin x5. There is muscle thickening either side of the anastomotic line with “pinching” or contracture over the defect with some early fibrosis.

All layers of the bowel wall are intact demonstrated on Masson Trichrome (Figure 34). Macrophage concentration has reduced after the spike at day 7 (F4/80 Figure 35).
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Figure 34 | Day 14 — Masson Trichrome x10. All bowel wall layers are complete intact with pinching of the serosa and sub-serosa at the anastomotic line.
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Figure 35 | Day 14 — F4/80 x10. Macrophage concentration stained brown has reduced after the spike at day
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5.6 Discussion

Based on the qualitative assessment of this single mouse series murine anastomotic
healing appears to broadly follow the steps as human skin healing as described in

section 1.1.4.1 to restore normal structure and function to the injured tissue.

At day 1 (Figure 20) neutrophils are the predominant cell type within inflammatory
infiltrate external to the anastomotic line with early fibrin-based clot evident to secure
haemostasis as observed in human skin healing. (84) The submucosal sutures have
resulted in apposition and external outpouching of the two ends of the anastomosis
and whilst there is a breach in the layers of the colonic wall there is good opposition
with no exteriorised luminal content. Mesentery is adherent to the fibrin plug at the

anastomosis which would confer a protective effect.

At day 3 (Figures 21 - 23) the fibrin plug is more organised. The previously exteriorised
layers of colon wall are no longer present and fibroblasts predominate with evidence of
granulation tissue forming along with new villi at the edge of the mucosa where it
meets the fibrin plug either side of the anastomotic line. There is an absence of smooth
muscles cells in the fibrin plug however there is high expression laterally suggesting
contraction around the anastomotic line; similar to that seen in human skin on day 3 or

4 of healing. (84-86)

At day 5 (Figures 24-28) there is a suggestion that the basement membrane is being
deposited along the inflammatory infiltrate with marked new vessel formation and an
increased abundance of smooth muscle cells. This indicates that the proliferative
phase has started as we would expect in human skin. (87) The new villi formed at the

cut ends of the mucosa appear to ‘curve’ towards the anastomotic line. Macrophages

122



are present outside the ECM close to mesenteric tissue, and have not yet started to

break down the ECM.

At day 7 (Figures 29-32) the basement membrane is now intact with a more organised
and continuous muscle layer and submucosal apposition. The epithelial defect has
healed and there is minimal inflammatory cell infiltrate except around the suture hole.
There is an abundance of macrophages within the ECM facilitating remodelling. It is
possible that the peak of macrophage activity has been missed between the day 5 and
day 7 samples. By day 14, the anastomosis has completely healed with muscle either
side of the anastomosis remaining thickened and a ‘pinching’ or contraction of muscle
at the anastomotic line with some early fibrosis. Macrophage activity is not limited to

serosa and sub serosa.

It is predicted that following qualitative analysis, this model will provide baseline
histological characteristics to then compare interventions. The model represents the
‘perfect’ anastomosis where it always heals without a deficit in the Halstead principles
(e.g. poor tissue approximation). Future quantitative analysis will include the electronic
counting of cell phenotypes and measurement of chronological changes at the
anastomotic line using the non-affected side of the anastomosis as a control. 3D
reconstruction will be used to described the “movement” of cell phenotypes and
increase the accuracy of any conclusions. These methods are well described in the
arterial wall with methodology well established at The University of Manchester

(315,316)

To date there have only been eight studies of knockout models in bowel anastomoses.
Most of these studies utilised an end to end anastomosis. The silenced genes include
interleukin-10, the four-and-one-half LIM domain-containing protein 2 (FHL2),

cyclooxygenase-2 (COX-2), annexin A1 (ANXA-1), thrombin-activatable fibrinolysis
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inhibitor (TAFI), and heparin-binding epidermal growth factor (HB-EGF) gene.

Following the completion of this research it would be interesting to investigate a
knockout of the different collagen phenotype and of the MMP-9 family given the
implications of poor anastomotic healing when this pathway fail or is altered as

described in section 1.1.4.2.

5.7 Summary

In this chapter, the development of a temporal model of anastomotic healing on which
to test future interventions to glean histological outcomes has been described. Through
this | have demonstrated compliance to 3Rs guidelines using simulation prior to testing
on animal subjects. The optimisation of the anastomotic technique, model, histology
and immunohistochemistry is novel and reproducible. The qualitative synthesis in a
single mouse anastomosis suggests that the wound repair process broadly mirrors that
of the known human skin healing literature. The histological data acquired across the
30 mice is a rich source of information for future quantitative analysis to confirm the

results presented.
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6. Investigating the efficacy of mesenchymal stem cell / alginate gel composite

on anastomotic healing — a large scale in vivo study.

This chapter described a study to evaluate the efficacy of a new technique to reduce
anastomotic leak in a murine model translatable to human application. Applying
omental-derived stromal vascular cell-fraction / alginate gel composite to the
anastomosis resulted in a 9.1% reduction in leak rate compared to control groups.
Applying the gel alone showed a similar reduction but also lowered the severity of the
leak, favouring abscess formation rather than faecal peritonitis. This technique shows
promise in reducing colorectal anastomotic leak rates. It is a low-cost intervention and
an attractive means of modulating bowel healing and a promising application in human

subjects.

6.1 Background - selecting the optimum model

The discussion surrounding international consensus of animal models for colorectal
anastomotic leak and the process for selecting the optimum animal model described in

section 4.1.2 also apply to this experiment and need not be repeated.

There are currently seven unique anastomotic leak models have been developed in the
C57BL/6 mouse (Table 14) with varying suture types and suture frequencies. The
model described by Pommergaard et. al. (2004) is advantageous to test an intervention
with an anastomotic leak rate of ~ 40%. This is high enough to allow a demonstrable
change to any intervention and keeps the sample size manageable. Pommergaard
performed anastomoses in 40 mice, 20 with 5 sutures in the intervention group and 20
in the 12-suture control group. In the intervention group, 40% leaked with 4
experiencing fecal peritonitis and all four were subjected to Schedule 1 killing
approximately 24 hours after the procedure. No animals died outside of the end points

and Schedule 1 protocol (Table 14).
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Table 14 | Current studies pertaining to colonic anastomotic leak in the mouse.

Anatomical | Suture C57BL/6 Suture Leak Leak

G G Location Type Mice Number N Rate
Komen 2009 (327) tlcgazfjﬁq' DS;I% ) 9 12 0 0%
Komen 2009 (327) | |°m Distal | 80 9 12 0 0%

to Caecum Daflon

i R R
o [ ot feover | ® | o | o |
S e N O R
T | S soven| 0 | 5 | v |
Komen 2009 (327) | \"C.ocm | paton ? ° L A
Komen 2009 (327) | oM Distal | &0 9 5 4 44%

to Caecum Daflon

Pommergaard 1cm Distal . .
2014 (289) to Caecum | &0 Vieyl | 24 5 16 67%
Pommergaard 1cm Distal . .
2014 (289) to Cascum | 0 Viery! 20 4 8 40%
6.2 Aim

This study aimed to evaluate the effects of a new strategy of omental-derived stromal
vascular cell-fraction (O-SVCF) / alginate gel composite application on anastomotic

leak using a murine model.

6.3 Methods

This is a prospective, partially blinded, randomised controlled study comparing the use
of O-SVCF Gel Composite against controls in colonic anastomoses in C57BL-6 mice.
All experiments were performed under Home Office Licence (PP9886008) according to
the UK Animals (Scientific Procedures) Act (1986), The National Centre for the
Replacement, Refinement and Reduction of Animals in Research (NC3Rs) Guidance
(329) and reported using International Animal Research: Reporting In Vivo Experiments

(ARRIVE 2.0) Guidelines. (226) C57BL-6 mice were purchased from Charles River
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Laboratory, United Kingdom. Mice had undergone no previous procedures or genetic

modification prior to starting the study.

The control group contained two subgroups, gel alone and no treatment. This kept the
number of mice to a minimum as it was not anticipated that there would be any difference
in anastomotic leak between these two groups. (329) Stratification was not required
given the C57BL-6 are bred for genetic similarity. A 20% minimum difference in leak rate
between groups was considered a meaningful reduction. Assuming a 20% minimum
difference between treatment groups, 128 mice (64 per group) were required to obtain
80% power at a one-sided significance level of 5%. Adult C57BL-6 mice aged between

10 and 15 weeks were included in the study.

6.3.1 Surgery

6.3.1.1 Isolation and Processing of O-SVCF

All mice in the intervention group received autologous O-SVCF harvested at the start of
the laparotomy. Unless specified, all cell harvest and culture products were obtained
from Thermofisher Scientific, UK. Mice were anaesthetised using isoflurane (2L/Min,
Isoflurane 2%). The abdomen was shaved and hair removed with tape. The skin was
prepared using 70% Ethanol / 2% chlorhexidine wipes (GAMA Healthcare, UK) and a
1.5cm incision was made from xiphisternum to mid-abdomen. The omentum was
resected (Figure 35) and the caecum delivered. The omentum was washed in 5mls of
HBBS 95% and Amphotericin 5% and placed in 5mls of 0.25% EDTA/Trypsin for 20
minutes at 37 ‘C. Trypsinisation of the omental sample was neutralised with 1ml FCS
(Thermofisher Scientific, UK). The sample was homogenised and passed through a
100uL cell sieve. The collected O-SVCEF filtrate was resuspended in 5mls of complete

DMEM (450mls DMEM containing 50mls 1% FCS, 5mis of L-glutamine, and 5mls of
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Penicillin / Streptomycin) and centrifuged at 2000rpm at 37 ‘C for 5 minutes. Media was

removed and the cell pellet was re-suspended in 1ml of complete DMEM.

6.3.1.2 Animal Model

The end-end colonic anastomosis with a 40% leak rate described by Pommergaard et.
al. (2014) using the C57BL-6 model was chosen. This is in line with current international
consensus (229) which describes a mouse model with a known leak rate as acceptable
for studying anastomotic leak. (229) Mice were randomised using block randomisation
through SealedEnvelope™ (London, UK) at a 1:1 allocation ratio (Intervention and
control and at a further 1:1 allocation for the two subgroups (Gel alone and No treatment)
within the control arm. They were housed separately 24 hours before operation to allow

for acclimatisation and enable monitoring of stool output.

All anastomoses were performed using 3.5x front-mounted Loupes (The Loupes
Company, London, UK). The colon was divided using microscopic scissors 1cm distal to
the caecum (Figure 35). Where this point fell directly onto mesenteric vessels, the safest
point distal to 1cm was chosen as close to the vessel as possible to maintain perfusion.
An end-to-end colonic, single layer sub-mucosal anastomosis was fashioned (Figure 35)

using four equidistant 8/0 interrupted vicryl sutures (Ethicon, UK).

Following each anastomosis, a leak test was performed where gentle pressure was
placed proximal and distal to the anastomosis with four drops of normal saline applied
to the anastomotic line. If any air bubbles or faecal content were observed the
anastomosis was taken down and refashioned. Normal saline (0.2 ml) was injected
subcutaneously to balance fluid losses during surgery. Animals were placed on a warm

plate and kept at 37 'C for 30 minutes before being transferred to cages.
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Mice were given 83uL of Vetergesic S/C at induction and an oral Vetergesic/Nutella mix
for analgesia postoperatively. (289) Cages were cleaned every other day with
replacement of soft bedding and a water check. Mice were fed with electrolyte gel (Bio-

Serv, London, UK) for the first 24 hours then standard mouse feed thereafter.

Figure 35 | (A) Mouse omentum was harvested taking care not to damage the
pancreas medially and the spleen laterally. (B) A primary end-end colonic anastomosis
with four 8/0 vicryl suture 1cm distal to the caecal pole. * appendix, T Caecal Pole, X
Site of incision. (C) A 4x 8/0 vicryl suture end-end colonic anastomosis was fashioned

and (D) the O-SVCF Gel composite applied.
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6.3.1.3 Application of O-SVCF Gel

Cell counts were calculated using a haemocytometer following trypan blue application
(Sigma-Aldrich, Dorset, UK). O-SVCF cell suspension in 10% FCS complete DMEM
(100 pl) was mixed with a 0.15 ml of 3% Complete DMEM / Alginic acid sodium salt
from brown algae (Sigma, UK) and placed in one arm of a y-connector with the other
arm containing 250 pl of 150mM calcium chloride which was used as a rapid ionic
cross-linker. (330) The gel was weighed and applied directly to the anastomosis with
forceps (Figure 35). The caecum was then placed back into the abdomen and the
abdominal wall closed with a continuous 8/0 vicryl suture and two veterinary clips to the

skin.

6.3.1.4 Outcome Measures

Mice underwent regular checks adhering to the humane endpoints defined by a loss of
20% of their starting body weight, a mouse grimace scale of >6 (331), or a score of >3
in any parameter of the Colon Surgery Post-Operative Monitoring Score Anastomotic
(Appendix 6). (332) Mice were subject to Schedule 1 killing at day 7 or earlier if they
met these criteria. JB and TM performed the surgery and were blinded post-procedure
and pre-autopsy during monitoring of the mice and at the point of reaching a humane
endpoint prior to day 7. Blinding was achieved through single storage of mice without
ear markings and randomisation of cage number hidden from observers. (All mice

received a midline laparotomy).

The primary outcome was anastomotic leak at autopsy graded by two blinded

independent reviewers (MK and BK) using photographs and processed anastomosis

specimens:
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International Consensus Anastomotic Complication Score (ACS) for macroscopic
outcomes in animal research investigating bowel anastomosis classifies leaks as per

Table 15 (210)

Table 15 | Anastomotic complication score and criteria (229)

Anastomotic Complication Score (229)
No adhesion or abnormalities

Adhesion to fat pad, clean anastomosis underneath

Adhesion to intestinal loop, abdominal wall or another organ

Anastomotic defect found underneath adhesion, no other
abnormalities

Signs of possible contamination (e.g. small abscess)

Clear anastomotic complication; spread of pus, obstruction at
anastomosis, sign of peritonitis

Faecal peritonitis / death due to peritonitis

O O || W N~ |O

Using this classification ‘No Leak’ was then defined as an Anastomotic Leak

Complication Score (ACS) of 0-3 and ‘Leak’ as and ACS of 4-6

6.3.1.5 Macroscopic Analysis

Mice were sacrificed by Schedule 1 killing using rising carbon dioxide and cervical
dislocation. The abdomen was opened using a 3-sided box incision to avoid damage to
any midline adhesions. Anastomoses were photographed in a standardised fashion and
adhesions scored. Anastomoses were resected and a 20G Venflon Cannula (BD, New
Jersey, USA) was passed through the lumen to maintain the integrity of the tissue during
fixation and processing. Photographs and processed samples were then independently
reviewed by MK and BK and leak outcomes and percentage coverage of the

anastomosis by adhesions documented (Figure 36).
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Figure 36 | Standardised autopsy photographs and processed specimens were
analysed by two blinded independent reviewers. Example photographs demonstrate an

ACS score of 0 - no adhesions (A) and a score of 6, Faecal peritonitis / death due to

peritonitis (B). Gel composite was applied circumferentially around the anastomosis

6.3.1.6 Statistical Analysis

All analyses were prespecified and conducted on an intention to treat basis. Observer
agreement for both primary and secondary outcomes was calculated using Cohen’s
Kappa. (333) Statistical analysis was performed using Prism 10 (Graph-Pad software
Inc., La Jolla, CA). Data were tested and decisions around which statistical test were
used followed the same methodology and statistical principles as described in section

4.3.6.

6.4 Results

6.4.1 Randomised Controlled Study

128 mice (male = 64, female = 64), mean age 13.1 weeks (SD,1.2), mean weight 24.1g

(SD,4.3) were randomised (Figure 37). The three treatment groups were well balanced

in terms of age, weight, sex and gel weight received. The mean anaesthetic time was

19.1 minutes longer in the intervention compared to the control group (mean [SD]
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operative time, 39.3 [6.3], vs. 20.3 [9.8] respectively p=<0.00017). This was due to the
20-minute enzymatic trypsin degradation of the omentum. Gel production was
completed during enzymatic degradation and added minimal additional time. A mean
[SD] 3.3x10° cells/mg [0.3x10°% were applied to the anastomoses in the intervention

group and mean [SD] 174.7mg [39.4] of gel across both groups.

Figure 37 | Diagram of the randomisation of animal subjects

128
Randomised
32No
64 Gel + Cells 32 Gel Alone treatment
1 Bleed at
1 Volvulus 1 lleus Anastomosis 2 lleus
\ / l v
64 included in post mortem 64 included in post mortem
photograph and specimen analysis photograph and specimen analysis

6.4.2 Anastomotic Leak

There was high agreement in inter-rater reliability at 93.8% (124/128) for subjective
assessment of anastomotic integrity using the anastomotic complication score,
Cohen’s Kappa 0.912 (standard error 0.028, 95% confidence interval 0.893-0.986)
(Table 16). (333) Four outcome decisions were settled by a 3™ reviewer (JB). None
crossed between 3/4 and 5/6 ACS categories meaning inter-rater reliability for
subjective assessment of no leak (score of 0-3), abscess (4-5) or faecal peritonitis (6)

was 100% (128/128).
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Table 16 | Inter-observer outcomes of Anastomotic Complication Score and Leak.

Following 3™

Observer q Leak Observer
(o] | .
A p Score (229) Autopsy Specimen Observer 1 (n) Observer 2 (n) Agreement (n) I;t:\éli:\;v;r Outcome Observer 1 (n) Observer 2 (n) Agreement (n)
No adhesion or abnormalities 6 7 6 6
Adhesion to fat pad, clean anastomosis 8 8 8 8
underneath
No Leak 65 65 65
Adhesion to intestinal loop, abdominal wall or
another organ &8 &8 &8 &8
Anastomotic defect found underneath adhesion, 3 2 2 3
no other abnormalities
Signs of possible contamination (e.g. small
abscess) 32 29 29 30
Leak (Abscess) 42 42 42
Clear anastomotic complication; spread of pus, 12 13 12 12
obstruction at anastomosis, sign of peritonitis
Faecal peritonitis / death due to peritonitis 21 21 19 21 Leakl (qupal 21 21 21
Peritonitis)
Total - - 128 128 126 128 - 128 128 128
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All 128 animals were included in the intention to treat analysis. Overall leak rate was
49.2% (63/128) defined by an ACS score of 4-6. There was a numerical but non-
significant reduction in leak rates between the intervention group (30/64, 46.9%) and
control groups (33/64, 51.5%). Table 17 presents the results from a multilevel logistic
regression model and shows no significant effect of sex, age preoperative weight,
anaesthetic time, surgeon experience or gel application on odds of anastomotic leak.
There were two iatrogenic complications, one volvulus from misplacement of the
caecum prior to closure and one bleed from the anastomosis that underwent early

Schedule 1 at day 1.

Table 17 | Mouse characteristics, operative details, primary and secondary outcomes

and subgroup analysis

VARIABLE INTERVENTION | CONTROL P cc:ng)c"‘ co:«r“rg o P
TREATMENT)
BASELINE (N) 64 64 n 32 32
AGE (W), MEAN (SD) 131(1.2) 131(12) | 088 13.0 (1.3) 131 (12) 075
SEX (N), (%) 64 (50.0) 64 (50.0) : 32(25.0) 32 (25.0)
MOUSE WEIGHT (G), MEAN (SD) 241 (4.0) 240(38) | 081 244 (3.7) 23.7 4.0) 0.44
GEL WEIGHT (MG), MEAN (SD) 1747 (39.4) : : 201.0 (25.9)
ANAESTHETIC TIME (M), (SD) 393 (6.3) 202(9.8) | <0.0001 198 (8.2) 205 (11.2) 0.76
MEAN SURVIVAL (D), (SD) 53(22) 50(23) 049 54 (20) 4726) 021
PRIMARY OUTCOME (LEAK)
NO LEAK (ACS 0-3) (%) 34 (531) 31 (48.4) 15 (46.9) 16 (50.0)
LEAK (ACS 4-6) (%) 30 (46.9) B’Ete) | 072 17 (53.1) 16 (50.0) 0.9
SECONDARY OUTCOME (ANASTOMOTIC COMPLICATION SCORE)
0 (N), (%) 463 337 T@1) 2(63)
TN), %) 5(7.8) 337 2(63) T@1)
2(N), (%) 23 (35.9) 24 (37.5) 1 (34.4) 13 40.6)
3(N), (%) 234 T(1.6) 020 T@1) 0(0.0) 019
T(N), (%) 17 (26.6) 13 (203) 8(25.0) 5(15.6)
5 (N), (%) 8(125) 4623 4(125) 0(0.0)
6 (N), (%) 5(7.8) 16 (25.0) 5(15.6) 1 (34.4)
SUB-GROUP ANALYSIS (LEAK SEVERITY)
ACS 4-5 (ABSCESS) 25 (39.1) 7266 | om0 12(375) 5(156) 0.038
'ACS 6 (FAECAL PERITONITIS) 5(7.8) 16 (25.0) 5(156) 1 (34.4)

135



There were 3 mice who were subject to Schedule 1 who were found to have ileus and
no leak, one in the intervention group (day 3) and two in the no treatment group (day 3
and day 4). O-SVCF/Gel containing mean 3.3x10°cells/mg (SD, 0.3x10°) was applied

in the intervention group (Table 18).

Table 18 | Rates, Relative Risk and Multi Level Logistic Regression Model of Odds of
Anastomotic Leak. * Column variables are included in the model as fixed effects. B Sex

© Age P Weight  Anaesthetic Time " Surgeon Experience and € Gel Application.

UNADJUSTED UNADJUSTED ADJUSTED

NO. LEAKED / P
EFFECTA RELATIVE RISK ODDS RATIO ODDS RATIO P VALUE
WAL IO (4 (95% CI) (95% CI) VAL (95% CI)
TREATMENT
30/64 (46.9) 1 [Reference]
INTERVENTION 0.91 (0.64-1.69) 0.83 (0.41 - 1.65) 0.72 0.99
CONTROL 33/64 (51.6) 1.01(0.14-7.21)
SEX®
MALE 35/64 (54.7) 1 [Reference]
1.25 (0.88-1.80) 1.55 (0.78-3.16) 0.29 0.78
FEMALE 28/64 (43.8) 0.79 (0.13 - 4.64)
AGE®
<12 WEEKS 12/25 (48.0) 1 [Reference]
0.97 (0.59 - 1.44) 0.94 (0.41 - 2.22) 0.99 0.87
> 12 WEEKS 51/103 (49.5) 1.09 (0.39 - 3.02)
PRE-OP WEIGHT®
<23G 27/62 (43.5) 1 [Reference]
0.77 (0.54 - 1.09) 0.59 (0.29 - 1.17) 0.16 0.79
>23G 36/66 (50.0) 1.25 (0.21 - 7.40)
ANAESTHETICE
<30 MINS 33/65 (50.8) 1 [Reference]
1.07 (0.75 - 153 1.13 (0.57 - 2.27) 0.73 0.72
> 30 MINS 30/63 (47.6) 0.86 (0.38 - 1.95)
SURGEON
EXPERIENCEF
1ST 64 32/64 (50.0) 1 [Reference]
1.03 (0.72 - 1.42) 1.07 (0.53 - 2.12) 0.99 0.89
2ND 64 34/64 (53.1) 0.95 (0.43 - 2.06)
GELS
ANY GEL 47/96 (49.0) 1 [Reference]
. 16732 500) 1.10(0.75 - 1.73) 1.20 (0.56 - 2.60) 089 o038 249) 0.96
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6.4.3 Severity of Anastomotic Leak

Of the mice that leaked (n=63), the number of mice with faecal peritonitis was
significantly higher in the control group 16/33 (47.4%) than in the intervention group
5/30 (16.5%) (RR 2.50 [95%CI:1.24-5.78] (P=0.009). Within the control group 5/33
(15.2%) that received gel alone and 11/33 (33.3%) that received no treatment
developed feculent peritonitis rather than abscess (Relative Risk 0.44 [95%CI: 0.19-

0.90]; P=0.038).

6.4.4 Adhesion Formation

Gel was visible at day 7 in 100% of cases (n=96) where it was applied. In terms of
adhesions, 110/128 (85.9%) mice had two or more organs adherent to the
anastomosis site. The most adherent organ to the site of the anastomosis was the
small bowel (n=42) (Table 19). Mean subjective anastomosis circumferential coverage
with adhesions was 60.7% (SD, 32.0). There was significantly less mean percentage
circumference coverage of adhesions in those that leaked versus those that did not
(Table 20). There was a significant correlation between mean percentage
circumference coverage of adhesions and both mean day survival and ACS score

(Table 20).

Table 19 | Frequency of adherent organs to site of anastomosis.

ADHERENT ORGAN MICE (N)

SMALL BOWEL 42

CAECUM 38

APPENDIX 29

LEFT INGUINAL FAT PAD 26

LIVER 21

SPLENIC ADIPOSE TISSUE 20

ABDOMINAL WALL 18

RIGHT INGUINAL FAT PAD 17

ASCENDING COLON

SPLEEN

STOMACH

BLADDER
PANCREAS

9
6
SMALL BOWEL MESENTRY 5
5
4
3
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Table 20 | A comparison of mean percentage coverage and mean day survival across

primary and secondary outcomes.

S Mean % Coverage Mean Day Survival
(SD) (SD)
Intervention 61.5 (32.8) 5.2 (2.2)
Control 60.9 (32.2) 5.0 (2.3)
p 0.88 0.46
Control Gel 63.9 (29.1) 5.4 (2.0)
Control No Treatment 57.8 (35.3) 4.7(2.6)
p 0.76 0.25
Primary Outcome
No Leak (%) 71.1 (47.9) 6.8 (1.0)
Leak (%) 32.4 (26.8) 3.5(2.0)
p <0.0001 <0.0001
Subgroup Analysis
ACS
0 (n), (%) 0.0 (0) 6.1(2.3)
1(n), (%) 58.1 (21.4) 7.0 (0)
2 (n), (%) 83.0 (20.6) 6.6 (0.7)
3(n), (%) 85.0 (18.0) 7.0 (0)
4 (n), (%) 60.6 (24.7) 4.2(2.2)
5 (n), (%) 442 (13.2) 3.3(2.2)
6 (n), (%) 30.8 (27.4) 2.6 (0.9)
o <0.0001 <0.0001

6.4.5 Adhesion Coverage Score, % Circumferential Coverage and Survival
ACS score and % circumferential coverage correlated significantly with mean survival.
There was significantly less mean percentage circumference coverage of adhesions in

those that leaked versus those that did not (Figure 38).
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Figure 38 | ACS coverage and Kaplan Meir Survival Curves for ACS Score
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6.5 Discussion

This is the largest in vivo of anastomotic leak in an animal and serves as a standardised
model on which to test future interventions. There is insufficient evidence to conclude
that O-SVCF Gel composite reduces the risk of anastomotic leak, however the significant
findings of leak severity reduction from the application of gel in this model is encouraging.
The intervention and control groups were well balanced in terms of characteristics and

in subjective outcome measures. There was good inter-observer reliability.

A clear difference in my methodology with that previously reported in the literature is the
implantation of autologous SVCF without previous culture. In a recent systematic review
investigating application of SVCF to bowel anastomoses, between 1-2x10° SVCF cells
were cultured to confluence. This is higher than the number applied in this study (5.7x10°
cells) and may have affected the efficacy of the intervention through production of
cytokines and growth factors conducive to wound healing. However, if this were to be
translated to humans, the number of cells needed would require culture of SVCF from

alternative sources, such as subcutaneous fat or bone marrow, with additional morbidity.
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(199) To that end it is assumed that the SVCF cells were present, healthy and survived
the process of collaging with alginate and following implantation using the peritoneal fluid
as a source of nutrients to proliferate after the cell media constituents had been utilised.
The use of cell media within human abdominal cavities is not currently documented
within the literature however there are synthetic peritoneal fluids (those used for
peritoneal dialysis) on the market which could be a viable alternative. The methodology
is also reliant on both the gel and cells surviving the mechanical stress of being implanted
within an abdominal cavity (with sheer stress of bowel peristalsis), likely acidic Ph due
to even minor faecal leakage from the join and a mobile mouse with effective analgesia

day one post operation.

The studies included in the aforementioned systematic review also assume that
mesenchymal stem cells become the predominant cell type when in fact this
differentiation can be controlled during cell culture. (334) This lack of molecular and
phenotypic characterisation is a weakness of the study and all studies within the
literature. This is because the cells may undergo differentiation in an unpredictable way
within the abdominal cavity and the predominant cell type may not be MSCs. As such
another cell may be responsible for any positive (or negative effect). Therefore
application of autologous SVCF without culture may be more representative of a

translatable solution for anastomotic leak.

Current human research into anastomotic leak is hindered by study heterogeneity and a
lack of standardisation of anastomotic technique. This same problem is reflected in the
animal literature with many models attempting to mimic theorised causes of leak (e.g.
ischaemia at the anastomotic line). The model presented in this study was selected to
try and remove these confounders and standardise the anastomosis such that only
suture number and tissue apposition affected leak rate. This means that the only Halsted

principle being purposefully deficient is tissue opposition. This is a sensible approach as
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it is arguably the one which is easiest to standardise and if it goes wrong is probably the
most influenced by human performance. This model does not however capture
deficiencies in any of the other Halsted principles (e.g. blood supply, tension) and so it
could be argued that any conclusions drawn could only be applied to anastomoses where

tissue apposition is deficient (as opposed to other factors).

6.6 Summary

The application of gel conferred a reduction in leak rate severity. The severity
classification of anastomotic leak has previously been poorly defined however, the
grading defined by Rahbari et. al. in 2010 is the most widely used but limits grading
based on intervention required. (12) The phenotype of leak has seldom been studied in
a randomised controlled setting as a primary outcome likely due to a lack of consensus
surrounding the possible progression of severity CAL in humans described in the animal
anastomotic complication score used in this study (an increasing score is observed from
adhesion - either causative or a result of leak - to abscess and finally to faecal peritonitis).
(229) Finally, whilst the application of O-VCF did not confer any statistically significant
advantage in terms of leak rate the alginate gel provides an exciting medium of which to

test future interventions at the anastomotic line.
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7. Discussion

7.1 Aims and objectives of this work

The main aim of this PhD was to investigate whether the application of omental derived
regenerative cells to a colonic anastomosis improves healing and reduces anastomotic

leak in an animal model. Additional specific objectives were:

To conduct a systematic review of the literature to identify how omental derived
regenerative cells, as a source of mesenchymal stem cells, have been used to
augment anastomotic healing (Chapter 3).

To investigate the characteristics of omental stromal vascular cell fraction and
explore a suitable vehicle for their delivery to an anastomosis (Chapter 4).

To develop a reliable and reproducible animal model to study the biological
mechanisms of anastomotic healing (Chapter 5).

To evaluate the efficacy of an omental regenerative cell-gel implant to improve

anastomotic healing and prevent leak in an animal model (Chapter 6).

The completed body of work provides a robust and comprehensive evaluation of: i) the
current literature on the use of omental derived regenerative cells to prevent
anastomotic leak, ii) a novel animal model to allow for future investigation of
anastomotic healing, iii) characterisation of murine omental regenerative cells, and iv) a
randomised controlled study demonstrating a possible benefit to using gel at the

anastomosis which might be progressed through human studies.
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7.2 Conclusions

7.2.1 Chapter 3: Systematic Review

The systematic review showed that application of MSCs might confer a benéefit in
anastomotic healing when judged by experimental and histological outcomes. There
was consistency in the outcome measures reported but with wide variance in how they
were measured. There was generally low compliance to ARRIVE guidelines but good
compliance of lower Gl AL models to international consensus criteria. If animal models
of AL are to serve as valuable tools to understand the pathophysiology of anastomotic
leak and to test novel pre-clinical interventions, there is a need to standardise them. In
particular the AL leak rate should be known and reproducible. A method for correctly
defining mesenchymal stem cell populations across animal species is required.
Surrogate outcome measures of wound healing should be reported using validated

methods of assessment.

7.2.2 Chapter 4: Characterisation of stromal vascular cell fraction and

formulation of delivery vehicle

It has been demonstrated that O-SVCF can be reliably harvested from mouse
omentum and incorporated within a rapidly setting alginate gel applied to the murine
bowel wall. There were no significant differences between sex or between two different

mouse strains.

7.2.3 Chapter 5: Temporal model of anastomotic healing

The qualitative analysis of the mouse samples demonstrated that the broad principles
of wound healing observed in human skin are also observed in C57BL/6 mice. Whilst

the principles of inflammation and remodelling remain consistent with skin healing in
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this qualitative analysis the mechanics of bowel healing may be more complex. This

will be investigated further using the rich tissue bank that has been generated,

7.2.4 Chapter 6: The M-omentum Study

O-SVCF gel produced a 9.1% reduction in leak rate, but this did not reach statistical
significance. The application of gel to an anastomosis alters the severity of anastomotic
leak, favouring abscess formation rather than faecal peritonitis. Application of alginate
gel to an anastomosis is a low-cost intervention and an attractive means of modulating

bowel healing, providing a vehicle for novel therapeutics.

7.3 Limitations

7.3.1 Chapter 3: Systematic Review

The limitations of this study include the validity of animal model systematic reviews as
a predictive modality for human response to prophylactic human interventions. (335)
However those who support this modality recommend conclusions be based around
methodological quality of experiments, which this review satisfies. This review

utilised two simple, novel non-validated scoring systems to quantify compliance to
current best practice and use of these scoring systems requires further validation.
There was wide study heterogeneity, even amongst the rat colon models, which made
up seven of the 12 studies which meant quantitate comparison outcomes measure was

not feasible.
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7.3.2 Chapter 4: Characterisation of stromal vascular cell fraction and

formulation of delivery vehicle

There remains much debate within the literature around the correct markers for murine
mesenchymal stem cells. The panel design represents the current literature and
understanding of what may define a mesenchymal stem cell population. The
implications of this panel not being correct is that some cell types may be miss-

classified and the reported cell populations incorrect.

It has been theorised and previously demonstrated in a rat model that omentum becomes
“activated” and its cellular composition and morphology changes (expansion of milky
spots, increase expression of growth factors and vasculogenesis) in response to an
abdominal insult. (336) This study utilised SVCF from ‘non-activated’ omentum i.e.
omentum which had not been exposed to a foreign body. The cell profile may be different

in the presence of inflammation.

7.3.3 Chapter 5: Temporal model of anastomotic healing

Microscopic histological analysis of bowel healing requires standardised and
reproducible anastomoses. Whilst every effort was made to achieve this through
simulation prior to conducting the study there was some variance around the amount of
tissue incorporated within the anastomosis as observed during qualitative review of the
samples. This would represent a real-world scenario of hand sewn anastomoses in

humans. Less variance might be seen in stapled anastomoses.
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7.3.4 Chapter 6: The M-omentum Study

This study has several limitations. The non-statistically significant reduction in leak rate
between the intervention and control groups limits the ability to provide conclusive
evidence about the primary research question — whether O-SVCF Gel composite can
reduce anastomotic leak rate. But a 9% reduction is leak rate is encouraging and
suggests that the study was underpowered. This is possibly due to the overall leak rate
being approximately 10% higher than the 40% assumed in the sample size calculation
and reported in the original Pommergaard study. (289) The one-sided significance
design utilised to keep animal numbers to minimum in line with the 3Rs is also likely to
have contributed. The number of anastomoses performed in this study was three times
than in the original model. Therefore, the leak rate demonstrated may be closer to the
true leak rate of the model. This was mitigated through randomisation and
standardisation of anastomotic technique in all groups. Whilst there was no difference
observed between anaesthetic times (+/- 30 minutes) those animals undergoing OSVFC
application received around 20 minutes longer anaesthetic which could have been
controlled for by adding this time to animals not receiving OSVFC. However, this was
deemed unethical by the Animals Review Committee and was not included in the study

protocol.

The gel remained present at the anastomotic site for up to 7 days. It was visible during
specimen review and could have influenced the subjective assessment of leak and
Adhesion Complication Score. However, as critically analysed in Chapter 6 the
assumption that the SVCF cells were present, healthy and survived the process of
collaging with alginate and following implantation and both the gel and cells surviving the
mechanical stress of being implanted within an abdominal cavity must be considered

here when drawing any conclusions. Previous studies have investigated other outcomes
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such as histological analysis and burst pressure. It is the authors opinion that these
outcomes have limited translatable significance. Meaningful histological outcomes are
unlikely in a model that is designed to leak. Investigating histological outcomes may be

more beneficial in a temporal model of anastomotic healing that does not leak. (1)

This study also utilised SVCF from ‘non-activated’ omentum i.e. omentum which has not
been exposed to a foreign body. Whilst ‘activating’ the omentum may improve its wound
healing potential it would add a second procedure and be impractical in the human
scenario. There is also the possibility that stromal vascular cell fraction morphology
becomes mesenchymal stem cell predominant following implantation. Finally, cell counts
observed in this study were a factor of 10 less than applied in current literature as they
were applied within the same procedure which did not allow for incubation and culture

to confluence.

7.4 Meaning of this work and implications for future research

7.41 Adoption of anastomotic leak models

This body of work supports the use of the two murine models for research into bowel
healing and anastomotic leak. Histological changes at the anastomotic line are useful
in a temporal model of bowel healing, whilst the anastomotic leak model is useful for
evaluating possible therapeutic interventions. The dissemination of these works
through peer reviewed publications and conference presentations will allow
researchers to better investigate the normal healing process in the colon and test pre-

clinical interventions.
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7.4.2 Characterisation of Stromal Vascular Fraction

Whilst a larger sample size will be required to validate the findings, the characterisation
experiments presented suggest that both C57BL/6 and BALB/C mice can be used to
harvest stromal vascular cell fraction without the requirement to consider the sex of
animals. The flow cytometry panel presented will contribute to the limited literature on
markers of mesenchymal stem cells to better inform any future consensus, which is

currently lacking.

7.4.3 Translation into Human Trials

The work presented adds to first-in-human clinical trials that are ongoing and
investigating alginate gel delivery at the anastomotic line. It will be interesting to see if
the results of alginate gel in human anastomoses replicate my findings in a mouse
model. Whether the addition of O-SVCF to alginate gel confers an additional benefit in

humans needs to be explored.

7.5 Summary

In conclusion, the work in this thesis provides a compelling case for the use of alginate
gel to reduce the severity of anastomotic leaks or as a future transport medium for
other interventions. It also provides two robust animal models, one that does not leak
for the investigation of histological outcomes in bowel healing, and one that has a
reliable leak rate of around 50% for investigating therapeutic interventions. This work
builds on the evidence base in the literature about the use of mesenchymal stem cells
in AL and provides confirmation of a novel source from the greater omentum. This
evidence can now be used to inform future studies on local interventions to prevent

anastomotic leak.

148



10.

11.

12.

References

Burke JR, Helliwell J, Wong J, Quyn A, Herrick S, Jayne D. The use of
mesenchymal stem cells in animal models for gastrointestinal anastomotic leak: A
systematic review. Colorectal Dis. 2021 Dec;23(12):3123-40.

Brand A, Allen L, Altman M, Hlava M, Scott J. Beyond authorship: attribution,
contribution, collaboration, and credit. Learn Publ. 2015;28(2):151-5.

Khalil M, Burke JR, La Raja C, Quyn A, Wargos-Palacios A, Meads D, Jayne D.
The economic burden of colorectal anastomotic leak: A systematic review. Ann R
Coll Surg Engl. 2022;105(S1).

Burke JR, Helliwell J, Kowal M, Jayne D. Characterisation of a Platelet Rich Fibrin
Membrane and Formation of an Autologous Fibrin Mesh. Br J Surg.
108(Supplement 6).

Vallance A, Wexner S, Berho M, Cahill R, Coleman M, Haboubi N, et al. A
collaborative review of the current concepts and challenges of anastomotic leaks
in colorectal surgery. Colorectal Dis. 2017;19(1):01-12.

Sanchez-Guillén L, Nepogodiev D, Sivrikoz E, van Elst T, Minaya A, Pata F, et al.
Safety of primary anastomosis following emergency left sided colorectal resection:
an international, multi-centre prospective audit. Colorectal Dis. 2018;20.

Bhangu A, Minaya-Bravo AM, Gallo G, Glasbey JC, Kamarajah S, Pinkney T, et
al. An international multicentre prospective audit of elective rectal cancer surgery;
operative approach versus outcome, including transanal total mesorectal excision
(TaTME). Colorectal Dis. 2018;20.

Ashraf SQ, Burns EM, Jani A, Altman S, Young JD, Cunningham C, et al. The
economic impact of anastomotic leakage after anterior resections in English NHS
hospitals: Are we adequately remunerating them? Colorectal Dis [Internet]. 2013
Apr [cited 2020 Sep 28];15(4). Available from:
https://pubmed.ncbi.nim.nih.gov/23331871/

Van Rooijen SJ, Jongen ACHM, Wu ZQ, Ji JF, Slooter GD, Roumen RMH, et al.
Definition of colorectal anastomotic leakage: A consensus survey among Dutch
and Chinese colorectal surgeons. World J Gastroenterol. 2017 Sep
7;23(33):6172-80.

McNair AGK, Whistance RN, Forsythe RO, Macefield R, Rees J, Pullyblank AM,
et al. Core Outcomes for Colorectal Cancer Surgery: A Consensus Study. PLoS
Med. 2016 Aug 1;13(8).

Bruce J, Krukowski ZH, Al-Khairy G, Russell EM, Park KGM. Systematic review of
the definition and measurement of anastomotic leak after gastrointestinal surgery.
Br J Surg. 2001;88(9):1157—-68.

Rahbari NN, Weitz J, Hohenberger W, Heald RJ, Moran B, Ulrich A, et al.
Definition and grading of anastomotic leakage following anterior resection of the
rectum: A proposal by the International Study Group of Rectal Cancer. Surgery.
2010 Mar;147(3):339-51.

149



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kulu Y, Ulrich A, Bruckner T, Contin P, Welsch T, Rahbari NN, et al. Validation of
the International Study Group of Rectal Cancer definition and severity grading of
anastomotic leakage. Surg U S. 2013 Jun;153(6):753—-61.

Treatment of Anastomotic Leakage After Rectal Cancer Resection - Full Text
View - ClinicalTrials.gov [Internet]. [cited 2020 Sep 17]. Available from:
https://clinicaltrials.gov/ct2/show/NCT04127734

McDermott FD, Heeney A, Kelly ME, Steele RJ, Carlson GL, Winter DC.
Systematic review of preoperative, intraoperative and postoperative risk factors
for colorectal anastomotic leaks. Br J Surg. 2015 Apr 1;102(5):462-79.

Krarup PM, Jorgensen LN, Andreasen AH, Harling H. A nationwide study on
anastomotic leakage after colonic cancer surgery. Colorectal Dis [Internet]. 2012
Oct [cited 2020 Sep 7];14(10). Available from:
https://pubmed.ncbi.nim.nih.gov/22564292/

Battersby N, Bhangu A, Chaudhri S, EI-Hussuna A, Frasson M, Nepogodiev D, et
al. Relationship between method of anastomosis and anastomotic failure after
right hemicolectomy and ileo-caecal resection: an international snapshot audit.
Colorectal Dis. 2017 Aug 1;19(8):e296-311.

Paun BC, Cassie S, MaclLean AR, Dixon E, Buie WD. Postoperative
complications following surgery for rectal cancer. Ann Surg. 2010
May;251(5):807—-18.

Ito M, Sugito M, Kobayashi A, Nishizawa Y, Tsunoda Y, Saito N. Relationship
between multiple numbers of stapler firings during rectal division and anastomotic
leakage after laparoscopic rectal resection. Int J Colorectal Dis. 2008;

Crafa F, Smolarek S, Missori G, Shalaby M, Quaresima S, Noviello A, et al.
Transanal Inspection and Management of Low Colorectal Anastomosis Performed
with a New Technique: The TICRANT Study. Surg Innov. 2017;

Hyman N, Manchester TL, Osler T, Burns B, Cataldo PA. Anastomotic leaks after
intestinal anastomosis: It’s later than you think. Ann Surg. 2007;

Phitayakorn R, Delaney CP, Reynolds HL, Champagne BJ, Heriot AG, Neary P,
et al. Standardized algorithms for management of anastomotic leaks and related
abdominal and pelvic abscesses after colorectal surgery. World J Surg. 2008;

Jayne D, Pigazzi A, Marshall H, Croft J, Corrigan N, Copeland J, et al. Effect of
robotic-assisted vs conventional laparoscopic surgery on risk of conversion to
open laparotomy among patients undergoing resection for rectal cancer the rolarr
randomized clinical trial. JAMA - J Am Med Assoc. 2017 Oct 24;318(16):1569-80.

Sciuto A, Merola G, De Palma GD, Sodo M, Pirozzi F, Bracale UM, et al.
Predictive factors for anastomotic leakage after laparoscopic colorectal surgery.
World J Gastroenterol. 2018;

Egorov VI, Schastlivtsev V, Turusov RA, Baranov AO. Participation of the
intestinal layers in supplying of the mechanical strength of the intact and sutured
gut. Eur Surg Res. 2002;34(6):425-31.

Tera H, Aberg C. Tissue strength of structures involved in musculo aponeurotic
layer sutures in laparotomy incisions. Acta Chir Scand. 1976;142(5):349-55.

150



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Goriainov V, Miles AJ. Anastomotic leak rate and outcome for laparoscopic intra-
corporeal stapled anastomosis. J Minimal Access Surg. 2010;6(1):6—10.

Zhang T, Sun Y, Mao W. Meta-analysis of randomized controlled trials comparing
intracorporeal versus extracorporeal anastomosis in minimally invasive right
hemicolectomy: upgrading the level of evidence. Int J Colorectal Dis. 2023 May
30;38(1):147.

Kim CH, Lee SY, Kim HR, Kim YJ. Nomogram Prediction of Anastomotic Leakage
and Determination of an Effective Surgical Strategy for Reducing Anastomotic
Leakage after Laparoscopic Rectal Cancer Surgery. Gastroenterol Res Pract.
2017,

Dekker JWT, Liefers GJ, De Mol Van Otterloo JCA, Putter H, Tollenaar RAEM.
Predicting the risk of anastomotic leakage in left-sided colorectal surgery using a
colon leakage score. J Surg Res. 2011;

Sammour T, Lewis M, Thomas ML, Lawrence MJ, Hunter A, Moore JW. A simple
web-based risk calculator (www.anastomoticleak.com) is superior to the
surgeon’s estimate of anastomotic leak after colon cancer resection. Tech
Coloproctology. 2017,

Venn ML, Hooper RL, Pampiglione T, Morton DG, Nepogodiev D, Knowles CH.
Systematic review of preoperative and intraoperative colorectal Anastomotic Leak
Prediction Scores (ALPS). BMJ Open. 2023 Jul 18;13(7):e073085.

Qu H, Liu Y, Bi D song. Clinical risk factors for anastomotic leakage after
laparoscopic anterior resection for rectal cancer: a systematic review and meta-
analysis. Surg Endosc. 2015;

Kawada K, Hasegawa S, Hida K, Hirai K, Okoshi K, Nomura A, et al. Risk factors
for anastomotic leakage after laparoscopic low anterior resection with DST
anastomosis. Surg Endosc. 2014;

Kim CW, Baek SJ, Hur H, Min BS, Baik SH, Kim NK. Anastomotic leakage after
low anterior resection for rectal cancer is different between minimally invasive
surgery and open surgery. Ann Surg. 2016;

Kim JS, Cho SY, Min BS, Kim NK. Risk Factors for Anastomotic Leakage after
Laparoscopic Intracorporeal Colorectal Anastomosis with a Double Stapling
Technique. J Am Coll Surg. 2009;

Park JS, Choi GS, Kim SH, Kim HR, Kim NK, Lee KY, et al. Multicenter analysis
of risk factors for anastomotic leakage after laparoscopic rectal cancer excision:
The Korean laparoscopic colorectal surgery study group. Ann Surg. 2013;

Katsuno H, Shiomi A, Ito M, Koide Y, Maeda K, Yatsuoka T, et al. Comparison of
symptomatic anastomotic leakage following laparoscopic and open low anterior
resection for rectal cancer: a propensity score matching analysis of 1014
consecutive patients. Surg Endosc. 2016;

Akiyoshi T, Ueno M, Fukunaga Y, Nagayama S, Fujimoto Y, Konishi T, et al.
Incidence of and risk factors for anastomotic leakage after laparoscopic anterior
resection with intracorporeal rectal transection and double-stapling technique
anastomosis for rectal cancer. Am J Surg. 2011;

151



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Yamamoto S, Fujita S, Akasu T, Inada R, Moriya Y. Risk factors for anastomotic
leakage after laparoscopic surgery for rectal cancer using a stapling technique.
Surg Laparosc Endosc Percutan Tech. 2012;

Kim HJ, Choi GS, Park JS, Park SY. Comparison of intracorporeal single-stapled
and double-stapled anastomosis in laparoscopic low anterior resection for rectal
cancer: A case-control study. Int J Colorectal Dis. 2013;

van Rooijen SJ, Huisman D, Stuijvenberg M, Stens J, Roumen RMH, Daams F, et
al. Intraoperative modifiable risk factors of colorectal anastomotic leakage: Why
surgeons and anesthesiologists should act together. Int J Surg. 2016;

Penna M, Hompes R, Arnold S, Wynn G, Austin R, Warusavitarne J, et al.
Incidence and risk factors for anastomotic failure in 1594 patients treated by
transanal total mesorectal excision results from the international TATME registry.
Ann Surg. 2019;

Lee WS, Yun SH, Roh YN, Yun HR, Lee WY, Cho YB, et al. Risk factors and
clinical outcome for anastomotic leakage after total mesorectal excision for rectal
cancer. World J Surg. 2008;

Akasu T, Takawa M, Yamamoto S, Yamaguchi T, Fujita S, Moriya Y. Risk factors
for anastomotic leakage following intersphincteric resection for very low rectal
adenocarcinoma. J Gastrointest Surg. 2010;

Yeh CY, Changchien CR, Wang JY, Chen JS, Chen HH, Chiang JM, et al. Pelvic
drainage and other risk factors for leakage after elective anterior resection in
rectal cancer patients: A prospective study of 978 patients. Ann Surg. 2005;

Post IL, Verheijen PM, Pronk A, Siccama |, Houweling PL. Intraoperative blood
pressure changes as a risk factor for anastomotic leakage in colorectal surgery.
Int J Colorectal Dis. 2012;

Cong ZJ, Fu CG, Wang HT, Liu LJ, Zhang W, Wang H. Influencing factors of
symptomatic anastomotic leakage after anterior resection of the rectum for
cancer. World J Surg. 2009;

Biondo S, Kreisler E, Millan M, Fraccalvieri D, Golda T, Frago R, et al. Impact of
surgical specialization on emergency colorectal surgery outcomes. Arch Surg.
2010;

Archampong D, Borowski D, Wille-Jgrgensen P, lversen LH. Workload and
surgeon’s specialty for outcome after colorectal cancer surgery. Cochrane
Database Syst Rev. 2012;

Baucom RB, Phillips SE, Ehrenfeld JM, Muldoon RL, Poulose BK, Herline AJ, et
al. Association of perioperative hypothermia during colectomy with surgical site
infection. JAMA Surg. 2015;

Koskenvuo L, Lehtonen T, Koskensalo S, Rasilainen S, Klintrup K, Ehrlich A, et
al. Mechanical and oral antibiotic bowel preparation versus no bowel preparation
for elective colectomy (MOBILE): a multicentre, randomised, parallel, single-
blinded trial. The Lancet. 2019;

152



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Duff SE, Battersby CLF, Davies RJ, Hancock L, Pipe J, Buczacki S, et al. The use
of oral antibiotics and mechanical bowel preparation in elective colorectal
resection for the reduction of surgical site infection. Colorectal Dis. 2020;

Jung B, Pahiman L, Nystrom PO, Nilsson E. Multicentre randomized clinical trial
of mechanical bowel preparation in elective colonic resection. Br J Surg. 2007;

Bretagnol F, Panis Y, Rullier E, Rouanet P, Berdah S, Dousset B, et al. Rectal
cancer surgery with or without bowel preparation: The french greccar Il
multicenter single-blinded randomized trial. In: Annals of Surgery. 2010.

Leenen JPL, Hentzen JEKR, Ockhuijsen HDL. Effectiveness of mechanical bowel
preparation versus no preparation on anastomotic leakage in colorectal surgery: a
systematic review and meta-analysis. Updat Surg. 2019;

Kryzauskas M, Bausys A, Degutyte AE, Abeciunas V, Poskus E, Bausys R, et al.
Risk factors for anastomotic leakage and its impact on long-term survival in left-
sided colorectal cancer surgery. World J Surg Oncol. 2020 Aug 14;18(1):205.

Bertelsen CA, Andreasen AH, Jargensen T, Harling H. Anastomotic leakage after
anterior resection for rectal cancer: Risk factors. Colorectal Dis. 2010;

De Vries RBM, Wever KE, Avey MT, Stephens ML, Sena ES, Leenaars M. The
Usefulness of Systematic Reviews of Animal Experiments for the Design of
Preclinical and Clinical Studies. 2014;

Eriksen MT, Wibe A, Norstein J, Haffner J, Wiig JN. Anastomotic leakage
following routine mesorectal excision for rectal cancer in a national cohort of
patients. Colorectal Dis. 2005;

Rullier E, Laurent C, Garrelon JL, Michel P, Saric J, Parneix M. Risk factors for
anastomotic leakage after resection of rectal cancer. Br J Surg. 1998;

Kruschewski M, Rieger H, Pohlen U, Hotz HG, Buhr HJ. Risk factors for clinical
anastomotic leakage and postoperative mortality in elective surgery for rectal
cancer. Int J Colorectal Dis. 2007;

Sarensen LT, Jargensen T, Kirkeby LT, Skovdal J, Vennits B, Wille-Jargensen P.
Smoking and alcohol abuse are major risk factors for anastomotic leakage in
colorectal surgery. Br J Surg. 1999;

Pommergaard HC, Gessler B, Burcharth J, Angenete E, Haglind E, Rosenberg J.
Preoperative risk factors for anastomotic leakage after resection for colorectal
cancer: A systematic review and meta-analysis. Colorectal Dis. 2014;

Sebag-Montefiore D, Stephens RJ, Steele R, Monson J, Grieve R, Khanna S, et
al. Preoperative radiotherapy versus selective postoperative chemoradiotherapy
in patients with rectal cancer (MRC CRO07 and NCIC-CTG C016): a multicentre,
randomised trial. Lancet Lond Engl. 2009 Mar;373(9666):811-20.

Marijnen CAM, Kapiteijn E, Van de Velde CJH, Martijn H, Steup WH, Wiggers T,
et al. Acute side effects and complications after short-term preoperative
radiotherapy combined with total mesorectal excision in primary rectal cancer:
Report of a multicenter randomized trial. J Clin Oncol. 2002;

153



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Pettersson D, Cederniark B, Holm T, Radu C, Pahhnan L, Glimelius B, et al.
Interim analysis of the Stockholm Il trial of preoperative radiotherapy regimens for
rectal cancer. Br J Surg. 2010;

Pettersson D, Lorinc E, Holm T, Iversen H, Cedermark B, Glimelius B, et al.
Tumour regression in the randomized Stockholm Ill Trial of radiotherapy regimens
for rectal cancer. Br J Surg. 2015;

Alverdy JC, Schardey HM. Anastomotic Leak: Toward an Understanding of Its
Root Causes. J Gastrointest Surg Off J Soc Surg Aliment Tract. 2021
Nov;25(11):2966-75.

Fawcett A, Shembekar M, Church JS, Vashisht R, Springall RG, Nott DM.
Smoking, hypertension, and colonic anastomotic healing; a combined clinical and
histopathological study. Gut. 1996 May;38(5):714-8.

Thornton FJ, Barbul A. Healing in the gastrointestinal tract. Surg Clin North Am.
1997,

Hesp FLEM, Hendriks T, Lubbers EJC, deBoer HHM. Wound healing in the
intestinal wall - A comparison between experimental ileal and colonic
anastomoses. Dis Colon Rectum. 1984;

Hendriks T, Mastboom WJB. Healing of experimental intestinal anastomoses -
Parameters for repair. Dis Colon Rectum. 1990;

Lam A, Fleischer B, Alverdy J. The Biology of Anastomotic Healing—the Unknown
Overwhelms the Known. J Gastrointest Surg. 2020;

Raptis D, Pramateftakis MG, Kanellos |. Our 20-year experience with
experimental colonic anastomotic healing. J Med Life. 2018;

Makanyengo SO, Carroll GM, Goggins BJ, Smith SR, Pockney PG, Keely S.
Systematic Review on the Influence of Tissue Oxygenation on Gut Microbiota and
Anastomotic Healing. J Surg Res. 2020;

Nerstram M, Krarup PM, Jorgensen LN, Agren MS. Therapeutic improvement of
colonic anastomotic healing under complicated conditions: A systematic review.
World J Gastrointest Surg. 2016;

Goulder F. Bowel anastomoses: The theory, the practice and the evidence base.
World J Gastrointest Surg. 2012;4(9):208.

Rieder F, Brenmoehl J, Leeb S, Schélmerich J, Rogler G. Wound healing and
fibrosis in intestinal disease. Gut. 2007 Jan;56(1):130-9.

Thompson SK, Chang EY, Jobe BA. Clinical review: Healing in gastrointestinal
anastomoses, part |. Microsurgery. 2006 Jan 1;26(3):131-6.

Robson MC, Steed DL, Franz MG. Wound healing: Biologic features and
approaches to maximize healing trajectories. Curr Probl Surg. 2001;38(2):A1.

Vignali A, Fazio VW, Lavery IC, Milsom JW, Church JM, Hull TL, et al. Factors
associated with the occurrence of leaks in stapled rectal anastomoses: A review
of 1,014 patients. J Am Coll Surg. 1997;185(2):105-13.

154



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Witte MB, Barbul A. General principles of wound healing. Surg Clin North Am.
1997;77(3):509-28.

Bielefeld KA, Amini-Nik S, Aiman BA. Cutaneous wound healing: Recruiting
developmental pathways for regeneration. Cell Mol Life Sci. 2013
Jun;70(12):2059-81.

Sorg H, Tilkorn DJ, Hager S, Hauser J, Mirastschijski U. Skin Wound Healing: An
Update on the Current Knowledge and Concepts. Eur Surg Res. 2017 Feb
1;58(1-2):81-94.

Singer AJ, Clark RAF. Cutaneous wound healing. N Engl J Med. 1999 Sep
2;341(10):738—46.

Sinno H, Prakash S. Complements and the Wound Healing Cascade: An Updated
Review. Plast Surg Int. 2013 Jul 24;2013:1-7.

Johnson KE, Wilgus TA. Vascular Endothelial Growth Factor and Angiogenesis in
the Regulation of Cutaneous Wound Repair. Adv Wound Care. 2014
Oct;3(10):647-61.

Thornton FJ, Barbul A. Healing in the gastrointestinal tract. Surg Clin North Am.
1997;77(3):549-73.

Mast BA. Healing in other tissues. Surg Clin North Am. 1997;77(3):529-47.

Mescher AL, Junqueira LCU. Junqueira’s basic histology: text and atlas. 13. ed.
New York, NY: McGraw-Hill Medical; 2013. 544 p.

Path ALRGAP, 1826 undefined. Memoire sur I'enteroraphie avec la description
d’'un procede nouveau pour pratiquer cette operation chirurgicale.

Chir VCZentralbl, 1896 undefined. Uber den Einsatz der Darmnaht durch den
Murphyknopf.

Sciences WHTAJ of the M, 1887 undefined. CIRCULAR SUTURE OF THE
INTESTINE--AN EXPERIMENTAL STUDY. 5. search.proquest.com [Internet].
[cited 2020 Sep 27]; Available from:
http://search.proquest.com/openview/fc999e7fe07da74d085876f76674d24b/17?pq
-origsite=gscholar&chbl=41361

GAMBEE LP. A single-layer open intestinal anastomosis applicable to the small
as well as the large intestine. West J Surg Obstet Gynecol. 1951;

Gambee LP, Garnjobst W, Hardwick CC. Ten years’ experience with a single
layeranastomosis in colon surgery. Am J Surg. 1956 Aug 1;92(2):222-7.

Slieker JC, Daams F, Mulder IM, Jeekel J, Lange JF. Systematic review of the
technique of colorectal anastomosis. JAMA Surg. 2013 Feb 1;148(2):190-201.

Burch JM, Franciose RJ, Moore EE, Biffl WL, Offner PJ. Single-layer continuous

versus two-layer interrupted intestinal anastomosis: A prospective randomized
trial. Ann Surg. 2000 Jun;231(6):832-7.

155



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Yauw STK, Wever KE, Hoesseini A, Ritskes-Hoitinga M, van Goor H. Systematic
review of experimental studies on intestinal anastomosis. Br J Surg. 2015
Jun;102(7):726-34.

Morgan RB, Shogan BD. The Science of Anastomotic Healing. Semin Colon
Rectal Surg. 2022 Jun;33(2):100879.

Thompson SK, Chang EY, Jobe BA. Clinical review: Healing in gastrointestinal
anastomoses, Part |. Microsurgery. 2006;26(3):131-6.

Hawley PR, Faulk WP, Hunt TK, Dunphy JE. Collagenase activity in the gastro-
intestinal tract. Br J Surg. 1970;57(12):896-900.

Ahrendt GM, Tantry US, Barbul A. Intra-abdominal sepsis impairs colonic
reparative collagen synthesis. Am J Surg. 1996;171(1):102-8.

Edomskis P, Goudberg MR, Sparreboom CL, Menon AG, Wolthuis AM, D’Hoore
A, et al. Matrix metalloproteinase-9 in relation to patients with complications after
colorectal surgery: a systematic review. Int J Colorectal Dis. 2020 Aug 31;1-10.

Graham MF, Drucker DEM, Diegelmann RF, Elson CO. Collagen synthesis by
human intestinal smooth muscle cells in culture. Gastroenterology.
1987;92(2):400-5.

Martens MFWC, Huyben CMLC, Hendriks T. Collagen synthesis in fibroblasts
from human colon: Regulatory aspects and differences with skin fibroblasts. Gut.
1992;33(12):1664—70.

Stumpf M, Klinge U, Wilms A, Zabrocki R, Rosch R, Junge K, et al. Changes of
the extracellular matrix as a risk factor for anastomotic leakage after large bowel
surgery. Surgery. 2005 Feb;137(2):229-34.

Young HL, Wheeler MH. Effect of intravenous aprotinin (Trasylol) on the healing
of experimental colonic anastomoses in the rabbit. Eur Surg Res. 1983;15(1):18—
23.

Young HL, Wheeler MH. Results of a prospective randomized double-blind trial of
aprotinin in colonic surgery. World J Surg. 1984 Jun;8(3):367-72.

Tadros T, Wobbes T, Hendriks T. Blood transfusion impairs the healing of
experimental intestinal anastomoses. Ann Surg. 1992;215(3):276-81.

Shandall A, Lowndes R, Young HL. Colonic anastomotic healing and oxygen
tension. Br J Surg. 1985;72(8):606-9.

Shogan BD, Smith DP, Christley S, Gilbert JA, Zaborina O, Alverdy JC. Intestinal
anastomotic injury alters spatially defined microbiome composition and function.
Microbiome. 2014 Sep 15;2:35.

Shogan BD, Belogortseva N, Luong PM, Zaborin A, Lax S, Bethel C, et al.
Collagen degradation and MMP9 activation by Enterococcus faecalis contribute to
intestinal anastomotic leak. Sci Transl Med. 2015 May 6;7(286):286ra68.

Olivas AD, Shogan BD, Valuckaite V, Zaborin A, Belogortseva N, Musch M, et al.
Intestinal Tissues Induce an SNP Mutation in Pseudomonas aeruginosa That

156



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Enhances lts Virulence: Possible Role in Anastomotic Leak. Kaufmann GF, editor.
PLoS ONE. 2012 Aug 31;7(8):e44326.

Brook I, Walker RI, Macvittie TJ. Effect of antimicrobial therapy on bowel flora and
bacterial infection in irradiated mice. Int J Radiat Biol. 1988;53(5):709-16.

Lee DS, Ryu JA, Chung CR, Yang J, Jeon K, Suh GY, et al. Risk factors for
acquisition of multidrug-resistant bacteria in patients with anastomotic leakage
after colorectal cancer surgery. Int J Colorectal Dis. 2015 Apr;30(4):497-504.

Williamson AJ, Alverdy JC. Influence of the Microbiome on Anastomotic Leak.
Clin Colon Rectal Surg. 2021 Nov 23;34(6):439-46.

Peters EG, Dekkers M, van Leeuwen-Hilbers FW, Daams F, Hulsewé KWE, de
Jonge WJ, et al. Relation between postoperative ileus and anastomotic leakage
after colorectal resection: a post hoc analysis of a prospective randomized
controlled trial. Colorectal Dis. 2017 Jul 1;19(7):667-74.

Arron MNN, Custers JAE, van Goor H, van Duijnhoven FJB, Kampman E,
Kouwenhoven EA, et al. The association between anastomotic leakage and
health-related quality of life after colorectal cancer surgery. Colorectal Dis Off J
Assoc Coloproctology G B Irel. 2023 Jul;25(7):1381-91.

La Regina D, Di Giuseppe M, Lucchelli M, Saporito A, Boni L, Efthymiou C, et al.
Financial Impact of Anastomotic Leakage in Colorectal Surgery. J Gastrointest
Surg. 2019 Mar 15;23(3):580-6.

Hammond J, Lim S, Wan Y, Gao X, Patkar A. The Burden of Gastrointestinal
Anastomotic Leaks: An Evaluation of Clinical and Economic Outcomes. J
Gastrointest Surg. 2014;18(6):1176-85.

Vuik FER, Nieuwenburg SAV, Bardou M, Lansdorp-Vogelaar |, Dinis-Ribeiro M,
Bento MJ, et al. Increasing incidence of colorectal cancer in young adults in
Europe over the last 25 years. Gut. 2019;

Bischofberger S, Adshead F, Moore K, Kocaman M, Casali G, Tong C, et al.
Assessing the environmental impact of an anastomotic leak care pathway. Surg
Open Sci. 2023 Jul 11;14:81-6.

Wellcome [Internet]. [cited 2023 Aug 19]. Research Sustainability- Report.
Available from: https://wellcome.org/reports/advancing-environmentally-
sustainable-health-research

McDermott FD, Arora S, Smith J, Steele RJC, Carlson GL, Winter DC. Prevention,
diagnosis and management of colorectal anastomotic leakage. Association of
Surgeons of Great Britain and Ireland Issues in Professional Practice. 2016.

Kiran RP, Murray ACA, Chiuzan C, Estrada D, Forde K. Combined preoperative
mechanical bowel preparation with oral antibiotics significantly reduces surgical
site infection, anastomotic leak, and ileus after colorectal surgery. In: Annals of

Surgery [Internet]. Lippincott Williams and Wilkins; 2015 [cited 2020 Sep 27]. p.
416-23. Available from: https://pubmed.ncbi.nlm.nih.gov/26258310/

Slim K, Vicaut E, Launay-Savary MV, Contant C, Chipponi J. Updated systematic

review and meta-analysis of randomized clinical trials on the role of mechanical
bowel preparation before colorectal surgery. Ann Surg. 2009 Feb;249(2):203-9.

157



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Khan SA, Hadi A, Ahmad S, Shah FO, Igbal Z, Khan M. Mechanical bowel
preparation in elective colorectal surgery. J Med Sci. 2011 Jan;19(1):31-4.

Hookey LC, Depew WT, Vanner S. The safety profile of oral sodium phosphate for
colonic cleansing before colonoscopy in adults. Gastrointest Endosc. 2002
Dec;56(6):895-902.

Nagata N, Tohya M, Fukuda S, Suda W, Nishijima S, Takeuchi F, et al. Effects of
bowel preparation on the human gut microbiome and metabolome. Sci Rep
[Internet]. 2019 Dec 1 [cited 2020 Sep 27];9(1). Available from:
/pmc/articles/PMC6411954/?report=abstract

Tan J, Ryan EJ, Davey MG, McHugh FT, Creavin B, Whelan MC, et al.
Mechanical bowel preparation and antibiotics in elective colorectal surgery:
network meta-analysis. BJS Open. 2023 May 5;7(3):zrad040.

Roos D, Dijksman LM, Tijssen JG, Gouma DJ, Gerhards MF, Oudemans-Van
Straaten HM. Systematic review of perioperative selective decontamination of the
digestive tract in elective gastrointestinal surgery. Br J Surg. 2013
Nov;100(12):1579-88.

Fry DE. Colon preparation and surgical site infection. Am J Surg. 2011
Aug;202(2):225-32.

Scarborough JE, Mantyh CR, Sun Z, Migaly J. Combined mechanical and oral
antibiotic bowel preparation reduces incisional surgical site infection and
anastomotic leak rates after elective colorectal resection: An analysis of
colectomy-targeted ACS NSQIP. Ann Surg. 2015 Aug 30;262(2):331-7.

Moghadamyeghaneh Z, Hanna MH, Carmichael JC, Mills SD, Pigazzi A, Nguyen
NT, et al. Nationwide analysis of outcomes of bowel preparation in colon surgery.
J Am Coll Surg. 2015 May 1;220(5):912-20.

Beard JD, Nicholson ML, Sayers RD, Lloyd D, Everson NW. Intraoperative air
testing of colorectal anastomoses: A prospective, randomized trial. Br J Surg.
1990;77(10):1095-7.

Ricciardi R, Roberts PL, Marcello PW, Hall JF, Read TE, Schoetz DJ.
Anastomotic leak testing after colorectal resection: What are the data? Arch Surg.
2009 May;144(5):407-11.

Hirst NA, Tiernan JP, Miliner PA, Jayne DG. Systematic review of methods to
predict and detect anastomotic leakage in colorectal surgery. Colorectal Dis. 2014
Feb;16(2):95-109.

Ishihara S, Watanabe T, Nagawa H. Intraoperative colonoscopy for stapled
anastomosis in colorectal surgery. Surg Today. 2008 Nov;38(11):1063-5.

Burke JR, Armstrong G, Mullaney T, Jayne D. Intra-operative fluorescence
angiography facilitates tailored resection in ischaemic colitis - a video vignette.
Colorectal Dis. 2018 Nov 1;20(11):1050-1050.

Jafari MD, Lee KH, Halabi WJ, Mills SD, Carmichael JC, Stamos MJ, et al. The

use of indocyanine green fluorescence to assess anastomotic perfusion during
robotic assisted laparoscopic rectal surgery. Surg Endosc. 2013;27(8):3003-8.

158



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Ris F, Hompes R, Cunningham C, Lindsey |, Guy R, Jones O, et al. Near-infrared
(NIR) perfusion angiography in minimally invasive colorectal surgery. Surg
Endosc. 2014;28(7):2221-6.

Jafari MD, Wexner SD, Martz JE, McLemore EC, Margolin DA, Sherwinter DA, et
al. Perfusion assessment in laparoscopic left-sided/anterior resection (PILLAR II):
A multi-institutional study. J Am Coll Surg. 2015;220(1):82-92.e1.

Renna MS, Grzeda MT, Bailey J, Hainsworth A, Ourselin S, Ebner M, et al.
Intraoperative bowel perfusion assessment methods and their effects on
anastomotic leak rates: meta-analysis. Br J Surg. 2023 Aug 11;110(9):1131-42.

Decreasing Leak Rate in Colorectal Surgery Using Near Infra-red (NIR) Imaging -
Full Text View - ClinicalTrials.gov [Internet]. [cited 2020 Sep 27]. Available from:
https://clinicaltrials.gov/ct2/show/NCT02459405

Watanabe J, Takemasa |, Kotake M, Noura S, Kimura K, Suwa H, et al. Blood
Perfusion Assessment by Indocyanine Green Fluorescence Imaging for Minimally
Invasive Rectal Cancer Surgery (EssentiAL trial): A Randomized Clinical Trial.
Ann Surg. 2023 Oct;278(4):e688-94.

Armstrong G, Croft J, Corrigan N, Brown JM, Goh V, Quirke P, et al. IntAct: intra-
operative fluorescence angiography to prevent anastomotic leak in rectal cancer
surgery: a randomized controlled trial. Colorectal Dis Off J Assoc Coloproctology
G B Irel. 2018 Aug 1;20(8):0226—34.

Karliczek A, Benaron DA, Baas PC, Zeebregts CJ, Wiggers T, van Dam GM.
Intraoperative assessment of microperfusion with visible light spectroscopy for
prediction of anastomotic leakage in colorectal anastomoses. Colorectal Dis Off J
Assoc Coloproctology G B Irel. 2010;12(10):1018-25.

Myers C, Mutafyan G, Petersen R, Pryor A, Reynolds J, Demaria E. Real-time
probe measurement of tissue oxygenation during gastrointestinal stapling:
Mucosal ischemia occurs and is not influenced by staple height. Surg Endosc.
2009;23(10):2345-50.

Servais EL, Rizk NP, Oliveira L, Rusch VW, Bikson M, Adusumilli PS. Real-time
intraoperative detection of tissue hypoxia in gastrointestinal surgery by wireless
pulse oximetry. Surg Endosc. 2011;25(5):1383-9.

Bellomi M, Petralia G, Sonzogni A, Zampino MG, Rocca A. CT perfusion for the
monitoring of neoadjuvant chemotherapy and radiation therapy in rectal
carcinoma: Initial experience. Radiology. 2007 Aug;244(2):486—-93.

Hu MH, Huang RK, Zhao RS, Yang KL, Wang H. Does neoadjuvant therapy
increase the incidence of anastomotic leakage after anterior resection for mid and
low rectal cancer? A systematic review and meta-analysis. Colorectal Dis. 2017
Jan 1;19(1):16-26.

Choy PYG, Bissett IP, Docherty JG, Parry BR, Merrie A, Fitzgerald A. Stapled
versus handsewn methods for ileocolic anastomoses. Cochrane Database Syst
Rev. 2011;

Matos D, Atallah AN, Castro AA, Silva Lustosa SA. Stapled versus handsewn
methods for colorectal anastomosis surgery. In: The Cochrane Collaboration,

159



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

editor. The Cochrane Database of Systematic Reviews [Internet]. Chichester, UK:
John Wiley & Sons, Ltd; 2001 [cited 2024 Jan 9]. p. CD003144. Available from:
https://doi.wiley.com/10.1002/14651858.CD003144

MacRae HM, McLeod RS. Handsewn vs. stapled anastomoses in colon and rectal
surgery: A meta- analysis. Dis Colon Rectum. 1998;

... FD de la SR de M de M, 1825 undefined. Nouveau Procede Pour La Guerison
Des Plaies Des Intestines.

Kaidar-Person O, Rosenthal RJ, Wexner SD, Szomstein S, Person B.
Compression anastomosis: history and clinical considerations. Am J Surg. 2008
Jun;195(6):818-26.

Waullstein C, Gross E. Compression anastomosis (AKA-2) in colorectal surgery:
Results in 442 consecutive patients. Br J Surg. 2000;87(8):1071-5.

Kim SH, Choi HJ, Park KJ, Kim JM, Kim KH, Kim MC, et al. Sutureless intestinal
anastomosis with the biofragmentable anastomosis ring: Experience of 632
anastomoses in a single institute. Dis Colon Rectum. 2005 Nov;48(11):2127-32.

Bobkiewicz A, Studniarek A, Krokowicz L, Szmyt K, Borejsza-Wysocki M, Szmeja
J, et al. Gastrointestinal tract anastomoses with the biofragmentable anastomosis
ring: is it still a valid technique for bowel anastomosis? Analysis of 203 cases and
review of the literature. Int J Colorectal Dis. 2017 Jan 1;32(1):107-11.

D’Hoore A, Albert MR, Cohen SM, Herbst F, Matter |, Van Der Speeten K, et al.
COMPRES: A prospective postmarketing evaluation of the compression
anastomosis ring CAR 27™/ColonRing™. Colorectal Dis. 2015 Jun 1;17(6):522—
9.

Portillo G, Franklin ME. Clinical results using bioabsorbable staple-line
reinforcement for circular stapler in colorectal surgery: a multicenter study. J
Laparoendosc Adv Surg Tech A. 2010 May;20(4):323—7.

Placer C, Enriquez-Navascués JM, Elorza G, Timoteo A, Mugica JA, Borda N, et
al. Preventing complications in colorectal anastomosis: Results of a randomized
controlled trial using bioabsorbable staple line reinforcement for circular stapler.
Dis Colon Rectum. 2014;57(10):1195-201.

Senagore A, Lane FR, Lee E, Wexner S, Dujovny N, Sklow B, et al.
Bioabsorbable staple line reinforcement in restorative proctectomy and anterior
resection: A randomized study. Dis Colon Rectum. 2014;57(3):324-30.

Ravo B, Reggio D, Frattaroli FM. Insertion of the coloshield through a colotomy
after completion of a colonic anastomosis. Int J Colorectal Dis. 1991 Mar;6(1):46—
8.

Morks AN, Havenga K, Ploeg RJ. Can intraluminal devices prevent or reduce
colorectal anastomotic leakage: A review. World J Gastroenterol.
2011;17(40):4461-9.

Bakker IS, Morks AN, Hoedemaker HOTC, Burgerhof JGM, Leuvenink HG, Ploeg
RJ, et al. The C-seal trial: colorectal anastomosis protected by a biodegradable
drain fixed to the anastomosis by a circular stapler, a multi-center randomized
controlled trial. BMC Surg. 2012;12:23.

160



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Bakker IS, Morks AN, ten Cate Hoedemaker HO, Burgerhof JGM, Leuvenink HG,
van Praagh JB, et al. Randomized clinical trial of biodegradeable intraluminal
sheath to prevent anastomotic leak after stapled colorectal anastomosis. Br J
Surg. 2017 Jul 1;104(8):1010-9.

Reshef A, Ben-Arie G, Pinsk |. Protection of colorectal anastomosis with an
intraluminal bypass device for patients undergoing an elective anterior resection:
a pilot study. Tech Coloproctology. 2019;

D’Urso A, Komen N, Lefevre JH. Intraluminal flexible sheath for the protection of
low anastomosis after anterior resection: results from a First-In-Human trial on 15
patients. Surg Endosc [Internet]. 2019 [cited 2020 Sep 28]; Available from:
https://pubmed.ncbi.nim.nih.gov/31802217/

Mohan HM, Winter DC. Autobuttressing of colorectal anastomoses using a
mesenteric flap. Updat Surg. 2013 Dec;65(4):333-5.

Pisarska M, Gajewska N, Matczak P, Wysocki M, Witowski J, Torbicz G, et al.
Defunctioning ileostomy reduces leakage rate in rectal cancer surgery -
systematic review and meta-analysis. Oncotarget. 2018 Apr 17;9(29):20816-25.

Munshi E, Lydrup ML, Buchwald P. Defunctioning stoma in anterior resection for
rectal cancer does not impact anastomotic leakage: a national population-based
cohort study. BMC Surg. 2023 Jun 20;23(1):167.

Gu W long, Wu S wen. Meta-analysis of defunctioning stoma in low anterior
resection with total mesorectal excision for rectal cancer: evidence based on
thirteen studies. World J Surg Oncol. 2015 Jan 24;13(1):9.

Degiuli M, Elmore U, De Luca R, De Nardi P, Tomatis M, Biondi A, et al. Risk
factors for anastomotic leakage after anterior resection for rectal cancer (RALAR
study): A nationwide retrospective study of the Italian Society of Surgical
Oncology Colorectal Cancer Network Collaborative Group. Colorectal Dis.
2022;24(3):264-76.

Zhao WT, Li NN, He D, Feng JY. Transanal Tube for the Prevention of
Anastomotic Leakage After Rectal Cancer Surgery: A Systematic Review and
Meta-analysis. World J Surg. 2017 Jan;41(1):267-76.

Vakalopoulos KA, Daams F, Wu Z, Timmermans L, Jeekel JJ, Kleinrensink GJ, et
al. Tissue adhesives in gastrointestinal anastomosis: A systematic review. J Surg
Res. 2013 Apr;180(2):290-300.

Trotter J, Onos L, McNaught C, Peter M, Gatt M, Maude K, et al. The use of a
novel adhesive tissue patch as an aid to anastomotic healing. Ann R Coll Surg
Engl. 2018 Mar 1;100(3):230-4.

Marx RE, Carlson ER, Eichstaedt RM, Schimmele SR, Strauss JE, Georgeff KR.
Platelet-rich plasma: Growth factor enhancement for bone grafts. Oral Surg Oral
Med Oral Pathol Oral Radiol Endod. 1998 Jun;85(6):638—46.

Steenvoorde P, van Doorn LP, Naves C, Oskam J. Use of autologous platelet-rich
fibrin on hard-to-heal wounds. J Wound Care. 2008 Feb;17(2):60-3.

161



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Dohan Ehrenfest DM, Rasmusson L, Albrektsson T. Classification of platelet
concentrates: from pure platelet-rich plasma (P-PRP) to leucocyte- and platelet-
rich fibrin (L-PRF). Trends Biotechnol. 2009 Mar;27(3):158—67.

Lourenco ES, Mourado CF de AB, Leite PEC, Granjeiro JM, Calasans-Maia MD,
Alves GG. The in vitro release of cytokines and growth factors from fibrin
membranes produced through horizontal centrifugation. J Biomed Mater Res A.
2018 May;106(5):1373-80.

Su CY, Kuo YP, Tseng YH, Su CH, Burnouf T. In vitro release of growth factors
from platelet-rich fibrin (PRF): a proposal to optimize the clinical applications of
PRF. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 2009 Jul;108(1):56—61.

Saltzman BM, Jain A, Campbell KA, Mascarenhas R, Romeo AA, Verma NN, et
al. Does the Use of Platelet-Rich Plasma at the Time of Surgery Improve Clinical
Outcomes in Arthroscopic Rotator Cuff Repair When Compared With Control
Cohorts? A Systematic Review of Meta-analyses. Arthrosc J Arthrosc Relat Surg
Off Publ Arthrosc Assoc N Am Int Arthrosc Assoc. 2016 May;32(5):906—18.

Yol S, Tekin A, Yilmaz H, Kigtikkartallar T, Esen H, Caglayan O, et al. Effects of
platelet rich plasma on colonic anastomosis. J Surg Res. 2008 May
15;146(2):190—-4.

Yamaguchi R, Terashima H, Yoneyama S, Tadano S, Ohkohchi N. Effects of
platelet-rich plasma on intestinal anastomotic healing in rats: PRP concentration
is a key factor. J Surg Res. 2012 Apr;173(2):258—66.

Giusto G, Vercelli C, lussich S, Tursi M, Perona G, Gandini M. Comparison of the
effects of platelet-rich or growth factor-rich plasma on intestinal anastomosis
healing in pigs. BMC Vet Res. 2017 Jun 19;13(1):188.

Uppal A, Pigazzi A. New Technologies to Prevent Anastomotic Leak. Clin Colon
Rectal Surg. 2021 Nov 23;34(6):379-84.

Vuocolo T, Haddad R, Edwards GA, Lyons RE, Liyou NE, Werkmeister JA, et al.
A highly elastic and adhesive gelatin tissue sealant for gastrointestinal surgery
and colon anastomosis. J Gastrointest Surg Off J Soc Surg Aliment Tract. 2012
Apr;16(4):744-52.

Hoeppner J, Wassmuth B, Marjanovic G, Timme S, Hopt UT, Keck T.
Anastomotic sealing by extracellular matrices (ECM) improves healing of colonic
anastomoses in the critical early phase. J Gastrointest Surg Off J Soc Surg
Aliment Tract. 2010 Jun;14(6):977-86.

Shikora SA, Mahoney CB. Clinical Benefit of Gastric Staple Line Reinforcement
(SLR) in Gastrointestinal Surgery: a Meta-analysis. Obes Surg. 2015 Jul
10;25(7):1133—41.

Efficacy and Safety of LifeSeal™ Kit for Colorectal Staple Line Sealing - Full Text
View - ClinicalTrials.gov [Internet]. [cited 2020 Sep 27]. Available from:
https://clinicaltrials.gov/ct2/show/NCT02907385

Shibutani M, Fukuoka T, Iseki Y, Kasashima H, Maeda K. Efficacy of the
polyglycolic acid sheet for preventing anastomotic leakage in double-stapling

162



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

technique anastomosis for left-sided colon or rectal cancer surgery: a propensity
score-matched study. BMC Surg. 2023 May 17;23(1):135.

Wildeboer ACL, van Helsdingen CPM, Gallé CG, de Vries RBM, Derikx JPM,
Bouvy ND. Enhancing intestinal anastomotic healing using butyrate: Systematic
review and meta-analysis of experimental animal studies. PloS One.
2023;18(6):e0286716.

Hao XY, Yang KH, Guo TK, Ma B, Tian JH, Li HL. Omentoplasty in the prevention
of anastomotic leakage after colorectal resection: A meta-analysis. Int J
Colorectal Dis. 2008;23(12):1159-65.

Tocchi A, Mazzoni G, Lepre L, Costa G, Liotta G, Agostini N, et al. Prospective
evaluation of omentoplasty in preventing leakage of colorectal anastomosis. Dis
Colon Rectum. 2000;43(7):951-5.

Merad F, Hay JM, Fingerhut A, Flamant Y, Molkhou JM, Laborde Y. Omentoplasty
in the prevention of anastomotic leakage after colonic or rectal resection: A
prospective randomized study in 712 patients. Ann Surg. 1998;

ShiJ, Wu Z, Li Z, Ji J. Roles of Macrophage Subtypes in Bowel Anastomotic
Healing and Anastomotic Leakage. 2018 [cited 2020 Feb 3]; Available from:
https://doi.org/10.1155/2018/6827237

Bateman ME, Strong AL, Gimble JM, Bunnell BA. Concise Review: Using Fat to
Fight Disease: A Systematic Review of Nonhomologous Adipose-Derived
Stromal/Stem Cell Therapies. STEM CELLS. 2018;36(9):1311-28.

Becker AJ, McCulloch EA, Till JE. Cytological demonstration of the clonal nature
of spleen colonies derived from transplanted mouse marrow cells. Nature.
1963;197(4866):452—4.

Gimble JM, Katz AJ, Bunnell BA. Adipose-Derived Stem Cells for Regenerative
Medicine. 2007 [cited 2019 Sep 11]; Available from: http://circres.ahajournals.org/

Dominici M, Le Blanc K, Mueller |, Slaper-Cortenbach |, Marini F, Krause D, et al.
Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy.
2006;8(4):315-7.

Zuk P, Zhu M, Mizuno H, Huang J, Furtell JW, Katz AJ, et al. Multilineage cells
from human adipose tissue: implications for cell-based therapies. Tissue Eng.
2004;7(2):211-28.

Mizushima T, Takahashi H, Takeyama H, Naito A, Haraguchi N, Uemura M, et al.
A clinical trial of autologous adipose-derived regenerative cell transplantation for a
postoperative enterocutaneous fistula. Surg Today. 2016;46(7):835—42.

Nicolay NH, Liang Y, Perez RL, Bostel T, Trinh T, Sisombath S, et al.
Mesenchymal stem cells are resistant to carbon ion radiotherapy. Oncotarget.
2015;6(4):2076-87.

FILOMENO PA, KIM KYUNGPHIL, YOON NARA, RASHEDI IRAN, DAYAN V,
KANDEL RA, et al. Human mesenchymal stromal cells do not promote recurrence
of soft tissue sarcomas in mouse xenografts after radiation and surgery.
Cytotherapy. 2018 Aug 1;20(8):1001-12.

163



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Klopp AH, Gupta A, Spaeth E, Andreeff M, Marini F. Concise review: Dissecting a
discrepancy in the literature: Do mesenchymal stem cells support or suppress
tumor growth? Stem Cells. 2011 Jan;29(1):11-9.

Driskell RR, Jahoda CAB, Chuong CM, Watt FM, Horsley V. Defining dermal
adipose tissue. Exp Dermatol. 2014 Sep 1;23(9):629-31.

Daher SR, Johnstone BH, Phinney DG, March KL. Adipose Stromal/Stem Cells:
Basic and Translational Advances: The IFATS Collection. STEM CELLS. 2008
Oct 1;26(10):2664-5.

Bosmans JWAM, Moossdorff M, Al-Taher M, van Beek L, Derikx JPM, Bouvy ND.
International consensus statement regarding the use of animal models for
research on anastomoses in the lower gastrointestinal tract. Int J Colorectal Dis.
2016 May;31(5):1021-30.

Bora P, Majumdar AS. Adipose tissue-derived stromal vascular fraction in
regenerative medicine: A brief review on biology and translation. Stem Cell Res
Ther [Internet]. 2017 Jun 15 [cited 2020 Sep 29];8(1). Available from:
https://pubmed.ncbi.nim.nih.gov/28619097/

Locke M, Windsor J, Dunbar PR. Human adipose-derived stem cells: Isolation,
characterization and applications in surgery. ANZ J Surg. 2009 Apr 1;79(4):235—
44.

Bunnell BA, Flaat M, Gagliardi C, Patel B, Ripoll C. Adipose-derived stem cells:
Isolation, expansion and differentiation. Methods. 2008 Jun;45(2):115-20.

YOHO RA, ROMAINE JJ, O’NEIL D. Review of the Liposuction, Abdominoplasty,
and Face-Lift Mortality and Morbidity Risk Literature. Dermatol Surg. 2005
Jul;31(7):733—-43.

Halk AB, Habbema L, Genders RE, Hanke CW. Safety Studies in the Field of
Liposuction: A Systematic Review. Dermatol Surg. 2019 Feb 1;45(2):171-82.

Cardenas-Camarena L, Gerardo LPA, Duran H, Bayter-Marin JE. Strategies for
reducing fatal complications in liposuction. Plast Reconstr Surg - Glob Open.
2017;5(10).

Grazer FM, De Jong RH. Fatal outcomes from liposuction: Census survey of
cosmetic surgeons. Plast Reconstr Surg. 2000;105(1):436—46.

Bahamondes F, Flores E, Cattaneo G, Bruna F, Conget P. Omental adipose
tissue is a more suitable source of canine Mesenchymal stem cells. BMC Vet
Res. 2017 Dec 8;13(1):166.

Wilkosz S, Ireland G, Khwaja N, Walker M, Butt R, De Giorgio-Miller A, et al. A
comparative study of the structure of human and murine greater omentum. Anat
Embryol (Berl). 2005 Feb 21;209(3):251-61.

Shah S, Lowery E, Braun RK, Martin A, Huang N, Medina M, et al. Cellular basis
of tissue regeneration by omentum. PLoS ONE. 2012 Jun 6;7(6):38368.

Di Nicola V. Omentum a powerful biological source in regenerative surgery.
Regen Ther. 2019 Dec 1;11:182-91.

164



222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Dogan SM, Kiling S, Kebapgci E, Tugmen C, Girkan A, Baran M, et al.
Mesenchymal stem cell therapy in patients with small bowel transplantation:
Single center experience. World J Gastroenterol. 2014;20(25):8215-20.

Bruce J, Krukowski ZH, Al-Khairy G, Russell EM, Park KGM. Systematic review of
the definition and measurement of anastomotic leak after gastrointestinal surgery.
Br J Surg. 2001 Sep;88(9):1157-68.

Bosmans JWAM, Jongen ACHM, Bouvy ND, Derikx JPM. Colorectal anastomotic
healing: Why the biological processes that lead to anastomotic leakage should be
revealed prior to conducting intervention studies. BMC Gastroenterol. 2015;15(1).

Systematic review of experimental studies on intestinal anastomosis - Yauw -
2015 - BJS (British Journal of Surgery) - Wiley Online Library.

Percie Du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The
ARRIVE guidelines 2019: updated guidelines for reporting animal research. [cited
2020 Feb 3]; Available from: http://dx.doi.org/10.1101/703181

New ARRIVE guidelines 2.0 released | ARRIVE guidelines [Internet]. [cited 2020
Sep 29]. Available from: https://arriveguidelines.org/news/new-arrive-guidelines

Moher D, Liberati A, Tetzlaff J, Altman DG, Altman D, Antes G, et al. Preferred
reporting items for systematic reviews and meta-analyses: The PRISMA
statement. PLoS Med. 2009 Jul;6(7).

Bosmans JWAM, Moossdorff M, Al-Taher M, van Beek L, Derikx JPM, Bouvy ND.
International consensus statement regarding the use of animal models for
research on anastomoses in the lower gastrointestinal tract. Int J Colorectal Dis.
2016 May;31(5):1021-30.

Popay J, Roberts H, Petticrew M, Roen K, Duffy S. Guidance on the conduct of
narrative synthesis in systematic reviews. Prod ESRC Methods Programme. 1:92.

Sukho P, Boersema SA, Cohen A, Kops N, Lange JF, Kirpensteijn J, et al. Effects
of adipose stem cell sheets on colon anastomotic leakage in an experimental
model: Proof of principle. 2017 [cited 2020 Jan 15]; Available from:
http://dx.doi.org/10.1016/j.biomaterials.2017.06.011

Xue X, YanY,MaY, Yuan, Li C, Lang X, et al. Stem-Cell Therapy for
Esophageal Anastomotic Leakage by Autografting Stromal Cells in Fibrin
Scaffold. Stem Cells Transl Med. 2019 Jun 27;8(6):548-56.

Hara T, Soyama A, Adachi T, Kobayashi S, Sakai Y, Maruya Y, et al. Ameliorated
healing of biliary anastomosis by autologous adipose-derived stem cell sheets.
Regen Ther. 2020 Jun 1;14:79-86.

Maruya Y, Kanai N, Kobayashi S, Koshino K, Okano T, Eguchi S, et al.
Autologous adipose-derived stem cell sheets enhance the strength of intestinal
anastomosis. 2017 [cited 2020 Jan 15]; Available from:
http://dx.doi.org/10.1016/j.reth.2017.06.004

Pascual |, de Miguel GF, Gémez-Pinedo UA, de Miguel F, Arranz MG, Garcia-

Olmo D. Adipose-derived mesenchymal stem cells in biosutures do not improve
healing of experimental colonic anastomoses. Br J Surg. 2008 Sep;95(9):1180-4.

165



236. Yoo JH, Shin JH, An MS, Ha TK, Kim KH, Bae KB, et al. Adipose-tissue-derived
stem cells enhance the healing of ischemic colonic anastomoses: An
experimental study in rats. J Korean Soc Coloproctology. 2012 Jun;28(3):132-9.

237. Van de putte D, Demarquay C, Van Daele E, Moussa L, Vanhove C, Benderitter
M, et al. Adipose-Derived Mesenchymal Stromal Cells Improve the Healing of
Colonic Anastomoses Following High Dose of Irradiation Through Anti-
Inflammatory and Angiogenic Processes. Cell Transplant. 2017 Dec
1;26(12):1919-30.

238. Sukho P, Boersema GSA, Cohen A, Kops N, Lange JF, Kirpensteijn J, et al.
Effects of adipose stem cell sheets on colon anastomotic leakage in an
experimental model: Proof of principle. Biomaterials. 2017 Sep 1;140:69-78.

239. Adas G, Kemik O, Eryasar B, Okcu A, Adas M, Arikan S, et al. Treatment of
ischemic colonic anastomoses with systemic transplanted bone marrow derived
mesenchymal stem cells.

240. Adas G, Arikan S, Karatepe O, Kemik O, Ayhan S, Karaoz E, et al. Mesenchymal
stem cells improve the healing of ischemic colonic anastomoses (experimental
study).

241. Komiyama S, Sakakura C, Murayama Y, Komatsu S, Shiozaki A, Kuriu Y, et al.
Adipose-derived stem cells enhance tissue regeneration of gastrotomy closure. J
Surg Res. 2013;185(2):945-52.

242. Komiyama S, Sakakura C, Murayama Y, Komatsu S, Shiozaki A, Kuriu Y, et al.
Adipose-derived stem cells enhance tissue regeneration of gastrotomy closure.
2013 [cited 2020 Jan 15]; Available from:
http://dx.doi.org/10.1016/j.jss.2013.05.017

243. Zhang Y, Sharma A, Joo DJ, Nelson E, AbuRmilah A, Amiot BP, et al. Autologous
Adipose Tissue—Derived Mesenchymal Stem Cells Introduced by Biliary Stents or
Local Immersion in Porcine Bile Duct Anastomoses. Liver Transpl. 2020 Jan
26;26(1):100-12.

244. Han Yoo J, Ho Shin J, Sung An M, Kwun Ha T, Hee Kim K, Beom Bae K, et al.
Adipose-tissue-derived Stem Cells Enhance the Healing of Ischemic Colonic
Anastomoses: An Experimental Study in Rats. J Korean Soc Coloproctol.
2012;28(3):132-9.

245. Alvarenga V, Silva PT da, Bonfa ND, Pégo B, Nanini H, Bernardazzi C, et al.
Protective effect of adipose tissue—derived mesenchymal stromal cells in an
experimental model of high-risk colonic anastomosis. Surg U S. 2019 Nov
1;166(5):914-25.

246. Yoo JH, Shin JH, An MS, Ha TK, Kim KH, Bae KB, et al. Adipose-tissue-derived
stem cells enhance the healing of ischemic colonic anastomoses: An
experimental study in rats. J Korean Soc Coloproctology. 2012 Jun;28(3):132-9.

247. Suto T, Watanabe M, Endo T, Komori K, Ohue M, Kanemitsu Y, et al. The
Primary Result of Prospective Randomized Multicenter Trial of New Spray-Type
Bio-absorbable Adhesion Barrier System (TCD-11091) Against Postoperative
Adhesion Formation. J Gastrointest Surg. 2017 Oct 1;21(10):1683-91.

166



248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Garc&iacute;a-Olmo D, Lucas FJ, Paya J. Relationship between Peritoneal
Adhesion Phenomena and the Experimental Resistance of Colonic Anastomoses:
Influence of Omentoplasty. Eur Surg Res. 1996 Jan 1;28(4):315-22.

Verco SJ, Peers EM, Brown CB, Rodgers KE, Roda N, diZerega G. Development
of a novel glucose polymer solution (icodextrin) for adhesion prevention: pre-
clinical studies. Hum Reprod Oxf Engl. 2000 Aug;15(8):1764-72.

van Der Ham AC, Kort WJ, Weijma IM, Van Ingh HFGMD, Jeekel J. Effect of fibrin
sealant on the healing colonic anastomosis in the rat. Br J Surg. 1991
Jan;78(1):49-53.

Kingham TP, Pachter HL. Colonic Anastomotic Leak: Risk Factors, Diagnosis,
and Treatment. J Am Coll Surg. 2009 Feb;208(2):269-78.

Halliday LJ, Doran SLF, Sgromo B, Viswanath YKS, Tucker O, Patel B, et al.
Variation in esophageal anastomosis technique—the role of collaborative
learning. Dis Esophagus. 2020 May 15;33(5).

Bruce J, Krukowski ZH, Al-Khairy G, Russell EM, Park KGM. Systematic review of
the definition and measurement of anastomotic leak after gastrointestinal surgery.
Br J Surg. 2001 Sep 1;88(9):1157-68.

Kamarajah SK, Lin A, Tharmaraja T, Bharwada Y, Bundred JR, Nepogodiev D, et
al. Risk factors and outcomes associated with anastomotic leaks following
esophagectomy: A systematic review and meta-analysis. Dis Esophagus. 2020
Mar 16;33(3).

Whistance RN, Forsythe RO, Mcnair AGK, Brookes ST, Avery KNL, Pullyblank
AM, et al. A systematic review of outcome reporting in colorectal cancer surgery.
Colorectal Dis. 2013 Oct;15(10).

Naumann DN, Bhangu A, Kelly M, Bowley DM. Stapled versus handsewn
intestinal anastomosis in emergency laparotomy: A systemic review and meta-
analysis. Surg U S. 2015 Apr 1;157(4):609-18.

EAGLE — Globalsurg [Internet]. [cited 2020 May 10]. Available from:
https://globalsurg.org/projects/clinical-trials/eagle/

Bundred JR, Kamarajah SK, Siaw-Acheampong K, Nepogodiev D, Jefferies B,
Singh P, et al. International Variation in Surgical Practices in Units Performing
Oesophagectomy for Oesophageal Cancer: A Unit Survey from the Oesophago-
Gastric Anastomosis Audit (OGAA). World J Surg. 2019 Nov 1;43(11):2874—-84.

Avery KNL, Chalmers KA, Brookes ST, Blencowe NS, Coulman K, Whale K, et al.
Development of a Core Outcome Set for Clinical Effectiveness Trials in
Esophageal Cancer Resection Surgery. Ann Surg. 2018 Apr 1;267(4):700-10.

Ho YH, Ashour MAT. Techniques for colorectal anastomosis. World J
Gastroenterol. 2010;16(13):1610-21.

Lee E, D M, Ujovny A. Bioabsorbable Staple Line Reinforcement in Restorative
Proctectomy and Anterior Resection: A Randomized Study. Dis Colon Rectum.
2014;57(3):324-30.

Lifebond. Lifebond. 2015. LIFESEAL™ SURGICAL SEALANT.

167



263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

Stam MAW, Mulder CLJ, Consten ECJ, Tuynman JB, Buskens CJ, Bemelman
WA. Sylys® surgical sealant: a safe adjunct to standard bowel anastomosis
closure. Ann Surg Innov Res. 2014;8(1):6.

Cueto J, Barrientos T, Rodriguez E, Espinosa L, Palma J, Cojab J, et al. Further
experimental studies on a biodegradable adhesive for protection of colorectal
anastomosis. Arch Med Res. 2014;45(4):331-6.

Vakalopoulos KA, Wu Z, Kroese LF, van der Horst PH, Lam KH, Dodou D, et al.
Clinical, mechanical, and immunohistopathological effects of tissue adhesives on
the colon: An in-vivo study. J Biomed Mater Res - Part B Appl Biomater. 2016;1—
9.

Van Der Vijver RJ, Van Laarhoven CJHM, De Man BM, Lomme RMLM, Hendriks
T. The effect of fibrin glue on the early healing phase of intestinal anastomoses in
the rat. Int J Colorectal Dis. 2012;27(8):1101-7.

Ferreira GS, Veening-Griffioen DH, Boon WPC, Moors EHM, De Wied CCG,
Schellekens H, et al. A standardised framework to identify optimal animal models
for efficacy assessment in drug development. PLoS ONE. 2019 Jun 1;14(6).

Verwer C. Standardization and the 3Rconcept in Animal Testing: Effects and
Benefits of Refinement in Two Test Protocols. 2011. 188 p.

Mak IWY, Evaniew N, Ghert M. Lost in translation: Animal models and clinical
trials in cancer treatment. Am J Transl Res. 2014;6(2):114-8.

Anastomosis Leakage - an overview | ScienceDirect Topics [Internet]. [cited 2020
May 10]. Available from: https://www.sciencedirect.com/topics/medicine-and-
dentistry/anastomosis-leakage

Parnell LKS, Volk SW. The Evolution of Animal Models in Wound Healing
Research: 1993-2017. Adv Wound Care. 2019 Dec 1;8(12):692—702.

Hirst NA, Tiernan JP, Miliner PA, Jayne DG. Systematic review of methods to
predict and detect anastomotic leakage in colorectal surgery. Colorectal Dis. 2014
Feb;16(2):95-109.

Zogovic S, Gaarden M, Mortensen FV. Early diagnosis of colonic anastomotic
leak with peritoneal endoscopy. J Soc Laparoendosc Surg. 2015 Jul 1;19(3).

Wathen CA, Foje N, van Avermaete T, Miramontes B, Chapaman SE, Sasser TA,
et al. In vivo X-ray computed tomographic imaging of soft tissue with native,
intravenous, or oral contrast. Sens Switz. 2013;13(6):6957-80.

Bosmans JWAM, Jongen ACHM, Bouvy ND, Derikx JPM. Colorectal anastomotic
healing: Why the biological processes that lead to anastomotic leakage should be
revealed prior to conducting intervention studies. BMC Gastroenterol. 2015 Dec
21;15(1):180.

Coccolini F, Ansaloni L, Manfredi R, Campanati L, Poiasina E, Bertoli P, et al.

Peritoneal adhesion index (PAl): Proposal of a score for the ‘ ignored iceberg’ of
medicine and surgery. World J Emerg Surg. 2013 Jan 31;8(1):6.

168



277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

Sulaiman H, Gabella G, Davis C, Mutsaers SE, Boulos P, Laurent GJ, et al.
Presence and distribution of sensory nerve fibers in human peritoneal adhesions.
Ann Surg. 2001;234(2):256-61.

Sami DG, Heiba HH, Abdellatif A. Wound healing models: A systematic review of
animal and non-animal models. Wound Med. 2019 Mar 1;24(1):8-17.

Prockop DJ, Udenfriend S. A specific method for the analysis of hydroxyproline in
tissues and urine. Anal Biochem. 1960;1(3):228-39.

Rodbell M, Jones AB. Metabolism of isolated fat cells. 3. The similar inhibitory
action of phospholipase C (Clostridium perfringens alpha toxin) and of insulin on
lipolysis stimulated by lipolytic hormones and theophylline. J Biol Chem. 1966 Jan
10;241(1):140-2.

Chen YJ, Liu HY, Chang YT, Cheng YH, Mersmann HJ, Kuo WH, et al. Isolation
and differentiation of adipose-derived stem cells from porcine subcutaneous
adipose tissues. J Vis Exp [Internet]. 2016 Mar 31 [cited 2020 Oct 27];2016(109).
Available from: https://pubmed.ncbi.nlm.nih.gov/27077225/

Bourin P, Bunnell BA, Casteilla L, Dominici M, Katz AJ, March KL, et al. Stromal
cells from the adipose tissue-derived stromal vascular fraction and culture
expanded adipose tissue-derived stromal/stem cells: A joint statement of the
International Federation for Adipose Therapeutics and Science (IFATS) and the
International Society for Cellular Therapy (ISCT). Cytotherapy. 2013
Jun;15(6):641-8.

Mildmay-White A, Khan W. Cell Surface Markers on Adipose-Derived Stem Cells:
A Systematic Review. Curr Stem Cell Res Ther [Internet]. 2017 Sep 26 [cited
2020 Oct 27];12(6). Available from: https://pubmed.ncbi.nim.nih.gov/27133085/

Gimble JM, Bunnell BA, Frazier T, Rowan B, Shah F, Thomas-Porch C, et al.
Adipose-derived stromal/stem cells: A primer. Organogenesis. 2013;9(1):3—10.

Hassan WU, Greiser U, Wang W. Role of adipose-derived stem cells in wound
healing. Wound Repair Regen. 2014;22(3):313-25.

Marcus HJ, Bennett A, Chari A, Day T, Hirst A, Hughes-Hallett A, et al. IDEAL-D
Framework for Device Innovation: A Consensus Statement on the Preclinical
Stage. Ann Surg. 2022 Jan;275(1):73.

The use of mesenchymal stem cells in animal models for gastrointestinal
anastomotic leak: A systematic review - Burke - 2021 - Colorectal Disease - Wiley
Online Library [Internet]. [cited 2022 Aug 30]. Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1111/codi.15864

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. The ARRIVE
Guidelines Animal Research: Reporting of In Vivo Experiments. [cited 2020 Feb
3]; Available from: www.nc3rs.org.uk/ARRIVE

Pommergaard HC, Achiam MP, Rosenberg J. Colon anastomotic leakage:
Improving the mouse model. Surg Today. 2014;44(5):933-9.

Pommergaard HC, Rosenberg J, Schumacher-Petersen C, Achiam MP. Choosing
the Best Animal Species to Mimic Clinical Colon Anastomotic Leakage in

169



291.

2902.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

Humans: A Qualitative Systematic Review. Eur Surg Res. 2011 Oct;47(3):173—
81.

Bryant CD. The blessings and curses of C57BL/6 substrains in mouse genetic
studies. Ann N'Y Acad Sci. 2011;1245(1):31-3.

Wiggins T, Markar SR, Arya S, Hanna GB. Anastomotic reinforcement with
omentoplasty following gastrointestinal anastomosis: A systematic review and
meta-analysis. Surg Oncol. 2015 Sep;24(3):181-6.

Chaturvedi AA, Lomme RM, Hendriks T, van Goor H. Prevention of postsurgical
adhesions using an ultrapure alginate-based gel. Br J Surg. 2013;100(7):904-10.

Peister A, Mellad JA, Larson BL, Hall BM, Gibson LF, Prockop DJ. Adult stem
cells from bone marrow (MSCs) isolated from different strains of inbred mice vary
in surface epitopes, rates of proliferation, and differentiation potential. Blood. 2004
Mar 1;103(5):1662-8.

Phinney DG, Kopen G, Isaacson RL, Prockop DJ. Plastic adherent stromal cells
from the bone marrow of commonly used strains of inbred mice: variations in
yield, growth, and differentiation. J Cell Biochem. 1999 Mar 15;72(4):570-85.

Sahputra R, Dejyong K, Woolf AS, Mack M, Allen JE, Riickerl D, et al. Monocyte-
derived peritoneal macrophages protect C57BL/6 mice against surgery-induced
adhesions. Front Immunol. 2022;13:1000491.

Kang SG, Shinojima N, Hossain A, Gumin J, Yong RL, Colman H, et al. Isolation
and Perivascular Localization of Mesenchymal Stem Cells From Mouse Brain.
Neurosurgery. 2010 Sep;67(3):711-20.

Kim SJ, Kim JS, Papadopoulos J, Wook Kim S, Maya M, Zhang F, et al.
Circulating Monocytes Expressing CD31. Am J Pathol. 2009 May;174(5):1972—
80.

Prevo R, Baneriji S, Ferguson DJP, Clasper S, Jackson DG. Mouse LYVE-1 Is an
Endocytic Receptor for Hyaluronan in Lymphatic Endothelium*. J Biol Chem.
2001 Jun 1;276(22):19420-30.

Grant D, Wanner N, Frimel M, Erzurum S, Asosingh K. Comprehensive
phenotyping of endothelial cells using flow cytometry 1: Murine. Cytometry A.
2021;99(3):251-6.

Zeng Y, LiB, Li T, Liu W, Ran C, Penson RT, et al. CD90low MSCs modulate
intratumoral immunity to confer antitumor activity in a mouse model of ovarian
cancer. Oncotarget. 2019 Jul 9;10(43):4479-91.

Wagner KD, Cherfils-Vicini J, Hosen N, Hohenstein P, Gilson E, Hastie ND, et al.
The Wilms’ tumour suppressor Wt1 is a major regulator of tumour angiogenesis
and progression. Nat Commun. 2014 Dec 16;5(1):5852.

Karki S, Surolia R, Hock TD, Guroji P, Zolak JS, Duggal R, et al. Wilms’ tumor 1

(Wt1) regulates pleural mesothelial cell plasticity and transition into myofibroblasts
in idiopathic pulmonary fibrosis. FASEB J. 2014 Mar;28(3):1122-31.

170



304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

Huang R, Wu D, Yuan Y, Li X, Holm R, Trope CG, et al. CD117 Expression in
Fibroblasts-Like Stromal Cells Indicates Unfavorable Clinical Outcomes in
Ovarian Carcinoma Patients. PLoS ONE. 2014 Nov 7;9(11):e112209.

Ward LSC, Sheriff L, Marshall JL, Manning JE, Brill A, Nash GB, et al. Podoplanin
regulates the migration of mesenchymal stromal cells and their interaction with
platelets. J Cell Sci. 2019 Feb 25;132(5):jcs222067.

Li H, Ghazanfari R, Zacharaki D, Ditzel N, Isern J, Ekblom M, et al. Low/Negative
Expression of PDGFR-a Identifies the Candidate Primary Mesenchymal Stromal
Cells in Adult Human Bone Marrow. Stem Cell Rep. 2014 Oct 30;3(6):965—74.

LuY, HanY, Zhou L, Shi G, Bai L, Wang K, et al. A comparative study of mouse
bone marrow mesenchymal stem cells isolated using three easy-to-perform
approaches. FEBS Open Bio. 2022 Oct 17;12(12):2154-65.

Ghaneialvar H, Soltani L, Rahmani HR, Lotfi AS, Soleimani M. Characterization
and Classification of Mesenchymal Stem Cells in Several Species Using Surface
Markers for Cell Therapy Purposes. Indian J Clin Biochem. 2018 Jan;33(1):46—
52.

Dauleh S, Santeramo |, Fielding C, Ward K, Herrmann A, Murray P, et al.
Characterisation of Cultured Mesothelial Cells Derived from the Murine Adult
Omentum. Hohenstein P, editor. PLOS ONE. 2016 Jul 12;11(7):e0158997.

Arshad Z, Karmen L, Choudhary R, Smith JA, Branford OA, Brindley DA, et al.
Cell assisted lipotransfer in breast augmentation and reconstruction: A systematic
review of safety, efficacy, use of patient reported outcomes and study quality.
Jpras Open. 2016 Aug 24;10:5-20.

A direct comparison of mouse and human intestinal development using epithelial
gene expression patterns - PMC [Internet]. [cited 2023 Oct 22]. Available from:
https://www.ncbi.nIm.nih.gov/pmc/articles/PMC6930976/

Mouse models for human intestinal microbiota research: a critical evaluation -
Google Search [Internet]. [cited 2023 Oct 22]. Available from:
https://www.google.com/search?q=Mouse+models+for+human+intestinal+microbi
otat+research%3A+a+critical+evaluation&og=Mouse+models+for+human+intestin
al+microbiota+research%3A+a+critical+evaluation&gs_lcrp=EgZjaHJvbWUyBggA
EEUYOdIBBzE4M2owajSoAgCwAgA&sourceid=chrome&ie=UTF-8

Measurements of rat and mouse gastrointestinal pH, fluid and lymphoid tissue,
and implications for in-vivo experiments | Journal of Pharmacy and Pharmacology
| Oxford Academic [Internet]. [cited 2023 Oct 22]. Available from:
https://academic.oup.com/jpp/article/60/1/63/6141788

Gibbons DL, Spencer J. Mouse and human intestinal immunity: same ballpark,
different players; different rules, same score. Mucosal Immunol. 2011
Mar;4(2):148-57.

Wong R, Donno R, Leon-Valdivieso CY, Roostalu U, Derby B, Tirelli N, et al.

Angiogenesis and tissue formation driven by an arteriovenous loop in the mouse.
Sci Rep. 2019 Jul 19;9(1):10478.

171



316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

Roostalu U, Wong JK. Arterial smooth muscle dynamics in development and
repair. Dev Biol. 2018 Mar 15;435(2):109-21.

Abdelrahman T, Long J, Egan R, Lewis WG. Operative Experience vs.
Competence: A Curriculum Concordance and Learning Curve Analysis. J Surg
Educ. 2016;73(4):694-8.

Bartlett JD, Lawrence JE, Yan M, Guevel B, Stewart ME, Audenaert E, et al. The
learning curves of a validated virtual reality hip arthroscopy simulator. Arch Orthop
Trauma Surg. 2020 Jun 1;140(6):761.

De’Angelis N, Lizzi V, Azoulay D, Brunetti F. Robotic Versus Laparoscopic Right
Colectomy for Colon Cancer: Analysis of the Initial Simultaneous Learning Curve
of a Surgical Fellow. J Laparoendosc Adv Surg Tech A. 2016;26(11):882-92.

Gall TMH, Alrawashdeh W, Soomro N, White S, Jiao LR. Shortening surgical
training through robotics: randomized clinical trial of laparoscopic versus robotic
surgical learning curves. BJS Open. 2020;4(6):1100-8.

Limbs & Things [Internet]. [cited 2023 Sep 16]. Microvascular Anastomosis
Vessels (pack of 5). Available from:
https://limbsandthings.com/uk/products/60681/60681-microvascular-anastomosis-
vessels-pack-of-5

Snider AJ, Bialkowska AB, Ghaleb AM, Yang VW, Obeid LM, Hannun YA. Murine
Model for Colitis-Associated Cancer of the Colon. Methods Mol Biol Clifton NJ.
2016;1438:245-54.

Surface area assessment of the murine intestinal tract as a prerequisite for oral
dose translation from mouse to man - C Casteleyn, A Rekecki, A Van Der Aa, P
Simoens, W Van Den Broeck, 2010 [Internet]. [cited 2023 Sep 16]. Available from:
https://journals.sagepub.com/doi/10.1258/1a.2009.009112

Radad K, EI-Shazly M. Clinical and pathological assessment of different suture
techniques for microvascular anastomosis in rat femoral artery. J Vet Sci. 2007
Sep;8(3):269-73.

The microvascular anastomotic coupler for venous anastomoses in free flap
breast reconstruction improves outcomes - Fitzgerald O’Connor - Gland Surgery
[Internet]. [cited 2023 Oct 24]. Available from:
https://gs.amegroups.org/article/view/6544/html

Vidal-Lletjos S, Andriamihaja M, Blais A, Grauso M, Lepage P, Davila AM, et al.
Mucosal healing progression after acute colitis in mice. World J Gastroenterol.
2019 Jul 21;25(27):3572-89.

Komen N, van der Wal HC, Ditzel M, Kleinrensink GJ, Jeekel H, Lange JF.
Colorectal Anastomotic Leakage: A New Experimental Model. J Surg Res.
2009;155(1):7-12.

Pantelis D, Beissel A, Kahl P, Wehner S, Vilz TO, Kalff JC. The effect of sealing
with a fixed combination of collagen matrix-bound coagulation factors on the
healing of colonic anastomoses in experimental high-risk mice models.
Langenbecks Arch Surg. 2010;395(8):1039-48.

172



329.

330.

331.

332.

333.

334.

335.

336.

The 3Rs | NC3Rs [Internet]. [cited 2023 Jan 3]. Available from:
https://www.nc3rs.org.uk/who-we-are/3rs

Stevens MM, Qanadilo HF, Langer R, Shastri VP. A rapid-curing alginate gel
system: Utility in periosteum-derived cartilage tissue engineering. Biomaterials.
2004;25(5):887-94.

Langford DJ, Bailey AL, Chanda ML, Clarke SE, Drummond TE, Echols S, et al.
Coding of facial expressions of pain in the laboratory mouse. Nat Methods. 2010
Jun;7(6):447-9.

Jones B, Tullie L, De Coppi P. Thesis: Organoid-based regenerative medicine
technologies across regions and developmental stages of the gastrointestinal
tract (Unpublished). The Crick Institute, Univaersity College London;

Landis JR, Koch GG. The measurement of observer agreement for categorical
data. Biometrics. 1977 Mar;33(1):159-74.

Curran JM, Chen R, Hunt JA. Controlling the phenotype and function of
mesenchymal stem cells in vitro by adhesion to silane-modified clean glass
surfaces. Biomaterials. 2005 Dec;26(34):7057—67.

Greek R, Menache A. Systematic reviews of animal models: Methodology versus
epistemology. Int J Med Sci. 2013;10(3):206-21.

Litbarg NO, Gudehithlu KP, Sethupathi P, Arruda JAL, Singh AK. Activated

omentum becomes rich in factors that promote healing and tissue regeneration.
Cell Tissue Res. 2007 Apr 27;328(3):487-97.

173



9. Appendices

9.1 Appendix 1 | Defining a Mesenchymal Stem Cell Population

The following criteria as defined by Dominici et. al. were used to assess correct

definition of a human mesenchymal stem cell population (202):

1. Plastic Adherent in Standard Culture Conditions

2. Expression of CD105, CD73 and CD90

3. Lack expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-D.

4. Differentiate into osteoblasts, adipocytes and chondroblasts.

9.2 Appendix 2 | Raw Scores for compliance to ARRIVE 2.0 Guidelines
Checklist (227)

Paper Authors Reviewer 1 | Reviewer 2 Median Median
(/38) (/38) (%)

1 Xue et. al. (China) 16 17 16.5 434

2 Komiyama et. al. 19 19 19 50.0
(Japan)

3 Zhang et. al. 14 16 15 39.5
(USA)

4 Hara et. al. 18 20 19 50.0
(Japan)

5 Maruya et. al. 17 18 17.5 46.1
(Japan)

6 Pascual et. al. 17 17 17 447
(Spain)

7 Adas et. al. 23 24 23.5 61.8
(Turkey)

8 Yoo et. al. (Korea) 24 22 23 60.5

9 Adas et. al. 24 25 245 64.5
(Turkey)

10 Van De Putte et. 23 23 23 60.5
al. (Belgium)

11 Sukho et. al. 26 27 26.5 69.7
(Netherlands)

12 Alvarenga et. al. 24 25 245 64.5
(Brazil)
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9.3 Appendix 3 | Raw Scores for compliance of Lower Gastrointestinal Models

to International Consensus (210)

Paper Authors Reviewer 1 (/6) | Reviewer 2 (/6) Median

1 Xue et. al. n/a n/a n/a
(China)

2 Komiyama et. n/a n/a n/a
al. (Japan)

3 Zhang et. al. n/a n/a n/a
(USA)

4 Hara et. al. n/a n/a n/a
(Japan)

5 Maruya et. al. n/a n/a n/a
(Japan)

6 Pascual et. al. 4/6 4/6 4/6
(Spain)

7 Adas et. al. 6/6 6/6 6/6
(Turkey)

8 Yoo et. al. 6/6 6/6 6/6
(Korea)

9 Adas et. al. 5/6 5/6 5/6
(Turkey)

10 Van De Putte 5/6 5/6 5/6
et. al. (Belgium)

11 Sukho et. al. 5/6 5/6 5/6
(Netherlands)

12 Alvarenga et. 5/6 5/6 5/6
al. (Brazil)
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9.4 Appendix 4 — Protocol for the Harvest and Isolation of ODRCs from Mouse

Omentum

Preparation:

1)

2)
3)
4)
5)
6)
7)

8)

9)

10% Cell Media at room temperature [

- DMEM (440mls)

- FCS (50mls)

- L-glutamine (5mis)

- Penicillin/Streptomycin (5mis)
HBBS with 1% Amphotericin B and Pen Strep 1%. [
50ml Plastic Centrifuge tubes [
Sterile dissecting forceps and Scissors (x2) [
Animal Shaver / Razors / tape removal []
Sterile gloves and drape [
70% Ethanol & Chlorhexidine ]
Contect Prochlor, stabilised hypochlorous acid (Contect, vannes, France Cat no.
FBT102PC) [

Cork Board and Needles ]

10) Disposable scalpel [

11) Sterile Gauze (']

12) Trypsin EDTA 0.25%. 10mis per 50 ml falcon tube / sample, place in incubator [J

13) Waste Pot [

14) Sterile 1ml Pipette Tips (Box) + x5 separately sterilised [

15) Turn on Shaking Incubator at 37 C [

16) Trypan Blue and Haemocytometer / counting slides [

17) 1 extra falcon of FCS to neutralisation [

18) PBS if diluting trypsin []
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Omental Harvest

1)

2)

3)
4)

5)

6)
7)
8)

9)

Prepare 50ml Plastic Centrifuge conical base sterile pots with 20mls of complete
DMEM mesothelial at room temperature in sterile pots. (1 for each sample
collected)

Take dissecting tools, ethanol spray bottle and falcon tube aliquots of DMEM to
Animal House

Euthanize mice under schedule 1

Shave hair from xiphoid to pubic area using clippers +/- razor

Place mouse into Class Il hood and wipe hair out with 70% ethanol-soaked gauzes
/ sticky Tape

Clean surgical area with Contec

Don sterile gloves

Prepare sterile field using drapes

Make an incision from Xiphoid process to pre-pubic area using scalpel and 1% set

of instruments.

10) Pin back abdominal wall using needle and cork board

11) Change to second set of instruments and change sterile gloves.

12) Dissect mouse omentum and place in warmed media — sterile pots.

13) Transport tissue back to cell culture lab and place falcons into class Il hood.

14) Poor the media off with carefully into waste using a sterile pipette tip to secure

tissue.

15) Wash with 15ml of warmed 1% Pen/Strep and 5mls of non-diluted Ampho-B HBSS

at least two times.
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Enzymatic degradation

16) Incubate each omental sample with 10mlIs Non-diluted 0.25% EDTA Trypsin in the
shaking incubator at 37 C, 270rpm for 20min.

17) Take tissue back to the class Il cabinet and neutralise each sterile pot with 1ml
FCS.

18) Prepare the same number of 50ml falcon tubes with a sterile cell sieve (100um)
placed at top of tube.

19) Whilst using the bottom end of a sterile pipette tip to squeeze the tissue, wash
tissue and let cells go down into the falcon tube with 20mls of complete media.

20) Pellet cells at 2000 rpm (440RCF) @ 40 degrees C. Acc 9 Dec 9 for 5min.

21) Remove media re-suspend cells into one 50ml Falcon tube using 1ml of complete

DMEM. This will five you cell count / ml when counting.

Cell Count

22) Take 20uL of cell solution and add to 20uL of Trypan blue to a 0.5ml Eppendorf
and mix x10.

23) Take up 20uL of this mixture and add 10uL to the haemocytometer / measurement
slide.

24) Perform cell count using cell counter

Making Up 6 Well Plates

25) Calculation: (aim for 100,000 cells /cm? 1xwell in 6 well plate = 9.62cm?. Therefore
aim for 1mis of cell suspension at concentration of 5x10°%/ml)
26) Photograph Cells, complete a full media change at 72 hours and then every 48

hours until 70% confluent (Day 10-14)
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9.5 Appendix 5 — Imnmunohistochemistry Protocol

1.

Dewax sections

Rinse in running water for 5 minutes

3. Antigen retrieval with citric acid buffer for 10min in microwave

© N o O b~

9.

10.
11.
12.
13.
14.
15.

[Citric acid=2.1g in 950mI dH20, add 13ml 2M NaOH, pH to 6 with NaOH.
(can pH between 6-6.5, but no lower than 6) — make up to 1It]

Cool for 20 minutes at Room Temp

Rinse in running water for 5 minutes

Hydrogen peroxide block for 10 mins (200ml Methanol in 2ml H205)

Rinse in running water for 5 minutes

Rinse in TBS for 5 minutes

Pre-block in antibody diluent (1 min)

Add 100pl1 1° Antibody for 1 hour (Room Temp)

Rinse 2X in 1% TBST for 5 minutes

Rinse in TBS for 5 minutes

Add 100p! 2° Antibody incubate for 30 mins (Room Temp)

Rinse 2X in 1% TBST for 5 minutes

Rinse in TBS for 5 minutes

16. Apply DAB substrate to cover sections, incubate for 10 mins

17.
18.

Rinse in running water for 5 minutes

Counterstain with haematoxylin and mount using DePex

TBS 60ml 2.5M NacCl
20ml 1M Tris HCI pH 7.4
Make up to 1L

TBST as above

Add 1.25ml 10%v/v Tween-20

10mM Citric acid buffer, pH 6.0

Add 2.1g citric acid monohydrate to
800ml of distilled water. Mix well.
Add 13ml of 2M NaOH solution.
pH 6.0-6.5 (not less than pH 6).
Make up to a final 1L volume

OR

10mM Tris-EDTA pH 9.0

Add 1.21g Tris-Base to 800ml of distilled water
Mix well

Add 0.37g EDTA

Adjust pHt0 9.0

Make up final volume to 1L
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9.6 Appendix 6 — Mouse Outcome Monitoring Charts

Mouse Wellness Score (329)

Date | Wei | Orbit | Nos | Chee Ear Whis | Score Wound
ght al e k Positi | ker | (0-10)
(g) | Tight | Bulg | Bulge on Chan
ening e (0-2) | (0-2) ge
(0-2) | (0-2) (0-2)
80% Date before Sx: Weight Cage No.
weight at 9
Sx:
Sx
Colon Surgery Post-Operative Monitoring Score (332)
Day & Time Date | Time | Weight | Appearance | Behaviour | Sepsis Fl:rtlc
0
Surgery | 2nrs
4 hrs
6 hrs
8hrs
16hrs
AM
Day1 |PM I
Late
AM
Day2 [PM |
Late
AM
Day 3 PM
Day 4
Day 5
Day 6
Day 7
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Colon Surgery Post-Operative Monitoring Score — Key (332)

Score | BODY WEIGHT
0 Normal | <56%
1 Monitor | 5-10%
. 10-
2 Monitor 15%
3 Cull >20%
Score | APPEARANCE
0 Glossy coat, bright open eyes
1 Dull coat, squinting or occasionally closed eyes
2 Ungroomed coat, piloerection, intermittent hunched posture, persistently partially
closed eyes
3 Soiled coat, piloerection, hunched appearance, continuously closed
eyes/discharge, cold at touch, pale
Score | BEHAVIOUR
0 Alert and interested in the environment
1 Alert occasionally interested in the environment
2 Less mobile, little interest in the environment
3 Immobile, unresponsive.
Score | SIGNS OF SEPSIS
0 Normal temperature, normal breathing pattern, normal colour
1 Warm at touch, panting
2 Cold at touch, laboured breathing
3 Cold at touch, abdominal breathing (gasping)
Score | INTESTINAL FUNCTION & FAECAL OUTPUT
0 >3 faecal pellets in 24 hours, no abdominal distention
1 <3 faecal pellets in 12 hours, palpable moderately distended abdomen
2 <2 faecal pellets in 24 hours, palpable moderately distended abdomen
3 0-2 faecal pellets in 48 hours, visibly distended abdomen palpable very distended
abdomen
Score | OTHER OBSERVATIONS
4 Diarrhoea >48 hours
4 Bleeding from mouth, nose, or anus
4 Pale mucous membranes
4 Paralysis, ataxia, convulsions
4 Vocalization
4 Large/ ulcerated solid masses, untreatable skin wounds/ infection
4 Signs of pain (MGS score) not alleviated by pain relief for 12-24 hours post-
surgery
Score | Action
0 Continue baseline monitoring schedule
1 Increase monitoring (minimum twice a day) provide additional support (mashed
food, medication.)
Increase monitoring (minimum 4 times per day), provide additional support
2 (mashed food, medication, fluids, additional nesting), cull if no improvement in 24
hours
Critical animal, increase monitoring (minimum every 4 hours), provide additional
3 support (mashed food, medication, fluids, additional nesting), cull if no
improvement at the end of the day
4 Euthanasia
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