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Abstract

Severe sepsis and organ failure are still the major causes
of postoperative morbidity and mortality after major
hepatobiliary pancreatic surgery. Despite recent prog-
ress in understanding the immune conditions of abdom-
inal sepsis, the postoperative incidence of septic
complications after major visceral surgery remains high.
This review focuses on the clinical and immunological
parameters that determine the risk of the development
and lethal outcome of postoperative septic complication
following major surgery and trauma. A review of the
literature indicates that surgical and traumatic injury
profoundly affects the innate and adaptive immune
responses, and that a marked suppression in cell-medi-
ated immunity following an excessive inflammatory
response appears to be responsible for the increased
susceptibility to subsequent sepsis. The innate and adap-
tive immune responses are initiated and modulated by
pathogen-associated molecular-pattern molecules and
by damage-associated molecular-pattern molecules
through the pattern-recognition receptors. Suppression
of cell-mediated immunity may be caused by multifac-
eted cytokine/inhibitor profiles in the circulation and
other compartments of the host, excessive activation
and dysregulated recruitment of polymorphonuclear
neutrophils, induction of alternatively activated or regu-
latory macrophages that have anti-inflammatory prop-
erties, a shift in the T-helper (Th)1/Th2 balance toward
Th2, appearance of regulatory T cells, which are potent
suppressors of the innate and adaptive immune system,
and lymphocyte apoptosis in patients with sepsis. Recent
basic and clinical studies have elucidated the functional
effects of surgical and traumatic injury on the immune
system. The research studies of interest may in future
aid in the selection of appropriate therapeutic
protocols.
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Introduction

Severe sepsis is still a major cause of postoperative mor-
bidity and mortality after major abdominal surgery. In
particular, aggressive hepatobiliary pancreatic surgery,
including an extended liver resection and radical pan-
creaticoduodectomy, has been associated with high
complication rates of 40%-50%."" The most common
complications following major hepatobiliary pancreatic
surgery are septic complications, including cholangitis,
wound infection, pneumonia, intra-abdominal abscess,
fistula, and septicemia."® A recent clinical trial has
reported that although organ-preserving pancreatic
surgery potentially decreased the incidence of postop-
erative delayed gastric emptying in comparison with
a pancreatoduodenectomy, there were no significant
differences between the two groups in the incidence
of pancreatic fistulas or other complications.” Despite
recent progress in understanding the immune condi-
tions of abdominal sepsis, the postoperative incidence
of septic complications after major visceral surgery
remains high.'™

During the past decade, a number of experimental
and clinical studies have provided evidence that surgical
and trauma injury markedly affects the immune system,
including both the specific and the nonspecific immune
responses.”” The protective immunity of the hosts may
critically depend on an appropriate cytokine balance, a
proper activation and recruitment of polymorphonu-
clear neutrophils (PMNs) and monocytes/macrophages,
an intact macrophage-T-cell interaction, and an ade-
quate T-helper (Th)1/Th2 conception of T-helper cell
activation. The surgical and trauma injury potentially
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disintegrates these complex regulatory systems and
induces the deterioration of immune function.””

This review focuses on the clinical and immunologic
parameters that determine the risk of the development
and lethal outcome of postoperative septic complication
following major surgery and trauma. The elucidation of
these mechanisms is a prerequisite subject for the intro-
duction of preventive and therapeutic strategies into
clinical practice.

SIRS, CARS, and MODS

Major injury due to surgical or major trauma produces
potentially profound immunological dysfunction result-
ing in tissue injury, postoperative infection, and multiple
organ dysfunction syndrome (MODS) (Fig. 1). The
immune system consists of an early innate and a late
adaptive response. The initial proinflammatory immune
response, or systemic inflammatory response syndrome
(SIRS), is mediated primarily by the cells of the innate
immune system. This is followed by a compensatory
anti-inflammatory response syndrome (CARS) that is
primarily mediated by cells of the adaptive immune
system.” ™

Moore and Moore have described a model of early
and late MODS depending on the initial degree of
injury severity."" An initial massive traumatic insult can
create an early vigorous proinflammatory response and
severe SIRS independent of infection (“one-hit” model),
resulting in early MODS. In the “two-hit” scenario, ini-
tially less severely-injured patients eventually develop
late MODS as a result of the reactivation of their inflam-

I Multiple organ dysfunction syndrome (MODS) I

Inflammatory response 1 “one-hit model”

I “two-hit model”
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matory response caused by an adverse and often minor
intercurrent event, such as additional surgical stress,
bacterial infections, or ischemia/reperfusion injury. Late
MODS is often accompanied by CARS.” An unbal-
anced systemic compensatory anti-inflammatory
response can result in anergy and immunosuppression,
which predisposes the host to the development of
opportunistic infection.

Cytokines, chemokines, stress hormones, and many
other humoral mediators have been implicated in the
pathogenesis of SIRS, CARS, and MODS in patients
with severe surgical or traumatic injuries.”'* In response
to major tissue injury and/or bacterial infection, endo-
thelial and epithelial cells, as well as neutrophils,
macrophages, and lymphocytes, produce powerful pro-
inflammatory cytokines, especially tumor necrosis fac-
tor-o.  (TNF-ct), interleukin (IL)-1B, and IL-6."”
Polymorphonuclear neutrophils and macrophages
respond to many of these mediators by releasing granu-
lar enzymes and producing reactive oxygen species
(ROS) that ultimately lead to organ dysfunction."

Chemokines have the ability to favor neutrophil and
monocyte recruitment to the inflammatory site and to
stimulate their subsequent activation.” According to
the alignment of the sequences, chemokines can be clas-
sified into two families, one with the first two cysteines
separated by one residue (CXC chemokines) and the
other with the first two cysteines adjacent (CC chemo-
kines). The CXC chemokines are neutrophil chemoat-
tractants and include IL-8 and growth-related oncogenes
in humans.” The CC chemokines are predominantly
monocyte chemoattractants, and include macrophage
chemoattractant protein (MCP)-1 and macrophage

Fig. 1. A model of injury for systemic
inflammatory response syndrome (SIRS),
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inflammatory protein (MIP)-10.”” The postoperative
serum levels of IL-8 and MCP-1 have been reported to
correlate with surgical insult in patients who have
undergone cardiovascular surgery.'® Anti-inflammatory
cytokines potentially suppress various innate immune
functions and thereby render patients susceptible to
postoperative infection.””" In mouse models the rapid
release of endogenous IL-10 has been reported to be an
essential anti-inflammatory response controlling cyto-
kine production during both Gram-negative and Gram-
positive infection."””’ However, excessive production of
IL-10 renders patients susceptible to infection. High
serum IL-10 levels have also been reported to be associ-
ated with fatalities among patients with infection."”
Interleukin-10 may also be involved in immune depres-
sion associated with hemorrhage.”" Interleukin-4 also
inhibits monocyte/macrophage function, including the
ability to suppress monocyte-generated cytokines.”

Stress hormones may participate in the pathogenesis
of postinjury infection and organ dysfunction.” Although
activation of the hypothalamic-pituitary-adrenal axis is
essential for response to severe stress,” excessive gluco-
corticoids may delay wound healing by promoting
catabolism and inhibiting the immune system, leading
to postoperative immunosuppression and infection.”
Macrophage migration inhibitory factor (MIF), which is
a proinflammatory pituitary and macrophage cytokine
and a contraregulator of endogenous glucocorticoids,
plays a critical part in the pathogenesis of septic shock.*
Leptin, an adipocyte-derived hormone that acts cen-
trally in hypothalamus to regulate body weight and
peripheral energy expenditure, thereby helps to regu-
late the immune response.”*

In humans, IL-6, IL-10, IL-8, MCP-1, cortisol, and
leptin have been reported to be released after a liver
resection in response to surgical stress, and are corre-
lated with postoperative infection and organ dysfunc-
tion.” Cytokine antagonists also appearin the circulation,
and the soluble TNF receptor p55 correlates with post-
operative infection following surgery.” In these studies,
increased plasma concentrations of proinflammatory
and anti-inflammatory mediators were observed imme-
diately after surgery or on postoperative day 1. These
elevations occurred simultaneously for both the pro-
and anti-inflammatory mediators. Similar circulating
cytokine/inhibitor profiles have been observed in a
mouse model of sepsis.” This multifaceted response
questions the use of a simple proinflammatory cytokine
measurement for classifying the inflammatory status of
the patients with septic complications.” In addition,
plasma levels should be carefully interpreted because
they do not necessarily reflect the immune status in
other compartments of the host. Nevertheless, due to a
lack of more clinically useful markers, determination of
pro- and anti-inflammatory cytokine levels in plasma
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has become more and more important in the intensive
care unit when dealing with surgical patients.’

Toll-Like Receptors, Nucleotide-Binding
Oligomerization Domain-Like Receptors, and
Purinergic Receptors

The pattern-recognition receptors (PRRs) play a central
role in the initiation of the innate and adaptive immune
response to infection (Fig. 2). Membrane-bound or
vesicular (endosomal) PRRs, including the Toll-like
receptors (TLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), and RIG-I-like
receptors (RLRs) recognize microorganisms derived
products, so-called pathogen-associated molecular-pat-
tern molecules (PAMPs) and activate intracellular cas-
cades.™ Toll-like receptors sense the presence of
PAMPs extracellularly and in phagosomes, whereas the
cytosolic NLRs recognize PAMPs in intracellular com-
partments.”* RIG-I-like receptors are cytoplasmic pro-
teins that recognize viral RNA.”

Toll-Like Receptors

In humans, extracellular bacterial products are sensed
by five TLRs. Lipopolysaccharide (LPS) is the main
bacterial ligand for TLR4; lipotechoic acid and diacyl-
ated lipopeptides are sensed by a TLR2-TLR6 dimer;
triacylated lipopeptides are sensed by a TLR2-TLR1
dimer; CpG motifs are sensed by TLRY, and flagellin is
sensed by TLRS. For antifungal responses, a TLR2-
TLR6 dimer senses zymosan. Five TLRs are involved in
antiviral responses: TLR4 senses F protein from respira-
tory syncytial virus; double-stranded RNA is sensed by
TLR3; TLRY senses viral CpG DNA; and TLR7 and
TLRS sense single-stranded viral RNA. Protozoal prod-
ucts such as glycosylphosphatidylinositol-anchor pro-
teins are also sensed by TLR2. Therefore, almost all
pathogens that infect humans will be sensed by TLRs.”
Toll-like receptor signaling potentially activates nuclear
factor-xB (NF-xB) through myeloid differentiation pri-
mary-response protein 88 (MyD88). MyDS8S8 is a TLR
signaling adaptor protein that is used by all TLRs except
TLR3. It interacts with the IL-1 receptor-associated
kinase (IRAK) family, leading to interaction with tumor
necrosis factor receptor-associated factor 6 (TRAF6),
which ultimately leads to activation of NF-kB and mito-
gen-activated protein (MAP) kinases (Fig. 2). These
pathways lead to the production of such cytokines as
TNF and other proinflammatory proteins.”

In addition, monocytes and PMNs from patients with
sepsis have been reported to exhibit significantly higher
TLR-2 and TLR-4 expression levels than controls.™
Furthermore, in severely injured patients, the carriage
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Fig. 2. Pathogen-associated molecular-pattern molecules
(PAMPs) and damage-associated molecular-pattern mole-
cules (DAMPs). Toll-like receptors (TLRs) sense the extracel-
lular presence of so-called PAMPs, whereas nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) recog-
nize PAMPs in intracellular compartments and activate intra-
cellular cascades. NOD1,NOD2,NALP,and IPAF are included
in NLR family. Extracellular adenosine triphosphate (ATP)

of the variant TLR4 896 G allele has been reported to
be associated with a decreased risk of complicated
sepsis.”’

Nucleotide-Binding Oligomerization
Domain-Like Receptors

The NLR family is divided into subfamilies on the basis
of their signal transduction domains (Table 1), and
recent studies have highlighted the role of certain NLRs,
including NOD1,NOD2, NALP, and IPAF in the detec-
tion of intracellular microbes.”® NOD1 and NOD2 can
detect muropeptides derived from peptidoglycan (PG).
NOD?2 detects muramyl dipeptide, a motif that is present
in the PGs of both Gram-positive and Gram-negative
bacteria, whereas the recognition of bacterial PG by
NOD1 is dependent on the presence of the meso-DAP,
an amino acid characteristic of most Gram-negative and
some Gram-positive bacteria. Therefore, NODI1 is
involved in the immune response to Escherichia coli,
Chlamydia pneumoniae, Campylobacter jejuni, Salmo-
nella typhimurium, Pseudomonas aeruginosa, and Heli-
cobacter pylori,whereas NOD2 recognizes Streptococcus
pneumoniae, Mycobacterium tuberculosis, and Listeria
monocytogenes. The NOD proteins recruit the serine—
threonine kinase Rip2, which in turn leads to NF-xB
activation.™ Other NLRs activate caspase-1, which

Sepsis resistance

potentially contributes to the onset of acute inflammation
through P2 receptors. Conversely, extracellular adenosine, a
metabolite of ATP, induces an anti-inflammatory response
through P1 receptors. HM GBI, high-mobility group box 1;
HSPs, heat shock proteins; IRAK, IL-1 receptor-associated
kinase; TRAF6, tumor necrosis factor receptor-associated
factor 6; NF-xB, nuclear factor kB; Rip2, receptor-interacting
protein 2

results in the processing and release of the proinflam-
matory cytokines IL-1p and IL-18 (Fig. 2). In response
to specific microbial or bacterial factors, the NLR pro-
teins assemble a caspase-1-activating inflammasome
complex. Several inflammasomes have been defined
by the NLR protein that they contain: the NALP1
inflammasome, the NALP3 inflammasome, and the
IPAF inflammasome™™ (Table 1). Gram-positive bac-
teria such as L. monocytogenes, S. aureus, and Gram-
negative Aeromonas hydrophila activate NALP3 using
pore-forming toxins. Activated NALP3 recruits apopto-
sis-associated speck-like protein (ASC) through a
homophilic pyrin domain interaction. Apoptosis-associ-
ated speck-like protein in turn recruits procaspase-1
via homophilic caspase recruitment domain (CARD)-
CARD interaction, which leads to activation of caspase-
1, and active caspase-1 can then process pro-IL-1p and
pro-IL-18.” IPAF recognizes flagellin secreted by Gram-
negative pathogens, and can interact directly with the
caspase-1 CARD domain.”

NOD?2 leucine-rich repeat variants have been
reported to be closely associated with susceptibility to
Crohn’s disease.” Recently, the monocyte expression of
the inflammasome mRNAs for NALP1, ASC, and
caspase-1 has been reported to be significantly lower in
patients with septic shock compared with critically ill
control subjects.” Furthermore, the NALP1 mRNA
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Table 1. Domain structure of the human NOD-like receptor (NLR) family and the inflammasomes
NLR subfamily

Domain structure Bacterial species sensed by NOD-like receptor

NOD NOD1 CARD-NACHT-NAD-LRR Escherichia coli, Chlamydia pneumoniae
Campylobacter jejuni, Salmonella typhimurium
Pseudomonas aeruginosa and Helicobacter pylori
NOD2 CARD-CARD-NACHT-NAD-LRR Streptococcus pneumoniae, Mycobacterium

tuberculosis, Listeria monocytogenes
NALP3 inflammasome

NALP3 PYD-NACHT-NAD-LRR Listeria monocytogenes, Staphylococcus aureus
* Aeromonas hydrophila, microbial toxins
ASC CARD-PYD
&
Caspase-1 CARD-CASPASE

IPAF inflammasome

IPAF CARD-NACHT-LRR Salmonella typhimurium, Pseudomonas aeruginosa
* Legionella pneumophila
Caspase-1 CARD-CASPASE

Adapted from Carneiro et al.,”® Martinon,” and Sutterwala et al.*’

The LRR domains of the NLRs can sense the activating signals. The core structure of the NALP inflammasome consists of a NALP, the adaptor
ASC, and caspase-1. The NACHT-NAD region initiates oligomerization of NALP. PYD-PYD, and CARD-CARD homotypic interactions (*)
are essential for the recruitment and activation of the adaptor ASC and the inflammatory caspases, respectively. IPAF can interact directly with
the caspase-1 CARD domain

ASC, apoptosis-associated speck-like protein; CARD, caspase recruitment domain; IPAF, interleukin-1 converting enzyme (ICE) protease-
activating factor; LRR, leucine-rich repeat; NACHT, domain present neuronal apoptosis inhibitory protein; NAD, NACHT-associated domain;
NALP, NACHT, LRR, and PYD containing proteins; PYD, Pyrin domain

levels are linked to survival in patients with sepsis, thus
suggesting that the NALP1 inflammasome plays a criti-
cal role in the pathogenesis of sepsis in humans.
However, in that study, the monocyte expression of
NOD1 and NOD? is not affected by sepsis.

Damage-Associated Molecular-Pattern Molecules

Pattern-recognition receptors can recognize some
endogenous ligands released from damaged tissues and
activate immune response of the host (Fig. 2). These
endogenous ligands released by damaged or dying cells
have been termed damage-associated molecular-pattern
molecules (DAMPs) because they contribute to the
induction of inflammation through PRRs.” DAMPs
include the chromatin-associated protein high-mobility
group box 1 (HMGB1), heat shock proteins (HSPs),
S100 proteins, products of purine metabolism (uric acid,
adenosine triphosphate [ATP], and adenosine), and
others.*

HMGBI, a typical DAMP, is a ubiquitous nuclear
protein that binds to nucleosomes and promotes DNA
bending. There are two ways in which HMGBI1 can be
released into the extracellular environment: active
secretion from cells of the innate immune system or
passive release from necrotic cells. Similar to proinflam-
matory cytokines, the active secretion of HMGBI1 from
monocytes or macrophages follows activation by micro-

bial and proinflammatory stimuli.** In a standardized
mouse model of endotoxemia, HMGB1 secreted by
activated macrophages acts as a late mediator of
inflammation. The serum HMGB1 levels begin to
increase 12-18 h after TNF levels peak, which occurs
at 2 h, and after IL-1 levels peak, which occurs at
4-6 h.* In addition, HMGBI is passively released from
cells undergoing nonprogrammed cell death, and initi-
ates inflammation. In contrast, apoptotic cells modify
their chromatin so that HMGBI irreversibly binds and
is therefore not released. HMGB1 has been reported
to transduce cellular signals by interacting with at least
three receptors: TLR4, TLR2, and the receptor of
advanced glycation endproducts (RAGE).** It has
been reported that HMGB1 acts as a mediator of
inflammation and organ damage in experimental
models of LPS-induced acute lung injury (ALI)," hem-
orrhage-induced ALI* and hepatic ischemia reperfu-
sion injury.” In humans, HMG1 may also be involved
in the pathogenesis of sepsis,” hemorrhagic shock,”
and sepsis-induced ALL> However, no predictable
correlation between serum levels of HMGBI1 and
severity of infection has been found in patients with
sepsis.”

Heat shock proteins are stress-inducible proteins that
protect against cellular injury as a molecular chaperone,
playing an essential role in mediating protein folding,
assembly, transport, and degradation. It has been docu-
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mented that extracellular HSPs potentially act as an
endogenous ligand for the CD14, TLR-4, and MD2
complex, which mediates the activation of NF-xB and
the synthesis of proinflammatory cytokines.”*” Further-
more, it has been reported that circulating HSP70 plays
a pivotal role in postoperative inflammatory response
after open-heart surgery’® and after liver resection.”
Therefore, even in the absence of pathogens, disrupted
or injured cells recruit innate inflammatory cells by
releasing DAMPs.*

Purinergic Receptors

The purinergic receptors may also play an important
role in regulation of immune response to tissue injury.
The purinergic receptors determine the variety of effects
induced by extracellular ATP and adenosine released
from injured tissue.” Two families of purinergic recep-
tors have been defined to date, namely the P1 and P2
receptors (Fig. 2). The P1 receptors are subdivided into
the Al, A2A, A2B, and A3 receptor subtypes. Upon
injury or infection, damaged tissue cells release intracel-
lular ATP into their extracellular microenvironment.
Extracellular ATP potentially contributes to the onset
of acute inflammation through P2 receptors expressed
by neutrophils and macrophages. The activation of the
P2X7 receptor by ATP triggers the assembly of the
NALP3 inflammasome, thus resulting in IL-1J secre-
tion. Conversely, extracellular adenosine, a metabolite
of ATP, contributes to alternative macrophage activa-
tion through P1 receptors and induces an anti-inflam-
matory response. The activation of the A2 receptor by
adenosine leads to an increase in intracellular cyclic
adenosine monophosphate (AMP), which inhibits the
intracellular signaling of proinflammatory pathways in
immune cells. Adenosine inhibits virtually all effector
functions of neutrophils, macrophages, and T lympho-
cytes.” Most immune cells coexpress both P1 and P2
receptor subtypes, which suggests the dual regulation of
cell function through purinergic signaling. Furthermore,
external ATP is quickly converted to adenosine by ecto-
enzymes. Therefore, the nature of the effects induced by
extracellular ATP and adenosine may shift from immu-
nostimulatory to immunoregulatory, depending on the
mechanisms that control ATP release, expression of the
ectoenzymes, and the availability of the P2 and P1
receptors.™

A2 adenosine receptors have been reported to poten-
tially be able to counteract collateral tissue damage due
to excessive inflammation.” In the inflammatory tissue,
activated immune cells might cause direct tissue damage.
In addition, the increased expression of adhesion mol-
ecules might result in the augmented binding of neutro-
phils to the blood vessel walls, leading to vascular
occlusions, local tissue hypoxia, and indirect collateral
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tissue damage. Tissue hypoxia is conducive to the accu-
mulation of extracellular adenosine. Sufficiently high
extracellular adenosine levels will trigger the maximal
activation of high-affinity A2A and low-affinity A2B
adenosine receptors, reducing excessive inflammation
and collateral tissue damage.” It has also been reported
that adenosine generation catalyzed by the ecto-apyrase
(CD39) and 5-nucleotidase (CD73) expressed on regu-
latory T cells (Tregs) mediates immune suppression.”
CD39 degrades ATP and adenosine diphosphate (ADP)
into adenosine monophosphates and CD73 catalyzes
the conversion of AMP into adenosine. Therefore,
CD39-mediated removal of the proinflammatory ATP
and its conversion into immunosuppressive adenosine
by CD73 represent an additional mechanism by which
Tregs can suppress immune response.” The clinical sig-
nificance of the purinergic receptors, however, remains
to be investigated.

Polymorphonuclear Neutrophils

Polymorphonuclear neutrophils play a central role in
the innate immune response as the archetypical phago-
cytic cells. PMNs actively seek out, ingest, and destroy
pathogenic microorganisms by means of ROS, protein-
ases, and antimicrobial peptides.””” Ordered recruit-
ment and activation of PMNs requires the presence of
chemoattractants and the leukocyte adhesion molecules
of the integrin family. The B2 integrins (CD11/CD18) in
particular are critically involved in firm adhesion and
migration of PMNs.” It has been reported that CD11b
(the adhesion/complement receptor) expression and
ROS generation of PMNs are increased soon after sur-
gical injury®® and after traumatic injury.*” The activa-
tion of PMNs is closely associated with visceral
ischemia,” LPS absorption,” SIRS,” and postoperative
sepsis.” Polymorphonuclear neutrophils are also acti-
vated for increased elastase release following major
surgery or trauma.”””" Furthermore, spontaneous apop-
tosis of PMNs has been reported to be significantly
delayed in patients who had undergone elective
surgery.” These reports suggest that activation of PMNs
is induced by surgical or trauma injury according to the
severity of tissue damage, and is potentially accelerated
by LPS and bacterial challenge. The activated function-
ality and prolonged survival of PMNs may represent an
appropriate adaptive response to injury to eliminate
invading pathogens. In contrast, the presence of acti-
vated and apoptosis-resistant PMNs may play a major
role in the pathogenesis of ALI and acute respiratory
distress syndrome (ARDS).”>” Moreover, the accumu-
lation of primed PMNs into tissues, accompanied with
systemic activation of complement and coagulation
system, can lead to distant organ damage and MODS.”*"”
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Acute Lung Injury, Acute Respiratory Distress
Syndrome, and Pneumonia

The two most important chemokines for PMN recruit-
ment are IL-8/CXCLS8 and growth-related oncogene o
(GRO-0)/CXCL1. Growth-related oncogene o is
present in greater concentration in the lung than IL-8
in patients with pneumonia and ARDS."*" Further-
more, IL-8 binds to both CXCR1 and CXCR2, whereas
GRO-0. only binds to the CXCR2.” Therefore, GRO-o.
and CXCR2 can participate in the pathogenesis of
ARDS and pneumonia in humans. In a mouse model of
Pseudomonas pneumonia, the neutralization of CXCR2
results in a striking increase in mortality, which is associ-
ated with a marked decrease in neutrophil recruitment
and bacterial clearance. Conversely, the site-specific
transgenic expression of keratinocyte-derived chemo-
kine (KC)/CXCL1 results in enhanced clearance of
bacteria after Pseudomonas challenge.” It has been
reported that in major trauma patients, CXCR2
responses are markedly diminished in the PMNs of
patients who progress to sepsis and pneumonia, but are
elevated in PMNs from patients who progress to
ARDS*®" These reports suggest that high CXCR2
activity may correlate with PMN priming and outcomes
such as ALI and ARDS (Fig. 3), whereas the suppres-
sion of CXCR?2 function in inflammatory environments
may impair PMN recruitment to the lung and predis-
pose patients to pneumonia and sepsis.

Polymorphonuclear Neutrophil Function in Sepsis

In the nonpulmonary organs, the augmented binding
of PMNs to blood vessel walls might cause indirect

Surgical or trauma injury
Sepsis

Circulating inflammatory factors
(Cytokines, Chemokines, Lipid mediators)

<Non-pulmonary organs=

<Lung>
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tissue damage (Fig. 3). The activated PMNs adhere so
strongly to the endothelium of postcapillary venules
that they produce vascular occlusions, leading to tissue
hypoxia and hypoperfusion. Alternatively, PMNs
primed by circulating inflammatory factors bind tightly
to the endothelium, and are readily activated by che-
mokines expressed on the endothelial surface in
response to an underlying inflammatory or infective
lesion. This untoward activation of PMNs results in the
release of lytic factors that induce endothelial dysfunc-
tion, the opening of intercellular junctions, and increase
vascular permeability.” Therefore, vascular occlusions
and endothelial dysfunction due to activated PMNs
might be the major causes of organ dysfunction in
sepsis.

However, the role of the effector function of neutro-
phils in patients with sepsis has been poorly investi-
gated. There are data showing that neutrophil adherence
and transmigration are impaired in septic patients.”
Although CXCRI1 expression is maintained on neutro-
phils during severe sepsis, desensitization of G-protein-
coupled receptors (GPCRs), caused by the steric
hindrance of the receptors due to receptor phosphoryla-
tion by GPCRs kinases (GRK), might be one of the
mechanisms for PMN dysfunction.** Endogenous
mediators produced during sepsis might continually
activate circulating neutrophils and induce GRK activa-
tion, leading to GPCR phosphorylation.** Desensitiza-
tion of GPCRs, including CXCR1, may impair
chemoattractant-induced tyrosine kinase activity and
the subsequent rearrangement of the actin network,
therefore compromising the ability of neutrophils from
patients with sepsis to migrate.*®

Fig. 3. Models of tissue damage and
organ dysfunction in patients with major
injury and sepsis. In nonpulmonary
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Activation of neutrophils [

organs, vascular occlusions and endothe-

Augmented binding of Protease and oxidant production
neutrophils to endothelium I

Chemotactic migration into the lung

lial dysfunction due to activated neutro-
phils and endothelium appear to be the
major causes of organ dysfunction. Acti-
vation of the coagulation and comple-
ment system might also be involved in this

| Activation of coagulation and complement system |

Activation of alveolar macrophage

process. In the lung, infiltrating neutro-
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phils can induce direct damage resulting
in acute lung injury and acute respiratory
distress syndrome. Accumulation of neu-
trophils in the lung depends on the che-
mokines that are produced by alveolar
macrophages. Suppression of chemokine
functions may in turn impair neutrophil
recruitment to the lung and predispose
the lung to pneumonia and sepsis
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Martins et al. reported that ROS generation and
phagocytosis of PMNs are upregulated in patients with
sepsis.* In contrast, Kaufmann et al. have reported that
phagocytosis of zymosan and the associated ROS pro-
duction are significantly decreased in patients with
septic shock.” These reports suggest that the develop-
ment of PMN dysfunction depends on sepsis severity.
Danikas et al. evaluated the impact of the phagocytic
activity of PMNs on the outcome of patients with severe
sepsis, and have reported that a reduced phagocytic
activity of PMNSs during the first 24 h after admission is
a negative predictor for survival and that phagocytic
activity of PMNs is strongly correlated with the expres-
sion of CD64,* the high-affinity receptor for IgG1 and
IgG3 expressed by mononuclear phagocytes and acti-
vated neutrophils.” It has been reported that the phago-
cytic capacity of immature neutrophils is lower than in
mature neutrophils.”” An increase in immature neutro-
phils in severe sepsis may therefore undermine the
overall phagocytic efficacy of a host,despite the observed
leukocytosis.

Monocytes/Macrophages

The mononuclear phagocyte system (MPS) displays a
remarkable functional diversity, allowing cells to
perform multiple defense functions from pathogen
elimination by phagocytosis to the induction of antigen-
specific T-cell responses. Therefore, MPS plays a central
role in the innate immunity and orchestrates the adap-
tive immunity.””

Monocytes

Circulating blood monocytes supply peripheral tissues
with macrophage and dendritic cell precursors and, in
the setting of infection, also directly contribute to
immune defense against microbial pathogens. In
humans, circulating monocytes are divided into two

Table 2. Macrophage heterogeneity during inflammation
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subsets on the basis of the expression of CD14.
CD14highCD16— monocytes, which consist of a major-
ity of circulating monocytes and are often called “inflam-
matory monocytes,” express high levels of CCR2, and
traffic to sites of microbial infection in response to
MCP-1/CCL2 secretion.”** In contrast, CD14lowCD16+
monocytes, which are called “resident monocytes,”
express higher amounts of MHC class II molecules than
CD14highCD16— monocytes, high levels of CXCRI1,
and low levels of CCR2. These cells have been sug-
gested to resemble mature tissue macrophages such as
splenic macrophages, Kupffer cells, alveolar macro-
phages, microglia, and osteoclasts.”"*

Macrophages

Macrophages are heterogeneous cells and have been
broadly classified into two groups according to func-
tional polarization: classically activated macrophages
and alternatively activated macrophages.” However,
recent experimental studies have shown that macro-
phage activation is plastic, rapid, and fully reversible in
response to environmental cues, and that there might be
at least three macrophage populations based on differ-
ent physiological activities ™ (Table 2).

Classically activated macrophages arise in response
to interferon-y (IFN-y), which can be produced during
an adaptive immune response by Th1 cells or during an
innate immune response by natural killer (NK) cells;
and in response to TNF, which is produced by antigen-
presenting cells. Classically activated macrophages have
microbicidal activity, produce high levels of IL-12,
modest levels of IL-10, and release reactive oxygen and
nitrogen intermediates.”™ Wound-healing (alterna-
tively activated) macrophages arise in response to IL.-4,
which can be produced during an adaptive immune
response by Th2 cells or during an innate immune
response by granulocytes. Wound-healing macrophages
produce low levels of IL-12 and IL-10, and are involved
in tissue repair.”* The third macrophage population is

Populations of macrophages

Inducer

Function

Classically activated macrophages

Wound-healing macrophages IL-4,IL-13 (Th2)
(Alternatively activated)

Regulatory macrophages IL-10 (Tregs)

Immune complexes, prostaglandins, GPCR
ligands, glucocorticoids, apoptotic cells

IFN-y (Th1, NK), TNF (APCs)
LPS, microbial product

Microbicidal activity

Production of proinflammatory
cytokines, and ROS

Tissue repair

Parasite killing

Anti-inflammatory activity

Production of IL-10, TGF-f, and
prostaglandin E2

Adapted from Gordon and Taylor,” Benoit et al.,”” and Mosser and Edwards”
IFN-y, interferon-y; Th, T helper; NK, natural killer; APCs, antigen-presenting cells; LPS, lipopolysaccharide; ROS, reactive oxygen species; Tregs,
regulatory T cells; GPCR, G-protein-coupled receptor; TGF-f, transforming growth factor-p
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regulatory macrophages, which are generated in
response to various stimuli including immune com-
plexes, prostaglandins, GPCR ligands, glucocorticoids,
apoptotic cells, adenosine, or IL-10. Regulatory macro-
phages produce high levels of IL-10 and low levels of
IL-12 to suppress immune responses.””” Regulatory
macrophages also produce transforming growth factor-
B (TGF-B) and prostaglandin E2, and show reduced
expression of MHC class II molecules. Following surgi-
cal or traumatic injury, these macrophage populations
may be highly dynamic. Classically activated macro-
phages and regulatory macrophages can first take part
in SIRS and CARS, respectively, and then wound-heal-
ing macrophages participate in the resolution of inflam-
mation and tissue repair.””*

Tinterleukin-12 and Human Leukocyte Antigen-DR
Expression

In patients with infection following surgical, trauma, or
burn injury, circulating monocytes show reduced pro-
duction of IL-12°*"" and suppressed expression of human
leukocyte antigen (HLA)-DR.*' Depressed IL-12-
producing activity by monocytes correlates with an
adverse clinical course in severely injured trauma
patients.” Also, preoperative impaired monocyte 1L-12
production has been observed in patients with the lethal
outcome of postoperative sepsis.” Expression of
HLA-DR on circulating blood monocytes has been
shown to be depressed in patients following trauma,”
major surgery,”'” and burn injury."” In these reports,
the suppression of HLA-DR expression correlates with
severity of infectious complication and poor outcome.”
! Furthermore, a reduction in HLA-DR expression
rate is a sensitive indicator of poor outcome in cases of
sepsis, severe sepsis, or septic shock.'"'” These reports
suggest that monocyte deactivation such as suppression
of IL-12 production and HLA-DR expression is closely
related to immuno-paralysis following major injury and
in severe sepsis.

Interleukin-10 and Transforming Growth Factor-J3

In patients with sepsis, a reduction of monocyte
HLA-DR expression is inversely affected by serum
IL-10 levels or IL-10 mRNA expression in peripheral
leukocytes.''* Interleukin-10 has been shown in vitro
to potentially suppress the HLA-DR expression on
human monocytes'”'” and IL-12 production by human
monocyte at the transcriptional level."” Moreover, cir-
culating IL-10 levels are a remarkable predictor of post-
operative infection and fatal outcome of sepsis."”
Therefore, IL-10 plays a major role in the pathophysi-
ological mechanism of monocyte deactivation following
major injury and in sepsis. Transforming growth factor-f3
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has also been described in vitro to play a role in mono-
cyte deactivation."”""! However, the circulating TGF-B
level is not observed to increase in patients with sepsis.
It tends to either be lower in severe sepsis'*'" or is not
significantly different from controls.'™'"” Therefore,
IL-10 is likely more important than TGF-B regarding
the pathophysiology of monocyte deactivation follow-
ing major injury and in severe sepsis.

Toll-Like Receptors

Toll-like receptor signaling might be another key factor
in monocyte deactivation during severe sepsis. It has
been reported that TLR-2 and -4 expression levels are
significantly increased in monocytes from both septic
and surgical patients."*'"” Continuous microbial stimu-
lation during bacterial sepsis with a number of different
antigenic structures might result in cell activation,
inducing receptor upregulation.® Causative factors
may include the release of cytokines during sepsis, such
as IL-6, which has been shown to upregulate TLR4 on
human monocytes."” However, Tsujimoto et al. have
reported that despite increased expression of TLRs,
IL-1B production from LPS-stimulated peripheral blood
mononuclear cells (PBMCs) is significantly reduced in
patients with sepsis compared to surgical and control
patients."* Recently, Salomao et al. have revealed that
TLR signaling gene expression in mononuclear cells is
dynamically modulated across the stages of sepsis, and
is decreased in more severe forms of the disease. In
contrast, broad gene upregulation is present throughout
the stages of the disease in PMNs.'™

Phagocytosis and Reactive Oxygen Species Generation

The phagocytic function and ROS generation of mono-
cytes in sepsis has been poorly investigated. It has been
reported that increased phagocytic function of mono-
cytes, as estimated by expression of CD64 antigen, was
favorably correlated to patient survival.*® Reactive
oxygen species generation is upregulated in monocytes
from septic patients and it is differentially modulated
depending on the stage of the disease and the stimuli."”
Moreover, ROS generation of monocytes significantly
correlates with sepsis-associated organ failure assess-
ment score in patients with severe sepsis and septic
shock."” These reports suggest that early in the disease
process, increased phagocytic function and a vigorous
ROS generation may be desirable and important to
restrain the infecting microorganisms, and that later in
this process the persistence of increased ROS genera-
tion may be deleterious, promoting sepsis-associated
organ failure. This upregulated ROS generation of
monocytes contrasts with monocytes dysfunction such
as the downregulation of cytokine production and



802

HLA-DR expression. It has been reported that antimi-
crobial peptides such as defensins o and LPS amplify
ROS release in a TLR4-independent manner, possibly
by exerting a prolonged catalytic effect on the ROS
generating enzymes, whereas antimicrobial peptides
inhibit cytokine and nitric oxide (NO) induction by LPS
in a TLR4-dependent manner."”

Nitric Oxide

Nitric oxide has well-known vasodilatory effects in
sepsis, and has pro- and anti-inflammatory and oxidant
and antioxidant properties.”” Previous experimental
studies support a role for inducible NO synthase (iNOS)
in the pathogenesis of severe sepsis."”' The vasodilatory
effect of NO is clearly involved in the development of
hypotension during septic shock. Nevertheless, NOS
inhibition in animal models and septic shock patients
could not improve and even aggravated the patient
outcome, suggesting a bivalent role for NO. Although
excessive NO production provokes lethal hypotension,
it also has an important antioxidant function, protecting
organs from oxidative stress and lipid peroxidation.'* It
has been accepted that macrophages and other hema-
topoietic cells such as PMNs are the principal source of
high systemic NO levels during septic shock. However,
it has been shown that a wide range of nonhematopoi-
etic cells such as hepatocytes, epithelial, vascular smooth
muscle, and endothelial cells have the ability to express
iNOS in response to LPS or cytokines in rodents.'”

In humans, there is far less evidence for increased
NOS induction during sepsis. Plasma nitrite/nitrate con-
centrations increase during sepsis, and inversely corre-
late with mean arterial pressure and systemic vascular
resistance.”” Serum nitrite/nitrate concentrations are
also increased in patients with postoperative sepsis.'”
The increased serum nitrite/nitrate levels that are found
during postoperative sepsis correlate with the severity
of the septic course."”® Therefore, iNOS and NO might
play a role in the pathophysiology of patients with sepsis
or septic shock. The cell sources of NO in human sepsis
remain unclear. In patients with ARDS following sepsis,
significant expression of iNOS has been shown in alveo-
lar macrophages, and nitrites/nitrates are elevated in the
supernatant of bronchoalveolar lavage fluid."” The fre-
quency of iNOS expression in PMNs is observed to
increase in sepsis and SIRS patients compared to non-
SIRS patients."™ These reports suggest that macro-
phages and PMNs are the principal source of NO during
sepsis. However, it has been reported that although
human mononuclear phagocytes can produce iNOS
mRNA and protein in vitro, their abilities to generate
NO are very low."” In patients with septic shock, iNOS
activity is increased in putrescent areas, but is compart-
mentalized at the very site of infection."” These reports
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suggest that in humans, NO synthesis is more restricted
than in other species.

Lymphocytes

Early studies have reported that the mitogenic response
of circulating lymphocytes to the T-cell mitogen phyto-
hemagglutinin and/or concanavalin A is potentially
altered by major surgery, multiple trauma, and thermal
injury.”"" In these reports, the degree of lymphocyte
suppression correlates with the complexity of surgery'”
or severity of injury."” In addition, the degree of lym-
phocyte suppression correlates with the subsequent
development of infectious complications and mortal-
ity.”""* These reports suggest that major surgical injury
can lead to depression of the mitogenic response of
lymphocytes, resulting in subsequent development of
infectious complications.

Thi1/Th2 Balance

The Th1/Th2 balance hypothesis, which was first
described in the late 1980s,"** has since been applied to
human immunity and has become a major focus of the
attempt to clarify the pathophysiology underlying the
postsurgical and post-traumatic immune response."” "’
Currently, much of the literature elevates the Th1/Th2
balance concept to the level of a paradigm.'™

Uncommitted (naive) CD4+ T-helper cells (ThO) can
be induced to differentiate toward Th1 and Th2 pheno-
types depending on the local cytokine milieu (Fig. 4).
The presence of interleukin IL-12 skews toward Thl,
while IL-4 tends toward Th2. The differentiation pro-
cesses of ThO to Th1l or Th2 effector cells require the
action of two opposing transcription factors, T-bet and
GATA-3, respectively. T-bet is essential for the develop-
ment of Th1 cells, and GATA-3 performs an equivalent
role in Th2 development.” Th1 cells drive the cellular
immunity against viruses and other intracellular patho-
gens, eliminate cancerous cells, and stimulate delayed-
type hypersensitivity skin reactions, whereas Th2 cells
drive the humoral immunity and upregulate antibody
production against extracellular organisms. It has been
reported that after major injury, Thl response is sup-
pressed as illustrated by diminished IL-2, IFN-y, and
IL-12 levels, while the enhancement of the Th2 response
is marked by elevated IL-10 and IL-4."*

Decker et al. have reported that in PBMCs derived
from patients undergoing cholecystectomy, IFN-y secre-
tion, the index cytokine of Th1 cells, is increased, while
IL-4 production, the index cytokine of Th2 cells, is
decreased following surgery.”” Heidecke et al. also
reported that in patients with lethal intra-abdominal
infection following surgery, T-cell proliferation and IL-2
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Fig. 4. Differentiation and function of T-helper cells. T-bet,
GATA-3, RORft, and FoxP3 are special transcription factors
of Th1, Th2, Th17, and Tregs, respectively. Interleukin (/L)-12
enhances the expression of T-bet and promotes development
of Thl cells, which secrete interferon-y (IFNy) and mediate
immunity to intracellular pathogens. IL-4 enhances expression
of GATA-3 and promotes the development of Th2 cells, which
secrete I1L-4, mediate immunity to helminths, and enhance
allergy. Transforming growth factor B (TGFB) with IL-6 or
IL-21 enhances expression of RORYyt and promotes develop-
ment of Th17 cells, which secrete IL-17, mediate immunity to
extracellular pathogens, and enhance autoimmunity. I1L-10
and TGFp promote induction of regulatory T cells (7regs),
which express Foxp3 and suppress immune responses. Adapted
from Mills'* and Chen and O’Shea'*

and TNF production are severely suppressed, thus cor-
relating with sepsis mortality, while T-cell production of
IL-4 and IL-10 is not affected by postoperative intra-
abdominal infections.”® Furthermore, Zedler et al.
reported that in PBMCs from patients with major burn
injuries, the production of IL-4 is excessively upregu-
lated whereas the levels of IFN-y are only slightly
increased."”’” These reports suggest that surgical or burn
injury potentially induce a shift in the Th1/Th2 balance
toward Th2, and that the suppression of T-cell effector
functions may define a state of impaired defense against
pathogens and increase susceptibility to infection and
septic complications.

Interleukin-12

These alterations of T-cell response following injury
have been explained at least in part by monocyte-
derived cytokine IL-12."*"'** Hensler et al. reported a
prospective study of 184 patients undergoing major
elective surgery of the upper and lower gastrointestinal
tract, and estimated a critical role for IL-12 in human
sepsis.'” In that study, monocyte IL-12 production was
severely and selectively impaired in patients developing
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postoperative sepsis in contrast to patients showing
uneventful recovery. Moreover, the extent of monocyte
IL-12 suppression correlated with the severity of post-
operative sepsis. Major trauma also resulted in early and
marked decrease in monocyte cytokine-producing activ-
ity.”” Furthermore, the degree of depressed capacity of
monocyte IL-12 production was statistically and signifi-
cantly correlated with the development of adult respira-
tory distress syndrome, sepsis, or infections. These
reports suggest that depression in IL-12 production by
the MPS potentially promotes T-cell commitment
toward a Th2 pattern resulting in postinjury septic com-
plications, and that IL-12 is a potent immunoregulatory
cytokine that is essential for the development of protec-
tive immunity.

Tregs and Th17

Tregs and Th17 cells also seem to modulate the host
immune response following injury."**'* ThO can differ-
entiate not only toward Th1l and Th2, but also toward
the Th17 and Treg phenotypes on the basis of the cyto-
kine environment. The presence of IL-10 and TGF-8
promotes skewing toward Treg, and TGF- in the pres-
ence of IL-6 or IL21 promotes skewing toward Th17.
Treg and Th17 are characterized by the expression of
specific transcription factors: forkhead box P3 (FoxP3)
for Tregs, and RORyt for Th17 cells (Fig. 4). Tregs are
potent suppressors of the adaptive immune system, and
Th17 cells produce a strong proinflammatory response.
The skewing of murine ThO toward Th17 and Treg is
mutually antagonistic. In humans, however, there is no
direct evidence for the existence of mutually exclusive
development of Th17 cells and Tregs."**'*

Tregs have been reported to play a role in the sup-
pression of immune reactions in patients with chronic
inflammation or viral infection. In patients with Crohn’s
disease, FoxP3(+)CD4(+) Treg cells are expanded in
mucosal lymphoid tissues and accumulate in areas of
active inflammation, including granulomas and retain
potent regulatory activity ex vivo." Circulating and
liver resident CD4+CD25+ Tregs actively influence the
antiviral immune response and disease progression in
patients with hepatitis B."* MacConmara et al. reported
for the first time that in trauma patients, increased CD4+
CD25+ Tregs activity depresses protective Th1 cytokine
production.'”’ Furthermore, it has been reported that
human CD4+CD25+FoxP3+ Tregs can induce alterna-
tive activation of monocytes/macrophages, which have
strong anti-inflammatory potential involved in immune
regulation, tissue remodeling, and tumor promotion.™
Therefore, it is presumed that Tregs are potent suppres-
sors of the innate and adaptive immune system, and play
a central role in the pathogenesis of immunosuppres-
sion following surgical injury and trauma.
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Many reports have provided convincing evidence that
IL-17-producing T cells have been implicated in the
pathogenesis of experimental and human autoimmune
diseases, allograft rejection, and chronic inflammatory
conditions.**"*"** Th17 cells function with Th1 cells to
control immunity to bacteria. The major function of
Th17 cells is to promote chemokine and proinflamma-
tory cytokine production, and the subsequent recruit-
ment and activation of neutrophils and macrophages.'*
Emerging data have suggested that in contrast to Thl
and Th2 cells, which protect against intracellular bacte-
ria and helminths, Th17 plays an essential role in the
host defense against extracellular bacteria and fungi.'*
However, the role of Th17 and IL-17 in the immune
dysfunction following injury still remains poorly
understood."”

Lymphocyte Apoptosis

In patients who died of sepsis and multiple organ dys-
function, caspase-3-mediated apoptosis has been
reported to cause extensive lymphocyte apoptosis, thus
contributing to an impaired immune response.” In
addition, studies have reported that prolonged lympho-
penia and apoptosis-associated depletion of lymphoid
organs are involved in nosocomial sepsis-related death
in critically ill children.”” Furthermore, lymphocyte
apoptosis is increased in CD4 and CDS8 T cells, B cells
(CD20), and NK cells (CD56) in septic patients com-
pared to nonseptic patients."” The authors also demon-
strated that apoptotic lymphocytes are positive for
activated caspases 8 and 9, consistent with cell death
occurring by both mitochondrial-mediated and recep-
tor-mediated pathways. These reports suggest that
severe infection can induce apoptosis in a broad range
of lymphocyte subsets, and that both of the intrinsic/
mitochondrial and extrinsic/death receptor-mediated
pathways may contribute to the immune hyporespon-
siveness that is seen in septic patients."”*'®

Conclusions

A review of the literature indicates that surgical and
trauma injury profoundly affects the innate and adap-
tive immune responses, and that marked suppression in
cell-mediated immunity following an excessive inflam-
matory response appears to be responsible for the
increased susceptibility to subsequent sepsis. The innate
and adaptive immune responses are initiated and modu-
lated not only by PAMPs, but also by DAMPs through
PRRs. The suppression of cell-mediated immunity may
be caused by multifaceted cytokine/inhibitor profiles in
the circulation and other compartments of the host,
excessive activation and dysregulated recruitment of
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PMNs, induction of alternatively activated or regulatory
macrophages that have anti-inflammatory properties, a
shift in the Th1/Th2 balance toward Th2, appearance of
Tregs which are potent suppressors of the innate and
adaptive immune system, and lymphocyte apoptosis in
patients with sepsis. Recent basic and clinical studies
have explored the functional effects of surgical and
traumatic injury on the immune system. Future studies
will likely contribute further valuable information that
will make it possible to better select the most appropri-
ate therapeutic protocols.
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