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Abstract œ EngUsh

Multiple Organ Dysfunction Syndrome (MODS) is the !eading cause of mortality in
Intensive Care Unit (lCU) patients. Although essential for host defense, the
polymorphonuclear neutrophil (PMN) contributes to endothelial œil and end organ
injury in disease states such as MODS. PMN chemotaxis and apoptosis are principally
involved in neutrophii delivery and clearance, and their evaluation is performed with the
goal of developing effective therapeutic intervention thaï would attenuate neutrophil
mediated host injury.

To investigate the role of neutraphil membrane receptor expression in the regulation of
neutrophil apoptosis and chemotaxis, human circulating PMN (venipuncture, heaithy
contrais), exudate PMN (skin window skin blister) and septic PMN (venipuncture,
patients with sepsis) were evaluated for apoptosis rates (flow cytometry), chemotactic
function (Boyden chambers), and reœptor expression (flow cytometry - Fas, Fasl,
TNFRI, TNFRII, Il-BRA, Il-BRB, CSaR). Experiments were coupled with a theoretical
evaluation of the assumptions and clinical implications Inherent to analytical research
of the host response.

Following transmigration, exudate neutrophils demonstrate delayed constitutive and
induœd (TNF-a & Fas Ab) apoptosis. Decreased binding to TNF-a (not receptor
expression) was found in association with decreased TNF-a induced apoptosis in
exudate PMN. In contrast to circulating PMN, inhibition of protein synthesis in exudate
PMN does not augment apoptosis; NF-KB does not mediate this effect as inhibition of
NF-KB augments apoptosis in circulating and exudate PMN. Evaluation of
chemoattractant reœptors and chemotactic function revealed the following: exudate
PMN displayed increased CSa reœptors &CSa chemotaxis and reduced Interleukin-B
reœptors (both Il-BRA & Il-BRB) & Il-B chemotaxis. Septic PMN displayed reduced
CSa & Il-B reœptors, and decreased CSa chemotaxis. These resuits suggest that
alteration in chemoattractant reœptor expression serves to regulate PMN chemotaxis
in vivo, exudate PMN chemotaxis depends more on CSa than Il-B, and diminished
chemoattractant reœptors and chemotaxis in septic PMN may explain decreased PMN
delivery in these patients.

Therapeutic interventions for patients with complex inflammatory disease states such
as MODS remains elusive despite immense growth in understanding the meehanisms
involved in the host response. T0 complement analytical research, the systemic host
response to trauma, shock or sepsis may be evaluated as a compiex system. This
offers a nove! explanation for the failure of anti-mediator trials in the treatment of
patients with sepsis and MODS,and suggests innovative means of monitoring critical
care patients. The following hypothesis is presented with the goal of improving
outcome in patients with MODS, that analysis of variability and connectivity of the
variables of a complex system offer a means of evaluating, differentiating and altering
the systemic properties of that system. Present and future applications of evaluating
variability and connectivity are discussed, and specifie hypotheses regarding future
research are presented ta help bridge the gap between laboratory bench and ICU
bedside.
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Résumé - Français

le syndrome d'atteinte multisystémique (SAM) est la principale cause de décès chez
les patients traités aux soins intensifs. Sien qu'il soit essentiel il l'organisme pour se
défendre contre les infections, le neutrophile polynucléaire (PMN) contribue aux
lésions des cellules endothéliales et des organes cibles dans les maladies comme le
SAM. la chimiotaxie et !'apoptose du PMN sont responsables du recrutement et de
l'élimination des neutrophiles; l'étude de ces deux phénomènes vise à élaborer une
intervention thérapeutique qui permettrait d'atténuer les dommages causés à l'hôte par
les neutrophiles.

Pour étudier le rôle de l'expression des réœpteurs de la membrane dans la régulation
de la chimiotaxie et de l'apoptose des neutrophiles, on a évalué chez l'humain les
PMN circulants (ponction veineuse, témoins en santé), les PMN de l'exsudat
(technique des fenêtres cutanées) et les PMN de patients septiques (ponction
veineuse, patients infectés) afin de déterminer les taux d'apoptose (cytométrie de flux),
la fonction chimiotactique (épreuve de Soyden), et l'expression des récepteurs
(cytométrie de flux - Fas, Fasl, TNFRI, TNFRIi, Il-BRA, Il-8RS, CSaR). On a jumelé
le volet expérimental à une évaluation théorique des hypothèses et des conséquences
cliniques inhérentes à la recherche analytique de la réponse de l'hôte.

Suite à la diapédése des PMN obtenus par exsudat, on a observé une apoptose
retardée, soit constitutive, soit induite (TNF-a et Fas Ab). Une réduction de la capacité
de liaison au TNF-a (non reliée à l'expression des réœpteurs) a été observée en
association avec la diminution de l'apoptose induite par TNF-a des PMN de l'exsudat.
Contrairement à l'inhibition de la synthèse des protéines des PMN circulants, œlle des
PMN de l'exsudat n'augmente pas l'apoptose; le NF-K8 n'est pas le médiateur de œt
effet puisque l'inhibition de NF-K8 augmente l'apoptose dans les NPN de l'exsudat et
les NPN circulants. l'évaluation des récepteurs chimiotactiques et de la fonction
chimiotactique a révélé les résultats suivants: augmentation des récepteurs de la CSa
et de la chimiotaxie reliée à la CSa et réduction des réœpteurs de l'interleuk:ine-8 (tant
Il-8RA que Il-8RS) et de la chimiotaxie reliée à l'Il-8 dans les PMN de l'exsudat;
réduction des récepteurs de la CSa et de l'Il-8 de même que diminution de la
chimiotaxie reliée à la CSa dans les PMN de patients septiques. Ces résultats
suggèrent que la modification de l'expression des récepteurs chimiotactiques module
la chimiotaxie des PMN in vivo et que la chimiotaxie des PMN de l'exsudat dépend
plus de la CSa que de l'Il-8. De plus, une baisse des récepteurs chimiotactiques et de
la chimiotaxie dans les PMN de patients septiques pourrait expliquer la mobilisation
réduite des PMN chez ces patients.

Malgré une meilleure compréhension des mécanismes en jeu dans la réponse de
l'hôte, il est encore difficile de traiter les patients souffrant de maladies inflammatoires
complexes comme le SAM. Pour compléter la recherche analytique, on peut évaluer la
réponse systémique de l'hôte au traumatisme, au choc ou à la septicémie en tant que
système complexe. Ceci permet de fournir une nouvelle explication à l'échec des
essais anti-médiateur dans le traitement de patients atteints de septicémie et d'atteinte
multisystémique et de suggérer des moyens novateurs de surveillance des patients
aux soins intensifs. Dans cette thèse, afin d'améliorer le pronostic en cas d'atteinte
multisystémique, on présente l'hypothèse selon laquelle l'analyse de la variabilité et
des liens entre les variables d'un système complexe permet d'évaluer, de différencier



et de modifier les propriétés globales de ce système. On y examine les applications
présentes et futures relatives à l'évaluation de la variabilité et des liens, et on y
présente des hypothèses précises conœrnant la recherche future pour aider à
combler le fossé entre la situation en laboratoire et le chevet du patient aux soins
intensifs.
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Introduction to the Neutrophil and Multiple Organ Dysfunction
Syndrome

The human polymorphonuclear neutrophii (PMN) has long been the foeus of scientific inquiry by

surgicai investigators. The interest in neutrophil bioiogy has been driven by the neutrophil's

paradoxicai roles within the human hast response, namely its physiologie roie in human hast

defense against baeterial or fungal infection, and its pathologie role in causing hast injury in

disease states characterized by persistent inflammation. Clinician scientiste have thue focused

on the neutrophi! with one of the following two objectives: (1) understand and minimize

impairmentin neutrophil mediated hast defense in arder ta decrease rates of infection, or

conversely, (2) minimize neutrophil mediated host injury and improve ouîcome in inflammatory

disease. As surgicai patients' continue to "live to survive our (neutrophils') paradoxes", surgical

scientists investigate neutrophil biology, including PMN delivery, function and clearance, in

order to improve the outcome of their patients.

As neutrophils comprise greater than 90% of circulating phagocytes, the tirst and most

abundant celi to be delivered to a site of inflammation, the circulating neutrophil is a major

participant and contributor to the inflammatory host response. Other polymorphonuclear

phagocytic leukocytes, namely eosinophils and basophils, have more specifie functions, and

are less involved in the local inflammatory response. Neutrophils contribute to the non-specifie

immune response, providing e!efense against bacterial and fungal infection. Mile! to moderate

abnormalities in neutrephi! function are weil defined, result in serious impairment of host

defense, and manifest clinically as recurrent life-threatening infection; tl1ese abnormalities have

provided insights to the mechanisms involved in normal neutrophi! function. 1
, 2 ln order to

pursue its defense-orientee! function, the neutrophil must be deliveree! to the site of

inflammation, migrate from the circulation to the exudate inflammatory environment, and survive

to function appropriately and clestrey the offending pathogen. Armed with patent means to

destroy pathogens, the neutrophil must accomplish its defense-oriented task while minimizing

damage to the host.



Tllere are numerous clisease states where persistent activation of the immuno-infiammatory

nost response is responsible for damage to the host. lliness such as rheumatoicl arthritis,

inflammatory bowel disease, Ad!.!lt Respiratory Distress Syndrome (ARDS), and Multiple Organ

Dysfunction Syndrome (MODS) are characterizecl by persistent, unremitting, over stimulation of

the inflammatory components of the host response. As the effector cel! of the inftammatory

response, the neutrophil is implicated in host injury. Recent reviews highlight the neutrophils'

role in the pathophysiology of rheumatoid arthritis 3-5, ARDS 6, inflammatory bowel clisease 7, 8,

ischemia-reperfusion 9, and organ damage in MODS10, 11. Thus, paraiiel investigation has been

performed investigating the pathophysiologic roles of the neutrophil in the multiple disease

states.

Since Tiiney tirst described the sequential failure of organ systems after abdominal aortic

aneurysm rupture in 1973, MOOS remains "an unsolved problem in postoperative care". 12

MOOS is a reiatively new clinical entity, thought to be secondary to advances in the acute care

of post-operative and post-injury patients, as weil as improvements in intensive care

medicine. 13-15 The mortality of MOOS is bemeen 30-100%, depending on the number of failing

organ systems,16 and it remains the leading cause of mortaiity in leu patients. 17-19 Given its

clinical importance, our inab!iity to impact its clinical progression and its chaiienging nature,

Multiple Organ Oysfunction Syndrome remains the fecus for investigation and discussion within

the experimentai and theoreticai research presented in this thesis.

Severallines of evidence implicate neutrophils in the pathephysioiogy of MODS. Armed with

potent means to protect the host from infection, neutrophils possess a variety of means of

inducing tissue injury, including oxygen dependent mecllanisms and oxygen independent

mechanisms.2o The PMN plasma membrane contains the enzyme NADPM oxidase thaï allows

the PMN to generate reactive oxygen metabolytes (ROM's). Also, intracellular granules contain

microbicidal peptides, proteins and enzymes, including elastase, proteinases and



myeloperoxidase. When a PMN is triggered by any one of a wide variety of inflammatory

mediators, there is an almost simultaneous activation of NADPH oxidase (cailed the respiratory

burst) and fusion of the intraceilular granules with the plasma membrane releasing proteolytic

enzymes inta the extraceliular environment The combination of neutrophii derived oxygen

radicais (02.-), hydrogen peroxidase (H20 2), myeloperoxidase, hypochlorous acid (HOCl)21 and

the hydroxyl radical (OH._}22 overwhelm protective anti-oxidants and protease inhibitors within

the extracellular matrix (such as 01.,- proteinase inhibitor, O1.r macro globuiin and secretory

leukoproteinase inhibito(3) leading to endothelial cell and tissue injury.

ln addition to possessing the means to cause injury, neutrophil number and neutrophil products

are correlated with inflammatory disease and its severity. In animal models, intravascular

administration of lipopolysaccharide will enhance lung neutrophil sequestration and increase

lung vascular permeabmty and endothelial injury.24 Significant leukosequestration (neutrophil

deposition) was demonstrated in a bum model in rats in lung, gut, Iddney, skin and brain 5 hr.

post bum.25 injury to the intestinal tract is hypothesised to "prime" neutrophils, and a

subsequent secondary avent will "activate" the neutrophils to produce distant organ injury.26, 27

ln the lung, the potential for neutrophii mediated damage is iHustrated in patients who lack 01.1

antitrypsin (hereditary emphysema), a protease inhibitor; these patients are unable to prevent

injury secondary to neutrophil elastase.28 ln patients with ARDS, commonly associated with

MODS, the degree of lung inflammation correlated with the level of activation of

bronchioalveolar lavage (BAL) neutrophils, as weI! as local leveis of pro-inflammatory

cytokines.29 in a separate study, pulmonary vascular permeability was correlated with the

number of neutrophils faune in the BAL fluid in intensive care patients with ARDS.30

Granulocyte elastase was found to be significantly eievated in bronchioalveolar fluid of patients

witl'! septic shock, comparee! to hemorrhagic shock.3i Thus both animai and human studies

have demonstrated neutrophils to be capable of, primed for, and correiated with tissue injury.
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Prevention of neutrophil sequestration or delivery leading to reduced tissue injury hes been

demonstrated in multiple animal models. Following rat mesenteric ischemia-reperfusion, bath

!iver and lung injury were eliminated in neutrophii depleted animels.32 Similarly, blacking CD

11b, CI principal component of the integrin receptor necessary for PMN deiivery, decreesed

pulmonary vasculer permeability in the seme model.33 Blocking E and l-seiectin (also

necessary for PMN deiivery) significantly reduced neutrophil accumulation in iung and

attenuated sepsis-induced lung injury in a porcine sepsis model.34
, 35 ln a guinea pig pneumonia

model, neutrophils protect against lung injury during low-Ievel bacteriai challenge, but enhance

h.mg injury and cantribute to mortality during l1igh-ieve! bacterial challenge. 36 Lastiy, resoiution

of inflammation is associated with neutrophii clearance. Apoptosis (physiologie cell death) and

subsequent macrophage phagocytosis is the principal mode by which aging neutrophils are

cleared from circulation. The resolution of inflammation has been linked to increased

macrophage engulfment of apoptotic neutrophils.37

Given that neutrophils are capable of and correlated with inflammatory host injury, and blocking

neutrophil delivery will attenuate host damage in animai models, the neutrophil is widely

believed to play a role in the pathogenesis of persistent inflammatory disease and MODS. In

addition, acquired or congenital deficiency of neutrophil function is associated with increased

incidence and severity of bacteriai and fungal infection. As a principal mediator of physiologie

and pathologie function within the host response, investigators have focussed on the neutrophil

in an effort to eventuallybe capable of moduiating neutrophil function within the host response

suct! that clinical outcome is improved. 38
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Commentary

Given the fundamental objective of improving clinical ol.ltcome in critically mpatients witll iilness

characterised by overwhelming and persistent inflammation, the tllesis ie divided into two

distinct components. The first part of the thesis represents experimentai investigation, including

a discussion and review of the literature regarding the l'ole of the neutrophil ceU membrane in

the regulatio/1 of neutrophil deiivel)l and clearance, both in health and in disease. Given that

surgeons are engaged in the care of patients, ail basic science experimental "bench" surgicai

research is performed with the goal of bringing it to the "bedside", and contributing to the

development of effective therapeutic intervention.

While performing this experimental research investigating the l'Ole of the neutraphil in the

human host response, it became evident that there is a vast literature of parallel streams of

investigation regarding the cellular and molecuiar mechanisms Inherent to host defense and

inflammation. Thus, the second component of the thesis represents a theoretical evaluation

investigating the l'Ole and significance of analytical experimental research within the systemic

host response. No different tram experimental work, theoretical research endeavors to improve

ciinical outcome by providing novel and testable hypotheses, in thls discussion, applied to the

clinical problem of organ dysfunction. A hallmark of surgical scientist research, the bench-to

bedside theme demands critical appraisal of the clinical significance of laboratory investigation.



16

Introduction to Neutrophil Apoptosis and Chemotaxis

As the principal circuiating phagocyte, the neutrophil is the tirst inflammatory ceil delivered to a

site of inflammation, then stimulating further inftammatory e'llents 5uch as the emigration of

monocytes' and the generation of tissue edema.2 Neutrophi!s possess the means to cause

tissue injury,3 and in large enough numbers, induce host injury to both endothelial cells4 and

parenchymal ce1l5. 5 Neutrophil5 amplify the inflammatory process by degrading matrix proteine

into chemotactic fragments6 and releasing chemoattractants and pro-inflammatory mediators.?

The subsequent tissue injury and clinical sequelae of neutrophil accumulation in the exudate

environment are strongly related to the tissue load or number of ceUs present. As the neutrophil

is a terminally differentiated cell, incapable of self-renewai, the regulation of neutrophil number

at inflammatory sites or otherwise is a function of both their rate of delivery, as weil as their rate

of clearance from that environment.

Neutrophil deiivery to, function in, and clearance from the inflammatory microenvironment have

been extensively studied, and are reviewed in greater detail within the discussion paper

regarding the experimental research (Manuscript #3). Response to ehemoattractants and

neutrophil chemotaxis is the principal determinant of neutrophil deiivery,8 and neutrophil cell

death by apoptosis is the principal means by which neutrophils are cleared from the exudate

environment.9 Thus, neutrophil chemotaxis and apoptosis and their regulation are evaiuated to

understand neutrophil delivery and clearance, and the regulation of the physiologie and

pathologie impact of neutrophil sequestration.

leukocytes have long been known to foliow chemicai signais both in vitro and in vivo. For over

two deeades, N-formylated peptides producedby bacteria (e.g. FMlP), polypeptides (e.g. CSa)

and lipids (e.g. leukotriene 84) have been known to aet as chemoattractants for various



leukocyte populations10
-
12

. CSa is formed during complement activation, and selVes as a

general leukocyte chemoattractant, acting upon monocytes, neutrophiis, eosinophils and

basophils and leading to aggregation and degranuiation of neutrophils. 13 The C5a receptor

(C5aR) !las been identified on neutrophils and mediates the C5a effect on PMN.14,15 Other

leukocyte chemoattractants selVe to attract specifie suD-populations of leukoeytes. Interleukin-8

(IL-6) is the prototype of a family of cytokines that possess specifie chemotactic activity for

neutrophils. iL-8 is produced by virtually ail nucleated ceUs in response tO inflammatory stimuli

such as endotoxin, TNF-a and interleukin-1 (IL_i).16 There are two receptors for IL-S, type A

receptor, IL-S RA (C-X-C Ri) and type B receptor, IL-8 RB (C-X-C R2). Both receptors coupled

to G proteins, are expressed on neutrophils, differ in their ligand seiectivity, and have uneertain

biologie differences. 17

Chemokines that are chemotactie to neutrophils include IL-S, epithelial cell derived neutrophil

activating peptide (ENA-7B), neutrophil activating peptide-2 (NAP-2), growth related oneogene

(GRO-alpha, beta, gamma), macrophage inflammatory protein-2 (MIP-2) alpha and beta.

These ehemokines are structurally similar, consisting of the first two eysteines seperated with

an amino aeid; thus are referred to as C-X-C chemokines. A separate family of chemokines are

known as the C-C chemokines, as the first two cysteine amino acid residues are in

juxtaposition. Monocyte chemoattractant protein-i,2 and 3 (MCP-i, MCP-2, MCP-3),

macrophage inflammatory protein-i (MIP-1) alpha and beta, and RANTES are members of the

C-C family. The activity of the C-C supergene family of chemokines is predominantly oriented

towards monocytes. 18

Recruitment of specifie subpopulations of ieukocytes to inflamed tissue is a property of the

immune host response. For exampie, neutrophil accumulation occurs in response to acute

bacterial infection, eosinophils will be recruited to sites of ehronic allergie inflammation or

parasitic infection, and monocytes are found in abundance in chronic inflammatory diseases.

The discovery of chemotactie cytokines, or chemokines, with selective activity for specifie
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leukocyte subsets has assisted in the understanding of mechanisms leading to specifie

leukocyte deiivery.

Measuremem'1lt of Chemoœxis

The measurement of chemotaxis invoives a measure of the 8bility of a cell to undergo

directional migration in response to a stimulus. Chemotaxis represents a cel! fUl1ctiol1, and must

be measured over ca specifie time period. Although variations exist, chemotaxis assays evaluate

the movement of ceUs incubated on one side of an ineri substance such as a fHter or

membrane, in response to a chemoattractant gradient provided by a solution on the other side:

a technique developed by Boyden in 1962. By varying chemoattractants and their

concentration, the chemotactic function of a population of ceUs may be determined by counting

the number of ceUs within the filter or membrane. In addition, analogous transmigration assays

evaiuate the number of ceUs that migrate across an intact endothelial cell monolayer in

response to a chemoattractant gradient This technique evaluates the response of the leukocyte

to a cnemoattractant along with the presence of endothelial ceUs. Both techniques determine

the impact of individual chemoattractants Independent of the presence of other

chemoattractants.

The neutrophil has long been known to possess powerfui histotoxic properties; however, the

fate of the neutrophil at an inflammatory site, and the means by which it is cleared has received

iittle scientific inquiry until recentl}f. Although it was assumed that neutrophils would undergo

necrotic cell death followed by macrophage pnagocytosis, the lack of inflammation associated

with normal neutrophii delivery ta healthy tissues and the inability for macrophages to ciear

large numbers of neutrophils do not support this means of neutrophil clearance. The further

elucidation of neutrophil clearance awaited the discovery of a process leading to celi death that

ls entirely distinct from necrosis.
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Macrophages have been noted to be phagocytose neutrophils since Metchnikoff studied the

resolution of inflammation in the latter 19'th century. In 1982, macrophages were confirmed to

ciear neutrophils from the peritoneal cavity following peritonitis.19 ln the same yea!",

macrophages were noted to ingest neutrophils only following an aging process; freshly isoiated

neutrophils from humans were not ingested, but increasing numbers of neutrophile were

phagocytosed over time.20 John Savill and Chris Haslett demonstrated that senescent

neutrophils are cleared through the process of apoptosis, and this process leads to their

recognition and engulfment by macrophages.21 Macrophage ingestion of neutrophils has

subsequently been reported in a variety of tissues including joints,21 lungs,22 and kineys23.

Apoptosis, a term introduced by Kerr in 1972 from the Greek word for "falling Off',24 denotes a

form of celi suicide. A celi undergoing apoptosis shrinks, loses intercellular contacts, the

nucleus undergoes karyorrhexis (fragmentation) and karyolysis (dissolution), chromatin

undergoes condensation, DNA undergoes intemucleosomal cleavage (leaving DNA in finely

chopped pieces of -180-200 base pairs), and the celi ultimately breaks up into apoptotic bodies

containing pyknotic nuciear debris.25 Surrounding ceUs, notably macrophages, as weil as celis

that are not "professional phagocytes" such as epithelial ceUs, phagocytose the apoptotic

bodies. Considered the counterpart of mitosis, apoptosis is a remarkable means by which ceUs

undergo ceU suicide with no resuitant inflammation, as no cytosolic contents are released into

the extracellular environment. This is distinct from cell death secondary to oncosis and

necrosis, where spillage of cellular contents and cell destruction lead to an infiammatory

response. 25

Once neutrophils undergo delivery from the intravascular to the extravascular milieu, it is

generaliy accepted that they do not re-enter the circulation, and instead meet their fate at the

site of inflammation ta which they have been delivered.9 Because of the rapidity of the process

of apoptosis, and the Jack of inflammation associated with it, the process of apoptosis is a
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highly efficient means of clearing neutmphils delivered to variOU8 orgal18. A!though neutrophiis

may be cieared by other means, such as direct expulsion in sputum or feces, or may re-enter

the circulation if only sequestered in capillaries, the majority of exuc!ate neutrophils trapped at

inflammatory sites are cleared thmugh the process of apoptosis.9
, 26

Neutrophils undergo both constitutive and induced apoptosis. Constitutive apoptosis is pre

pmgrammed, whereas induced apoptosis is stimulated by surface receptors bearing the

cytoplasmic death domain. These include the TNF-R1 receptor and Fas, both constitutively

expressed on neutmphils. Aithough TNF-a appears to have differential effects on neutmphil

apoptosis depenc!ing on the activation state of the neutrophil,32 if circulating resting neutrophils

are taken from human contmls, TNF-a will dramatically increase apoptosis rates. 33 ln addition

to TNF-a mediated apoptosis, Fas Ligand (Fasl) induced apoptosis of phagocytes has

received considerable attention as it plays a eritical mie in the regulation T cell development

and apoptosis,34-36 anti-Fas antibodies accelerate neutrophil apoptosis to a greater degree than

lymphocytes and monocytes,37 and aetivated T-cells secrete soluble Fas1.38 Constitutive

expression of both Fas and Fasl on the neutrophil eell surface (a unique feature amongst the

phagocytes) suggests that the neutrophil may be irrevocably committed towards an apoptotic

cell death.39 The importance of soluble Fasl, soluble TNF-a, and membrane bound Fasl in the

regulation of neutrophil apoptosis in the exudate environment remains under investigation.

Both constitutive and induced neutrophil apoptosis are subjeet to modulation by surrounding

mediators. Aithough neutrophils are highly susceptible to rapid apoptosis foilowing incubation

with anti-Fas IgM antibody, this may be suppressed with a variety of inflammatory mediators,

including G-CSF, GM-CSF, iFN-y, and TNF-a. 39.40 Thus, elevated leveis of TNF-a in the

exudate inflammatory environment stimulating the reiease of these mediators may prolon9

neutrophil survival by inhibiting the Fas-Fasl apoptotic pathway. Other inflammatory mecliators

that delay constitutive neutrophil apoptosis inclucle Interleukin-641 , Interieukin-242, G-CSF43,

GM-CSF, C5a and lipopolysaccharide (lPS)33, 44. Neutrophils aise undergo apoptosis following
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bacteria! ingestion providing a mechanism for neutrophil clearance in the inftammatory mmeu.45

immune complexes modulate the rate of neutrophil apoptosis.46 Engagement of adhesion

molecuies will impact upon neutrophi! apoptosis; Watson demonstrated a deiay in apoptosis

after cross-linking CD11a and CD11b, however, cross-linking l-selectin acce!erated neutrophi!

apoptosis.47 Thus, neutrophil apoptosis demonstrates remarkabie ability for modulation,

providing a glimpse of the compiexity of the host response.

Measurement of Apoptosis

Neutrophil apoptosis has only recently come under scrutiny with the advent of accurate

techniques in evaiuating apoptosis rates. Techniques that have been developed to measure

apoptosis involve counting of cells displaying apoptotic morphology under light microscopy.

limitations of this technique include the time eonsuming nature and Interpretation bias Inherent

to manual eounting. Other techniques make use of specifie cellular alterations during apoptosis.

Given the internucle080mal cieavage of DNA during apoptosis, the demonstration of DNA

laddering on gel electrophoresis (first introduced by Wyilie in 1984) provides a reliable means of

determining the presence or absence of apoptosis in a population of cells. For exampie, this

technique may be useful to detect the apoptosis under separate culture conditions.

Flow cytometric methods include means of quantifying apoptosis rates. These include staining

cellular DNA with Propidium lodide (PI)27; following permeabilization of the neutrophil

membrane, ceUs undergoing apoptosis and DNA cleavage stain with a hypodiploid DNA peak,

non-apoptotic ceUs maintain a diploid peak, and both can be seen and quantified with flow

cytometry. Also utilising flow cytometry, the use of ANNEXIN V and PI ean differentiate

apoptotic and necrotic cells. Phosphatidylserine (PS), which normally resides on the inner

membrane leaflet, is expressed on the outer membrane as an early feature of apoptosis, and is

implicated in macrophage recognition of apoptotic ceUs. 28
, 29 Using ANNEXIN V to specificaliy

bine! PS positive cells, ear!y apoptosis is detected by staining positively with ANNEXIN

conjugated with FITe; cells staining PI are recognised as necrotic as their cel! membrane is not
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intact (no membrane permeabilization step performed).30,31 Advantages of the PS binding

technique inc!ude a clear differentiation between necrotic and apoptotic ceUs, the detection of

early apoptosis, and reproducible results witt! smai! numbers of ceUs. Witt! this tecnnoiogy, it is

also possible to perform immunohistochemistry to stain apoptotic cells in tissue sections flot

amenable to fiow cytometry; numerous staining kits are commercially avaiiabie.

Regarding the evaluation of apoptosis, it is essential to recognise that certain techniques of

measurement reveal the presence or absence of apoptosis (e.g. DNA iaddering), or reveal a

rate of apoptosis, subject to change over Ume. Given that different techniques evaluate

apoptoticcells at varying stages undergoing the process of apoptosis, different techniques will

yield differing results regarding the absolute proportion of ceUs undergoing apoptosis at any

given time. for example, the expression of PS on the outer surface of the neutrophil membrane

is an early feature of apoptosis, compared to endonucleosomal DNA cleavage, a late feature of

apoptosis. Thus, evaluating apoptosis rate in human neutrophils isolated and cultured for 6

hours will reveal a higher rate of apoptosis if binding PS with ANNEXIN, compared with PI

hypodiploid peak staining ceUs with nuclear changes. Nonetheless, apoptosis measurement

techniques carl reliably and reproducibly demonstrate changes in apoptotic rates.

ln discussing neutrophil apoptosis rates, and their means of measurement, it is useful to

observe that neutrophil apoptosis rates are sigmoid shaped curves akin to the hemoglobin

dissociation curve, and are expressed as percent apoptosis vs. time. Changes in apoptosis

rates reflect a shift in this curve to the right (delayed apoptosis) or the left (increased apoptosis).

Different techniques capture a separate time curve with separate coordinates on the (time) x

axis, and measurement of apoptosis rates at distinct time points yield different values. If

cuitured long enough, ail techniques demonstrate 100% cell death, for example, in -12 hours

as detected by ANNEXIN staining, and - 48 hrs using Propidium lodide staining. Thus,

comparison of apoptosis rates can be performed using standardised culture conditions,

apoptosis measurement techniques, and incubation tÎmes. The apoptosis curve, or rate of cell
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death, must a!so be considered when disctlssïng the clinica! implications of neutrophi!

apoptosis.

As critical components te delivery and clearance, the study of neutrophil chemotaxis and

apoptosis, is perfermed with the goal of altering outcome in disease. Authors seek to identify

how theïr research may impact upon disease incidence or progression. Experimental papers

offen refer to thi::; issue in the final paragraph of the discussion, As an example, the elucidation

of adhesion molecules and the step-wise events involved in leukocyte delivery have led to the

suggestion oftargeted therapy to help minimise inflammation.48 Evaluation oUne differences

between TNF RI and TNF RI! has led to the suggestion of focused anti-inflammatory therapies

directed at one of the receptors.49 ln analogous fashion, understanding the regulation of

neutrophil apoptosis is performed with the goal of developing strategies that minimise

inflammation by altering apoptosis rates. 50 The fundamental goal of ail research regarding

neutrophil delivery and clearance is thus appropriately oriented towards the improvement of

clinical outcome.
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Commentary

The experimental component of tllie thesis began with an interest in the human neutrophil

apoptosis; literature review along with preliminary investigations in the lal:>ol"atol)' led to the

investigation of neutrophii apoptosis in circulating and exudate neutrophils in human volunteers.

Gwen that TNF-a stimulates neutrophil delivery to inflammatol)' sites, and is also reported as

causing rapid neutrophil apoptosis, neutrophils were hypothesised to shed their TNF receptors

foUowing transmigration 50 that they would not undergo TNF induced apoptosis. The tirst

manuscript represents the evaluation of that hypothesis.



28

Manuscript #1

Neutrophils display a reduction in cell
s rface expression of F receptors ut n
Fas following transmigration: Implications
for the ulation of neutrophil apoptosis

Andrew J.E. Seely, MD, Daniel E. Swartz MD, Betty Giannias BSc, and
Nicolas V. Christou MD, PhD, FRCS(C), FACS, FCCM

Presentee! at the Eighteenth Annual Meeting of the Surgical Infection Society, New York, New
York, on April 30, 1998; and pubiished in Archives of Surgery.

Keywords: Neutrophil, apoptosis, transmigration, exudation, tumour necrosis factor, TNFR,
TNF receptor, Fas, flow cytometry, and surgery.



29

Manuscript 1: Neutrophils display a reduction in cell surface
expression of F receptors but not Fas following
transmigration: Implications for the regulation of neutrophil
apoptosis

Abstract

Objectives: To test the hypothesis that 1055 of polymorphonuclear neutrophil (PMN) TNF-a
receptors (TNFR) duril'lg transmigration renders the exudate PMN refractory to TNF-a
mediated stimulation of apoptosis; and to il'lvestigate the surface expression of Fas on both
circulating and exudate neutrophils.

Design: A prospective cohon study.

Setting: A tertiary care hospital surgicai laboratory.

Participants: 21 healthy human volunteers.

Interventions: Ail sl.Ibjects had circulating PMN (venipl.Incture) and exudate PMN collected
(skin window method).

Main Outcome Measures: Circl.llating and exudate PMN were incubated in culture medium
(1.0 x 106 PMN/ml) alone or with TNF-a [100 ng/ml]. Apoptosis was evaluated using f10w
cytometry (ANNEXIN V-FITC and Propidium lodide). TNF-a-PE and anti-human Fas-FITC
were used to evaluate PMN TNF reœptors (TNFR) and surface expression of Fas.

Results: Exudate PMN have a significant delay in apoptosis rates when compared to
circl.llating PMN. The % PMNs expressing TNFR was significantly diminished after exudation
(80:!:. 15 % vs. 33:!:. 9%; p=O.0001), as was the median channel number of TNF-a PE
fluorescence (8.1 :!:. 1.6 vs. 5.2:!:. 0.5; p=O.001). However, the expression of Fas was
unchanged foliowing transmigration (% positive for Fas: 98.7:!:. 0.7 % vs. 92.8:!:. 3.4%, NS;
Fas Ab-FITC median channel fluorescence: 12.2 :!:.1.1 vs. 13.1 :t 1.2, NS). Exposure of
exudate PMNs ta TNF-a failed to increase their rate of apoptosis.

Conclusions: Exudate PMN are confirmed to have delayed apoptosis. Loss of TNF-a
receptors during transmigration leads to increased PMN survival in the extravascular
inflammatory milieu.
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Neutrophils display a reduction in ceU surface expression of TNF
receptom but not Fas following transmigration: Implications for the
regulation of neutmphilll1lpoptosi$

Introduction

The study of neutrophil apoptosis has been stimulated by the belief that neutrophiis are

impiicated in the pathogenesis of persistent inflammatory states, including Multiple Organ

Dysfunction Syndrome (MODS) and Adult Respiratory Distress Syndrome (ARDS). Neutrophils

possess a variety of means of inducing tissue injury1, inciuding the secretion of connective

tissue proteases capable of tissue destruction in septic shock2
. There is an association between

neutrophil number and levei of activation and the degree of inflammation3
, as weil as pulmonary

vascular permeability4, in patients with ARDS. Prevention of neutrophil sequestration wililead

ta reduced tissue injury in multiple animal models. 5.6,7 ln addition, clearance of neutrophils is

associated with resolution of inflammation.8 Neutrophil apoptosis, a geneticaUy programmed

form of cell death fundamentally distinct from necrosis, is the principal mode by which

senescent neutrophils are cleared from circulation. 9 it has been suggested that an imba!ance of

granulocyte apoptosis and necrosis may be important in the pathogenesis of inftammatory

disease.10 Thus, the study of neutrophil apoptosis is vital to better understand the persistent

inflammation common to patients with MODS and ARDS.

Mll1lterials and Methods

Subiects: 21 human healthy volunteers were recruited for the stud}!. Exdusion criteria included

history of infection within the previous 48 hours, severe chronic iIIness, immunosuppressive

medication, and known malignancy. The study was approved by the Committee of Hl.lman

Experimentation, Royal Victoria Research Institute.
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Materials and reagents: Ail preparations of neutrophils were kept in polypropylene tubes ta

prevent adherence. Neutraphil incubation was in dMEM (Gibco, Ontario, Canada),

suppiemented with 10% FBS, 1% streptomycin/penicillin and 1% l-glutamine (Gibco, Ontario,

Canada). Recombinant human (rh) TNF-u (Sigma Chemica! Co.) was stored at -70°C in

aiiquots of 60 Ili at a concentration of:2 ngllli.

Isolation of circuiating neutrophils : 7 cc of who!e blood was obtained trom the suojects using

heparinized vacuum-sealed tubes (Becton Dickenson, Franklin lakes, NJ) and circulating

neutrophils were isoiated using MacrodexiDextran-70 (Pharmacia laboratories, Piscataway,

NJ), gravity sedimentation (60 minutes) followed by Ficoil-Hypaque (Pharmacia Laboratories)

centrifugation. Cells were counted with hemocytometerJoliowing staining with Turk's solution,

and suspended in media at a concentration of 1x10scells/ml.

Isolation of exudate neutrophils: Skin window chambers were manufactured at the McGiII

University Workshop and used as previously described.11 The techniques follows the one

described by Zimmerli and Galin.12 Briefly, exudate neutrophils were collected from skin

windows placee! on the voiar aspect of the forearm. The forearm was sterilized with 10%

proviodine-iodine topical antiseptic followed by 70% isopropyi alcol1ol. 360 mm Hg vacuum

suction was applied through a plastic template for 60-90 minutes until 4 even 1.0 X 1.0 cm

blisters formed. These blisters were unroofed using sterile scissors and a template consisting

of four 1.0 X 1.0 cm open-botlomee! chambers was tightly applied using wide adhesive tape.

The chambers were fillec! with 10% autoiogous serum ane! the superior apertures sealed with a

sterile covering. After 16-18 hours, the eXl.ldate fluid, consisting of an almost pure (>98%)

suspension of neutrophils, was aspiratec!. The chambers were rinsed n'lree times with normal

saline and the fiuid was transported immediately on ice to the laboratory. The neutrophils were

sedimented at 400X9 at 4°C for 5 minutes. Neutrophil viabiiity was confirmee! to be > 95%

using Propidium iodide exclusion. Neutrophils collectee! from skin windows were counted using
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a hemocytometer after staining with Tl.Irk's solution, and suspended in media at a concentration

of 1x1 06 ceUs/mL

Neutropl1illncubation: Both circulating and exudate neutrophils were incubated in culture

medium @ 3rC with 5% C02 for variable penods of time. Gentle shaking of the celis was

accomp!ished with a Thermolyne Rotomix (Diamed, Mississauga, Ontario). 1x106 celis were

incubated in 1 ml of media in polypropylene tubes. Varying concentrations of TNF-a (see

results) 1i\fere added to the cell suspension immediately prior to celi incubation.

Quantification of neutrophil apoptosis and necrosis: Following incubation, cells were removed

from the incubator, sedimented (400xg @ 4QC for 5 minutes), washed with PBS, sedimented

and suspended in 1 ml binding buffer (10 mM HepeslNaOH, pH7.4, 140 mM NaCI, 2.5 mM

CaCb). 100 ~l of the cell suspension in binding buffer was added to 5 ~I Annexin V-FITC

(Pharmingen Canada, Mississauga, Ontario) and 10 !!I Propidium lodide (PI - Sigma, Oakvilie,

Ontario) and incubated in the clark for 30 minutes @ room temperature. Following incubation,

400 !!l of bincling buffer was added to celi suspension, and flow cytometric analysis followed

immediate!y.

CeUs were analysed with a Becton Dickenson FACScan® cytofluorometer. This technique

takes advantage of a redistribution of plasma membrane phospholipids in the early stages of

apoptosis. Phosphatidylserine (PS), which normally resides on the inner membrane ieafiet, !las

been shown to be expressed on the outer membrane as an early feature of apoptosis

regardless of initiating stimulus.13 Annexin V conjugated to FITC will bina specifically to PS and

thus can be used to quantify the number of cells expressing PS and thus undergoing

apoptosis. 14
,15 Pi was used to stain cellular DNA. For PI to stain DNA, the cellular membrane

must not be intact These ceUs are thus determined to be necrotic. PI fluorescence (Fl2) was

ploUec! versus Annexin V FiTC fluorescence (Fl1); the data were registered on a logarithmic

scale. At least 5000 events were recorded for each sampie.
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Cell surface analysis: Whole blood, collected in 7 cc sterile vaeutainer® tubes using EDTA as

anti-coagulant (Becton Dickinson, Franklin Lakes, NJ) was kept on ies untii analysis (begun

immediately). Exudate neutrophils were analysed as soon as they were suspended in media at

a concentration of 1)(106 ceUs/ml. TNF receptor density was analysed using TNF-PE (R&D

Systems, Minneapolis, Mirm.) in the following manner. In 5 mi tubes, 10}l1 of TNF-PE was

incubated along with 100}l1 of whoie blood for 30 minutes at room temperature in the dark.

Subsequently, 2 ml monoclonallysing solution (il dH20, 8.26 9 NH4CI, 1 g. KHCOs, 0.037 G

Na2EDTA) was added to the mixture, and again stored in the dark for 10 minutes. After

sedimenting the neutrophils (400)(g @ 4°C for 5 minutes), the cells were washed twice with

PBS witl1 1% FBS and 0.1 % Azide (Sigma, Oakville, Ontario). Cells were finally suspended in

2% paraformaldehyde (Fisher, Ontario) and promptly analysed by Flow Cytometry. Specificity

of the TNF-PE reaction was ascertained using a TNF blocking antibody (R&D Systems,

Minneapolis, Minn.) prior to incubation. Exudate neutrophils were prepared in exactly the same

manner, except the Iysing step was omitled. An antibody (mouse anti-human IgG1) to Fas

conjugated with FITC (Pharmingen Canada, Miss., Ontario) was used to assess the density of

expression of Fas on the outer membrane of the neutrophil in the same manner (10}l1 Fas Ab

FITC and 100 }lI of whole blood or exudate neutrophils in media). Median intensity of

fluorescence was chosen over mean as the fluorescènce distributions were often skewed. The

threshold to determine positivity was fixed so that the negative control was at least 95%

negative. The negative control used for TNF-PE was Streptavidin-PE (R&D Systems,

Minneapolis, Minn.), and the negative control for the Fas-FITC was IgG1-FiTC (Pharmingen

Canada, Miss., Ontario).

Flow Cytometer calibration: The FACScan was caiibrated weekly to ensure no overlap of Pli

and Fl2 spectra using Calibrite® beads (Becton Dickinson, Mississauga, Canada. In addition,

QC3 beads (Becton Dickinson, Mississauga, Canada) were used to calibraie the intensity of

fluorescence for every use of the FACScan. The QC3 beads allowed for standardizing of the
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intensity of fluorescence, which is proportional to the density of surface receptors. The settings

both for apoptosis and for celi surface analysis were a!tered when required to ensure the

intensity of fluorescence of the beads remained the same throughout the study. Cells were

plotted on forward scaUer vs. side scatter; debris was excluded using a neutrophii gate.

Data analysis: AU resu!ts are expressed as mean ± standard deviation. Statistical significance

(p<O.OS) was determined using the paired student's T-test, with the Bonferroni correction when

multiple tests were performed simuitaneously. Statistical significance is indicated on the figures

to follow. The number of subjects I.lsed for each test may vary as the yield of the eXl.ldate ceUs

would also vary.

Results

Exudate neutrophil apoptosis was delayed when compared to circulating neutrophil apoptosis

(Figure 1). PMN apoptosis of both ail neutrophils equalized and reached a plateau aner 24 hours.
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hr incubation in media, comparee! to circulating PMN <t P S 0.001).



35

A dose response curve for TNF-a, with circulating PMN from seven healthy control::; was

performed (Figure 2).

PMN apoptosis

increased from a 15%

baseline to 28% at 100

ng/ml TNF-a, (P<O.OS).

1n contrast to

circulating PMN,

incubation with low
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fmgure 2: TNF dose response curve in circulating PMN (2 hr
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failed to accelerate
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(MlF) of TNF-PE was

significantly decreased in exudate neutrophils when compared to circulating celis (Figure 4); and

the number of neutrophils positively staining with TNF-PE was significantly reduced in exudate
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neutrophils compared to circulating neutrophils (Figure 5). The median intensity of fluorescence

as weil as the number of cens that were positively expressing Fas were not significantly different

between circulating and exudate neutrophils (Figure 4- and 5 respectively).

Discussion
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Figure 4: Median intensity fluorescence (MlF)
for circulating & exudate PMN (TNFR & FAS
expression, mean±S.D, t p=0.001)

Figure 5: Percentage of circulating &
exudate PMN expressing TNFR & Fas (mean
± S.D, t p<0.0001).

There are two potential mechanisms suggested by previous studies to explain the observed

delay in apoptosis following transmigration. First, neutrophil adhesion to the endothelial cell

during transmigration may cause a delay in apoptosis. Watson has demonstrated a delay in

apoptosis after cross-linking CD11a and CD11b, however, cross-linking l-selectin acceierated

neutrophil apoptosis.16 The authors conclude that adhesion molecules may serve as

modulators of neutrophil apoptosis. The second mechanism capable of causing delayed

neutrophil apoptosis in exudate cells involves the products of the inflammatory process. These

include !ipopolysaccharide (lPS), and a host of inflammatory cytokines including Il-1, IFN-y, G

CSF & GM-CSF, and Il_2. 17
-
20 As neutrophil survival in the extravascular environment is

necessary for eradication of the inflammatory stimulus, it is likely that multiple patnways may

lead to a delay in apoptosis in the exudate inflammatory environment.
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As with the delay in apoptosis during transmigration, the loss of TNF-a. receptors may be

secondary ta engagement of adhesion molecules. One report suggests that neutrophii

adherence, involving L-Seiectin and the CD11/CD18 integrins, mediates downregulation of the

TNF receptor. 17 Thus, the neutmphil may shed iis TNF receptor prior to even entering the

exudate environment. This wouid suggest that TNF-a. will influence the neutrophil in an

endocrine fashion only (Le. in circulation), and not through a paracrine manner (i.e. in the

exudate environment). This may help explain the uncontrolled neutrophil activation seen in

severe sepsis when systemic levels of TNF-a. are eievated.

Neutrophil activation in the inflammatory milieu may provide the second mechanism for loss of

neutrophil expression of TNF-a receptors. TNF-a receptors are shed when neutrophils are

activated in vitro with FMLP .18 The authors also noted that neutrophils shed their n.lF-a.

receptors ratner than internalize them and/or decrease their synthesis of tne TNFR. TNF-a

Itself has also been demonstrated to cause a loss of neutrophil TNF receptors (due to receptor

endocytosis), in addition to other inflammatory mediators, including C5a, Platelet activating

Factor, leukotriene B4, endotoxin, and FMLP.19 The same authors found that TNF-a mediated

activation in vitro is more potent wnen neutrophils are adherent, rather than in suspension. As

TNF-PE was used to detect both TNF receptors on the neutrophil in this experiment, the

observed reduction in TNF binding may be secondary to downregulation of either the 55 kD

(TNFR1), the 75 kD receptor (TNFR2), or botn. Nonetheless, theloss of TNF receptors on

neutrophils appears to be fundamentally important to neutrophil survival in the inflammatory

exudate environment.

Although the 1055 of TNF-a receptors helps explain neutrophil survival in the extravascular

inflammatory environment, the mechanism leading to neutrophil apoptosis and clearance and

the resolution of inflammation remains unsolved. The Fas-Fas ligand (FasL) apoptotic

pathway has received considerable aUention in the regulation of phagocyte apoptosis as it
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plays a criticai roie in the regulation T celi development and apoptosis.20.21.22 Although

neutrophils are highiy susceptible to rapicl apoptosis following incubation with anti-Fas IgM

antibody, tt!is may be suppressed witt! a variety of infiammatory mediators, including G-CSF,

GM-CSF, IFN-y, and TNF-a..23 Thus, elevated levels of TNF-a. in the exudate inflammatory

environment may prolong neutrophil survival by inhibiting the Fas-Fasl apoptotic pathway. The

importance of soluble Fasl versus membrane bound Fasl in the exudate environment remains

under investigation. Activated T-celis l'las been shown to secrete soluble FasL24 Constitutive

expression of both Fas and FasL on the neutrophil ceU surface (a unique feature amongst the

phagocytes) suggests that the neutrophil may be irrevocably commitled towards an apoptotic

cell death.25 Regardless of the exact mechanism, our demonstration that expression of Fas is

maintained foUowing transmigration lends furtner support to the Fas-Fasl patnway in PMN

clearance in the exudate environment. Neutrophils also undergo apoptosis following bacterial

ingestion26 providing a second possible mechanism for neutrophil clearance in the inflammatory

milieu. The full understanding of neutrophil transmigration and subsequent clearance from the

exudate inflammatory environment may provide important clues to prevent or treat persistent

inflammatory states responsible for significant morbidity and mortaiity in the Surgicallntensive

Care Unit.
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Commentary

Comp!etion of the first experiment and manuscript further developed an interest in evaluating

changes in neutrophii membrane receptor expression in humans in vivo. Receptor alteration

appeared to be an interesting means by which cel! fllnction was altered. However, although a

decrease in TNF receptors in exudate PMN the first manuscript was reported, the assay

actua!!y evaluated TNF binding to neutrophils (intensity of fluorescence of binding to TNF

conjugated with PE), not receptor expression explicitly. Further preiiminary experiments in the

laboratory suggested that Fas ligand (FasL) was downregulated in exudate neutrophils.

Because neutrophils express both Fas and Fasl, and because exudate PMN exist in close

proximity at a site of inflammation, it was hypothesised that circulating neutrophils in close

proximity would undergo contact apoptosis (apoptosis on one neutrophil expressing FasL

causing apoptosis of an adjacent neutrophil expressing Fas); and the loss of Fasl would

render exudate neutrophils refractory to this novel apoptotic mechanism, allowing for large

numbers of neutrophils to survive en masse at sites of inflammation. The hypothesis of

membrane alteration leading to altered cellular function also suggests that interventions

designed to alter membrane expression may be possible and potentiaily therapeutic. Thus, a

second observational experiment was designed to evaluate constitutive, induced and contact

apoptosis as weil as receptor expression in !luman circulating and exudate neutrophils.

Despite initia!!y suggestive data, this hypothesis was not substantiated with repeated

experiments. Neutrophiis undergoing cell-cel! contact, incubated in close proximity (high

density), did not demonstrate altered apoptosis. Thus, cell contact alone does not appear to

be induce Fasl-Fas induced apoptosis. In addition, decrease in Fasl expression and TNF

receptor downregulation in exudate neutrophils were not confirmed. These observations

stimulated the investigation of processes inside the neutrophi! membrane that reguiate

apoptosis. These are reported in the following manuscript.



42

Manuscript #2

ayed constitutive and induced

a ptosis in m exudate

neutro i is ot med by F-K8

Andrew J.E. Seely MD, Betty Giannias BSc, Lorenzo E. Ferri MD, Jose L Pascual MD,

Nicolas V. Christou MD, PhD, FRCS(C), FACS, FCCM

To be submitted for publication in Critica/ Care Medicine.

Keywords: Neutrophi!, PMN, apoptosis, exudate, transmigration, Fas, Fasl. TNF RI, TNF
Ri!.



43

Manuscript 2: Delayed constitutive and induced apoptosis in
human exudate neutrophils is not mediated by NF-KB

Abstract

The regulation of constitutive and induce neutrophil apoptosis in eirculating and exudate

neutrophils is important to understanding physiologie host defense, and pathologie over

stimulation of the inflammatory response leading to host injury. The transcription factor NF-K8

l'las been identified as a regulator of apoptosis in ein::ulating neutrophils; its role in exudate

neutrophils is not knowl1. Circulating (venipuneture) and exudate neutrophils (skin blister skin

windows) were harvested trom 22 healthy human volunteers, and evaluated for constitutive

apoptosis, and TNF-a and Fas induced apoptosis, both with and without protein synthesis

inhibition (cycloheximide). The effect of NF-KB inhibition on constitutive circulating and

exudate apoptosis was also evaluated (PDTC). Flow cytometry was used to evaluate

expression of Fas, Fas ligand, TNF RI and TNF RII, as weil as the evaluation of apoptosis

using two techniques (ANNEXIN V staining of apoptotic celis and Propidium lodine

identification of hypodiploid DNA) Comparee! to cin::ulating PMN, exudate PMN displayed

delayed constitutive apoptosis, and this delay was not altered by protein synthesis inhibition.

ln contrast to circulating PMN, exudate PMN were refractory to both TNF and Fas induced

apoptosis. Although inhibition of al! generaiised protein synthesis did not augment apoptosis

in exudate PMN, specifie inhibition of NF-KB regulated protein synthesis did augment

apoptosis equally in both circuiating and exudate PMN. These results demonstrate delayed

constitutive and induced apoptosis in exudate PMN, but do not implicate NF-KB as the

mediator of increased exudate PMN survival.
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Introduction

The polymorphonuciear neutrophi! (PMN) is the most abundant eirculating phagocyte in

t'lumans. The interest in neutrophil bioiogy and funetion has been driven by its paradoxical

ro!es within the host response, including the physiologie role of the neutrophii in host defense

against baeteriai or fungal infection, and the pathologie role of the neutrophi! in causing tissue

injury in diseases characterized by persistent inflammation.1Abnormalities in neutrophi!

funetion result in serious impairment of host defense, manifesting elinically as reeurrent lïfe

threatening infection.2, 3 Neutrophils are also implîcated in the pathogenesis of iliness

characterised by persistent inflammation such as rheumatoid arthritis 4-6, ARDS 7,

inflammatory bowel disease 8,9, iscnemia-reperfusion 10, and organ damage in Multiple Organ

Dysfunction Syndrome (MODS)11.12.

The data to support the role of neutrophils in host injury during persistent inflammation is

compelling. Neutrophils possess the means of inducing tissue injury including oxygen

independent and oxygen-dependent mechanisms,13 neutrophils and neutrophil products are

found at sites of severe inflammation and correlate with degree of inflammation,14-16

prevention of neutrophil sequestration will lead to reduced tissue injury in multiple animal

models,17-21 and clearance of neutrophils is associated with resolution of inflammation.22

Neutrophil apoptosis, or genetically programmed cell death, is the principal mode by which

senescent neutrophils are cleared from circulation.23 Apoptosis, cell death without

inflammation, is fundamentally distinct from neerosis, and an imbalance of granulocyte

apoptosis and necrosis may contribute to the pathogenesis of inflammatory disease.24, 25

Committed to œil death at a pre-programmed rate over time, neutrophils display constitutive

apoptosis. ln addition, neutrophiis may undergo induced apoptosis, foliowing ligand binding of

death receptors such as TNFR! and Fas by various soluble extracellular factors, which

engage the intracellular pathways leading to apoptosis.26 in vitro, inf!ammatory soluble
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mediators delay constitutive neutrophil apoptosis, as weil as TNF induced apoptosis.27-31 Anti

inflammatory cytokines counterbalance this process by acce!erating apoptosis,28, 32 thus the

potentia! for variabi!il:y in neutrophii apoptosis evaluated in vivo.

Distinct populations of neutrophils collected in vivo display different Iates of constitutive and

induced apoptosis. Exudate neutrophils are human neutrophils thaï have undergone

transmigration from the intravascular to the extravascuiar exudate inflammatory

microenvironment. Collected from hl.lman skin, nel.ltrophils display redl.lced constitutive

apoptosis and TNF indueed apoptosis associated with decreased binding to TNF-Ot. 33 The

delay in apoptosis may be expiained by engagement of adhesion moleel.lles during

transmigration,34 inflammatory mediators27
-
31 or decreased nelltrophi! TNF reeeptors and/or

binding to TNF-Ot in the eXlldate milieu33
, 35. Inside the neutrophil, intracellular protein

synthesis leads to a tonie inhibition of constitutive apoptosis;36 arresting ongoing protein

synthesis will prevent dexamethasone delay in neutrophil apoptosis,37 and arresting proteln

synthesis will accelerate TNF-Ot induced apoptosis in circulating and salivary neutrophils. 38

NF-KB (Nuelear Factor - KB) is a transeriptional regulatory protein consisting of two subunits

(one of five potential proteins: c-Rel, p65 (ReIA), ReIB, p50, p52) normally sequestered in the

cytoplasm of a œil, and has been implicated as a eell survival mechanism, causing deiay of

the cell death program. Following exposure to inflammatory stimuli sueh as lPS, TNF-Ot, and

FMlP,39 NF-KB is released from its cytoplasmic inhibitory partner (I-KB - one of severa!

inhibitory proteins), migrates to the nucleus, and binds to a specifie promoter/enhancer region

of multiple genes, including those that produce celi adhesion molecules, cytokines, growth

factors, immunoreceptors, chemokines, acute phase proteins, other transcription factors, and

more.40 hwestigating the l'ole of NF-KB in constitutive apoptosis, using Gliotoxin to inhibit the

activil:y of NF-KB (by preventing the degradation of I-KB, the inhibitory regulator of NF_KB),41
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NF-KB inhibition upreguiated constitutive neutrophil and eosinophil apoptosis in vitro,

suggesting that NF-KB activation is an important survival mechanism in granuiocytes.42

in terms of inducible apoptosis, inactivation of NF-KB will augment the potential for TNF-a to

cause apoptosis, a finding reported simultaneously by three separate lab5.
4

3-45 NF-KB

activation has also been demonstrated in critically il! patients, inciuding patients with

ARDS.46
•
47

Taken together, these resuits suggest that NF-KB mediates prolongation of neutrophii survival

and the secretion of pro-inflammatory cytokines, and. may be associated with neutrophil

mediated host injury. It is not known if NF-KB mediates increased cel! survival in the exudate

environment. In addition, although we had previously demonstrated exudate neutrophils were

refractory to TNF-a induced apoptosis, we wished to investigate Fas induced apoptosis in

exudate neutrophils. Given that exudate neutrophiis already displayed delayed constitutive

apoptosis, we hypothesised that ongoing protein synthesis and NF-KB activation were not

necessary for survival in exudate neutrophils. in order to do so, in this experiment,

constitutive and induced (with Fas Ab and TNF-a) apoptosis rates with or without protein

synthesis arrested, and constitutive apoptosis with inhibition of NF-KB were evaluated in both

human circulating and exudate neutrophils. In order to evaluate the importance of receptor

expression as a foilow up of past experiments,33 monoclonal antibody analysis of TNF

receptors, Fas and Fas ligand were performed on circulating and exudate neutrophils.

M~bni~ls ~nd Methods
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Subjects under evaluation in this study included 22 human healthy controls (age 18-50, mean

30±8). Exch.!sion criteria for the controi cohort inciuded history of infection within the previous

48 hours, severe chronic iUness, immunosuppressive medication, and known maHgnancy.

Informed consent was obtained from ail controls. Informed consent was obtained in ail

cases. The Committee of Human Experimentation, Royal Victoria Research Institute,

approved the study prior to experiments.

Neutrophil incubation was in Dulbecco's phosphate buffered saline (PBS) without calcium

and magnesium (Flow Laboratories). Ali preparations of neutrophils were kept in

polypropylene tubes to prevent adherence. Recombinant human TNF-Œ (Sigma Chemical

Co., St. louis, MO) was stored at -70°C in 0.1ml aliquots at a concentration of 100 ng/ml,

and Fas Ab (Immunotec, Catalog #1504) was diluted with DMEM + 10% fetal calf serum and

stored at -70°C in O.1mL aliquots at concentrations of 5 - 50 ng/l!l). Ali glassware was baked

at 250°C for at least 6 hours. Disposable sterile plastic pipettes and polypropylene tubes

were used whenever possible.

7 cc of whole blood was obtained from the subjects using heparinized vacuum-sealed tubes

(Becton Dickenson, Franklin Lakes, NJ). The blood was immediately added to 1.5 ml

MacrodexlDextran-70 (Pharmacia laboratories, Piscataway, NJ), and gently mixed. The

erythrocytes were gravity sedimented for 60 minutes at room temperature. The leukocyte

rich supematant was removed and centrifuged at 400)(g for 5 minutes at 4°C. The pellet was

gent!y resuspended in Dulbecoo's phosphate buffered saline (PBS) without calcium and

magnesium (Flow laboratories) and layered on 3.0 ml of Ficoll-Hypaque (Pharmacia

Laboratories). Centrifugation continued at 400xg for 25 minutes at 4°C. The plasma,
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lymphocyte interface and Fico!! were removed, and the pellet resuspended in Elyse (Cardinal

Associates, Santa Fe, New Mexico) in order to lyse the erythrocytes. Afier re-pelleting the

neutrophils (400)(g for 25 minutes at 4°C), they were washed with and resuspended in ieed

P8S. Cells were counted wlth hemocytometer following staining with Turk's solution, and

suspended in media at a concentration of 1x106cells/mi. Celi viability, as measured by

Propidium iodide (Sigma Chemical Co., St Louis, MO) or trypan blue exclusion, and purity,

assessed by flow cytometry or microscopie field examination, were in excess of 90% in al!

experiments.

Skin window chambers were manufactured at the McGiII University Workshop and used as

previousiy described.48 The technique foliows the one described by Zimmerli and Galin.49

Briefly, exudate neutrophils were collected from skin windows placed on the volar aspect of

the forearm. The forearm was sterilized with 10% proviodine-iodine topical antiseptic

followed by 70% isopropyi alcol1ol. 360 mm Hg vacuum suction was applied through a plastic

template for 45-90 minutes until4 even 1.0 X 1.0 cm blisters formed. These blisters were

unroofed using sterile scissors and a template consisting offom 1.0 X 1.0 cm open-botlomed

chambers was tightly applied using wide adhesive tape. The chambers were filled with 10%

autologous serum through MO mm superior apertures. The superior apertures were

subsequently sealed with a sterile covering. After 18-22 hours, the exudate fluid, consisting

of an almost pure suspension of neutrophils, was aspirated. The chambers were rinsed three

times with normal saline and the fiuid was transported immediately on ice to the laboratory.

The neutrophile were sedimented at 400xg at 4°C for 5 minutes. Neutrophil viabiiity was

confirmed to he > 95% using propidium iodide exclusion. Neutrophil purity was > 98%,

assessed by fiow cytometry or microscopic field examination. Neutrophils coliected from skin

windows were counted using a hemocytometer afier staining with Turk's solution, and

resuspended in iced PBS for Immediate staining with monoclonal antibodies to
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chemoattractant receptors. Using this technique, a population of approximately 2-10 x 106

pure and viable exudate PMN are collected for each healthy control.

Circuiating neutrophiis were collected in 7 cc sterile vacutainer® tubes using EDTA as anti

coagulant (Becton Dickinson, Franklin Lakes, NJ). The whole biood was kept on ice until

anaiysis (begun immediately). Exudate neutrophils were analysed as soon as they were

suspended in iced PBS at a concentration of 1x106 ceUs/ml. Neutrophil membrane

expression of TNF receptors, Fas and Fas Ligand were analysed using specific

immunoftuorescent-Iabeled monoclonal antibodies. Mouse Phycoerythrin(PE)-iabeled anti

human (IgG1) TNF-RI (Cedarlane Laboratories, Homby, Ontario), mouse anti-human (IgG2A)

TNF-RII-PE (R&D Systems Inc.), moure anti-human (lgG1) FITC-Ia.beUed anti-Fas Ligand

(Cedarlane laboratories, Hornoy, Ontario), and mouse anti-human (lgG1) anti-Fas (CD95)

conjugated with FITC (Pharmingen, Missassauga, Ontario), were used to deteet the

chemoattractant receptors in the foUowing manner. In 5 ml tubes, 10 ~I (1-2 ~g) of the

immunofluorescent monoclonal antibody was incubated along with 100 !-lI ofwhole blood for

30 minutes at room temperature in the dari<. Subsequently, 2 ml monoclonallysing solution

(il dH20, 8.26 9 NH4CI, 1 g. KHC03 , 0.037 G Na2EDTA) was added to the mixture, and

again stored in the dark for 10 minutes. Aner sedimenting the neutrophiis (400)<g at 4°C for 5

minutes), the ceUs were washed twice with PBS with 1% FBS and 0.1 % Azide (Sigma,

Oakllille, Ontario). CeUs were finally suspended in 2% paraformaldehyde (Fisher, Ontario)

and promptly ana!ysed by Flow Cytometry. Exudate neutrophils were aiso washed with PBS

with 1% FBS and 0.1 % Azide, and suspended in 2% paraformaldehyde in the same manner.

The median intensity of fluorescence for each receptor, which is directly proportional to the

density of surface receptors per eell, was recorded for each PMN population, foiiowing at

least 5000 counts. Median intensity of fluorescence was chosen over mean, as the

fluorescence distributions were often skewed. CeUs were plotted on forward scatter vs. side
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scatter; and agate was lIsed to isolate the neutraphils in whole blood. Monoclonal isotype

contrais included FITe conjugated mouse IgG2a, PE conjugated IgG2b (ll-8 RA) and PE

conjugated igG1 (ll-8 RB).

The FACScan was calibrated bi-weekly to ensure no overlap of Fl1 and Fl2 spectra using

Calibrite™ beads (Becton Dickinson, Mississauga, Canada). In addition, QC3™ microbeads

(Beeton Dickinson, Mississauga, Canada) were used to standardize the intensity of

fluorescence on a bi-weekly basis or sooner if instrument maintenance was performed, thus

eorrecting for any variations in flow cytometer performance. By making small alterations in

the cytometer settings, the cytometer was ealibrated such that the FACScan read the same

FITC and PE target cl1annels for the QC3™ beads fram week to weel<.

Following incubation, ceUs were removed fram the incubator, sedimented (400xg @ 4°C for 5

minutes), washed with PBS, sedimented and suspended in 1 ml binding buffer (10 mM

HepeslNaOH, pH7.4, 140 mM NaCl, 2.5 mM CaCI2). 100 /-lI of the cell suspension in binding

bufferwas added to 5/-l1 Annexin V-FITC (Pharmingen Canada, Mississauga, Ontario) and 10

/-lI Propidium lodide (PI - Sigma, Oakville, Ontario) and incubated in the dark for 30 minutes

@ raom temperature. Following incubation, 400 /-lI of binding buffer was added to ceU

suspension, and flow cytometric analysis followed immediately.

CeUs were anaiysed with a Becton Dickenson FACScan® cytofluorometer. This technique

takes advantage of a redistribution of plasma membrane phospholipids in the early stages of

apoptosis. Phosphatidylserine (PS), which normally resides on the inner membrane leaflet,

has been shown to be expressed on the outer membrane as an ear!y feature of apoptosis
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regardless of initiating stimulus.5o Annexin V conjugated to Flle will bind specificaily to PS

and thus can be used to quantify the nl.lmber of cells expressing PS and thus undergoing

apoptosis.51
• 52 PI was used to stain cellular DNA. For Pi to stain DNA, the cellular membrane

must not be intact. These cells are thus determined to be necrotic. Pi fluorescence (F12)

WaiS plotted versus Armexin V FiTC fluorescence (Fl1); the data were registered on a

iogarithmic scale (see figure 1). At feast 5000 events were recorded for each sample.

ANNEXIN V ... FITC and Propidium lodide
2 hour incubation
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The second technique involved the use of Propidium lodide to identify cells with a hypodiploid

DNA peak.53 As others have performed for neutrophils,54 cell suspension~ were sedimenîed

(400xg @ 4°C for 5 minutes) and placed in hypotonie solution containing 50 ug/m! propidium

iodide, 3.4 mmolll sodium citrate, 1mmolfl TriS buffer, 0.1 mmoifl edetie acid and 0.1%

Triton X-1(0), stored in the dark for 10 minutes at 4°C. CeUs were analysed with a Becton

Dickenson FACScan® cytofluorometer. PI fluorescence (Fl3) was ploUed as a frequency

histogram, the hypodiploid peak appearing to the 119ft of the diploid peak); the data were

registered on a logarithmic scale (see figure 1). At least 5000 events were recorded for

each sampie.

Ali results are expressed as mean ± standard deviation. SYSTAT® 6.0 for Windows was

used for ail sîatistical analysis. Statistical significance (p<0.05) was determined using

Analysis of Varianœ between groups, with the Bonferroni correction when multiple tests were

performed simultaneously, followed by student's T-test using paired analysis. Statistical

significanœ is indicated on the figures to follow. If the number of subjects used for a figure

differs from the number listed above, it is stated in the legend for the figure.

Results

Evaluation m

apoptosis rates in

two distinct

populations of

human neutrophils 0+---

revealed different Circulatin PMN Exudate PMN
fiGURE 2: Baseiine apoptosis is significantly decreased in exudate PMN
followina20 hi incubation in media. comDaied to circulatina PMN Ct [) :::; 0.001»'
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apoptosis rates (see Fig 2). Compared to circuiating PMN fmm contml subjects (mean ± SD:

42.6 ± 6.7%), exudate PMN (28.6 ± 13.2% apoptosis foilowing 20 hr incubation; 13 = 0.001)

displayed a reduction in apoptosis rates. Thus, foilowing transmigration, PMN constitutive

apoptosis was decreased in healthy human contmis.

The relative importance of de novo pmtein syntnesis was evaluated with cycioheximide, an

inhibitor of pmtein synthesis, preventing initiation and elongation on 80S ribosomes. A dose

response curve was pei"formed for cycloheximide in circulating cells, revealing the following

apoptosis rates following 20 hrs incubation for 11=8 il1dividuais: control (media alone): 21.7 ±

9.3%; cyclo. 0.1 I!glml: 21.0 ± 10.9% (NS vs. contml); cyclo. 1 I!g/ml: 28.5 ± 6.3% (NS I/S.

contml); cyclo.10 I!g/ml: 36.4± 11.8% (p=0.09vs. contml); cyclo. 100 I!glml: 41.3± 12.0%

(p=O.01l/s. control). 100 I!g/ml was subsequently used to evaluate the impact of

cycloheximide on the the study population of circulating and exudate PMN.

PMN incubation with cycloneximide revealed a significant increase in apoptosis rates in

circulating PMN (see Fig 3) in contml PMN (42.6 ±6.7% increased to 54.0 ± 8.5%, p<O.001),

but not exudate

PMN (28.6±

13.2% vs. 27.0 ±

8.8%). Thus, in

contrast to

circulating PMN,

inhibition of

pmtein synthesis

yieided no

increase in

t

0+---

Circulating PMN

Control

• Cycloheximide

Exudate ·PMN

constitutive

apoptosis rates

in exudate PMN.

fiGURE 3: Protein synthesis inhibition with 100 ~g/ml cyC!oheximide augments
PMN apoptosis in circulating PMN, but l'lot exudate PMN (t p s 0.001, '" NS).
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Induced apoptosis was evaiuated with TNF-a (see f~g 4). Incubation of contrai circulating

PMN with TNF-a. alone for 20 hrs produc~d a significant increase in PMN apoptosis (56.2 ±

15.6% with TNF-a, 1'=0.008 vs. controls). The addition of cycloheximide to TNf-a. further

increased TNF induced apoptosis rates (69.5 ± 8.1%, P = 0.05 vs. TNF-a alone, p=0.002 vs.

cycloheximide alone, and p<O.001 vs. control). In exudate PMN, TNF-a. was not capable of

augmenting PMN apoptosis (22.9 ± 9.5% with TNF-a. vs. 28.6 ± 13.2% in control PMN,

p=O.7); furthermore, the addition of cycloheximide did l'lot increase the capacity of TNF-a. to

induce apoptosis in the exudate PMN (TNF-a. & cycloheximide: 49.8 ± 18.9%, p=0.12 vs.

TNF-a. alone, 1'=0.3 vs. cycloheximide alone, 1'=0.65 vs. control).

10
GO

.!! 50

i 40

8. 30
iii( 20

10

o
Circulating PMN

Control
-TN
0TNF + C cio

Exudate PMN

fiGURE 4: Response to TNF-a [100 ng/mq 8. TNF-a with cycloheximide [100
!-tg/ml] in circ 8. exudate PMN (1'1=7): t P $; 0.001; *P< 0.01; ... NS vs. control.

Fas induced apoptosis was also evaluated with and without pratein syntnesis inhibition (see

f~g 5). In circulating PMN, incubation with anti-Fas antibody (Fas Ab) yielded a significant

increase in apoptosis (54.7 ± 13.0%, 1'<0.001 vs. controls). Adding cycloheximide to Fas Ab

did not significantly turther apoptosis rates (60.2 ± 10.0, p=0.42 vs. Fas Ab alone, p=0.2 vs.

cycloheximide alone, p<0.001 vs. contrais). In exudate PMN, Fas alone did not increase

apoptosis rates (33.4 ± 7.5, p=0.88 vs. control), however, the addition of cycloheximide did
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lead to an increase in apoptosis compared to control conditions (38.6 ±8.6%, p=0.005 vs.

cycloheximide aione p=0,42 vs. Fas Ab alone, p=0.02 vs. control).
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Fas Ab

D 10 + Fas Ab

Circulating PMN Exudate PMN

fiGURE 5: Response ta Fas Ab [100 nglml] and Fas Ab with cycloheximide [100 j.1g/ml] in circulating and
exudate PMN (0=15 circulatina and exudate PMNl: t 0:;; 0.001: t 0 < 0.01:'" NS vs. control PMN.

To assess the mie of NF-K~,

we evaluated the effect of

pyrmlidinedithiocaroamate

(PDTC), an NF-K~ inhibitor, on

circulating and exudate PMN

apoptosis (see fig 6). A stock

solution of 15 mM POTC was

used to generate the dose
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fiGURE 6: POTe dose response curvs: t p ~ 0.001; ~1 p::: 0.08; ~2

P = 0.03;'" NS; ail oompared to control (incubation with media alone)
in circulatinQ (n=4) and sxudate (n=6) PMN.

were added to a 0.5 ml suspension of 5 x 105 PMN to generate final concentrations of 30 j!M,
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300 IlM and 2.5 mM POTC. 60th circuiating and eXl.ldate PMN demonstrated augmented

apoptosis secondary to incubation with POTC. Incubation with 300 IlM POTC led to

increased apoptosis in circulating PMN (52.3 ± 9.2% vs. 42.6 ±6.7% in control PMN, p:::O.(8)

and exudate PMN (51.1 ± 22.1% vs. 28.7 ± 13.2% in controls, p:::0.033). Incubation with 2.5

mM POTC funher increased apoptosis in both circulating PMN (59.9 ±5.0%, 1'<0.001 vs.

control) and in exudate PMN (58.6 ± 18.9%,1':::0.0(2).

Receptor expression for circulating and exudate PMN is included as Tabie 1. There were no

significant differences in membrane expression between circulating and exudate PMN.

Circulating PMN

Exudate PMN

Fas

8.5 ± 1.2

10.5 ± 1.6

FasL

9.1 ± 5.6

8.4±5.6

TNF R1

9.1 ± 1.0

11.2 ± 3.6

TNF R2

20.8±3.2

27.4±10.9

TABLE 1: Receptor expression (median intensity of expression) for apoptosis receptors in
circulatinQ and exudate (both n=20); no siMificant differences.

Given the role of the human neutrophil in host defense and its participation in host injury

during persistent inflammation, the reguiation of neutrophil delivery and clearance has

undergone extensive investigation. Apoptosis represents the means by which senescent

neutrophils are cleared from circulation, and trom the exudate environment. In tl1is

experiment using a human transmigration model, we have confirmed that when neutrophiis

undergo transmigration from the circulating to the exudate environment, they demonstrate

delayed constitutive apoptosis, and remain refractory to stimulation with protein synthesis

inhibition. In addition, in contrast to circulating PMN, exudate PMN are refractory to both TNF-
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a and Fas Ab induced apoptosis. When protein synthesis in inhibited, exudate PMN only

respond to Fas inducedapoptosis, and are refractory to TNF-a induced apoptosis. Alterations

in apoptosis rates in circulating and exudate PMN was not explained by aiteration in receptor

expression. lasî, specifie inhibition of NF-K!3 revealed similar increase in apoptosis in both

circulating and exudate apoptosis.

These resuits demonstrate that following transmigration to the extravascular inftammatory

environment, exudate neutrophils dispiay both delayed constitutive and induced apoptosis.

Exudate neutrophils remain refractory to TNF-a, even with protein synthesis arrested.

Ongoing synthesis of intracellular proteins in exudate neutrophils does not further inhibit

apoptosis as it dces in eirculating neutrophils. Nonetheless, we have demonstrated that

protein synthesis directed by the transcription factor NF-KB does inhibit apoptosis and

prolong ceiJ survival in both circuiating and exudate neutrophils.

The results of the experiment resulted from a direct comparison between circulating PMN,

collected by venipuncture and exudate PMN, harvested using the skin blister skin window

technique, collected in the same heaithy controis. The skin blister skin window technique

provides an accessible means of collection of neutrophiis that have necessariiy undergone

transmigration to the extravascular environment. The strengths of the techniques include the

abïlity to harvest a pure and viable population of exudate neutrophils from humans in vivo

without manipulation or stimulation. Drawbacks include the limited yield of neutrophiis, mUd

discomfort and occasionai scarring of the procedure, and thus the difficulty of studying

patients.

Aithough resuits for apoptosis were provided as histograms, apoptosis is better considered as

a rate of cel! death for a population of cells, a sigmoid shaped curve with apoptosis on the

ordinate (y-axis) and time on the abscissa (x-axis). The curve may be shified tothe right or

lefi depending upon if the rate of apoptosis is delayed or acceierated, respectively. The curve
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may also differ basea upon technique of evaluating apoptosis given that different techniques

evaluate ceUs at aifferent stages of apoptosis. In generai, apoptosis rate are measured on

the steep part of the sigmoid shaped CUNe, in order to demonstrate differences in apoptosis

rates (shift of the curue) with varying conditions.

Not ail authons have foune! deiayed apoptosis in exue!ate neutrophils. in vitro endothelial

transmigration stimulated by FMlP led to irlcreased neutrophil apoptosis,55 and inflammatory

neutrophiis isolated from the joints of patients with rheumatoid arthritis display augmented

constitutive apoptosis, and no change in Fas induced apoptosis.56 However, these results

sl.Ibstantiate our previous experiments documenting delayed apoptosis in exudate human

neutrophils from skin.33 Exudate salivary neutrophils also demonstrate delayed apoptosis.38 ln

animal studies, exudate pulmonary neutrophiis35 and peritoneal neutrophils57 dispiay

refraetory constitutive apoptosis. In addition, in vitro endothelial transmigration and binding

adhesion molecules will lead to delayed neutrophil apoptosis.34 it is likely that the proeess of

transmigration affects neutrophii apoptosis differently in separate organs, modulated by the

degree of inflammation at those sites.

ln contrast to circulating neutrophils, the delayed apoptosis in exudate neutrophils was found

to be unaffected by inhibition of protein synthesis. These findings confirm other reports in

exudate neutrophils in salivary neutrophil,38 in peritonea neutrophils in an animal model.57

The results imply that tonie inhibition of apoptosis secondary to protein synthesis is not

present in exudate neutrophils, as they are committed to a delayed rate of apoptosis.

Given that NF-K8 plays an important role Ince!! survival by tonie inhibition of granulocyte

apoptosis (inhibition of NF-K8 is associated with the onset of apoptosis),42 and given thaï

global protein synthesis inhibition did not impact upon exudate neutrophil apoptosis, we

hypothesised that NF-K8 would not aet to promote ce!! survival in exudate neutrophils.

However, inhibition of NF-K8 produœd identical augmentation of apoptosisin both circulating
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and exudate neutrophils. Thus, the delay in apoptosis in exudate neutrophils does l'lot appear

to be mediated by alteration of the regulatory transcription factor, NF-KB.

Given previous experiments documenting a decreased binding of TNF-o. to eXl.ldate PMN, we

reported decreased TNF receptors in exudate nel.ltrophils,33 however, we have not

substantiated this conclusion. Apoptosis is mediated tl1rol.lgl1 the TNF RI or 55 kDa receptor
58

and facilitated by the TNF RU or 75 kDa receptor. 59 in t!lis experiment, using specifie

monoclonal antibodies to TNF RI and TNF RII, we did not observe any alteration in TNF

receptor expression between circulating and exudate neutrop!lils. Although other reports also

fmlnd no alteration in TNF receptors in exudate neutrophils isolated from arthritic joints,60

others have found activation and/or adherence of neutrophils will stimulate release of TNF

receptors,61. 62 and observed decreased TNF RI expression in rat pulmonary exudate

neutrophils.35 Multiple authors have observed that exudate neutrophils are refractory to TNF

o.; wl1ether this is mediated by decreased TNF-o. binding or a reduction in receptor

expression requires further investigation.

The process of apoptosis plays a central role in neutrophil clearance, within the circuiating

and the exudate inflammatory environments. Delayed apoptosis in exudate neutrophils allows

for the neutrophil to perform its defense oriented function, however, this delay contributes to

host injury in the presence of persistent and overwhelming infection. Interventions to

modulate apoptosis wïl! be complicated by alterations in apoptosis over time and space. A

delay in exudate neutrophil apoptosis may be physiologie, necessary for host defense in the

urinary !:lIadder, while simultaneously, delayed neutrophil apoptosis leads to host injury in the

lungs. Thus, organ specifie targeting, and interventions at certain specifie times based upon

individualised patient response may be necessary to impact upon patient outcome.
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Commentary

Whiie performing the expeliments investigating neutrophil apoptosis, relatecl experiments

were clone evaluating neutrophil chemoattractant receptors and chemotaxis. This was in

keeping with the principal hypothesis that change in receptor expression oceurs to aiter ceil

funetion in vivo. Thus, an investigation was performed evaluating the hypothesis that

cl1emoattractant receptor alteration led to altered chemotactic function in neutrophils in vivo.

ln addition to evaluating exudate neutrophils, septic neutrophils (PMN collected tram critically

il! patients with the sepsis syndrome) were also harvested and comparee! to controi circulating

PMN. Thus the evaluation of the changes in receptor expression and cell function were

perlormee! in two unique and altered neutrophil populations, namely exudate and septic PMN,

both compared separately to control circuiating PMN. The following manuscript represent the

results from the evaluation of this hypothesis regarding neutrophil chemotaxis.



65

Manuscript #3

Alteration of chemoattractant receptor
expression regulates human neutrophil

chemotaxis in vivo

Andrew J.E. Seely MD, Jean-Francois Naud BSc, Giuseppina Campisi BSc, Betty Giannias

BSc, Shuqing Liu MSc, Antonio DiCarlo MD, Lorenzo E. Ferri MD, Jose L Pascual MD, Jean

Tchervenkov MD, FRCS(C), FACS, Nicolas V. Christou MD, PhD, FRCS(C), FACS, FCCM

Presented at the American College of Surgeons, October 2000
Published in Annals of Surgery 2002; Volume 235, pages 550-559.

Keywords: Neutrophil, transmigration. sepsis, CSaR, CXC R1, CXC R2, chemoattractant,
chemoattractant receptors.



66

Manuscript 3: Alteration of chemoattractant receptor
expression regulates human neutrophil chemotaxis in vivo

Mini abstract

This study demonstrates both increased and decreased expression of human neutrophil

chemoattractant receptor expression in vivo, with paraliel alteration in neutrophil chemotaxis.

Following transmigration, exudate neutrophils display increased CSaR and CSa chemotaxis,

but decreased Il-SR and Il-S chemotaxis. Neutrophils from septic patients have climinishecl

chemoattractant receptors, and decreased C5a chemotaxis.

Abstract

Alterations in human polymorphonuciear neutrophil (PMN) chemoattractant receptor

expression and chemotactic function in vivo were evaluated in MO distinct experiments:

exudate PMN (PMN that have undergone transmigration to skin window blisters in controls)

and septic PMN (circulating PMN fram septic ICU patients, APACHE il 23.6±7.8) were both

separately compared with controlcirculating PMN. Exudate PMN displayed increased CSa

receptors & CSa chemotaxis, and reduced Interleukin-S receptors (both Il-SRA & Il-aRB) &

Il-8 cnemotaxis. Septic PMN displayed reduced CSa & Il-S receptors, decreased CSa

chemotaxis, but no change in Il-8 chemotaxis. Il-S, but not CSa receptor gene expression

decreased in parallel to receptor alteration. These results suggest: (1) change in PMN

chemoattractant receptor expression serves to regulate PMN chemotaxis in vivo; (2) eXl.ldate

PMN chemotaxis depends more on CSa tl1an Il-S, and (3) climil"lishecl chemoattractant

receptors andchemotaxis in septic PMN may explain decreased PMN clelivery in these

patients.
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Introduction

Appropriate and effective host response to infection is of fundamental importance to host

survival. Thus, a thorough understanding of the alterations in host response in critically m

patients !las long been of particular interest. i
,2 Appropriate recruitment of polymorphonllclear

neutrophil (PMN) to a site of inflammation is a principal component to effective host defense

against baeterial and fungal infection.3 We have previously demonstrated that septic patients

have redllced delivery of neutrophils to skin blisters,4,5 and believe that diminished PMN

deUvery to remote sites may contribute to sepsis-reiated immunosuppression, ieading to

"second front" infections, subsequent organ dysfunction and mortaiity. Given the essential

role of the PMN in both health and disease, our investigations have focused on the regulation

of human PMN delivery in vivo.

Directional migration or chemotaxis along the concentration gradient of a leukocyte

chemoattractant is essential for effective leukocyte delivery to a site of infection. PMN will

undergo directional migration or chemotaxis towards an increasing concentration of a variety

of chemoattractant substances. C5a, the most potent pro-inflammatory and chemotactic

anaphylatoxin, is formed during complement activation, and serves as a non-specifie

chemoattractant for monocytes, neutrophils, eosinophils and basophils.s The effect of CSa on

PMN is mediated by the CSa receptor (C5aR), identified on neutrophils and other peripherai

blood leukocytes.7 It is a member of the superfamily of rhodopsin-type receptors, ail

containing seven transmembrane 100pS.8 in addition to chemotaxis, C5aR al50 mediate5 a

pro-inflammatory response in PMN, inciuding the production of superoxide anions9
, and the

release of proteolytic enzymesiO
. The capacity of mediators to alter C5aR expression in vitro

is weil known. 1i
,i2 When CSa binds to C5aR, both ligand and reœptor are intemalized, with

the potential for cell surface re-expression of the receptor, approximately 100 minutes

later.13
,14 Aithough CSaR have been shown to be decreased in anergie patients,5 the

functionai significance of increased or decreased C5aR expression in vivo is unknown.
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Interieukin-B (Il-a) is the prototype of a supergene famiiy of chemokines (chemotactic

cytokines) that possess specifie chemotactic activity for neutrophils, and is implîcated in the

pathogenesi13 of inflammatory disease. 15 Il-8 i13 produced by virtuaHy al! nucleated ceUs in

response to inflammatory stimuli suctl as endotoxin, TNF-ot and ïnterleukin-1 (ll_1).16 Tilere

are MO receptors for Il-Il type A receptor or Il-S RA (also named C-X-C Ri) and type B

receptor or Il-8 RB (C-X-C R2). Both Il-8 receptors have seven transmembrane regions, are

coupled to G proteins, and share 29% amino acid sequence homology with C5aR 17 Il-B

receptors are expressed on monocytes, a subset of NK ceUs and T ceUs, but are most

strongly expressed on neutrophils. 18 Il-SRA and Il-SRB differ in theïr selectivity for other

ligands, and theïr biologie differences remain to bEl clarified. 19 Though numerous mediators

modulate Il-8R expression, including G-CSF, lïpopolysaccharide (LPS) and il_8,2o.21 in vivo

regulation of IL-8 RA, Il-8 RB and their functional significance remain to be determined.

Although chemoattractant receptors are known to be responsible for mediating PMN

response to various chemotactic factors including both C5a and IL-S, in vivo alteration of

chemoattractant receptors, the mechanism for theïr alteration, and the functional significance

of receptor alteration are unelear. We hypothesised that PMN chemoatlractant receptor

expression display signiticantalteration in humans in vivo, that receptor alteration may be

increased or decreased, and that PMN receptor alteration is associated with a parallel

functionai change in PMN chemotaxis. To investigate these hypotheses, we evaluated the

simultaneous alterations in PIVIN chemoattractant receptors and PIVIN chemotaxis in two

human PIVIN populations that are tunctionally distinct trom control circuiating PIVIN. Thus, in

MO separate but related experiments, we measured the change trom control circulating PIVIN

in chemoattractant receptor expression and PIVIN chemotaxis in (1) exudate PIVIN (PIVIN

which have necessarily undergone transmigration to skin blisters), and (2) septic PIVIN

(circulating PMN exposed to increased levels of circulating pro-inflammatory mediators);

changes in C5a and Il-S receptor expression were compared with changes in PMN function,

or chemotaxis to C5a and il-8. To evaluate the mechanism for receptor alteration, receptor
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gene expression was evaluated in ail three PMN populations. The purpose of these

investigations includes the further elucidation of the mechanisms that reguiate human

neutrophi! delivery in vivo, as weil as the mechanisms that iead to observed reduction in PMN

deiivery to remote sites in septic patients.

Materials ,md methods

Subjects

The subjects under e'Valuation in this study were healthy human controls and septic patients.

Oirculating PMN were isolated from septic patients (septie PMN), whereas, both circulating

PMN and exudate PMN were collected sÎmultaneously from t!ealthy controls (see below).

Sepsis was defined by the presence of active infection requiring antibiotic treatment along

witt! the Systemic Inflammatory Response Syndrome (SIRS - identffied by having ÎWo or more

of the following criteria: body temperature > 38°0 or < 36°0; heart rate> 90; tachypnea

(respiratory rate> 20 or Pa002 < 32 mm Hg); WBO count > 12.0X109!l or < 4.0X109/l).22 Ali

patients were being treated for active infection. Exclusion criteria for septic patients inciuded

the foilowing: having received a transfusion of greater than 5 units blood or blood products

within 48 hours, chemotherapy or radiotherapy in the previous three months, steroid

administration, or hemodialysis; liver failure (Ohild's B or 0), known HIV positivity,

hypovolemic shock, or hypotension requiring vasoactive drugs (e.g. dopamine at > 8

!J.g/kg/min or norepinephrine > 8 !J.g/min). Exclusion criteria for the control cohort inciuded a

history of infection within the previous 48 hours, severe chronic ilIness, immunosuppressive

medication, and known malignancy. Informed consent was obtained from ail patients and

controls. The study was approved by the Committee on Human Experimentation, McGiII

University Heaith Center Research Institute.

Reagents
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Ali preparations of neutrophils were kept in po!ypropylene tubes to prevent adherence.

Neutrophil incubation was in Duibecco's phosphate buffered saline (paS) without calcium

and magnesium (Flow Laboratories). Recombinant human C5a (Sigma Chemica! Co., St

louis, MO) and IL-S (Sigma Chemical Co.) were storE~d aï -70"C in 0.1ml aliquots at a

concentration of 100 ng/ml and 10 ng/ml, respectively. Ail glassware was baked at 250"C

for at least 6 hours. Disposable sterile plastic pipettes and polypropylene tubes were used

whenever possible.

isolation of circulating neutrophils

7 ml of whole blood was obtained from the subjects using heparinized vacuum-sealed tubes

(Becton Dickenson, Franklin lakes, NJ). The blood was immediately added to 1.5 ml

MacrodexlDextran-70 (Pharmacia laboratories, Piscataway, NJ), and gently mixed. The

erythrocytes were gravity sedimented for 60 minutes at room temperature. The leukocyte

rieh supernatant was removed and centrifuged at 400xg for 5 minutes at 4°C. The peliet was

gently resuspended in Dulbecco's phosphate buffered saline (paS) without calcium and

magnesium (Flow laboratories) and layered on 3.0 ml of Ficoll-Hypaque (Pharmacia

Laboratories). Centrifugation continued at 400xg for 25 minutes at 4"C. The plasma,

lymphocyte interface and Ficoll were removed, and the pellet resuspended in Elyse (Cardinal

Associates, Santa Fe, New Mexico) in order to lyse erythrocytes. After re-pelleting the

neutrophils (400)(g for 25 minutes at 4°C), they were washed with, then resuspended in iced

pas. Cells were counted with a hemoeytometel' following staining with Turk's solution, and

suspended in media at a concentration of 1x106cells/ml. Cel! viabiiity (measured by

Propidium iodlde (Sigma Chemical Co., St. louis, MO) or trypan blue exclusion) and purity

(assessed by flow cytometry or microscopie field examination) were in excess of 90% in ail

experiments.

Isolation of exudate neutrophils



Skin window chambers were manufactured at the McGW University Workshop and used as

previously described.23 The technique follows the one described Zimmerli and Galin.
24

Briefly, exudate neutrophils were collected from skin windows placee! on the volar aspect of

the subject's forearm, previously sterilized with 10% proviodine-iodine topica! antiseptic and

70% isopropyl alcohoi. 360 mm Hg vacuum suction was applied using a plexiglass tempiate

(contains four separate 1.0 cm diameter chambers attached to two side ports that connect to

suction) for 45-90 minutes until4 1.0 X Hl cm blisters tormed. These blisters were unroofed

using sterile scissors, and a second tempiate consisting of four open-bottomed chambers (1.0

cm diameter inferior opening next to skin) was tightly appiied l.lsing wide adhesive tape. The

chambers were individually tilled with 10% autologous serum through superior portholes (0.2

cm diameter). The portholes were subsequently sealed with a sterile covering (OpSite™,

Smith & Nepllew, Hull, England). After 18-22 hours, sterile covering was removed, and the

exudate fiuid was aspirated through the portholes. Neutrophil purity within the exudate fluid

was > 98% assessed by microscopic field examination; no red blood ceUs were present. To

maximize cell yield, chambers were rinsed three times with normal saline. Neutrophils were

sedimented at 400xg at 4°C for 5 minutes. Neutrophil viability was confirmed to be > 95%

l.lsing propidium iodide exclusion. Neutrophils were counted using a hemocytometer after

staining with Tl.lrk's solution, and resuspended in iced PBS at a concentration of 1x106

ceUs/ml for Immediate quantification of surface receptors. Using this technique, a population

of approximately 2-10 x 106 pure and viable exudate PMN was collected trom each healthy

control.

Quantification ofsurface receptors

Circulating neutrophils were collected in 7 mi sterile Vacutainer® tubes containing EDTA as

anti~coagulant(Becton Dickinson, Franklin lakes, NJ). The whoie blood was kept on Ice until

analysis (begun immediately). Exudate neutrophils were analysed as soon as they were

suspended in iced PBS (1x106 ceUs/ml). Chemoattractant receptor density was ana!ysed

using specific immunofluorescent-Iabeled monoclonal antibodies to the CSaR (CD8S), Il-8
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RA (CXCR1) and IL-8 RB (CXCR2). Mouse anti-numan (lgG1) CD88-FITC (Serotec Ud.,

Oxford, England), mouse anti-human (19G20) IL-8 RA·PE (Pharmingen Canada, Miss.

Ontario) and mouse anti-human (lgG1) IL-8 RB-PE (Pharmingen Canada, Miss. Ontario) were

used to detect the chemoattractant receptors in the following manner. In 5 ml tubes, 10 p,1 (1

2 p,g) of immunofluorescent monoclonal antibody was incl.lbated along with 100p,1 of wllole

olood for 30 minutes at room temperature in the dark. Subsequentiy, 2 ml of monoclonal

Iysing solution (il dH20, 8.26 9 NH4CI, 1 g KHC03, 0.037 9 Na2EDTA) was added to the

mixture, and again stored in the dark for 10 minutes. After neutrophil sedimentation (400xg at

4°C for 5 minutes), cells were washed t'Nice with PBS with 1% FBS and 0.1% Azide (Sigma,

Oakville, Ontario), and were finally suspended in 2% paraformaldehyde (Fisher, Ontario) and

promptly analyzed by Flow Cytometry. Exudate neutrophils were also washed with PBS with

1% FBS and 0.1 % Azide, and suspended in 2% paraformaldehyde in the same manner. The

meclian intensity of fluorescence for each receptor, wllich is directly proportiona! to the

density of surface receptors per cell, was recorded for each PMN population, following at

least 5000 counts (see fig 1). Median intensity of fluorescence was chosen over mean, as

the fluorescence distributions were often skewed. CeUs were plotted on forward scatter vs.

side scatler; and agate was used to isolate the neutrophils from other cellular elements in

whole blood. Monoclonal isotype controls inciuded FITC conjugated mouse IgG1 (C5aR), PE

conjugated IgG2b (IL-a RA) and PE conjugated IgG1 (Il-a RB).

Flow Cytometer Calibration

The FACScan was calibrated bi-weeldy te ensure 1'10 overlap of Fl1 and FL2 spectra using

Caliblite™ beads (Becton Dickinson, Mississauga, Canada). In addition, QC3™ microbeads

(Becton Dickinson, Mississauga, Canada) were used to standardize the intensity of

fluorescence on a bi-weekly basis or sooner if instrument maintenance WaS performed, thus

correcting for any variations in flow cytometer performance. By making sma!! alterations in

the cytometer settings, the cytometer WaS calibrated such that the FACScan reaa the same

FITC and PE target channels for the QC3™ beads from week to week.
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ln addition to FACScan calibration, standardized phycoerythrin (PE)-conjugated beads were

lIsed to convert from intensity of fluorescence to number of receptors pel' calI. Quantibrite™

beads (Beeton Dickinson, Mississauga, Canada) with known l1umbers of PE molecules pel'

bead have been previol.lsly described and validated.25
,26 A mixture oHour pre-ca!ibrated

beads was lIsed to create the calibration curve. Antibodies to the Il-S receptor I.Ised in this

experiment had one PE moiecule per antibody. By verifying that the receptors on both

circulating and exudate PMN were saturated with antibody (doubling the concentration of

antibody did not alter fluorescence), the number of antibodies bound to the ceUs were

assumed to be identical to the number of receptors pel' cell. Thus, a standardized CUive

relating întensity of fluorescence to number of receptors pel' cell was used to calculate !L-8

receptors on neutrophils; the correlation coefficient for the linear regression performed on the

calibration curve was 0.99993 (1'=0.00015). The CSa receptorwas marked with a FITC

labeled antibody, thus it was not possible to convert from intensity of fluorescence to number

of C5a receptors pel' PMN.

Chemotaxis assay

The chemotaxis assay was carried out using a modified Boyden's chemotaxis assay,

originally described by Boyden27
. Briefly, neutrophils were placed in the top wells of a

Boyden chamber (Neuro Probe, Gaithersburg, MD). The chemoattractants, C5a, IL-8,

Zymosan-activated human serum (ZAS - positive control), or Phosphate Buffered Saline

(PBS - negative control) were placed in the bottom wells. The two wells were separated by a

25 x 80 mm 3 micrometer-pore-size polyvinylpyrolidone-free polycarbonate membrane

(Neuro Probe, Gaithersburg, MD). Following a 55-minute incubation period. the membrane

was removed, stained using Hema 3 staining solutions for leukocytes (Biochemical Sciences,

Swedesboro. NJ), and examined under a microscope at 400)( magnification. Three

microscopie fields were observed for each weil, and average cell counts per field were

calculated in order to yield chemotaxis values. Samples were always evaiuated in triplicata.
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A dose response curve was performed for iL-S and CSa to estabiish the appropriate

chemoattractant concentrations for use in the study.

Assay of Gene Expression

RNA isolation of was performed on PMN suspensions; 1-3 million PMN were collected and

suspended in 1 ml of Phosphate Buffered Saline (PBS). Following sedimentation (400xg at

4°C for 5 minutes), cells were Iysed in 1 ml of TRlzol (Ufe Technologies, Burlington, Ontario)

and total RNA was collected as described by the manufacturer's protoco!. The RNA pellet

was then suspended in 20 I!I of DEPC treatecl double distilled water.

Reverse Transcription (RT) was performed on 2 1!90ftotai RNA using the ThermoScript RT

PCR System (lite Technologies, Burlington, Ontario) and the manufacturer's suppliee! oligo

dT primer. The manufacturer's suggested conditions were adhered to. A total reaction

volume of 20 I!I was usecl.

Selective gene amplification fram the cDNA was achieved by performing Polymerase Chain

Reaction (PCR) using Platinum Taq DNA Polymerase (life Technologies, Buriington,

Ontario). PCR conditions employed were as follows: GAPDH required 0.8 I!I of rt product,

annealing temperature 60 oC and 30 cycles, CXC R1 required 2.4 I!I rt praduct, anneaiing

temperature 55 oC and 35 cycles, CXC R2 required 1.6 I!! of rt praduct, annealing

temperature 53 oC and 30 cycles, C5aR required 0.5 I!I of rt product, armealing temperature

55 oC and 33 cycles. The specifie oligonucieotide plimers used and amplified fragment

!engths were: GAPDH 5' ACC ACC ATG GAG AAG GCT GG 3' and S'CTC AGT GTA GCC

CAG GAT GC 3' (527 bp) (modified fram 28), CXCR1 5' CAG ATC CAC AGA TGT GGG AT 3'

and 5' TCC AGC CAT TCA CCT TGG AG 3' (296 bp),29 CXCR2 5' CTT TTC TAC TAG ATG

CCG C 3' and 5'GAA GAA GAG CCAACAAAG G 3' (966 bp),29 CSaR 5'ATG AAC TCC

TTC AAT TAT ACC 3' and 5'TGG TGG AAA GTA CTC CTC CCG 3' (551 bp)30.
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After amplification, 10 ul of PCR product were electrophoresecJ on an ethidium-bromide

stained Agarose gel and imaged with the Alpha Imager 2000 (Alpha Innotech Corporation,

San Leandro, CA). Band density was determined with the Chemilmager Software (Alpha

Innotech Corporation). Analysis was perlormed by comparing the proband genes as ratios to

the housekeeping gene GAPDH.

Statistlcs

An results are expressed as mean ±standard deviation (SD). SYSTAT® 8.0 for Windows

was used for ail statistical analysis. Statistical significance (p<0.05) was evaluated with

student's T-test or Analysis of Variance between groups, with Sonferroni correction when

multiple tests were perlormed simuitaneously. Statistical significance is indicated on the

figures to follow. If the number of subjects used for a figure differs from the number listed

below, it is stated in the legend for the figure.

Resulls

Ali subjects were prospectively emolled from 01/2000 to 05/2000. 12 ICU patients were

identified and consented (APACHE Il range 11-37, mean and standard devi8ltion of 23.6 ±

7.8). Patient infections were varied, including pneumonia, intra-abdominal abscess with

peritonitis, infected acute pancreatitis, pyelonephritis, endocarditis, and infected aortic

prosthesis. 19 human healthy volunteers were studied during the same period of time.
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Exudate PMN
Il-8 RA il1 Exudate al1d circuiatil1g PMN
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iL-S RA Positive

Il-8 RB in Exudate and circu&ating PMN

~-r-----------------.

IL-8 RB Positiw

Negative

C5aR il1 Exudate.& Circulating PMN

~-r---------------'

Il-8 RA il1 Septic and circuiating PMN

~.....---------------,

Il-8RI\Posillve

Il-8 RB in Septic and cireuiating PMN

~-r----~----------.

Il-.'l RB Positive

C5aR in Septic.& Circuiating PMN

là..----------------.

csaR posi!ive

fiGURE 1: Flow Cytometer analysis. Histograms witt! imensity of
fluorescence (log scale, x-axis);left peak (dari< gray) - isotype
negative control; nght (black) peak. - control circulating PMN; gray
peak - exudate PMN. Histograms for Il-8 RA, Il-8 RB, &CSaR.

liJl
CDœFITC

• Negative Control
Exudate PMN
Circulating PMN
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Exudate PMN

Analysis of ehemoattractant receptor expression in healthy eontro!s demonstrated that

exudate neutrophils (see fig 1 and 2) display significantly greater expression of CSa

receptors as compared to

fluorescence (MlF): 31.S ±

15.9 in exudate PMN vs.

16.8 ± 7.0 in circulating

PMN; p<O.001). In contrast

to increased CSaR, exudate

PMN have decreased

expression in both IL-8 RA

and IL-8 RB when

compared to circulating

CSa Receptors
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PMN (IL-8RA: 12200 ±

7400 receptors per cell in

exudate PMN vs. 52 800 ±

6300 in circulating PMN; IL-

8RB: 7200 ± 3900 in
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exudate PMN vs. 44 800 ±

3100 in circulating PMN;

both p<O.001). Evaluation

FIGURE 2: Circulating vs. Exudate PMN: Receptor expression (Ieft)
and chemotactic function (right) for CSa (top) and IL-8 receptors
(bottom) Results: Mean ± SD; MlF = Median Intensity Fluorescence;
t => 1'<0.001, :; => p<O.OS vs. Circulating PMN.

of chemotaxis in exudate PMN (see Fig 2) from healthy controls demonstrated increased

migration to C5a and ZAS, both significant!y higher than that of circuiating PMN. Exudate

PMN migration to C5a was 40.86± 12.82 PMN pel" microscopie field (mf), aseompared to

32.17 ± 8.86 PMN/mf for circuiating neutrophils (p=0.028). Similany, ZAS, a source of CSa,

induced an eXl.ldate PMN ehemotaxis of SO.84 ± 19.43 PMN/mf, which was significantly

higher than with cireuiating PMN, 34.90 ± 8.53 PMN/mf (p=0.004). Exudate PMN displayed
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reduced chemotaclic migration to Il-a when compared to circulating PMN in the same

individuals (29.5 ± 4.9 PMNfmf in circulating PMN vs. 16,48 ± 8,42 PMNfmf in exuclate PMN;

p<O.001). Chemotaxis to the negative control (PBS) was similar in exudate and circulating

neutrophils (circulating PMN 5.28 ± 2.41 PMN/mf vs. exudate PMN: 6.3 ±3.2; p = 0.3). Semi-

quantitative gene expression anaiysis revealed significant differences between il-8 mRNA

expression, but simiiar C5aR mRNA expression in circulating vs. exudate PMN (see Tabie 1).

Control Exudate Septic
Circulating PMN PMN PMN

CSaR 0.55 ± 0,40 0,48 ± 0.83" 0.52 ± 0.19"

ilS-RA 1.66 ± 0.87 0.95 ± 0.30 ::1:1 0.91 ± 0.39 ::1:2

ILS-RB 1.83 ± 0.80 0.72 ±0.23 t 1.48 ± 0,43"

TABLE 1: CSa & IL-8 Receptor mRNA in Control Circulating, Exudate and Septic PMN.
Analysis: t ::::> p<O.001, ::1:1 ::::> p=0.07, ::1:2 ::::> p==0.06, ." ::::> NS, vs. control circulating PMN.

SepticPMN

Septic PMN from 12 septic

patients demonstrated a

significantly decreased

expression of ail three

chemoatiractant receptors

evaluated (see Fig 1 and 3),

inciuding C5aR (MlF: 7.2 ± 3.6

in septic PMN vs. 16.8 ± 7.0 in

circulating PMN; p<O.001), IL-8

RA (# receptors: 36 200 ± 13

C5a Receptors Chemotaxis to C5a

Chemotaxis to Il..a

:1
li! 26 ~

~2!l1
©.15
'il: 10

5
Il+---L._L-~-L-----l----,

800 in septic PMN vs. 52 800 ±
fiGURE 3: Circulating vs. 5eptic PMN: Receptor expression
(left) and chemotactic function (right) for CSa (top) and Il-8
receptors (bottom) Results: Mean ± 5D; MlF == Median
Intensity Fluorescence; t::::> p<O.001; .. ::::> N5 vs. Circ PMN.
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6300 receptors in circulating PMN; p<O.001) and IL-a RB (21 SOO ± 11 100 in septic PMN vs.

44800 ± 3100 in circuiating PMN; p<:O.001). Evaluation of chemQtactic function in circuiating

PMN in 12 septic !CU patients revealed thaï chemotaxis to CSa was significantly reduced in

septic PMN (see fig 3) when compared to the control 0011011 (19.7 ± 4.0 in septic PMI\! vs.

32.2 ± 8.9 PMN/mf in circl.llating PMN; p <: 0.(01). The observed response ta the positive

control, ZAS paralleled the alterations in CSa mediated chemotaxis (23.87 ± 6.58 in septic PMN

vs. 34.89 ± 8.53 PMN/mf in cirel.llating PMN; p=O.O(1). Tilere was no alteration in ehemotaxis

to Il-8 observed in septic PMN (27.8 ±6.1 in septie PMI\! vs. 29.5 ±4.9 PMN/mf in circulating

PMN; p=0.42). Chemotaxis to the negative control (PBS) in septie PMN was similar to

circulating neutrophils (septic PMN: 8.23 ± 5.99 PMN/mf vs. control cîrculating PMN 5.28 ±2.41

PMN/mf; 1'=0.(8). Semi-quantitative gene expression analysis revealed significant differenœs

beÎWeen Il-8 RA mRI\!A expression, slightly reduced 11-8 RB gene expression, and similar

C5aR mRNA expression in circulating vs. septic PMN (see Table 1).

Discussion

Polymorphonuclear neutrophil delivery to the illflammatory exudate microenvironment is

essential for effective host response to infection. In order to investigate the importance of in

vivo alteration of chemoattractant receptors in determining PMN chemotactic function, as weil

as evaluate potelltial mechanisms underlying the observed reduction in PMN delivery to skin

blisters in septic patients, we studied the aiteratiol1 from control circulating PMN in /1ealthy

subjects in chemoattractant receptof expression and chemotactic function in ÎWo distinct PMN

populations: exudate neutrophils in healthy controis, and circulating PMN in septic patients.

Both (1) exudate PMI\!, which have undergone transmigration trom the intravascuiar to the

interstitial environment and have been exposed to inflammatory mediators in the exudate

milieu, and (2) septic PMN' which have been exposed to increased levels of valious

circulating mediator mediators, cells and cytokines within the serum of septic patients,

represent functionally separate populations of PMN. They have undergooe physiologie
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alteration trom "resting" circulating PMN in the bloodstream of healthy individuôls.

Comparison of both hea!thy eXl.ldate PMN and septic circulating PMN to control healthy

circulating PMN reveals that receptor alteration may be a physiologie mechanism oecurring in

vivo that leads to change in chemotactic functioi1. in addition, the resuits have specifie

implications regarding PMN delivery in patients with sepsis, and PMN chemotaxis in the

exudate environment.

ln this experiment, exudate PMN of septic patients were not investigated. First, it is important

to note that the skin blister method is associated with some discomfort, and clitically in

patients' families are often reluctant to grant consent. Second, our previous data had

demonstrated similar receptor alterations in eXl.ldate PMN, regardless of whether the subject

was septic or healthy. For example, in septie patients, we observed a similar loss of

expression of both Il-S RA (69% reduction; p<O.00001) and Il-S RB (72% reduction;

p=O.00007) in the exudate PMN; however, as opposed to the cament stl.ldy, chemotactic

function was not evall.lated in this previol.ls experiment39 Given that alterations found in

exudate PMN appear to be consistent in septic patients and contrais, and wishing to minimise

patient discomfort, we elected not to colleet eXl.ldate PMN in septie patients.

PMN Exudate PMN

Receptor - -

ft 880/0 ft 27% * TABLE 2: Percent change in CSa
CSaR and Il-S receptors and in

chemotaxis in exudate PMN
when compared to circulating
PMN in healthy contrais. Ali

U 76%
percent changes are significant

IL=8 RA (p<O.001, except :1: => p<O.05).

U46%

IL=8 RB U 82%
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The tirst component of our study involved the evaluation of alterations in chemoattractant

receptor expression and chemotaxis foliowing the process of transmigration. Using a human

in villa model of PMN transmigration, we have demonstrated thaï exudate PMN display an

upregulation of bath CSa receptors and chemotaxis to CSa compared to circulating PMN;

conversely, marked downregulation of bath interleukin-S receptor type A & B and a parallel

decrease in chemotaxis to Il-S was observed in exudate PMN (see Table 2). Our observed

augmentation of both C5aR and chemotaxis to C5a in exudate PMN has not been previously

reported. The increase in C5a receptors and chemotaxis and decrease in Il-8 receptors and

chemotaxis in exudate PMN suggests that C5a, a potent PMN activator,9.1o may be more

important for neutrophil delivery and activation in the exudate environment once

transmigration has occurred.

Our observation of decreased il-S receptors and Il-S chemotaxis in exudate PMN confirms

previous reports demonstrating diminished Il-S receptors in exudate PMN harvested from

bronchioalveolar lavage fluid in patients with chronic respiratory tract infections (chemotactic

funetion was not evaluated), 31 and reduced chemotaxis to Il-S, FMlP, leukotriene B4 and

CSa in pustule (exudate) PMN in a single patient with relapsing bullous staphyloderma32
. The

importance of Il-S to the proximal component to neutrophil delivery, including upregulation of

PMN integrins, leading to neutrophil trans-endothelial ceil migration, is weil established.33.34

The importance of Il-S for circuiating PMN chemotaxis in contrast to the downregulation of Il

a receptors and chemotaxis in the exudate environment suggest that Il-S may be

representative of a class of PMN-specific regiona! chemoattractants, recruiting PMN from the

circulation to a particular ragion or specifie area of infection or inflammation based on

production of inflammatory mediators and endothelial cel! activation as the tirst step in PMN

delivery. CSa may be representative of a class of local chemoattraetants, serving to attract

and activate the PMN within the inflammatory exudate microenvironment. Analogous to PMN

endothelial cell interactions guided by a stepwise progression of adhesive interactions,

neutrophil delivery may alsa involve a stepwise progression of chemoattractant exposure.
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The second component to the study Înciuded the evaluation of septic PMN, name!y

circulating PMN in patients witll the presence of infection and altered host rasponse. As we

have previously demonstrated that neutrophil delivery to skin blister sites is reduced by 72%

in septic patients active infection and SIRS,4 we hypothesised that neutrophii

chemoattractant receptors and chemotaxis in the circulating PMN of septic patients would be

diminished. In thi!> experiment, we found a significant reduction in C5a receptors on

circuiating PMN trom septic patients and a corresponding decrease in chemotaxis to CSa.

There were signifiœnt reductions in both Il-a RB (S1% reductiol"l) and il-a RA (31%

reduction) in septic PMN, but no alteration in Il-S stimulated chemotaxis (see Ta~le 3). In

addition, we have previously demonstrated that both IL-a and CSa are present in skin window

ftl.lid of healthy subjects at concentrations much greater than serum, thus creating a

chemotactic gradient for neutrophils undergoing transmigration. However, the CSa gradient is

absent in septic patients secondary to elevation in serum CSa 4. Thus, our data to date

suggests a defect in CSa mediated chemotaxis in sepsis, due to both a lack of a CSa gradient

as weil as a significant loss of CSa receptors and CSa chemotactic response in circulating

PMN. These results provide a mechanism to explain the observed decrease in PMN delivery

to skin window blisters in septic patients.

PNiN Septic PMN

Receptor
.

C5aR U57% U76%

IL."B U31@j@
No

significant
IL",B RB U51@j@

change

TABLE 3: Percent change in
CSa and iL-S receptors and in
chemotaxis in septic PMN
when compared to circulating
PMN in l1eaitl1y contrais. Ail
percent changes are
significant (p<O.001).
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ln this experiment, Il-S and CSa receptor expression and chemotaxis to Il-S and CSa

demonstrated paralie! alterations in exudate PIVIN (see Table 2) and in septic PIVIN (see

Table 3). Tllese data support receptor alteration as a mechanism for change in celi function

in vivo, a conclusion suggested but not confirmed from previous in vitro investigations.

Although receptor downregulation occurs in conjunction with concurrent decrease in

chemotactic function in lfitro,zO the effects of CSa receptor antagonists, which block CSaR

both in vitro and in lIivo,35 and inflammatory mediators, inciuding TNF-Ol and GM-CSF, may

attenuate CSa mediated chemotaxis in PMN in vivo despite the presenœ of the reœptor. 11 ln

this study, both upregulation and downreguiation of CSa receptors were associated with

parallel aiterations in CSa chemotaxis. The reduction inll-S receptors with no alteration in IL

S chemotaxis observed in circulating PMN in septic patients demonstrates that receptor

alteration alone may not he necessarily sufficient to alter PMN chemotaxis; however,

chemotaxis to ether il-S receptor (Il-S RB) ligands, which may be decreased, was not

evaiuated. Taken together, these observations support the hypothesis that chemoattractant

receptor aiteration is a physiologie mechanism by which chemotaetic function is altered in

vivo.

The biologie mechanisms leading to receptor alteration in human neutrophils have undergone

extensive investigation. In this experiment, semi-quantitative analysis of gene expression

demonstrated moderate downregulation of Il-S receptor, but l'lot CSa receptor gene

expression was noted in parallel with reeeptor alteration. Despite the Inherent limitations with

semi-quantitative mRNA isolation and densitometry using ratios of proband to housekeeping

genes, these data support previous observations suggesting decreased receptor gene

expression mediates alterations in Il-a receptors.20 ln addition, other mechanisms result in IL

S receptor loss in vitro, incll.lding incubation with Il-S Itself, 21,38 TNF-a and lPS37
; whereas

G-CSF will stimulate Il-a R expression of human PMN.2o Other factors, including hypoxia

and/or hypoxia with reoxygenation will affect matrix protein regulation of PMN Il-a

reœptors.38 CSa is known to mediate a decrease in CSaR. When compared to controls, CSa
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concentration is eievated in the serum of septic patients; exudate fluid CSa concentration is

also elevated in the exuelate fiuie!, comparee! to serum levels in healthy contrais. 4 ThU5,

multiple fadors are iikely invoived in the in vivo reguiation of celi surface chemoattradant

receptor expression.

By evaiuating the change in receptor expression and chemotaclic fundion in exudate PMN

(skin window sKin blister method in healthy controis) and septic PMN (circutating PMN in

septic patients), and comparing .both witt! control circulating PMN (from heaithy contrais), we

have demonstrated the following: (1) chemoattradant receptor alteration is variable,

dependent upon the receptor in question, capable of both significant increase or decrease;

(2) receptor alteration is associated with a concurrent paraliel change in chemotaxis, while

the receptor may not be necessarily sl.Ifficient to alter PMN chemotaxis; (3) alteration in gene

expression may explain alteration in IL-S, but not CSa receptors; (4) exudate PMN

chemotaxis relies more on CSa than IL-a; and (S) diminished chemoattradant receptors and

chemotaxis in septic PMN may explain decreased PMN delivery in these patients. These data

support the conclusion that receptor aiteratiol'l is a principal means by which PMN chemotaxis

is regulated in humans in vivo.
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Commentary

During the performance of these experiments, the implications for neutrophil bio!ogy and the

clinica! significance of the results were always consideree!. The literature regarding neutrophi!

delivery to, function in, and clearance from a site of inflammation was reviewed. Not

previolls!y highlightecl in the literature, the membrane of the neutrophil provides the means for

the neutrophil to interact with surroundil'lg cells and mediators. it therefore was appropriate to

perform a review and analysis of available data regarding the role of the nel.ltrophil

membrane in the regulation of the neutrophillife cycle. Thus, the foilowing manuscript

represel'lts a generalisation of the results already presented, and a discussion regarding how

the neutrophil membrane participates in and mediates neutrophil delivery, function and

clearance.



88

Manuscript #4

Neutrophil membrane expression regulates
neutrophil dei fu ction clearance

Andrew J.E. Seely MD, FRCSC, Jose L. Pascual MD, Nicolas V. Christou

MD, PhD, FRCSC, FACS, FCCM

Acœpted for publication in Sepsis, in press.

Keywords: Review, neutrophil, PMN, reœptors, neutrophil delivery,
chemotaxis, apoptosis.



89

Manuscript 4: Neutrophil membrane expression regulates
neutrophil delivery, functlon and clearance

Abstract

As the principal cellular component of inflammatory host defense, and a major contributor to

host injUl'Y foliowing severe physiologie insult, the neutrophil is Inherently coupled to patient

outcome in health and disease. Extensive research has thus focused on the mechanisms and

processes of neutrophil delivery to, function in, and clearance from the inflammatory

microenvironment. The nel.ltrophil cell membrane expresses a complex array of adhesion

moiecules and receptors for various ligands, including soluble mediators, cytokines,

immunoglobulin, and membrane molecules on other ceUs; the membrane is the principal

means a cell interacts with its environment. This article reviews the evidence that receptors

play a central role in the regulation of neutrophil delivery (including neutrophil production,

romng, adhesion, diapedesis, and chemotaxis), neutrophii function (including priming and

activation, microbicidal activity and neutrophil mediated Mst injury), and neutrophil clearance

(apoptosis and necrosis). In addition to mediating these processes withln the neutrophillife

cycle, change in nel.ltrophii receptor expression is a means by which neutrophils alter their

function in vivo. In summary, neutrophii cell surface expression, representative of the

connectivity of the neutrophil, mediates the processes Inherent to the nel.ltrophils' life cycle;

and alteration of nel.ltrophil surface expression contributes to and is synonymous with change

in nel.ltrophil fl.lnction.
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Introduction

Tissue inflammation, manifesting clinicaily as rubor, caiof. tumor and dolor, !las been a

source of investigation since the begirming of medical science. Inflammation may be defined

as a condition or state, which tissues enter as a response to injury or insult The neutrophil is

the most important and the most e:densively studied cel! involved in the inflammatory

response. As the principal circulating phagocyte. the neutrophil is the tirst and most

abundant leukocyte to !Je delivered to a site of infection or inflammation, an Integra!

component of non-specifie host defense. In addition to its role in l'Iost defense, the neutrophil

is implicated in the pathogenesis of tissue injury and of persistent inflammatory diseases. The

paradoxical roles of the neutropl'lil in 110st defense and host injury have fueled intense

scientific inquiry regarding the processes of neutrophii delivery to a site of inflammation,

neutrophil function within the inflammatory environment, and neutrophil clearance from that

milieu. The aim of this review is to highlight the importance of neutrophil cel! membrane

expression in the participation and regulation of neutrophil delivery, function, and clearance

trom its environment The relationship between altered receptor expression and altered

neutrophil function in humans and in vivo will !Je emphasized. The review will conclude with a

brief discussion and interpretation regarding the importance of membrane receptor

expression as a measure of cellular uconnectivityD, and suggestions for future research

regarding the rote of neutrophils in the inflammatory response.

Neutrophil Delivery to the Inflammatory Mi~roenvironment

The neutrophillife cycle begins with a bone marrow phase, is followed by a circulating phase,

and ends with a tissue phase. Within the bone marrow, neutrophils originate trom self

renewing myeloid stem ceUs: the myeloblast differentiates into the promyloblast, and then into
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neutrophils, which are occasionaUy seen in circulation during a stress response. The

metamyeolcyte is the precursor to polymorphoi1uclear leukocytes, common!y referred to as

grarllJ!ocytes, inch.lding eosinohphiis, basophi!s and neutrophile. The process of neutrophil

maturation and differentiation within the marrow takes approximateiy 14 days, and has

undergone considerable investigation.1 Neutrophil production is estimated to vary from 108 to

1011 cellslday depending on measurement technique.1
, 2 This is mediated by a variety of

hematopoietic growth factors, most notab!y granulocyte colony stimulating fac!:or (G-CSF)

and granulocyte/macrophage coiony stimulating factor (GM-CSF).3

Growth factors exert theïr effect through interaction with membrane receptors, with

subsequent induction of intraceliular tyrosine phosphorylation and activation of multiple

signaling cascades.4 Variation in receptor expression and modulation by soluble mediators

occurs during cell maturation.5 ln addition to others, GM-CSF and G-CSF mediate

proliferation and differentiation of neutrophii bone marrow stem cells ailowing for substantial

variation in neutrophil production, increasing as much as i0-fold during a stress response.2

Pathologie function of growth factor receptors leads to hematoiogic mness;6, 7 and a reduction

in marrow G-CSf receptor expression is associated with myeloid maturation arrest and

neutropenia foilowing severe bum injury8. Thus, neutrophil production, differentiation and

maturation depend upon physiologic interaction of growth factors with receptors on neutrophil

myeloid precursors.

After release from the bone marrow, neutrophils enter the circu!ating compartment, the

second phase of their life cycle. In circulation, neutrophils have a haif-life of 6-9 hours.

Neutrophils comprise >50% of circulating leukocytes, and >90% of circulating phagocytes,

and reversibly move from circulating to marginating pools. Marginated neutrophils are those

"storecl" in the capillaries of certain tissues, most nota!:>ly in the Il.mg, and fOim a much greater

number than those free in circulation at any given time.s The IImg hamours large numbers of
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marginating neutrophils due to the tremendous number of small capiliaries (diameter <:

neutrophil), farcing neutrophiis ta deform in order to pass through these capiilaries.10 The

marginating pool of neutrophils ailows for rapid mobiiization in response to infection or oUler

stresses. Despite the rapid turnover, human neutrophi! counts are relatively stable, averaging

3000 to 4000 neutrophilsJmm3
. Neutrophil delivery occurs in the post-capillary venule as a

sequential series of well-stl.ldied processes (see figure 1)

Exudate
PMN

Transmigration

Adherence 1

IfDflammatory Mediators: TNF-a, IL
1,11-6, IL-B, ROI, PAF, leukotriene 84, ..,

132 Integril1 I-CAM '1

2~:>e

1 Rolling

Apoptosis

Circulating
PMN

c

Figure1: Neutrophil Delivery within the Post-Capillary Venule

Neutrophil transmigration from the intravascular to the extravascuiar (exudate) milieu

predominantly oœurs in the post-capiliary venule, facilitated by a combination of mechanical,

chemicai and molecular factors. The first step is margination, or mo.....ement of the neutrophil

tram the central stream to the penphery of a vessei. In post-capillary venules, when the

vessel diameter is 50% larger thal1 the diameter of the leukocyte, erythrocytes move faster

than the larger leui<ocytes, especially in the center of the \l'essel, pushing leui<ocytes to the
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vesse! periphery.11 Physica! forces involved in the erythrocyte-Ieukocyte interactions govem

this radial movement of leukocytes. The importance of erythrocytes has been demonstrated

in a rat mesenteric perfusion mode!, where no !eukocyte margination was observed in the

absence of rad œHs.12 Neutrophil margination aliows for a molecular interaction œtween the

cel! surface of the neutrophil and endothelia! cel! ta occur, resuiting in neutrophii rolling on the

vessel wall.

A state of weak adnesive interaction oetween the neutrophil and endothelial cell aUows the

neutrophil to roll along the surface of the post-capïllary venule. Rolling is dependent upon

both physical and molecular forces. The neutrophil's ability to roll and adnere to endothelial

ceUs is inversely proportional to the vessel shear rate (i.e. faster moving blood decreases the

aoility of leukocytes to adhere).13 Neutrophil rolling velocity is also direclly proportional to

luminal rad olood cell velocity.14 Once in proximity to the endothelial cell, a low affinity

adherence OCClU·S, and in conjunction with the shear stress of passing erythrocytes, the

neutrophil œgins to roll along the endotheiial lining of the vassel.

Seiectins: Interactions between the surface of the neutrophil and the endotnellal cell allow for

rolling, and subsequently, adherence and diapedesis. The low affinity interaction llwolved in

rolling is largely govemed by selectins and their ligands (see Table 1). Seiectins are a family

of glycoprotein surface adhesion molecules that include l-selectin (expressed exclusively of

leukocytes), E-seleclin (expressed exclusively of endothelial cens) and P-selectin (expressed

on plateleis and endoinelial cells). Constitutive expression of l-selectin is maintained on ail

circuiating quiescent ieukocytes (except for certain subpopuiations of memory T-cells).15

Animal intravital microscopy has demonstrated that blocking l-seleclin and/or P-seleclin witn

high dose selectin-binding carbohydrate (fucoidin) decreased both neutrophi! roiling and

adherence following ischemia-reperfusion.16 band P-selectin gene-deficient mica
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demonstrate diminisned rolling. 17 The ligands for neutrophii l-selectin are multiple sialylated

carbohydrate determinants, which are iinked to mucin-like molecules. 15
, 18 These selectin

ligands on endotheiial ceUs are inducible with lPS or a variety of inflammatory cytokines. 19 ln

addition to l-selectin mediated rolling, enàothe!ial cel! expression of E-selectin is necessary

for normalleukocyte recruitment and may initiate leukocyte roliing in certain models.20
, 21

Table 1: NeutrophU & Endothelial Cell Adhesion Receptors

Receptor Cell Ligand Cell type Purpose

Rolling and weak
l-Selectin Neutrophil sle2

, slex Endothelium adhesion of PMN
onEC

C011a1C018 Neutroprm
ICAM-1, ICAM-2,

Endothelium
n ofPMN

ICAM-3 onEC

ICAM-i, Endothelium
Adhesion of PMN

onEC

iC3b Complement Phagocytosis?

COHb/COi8 Neutrophil

Fibrinogen - -

Factor X - -
iC3b Complement Phagocytosis?

C011c/C018 Neutrophil

Fibrinogen - -

E-Selecf:in Endothelium slex Neutrophil firm PMN/EC
adhesion

slex Endothelium
Firm PMN/EC

Endothelium adhesion
P-Selectin Platelem

PSGl-i . Neutrophii
firm PMN/EC

adhesion

En leukocytes
Diapedesis of

PMN through EC
PECAM-1 CD31!alpha"

Neutrophii - -

ICAM-3 Neutrophil CDi1a!CD18
1

leucocytes
Antigen

presentation
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The rolling governed by a weak molecuiar interaction is a prerequisite for a stronger

molecular interaction, namely adherence. This has been demonstrated using intra-vitai

microscopy in the rat mesenteric microcirculation,22 in human neutrophils in rabbit mesenteric

venules,23 and in a cat mesentel"ic perfusion modeL14 However, others have demonstrated

that antibodies to P-seiectin will attenuate rolling, but not impact adherence.24 Blocking l

selectin in animal models has reduced neutrophii-mediated tissue injury, thought to be

dependent on neutrophil adherence.25 Thus, these studies suggest that seiectins not only

mediate rollïng, but are required for ensuing leukocyte adherence.

As with romng, the celi surface of the neutrophil determines its ability to undergo adherence.

ln contrast to romng, a dynamic low-affinity adhesive interaction, adherence is a stationary

high-affinity (strong) adhesive interaction between the neutrophil and endotheliai cell. This

interaction is largely mediated by a separate set of adhesion molecules, the integrins and

their ligands. The importance of integrin mediated adhesion to neutrophil delivery and host

defense was first demonstrated in patients with leukocyte Adhesion Deficiency-i (LAD_i).26

These patients develop life-threatening bacterial infections, as neutrophils are unabie to

undergo transmigration to sites of inflammation due to a genetic mutation in CDiS, the P

subl.lnit of the integrin family of adhesion molecules. Neutrophiis from heaithy controls

incubated with monoclonal antibodies to integrins, or neutrophiis from patients with LAD-i

both demonstrate deficient adhesion and transmigration through activated endothelial

monoiayers. 27

~ntegrin$ and ~CAM$: integrins are a family of heterodimeric proteins (made up of two

different subunits - 0: and ~ subunits) expressed on the cell surface, and are integrai to the

process of cell adhesion. The 132-integrins are restricted to ieukocytes, and are essential to
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normal ieukocyte trafficking. They consist three distinct a subunit (CD1ia, CDiib, C01ic)

boune! to a common ~ subullit (COiS). Although the distribution of Ih-integrins subclasses

differs amongst leukocyte populations, neutrophils express ail three classes. The relative

contribution of each a subunit to leukocyte adherence may vary and depend upon the

stimulus ieading to adherence and transmigration.28 Neutrophil integrlns interact with

complementary surface moiecule ligands on endothelial ceUs in order to generate the high

affinity bond that characterizes adherence (see Tab~@ 1). Particularly important to

neutrophils, intercellular adhesion molecule 1 (ICAM-i) on endothelial cells serves as the

ligand for both C01i a/CDiS and CDi1 b/CD18, whereas ICAM-2 is capable of binding

CDiia only.29 Animai intravital microscopy has demonstrated the importance of integrin 13

subunit CDi8 to adhesioll, but not to rolling.30, 31 Multiple studies have demonstrated that

anti-CD11/CDi8 antibodies have reduced inflammation and injury in model of allograft

rejection, endotoxin challenge, hemorrhagic shock, aspiration pneumonia, pneumonia,

ischemia reperfusion and more.32 While CDi8-dependent neutrophil transmigration is

essential for physiologic neutrophil delivery, CDi8-independent nel.ltrophil transmigration has

been demonstrated in rabbit models of respiratory and peritoneal infection, respiratory and

hepatic ischemia-reperfusion;33-36 and may depend on the type of bacteria at a site of

infection.37 Despite the complexity of adhesion moiecules, the membrane of the nel.ltrophil

and of the endothelial cell must interact and undergo firm adhesion in order for the process of

neutrophil transmigration to progress.

Both integrins on neutrophils, as weil as ICAMs on endothelial ceUs demonstrate marked

variability of expression and adhesiveness. Augmented neutrophil expression of

CD11b/CD18 is induced from intraceUular pools by various cytokines, including FMlP, GM

CSF, C5a, n.JF-a and others; however, increased neutrophil adhesiveness may be more

significantly related to conformationai changes in the CDi1b/CD18 protein complex. 38

Chemoattractants such as the chemokine Il-8 will activate integrin adhesiveness as weil as

help to direct leukocyte migration.39. 40 ln addition to constitutive expression of iCAM-1 and
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iCAM-2 on endothelia! celis, iCAM-1 expression may be augmented by numerous

inflammatory mediators.41
-43 Thus, under the influence of inflammatory mediators, changes in

number and conformation of neutrophil integrins and upregulation of endothelial œil !CAM

expression will induee a transition from selectin-dependent rolling to integrin/lCAM-dependent

adherence,44 subsequenUy leading to diapedesis, the next step in neutrophil delivery.

Following adherence, the neutrophil must pass through the endothelial monolayer and

basement membrane to enter the extravascular inflammatory (exudate) environment. In vitro

adherence of nel.ltrophils on activated endotheliai ceUs will cause a disruption of endothelial

celi-cell interaction and augment endotheliai cell permeability, an effect blocked with anti

integrin monoclonal antibodies.45 Transmission electron microscopy in a human umbilical vein

neutrophil transmigration model suggests that diapedesis of neutrophils occurs at endothelial

celi tri-ceilular corners (the intersection of three endothelial cells),46 Endothelial adhesion

molecules are necessary for diapedesis and transmigration. Leukocyte adherence and

emigration observed post ischemialreperfusion and in response to leukotriene 134 or platelet

activating factor, is decreased with monoclonal antibodies to various adhesion giycoproteins,

incll.lding CDiS, CDiib, ICAM-1 and L_selectin.47,48 Thus, membrane mediated adherence is

a prerequisite for diapedesis, a process also mediated by neutrophil-endothelial cel!

membrane interaction.

PECAMœ1: Other adhesion molecules, such as platelet-endothelial cell adhesion molecule-i

(PECAM-1) are specifically involved with the process of diapedesis. PECAM-1 is

constitutively expressed and concentrated on the lateral borders of endotheiial œlls where

diapedesis is observed to take place, as weil as on the surface of neutrophils, some T cells,

monocytes, and platelets. Blocking PECAM-1 with monoclonal antibodies will increase

neutrophil adhesion to endothelial cells mediated by CD11b/CD18,49, 50 thus inhibiting the
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abiiity of the neutrophil to undergo diapedesis. Monoclonal antibodies to PECAM-1 will arrest

leukocytes transmigration by 70-90% without interfering with normal leukocyte adhesion to

endothelial monolayers; leukocytes remain tighUy bound to the apical surface of the

endothelial celi, precisely o\l'er the interœUular jUl'lctiol'l. 51 The importance of endothelia! and

neutrophil expression of PECAM-i was confirmed using in vivo murine intravital

microscopy.52 Thus, PECAM-1 appears to allow the neutrophil to evade adhesion at

intercellular junctions so that diapedesis ieading to neutrophil transmigration may take place.

in summary, the process of neutrophil transmigration is regulated by a multi-step process that

il'lvolves sequential events, each necessary for progression to the l'lext. Theses cenular

processes are govemed by molecular interactions between receptors and their ligands

expressed on neutrophi!s and endothelial celis. The œil membrane of the neutrophil is what

allows it to interact with endotheliai cells. By altering the expression and efficacy of the

various adhesion receptors dynamically in vivo, leukocyte deiivery is regulated leading to site

specifie leukocyte accumulation. In addition to adhesion receptors and ligands mediating

neutrophil-el'ldotheliai cell interactions, leukocyte delivery requires furtl1er neutropl1i! cel!

membrane participation, specificaily responding to soluble mediators in the extraceilular

inflammatory environment.

6) Chemotaxis

ln addition to interceUular adhesion, leukocytes require a chemoattractant gradient in order to

complete the process of transmigration. Chemoatîractants are soluble moiecuies that cause

direction8iity to cell movement; ceUs migrate in the direction of increasing concentration of a

chemoattractant in a process calied chemotaxis. For over three decades, neutrophils have

been known to undergo chemotaxis towards damaged or inflamed tissue.53 The production of

chemoattractants in the inflammatory environment is due to a combinatiol'l of sources,

including bacterial break:down products, complement factors, and cl1emokines produced by
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inflammatory and non~inf!ammatorycelis. For example, in addition to neutrophils

themselves,54 monocytes, smooth muscle cens, epithelial cells, endothelial ceUs and

fibroblasts are capable of gel'leratil'lg Interleuk:il'l-8 (IL-a), a potent neutrophil chemoattractant,

whel'l stiml.llated with an pro-inflammatol)' agonist, such as IL-1 or TNF_a.55

ChemoaUractants selVe l'lot only to direct leukocytes to specifie areas of inflammation, but

also recru!t specifie sl.lbpopulations of leuKocytes to infiamed tissue, sl.lch as neutrophils in

response to acute bacterial infection, eosinophils at sites of chronic allergie inflammation or

parasitic infection, or monocytes in chronic inflammatol)' diseases. Chemoattractant

mediators may thus be ciassified depending upon their spectrum of ieukocyte activity (see

T~ble 2). Classical chemoattractants include N-formyiated peptides produced by bacteria

such as f-Met-Leu-Phe (FMLP), polypeptides (e.g. C5a) and lipids (e.g. leukotriene B4),

which act as chemoattractants for vanous non-specifie leukocyte populations.56-SB

Chemoattractant cytokines, or chemokines are a novel family of chemoattractants that confer

specificity to ieukoeyte subset responsiveness, and are weil reviewed elsewhere.59, 60

Extensive in vitro and in vivo investigation has identified IL-S as a principal factor in neutrophil

delivel)'.61,62,63.64 Other chemokines specifie for neutrophils inciude epithelial cell derived

neutrophii activating peptide (ENA-78), neutrophil aetivatingpeptide-2 (NAP-2), growth

related oncogene (GRO-a, GRO-p, GRO-ô), macrophage inflammatory protein-2 (MIP-2)

alpha and beta. These chemokines are structurally similar, consisting of the tirst two cysteine

(C) amino acid residues separated with a separate amino acid (X), and are referred to as

CXC chemokines or a chemokines. A separate famiiy of chemokines are known as the CC

chemokines, as the first two cysteine residues are in juxtaposition. Monocyte

chemoattractant protein-1,2 and 3 (MCP-1, MCP-2, MCP-3), macrophage inflammatory

protein-1 (MIP-1) alpha and beta, and RANTES are members of the CC family, or are 13

chemokines. The activity of the CC supergene family of chemokines is predominantly

oriented towards monocytes.65 Thus, chemoattractants help explain how ieukocytes localize

to specifie inflammatol)' sites, and how specifie leukocyte populations are recruited to these

sites.
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Table 2: Neutrophil Chemoattractants

Neutrophil specifie

ll-B
Granulocyte chemotactic protein 2 (GCP- 2)
Epithelial cell-derived neutrophil attractant

78 (ENA-7B)
Neutrophii Activating Pepetide-2 (NAP-2)

Growth Related Oncogene
(GRO-alpha, beta, gamma)

Macrophage inflammatory protein-i ,2
(MIP-1,2)

Platelet factor 4 (PF4)
Mast cell-àerived chemotactic factor

5-Hydroxyeicosatetraenoic aGid

Leukocyte Non-specifie

C5a
TNF

Monocyte chemoattractant protein-1,2,3,4
(MCP-1,2,3,4)

FMlP
Macrophage chemotactic and activating

factor (MCAF)
PAF

RANTES
1-309

Casein
leukotriene B4 (lTB4)

Chemoattractant receptoi"S: leukocyte delivery is further regulated by chemoattractant

receptors that display specificity for both the type of leukocyte on which they are expressed,

and the ligand to which it will bind. The specificity of chemoattractant induced leukocyte

chemotaxis is related to differential expression of chemokine receptors, a superfamily of G

protein coupled receptors with seven transmembrane regions.56
,67 Although chemokine

receptors share similar structure, they differ in their ligand specificity (see Table 3). For

example, Il-a receptor A (il-BRA or CXC Ri) and ILS-RB (CXC R2) have a 7S% identicai

amino acid sequence, and will both bind il-a; however, while ILBRA is specifie for IL-B, ILaRB

has multiple agonists, including other CXC chemokines sllch GRO-a, GRO-I3, GRO-o,

neutrophil-activating peptide-2 and epithelial cell-derived neutrophil activating peptide-78.6B

Neutrophii transmigration appears to depend te a greater degree on Il-8RA than il-8RS, as

antibodies directed against Il-8 RA inhibited the majority (78%) of Il-8 induced chemotaxis.69

ln contrast, IL-aRS has been implieated in the transendothèlial migration of T-cells.70 ln

addition, chemoattractant receptors are expressed on specifie leukoeyte subsets (see Tab~e

3): whereas receptors to the classicai chemoattraetants are expressed on monocytes,

neutrophiis, eosinophiis and basophils, CXC chemokine receptors are primarily restricted to

neutrophiis.15 Thus, chemokine receptors display both ligand and leukocyte specificity. These
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complex mies defining the interactions between specifie chemoattractants and leukocytes are

beiieved to allow the host response to deliver specifie subsets of ieukocytes to localized

areas of infection or inflammation. Chemoattractant receptors l'lot only mediate the process of

chemotaxis, but changes in receptor expression within the inflammatory environment confer

changes to œil function. Prior to discussing changes in neutrophil receptor expression,

neutrophil function & clearance from the inflammatory microenvironment are discussed.

Table 3: Ne~trophil Chemoattractant Receptors & ligands

Class Receptors Ligands
CXCR-i (lL-8 RA) iL-8

C...X...C Receptors CXCR-2 (lL-8 RB) IL-8,GRO, NAP-2, ENA-78, GCP-2
CXCR-3 Mig,IP-i0
CXCR-4 SDF-1

CCR-i MIP-1a, MIP-1 B, MCP-3
CCR-2A,2B MCP-i, MCP-3

CCR-3 Eotaxin, RANTES, MCP-3

C...C Receptors CCR-4 MIP-1a, RANTES, MCP-1
CCR-S MIP-ia, MIP-1B, RANTES
CCR-S MIP-3a
CCR-7 ELC
CCR-8 1-309

Non...C...X...C CSaR CSa
FMLPr FMLP

Neutrophil function in the Inflammatory Microenvironment

1) Neutrophil priming and activation

Neutrophils are capable of existing in different stabie functiona! states. Different neutrophil

states are associated with distinct patterns of aitered membrane expression and altered

function (see Table <$). For example, quiescent neutrophiis can be "activated" by various

inflammatory mediators in order to prodl.lce reactive oxygen metabolites (the respiratory

Durst) and destructive proteoiytic enzymes (see below). In addition to being activated, the

neutrophil cari be "prime(]" to produce an augmented or exaggerated response to an

activating stimulus. Priming is defined as an enhancement or amplification of the neutrophil



102

respiratory burst in respcmse ta a given activating stimulus foilowing exposure to the priming

agent.71 Altering the neutrophil from a "resting" state to a "primed" statedoes not activate the

respiratory burst directly but will potentate the neutrophii response to a subsequent

stimuh.ls.72 Various mediators have been known to cause neutrophil priming, inciuding ATp73
,

platelet activating factor (PAF)74, Il_a75, Il_S7s
, lipopolysaccharide77 and leukotriene 8478. An

alteration in ceU surface receptor expression has been proposed to mediate the priming

phenomenon; for example, GM-CSF and TNF will cause an increase in neutrophil FMlP

receptor expression when primed.79
, 80 Yet, others have demonstrated diminished or

unchanged numbers of receptors with other priming agents, or that the priming effect was

temporally unrelated to increase in receptor numbers.81
-
63 Separate investigators found that

the priming effect aitered the signal transduction cascade distal to the FMlP receptar,

involving a direct activation of G-proteins.84 An Immediate and rapid fise in intracellular [Ca2+]

is impiicated in the ability of a group of agents to cause priming, including Il-8, ATP,

leukotriene B4 and PAF. 65
,73 However, under certain conditions priming secondary to FMlP

occurs without any rise in [Ca2
+].66 Other priming agents, such as TNF-a, GM-CSF or lPS

are associated with less rapid rises in intracellular (Ca2+]. and require longer incubation

periods to achieve the priming effect.87 Priming effects are further complicated by the fact that

priming agents display synergy.68, 89 Neutrophil priming and subsequent activation has been

hypothesized to play an important role in endothelial ceil and end organ injury and the

pathogenesis of multiple organ dysfunction,90 supported by data from an animal ischemia

reperfusion model,91 and observations of human neutrophils foilowing trauma. 92
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Table 4: Human neutrophU states

Cir~:adatingPMN

Restirl~ bloo~®am

PM~. conecœ~

v«mipunctul'e

Primed PMN

PM~ stimuiate~ witt!
primililg agelilt in vitro

Activated PMN

PMN stimuBated with
activating agent in

vitro

Exudate PMN

PMN coUected
from dermaB

exudate milieu
in vivo

Septic PMN

PMN coBlected
from circulation

in septic
patients ifD vivo

Unre$pon$ive or
apoptotic PMN

Adhesion receptors:
Constitutive expression l-selectin,
PECAM-1, ...
Chemoattractant receptors:
Constitutive expression or !l-!3RA, !l
aRB, CSaR, ...
Apoptosis receptors:
Constitutive expression ofTNFaR1,
Fas and FasL
Other:
CD14

Adhesion recaptors:
Increased expression CD11 b, l
selectin, PECAM-1, ~FMLPr
Chemoattractant receptors:
?!l-8RA, ?ll-8RB
~CSaR,

Apoptosis receptors:
?TNFaR1,?Fas.?Fasl
Otller:
CD14 fllTB4r, ft PAFr

Adhesion receptors:
ft CD11b, ft FMlPr,
? l-selectin, ? PECAM-1,
Chemoattractant receptors:
JJ IL-aRA, UIl-aRB
~CSaR

Apoptosis receptors:
Unknown
Otller:
JJ C3br, U1C3b

Adhesion receptors:
11 CD11b, fi Mac-1, Ul-selectin, JJ
PECAM-1
Chemoattractant receptors:
UIl-BRA, UIl-8Rb,
11 CSar
Function:
fi FMlPr
Apoptosis receptors:
U binding to TNF-a, ?JJ TNF Ri
~ Fas, FasL

Adhesion receptors:
Ul-seleclin, ?CD11b, ?FMLPr,
? PECAM-i,
Chemoattractant receptors:
UIL-aRA, UIL-aRB
UCSaR
Apoptosis receptors:
UTNFu Ri, 1Fas, ?Fasl

Adllesion receptors:
U l-selectin, 1CD11 b, ?PECAM-1,
Chemoattractant receptors:
Unknown
Apoptosis receptors:
?U TNFRI, ?Fas, ?FasL
Otller:
Jj PAFr

PIl!1N-EC interactions:
Baseline PMN romng, adhesion on activated
endothelium and transmigration.
Cilemotuis:
Will undergo chemoîaxis 10 PMN-specific and
leukocyte non-specifie chemoattraclanls
Function:
Minimal PMN respiratory burst (ROI·) and
microbicida! activity (proteo!ytic enzymes)
Apoptosis:
Constitutive a optosls (PMN half-life - 6hrs.)

PIIIIIN-EC Interactions:
Unclear impact on romng, adhesion, diapedesis.
Cl'lemowis:
No change chemotuis
Function:
Increased respiratory burst &microblcidal
activity after activation
Apoptosis:
Delayed constitutive apoptosis, ? induced
apoptosis.

PIIIIIN-EC Interactions:
ft PMN rolUng & adhesion; ?transmigralion.
Chemotaxis:
~ Chemotaxis to C5a
ft? Chemotaxis to FMlP
ChemotaxÎS to l TB4/ZAS
Function:
ft Respiratory burst (ROI') and microbicida!
activâty (proteolytic enzymes), ~ Phagocytosis
Apoptosis:
A 0 tos!s dela ed

PIl!1N-EC Interactions:
Unknown.
Chemotaxis:
11 baseline CTX, Uchemotaxis to Il-8
fi chemotaxis to C5a
Function:
ft Respiratory burst (ROI')
ft Microbicida! activity and Phagocytosis
Apoptosis:
1.1 constitutive Apoptosis
1.1 TNF-u induced, l'lot Fas induced apoplosis

PIl!1N-IEC Interactions:
Unknown
Chemotaxis:
JJ Chemotaxis to il-Il and C5a
Fumction:
7ft Respiratory Durst (RO!')
1ft Microbicidal activity and Phagocytas!s
Apoptosis:
Uconstitutive Apaptosis
JJ TNF-u induced l'lot Fas induced a tasis

PIl!1N-EC Interactions:
No interaction.
Chemowis:
JJ Chemotaxis
Fl.inction:
Jj Respiratory burst (ROI')
UMicrobicida! activity or phagocytasis
Apoptosis:
Unres onsive PMN are under cin a 0 tosis.
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ln summary, neutmphil priming occurs through diffenng, interconnected pathways marked by

redundancy and synergy, is mediated by alteration in surface receptor expression and inîra

cellular pathways, and has been associated with the deveiopment of organ injury following

severe physiologie insl.l!t

Stmngly miated to priming, neutmphii activation is an integral component to the systemic host

response. As the most abundant inftammatory cell, neutmphil activation is essential for host

defense against bacteria! or fl.lngal infection, as weil as principally involved in host injul)' in

states of persistent inflammation. Our patients live to survive the balance between the

paradoxical mies of the neutmphil. A!though this subject has I.mdergone comprehensive

review,93, 94 the physiologie and pathologie l'oies of the neutmphii are presented, highlighting

the l'Ole of the neutrophil eeli membrane. 60th neutmphil micmbicidal activïty and neutmphil

induced tissue injury are representative of the fUl1ction of the activated neutrophil within the

exudate inflammatory microenvironment.

As the principal phagocyte deiivered ta inflammatory sites,the l'Ole of the neutmphii is to

destroy and ingest pathogens in the eirculating and eXl.ldate milieu, an important component

ta non-specifie immunity. Deficiencies il1 neutrophil function are weil studied and are cleany

linked to increased frequency and severity of baetelial and fungal infections.95

Simultaneously, the neutrophil's destructive capacity leads to hast injury in nl.lmemus disease

states. 96 This paradox is at the heart of the difficulty in creating effective immunomodulation

for critically il! patients.

Cell surface receptors on the neutrophii are essential to the pmcess of phagocytosis and

siml.lltaneous activation of micmbicidal mechanisms. Using mechanisms simiiar to those used

in chemotactic movement, the membrane of the neutmphii is capable of extending
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pseudopodia and enguifing microorganisms. Opsonins wili bind to neutrophil receptors and

trigger phagocytosis. Opsonins principaliy include complement fragments and antibodies.

For exampie, neutrophil receptors for the Fe domain of IgG anîibodies will recognize l'articles

coaîed with IgG. Change in receptors may alter the ability of neutrophils to respond to

opsonins. For example, Fey Rm (COiS) and Fey RU (CD 32) are low affinity receptors for IgG

and are expressed constitutively on circulating neutrophils in healthy controis, whereas Fey RI

(CD64), a high affinity !gG receptor is induced by inflammatory cytokines97
, and expressed in

circulating neutrophils in patients with bacterial infections.98 Foliowing binding to neutrophil

receptors, phagocytosis takes place; cytosolic granules subsequently fuse with

phagolysosomes into which they release their toxic contents.

Neutrophil toxins are divided into two groups based UpOI1 their locaiization within the cel!:

il1tracellular granules and plasma membrane.se Intracellular granules contain microbicidal

peptides, proteins and enzymes, including elastase, proteinases and myeloperoxidase.

These enzymes are also released il1to phagocytic vacuoles, destroying targets ingested by

the l1eutrophil. When a neutrophil is activated, there is fusion of intracellular granules with its

plasma membrane releasing proteolytic enzymes into the extracellular environment.

Concurrentiy, neutrophil membrane NADPH oxidase is activated. The activated NADPH

oxidase converts oxygen (Oz) to the superoxide anion (OZO_), a process known as the

respiratory burst. The majority of O2'- then dismutates to hydrogen peroxide HZ0 2•

Hypochlorous acid (HOCI) is formed when myeloperoxidase oxidases CI- in the presence of

H20 Z. In addition to the direct toxic effects of superoxide ion, proteoiytic enzymes and

hypochiorous acid, neutrophil endothelial cell injury may also occur through combination of

H20 Zwith reduced iron within the endotheliai œil, forming the highly reaclive and toxie

hydroxyi (OHO-) radical. e9 Reactive nitrogen species, including l1itr'ic oxide (NO"), aet

independentiy and synergisticaliy with reactive oxygen species to augment neutrophil

delivery, and form secondary cytotoxic species.93 Thus, neutrophii microbicidai activity is



mediated by a. synergistic combination of membrane respiratol)' burst and intracellular

granules.

Neutropl1i1-mediated tissue injul)' is dependent upon a. balance of competing protective and

destructive pathways. To protect the host against the damaging products generated by

neutrophils, there exist anti-oxidants and powerful protease inhibitors within the extracellular

matrix, such as )(1- proiteinase inhibitor, )(2- macroglobulin and secretol)' leukoproteinase

inhibitor.1oo To counteract the neutralizing effect of the protease inhibitors, hypochlorous acid

will inactivate the anti-proteases in the Immediate vicinity of the neutrophit96 Neutrophils also

contain an endogenous supply of anti-oxidants, protecting themse!ves and surrm.mding

tissue. Aiso contributing to the balance of inflammation, the rate of clearance of neutrophils

through apoptosis is correiated with degree and resoiution of inflammation, and is

subsequently discussed in greater depth. The balance of inflammatory and anti-inflammatory

mediators is coupled with the neutrophil's paradoxical roles. An inflammatory response

associated with severe sepsis may be harmfl.ll, whereas the inflammatory response is

necessary to elear infection, as demonstrated in an eiegant murine cecal ligation and

puncture model lltilising variable caliber of punctl.lre. Inflammatory response may be !ocaiized

or systemic, and interventions that yield a reduction in neutrophil-mediated inflammatory

injury in one organ, may predispose to infection at other sites. Genetic factors are cleariy

involved in determining host response to physiologie insl.llt, and are only recently under active

investigation. Improved !.mderstanding of these factors will be essential to betler understand

how to intervene effectively in patients with overwhelming persistent inflammation.

Neutrophil clearance from the Inflammatory Microenvironment

Apoptosis is the means by which physiologie œil death occurs (see fig~re 2). It is a highly

orchestrated, much studied, forrn of œil death whereby ceUs commit suicide, by cleaving their
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DNA into reiative!y uniform short segments, and dividing the celi into membrane-packaged

parcels of intracellular contents (including intact organelles), which are then pnagocytosecl by

surrounding ceUs. Physiologie cell death is crucial to the varied functions of m!.lIticelll.llar

organisms, including normal tissue deveiopment, homeostasis, and neural and immune

system development.101 As illness may reflect an altered balance between cei! proliferation

and cell death, too little or too muct! apoptosis has been implicated in human diseases such

as Alzheimer's and cancer. 1Û2 Apoptosis, a term introduced by Kerr in 197io3
, denotes a

forrn of cell death l.Inder genetic control that results in removal of a cell with no inflammatory

reaction. A œl! undergoing apoptosis will shrink. its nucleus will undergo karyorrhexis

(fragmentation) and karyolysis (dissolution), its DNA undergoes specific inter-nucleosomal

cleavage (resuiting in DNA segments of approximately 185 base pairs in length), and the cell

will 1.I1timately break up into apoptotic bodies containing pyknotic nuclear debris.1û4

Surrounding cells, even those that are not "professional phagocytes" such as epithelial cells,

will phagocytose the apoptotic bodies. The phagocytosis of apoptotic bodies containing intact

cellular organelles allows for efficient recycling of vail.lable intracellular contents, without

causing an inflammatory response. The iack of inflammation associated with apoptosis is

crucial to the distinction between apoptosis and other forms of cell death. For example,

ischemic celi death (termed oncosis) is characterized by cellular swemng, organelle swelling,

blebbing and increased membrane permeability, non-specifie DNA breakl.lp, which will evolve

to cell membrane dissolution, or neerosis.1
û

4 Particuiarly important to the neutrophil, oneosis

and necrosis involve the spillage of intracelil.llar contents into the extracellular environment

with resultant inflammation. The lack of inflammation associated with neutrophil clearance

through apoptosis has lad to intensive investigation regarding the reguiation of neutrophil

apoptosis. This review win focus on the role of neutrophil membrane expression to the

proeess of apoptosis. First, alteration in receptor expression occurs during the process of

apoptosis providing a means to detect apoptosis, and second, the neutrophil membrane

mediates the activation of apoptosis throl.lgh death receptors.



Alterations of cel! membrane expression in apoptotic cells may be used to detect apoptosis in

the laboratory. it was noted that phagocytosis is inhibited by phosphatidylserine (PS),

regardiess of species (human or murine) or type of apoptotic cel! (lymphocyte or

neutrophil).105 PS normally resides on the inner membrane leaflet, but i5 expressed on the

outer membrane as an early feature of apoptosis,106 and is implïcated in macrophage

recognition of apoptotic ce1l5. 107 Flow Cytometry analysis using a fluorescent-iabeled

moiecule (Armexin V) that specifically binds to PS facilitate5 the quantification of cells

expressing PS and undergoing apoptosis. 1oa, 109 The PS binding technique detects early

apoptosis, and provides a clear differentiation between necrotic and apoptotic celis.

Deatt~ receptors: ln addition to geneticaily controlied, pre-programmed apoptosis, celis may

be instructed to undergo apoptosis by the binding of neutrophil membrane death receptors,

which transmit signais initiated by the binding of a death ligand.110 Death receptors are part of

the TNF receptor gene superfamily, and contain a cytoplasmic sequence that has been

named the "death domain" - a sequence of approximately ao base pairs near the C-terminus,

which is located within the intracellular region of the receptor and mediates its cytotoxicity.l11,

112 The best characterized and presumably most important death receptors are Fas (CD95)

and TNF RI (the p55 or 55 kilo dalton TNF receptor).112, 113 Neutrophils express both of these

receptors, which may be activated by their ligands to induce rapid cel! death. Other more

recently discovered death receptors include death receptor 3 (DR3), DR4, and DR5; these

receptors are either not expressed on neutrophils, have not yet been investigated with

respect to neutrophi! apoptosis, or are not recognized as significant to neutrophil

homeostasis.
110

Foliowing activation of a death receptor, a receptor-specific complex cascade

of intracellular events results in apoptosis.

Fas: When Fas ligand (Fasl) interacts with Fas, a death receptor, the cell expressing the Fas

will undergo rapid apoptosis.114, 115 The Fas-Fas ligand (Fasl) apoptotic pathway !las been

demonstrated to play important roles involved in immune system development and function,



Figure Neutrophil
Apoptosis Pathways

109

CELLDEATH

1) Cell shrinkage
2) DNA cleavage
3) Nuclear fragmentation
4) Nuclear dissolution
5) Breakup into apoptotic bodies
6) Phagocytosis by other cens
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Nf-KS :.:: Nuclear Factor
- kappa 8

Fas

~FasL
Fas:.:: APO-1
FADD:.:: MORT-1
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inclu g the regulation T œil development and apoptosis, and killing of inflammatory ceUs at

"immune-privileged" 5Ite5.116
-
119 Fas and Fasl are of crucial importance to initiation of

apoptosis in human neutrophiis. Anti-Fas antibodies will aeeelerate neutrophil apoptosis to a

greater degree than lymphocytes and monocytes.120 FasL exists either in soluble form or as a

cell surface molecule, forming part of the tumour necrosis factor family. Fasl will bind three

Fas molecules simultaneously, cause cil.lstering of the death domains, which leads to the

billdillg of specifie illtraceilular proteills. These illclude FADD (Fas-associated death domain)
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and FUCE (FADD like 13 converting enzyme), when bound to the death domain, activate a

familyof specifie cysteine proteases, called caspases.110 Caspases represent the machinery

of cell death: they inactivate proteins that protect against apoptosis, disable and deregulate

proteins in generai, participate in direct disassembiy of cell structures, reorganization of the

cytoskeieton, and disruption of the nucleus and ils conlents. 121

TNF RB: TNF-a win dramatically increase apoptosis rates in circulating neutrophils of healthy

human controis. 122, 123 Similar to Fasl, three TNF-a will trimerize TNF Ri leading to clustering

of death domains, and leading to binding by TRADD (TNFR-associated death domain). Two

distinct and independent signaling pathways then proceed: activation of NF-KB, and

activation of the caspase pathway leading to apoptosis (mediated through FADD, similar to

the Fas pathway).124 NF-KB regulates a wide variety of genes involved in the synthesis of

hematopoeietic growth factors, chemokines, and leukocyte adhesion molecules.125
-
127 Recent

evidenœ aise implicates NF-KB activation as an important sUNival mechanism in

granulocytes. It has been shown to downregulate TNF-mediated apoptosis in a negative

feedback mechanism.128-13o The SUNival mechanism mediated by NF-K8 explains why TNF-a

may not trigger apoptosis unless protein synthesis is blocked. Given that activation of the

death receptor TNF Ri will leael to competing pathways, TNF-a will have differential effects

on neutrophii apoptosis depending on the activation state of the neutrophil. 131

The signaling pathways initiated by both TNF and FasL may be "modulated" by a variety of

mediators in the inflammatory environment Specifically, elelayed apoptosis in states of

persistent inflammation has been extensively investigated. Many inflammatory mediators

cause a deiay in constitutive neutrophil apoptosis, and include 1nterleukin-2,132 Interleukin

6,133 Interieukin-B,134 G_CSF,135 GM_CSF136, CSa and lipopolysaccharide (lPS)123, 137. In

addition to constitutive apoptosis, inducible apoptosis mediated by the Fas pathway is

suppressed with a variety of inflammatory mediators, including Il_8,138 G-CSF, GM-CSF, IFN

y, and TNF_a.139 This delay in Fas mediated apoptosis secondary to inflammatory cytokines
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may be diminishecl in elderly subjects140. In addition, infiammatory mediators may alter

intracellular factors within neutrophils in order to delay apoptosis; these factors include

mitochondriai stability and caspases activity141, in addition to NF-K8 activation. Other agents

in the inflammatory micrœnvironment that have been demonstrated to modulate neutrophii

apoptosis include immune complexes142, reactive oxygen intermediates,143 and red biood

cells (possibiy secondary to scavenging oxidants)144. In addition, engagement of neutrophil

adhesion receptors will delay apoptosis.145 Thus, through alterations occurring during and

following neutrophil delivery to the exudate environment, numerous agents modulate the rate

of constitutive and inducible neutrophil apoptosis.

Neutrophil ceU surface expression in the exudate environment

Neutrophils display altered membrane expression and cell function following transmigration.

Using monoclonal antibodies directed towards surface molecules, characterization of the

neutrophil cell surface reveals significant and consistent alteration in exudate neutrophil

membrane expression. Our laboratory has previousiy demonstrated that exudate

polymorphonuclear neutrophils have enhanced microbicidal activity, superoxide production,

and augmented expression of CD16 and the FMlP receptor, and are refractory to further

stimulation with TNF.146 Multiple studies have confirmed that human exudate neutrophiis

collected in skin windows are primed for enhanced metabolic activation and phagocytic

activity.147-150 ln addition to altered function within the infiammatory environment, exudate

neutrophils demonstrate altered membrane expression, including receptors that mediate

adhesion, chemotaxis, and function.

Adhesion receptors are altered following transmigration. Our laboratory and ottlers have

found increased expression of CD11b, decreased L-selectin, and decreased PECAM-1

expression in exudate neutrophils foliowing transmigration. 146,151, 152, 52 The loss of PECAM-1
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is particularly interesting as ii mediates adhesiofl to endotheiiai cell corners and is neeessary

for diapedesis (see discussion above).51, 153 The alteration of adhesion molecule expression

may allow the neutrophil to complete the process diapedesis, and undergoes chemotaxis

to a site of inflammation or infection.

Evidence suggests that change in the membrane expression in exudate neutrophils is ciosely

tied to the mobilization of secretory vesieles. Exudate neutrophiis collected in skin windows

displayed inereased surface expression of alkaline phosphatase, complement reœptor 1, and

CD11b/CD18, but a complete loss of l- seleetin following transmigration; and the increase in

the content of surface moleeules in the plasma membrane was correlated with complete

mobilization of secretory vesicies. 154 loss of specifie granules was also eorrelated with

increased number of FMlP receptors in exudate neutrophils.15o Thus, the changes to

membrane expression are intrinsic to the change in neutrophil function.

Exudate neutrophils dispiay a reduced number of chemoattractant receptors along with

reduced chemotaxis. In animal models, exudate neutrophils demonstrate reduced

chemotactic response. 155 ln humans, neutrophils isolated from skin windows have diminished

chemotactic abiiity when compared to circulating neutrophiis.148 Exudate neutrophils from

pustules in a single patient revealed markediy reduœd chemotaxis to CSa, FMLP, leukotriene

B4 and Il-8 when compared to circulating neutrophils.156 Bronchioalveolar lavage neutrophils

in patients with chronic respiratory tract infections have reduced Il-8 RA and Il-8 RB when

compared to circulating neutrophils.157 Circulating neutrophils taken from humans in vivo

demonstrate dynamic and variable alterations in surface expression of chemoattractant

receptors that correlate with changes in cell function (chemotaxis). We have demonstrated

that exudate neutrophils displayed increased C5a receptors & CSa chemotaxis, and reduced

Interleukin-8 receptors (ooth Il-8RA & Il-8RB) & Il-8 chemotaxis. Septic neutrophils

displayed reduced CSa & Il-8 receptors, decreased C5a chemotaxis, but no change in IL-S

chemotaxis. These results sl.Iggest (1) change in neutrophil chemoattractant receptor
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expression serves to regulate neutrophil chemotaxis in vivo; (2) exudate neutrophii

chemotaxis depends more on CSa than Il-8, and (3) diminished chemoattractant receptors

and chemotaxis in septic neutrophils may explain decreased neutrophil deiivery in these

patients (Seely AJE et al, manuscript submitted).

Exudate neutrophils have delayed rates of physiologie eell death, or apoptosis. In humans,

exudate neutrophiis have decreased surface expression of FcyRI!! 146; and FcyRIII is known

to be decreased in apoptosis15B
, 159 ln an animal model, pulmonary exudate neutrophils

exhibited delayed constitutive and indueed apoptosis. 16o ln humans, using a sterile skin blister

skin window technique, we found that exudate neutrophils had delayed apoptosis, a reduction

in TNF-a membrane binding, and a decreased susceptibility to TNF-a induced apoptosis. 161

Human saiivary neutrophils do not respond to a combination of TNF-a and cycloheximide, as

circulating neutrophils do. 162 Thus, exudate neutrophils have delayed apoptosis, and will be

less responsive to certain apoptotic stimuli such as TNF.

in summary, roilowing delivery to the inflammatory environment, neutrophils are primed for

enhanced bacteriocidal activity, have altered expression of chemoattractant receptors and

chemotaxis, and are refractory to cell death. These mechanisms have presumably developed

in order to racilitate neutrophil effector function in host defense. Participating in and being

altered by the multiple seql.lential steps involved in the neutrophil's path trom the circulation to

the inflammatory environment, the neutrophil membrane is changed into a new configuration,

retlecting the tact that the function of the neutrophii, its overall properties, have changed too.

Conclusions

As the principal means by which the neutrophil interacts and comml.lnicates with its

environment, it is not surprising that it mediates the processes inherent to the neutrophii life
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cycle. As a complementary interpretation, the neutrophil membrane offers a measure of

neutrophil connectivity, that is, the degree of interconnectedness of the neutrophi! witl! other

elements within the host response. Applying a systems paradigm to the host response,163 the

neutrophil itself may be regarded as a complex system with iis own emergent properties. It is

hypothesised that changes in vanability and connectivity may be utilised to monitor changes

to the emergent properties of a complex system.163 By demonstrating that altered neutrophil

membrane expression is associated with altered neutrophii function, it is an exhibition of how

connectivity, investigated as membrane expression, carl identify changes in the emergent

properties (function) of the cell. Future investigations must focus on identifying which patients

might benefit trom attempted modulation of the host response, when inteiVel'ltion shouid

OCClU, and if specifie organ system targeting is warranted.

As the principal circulating phagocyte essential to normal effective host defense, and

responsible for host tissue injury in states of persistent inflammation, the neutrophil has

undergone extensive investigation. This evaluation has revealed t'No principal conclusions:

(1) the neutrophil membrane mediates the processes Integrai to neutrophil delivery, function

and clearance, and (2) alterations in membrane expression occur with change in cel! tunction.

Neutrophil membrane mediates neutrophil delivery, incluoing neutrophil-endothelial cell

interactions, romng, adhesion, and diapedesis. During this process, and in the interstitia!

intlammatory environment, the neutrophil will respond to various chemoattractants based

upon the presence and binding capacity of the appropriate receptors. In the inflammatory

environment, neutrophil membrane receptors participate in phagocytos!s, priming and

activation, ieading to reiease of a toxic arsenal of granules and activation of the membrane

bound respiratory burst. foliowing completing its function. the neutrophil is cleared through

the physiologie ce!! death or apoptosis, a process activated by membrane bound oeath

receptors. In summary, as the neutrophil membrane is the principal means by which the cel!

interacts with its surrounding, it ls the principle mediator of neutrophil development during the

neutrophil lite cycle. The second principal conclusion tram the evaluation of neutrophil



membrane expression and fl.lnction is that aiterations of the nel.ltrophH membrane are

synonymous with aiterations in cell function. Thus, in addition ta the neutrophii membrane

mediating cell processes during the neutrophillife cycle, change in membrane expression

allaws for in vivo reguiation of cellular fl.lnction.

U5
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Commentary

Perfmming experimental research and reviewing the literature regarding neutrophil delivel)l'

and clearance, the question of how this might contribute to patient care continued to

dominate the Interpretation of the results. Cell membrane receptors are particularly amenable

to intervention with widely avaiiable monoclonal antibodies that block, or bind variol.ls

membrane bound molecules. As the neutrophil membrane is principally involved in neutrophil

biology, interventions directed at the cell surface appear promising. However, questions

remain. The neutrophil is simply one component of a myriad of interconnected variables

involved in the human host response to sepsis, snock or trauma. How might modulation of

neutrophil function alone be beneficial? ln which patient and when might this be attempted?

Woulcl it not cause harm in certain patients given the simultaneous roles of the neutrophil in

host defense and injury? New layers of understanding of the host response and its

importance to patient outcome have unfo!ded, yet no ability to effective!y modulate the host

response has been developed. As a surgical resident, one is intimately aware of the a!tered

host response in patients with Multiple Organ Oysfunction Syndrome (MOOS) and our

inability to actively treat those patients; it seemed that there was a gap between ana!ytical

science and patient care. An interest in mathematics, chaos theory and complex systems

stimu!ated the theoretical re-eva!uation of the clinica! implications of analyticai research such

as the evaluation of receptor expression on neutrophils. This shift in theoreticai viewpoint

demanded that the assumptions and conclusions of basic science be reexamined, and

complimented with something new.
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The clinical significance of analytical experimental research

The implicit or explicit objective of medical and surgicai research is to contribute to the

improvement of patient care. In pursuit of this goal, expenmentai basic science papers

address the means by which the findings may iead to the development of successful

therapeutic intel'Ventions, often in the final paragraph(s) of the pape!". It is essential that this

question be addressed closely, for there has been much difficulty with the direct application of

bench research to the bedside, particularly in the treatment of patients with sepsis and/or

MODS. It is Imperative to evaluate the underlying assumptions that guide the investigation of

the host response with the goal of improving patient care. Thus, performing the experimentai

research within this thesis investigating the neutrophil in health and in sepsis begs the

question of how might this research might benefit a critically in patient.

Why perform research investigating the role of neutrophil membrane expression in the

regulation of chemotaxis and apoptosis? As mentioned, it is clear that the neutrophil, which

comprises >90% of circulating phagocytes is principaily involved both in host defense against

bacterial and fungal infection, and is aiso implicated in the pathogenesis of disease states

characterised by unremitting and/or overwhelming inflammation. Thus, it is believed thaï a

greater understanding of the mechanisms thaï regulate neutrophil delivery in health and

disease win help design an intel'Vention that will impact upon neutrophil delivery and/or

function in a clinicaily beneficial way. As the cell membrane of neutrophils is readiiy altered by

monoclonal antibodies to specific membrane molecules, one might imagine designing an

intervention that would block one or more specifie receptors may lead to a successful

intervention. For example, authors have suggested that decreasing neutrophil delivery by

blocking adhesion molecules, or enhancing neutrophil apoptosis are potentiai strategies thaï

will deliver effective therapeutic intel'Vention.
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Basic science research is a!so interested in pushing back the frontiers of knowledge, and is

considerably removed fram bedside intervention. At times, it is assumed that the clinical

application of basic science is yet to be disoovered, or mal' be considered mundane,

unworthy of cancem by scientists, because one can not predict when there shali be a

breakthrough in dinical application of basic investigation. Numerous anecdotes of past

scientific serendipity support this impression. However, despite the clear importance of

improving our understanding of the mechanisms and processes of the human physiology, it is

Imperative to directly address how this improved understanding will assist in the care of

patients. This sentiment is bolstered by a sense of frustration amongst clinician investigators,

that despite the enormous gains of our understanding oftlie multiple, interconnected

processes, pathways, and players of the systemic host response to sepsis, shock or trauma,

there lias been a disproportionately Inadequate improvement .in our abii.ity to treat patients

and improve outcorne.

The discussion regarding neutrophiis may be expanded to include anaiogous research

investigating the systemic host response. It is widely observed that, in controlled animai

sepsis models, and in certain patients foliol/lling significant physiologie insult, the systemic

host response is altered, becorning dysregulated and pathologie, and this leads to

progressive organ dysfunction and death. The altered host response is often portrayed as a

sequence of events, with activation of pro-inflammatory mediators following the insult,

followed by a dysfunctiona! host defense leading to potential secondary infection, resulting in

the clinical sequelae characteristic of patients with organ dysfunction, including capmary ieak,

non-cal'diogenic pulmonary edema or ARDS, renal failure, coagulopathy, hepatic dysfunction,

coma, circuiatory failure and death. ln analogous but divergent fields of basic science

investigation regarding the meehanisms Inherent to the pathologie host response in critieally

il! patients, multiple investigators suggest specifie agents to improve outcome, usually to

decrease inflammation. We identify factors associated with iIIness and mortality in humans

using epidemiological techniques or in animal models, and then seel< to block or reduce those
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factors in the laboratory in vitro, and subsequently in interventional studies using anima!

modeis; only if repeateclly successfl.ll in animal models, clinical testing is attempted. Factors

may aise be found to be statisticaily associated witt! health rainer than disease, and re

establishment or augmentation of t11058 factors may be attempted in those that are iII. AU

investigations are periormed in an attempt to bring the benen to the bedside, that is, develop

interventions in a controlied iaboratory environment, and apply it ta the patient at the bedside.

What are the strategies and I.lI1derlying assumptions inherent to this process of understanding

and atlempting to intervene in this altered and dysregulated hast response? (1) Factors

statistically associated with iIIness or iliness severity are assumed to be causative, and

blocking those factors assumed to be tl1erapeutic; (2) successful therapeutic intervention in a

controliea animal model is assumed to apply to uncontrolled human patients; (3) interventions

statistically beneficial for a cohort of patients should then be given to ail patients; and (4) the

properties of the host response that lead to disease can be understood by understanding the

properties of the components to that system.

An example of tnis research strategy is provided by the investigation of TNF-u. Following the

realisation that infection alone was not the cause of organ faHure, but rather the patients host

response was strongly eorrelated with outcome, discovery of TNF-u lead to a great

excitement regarding the potential for effective immunomodulation. TNF-a was strongly

associated with sepsis in animal modeis and human patients; it appeared to initiate a

cascade of inflammatory events initiated by endotoxin, a component to the gram negative

bacterial wall. In multiple randomised controlled animal models, including primate studies,

blocking TNF-a eitner decreased or compietely eliminated mortality from sepsis or

endotoxemia. However, multiple randomised cUnical trials (ReTs) could not reproduce a

clinical benefit from various anti-TNF-a strategies. The experience witt! anti-TNF-a is

mirrored by numerous other agents with similar background investigation. In addition to anti

TNF-a therapies, over 30 ReTs of l1umerous anti-infiammatory therapies have round no
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immunomodulation have had extremely supportive basic science, including in vitro and in vivo

data as described for TNF-a.. This experienee forces the re-evaiuation of the assumptions

and beliefs that underlie research regarding the systemic host response.

The fundamental paradigm of the vast majority of medica! and surgical research is that of

anaiytical science. By breaking up a whole into its component parts, and studying the

properties and interactions of the parts, ii is assumed that the properties of the whole will be

understood. This methodology has been immensely successful, allowing us to understand

and treat a great deai of human iIIness. In addition, the physical technology that Newtonian

science has created using analytical science is astounding, from the infrastructure of our

cities to the space shuttle. Treating multiple diseases such as infection, diabetes, heart

disease, organ specifie care and much more have benefited tremendously from analytical

investigation. It has weil seNed scientists and humankind for over 300 years.

Nonetheless, disease states such as Multiple Organ Oysfunction Syndrome (MOOS) remain

elusive. In patients with MOOS, altering disease progression has not been successful, rather,

we support organ function and fight infection, maximizing the chance a patient may survive.

For clinical problems like MOOS, where disease is the result of an alteration in an complex

web of interactions, involving a myriad of inter-dependent and changing variables, a

complimentary outlook may be necessary to deliver successful active immunomodulation in

the intensive care unit There il) need for technology to evaluate the properties of the whole

system, not just the components of the system. Our knowledge of the mechanisms of the

host response has grown enormollsly over the past three decades; however, theoretical

research may help bridge the gap between bench and bedside, to realise the clinical potential

of understanding the systemic properties of the humai! host response.
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Manuscript 5: Multiple Organ Dysfunction Syndrome:
Exploring the paradigm of complex non-nne~usystems

Abstract

Object~."es: The objectives of tnis article are to introduce and explore Cl novel paradigm

based on complex non-lïnear systems, and evaluate its application to critical care research

regarding the systemic host response and Multiple Organ Oysfunction Syndrome (MOOS).

Data Source$: Pubiished original work, review articles, scientific abstracts and books, as weil

as the authors' persona! files.

Study Selection: Studies were seiected for theïr relevanœ to the applications of non-linear

complex systems, to critical care medicine, and for theïr relevance to the concepts presented.

Data Extraction: The authors extracted ail applicable data.

Data Synthe$is: Following a brief review of MODS, an introduction to complex non-linear

systems is presented, includïng clear concepts, definitions and properties. By examining (1)

the multiple, non-linear, interrelated and variable interactions between the metabolic, neural,

endocrine, immune and infiammatory systems, (2) data regarding interconnected antibody

networks, and (3) the redundant, non-linear, interdependent nature of the inflammatory

response, we present the hypothesis that the systemic host response to trauma, shock or

sepsis must be evaluated as a complex non-linear system. This model provides a new

expianation for the faiiure of trials utilizing various anti-mediator therapies in the treatment of

patients with sepsis and MOOS. Understanding the host response as a complex non-linear

system offers innovative means of studying entical care patients, specifically by suggesting a

greater focus on systemic properties. We hypotnesize that analysis of variability and

connectivity of individual variables offer a novel means of evaluating and differentiating the

systemic properties of a complex non-linear system. Current applications of evaluating

variabiiity and eonnectivity are discussed, and insignts regarding future research are offered.

Conclusion: The paradigm offered by the study of complex non-linear systems suggests

new insights to pursue research to eva!uate, monitor and treat patients with MOOS.



Multiple Organ Dysfunction Syndrome:
Exploring the paradigm of complex nonœlinear systems

Introduction:

Multiple Organ Oysfunetion Syndrome (MODS) represents the most common cause of death

in the intensive care unit in the 1990'5.1 MOOS is characterized by a complex and

overwheiming host response il1volving immune, metaboiic, neuroendocrine and infiammatory

mechanisms that usually occurs following massive injury or infection. Treatment for patients

with MODS is largely supportive. Oespite an immense iiterature describing the immuno-

infiammatory response to trauma, shock and sepsis, over two dozen clinical studies of

mediator-targeted therapy for these patients have been l.miversaiiy disappointing. The

principal objective of this paper is to propose a new paradigm based on compiex non-linear

systems, and evaluate its potential application to patients with MOOS. First, a review of

MOOS and the attempts at therapeutic intervention in these patients will be presented. As

will be shown, the vast majority of research in this field has bean analytical or reductionist,

focusing on individual immunologie mechanisms, and assuming iinear relationships. Second,

an introduction to the history, definitions and concepts of compiex non-linear systems will be

followed by a description of the properties of such systems particulariy important to clinicians.

Thini, it will be demonstrated that the host response to trauma, shock or sepsis is indeed a

complex non-linear system. Understanding the host response in this manne!" allows for a

reevaluation of existing evidence and treatment strategies. Current applications of non-linear

dynamics to critical care medicine will be reviewed. Lastly, future prospects to evaluate the

systemic nost response as a complex non-lïnear system will be presented.
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Multiple Orga~ Dysfum:ticm Sy~drome

Remarkabie advances have been made in this century in the care of the post~operativeand

post-injury patient Beeause of improvements in the care of acutely il'ljured persons as weil

as advancements in providil'lg organ-specifie supportive care, a new class of patients has

been ereated; these patients represent the chronically critically iIf. Multiple Organ oysfunction

Syndrome (MOOS) is the clinical syndrome characteristie of these patients.

in 1969, Skillman first noted the lethal syndrome of respiratory failure, hypotension, sepsis

and jaundiee2
, and then Tilney deseribed the sequentiai failure of organ systems after

abdominal aorne aneurysm rupture in 1973, and appropriately referred to it as "an unsolved

problem in postoperative care".3 Sequential organ failura usually oeeurs after a lag period of

days to weeks following various physiologie insults, whieh may inelude pancreatitis4
, traumaS,

bums6
, shock7

, severe infection, aspiration, multiple blood transfusions and pulmonary

contusions8
. Organ failure often begins with respiratory failure, followed by intestinal,

hepatic, renal failure, hematologic and cardiac failure; the exact: order may vary due to pre

existing disease or the nature of the preeipitating insult 1 Mortaiity is strongiy eorreiated with

the number of organ systems failil1g, as weil as age and duration of organ faiiure.9 The

mortality of MOnS is between 30-100% depending on these factors. MOoS is associated

with costs exceeding $150,000 per patient, and is the leading cause of death in intensive care

units responsible for 50-80% of totallCU mortaiity.1

For two decades, investigators have focused on finding a specifie agent as the "cause" of

MOnS. Initially, uneontrolled infection was thought to precipitate organ failure,10 however it

became clear that infection is the initiating stimuius in only haif of the patients witt! MOoS; in

the remaining haif, the syndrome oecurs without a ciinically identifiable focus of infect:ion.
11
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As host related factors were shown to be associated with patient outcome,12,13 the focus has

shifted to the study Ilost response to trauma, shock and sepsis. The discovery of multiple

pro-inflammatory Mediators, inciuding endotoxin, tumour necrosis factor (TNF-a) and

interleukin-1 (lL-1), brought about new theories regarding the pathophysiology of MODS and

great optimism in the potential to treat the syndrome. The pro-inflammatory Mediators were

seen as causing a generalized, persistent, and overwhelming inflammatory host response. In

reference to EMich, this excessive immuno-inf!ammatory al.ltoimml.lne response was coined

a modem "horror autotoxicus".14

The search for the vanous Mediators that cause sepsis and subsequently MOOS has led to

attempts to treat with anti-mediator therapies. Oespite eompeliing data from basic science

and animal experiments supporting the biologie basis for these triais, elinical trials examining

the attempts to attenuate the host response to injury have been uniformly disappointing.

Over two dozen studies including antibodies to E. Coli. core glycolipid J5, murine anti

endotoxin monoclona! IgM antibodies, HA-1A human monoclonal antibody to endotoxin,

antibradykinins, corticosteroids, anti-TNF monoclonal antibodies, soluble TNF reeeptors,

interleuldn-1 receptor antagonist, antiprostaglandins and platelet activating factor antagonist

have demonstrated no consistent benefït, and have even been associated with de!eterious

effects. A review of anti-intlammatory clinica! trials from 1986 to the present has been recently

pubiished in this joumal.15 Various exp!anations have been put forth to explain the failure of

these trials, including the hetemgeneity of the enmiled patients, the timing of the intervention,

the dose of the intervention, or the focus on the pro-inflammatory mediators.16 ln this paper,

we present the hypothesis that the faiiure of critical care ciinical trials does not represent

study design problems, but rather, the current assumptions and set of beliefs underlying the

study of the host response May be inaccurate. Following an introduction to complex non

linear systems, the faiied attempts at therapeutic intervention will be reexamined.
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Introducticm to Complex Non=Une~rSystems

ln oroer to appreciate the novel outlook offered by the study of compiex non-linear systems,

we must first outline the current research paradigm. Science has employed the analytical,

mechanistic 01' reductionist approach with great success in order to address problems large

and small. An ana!ytica! approach consists of breaking up the whole into its component

parts, in order to understand the whole through the properties of its parts. This anaiytical,

mechanistic or reductionist philosophy began with René Descartes (1596-1650) and Gaiileo

Gaiilei (1564-1642), who introduced the method of analyticai thinking, and was triumphantly

taken to completion by Sir Isaac Newton (1642-1727). With four simple equations, Newton

could predict the trajectory of the celestial objects that had perplexed scientists for hundreds

of years. Newton's awesome achievement enshrined both mathematics and mechanistic

thinking as the means to search for truth in science, and has influenced human scientifie

pursuit ever since.

ln the nineteenth century, it became apparent that there were limits to the applications of

Newtonian Mechanics to real life problems. For example, problems such as friction or

turbulence eould not be solved using Newton's equations; in fact, the linearity of Newton's

equations are approximations for the ubiquitous non-linearity that exists in the physical and

biologie world. Speeifically, biologie systems eannot be modeled using Ilnear equations.

Henri Poincaré (1854-1912) realized that certain systems could only be described by non

linear differential equations. He began the development of mathematical tools necessary to

solve non-lïnear probiems. Further developments awaited the development of the computer,

pioneered by Alan Turing (1912-1954) and John von Neumann (1904-1958). At present, a

new understanding of compiex systems ls being pursued by a variety of scientists in physica!,

geological, biologieal, psychologieal and behavioral disciplines. i7
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Non-linear systems theory has also been referred to as compiexity theory, complex systems

theory, dynamical systems theory, or chaos theory; non-iinear dynamics represents the

corresponding field of mathematics. It is necessary to detine certain terms that underlie the

concepts of this discussion. Linear systems are those where the magnitude of a response

may be expressed as a sum of multiple, mutl.laily independent variables, each with its own

independent iinear coefficient. A simple example involves the equations of motion for a baIl

thrown into the air; the forces acting on the baU and resuitant velocity may ail be

independenUy separated into x, y, and z variables, in order to calculate its exact trajectory

(ignoring friction). A non-finesr system involves variables tl1at are not mutually independent

(i.e. alteration in certain variables will alter relationships between other variables), and the

magnitude of effect may be expressed in products or powers of variables. For this

discussion, we define a campfex non-finesr system as foUows: a system or whole

consisting of an extremely large and variable n~mberof component paris, where the

individ~al componenœ display marked variabmty over time, and are characterized by a

high degree of oonnectivity or Interdependence between variables. Complex non-!inear

systems have unique properties; most importantly, they are capable of creating the

remarkable stability and order we observe everyday in the world around us. Complex non

linear systems are ubiquitous in nature; they indude weather patterns, the biosphere of our

planet, the stock market, the ecosystem of a tropical rain forest, the central nervous system,

and as will be subsequently discussed, the host response to trauma, sepsis or snock.

Properties of Complex Non-linear Systems

What exactly is a complex non-linear system? Imagine a system (the who!e) composed of

virtually infinite numbers of interconnected variables (the parts), the exact quantity of which is

constantly changing and unimportant Variables can be anything: molecu!es, cells, people, or

stock priees. The interactions between variables are constantly being altered, and are
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dependent on other variables, but not always the same variables. it is a fluid, dynamic and

complex web of interactions. In such a system, (1) the concept of !inear proportionality does

not hold (i. e. relationships are non-Hnear); (2) lIariables are not independent; thera is marked

eonnectillity between lIariables; (3) individua/ components display systematie variability, (4)

smaJ! alterations in variables can result in comp/etely different outcomes, thus there is a

sensitive dependence on initia! conditions; (5) the system is deterministie (specifie rules

govem interactions between variables); (6) the system dispJays apparent negative entropy,

capable ofproducing emergent order. Given these properties, it is evident that alteration in

one variable will likely impact other variables as weil as interactions between other variables.

The important componenœ of a non-linear complex system are the relationships

betwHn variables, the interconnections, rather than the variables themselves. The

cormectivity of a non-linear system represents the nature and degree of interdependence

between the variables of the system. The sensitive dependence on initial conditions can be

demonstrated with extremely simple non-linear equations.
18

A smaii perturbation may be

magnified or dampened depending on the state of the system. The ability of a smaii

perturbation to unpredictably cause a large change in outcome has been termed the Butterfly

effect.19

The most important and exciting property of camplex non-linear systems is their abmty ta

generate negative entropy (i.e. iess disorder). This property, called emergent order, expiains

why camplex non-linear systems are ubiquitous in nature. These properties are termed

"emergent" because they "emerge" at increasing and specifie levels of complexity and

connectivity of the system. They arise naturally from the organizing relations of the parts.

Emergent properties are the important systemic properties (Le. they define the system),

properties which none of the parts have individua!!y. Emergent order arises precisely because

the whole is greater than the sum of its parts. When a system is dissected into isolated



137

elements, these emergent properties are destroyed.17 Emergent properties cannot be studied

or predicted by studying the parts of the system in isolation.

The emergent defining "systemic" properties of a complex non~linear system arise from the

relationships between the components of the system. Because a compiex non~iinear system

is a dynamic f1uid network of interactions, it may exist in Ci! virtually Infinite rmmber of states.

Through a process called "self-organlzation", the system will "naturally» settle Into a recll.lced

number of "stable" configurations, called emergent order. The emergent order is dependent

on the nl.lmber, bias and type of interconnections among the system's constituents.20

Feedback loops are the building blocks of emergent orcier. Feedback loops, eitner positive

(seif-reinforcing) or negative (self~balancing),are ubiquitous in the biologie world, and form a

key component of the emergent order of complex non-linear systems. 17

An excellent illustration of emergent order is provided by the NI< Model developed by Stuart

I<auffman19, recently weil explained in this jOumal21
, to investigate the process by which a

cell "tums on" the appropriate genes during ontogeny. The NI< model can be thought of as an

Interconnected array of lightbulbs, where N represents the size of the system or number of

lightbulbs, and 1< represents the cormectivity or number of interconnections (wires) between

lightbulbs. Interconnections are govemed by Soolean operators (eg. AND, NOT, OR); thus,

the system is deterministic, that is, specifie ruies govern the interactions between the

variables. Theoretical!y, as lightbuibs can be either on or off, there are 2N possible states;

however, I<auffman has demonstrated that the system will be "attracted" to a markedly

reduced number of states. For exampie, if N is set to 100,000 and 1< to 2, when the array of

lightbulbs is turned on, they blinI< on/off, and then setlle into stable patterns. These stable

patterns may have large areas where the lights are always on, others always off; there would

be lights that cycle regularly (i.e. feedback loops), and lights that appear to twinkle randomly.

Despite a possible 2100
,000 states for the network of lightbuibs, there are only 317 stable
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configurations! When compared to ontogeny, this resu!t is that much more impressive.

There are approximately 100,000 genes ii'! the human genome. If one assumes that each

gene could be either activated or not aetivated during embryogenesis, there are 211:10,000

different states. However, during embryogel'lesis, 256 different human eell types are formed,

a number remarkable close to the number of states found with the NI< model. A similar

relationship between number of genes and number of discrete cel! types l'las bean obtêlined

with other species. suggesting il'lteresting hypotheses regarding ontogeny. However, the

reason for presenting the NI< model is that it prevides an excellent demonstration of emergent

order in a complex non-linear system.

ln summary, complex non-lïnear systems are attracted to specifie states, which are rebust.

capable of maintaining the same essential structure despite small perturbations. While the

system may exist in a stable configuration, certain e!ements of the system may display a

large degree of variability, whereas others are re!atively constant. In fact, when certain

physiologie variables are measured precisely and continuously. health is marked by high

degrees ofvariability, and disease occurs with a reduction in variability.22,23 Heart rate

variability provides a ready example of this type of phenomenon, and will be discussed further

below. As the emergent order of a complex system is created by the dynamic interactions

between the eiements of the system. it is thus impossible to study the emergent properties of

a system using a reductionist or mechanistic approach. If one is interested in the study of the

emergent properties of a system, and gilJen that the emergent properties of the whole system

are lost when you break the system into its component parts, studying the individual

interactions between components of a system under controUed conditions will be of

questionable merit in interpreting the properties of the system. To use a biologie analogy, the

emergent properties of a beehive cannot be understood by the study of bees. Lewis Thomas

observed "you'!! l'lever understand how bees make honey no matter hOIN carefully you dissect

a single bee".24 Although analytical methods continue to be the comerstone of scientific
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enquiry, there is al ooed te find means te evaluate the el'ltire system as a whole. The study of

the compol'lents of a system le vital ta the further understanding of the mechanisms of v(inous

specifie interrelationships, however that I.mderstanding il:> of dl..lbious merit in determining the

emergent properties of the system. We propose that the paradigm of camplex l'lon-Iinear

systems offers new insights into the evaiuatiol'l of the system as a whole. Following a

demonstration that the neuraendocrine and immune response ta sepsis, snack or trauma

behaves as a non-linear compiex system, we will re-examine how we may evaluate the

emergent properties of that system.

Host response ~s ~ Complex Non-Une~rSystem

The host response te trauma, shack or sepsis behaves as a complex nOI'l-lil'lear system

involving great numbers of variables and systems ef variables. Three iines of evidenee

support this statement First, the evaluation of the "immune response" as separate tram the

metabolic, endocrine and neural responses ignores the increasing data suggesting a close

interaction between ail these systems. Second, data will be presented to suggest that the

immune system behaves as a non-iïnear network, rather than the defense oriented function

traditionally associated with immune responses. Lastly, the non-iinear nature of the

inflammatory response will be demonstrated and the pa~hophysiology of MOOS will be

reviewed.

Numerous developments over the past two decades have demonstrated relationships

between the immune system and the nervous system, endocrine system, and behavioural

and emoiional states. The term "psychoneuroimmunolog~( has been cainee by Dr. Robert

Ader to represent the study of these interactions.25 This is particularly important to the field

of surgical trauma as the autonomie, metabolic and endocrine response to injury and/or
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surgery is often activated concurrently or immediately prior to an infectious stimulus. There

are numerous neural~immune,endocrine-immune and behavioural-immune interactions

demonstrated in humans and animal models.26
.
21

For example, pro-.inflammatory cytokines

cause activation of the hypothaiamic-pituitary-adrenai axis.28 Sympathetic enervation of

iymphoid tissue t'las variable effects, including potentiating B CelllgM antibody response.29

lymphocytes bear receptors for substance P, somatostatin, vasoactive intestinal peptide,30

cortiootropin-reieasing factor, ACTI-! and endogenous opioids31
, and al! mediate significant

immune alteration. Cytokines are known to possess variable effects in the CNS, and on

endocrine and immune function. Given the wealtl1 of evidence supporting these interactions,

the "host response" to sepsis, shock or trauma must be considered as a "systemic response",

involving multiple interactions between metabolic, neural, endocrine, behavioural and immune

processes.

ln addition to these systemic interactions, ifthe immune system is considered separately,

there is mounting evidence that the immune response can be thought of as a highly

intercormected seif-reactive non-linear network. Contrary to the ideas of a defense oriented

immune system, with a learned recognition between self and non-self (introduced by Jeme32

and modified by Bumet33
), the immune system can and routinely does recognize self-antigen.

Contradicting the theories of clona! selection, animais bred in antigen-free environment

deveiop relatively normal immune parameters.34
,35 Antibodies that are reactive to both

intraceUular and cell surface self-antigens have been demonstrated.36
.
37

,38 Thus, there are

two repertoires of antibody variable regions (V-regions: site of antigen binding): one reactive

to seif, and the other non-reactive to self. Self-reactive immunogiobuiin G (lgG) levels are

stable throughout life, whereas there is an age-dependent diversification of igG repertoires

that are directed towards external antigen.39 There is a high degree of autoreactivity or

connectivity between e!ements in the immune system, specifically between variable regions

(V-regions) on antigen binding sites of immunoglobulin. Anti-idiotypic antibodies (antibodies



141

thaï recognize self-antibodies) have been identified, and their degree of autoreactivity is

dependent on T ceUs in mice.4D Given this data, It l'las been postulated that there co-exists

two fl.lndamentally distinct components in mammaiian immune systems, the first is devoid of

both autoreactivity and V-region connectivity and seNes the traditiona! defense function of

the immune response; the second involves a network of V-regions on antibodies and T cell

receptors that are autoreactive, and highly intercormected.41 The latter set is thought to

represent the continuous assertion of the antigenic composition of an individua!, or the

"immunological homunculus·.

The connectivity of the elements of the immune system is related to disease states, which

we hypothesize may be secondary to emergent properties of the immune system. The

immunologie homuneulus appears to be weil conseNed throughout life from individual to

individual42 and regardless of the degree of external antigenic simulation.'~3 However,

deviations in the Interconnectee! autoreactive set of V-regions have been suggested to be

associated with autoimmune pathology. Recently, in an experiment involving controls and

patients with systemic lupus erythematosus (SlE), distinguishable patterns of IgG

connectivity were found in the patients with SlE when compared to controls.44 It has been

suggested that if autoimmune disease is accompanied by or even caused by defects in

immunoglobulin connectivity, then inteNentions to stimulate connectivity (eg. intravenous

immunoglobulin) may prove therapeutic.41 This network of dynamic tightly meshed

interconnecting elements is thought to display the properties of a complex non-linear

system.
45

Aitered immunoglobulin connectivity l'las not been investigated in patients with

multiple organ dysfunction. in summary, normal immune function incil.ldes a comptex non

linear netwoik of self-reactive immunoglobulin; the study of the connectivity of this network

may provide vail.lable information regarding altered emergent properties of the immune

system, which lead to autoimmune disease.
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The thini argument for analyzing the host response as a complex non~iinear system is the

complex non-linear nature of the inflammatory response. As stated previously, investigators

have pursued the study of the inflammatory response for over two decades, in search of one

or more causative agents in the development of systemic inflammation and organ

dysfunction. The cytokine network has failed to yield suet! a singular causative agent.

Recent!y, much focus has tumed to the anti~inflammatory cytokine network. Bone proposee!

that these anti-inflammatory mediators, if sufficiently elevated, manifest ciinically as the

"compensatory anti~inflammatory response syndrome" (CARS). 16 The concept that the pro

and anti-inflammatory mediators simply counter each other may be a simplification of a far

more complex interaction. ln patients who go on to develop MODS, there is activation of both

the pro-intlammatory and the anti-intlammatory response. For example, in patients witt!

septic shock, Il-10 plasma levels were positively correlated with TNF levels and parameters

of shock severity.46

It has been repeatedly demonstrated that cytokines exhibit marked interdependence,

pleiotropy (cytokines have multiple effects) and redundancy (multiple cytokines with the same

effect). The effects of cytokines may dampen, or amplify the effects of other cytokines. For

example, TNF-a and Il~1 aet synergistically, whereas Il-10 decreases serum TNF-a and IL

1.47 The effect of a cytokine may vary with its concentration in a non-linear fashion. For

example, TNF-a will cause neutrophilia at low doses, and neutropenia at high doses in

healthy humans.
48

Plasma cytokine concentrations fluctuate from day to day, and correlate

poor!y with physiologie parameters in septic patients.49 Cytokine receptors are highly

variable on a variety of ceUs. Endothelial ceUs, neutrophils, TH1 ceUs, TH2 ceUs, cytotoxic T

ceUs, monocytes, macrophages, NK ceUs and more are ail players in a fluid network of cells

and cellular mediators. Feedback loops, either positive or negative, are ubiquitous within the

cytokine-ceiiular network. The numbers of mediators are extremely large, and continue to be
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Identified. The infiammatory cellular and cytokine network truiy eonsists of a complex non

linear system.

ln summary, the systemic host response to trauma, shock or sepsis is a complex, non-finear,

highly variable web of interconnections between metaboJic, neural, endocrine, infiammatory

and immune variables. Oespite the dynamic nature of the variables of this oomplex non

iinear system, the properties of the whole system remain remarkably stable in the vast

majority of individuais. Understanding the host response as a complex non-linear system

may explain the lack: of success in anti-mediator therapies in patients with sepsis. in such a

system, blocking one agent with an antibody will have unpredictable results that will depend

on the state of the network at any particular time. For exampie, anti-TNF strategies in

animais have variable effects depending on the model used. A controlled animal sepsis

laboratory experiment will produee similar alterations in host response in different animais,

thus the majority of animais may benefit from the same intervention. However, demonstrating

a relationship with a controlled experiment in the animallaboratory has little application to a

highly heterogeneous clinical cohort of human patients, ail with a markedly different host

response. It is noted that sl.lccessful anti-mediator therapy has been sl.lecessfl.ll in elinical

syndromes with more homogeneous alterations in the immune response, sueh as

Rheumatoid Arthritis. Sepsis and MOOS has not proven to be amenable to single agent anti

mediator therapy. The analytieal or reduetionist approach l'las proven to be successful in the

eiucidaiion of immunologic mechanisms, however it has not been successful in the synthesis

of these mechanisms, in the evaluation of the whole system, and has not provided for

effective clinicat intervention in patients with sepsis or MOOS.

If an analytica! approach is not effective in evaluating the emergent properties of the system,

how can one study and understand non-iinear complex systems? is the system too complex

to possioly comprehend? How can complex non-linear systems be analyzed and monitored?



Can the system !::le modulated or eontrolled in sorne way? Foilowing a review of applications

of non-linear dynamics to critical care medicine, we wU! attempt to address these questions

with respect to the human host response.

Application of Non-Uneam' Dynamic$ to Critical Cafe Medicine

There have been a growing number of scientists and ciinicians who have been interested in

the applications of non-linear dynarnics to biology and medicine. Alan Perelson !las

pioneered mathematical models of diverse biologie phenomena.50 Direct study of human

biologie non-linear systems has only reeentiy begun. We propose that ii"! order to s~dy the

emergei"!t propemes of a comp~ex i"!oi"!..&ii"!ear system, one cai"! evahnate the COi"!i"!ectMty

.md variabmty of the compoi"!ents of the system. We beneve the cOi"!i"!ectivity ai"!d

variabmty cOi"!tain more ii"!formatioi"! regardii"!g systemic emergent properties thai"! the

abso~utevalue of ii"!dMdua~variab~esai: precise moments ii"! time. Coi"!i"!ectivity and

variabiBity migM be thoughi: of as a means of assessing the i"!atum of the constantiy

changii"!g web of ii"!termlationships ai"!d feedback loops that form the building blocks of

the system's emergei"!t order. Connectivity represents a measure of the interrelationships

of the system, and variability is the measure of change over time of individua! components of

the system. As mentioned previously, the evaluation of immunoglobulin variable region

connectivity is under evaluation in health and autoimmune disease, !ed by Antonio

Coutinho.
41

ln addition to studying eonneetivity, the variability of individua! physiologie

variables has undergone considerable investigation. Variability is a principal component of

the dynamics of a variable, which refers to its pattern of change over Ume. Glass and Mackey

have iabeled pathologie states with abnormal temporal organization as DynamicaJ

Diseases.
51

By analyzing the dynamies of physiologie variables, the degree of variability ean
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be measured. For the rest of the discussion, we shall focus on aiteration the variability of

physiologie variables, as it is particu!ar!y applicable to the Intensive Care Unit.

Heart rate variabmty has been extensiveiy studied and is of particular importance in eritical

care medicine. Heart rate variability (HRV) is reliably and aecurately measured as the

change in the time interva! between ORS complexes on a standard EKG (measured as RR'

interval). Heart rate variability is quantified in different ways, based on time domail1 (statistical

and geometric) or frequency domail1 measurements (power spectral density), and is weil

reviewed elsewhere.52,53,54 Whereas a normal heart rate displays considerable beat to beat

variability, a deerease in HRV is associated with several pathologie states. Several studies

have demonstrated that a reduction in HRV is associated with increased mortality after acute

myocardiai infarction. In one study, patients with a decrease in HRV had a fourfold increase

in 3-yr. mortality rates post MI (9.0% to 34.4%).55 A reduction in HRV is superior to 113ft

ventricular ejection fraction (EF) in predicting post-MI arrhythmias and equal to 113ft ventricular

EF in predicting mortalily.56 ln addition, decreased HRV has been shown to be associated

with cardiac sudden death,57,58 post-operative congestive heart failure,59 and death

secondary to CHF
60

. Heart rate variability has been evaluated in animal models of sepsis

and septic patients. Endotoxin in rabbits has been shown to cause a loss in HRV.
51

A

reduction in HRV was found in septic patients, and the observed 105S was correlated with

di5ease sevelity.62 This was recently extended to inciude eritically il! and injured pediatrie

patients.
53

ln a separaie study of non-cardiac intensive care unit patients, !ow HRV was

assoeiated witt! an increasecl risk: for mortaiity.64



Why does a reduction in HRV signify greater risk for mortality? The reduction in HRV was

suggested to represent a sympatho-vagal imbalance.65 It has also been suggested that

reduction in HRV may also represent increased isolation of the heart fram its interaction with

other organs. This hypothesis, presented by Godin and Buehman, 20 suggests organ systems

aet as biologie osemators and are coupied to one another. The hypothesis stems from work

by Pincus, who demonstrated that the I..mcoupling of stochastic (random) oscmators causes a

loss in variability in each oscillator.66 Variabmty in each oscillator reflects the "health" of its

interconnections with other oscillators. Godin and Buchman suggest that reduction in heart

rate variability is caused by the exaggerated immunoinflammatory response in the septic

inftammatory response syndrome (SIRS), and subsequently the uneoupling of organ systems

is the cause of MOOS. The uncoupling of organs from eaeh other is said to be "a

consequence of SIRS, and the cause of MOOS". 20 ln support of this hypothesis, the authors

demonstrate a loss in HRV following intravenous endotoxin infusion in healthy humans; 67

however they do not remark on the faet that although endotoxin leads to decreased heart rate

variabiiity, it is not sufficient to induce MOOS in these healthy human volunteers. Thus,

diminished HRV can not alone De eonsidered a cause of MOOS. Further evaluation will be

required to validate their hypothesis, especiaUy the concept of organs as biologie oscillators,

'let it remains the tirst application of non-linear dynamics to the pathogenesis of MOOS.

ln summary, a reduction in heart rate valiability has proven to prediet armythmias and

mortality in cardiae patients, is correlated with severity of sepsis, and is seen following

endotoxin administration in animai models and humans. ThlJ$, the ccmtirmolJ$ and precise

evallJation of ooth heart rate variabmty and the absollJte vallJe of heart rate provide fol'

a slJperiol' evallJation of the patient oompa~to the absolwe va~lJeof heart rate a~one.

This data demonstrates the potential value of analysis of the d~mamies of a particular

physiologie variable in addition to ils absolute value. Expanding upon this concept, the future

prospects of the applications of non-linear dynamics to the patient with MODS are presented.
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What is the use of the evaluation of the host response to trauma, shoek or sepsis as a non

linear comp!ex system? What ad'Vantage does it have in providing effective therapeutie

intervention for patients with organ dysfunction? These questions are challenges for the

future. Dynamieal systems' thinking !las been criticized in the past for not producing solutions

to substantive problems.68 However, utiiizing the concepts and set of beliefs underlying the

study of complex non-iinear systems, novel theories and hypotheses can be tested. First, the

systemic host response is must be thought of and evaluated as a complex non-linear system,

whose emergent properties are not amenable to analytical or reductionist study. A greater

focus on feedback loops, the interconnections between and within systems, and on systemic

emergent properties is suggested by the study of complex non-lïnear systems. If one aecepts

the designation of the systemie host response as a eomplex non-linear system with emergent

properties, then it is a challenge to direct research at characterizing. differentiating, analyzing

and modulating the emergent properties of such a system. This will require original

approaches. hypotheses and technoiogy, as systemie thinking truly refieets a paradigm shift

trom the present. For example. attention might be direâed towards defining and studying the

physiologie and pathologie emergent properties of the host response. We have hypothesized

in this article that altered variability and conneetivity of individual physiologie variables may

better refieet altered emergent properties of the host response, offering a means of

monitoring the instantaneous state of the individual patient The teelmology of rapidly

evaluating variability and eonnectivity of various systemie, cellular, and local variables must

be deveioped. If alterations in variability and connectivity can reiiably differentiate between

pathologie and physiologie emergent properties of the host response, then eontim.lous,

instantaneous individuaiized patient monitoring may pro'Vide the means of determining benefit

for a given intervention in a l'articulaI' patient in the future. These concepts neec! further
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development and investigation, and will u!timately be judged dependil'lg on their abiiity to lead

to improved outcome in critically il! patients with Multiple Organ Dysfunction Syndrome.

Non-iinear dynamics ls emerging in a vanety of scientific disciplines, offering a different

paradigm in whieh we ask questions and seek solutions. Reduetionism and linear

approximations of physieal and biologie phenomena have been tremendously successful and

have led to great advances in our understanding of the host response. These proeesses will

remain uninteliigible if not complemented by the evall.lation of the emergent properties of the

system as a whole.45 By evaluating the connectivity and variability of the eomponents of a

eomplex non-Unear system, the emergent properties of the system can be stl.ldied. Effective

immunomooulation of a patient wlth MODS represents the most difficl.llt challenge faeing

critieal care medicine. It Is hoped that the history of analytical thinking, the introduction to

complex non-Unear systems and its applications ta entical care medieine, and the future

prospects presented will stiml.llate both thol.lght and experiment in the future.
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Treatment patients with sepsis and MOCS: hypotheses for
investigation

What is the use of the evah.lation of the host response to trauma, shock or sepsis as a

complex system? What advantage does li have in providing effective therapeutic intervention

for patients with sepsis and/or organ dysfunction? Dynamical systems' thinking has been

eriticized in the past for not produeing solutions to substantive problems, thus conerete

testable l1ypotheses are required. Utilizing a eompiex systems paradigm, the following

research proposai and hypotheses regarding the definition, characterization, monitoring and

treatment of Multiple Organ Dysfullction Syndrome (MODS) are presented. An explanation of

eaeh point along with specifie testable researeh questions will be ineluded foilowing the

proposaI.

(1) The systemie tmman host response Is a compiex system. (2) The

emergent properties of the host response are stabie and physiologie. (3)

Unpredictably, in eertain patients fullowing a signifieant physioiogie

insuit, the emergent properties of the host response are altered, resulting

MOOS. (4) The alteratlon ln emergent properties of the host response

from physiologie to pathologie can be detected by alterations in

connectivity and variability. (5) By using variabiiity and connectMty to

critically Iii patients with organ dysfunction.



153

(1) The systemic human host response is a complex system. As such, the system lias

emergent order, or emergent properties that are dependent on the whole system. The normal

function of the neuroendocrine, immunoinflammatory response represents the emergent

properties of the system itsalf. This ineiudes an appropriate hemodynamie and

neuroendocrine response to snock preserving perfusion to vital organs, deiivery and

subsequent clearance of neutrophils to a site of infection, wOI.md healing, conesive parallel

and intercormected funetioning of complement, immunoglobulin, and cellular defense, and

irmumerable properties Of normal immune, inflammatory, endocrine, neural and psychologieal

function. As suggested in the second statement, the emergent propertiH of the host

response are stable and physiologie. In the majority of patients, responses to

inflammation, infection, shod< or trauma are physiologie, with appropriate resolution Of the

insuit. Most patients resolve inflammation and infection, Ileal wounds, regain hemodynamie

stability following resuscitation and do not deviate from a stable, physiologie host response.

There have been tremenclous advances in our understanding and the definition of these

physiologie properties of the host response, from molecular to the cellular, from inflammatory

Mediators to organ function. As the complexity of the host response becomes more unraveled

and apparent, it is readHy identified as a eomplex system.

(3) Unpredidabiy, in certain patients foliowiing a signifieant physiologie insuit, the

emergent propertiH of the host resplOnse are altered, resultlng in a pathologie,

maladaptive,yet stable state, whieh manifHts elinieally as MOOS. This aiteration in the

systemic host response from physiologie to pathologie is postuiated to precede organ

dysfunction and be the cause of MODS. Thus, no single agent or agents causes MODS;

more aceurately, the new configuration of the dynamie web of interactions that make up the

host response will manifest clil'lically as MODS. The persistent maladaptive state and

subsequent organ dysfunction will arise "naturaily" as an emergent property of the altered

host response foilowing a physiologie insult. Examples of pathologie emergent properties of

the host response include inability to maintail'l vaseular tone, widespread eapWary leak,
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coagulopathy, endothelia! cel! inju!)I, activation of botl1 pro-inflammatory and anti

inflammatory cascades, cytokines and pathways, a failure of normal cellular oxygen

extraction, and more. Hypothesis (3) stipulates that the pathologie emergent state of the hast

response is stable. This is sl.Ipported by eHnical observation in ICU patients who survive for

days ta weeks with persistently famng, yet stable organ dysfl.lnction, and then most

commonly, do not survive.

The concept of emergent discrete states of the complex systemic tiost response is

reminiscent of discrete energy levels in quantum physics. Complex systems appear to exist is

se.parate stabie configurations, discrete energy levels, and funetion. ln terms of the human

function of the cireulatory, neuroendocrine, immllnoinflammatory systemic host response, the

emergent preperties of that system demonstrate marked stability, altered over long periode; in

time by lifestyle and environment, or altered fully completely and dramatically by a massive

traumatic injll!)l. As suggested by Per Bak and others discuss, complex systems are self

organizing attracted to critical and stable states. Complex systems exist far from

thermodynamie equilibrium, requiring energy input and energy dissipation, or a flow of energy

through the complex system, analogous to dissipative structures presented by lIya Prigogine.

Complex systems create order which reduces the amount of entropy (randomness) within the

system. In a very recent and provoeative hypothesis, assuming heaith is govemed bya

complex system Just the right distance from thermodynamic equilibrium, Peter Maeldem l'las

suggested that variability may reflect the distance from thermodynamic equiiibrium of a

system: too close means too little entropy, high energy dissipation and high variability vs. too

far from thermodynamic equilibrium, too iittle energy dissipation and low variabiiity. Retuming

to the human systemie host response, it ls hypothesised to exist in stable states, and they

may be defined as physiologie or pathologie, depending on the function of the various organ

systems.



155

The pathologie aiterations to the host response leading to organ faHure occur unpredictably,

although there are epidemiological risl< factors that relate ta the patient and the insult. Patient

factors il'lclude age, pas! medieai histol)', physiologie resewe, genetie predisposition and

more. Factors relating ta the physiologie insu!! relate to the sevelity and timing of the insult,

or insults. Although these factOl's may determine the risk or probability of developing MOOS,

they are not predictive. Oespite this, hypothesis (3) above suggests that the aiteration in the

hast response precedes organ dysfunction, thus potentiaily al!owing a window of opportunity

for therapeutie intewention prior to the c1inicai manifestations of MOOS. In order to intewene

and modulate the host response, there must be a improved means of deteeting the altered

emergent properties of the host response, as weil as detecting if an intervention is

therapeutie.

(4) The aiteration in emergent properties of the host response from physiologie ta

pathologie ean be deteeted by alterations in variability and eonneetivity. If the normal

funetioning of the immune, endocrine and inflammatol)' systems represents a healthy and

stable state, and MOOS represents a maladaptive and stable state, l1ypothesis (4) suggests

that bath will have identifiable and distinct patterns eonnectivity and variabmty, due ta the

alteration in the dynamie web of interactions of the system.

Using continl.lous, individl.lalized analysis of the variabiiity of a panei of variables, it is

hypothesised that it is possible to identify whether an individua! patient is in a physiologie or

pathologie emergent state at any given moment. Thus, this panei of multiple parameter

variability would form a type of dynamic fingerprint, or recognizable pattern, which would

aliow identification of the current state of the patient. Analogous to the NK model, the overal!

emergent states of the system is stabie, yet with individual variables demonstrating high

levels of variability. Variability evaiuates parameters over the added dimension of time, and

hypothesis (4) suggests aiteree! patterns of variability will represent a!tered systemic
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properties. Aithough thie has never been attempted, there ie increaeing evidence to suggest

that variability of individual variables contains ciinically signifieant information. For example,

decreased heart rate variability is assoeiated with poor outeome in patients post myoeardial

infarction, in heart failure and with sepsis. Respiratory variability is inereased in patients with

asthma, or reduœd with severe neuroiogie injwy. In these and other parameters, aitered

variability is assoeiated witt! mness.

Measuring patient parameters like heart rate, respiratory resistance, temperature, white cell

count, glucose level, etc provides a great deal of useful information to the ciinician, and may

be considered "first-order" patient monitoring (i.e. measuring the absoiute value of

parameters). Measuring variability, documenting patterns of change over time, may then be

considered second-order patient monitoring (analogous to measuring velocity). The

hypotheses outiined !lere seek to evaluate patterns of variability, or "third-order" monitoring

(akin to evaluating acceleration) in order to identify alterations to the emergent properties of

the systemic host response.

Hypothesis 4 also stipulates that eonneetivity may assist in the distinction between

physiologie and pathoiogie emergent states. However, eonnectivity is more difficult to

evaluate, and is not easy to measure. As with variability, connectivity represents a parameter

refleetive of the entire system, providing a measure of the intereonnectedness of the

elements of that system. Given that a compiex system is made up of a near infinite number of

parts, variability represents the analysis of the parts over time, and eonnectivity represents an

anaiysis of the parts over space, both adding an additional dimension of analysis.

There are examples of where altered conneetivity is associated with alterecl systemic

properties of a eomplex system. Gathering increaeing interest, the eonnectivity of

immunogiobuiin variable regions (discussed above) has been investigated and is altered in
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autoimmune disease; auioimmune disease may be considered caused by a stable pathologie

altered state of the comp!ex immune system.

A second exampie of connectivity providing a representation of emergent order relates to the

earlier discussion regarding the membrane expression of neutropl1i1s. As neutrophils require

the appropriate and fundioning receptors to "see" extraceUular ligands, the cell's membrane

expression represents a measure of lts connectivity. Considering a neutrophil as a complex

system, its membrane expression (connectivity) is altered in conjunction with its cellular

fundion (emergent property). This statement merlts further investigation with the analysis of

larger numbers of membrane receptors.

Novel ideas regarding the measurement of connectivity must be developed. Greater scientific

evaluation of connectivity requires the technology to measure ii. As with variability, the

analysis of connectivity over time may offer an improved eva!uation of the Immediate state of

the system and its evoiution. In summary, both connectivity ane! variability are hypothesised

to aUow for beUer distinction between the physiologie and pathologie emergent states of a

complex system.

(5) By using variabUity and oonnectMty te:> continuously differentiate between

physlok>gie and pathok>glc emergent propemes of the host response in individual

patients, Interventions May be eelected for therapeutic benefit, such fuat outcome ie

improved ln critically lU patients with organ dysfunction. Fundamentally important to this

statement are the concepts of continuous and individualized patient monitoring of variabiiity

and connectivity, thus allowing the response to an intervention (perturbation) to guide further

intervention. Applying a eomplex systems approach suggests that it is expected that patients

may respond completely differently and unpredictably to the same intervention, and thus only

the response to an intervention may determine if it is effective for that individual patient at that
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Ume. Interventions (perturbations) might include an anti-inflammatory treatment (eg. TNF-a,

Il-1, IL-S, etc), or conversely a pm-inflammatory agent (eg. anti-TNF-a, IL-10, Il-4),

intravenous immul'logiobulin, or any of the therapies used in failed dinical trials for sepsis.

With the abiiity to evaluate the response of each individual patient to each perturbation, in

addition to the knowledge of what a healthy pattern represents, hypothesis (5) states that the

systemic host response could be purposefuHy directed with repeated interventions towards

the healthy configuration (i.e. active therapeutic immunomodulation). It is realized that

different patients may require completely diffel'ent interventions in an unpredictable fashion,

thus an individualized appmach based upon protocols that maximize physiologie variability

and connectivity wouid be necessary.

Applying the same reasoning to patients with lupus suggests the following hypothesis. As

autoimmune disease have associated altered patterns of immunogiobuiin connectivity, then

interventions directed at altering immunoglobulin connectivity (e.g. with intravenous

immunoglobulin) towards a more "normal" or physiologie patterns of connectivity should

improve outcome in those patients. The possibiiity for wide variations in response to

interventions wouid mandate small interventions foliowed over time to prevent harmful

effects.

This concept of continuous individuaiized monitoring of the variabiiity of physiologie

parameters or theïr connectivity in order to determine the effectiveness of a therapeutic

intervention to guide future intervention is in contradistinction to the current practice of clinical

trials. In randomized controlled trials (RCT's), ail patients receive the same intervention (vs.

placebo), and an intervention is deemed effective if the impact on the intervention cohort is

both statistically and clinically significant. RCT's demonstrate an impact on cohons or groups

of patients, but are unable to deteet impact on individuals within the cohort. Despite a

negative stafistical result in a trial, certain patients may have benefited (or were harmed) from
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an intervention. Individualized continuolls monitoring allows the selection of appropriaie

therapeutic intervention based upon observee! therapeutic impact. This approaeh can stii! be

subjected to a controlled trial; however, it must be a triai of a protocol, rather than a trial of a

specifie intervention.

If the host response tru!y represents a complex system comprised of contim.Jolls dynamic

alteration of physiologie variables, thEm in order to impact that system, we must develop the

tecl1nology to monitor the variability and conneclivity of tl10se variables in health and in

disease. It is hypothesised that patients with MOOS will display stable patterns of variability

distinct from healthy controls, and interventions perfonned to reduee pathologie variab!lity and

improve physiologie variability on an individualized patient basis based upon continuous

monitoring, mortality in patients with multiple organ dysfunction will be improved.

These hypotheses raise many questions that depend upon the observed patterns of

physiologie and pathologie variabmty. Are there similarly altered patterns of variability in

different patients with MOOS? How many variables must one follow in order to aeeurateiy

differentiate a pathologie trom physiologie host response? Ooas the alteration in the

dynamies of physiologie variables in MOOS precede the clinicat manifestations, and if so, by

how long? Is variability always reduœd, or do certain variables display inereased variability in

patients with MODS? Ooes MODS represent the clinical sequelae of multiple stable

emergent states with separate patterns of variability, or a eommon one? It is unlikely that the

host response exists in simply two states, either physiologie or pathologie; are there

identifiable emergent states that bridge the two states? Are the dynamies of immuno

infiammatory variables altered in MOOS (e.g. cireulating f1el.ltrophil f1umbers, serum TNF-a

concentration)? How carl assays be developed to faeilitate precise and frequent

determination of these immunoinflammatory mediators? Models of complex non-linear

phenomena (such as the NI< model) eould be usee! to theoretically determine the number of

variables that would bel required in order to classify the entire state of the system, as weil as
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how detailed the knowiedge of theïr dynamics must be. When wouid perturbations to the 110st

response be most effective? Will some patients !:le refractory to any and ail attempts ta

moduiate the 1105t respon5e? How can those patients be identified? 15 there a specifie

window of opportunity for therapeutic intervention? Are there demonstrabie patterns

variability that mîght predict if an intervention wil! be successful? Can one predict whlc!"!

specifie tl1erapeutic intervention might be effective based on patterns of variability?

The hypotheses presented merit further investigation. The extensive analytical research

regarding the host response requires complimentary technology to evaluate the systemic

properties of the host response. Variability and connectivity may represent that technology.

As is often the case with novel ideas, they l'aise more questions than they answer. The

investigation of the hypotheses, seeking the answers to the above questions, will no doubt be

exciting, educational, fun and will ultimately determine the clinical use of valiability analysis.
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Conclusion

The polymorphol1w:::lear neutrophii is a crucial component to the human systemic host

response. It participates in physiologie processes essential for non-specifie host defense,

and contributes to tlost il'ljury in pathologie states charaeterised by persistent inflammation.

As such, it is Imperative that the neutrophil receive close anaiyticai scrutiny, to improve our

understanding of the processes involved in neutrophil delivery, function and clearance within

the inflammatory microenvironment

Neutrophil research must also be performed with the full understanding that it the neutrophil

is but one small component of an exceedingly compiex, dynamic web of interactions, known

as the systemic host response. As a complex system, it is the defining, emergent properties

of the whole system that manifest themselves as iIIness. Complïmenting the analytical

analysis of the elements of a compiex system, we must develop the technology to evaluate

and characterise the properties of the system ltself. Variability and connect!vity are

hypothesised to provide that technology, such that individualised patient monitoring may help

identify patients that are candidates for therapeutic modulation of the host response, and to

determine if the intervention was successful or not.

lronically, using analytical science, there developed tremendous advances in our

understanding of the host response, which led to the realization of its complexity and the

limitations of solely utiiising the analytical approach. By studying the components of a

complex system, analytical science can identify potential interventions that may alter the

systemic host response. This means of investigation may be complimented with continuol.ls

individualised analysis of variability and connectivity, the evaluation of the cornponents of the

system over time and space in order to bridge the gap between the parts and the whole. This

provides an evaluation of the properties of the whole system (health vs. mness), thus the

means to determine if an intervention is therapeutic. Using this partnership, it is hoped that

therapeutic modulation of the host response in critically il! patients may becorne a reaiity.
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Original Scholarship

The thesis presented represents a combination of experimental and theoretical research,

both of wl1ich represent original scholarship.

in terms of neutrophil apoptosis, the articles presented contribute to the knowledge base

conceming the alterations in apoptosis following transmigration. Contributions include the

confirmation that both constitutive and induced eXl.ldate neutrophi! apoptosis are delayed in

humans (using an in vivo means of collecting human exudate neutrophils), eh.lcidation of the

decrease in TNF induced apoptosis in exudate neutrophils, and the novel investigation of the

role of NF-K8 in exudate neutrophil apoptosis.

ln the realm of neutrophil chemotaxis, observed simultaneous concomitant alterations (both

increased and decreased) in chemoattractant receptor expression and chemotactic function

in distinct human neutrophil populations collected in vivo contribute to existing data

supporting the role of receptor alteration regulating chemotactic function in humans in vivo.

The observation of increased C5aR and chemotaxis to C5a in exudate neutrophils is novet,

and suggests that while il-8 is important during the initial stages of transmigration, C5a is

more important within the exudate inflammatory milieu.

The experimental data presented were accepted for presentation st intemationally recognised

conferences foUowing peer review of abstracts. This included the Surgiea! Infection Society

(awarded firs! prize, resident presentation award, 1998) and the Ameriean College of

Surgeons Surgicai Forum (1998 and 2000).

The theoretical research included in the theses is novel, and possesses greater potential for

sustainabie contribution to the literature regarding the host response. The manuscript

reviewing the host response as a eomplex system representsa synthesis of ideas and a
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review of divergent fields of investigation, and presents an original evaluation of the host

response as a complex system. The hypothesis suggesting that both variability and

connectivity may be utilised as technology to identify aiterations in the emergent order of

compiex systems and its application to the human host response is, to the best of my

knowledge, an original contribution to the literature. This hypoihesis lias significant and

exciting potentia! for the understanding and modulation of complex systems, and the

treatment of i1iness in critically mpatients. The article (manuscript 5) was published in Criticat

Care Medicine as a iead article, along with a supportive editorial.

The ideas regarding the continuous individualised variability assessment (CIVA) in ICU

patients were patented in July 2000. This was performed with the fundamental objective of

determining if continuous variability assessment is clinically useful, first to evaiuate the

prognostic potential of CIVA in ICU patients and most importantly, determine if it enables

effective therapeutic intervention, furthering the concept of therapeutic monitoring.

Clinician scientists are uniquely poised to evaluate the application of basic science research

to clinical surgery and medicine. Although inteilectually stimulating, theoretical research

remains exciting but unfulfilled potential, until validated by experimental science. In contrast,

experimental basic science is often considerably removed fram the care of il! patients, with

speculative clinical benefit. It is the eombination of both theoretical and experimentai research

that is necessary to apply laboratory research to the treatment of patients. It is hoped that this

thesis and the future research suggested will assist in bridging the gap between laboratory

beneh and ICU bedside.



164

Acknowledgments

! have bean exceedingly fortunate to interact with and be supported by outstanding

individuals during the (ast six years. ! am !lugely gratefui to the innumerable individuals: ail

readers, commentators and editors of the thesis, particularly the feedback of John Seely;

motivating and stimulating discussion with Peter Macklem and Leon Glass; the technicai,

administrative and motivational assistance from Betty Giannias and Mary Bouidadakis,

Louise Chartrand and Francine Nole; the outstanding iaboratory contributions and fun

personalities of Josie Campisi and Jean-Francois Naud; the stimulating discussion, feedback,

support and close friendship provided by Daniel Swam, Lorenzo Ferri, and Jose Pascual; the

unsweNing support, mentoring and guidance from a role model surgical scientist, Nicolas

Christou; and the love, patience and support of Kathy Patterson, whom makes it 1311 possible,

and worthwhile. Thank you 1311.


