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Abstract
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Sepsis is characterized by a dysregulated host response to infection. The liver and spleen
are essential for bacterial elimination, and the liver acts as a gatekeeper limiting systemic
exposure to gut-derived bacteria and microbial products. The effects of systemic inflammation
on hepatic and splenic bacterial and endotoxin elimination remain incompletely understood. As
inflammatory responses in sepsis may differ between organs, regional immunomodulation could
attenuate harmful inflammation while limiting systemic effects. This thesis aimed to investigate
bacterial and endotoxin elimination in the liver and spleen during experimental sepsis, and to
explore regional hepatic immunomodulation and mechanisms of hepatic bacterial elimination.
Studies were performed in a porcine intensive care model of Escherichia coli infusion.

Paper I demonstrated that pre-existing systemic inflammation, induced by endotoxin,
impaired both hepatic bacterial and endotoxin elimination. These changes were accompanied
by an attenuated inflammatory and physiological response to the bacterial infusion.

Paper II showed that pre-existing systemic inflammation impaired splenic bacterial
elimination and dampened the inflammatory response to the bacterial challenge. No measurable
endotoxin elimination across the spleen was demonstrated.

Paper III evaluated regional hepatic immunomodulation using portal venous administration
of budesonide compared with systemic administration. Hepatic bacterial and endotoxin
elimination remained preserved in both groups. However, portal budesonide enhanced anti-
inflammatory responses without the increase in circulating bacterial levels observed following
systemic administration.

Paper 1V investigated the roles of Kupffer cells and Toll-like receptor 4 (TLR4) in hepatic
bacterial elimination. Neither Kupffer cell nor TLR4 inhibition impaired hepatic bacterial or
endotoxin elimination. Kupffer cell inhibition increased hepatic bacterial growth and attenuated
IL-10 responses, whereas TLR4 inhibition delayed systemic bacterial clearance and attenuated
pro-inflammatory cytokine responses.

In conclusion, systemic inflammation impaired bacterial elimination in both the liver
and spleen and impaired hepatic endotoxin elimination. In contrast, selective inhibition of
Kupfter cell function, TLR4 signaling, and regional hepatic immunosuppression altered host
inflammatory responses without impairing hepatic bacterial elimination. These findings suggest
that inflammatory activation and bacterial elimination can be regulated partly independently and
that hepatic bacterial elimination is maintained by robust defense mechanisms. Regional hepatic
immunomodulation may represent a strategy to modify harmful inflammation while preserving
bacterial elimination.
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Abbreviations

AKI Acute kidney injury

ARDS Acute respiratory distress syndrome
CFU Colony-forming units

CI Cardiac index

CLP Cecal ligation and puncture

CO Cardiac output

Ccvp Central venous pressure

DAMP Damage-associated molecular pattern
DIC Disseminated intravascular coagulation
ELISA Enzyme-linked immunosorbent assay
EU Endotoxin units

FiO; Fraction of inspired oxygen

GdCls Gadolinium chloride

HR Heart rate

ICG-PDR Indocyanine green plasma disappearance rate
ICU Intensive care unit

IHC Immunohistochemistry

LBP Lipopolysaccharide-binding protein
LPS Lipopolysaccharide

LSEC Liver Sinusoidal Endothelial Cells
MAC Membrane attack complex

MAP Mean arterial pressure

MODS Multiple organ dysfunction syndrome
MPAP Mean pulmonary arterial pressure
MPS Mononuclear phagocyte system

NA Noradrenaline

NET Neutrophil extracellular trap

NK Natural killer

PAMP Pathogen-associated molecular pattern
PBS Phosphate-buffered saline

PEEP Positive end-expiratory pressure

PICS Persistent inflammation, immunosuppression and catabolism

syndrome



PRR
PaCO;
PaO,
SIRS
SOFA
TLR4
TNF
VT

Pattern-recognition receptor

Arterial partial pressure of carbon dioxide
Arterial partial pressure of oxygen
Systemic inflammatory response syndrome
Sequential Organ Failure Assessment
Toll-like receptor 4

Tumor necrosis factor

Tidal volume



Introduction

The largest reservoir of bacteria in the human body lies in the gastrointestinal
tract, separated from the circulation by only a thin anatomical barrier. Despite
this enormous microbial burden, very few bacteria enter the bloodstream un-
der normal conditions. Positioned between the intestine and the systemic cir-
culation, the liver acts as a gatekeeper and is the first major organ encountered
by bacteria and endotoxin originating from the gut.

Sepsis is triggered by infection, but the immune response varies consider-
ably between individuals. While some patients exhibit features of excessive
inflammation, others develop immunosuppressive phenotypes associated with
impaired immune function. In addition, growing evidence suggests that in-
flammatory responses may differ not only between patients but also between
organs and cell populations. The liver and spleen are the principal organs of
the mononuclear phagocyte system and play key roles in the elimination of
circulating bacteria and bacterial products. How systemic inflammation af-
fects the ability of the liver and spleen to eliminate bacteria and endotoxin
remains incompletely understood. Given their central role in host defense, a
better understanding of the mechanisms underlying bacterial and endotoxin
elimination during systemic inflammation is needed. Furthermore, if some or-
gans contribute more than others to systemic inflammation, targeted modula-
tion of local immune activity may represent a strategy to attenuate harmful
inflammation.

This thesis investigates bacterial and endotoxin elimination in the liver and
spleen during systemic inflammation, mechanisms of hepatic bacterial elimi-
nation, and the potential for regional hepatic immunomodulation.
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Background

Sepsis and septic shock

Definition, incidence and prognosis

Sepsis poses significant global health problems, and despite advances in mod-
ern critical care, it remains one of the leading causes of mortality and critical
illness worldwide [1]. Although studies are continuously deepening our un-
derstanding of the mechanisms of sepsis, no new specific treatments for sepsis
have emerged. Despite advances in treatment and supportive care, mortality
in septic shock is still high, ranging from 25 to 40% [2-4]. Previously, the
definition of sepsis was based on the presence of systemic inflammatory re-
sponse syndrome (SIRS) criteria, and a patient who fulfilled two or more of
these criteria due to infection was considered to have sepsis [5]. Since 2016,
sepsis is defined as life-threatening organ dysfunction caused by a dysregu-
lated host response to infection, and organ dysfunction is assessed with Se-
quential Organ Failure Assessment (SOFA) score (Table 1) [6, 7]. Septic
shock, in turn, is defined as a subset of sepsis in which underlying circulatory,
cellular, and metabolic abnormalities are profound enough to substantially in-
crease the risk of death [7]. Both community-acquired and health care-associ-
ated infections can lead to sepsis, with pneumonia being the most common
cause, followed by intra-abdominal and urinary tract infections [4]. Blood cul-
tures are positive in only one third of the cases, but Staphylococcus aureus,
Streptococcus pneumoniae and Escherichia coli (E. coli) are some of the most
common isolates [8].
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Table 1. Sequential Organ Failure Assessment (SOFA) score?

Score
0 1 2 3 4
Organ
system
Respiration
PaO,/FiO, (kPa) >53.3 <533 <40 <26.7 with <13.3 with
respiratory respiratory
support® support®
Coagulation
Platelets >150 <150 <100 <50 <20
(x 10°/L)
Liver
Bilirubin <20 20-32 33-101 102204 >204
(umol/L)
Cardiovascular
MAP (mmHg) >70 <70 Dopamine ~ Dopamine Dopamine
<5or >5.1-15 or > 15 or
dobutamine adrenaline adrenaline
(any dose®) <0.1or >(0.1 or
NA <0.1° NA>0.1°
Central nervous
system (CNS)
Glasgow Coma
Scale (RLS) 15(1) 13-14 (2) 10-12 (3) 6-9 (4-5) <6 (6-8)
Kidney
Serum-Creati- <110 110-170 171299 300440 > 440
nine (umol/L)
and/or
urine output <500 <200
(mL/d)

@ Adapted from Vincent et al. [6]. ® Respiratory support not mandatory according to Swedish
Intensive Care Registry (SIR). ©pg x kg™! x min™! for at least an hour. FiO, = inspired fraction
of oxygen, MAP = mean arterial pressure, NA = noradrenaline, PaO, = Partial pressure of
oxygen.

Organ dysfunction in sepsis

The signs and symptoms caused by sepsis are variable, and are largely deter-
mined by the host response to the invading pathogen and the resulting pattern
of organ dysfunction. Clinical manifestations depend on the site of infection,
the causative microorganism, the patient’s underlying health status, and the
interval before initiation of treatment. The systemic inflammatory response in
sepsis may cause fever, chills, nausea and vomiting, respiratory distress, fa-
tigue and altered mental status. Organ dysfunction is the hallmark of sepsis
and results from complex interactions between inflammatory, endothelial, mi-
crocirculatory, coagulation, and metabolic disturbances [7, 9]. Sepsis can
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affect virtually every organ system and, in severe cases, progress to multiple
organ dysfunction syndrome (MODS) [9]. Patients may develop cardiovascu-
lar dysfunction with vasodilatation and hypotension, acute respiratory distress
syndrome (ARDS), acute kidney injury (AKI), septic encephalopathy, and co-
agulation abnormalities including disseminated intravascular coagulation
(DIC) [9]. Also, sepsis is associated with disruption of the intestinal epithe-
lium, dysregulation of the gut immune system, and alterations of the intestinal
microbiome, resulting in increased intestinal permeability and impaired bar-
rier function. These changes may facilitate translocation of bacteria and mi-
crobial products from the intestinal lumen into the circulation [10].

Escherichia coli

Escherichia coli (E. coli), a Gram-negative, rod-shaped, facultative anaerobe
bacterium, is a member of the Enterobacteriaceae family (Figure 1). E. coli is
both a widespread gut commensal of humans, preventing colonization by
pathogens, but also one of the most frequent causes of community-onset
blood-stream infections [11, 12]. It is uncommon that the commensal E. coli
strains cause disease, except in immunocompromised hosts. Pathogenic
strains of E. coli have acquired several virulence factors such as toxin produc-
tion, adherence factors, and the ability to escape host defense mechanisms that
allow them to cause a broad spectrum of disease, even in previously healthy
individuals [13]. The E. coli strains are often named according to their surface
antigens. The K-antigen, refers to the polysaccharide capsule surrounding the
bacterium. The K1 antigen provides antiphagocytic properties and serum re-
sistance, contributing to enhanced bacterial survival in the blood, and is asso-
ciated with bloodstream infections [14]. The H-antigen refers to flagella, and
contributes to motility and induces cytokine expression through Toll-like re-
ceptor 5 (TLRS). The O-antigen, a part of the lipopolysaccharide (LPS) on the
outer membrane, and induces cytokine production through TLR4 [13].
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Figure 1. Escherichia coli and the structure of lipopolysaccharide, also known as en-
dotoxin, part of the outer membrane of Gram-negative bacteria. Created in https://Bi-
oRender.com.

Host response to infection

In most cases, a host response to infection starts with localizing and then con-
trolling microbial invasion. Sepsis can evolve when the response to infection
becomes generalized, systemic, and affects organs that are remote from the
actual site of infection. Much of the pathophysiology seen in sepsis is caused
by the host immune response to the invading pathogen [15].

Innate immune responses

Adaptive immune responses are dependent on T- and B-lymphocytes, take
days to weeks to develop, are highly specific and responsible for the lasting
immunity towards pathogens. Yet, the majority of infectious microorganism
are eliminated from the body within hours, regardless of prior exposure, by
the innate immune system [16]. The innate immune system, a non-specific
defense system, stands for the rapid recruitment of immune cells to the site of
infection.

The complement system, the soluble component of the innate immune sys-
tem, consists of plasma proteins and can be activated in three different ways.
The classical pathway is triggered by antibodies of the adaptive immune sys-
tem, the lectin pathway by mannose-binding lectin recognizing microbial car-
bohydrates, and the alternative pathway by direct contact with microbial sur-
faces. All pathways lead to the cleavage of C3. The smaller component, C3a,
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is a potent inflammatory mediator that recruits phagocytes to the site of infec-
tion. The larger component, C3b, binds to the surface of microorganisms, op-
sonizing them, and is later recognized by phagocytes. The cleavage of C3 cul-
minates in the formation of a membrane attack complex (MAC, C5b-9) and a
pore on the surface of the microorganism, ultimately destroying it [17].

The cellular component of the innate immune system consists mainly of
macrophages, monocytes, neutrophil granulocytes, natural killer (NK) cells
and dendritic cells, and is designed to detect pathogen-associated molecular
patterns and danger-associated molecular patterns [9]. The neutrophils and
macrophages are the main phagocytizing cells of the innate immune system,
and elicit inflammatory responses when encountering invading microorgan-
isms. [16, 18].

Recognition of pathogens

Activation of innate immunity occurs when conserved structures on microor-
ganisms, referred to as pathogen-associated molecular patterns (PAMPs), are
recognized by pattern-recognition receptors (PRRs) expressed by cells of the
innate immune system [19]. PRRs include several receptor families, among
which the TLRs are the most extensively studied [19, 20]. The human TLR
family consists of ten receptors, each recognizing distinct microbial structures
and initiating specific immune responses [19, 20]. Recognition of PAMPs
leads to activation of intracellular signaling pathways that induce the expres-
sion of genes involved in host defense, including cytokines, chemokines, and
antimicrobial mediators [19]. In addition to microbial products, endogenous
danger signals released from injured or dying cells, termed danger-associated
molecular patterns (DAMPs), may also activate PRRs and contribute to in-
flammation. Examples of DAMPs include extracellular mitochondrial, nu-
clear, and cytoplasmic structures that are normally confined within cells [21].

TLR4 signaling and endotoxin

Lipopolysaccharide (LPS), also known as endotoxin, is a major component of
the outer membrane of Gram-negative bacteria, and one of the most potent
stimulators of the innate immune system. Endotoxin is released during bacte-
rial growth and lysis and is recognized primarily through TLR4 [19, 20].
Recognition of endotoxin by TLR4 requires binding of LPS to lipopolysac-
charide-binding protein (LBP) and CD14, followed by transfer to the TLR4-
MD2 receptor complex, which initiates intracellular signaling pathways [19].
TLR4 is expressed on a variety of immune cells, including macrophages, Kup-
ffer cells, monocytes, neutrophils, and dendritic cells, but is also present on
non-immune cells such as hepatocytes [19, 22-24].
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Activation of TLR4 initiates intracellular signaling pathways that induce
the production of pro-inflammatory mediators including tumor necrosis factor
(TNF), previously named TNF-o, and Interleukin-6 (IL-6), which are im-
portant for recruitment and activation of immune cells and for the elimination
of invading pathogens [18, 19, 25]. TLR4 signaling also promotes the produc-
tion of acute-phase proteins by the liver and contributes to the formation of
neutrophil extracellular traps (NETs), extracellular structures composed of
DNA and antimicrobial proteins that participate in bacterial killing [9]. In ad-
dition to its role in inflammatory signaling, TLR4 has been implicated in the
regulation of phagocytosis, bacterial clearance, and endotoxin handling [22,
26]. Given the central role of TLR4 in the recognition of Gram-negative bac-
teria and their products, alterations in TLR4 signaling may influence the he-
patic gatekeeper function and thereby affect systemic exposure to bacteria and
PAMPs during sepsis.

Immune responses in sepsis

Infection triggers an immune response aimed at eliminating invading patho-
gens and restoring homeostasis. The intensity of the initial pro-inflammatory
component depends on the microorganism, microbial load and virulence, but
also on underlying host factors such as comorbidities and nutritional status.
Recognition of PAMPs and DAMPs by pattern-recognition receptors initiates
a pro-inflammatory response characterized by activation of leukocytes, endo-
thelial cells, the complement system, and the coagulation cascade, together
with the release of pro-inflammatory cytokines such as TNF, interleukin IL-
1B, and IL-6. These responses are critical for pathogen clearance but may also
contribute to tissue injury, endothelial dysfunction, organ failure, and coag-
ulopathy when excessive or prolonged [27, 28].

It is now recognized that pro-inflammatory and anti-inflammatory re-
sponses in sepsis are activated simultaneously [29]. Anti-inflammatory mech-
anisms aim to limit collateral tissue damage and promote restoration of home-
ostasis and include the release of cytokines such as IL-10, expansion of regu-
latory T cells and myeloid-derived suppressor cells, altered monocyte and
macrophage function, and inhibition of pro-inflammatory signaling pathways
[27, 28].

Sepsis-induced immunosuppression

Persistence of anti-inflammatory responses may contribute to the develop-
ment of sepsis-induced immunosuppression, characterized by impaired cyto-
kine production and functional defects in both innate and adaptive immune
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cells. Clinically, this state is associated with an increased susceptibility to sec-
ondary infections caused by opportunistic microorganisms, frequent reactiva-
tion of latent viruses, and persistence of unresolved infectious foci. Post-mor-
tem studies of patients who died from sepsis have demonstrated profound de-
fects in both innate and adaptive immunity, including impaired cytokine pro-
duction, depletion of immune effector cells, and increased expression of
inhibitory immune pathways. Accordingly, sepsis is now regarded as a dysreg-
ulated host response in which pro- and anti-inflammatory mechanisms are ac-
tivated at the same time and often remain imbalanced [27, 28, 30-32]. Patients
with sepsis on the intensive care unit (ICU) more frequently survive the early
days after admission, as a result of fast recognition and improved supportive
care, and develop signs of both chronic immune suppression and inflamma-
tion, a condition termed persistent inflammation, immunosuppression and ca-
tabolism syndrome (PICS) [29].

The mechanisms underlying sepsis-induced immunosuppression, also re-
ferred to as immunoparalysis, are incompletely understood but involve multi-
ple alterations of both innate and adaptive immunity. These include increased
apoptosis of immune cells, T-cell exhaustion, expansion of immunosuppres-
sive lymphocyte populations, altered antigen presentation, reduced expression
of activating receptors, and increased expression of inhibitory co-stimulatory
molecules on antigen-presenting cells [33-35]. A central feature of sepsis-in-
duced immunosuppression is the profound functional reprogramming of in-
nate immune cells, particularly monocytes and macrophages, resulting in im-
paired antimicrobial host defense [27, 28, 36]. Circulating monocytes develop
an endotoxin-tolerant phenotype marked by impaired production of pro-in-
flammatory cytokines, preserved or increased generation of anti-inflammatory
mediators, reduced antigen presentation, and diminished HLA-DR expression
[37-39]. These alterations are driven by epigenetic and metabolic reprogram-
ming and may persist long after the initial infection [40-42]. Importantly, not
all macrophage populations become tolerant; alveolar macrophages and Kup-
ffer cells may remain responsive or even become primed following inflamma-
tory stimulation [43, 44]. Neutrophils likewise exhibit features of immune
dysfunction, including impaired migration and oxidative burst capacity [45],
illustrating that sepsis-induced immunosuppression affects multiple compo-
nents of innate immunity.

Endotoxin tolerance

As the innate immune system detects invading microorganisms, a powerful
inflammatory response is elicited. Endotoxin tolerance is defined as a reduced
capacity of cells of the innate immune system to respond to repeated endotoxin
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challenges and is characterized by attenuated TNF and IL-6 release following
endotoxin stimulation [46]. Endotoxin tolerance has been described in several
conditions, including sepsis, trauma and pancreatitis, in which cells of the in-
nate immune system enter a refractory state following infection or tissue in-
jury [47]. Prior stimulation with one bacterial agonist may attenuate the sub-
sequent pro-inflammatory cytokine response to a variety of microbial agonists
and DAMPs [48, 49]. The phenomenon is closely associated with sepsis-in-
duced immunosuppression and reflects the functional reprogramming of mon-
ocytes and macrophages following exposure to microbial products. Although
endotoxin-tolerant cells exhibit reduced pro-inflammatory cytokine re-
sponses, mechanisms involved in pathogen clearance may be preserved to var-
ying degrees, suggesting that endotoxin tolerance represents a selective rather
than complete suppression of innate immune function [27, 28]. On one hand,
endotoxin tolerance may represent a protective mechanism developed to limit
excessive inflammation and tissue injury. On the other hand, persistent endo-
toxin tolerance may impair host defense mechanisms and has therefore been
implicated as a contributor to the immunosuppression observed in sepsis [50].

The mononuclear phagocyte system

The mononuclear phagocyte system (MPS), formerly known as the reticuloen-
dothelial system (RES), is an essential component of the human immune sys-
tem. It consists of phagocytic cells in the liver, spleen and lymph nodes, as well
as in circulating blood and the lymphatic system. The phagocytic cells of the
MPS clear the blood, lymph and tissues of microorganisms [51]. In the liver,
the MPS mainly consists of Kupffer cells [52]. In addition to harboring essential
cells involved in innate immune responses, the MPS plays a key role in bridging
innate and adaptive immunity by presenting antigens to T cells [53].

The liver

Anatomy and function

The liver consists of parenchymal cells (hepatocytes) and non-parenchymal
cells including Kupffer cells, stellate cells, and liver sinusoidal endothelial
cells (LSECs) [54, 55]. These cells are organized into hexagonal functional
units termed liver lobules. Blood from the portal vein and hepatic artery enters
the hepatic sinusoids and flows towards the central vein before draining into
the hepatic veins and the inferior vena cava. The liver has dual blood flow,
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with blood delivered by both the portal vein and the hepatic artery (Figure 2).
Liver perfusion is mainly accomplished by portal venous blood flow, but to
ensure liver functions, blood flow to the liver is regulated by the hepatic arte-
rial buffer response (HABR). HABR is a mechanism that aims to compensate
any reduction in portal blood flow by an increase in the hepatic arterial blood
flow [56].

Figure 2. Hepatic circulation. Image created in https://BioRender.com.

The blood flowing through the intestinal capillaries picks up bacteria from the
intestines and continues towards the liver through the portal vein. The hepatic
sinusoids are lined by liver sinusoidal endothelial cells (LSECs), a specialized
endothelial cell population that participates in the clearance of circulating
macromolecules and microbial products [57]. Kupffer cells, the resident mac-
rophages of the liver, reside within the hepatic sinusoids, and make up approx-
imately 20 % of all the cells in the liver and constitute the largest group of
fixed macrophages in the body [58]. In this location, Kupffer cells are per-
fectly localized for detecting and phagocytizing bacteria and other foreign par-
ticles directly from the hepatic sinusoidal blood and they are essential in clear-
ing the blood from bacteria and bacterial products (Figure 3) [59]. Via venae
portae, the liver is constantly exposed to PAMPs and possibly bacteria from
the entire gastrointestinal tract, and thereby acts as a gatekeeper preventing
microbial products from entering the systemic circulation [60].
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Figure 3. Liver lobule. Image created in https://BioRender.com.

Bacterial and endotoxin elimination in the liver

The liver is essential in the elimination of microbes and microbial products
from the circulation. Previously it has been shown that the liver and spleen are
responsible for the fast bacterial elimination seen in animals with bacteremia
[61]. Kupffer cells constitute a major part of the mononuclear phagocyte sys-
tem (MPS) [52], and phagocytize pathogens and pathogen-associated molec-
ular patterns (PAMPs) preventing them from entering the systemic circulation
[62, 63]. Chemokines released by Kupffer cells in response to infection attract
neutrophil granulocytes that migrate and accumulate in liver sinusoids in sep-
sis [64]. Neutrophils interact with Kupffer cells, and contribute to bacterial
clearance by phagocytizing microorganisms, releasing antimicrobial media-
tors from their granulae and by forming NETs [65, 66]. Endotoxin is also
mainly eliminated by the liver, through Kupffer cells, liver sinusoidal endo-
thelial cells (LSECs) and hepatocytes [67-69].

The gatekeeper function of the liver and systemic exposure to
microbial products

The human gastrointestinal flora consists of several trillion microbial cells
[70], essential for normal function of the body but also capable of causing
infections. Bacterial translocation is defined as passage of viable bacteria or
PAMPs from the gut to normally sterile extraintestinal sites [71] and has been
suggested to induce and sustain systemic inflammation and MODS [72]. Bac-
terial translocation has been described in cirrhosis and in patients with intes-
tinal obstruction [73, 74], but the importance of this phenomenon is still de-
bated in sepsis. By sampling mesenteric lymph nodes, bacterial translocation
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has been shown to occur in surgical patients and is associated with increased
incidence of systemic infectious complications [75, 76]. Furthermore, loss of
gut barrier function has been shown to be associated with development of
multiple organ dysfunction and bacterial translocation [77]. Endotoxemia is
frequently observed in patients with sepsis, irrespective of the causative mi-
croorganism, and may persist for several days despite appropriate antibiotic
treatment and presumed eradication of the primary infectious source [78, 79].
This raises the possibility that microbial products continue to enter the circu-
lation from alternative sources, such as the gastrointestinal tract.

The liver plays a central role in preventing systemic exposure to gut-de-
rived bacteria and microbial products. However, knowledge of how systemic
inflammation affects hepatic bacterial and endotoxin elimination remains lim-
ited. If systemic inflammation impairs the hepatic gatekeeper function, or if
microbial loads exceed the hepatic capacity for clearance, bacteria and
PAMPs originating from the gut may reach the systemic circulation. Increased
systemic exposure to microbial products could in turn contribute to the devel-
opment and perpetuation of organ dysfunction during sepsis.

The liver in sepsis

Beyond its role as a gatekeeper limiting systemic exposure to microbial prod-
ucts, the liver is also a target of sepsis-induced injury. The liver can be dam-
aged by pathogens, toxins or inflammatory mediators in sepsis, leading to liver
dysfunction and possibly to liver failure in the most severe cases [63]. Hy-
poxic hepatitis and sepsis-induced cholestasis are two clinical features of liver
dysfunction seen in sepsis [80], and early hepatic dysfunction in patients with
sepsis is an independent risk factor for poor outcome [81]. Measuring the lev-
els of hepatic biomarkers, including bilirubin, albumin, AST and ALT, has
long been tradition in trying to detect liver dysfunction, but dynamic test to
asses liver function have also been developed. ICG is a water-soluble dye that
can be injected intravenously, and is selectively taken up by hepatocytes and
excreted unchanged in the bile. Plasma indocyanine green (ICG) disappear-
ance rate (ICG-PDR) reflects hepatic perfusion and hepatocellular function,
including uptake and biliary excretion of ICG. ICG-PDR can be assessed bed-
side in critically ill patients suffering from liver dysfunction [82, 83].

The liver is also an effector in sepsis. Traditionally, the liver has often been
regarded as a rather passive organ that is activated by cells of the innate im-
mune system and induced by distant organs to produce and release acute-
phase mediators. However, bacteria and bacterial products such as endotoxin
from the gut continuously enter the liver via the portal vein. Following expo-
sure to bacterial ligands, Kupffer cells produce pro-inflammatory cytokines
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such as TNF, IL-1 and IL-6 [84, 85], and the liver is a major source of inflam-
matory mediators in endotoxemia [86]. In animal experiments, Kupffer cell
depletion with gadolinium chloride before onset of sepsis has been shown to
reduce the secretion of pro-inflammatory mediators and prevent hepatic injury
[84]. Consequently, the liver may not merely be an affected organ during sep-
sis, but an active contributor to the systemic inflammatory response. The liver
could thus be the ‘motor in sepsis’, with its inflammatory activation triggering
systemic inflammation and ultimately contributing to MODS. Consequently,
suppression of the hepatic inflammatory response regionally could potentially
counteract the pathophysiologic changes in sepsis.

The spleen

Anatomy and function

The spleen is the largest secondary lymphoid organ in the body, but lacks af-
ferent lymphatic vessels, and all cells and antigens enter the spleen via arterial
blood [87]. It is a key organ for the filtration of blood-borne pathogens and
antigens [88]. The unique architecture of the spleen, consisting of the red pulp,
white pulp, and marginal zone, enables efficient trapping of circulating path-
ogens and rapid interaction between innate and adaptive immune cells (Figure
4). The red pulp provides an efficient blood-filtering system. Arterial blood
from the splenic artery branches into central arterioles that end in cords in the
red pulp, forming an open blood pool system, before passing on to the venous
sinuses. To re-enter the circulation, blood cells must pass through narrow
interendothelial slits in the sinus walls. This process slows blood flow and
promotes contact between circulating microorganisms and resident macro-
phages. Bacterial elimination is mediated primarily by macrophages located
in the red pulp and marginal zone. The spleen plays an important role in the
clearance of blood-borne bacteria, particularly encapsulated organisms, as
well as in the initiation of antibacterial immune responses [89].
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Figure 4. Spleen anatomy. Image created in https://BioRender.com

Bacterial elimination in the spleen

The spleen serves as an important link between innate and adaptive immunity
and is essential for host defense against bloodstream infections [90]. As most
of the blood flow in the spleen passes through the marginal zone and adjacent
white pulp, blood-borne microorganisms are efficiently monitored by resident
immune cells. Within the marginal zone, specialized macrophages, dendritic
cells, and marginal-zone B cells rapidly capture pathogens and initiate im-
mune responses [89, 90]. The spleen plays a particularly important role in the
elimination of poorly opsonized and encapsulated bacteria, which depend on
IgM-mediated opsonization for efficient phagocytosis. Consequently, asple-
nia and hyposplenia are associated with a markedly increased risk of severe
infection and sepsis [90].
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Immunomodulation in sepsis

Management of sepsis includes early antimicrobial therapy, source control,
and supportive measures including fluid resuscitation and vasopressor support
when indicated. Despite substantial advances in critical care, few adjunctive
therapies have been shown to improve outcomes in sepsis, and systemic cor-
ticosteroids remain one of the few immunomodulatory treatments recom-
mended for selected patients with septic shock [91]. Extensive efforts have
been made to identify effective therapies for controlling the systemic inflam-
matory response in sepsis, but none have yet been successfully implemented
in clinical practice [92, 93]. Historically, most therapeutic strategies focused
on suppressing systemic inflammation through interventions targeting inflam-
matory mediators such as TNF and IL-1. However, despite promising preclin-
ical results, the majority of clinical trials failed to demonstrate meaningful im-
provements in patient outcomes [94-97]. These disappointing results have
highlighted the complexity and heterogeneity of the immune response in sep-
sis. More recently, focus has shifted from trying to suppress the pro-inflam-
matory response to attempting to affect the immunosuppressive state seen in
many septic patients [98, 99].

Current evidence suggests that patients with sepsis exhibit different immu-
nological phenotypes, characterized by varying degrees of hyperinflammation
and immunosuppression, each associated with distinct clinical outcomes [100-
102]. Given the heterogeneity of sepsis, recent efforts to classify patients into
distinct phenotypes have facilitated the identification of subgroups that may
benefit from targeted therapeutic interventions. Both pro- and anti-inflamma-
tory responses are activated in sepsis, but to a varying degree depending on
patient characteristics, the infective microorganism, site of infection and ap-
plied treatments. As one size rarely fits all, phenotyping allows for a more
tailored approach to the modulation of the immune response in sepsis and im-
prove patient selection in clinical trials [93, 103, 104].

Concept of regional immunomodulation in sepsis

An additional challenge is that the inflammatory response in sepsis can be
compartmentalized, varying substantially between organs [105]. Inflamma-
tory mediators are produced at the site of infection or inflammation, and even
if compartmentalization of the inflammatory response occurs, high levels of
pro-inflammatory mediators spill over in the systemic circulation and have the
ability to cause distant organ failure [106-110]. Increasing evidence suggests
that the immune response in sepsis is heterogeneous not only between patients
but also between organs and anatomical compartments, which may limit the
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effectiveness of systemically administered immunomodulatory therapies
[104, 105]. Consequently, organ-specific modulation of the inflammatory re-
sponse could be a potential strategy to attenuate harmful inflammation while
preserving host defense mechanisms in other compartments. In particular, if
the liver acts as a major source of inflammatory mediators during sepsis, se-
lective attenuation of hepatic inflammatory responses could potentially influ-
ence the systemic inflammatory response.

Glucocorticoids are potent anti-inflammatory agents that exert their effects
through binding to the glucocorticoid receptor on target cells, leading to either
induction or repression of target genes [111]. However, systemic glucocorti-
coid treatment comes with side effects, and treatment with glucocorticoids has
been shown to decrease bacterial clearance and lead to an increased risk of
infectious complications [112, 113]. Selective modulation of hepatic inflam-
mation could theoretically attenuate systemic inflammatory responses while
minimizing systemic immunosuppression. One potential approach is the ad-
ministration of a glucocorticoid with extensive hepatic first-pass metabolism,
thereby achieving high local glucocorticoid concentrations within the liver
while limiting systemic exposure. Budesonide is a glucocorticoid with low
systemic availability due to approximately 90% first-pass hepatic metabolism
[114, 115].

Experimental animal models of sepsis

Although animal models cannot fully replicate the complexity and heteroge-
neity of human sepsis, they remain indispensable for studying disease mech-
anisms and evaluating potential therapeutic strategies before clinical testing.
Heterogeneity of the patient population in large human trials makes finding
new treatments for sepsis challenging. Animal experiments are reproducible
and enable studying the effect of a possible treatment or intervention under
controlled laboratory conditions, but need to be interpreted correctly before
moving forward with human trials. Large animal models, such as ours, carry
several advantages compared to rodent models. The juvenile pig is large
enough to allow same instrumentation and monitoring as used in intensive
care units, and repeated blood sampling during the experiments. Unlike in ro-
dents, the portal and hepatic vein are large enough for catheterization. Also,
the porcine liver is anatomically and physiologically similar to that of humans
[116], the circulation of the pig has been suggested to be most similar to that
of humans among non-primates [117] and the porcine immune system closely
resembles that of humans [118].
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Animal models of sepsis have been developed to try to resemble human
sepsis as much as possible. As previously stated, endotoxin can elicit an in-
flammatory response and a sepsis-like state in animals and humans, and en-
dotoxin is commonly used in animal models of sepsis. Different dosages and
infusion rates in different species can produce variable hemodynamic re-
sponses, and the effect of different dosages of intravenous endotoxin infusion
on pigs has been previously studied in a similar model to ours [119]. An ad-
vantage with endotoxin is that the experiments are relatively easy to perform,
highly reproducible, but the usage of a single toxin may not reflect the full
complexity of human sepsis [120].

Instead of endotoxin, live bacteria can also be used to elicit a septic re-
sponse. Inoculation of one or more bacterial strains, either intravenously or at
specific sites of infection, is a commonly used model in sepsis research. The
bacterial strain, inoculum size, and site of inoculation all influence the host
response and experimental outcomes. In addition, bacteria must be cultured to
the desired concentration prior to each experiment, which may make repro-
ducibility between laboratories more challenging [120]. Nevertheless, the in-
travenous administration of live bacteria enables a quick and predictable onset
of septic shock. Another frequently used sepsis model is cecal ligation and
puncture (CLP), where cecum is perforated allowing leakage of gut bacteria
in the peritoneal cavity, mimicking perforated appendicitis or diverticulitis in
humans. The CLP model often leads to septic shock, but the peritonitis and
following sepsis are caused by a mixed bacterial flora residing in the gut [120].
An implantation of a fibrin clot infused with bacteria in the peritoneal cavity
is another way to induce peritonitis and sepsis, and is more reproducible and
enables control over bacterial strain and dosage compared to the CLP [121].
Even though the fibrin clot model resembles human sepsis in many ways, the
development of sepsis and bacteremia is delayed due to the fibrin clot [122],
making the model less suitable for our purposes.
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Aims

The overall aim of this thesis was to investigate bacterial and endotoxin elim-
ination in the liver and spleen during experimental sepsis. In addition, mech-
anisms of hepatic bacterial elimination and the effects of regional hepatic im-
munomodulation in the liver were evaluated.

Specific aims were:

L To investigate the effects of pre-existing systemic inflammation
on hepatic bacterial and endotoxin elimination during portal ve-
nous E. coli infusion in pigs, and to assess the associated inflam-
matory and physiological responses.

II. To study the effects of pre-existing systemic inflammation on
splenic bacterial and endotoxin elimination during intravenous E.
coli infusion in pigs, and to assess the associated inflammatory
and physiological responses.

I11. To evaluate the effects of regional hepatic immunosuppression
with budesonide on hepatic bacterial and endotoxin elimination,
and on the systemic inflammatory and physiological responses
to experimental sepsis.

IV. To examine the roles of Kupffer cells and Toll-like receptor 4 in
hepatic bacterial and endotoxin elimination during experimental
sepsis, and to assess the associated inflammatory and physiologi-
cal responses.
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Material and methods

“Do. Or do not. There is no try.”
— Yoda

Experimental animals and ethical statement

Norwegian Landrace and Pigham pigs of both sexes were used in the experi-
ments, with a preferred body weight of approximately 25 kg. The animals
were housed on a farm and transported to the laboratory prior to the experi-
ments. Animals had access to water and food ad [libitum until one hour before
the start of the experiment. The experiments were carried out in an ICU-like
setting in an animal research facility at Uppsala University with experienced
staff. Great care was taken to reduce stress before and during the experiment
and to maintain adequate depth of anesthesia and pain relief at all times. The
Animal Ethics Board in Uppsala, Sweden, approved the experiment (Dnr.
C155/14 (October 29, 2014) and Dnr. 5.8.18-08592-/2019 (June 28, 2019)).
The pigs were handled in accordance with the Guide for the Care and Use of
Laboratory Animals (EU Directive 2010/63/EU).

Anesthesia, ventilation and fluid administration

The animals were weighed on arrival, and general anesthesia was induced by
injecting a mixture of tilétamin-zolazepam 6 mg x kg™' and xylazin 2.2 mg x
kg ' intramuscularly. Anesthesia was maintained with a continuous infusion
of sodium pentobarbital 8 mg x kg™' x h™! and morphine 0.26 mg x kg™' x h™!
dissolved in 2.5% glucose. A continuous infusion of rocuronium bromide 2.5
mg x kg™ x h™! was used to prevent shivering and the dose was adjusted if
shivering was detected. The withdrawal reflex to noxious stimuli was assessed
regularly, and additional anesthesia and analgesia were administered if signs
of inadequate anesthesia were observed. Initial respiratory settings were: res-
piratory rate 25 x min "', inspiratory-expiratory ratio 1:2, inspired oxygen frac-
tion (FiO,) 0.3, positive end-expiratory pressure (PEEP) 5 cmH»O and tidal
volume (V1) 9 mL x kg™'. Vr was adjusted before the start of the protocol to
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result in an arterial pressure of carbon dioxide (PaCO,) of 5.0-5.5 kPa in Paper
I, and 4.8-5.8 kPa in Papers II, III and IV. Acetated Ringer’s solution was
administered; initially as a bolus 20 mL x kg ' after induction of anesthesia,
and thereafter at 2 mL x kg™ x h™'. This resulted in a total basal fluid admin-
istration rate of 10 mL x kg™' x h™!. The animals were maintained in the lateral
position, and alveolar recruitment maneuvers and changes in body position
were performed every six hours to prevent and treat atelectasis.

Preparatory procedure

Airway was secured by tracheotomy and the animals were mechanically ven-
tilated throughout the experiment. In Papers I and 11, animals receiving either
endotoxin or saline for 24 hours prior to bacterial challenge were given
prophylactic cefuroxime (750 mg i.v.) before surgical preparation.

A cervical artery was catheterized for blood pressure monitoring and blood
sampling (Figure 5). A central venous line was inserted through the right ex-
ternal jugular vein into the superior caval vein, and a Swan-Ganz catheter
equipped with a thermistor was inserted into the pulmonary artery. A catheter
was inserted into a hepatic vein through the left external jugular vein. To en-
able direct bacterial delivery to the liver, portal venous access was established
via the splenic or gastric vein through a left subcostal incision in Papers I, III
and IV. Two portal venous catheters were positioned: one for bacterial infu-
sion and one for blood sampling downstream of the infusion site to assess
portal venous bacterial counts (Figure 6). In Paper 11, a catheter was inserted
into the splenic vein through a left subcostal incision. The location of the he-
patic, portal venous and splenic venous catheter tips was controlled using
fluoroscopy (Figure 7). A heating pad (Operatherm 200W; KanMed,
Bromma, Sweden) was set to 38°C to decrease heat losses, and turned off after
six hours or if the animal’s core temperature reached 42°C. Following a min-
imal vesicotomy, a urinary catheter was inserted into the bladder.
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Figure 5. Vascular catheterization and monitoring in the porcine sepsis model. The
portal venous catheter was used in Papers I, III and IV, while the splenic venous cath-
eter was used in Paper II. Image created in https://BioRender.com.

Figure 6. Schematic image of the portal venous catheters. A proximal portal venous
catheter, positioned a few centimeters from the liver, was used for blood sampling. A
distal portal venous catheter, positioned upstream relative to the proximal catheter,
was used for portal infusion of E. coli. Image created in https://BioRender.com.
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Figure 7. Fluoroscopy image of portal venous catheters, and the hepatic venous cath-
eter placement in Paper I, 11l and I'V.

Organism and bacterial preparations

Escherichia coli (E. coli) (B09-11822 serotype O-rough:K1:H7; Statens Se-
ruminstitut, Copenhagen, Denmark) used in the experiment is an encapsulated
clinical isolate. Before the experiment, the E. coli was harvested from a frozen
isolate, reinoculated on a cysteine lactose electrolyte deficient (CLED) plate,
and cultured overnight in an incubation chamber at 37°C. The E. coli were
grown to logarithmic growth phase in lysogeny broth medium according to
Miller (LB) (VWR, Spéanga, Sweden) two hours before the start of the exper-
iment. The LB broth and bacterial suspension were then centrifuged at 6000
rpm at 22°C for two minutes to enable LB removal. The remaining bacteria
were resuspended in phosphate-buffered saline (PBS). The concentration of
the bacterial suspension was assessed using spectrophotometry and adjusted
when needed. A target bacterial dose of 8.23 logio colony-forming units (CFU)
in 20 mL saline was infused over three hours via the distal portal venous cath-
eter in Papers I, III and IV, and via a central venous catheter in Paper II. Fresh
subcultures were prepared and grown into logarithmic growth phase before
each experiment, and to secure that the bacteria remained in logarithmic
growth phase, the infusate was replaced hourly. The number of bacteria in the
infusate was controlled after completed bacterial infusion.
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Experimental design

Paper 1
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Figure 8. Overview of the study design in Paper 1. All animals were subjected to an
infusion of E. coli in the portal vein. The Naive group received only the E. coli infu-
sion. Animals in the SIRS group were given a continuous endotoxin infusion for 24 h
before the E. coli infusion. Three pigs served as controls for 24 hours of anesthesia
and intensive care and received saline (instead of endotoxin) for 24 h before the E.
coli infusion. Blood samples for the analysis of bacterial counts in portal venous, he-
patic venous, and arterial blood were collected hourly during the E. coli infusion.

An overview of the study design can be found in Figure 8. Fifteen pigs were
randomly assigned to three experimental groups: Naive (n = 6), SIRS (n = 6)
and Control (n = 3). After completed preparations, the animals were placed on
their side and allowed to stabilize for 30 minutes before baseline values were
registered and initial blood samples collected. All animals were exposed to a
continuous infusion of live E. coli in the portal vein for three hours. To induce
a mild systemic inflammatory response, the animals in the SIRS group were
exposed to an intravenous endotoxin infusion (Escherichia coli: 0111:B4;
Sigma Chemical, St. Louis, MO) at 0.063 pg x kg™' x h™! for 24 hours prior to
the E. coli infusion. The animals in the Control group received saline instead
of endotoxin before the start of the bacterial infusion and served as controls
for the effects of 24 hours of anesthesia. During the E. coli infusion, simulta-
neous blood samples for bacterial counts were taken hourly from the portal
vein (downstream of the E. coli infusion), the hepatic vein and the artery. Bac-
teria-free endotoxin was analyzed in plasma from the portal and hepatic vein
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at 0 h (before the start of the bacterial infusion) and 3 h in all groups. Arterial
blood was analyzed regularly for blood gases, blood count, creatinine, TNF,
IL-6, and IL-10. Immunosuppression was assessed using the IL-10/TNF ratio.
Urine output was measured, and urine samples were collected at predeter-
mined intervals. Terminal complement activation was assessed by measuring
soluble C5b-9 (sC5b-9) levels in plasma. All animals were followed for 3
hours after completed E. coli infusion. At the end of the experiment, the ani-
mals were euthanized with potassium chloride. In a pilot study with the same
set-up, hepatic function was assessed in 12 pigs by measuring indocyanine
green (ICG) disappearance rate (ICG-PDR).
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Figure 9. Study design in Paper II. All animals received an intravenous infusion of E.
coli. The Naive group received only the bacterial infusion. In the ETX group, a con-
tinuous endotoxin infusion was administered for 24 hours prior to the £. coli challenge
to induce systemic inflammation. The Control group served as controls for 24 hours
of anesthesia and intensive care and received saline before the bacterial infusion. Dur-
ing the E. coli infusion, blood samples were collected hourly from the arterial, splenic
venous, and hepatic venous blood for bacterial quantification.

The pigs were randomly assigned to three experimental groups: Naive (n =
10), ETX (n = 10) and Control (n = 3) (Figure 9). All animals received an
infusion of E. coli through the central venous catheter for three hours. The
Naive group received only the E. coli infusion, whereas the ETX group was
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exposed to an i.v. endotoxin infusion at a rate of 0.063 pg x kg™ x h™' for 24
hours prior to the E. coli infusion, in order to induce a mild systemic inflam-
matory response. The Control group received saline instead of endotoxin. Dur-
ing the E. coli infusion, blood samples were collected hourly from the artery,
splenic vein, and the hepatic vein to determine bacterial counts. Endotoxin
levels were measured in arterial and splenic venous blood at 0 h and at 3 h in
all groups. Blood samples for analysis of blood gases, cell counts, creatinine,
TNF, and IL-6 were collected at the start of the experiments, during the endo-
toxin or saline infusion in the ETX and Control groups, and hourly from base-
line in all groups. Urine output was measured, and urine samples were col-
lected at predetermined intervals. The animals were euthanized at the end of
the experiment with potassium chloride.
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Figure 10. Study design for Paper II1. Portal Steroids-Sepsis (Sep-Port) group received
budesonide in the portal vein, and Systemic Steroids-Sepsis (Sep-Syst) group received
budesonide in a central vein. Animals in the Septic Controls (Sep-Ctrl) group were
given saline (NaCl) instead of budesonide. All animals in the Sep-Port, Sep-Syst and
Sep-Ctrl groups were subjected to an E. coli infusion for 3 hours starting at 0 h, 90
minutes after the budesonide/saline infusion. Non-septic Controls (NSep-Port) re-
ceived budesonide in the portal vein, followed by an infusion of saline instead of E.
coli. Post-mortem tissue samples from the liver and spleen were collected for bacterial
cultures in all groups except NSep-Port.
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Twenty-seven pigs were randomly assigned to one of four groups: Portal Ster-
oids-Sepsis (Sep-Port, n = 8), Systemic Steroids-Sepsis (Sep-Syst, n=38), Sep-
tic Controls (Sep-Ctrl, n = 8), and Non-septic Controls (NSep-Port, n = 3)
(Figure 10). After preparations, 50 mL of budesonide 0.5 mg x mL™'
(Budesonid, Teva Pharma B.V. Haarlem, the Netherlands) was administered
in the portal vein in groups Sep-Port and NSep-Port and intravenously in the
Sep-Syst group. The animals in the Sep-Ctrl group received saline instead of
budesonide. All animals in Sep-Port, Sep-Syst and Sep-Ctrl groups were ex-
posed to a continuous infusion of live E. coli in the portal vein for three hours,
starting 90 minutes after completed budesonide-infusion. The animals in the
NSep-Port group received an infusion of saline instead of E. coli. In the Sep-
Port, Sep-Syst and Sep-Ctrl groups, simultaneous blood samples for bacterial
counts were obtained from the portal vein, downstream of the E. coli infusion;
from the hepatic vein and from the artery every hour during the E. coli infu-
sion. Arterial blood was analyzed for bacterial counts 15 and 30 minutes after
completion of the E. coli infusion. In the NSep-Port group, cultures from ar-
terial blood were collected every hour. Endotoxin concentrations were meas-
ured in bacteria-free plasma obtained from the portal and hepatic veins at 0 h
and 3 h. Blood samples for analysis of blood gases, blood cell count, creati-
nine, TNF, IL-6 and IL-10 were taken in arterial blood before administering
budesonide and then hourly. Urine output was measured, and urine samples
were collected once before baseline and once during 0—4 hours. Following
euthanasia with potassium chloride, post-mortem tissue samples from the liver
and spleen were collected for bacterial cultures.

38



Paper IV

Liver and
spleen
cultures

Bacterial counts in
portal, hepatic venous
and arterial blood

y ]Gdcg] l l l l
SENPTC:

1 1 n 3 1 i
r T T T T 1

-3h Oh 1h 2h 3h 35h

| RS-LPS Ultrapure T infusi
RS E. Coli infusion |

Group TLRi (n=8) —, : : r—

—
-2h Oh 1h 2h 3h 35h

11l

i n 4 1 1
T T T T 1

Group Control (n=8) .

3h oh 1h 2h 3h 35h

Figure 11. Overview of the study design in Paper IV. All animals were subjected to
an intravenous infusion of E. coli. The animals in the KCi group received GdCls
through the proximal portal venous catheter three hours prior to the start of the bacte-
rial infusion. In the TLR4i group, an infusion with LPS-RS Ultrapure, a TLR 4-an-
tagonist, was initiated in the portal vein starting two hours prior to the E. coli infusion.
Animals in the Control group received only the bacterial infusion. During the E. coli
infusion, blood samples for bacterial counts were collected hourly from the portal
vein, hepatic vein and the artery. Post-mortem tissue samples from the liver and spleen
were collected for bacterial cultures.

Twenty-four animals were randomly assigned to one of three groups: Kupffer
cell inhibition (KCi, n = 8), TLR4 inhibition (TLR4i, n = 8), and Control (n =
8). All animals received an infusion of live E. coli in the portal vein for
three hours (Figure 11). During preparations, three hours before the start of
the E. coli infusion, the animals in the KCi group were administered 500 mg
of Gadolinium Chloride (GdCls; Sigma-Aldrich, Saint Louis, MO) in 100 mL
saline in the portal vein. In the TLR41i group, an infusion of LPS-RS Ultrapure
(InvivoGen, San Diego, CA), a TLR4 antagonist, was infused into the portal
vein at a rate of 200 ug x h™!, starting two hours prior to the bacterial infusion.
Animals in the Control group received only the bacterial infusion. Blood sam-
ples for bacterial counts were collected hourly from the portal vein, hepatic
vein and the artery during the E. coli infusion. Bacterial counts in arterial
blood were analyzed 15 and 30 minutes after completion of the E. coli infu-
sion. Endotoxin levels were measured in portal venous, hepatic venous, and
arterial blood at 0 hours, prior to the start of the bacterial infusion, and at 3
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hours. Arterial blood samples for the analysis of blood gases, blood cell
counts, creatinine, and inflammatory cytokines were collected before admin-
istration of GdCl; or LPS-RS Ultrapure, and subsequently at hourly intervals.
At the end of the experiment, the animals were euthanized by an injection of
potassium chloride. Post-mortem tissue samples from the liver and spleen
were collected for bacterial culture.

Resuscitation protocol

The animals were treated according to a protocol to maintain vital parameters
within pre-set limits (Table 2).

Table 2. Resuscitation protocol Papers I-1V

Parameter Threshold value  Interventions
for intervention
Pa0O, <10 kPa first time  Increase FiO, to 0.6
<10 kPa thereafter ~ Increase FiO; to the next level: 0.6>0.8
1.0, and
Increase PEEP to the next level:
52>8->10>14 cmH;0, and
Lung recruitment maneuver®
Paper I >30 kPa Decrease FiO; to the previous level:
1.0>0.820.6>0.3
Papers I1, 111, IV >20 kPa Decrease FiO» to the previous level:
1.0>0.820.62>0.45>0.3
PaCO, > 6.5 kPa Increase Vr with 10 %, to maximum 15 mL x
kg!
<4.5kPa If respiratory rate is < 25, decrease Vr with 10
%. If respiratory rate is > 25, decrease it with
10 %.
MAP
Paper | MAP = MPAP Single dose of 40 pg NA i.v.
<90 min after
baseline or start of
E. coli-infusion
Paper | MAP <60 mmHg  Start NA infusion 5 mL x h™!. If ongoing NA
> 90 min after infusion, increase rate one step®. If NA
baseline or start of started/increased — measure CO; if CO <2.5
E. coli-infusion — fluid bolus Ringer’s acetate 15 mL x kg
MAP = MPAP 1. Single dose of 20 pg NA i.v., and
2. Start NA infusion 5 mL x h™!. If ongoing
NA infusion, increase rate one step®, and
3. Fluid bolus with Ringer’s acetate 15 mL X
kg!
Papers I1, III, IV MAP <50 mmHg  Start NA infusion 5 mL x h™!. If ongoing NA
< 60 min after infusion, increase rate one step®.
start of E. coli-in-
fusion
MAP=MPAP Single dose of 40 pg NA i.v.
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Papers 11, I11, IV MAP <60 mmHg  Start NA infusion (20 pg x mL™) 5mL x h™!.
> 60 min after If ongoing NA infusion, increase rate one
start of E. coli-in- step®.
fusion

MAP = MPAP Single dose of 20 pg NA i.v., and

Start NA infusion (20 pg x mL™") 5mL x h™!.
If ongoing NA infusion, increase rate one

step®, and
Fluild bolus with Ringer’s acetate 15 mL x
kg™

MAP MAP > 100 mmHg If ongoing NA infusion, decrease rate one
step: 40>20>10>5>0mL x h!

CO

Paper | CO<2.0L xmin! Start NA infusion 5 mL/h. If ongoing NA in-

fusion, increase rate one step”

Fluid bolus with Ringer’s acetate 15 mL x
kg ! and/or start NA infusion 5 mL x h™'. If
ongoing NA infusion, increase rate one step®.
Give 20 mL of 30% glucose solution i.v.

Papers 11, 111, IV CO<2.0L x min’!

Blood Glucose < 4.0 mmol x L!

2 PEEP was increased stepwise until a peak pressure of 35 cmH,0O was reached. Then, an in-
spiratory hold was performed for 10 s. Thereafter, the PEEP was stepwise decreased to the
PEEP defined by the protocol. If MAP decreased to the level of the MPAP, the recruitment
maneuver was aborted.

®Noradrenaline (20 pg x mL™") infusion increased stepwise: 5>10>20>40 mL x h™\.
Abbreviations: CO = cardiac output, E. coli = Escherichia coli, FiO,= inspired fraction of ox-
ygen, I:E = Inspiratory:Expiratory ratio, MAP = mean arterial pressure, MPAP = mean pulmo-
nary arterial pressure, NA = noradrenaline, PaCO, = arterial partial pressure of carbon dioxide,
PaO, = arterial partial pressure of oxygen, PEEP = positive end expiratory pressure, RR = res-
piratory rate, Vr = tidal volume.

Bacterial cultures and blood ex vivo bactericidal
capacity

Hepatic and splenic bacterial elimination

To determine bacterial concentrations in blood, 0.1 mL of blood from the por-
tal vein (Paper I, III and IV), splenic vein (Paper II), hepatic vein and artery
was plated in triplicate on CLED plates hourly during the bacterial infusion.
E. coli was identified by colony morphology, and the detection limit for
growth of bacteria was 5 CFU x mL™' (Figure 12). To account for variations
in bacterial exposure and pig size, measured bacterial concentrations were ad-
justed by dividing by the bacterial dose administered and the animal's body
weight. Hepatic (Papers I, III and IV) and splenic (Paper II) bacterial elimina-
tion were assessed as the ratios of hepatic to portal venous and splenic venous
to arterial bacterial counts, respectively, during the E. coli infusion.
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Figure 12. E. coli was identified by colony morphology, and viable count was deter-
mined by calculating colonies on CLED plates.

Growth of E. coli in the liver and spleen

In Papers III and IV, biopsies for bacterial quantification were obtained from
standardized locations in the right hepatic lobe and from the spleen under
aseptic conditions immediately after euthanasia. Tissue samples (1-2 g) were
placed in 3 mL of saline and homogenized using sterile Potter-Elvehjem glass
tissue grinders (VWR, Spénga, Sweden). Samples of 0.2 mL from each ho-
mogenate were plated in triplicate on CLED agar to determine viable bacterial
counts. The detection limit for growth of bacteria was 5 CFU x g”'.

Ex vivo bactericidal capacity

To determine the pig blood bactericidal capacity in Papers I and II, blood col-
lected at 0 hours, immediately before the start of the bacterial infusion, was
inoculated ex vivo with 10° CFU x mL™" E. coli in duplicate at 37 °C. Viable
counts were plated hourly for 6 h.

Endotoxin elimination in the liver and spleen

Plasma endotoxin was analyzed in heparinized plasma with the chromogenic
limulus amebocyte lysate assay (Endochrome-K; Charles River Endosafe,
Charleston, SC, USA), and the lower detection limit in plasma was 0.05 EU x
mL ™" in Paper I and I1I, and 0.5 EU x mL " in Paper II and IV.
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Measurements

Airway pressure values and respiratory volumes were recorded from ventila-
tor readings. Mean arterial pressure (MAP), mean pulmonary arterial pressure
(MPAP), heart rate (HR), and central venous pressure (CVP) were continu-
ously monitored. Cardiac output was measured using the thermodilution tech-
nique with a Swan-Ganz catheter. Circulatory and respiratory variables, as
well as creatinine clearance, were calculated using standard formulae [123].
Blood from a cervical artery and pulmonary artery was analyzed for pH, gas
tensions (PaO,, PaCO,), oxygen saturation, lactate, and base excess on an
ABLTM 800 and a Hemoximeter TM OSM-3 (Radiometer, Breonhgj, Den-
mark). Full blood count was analyzed on a CELLDYN Sapphire (Abbott
Scandinavia, Kista, Sweden) in Paper I and on Sysmex XN (Sysmex, Kobe,
Japan) in Papers II, III and IV. Plasma TNF, IL-6 and IL-10 were measured
with porcine-specific sandwich enzyme-linked immunosorbent assays
(ELISA; DY690B [TNF], DY686 [IL-6] and DY693B [IL-10], R&D Sys-
tems, Minneapolis, MN, USA). The limit of detection (LOD) and assay pre-
cision, expressed as coefficients of variation, have been reported previously
in the original publications [124-126]. In Paper IV, the LOD in EDTA plasma
was 30 pg x mL™" for TNF and IL-10, and 40 pg x mL™" for IL-6. Values
below the LOD were included in group-level analyses when consistently de-
tectable and deemed biologically relevant. The ELISAs had total coefficients
of variation of approximately 6%. Creatinine in urine and plasma was meas-
ured with enzymatic creatinine reagents (8 L24, Abbott Laboratories, Abbott
Park, IL, USA) on a BS380 instrument (Mindray, Shenzhen, China).

Paper 1

Indocyanine green plasma disappearance rate (ICG-PDR) was used to assess
hepatic function in a separate pilot study. Indocyanine green (ICG) was ad-
ministered as an intravenous bolus, after which its elimination from the circu-
lation was measured using a non-invasive pulse densitometry system
(LiMON, Pulsion Medical Systems). The ICG-PDR was calculated automati-
cally by the monitor based on the decline in plasma ICG concentration over
time and expressed as percentage per minute (% X min'). Measurements were
performed before the initiation of endotoxin infusion in the SIRS group and
prior to the start of bacterial infusion in both Naive and SIRS groups. For
sC5b-9 measurement, anti-Human C5b-9 (Diatec 5010; Diatec AS, Oslo, Nor-
way) was used to capture antibody in sandwich ELISA. Samples and calibra-
tors were added to the wells. Bound sC5b-9 was detected by biotinylated anti-
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C6 monoclonal antibody (Quidel, San Diego, CA, USA) and Streptavidin-
HRP. The LOD for sC5b-9 was 300 AU x L™".

Paper III

Histological analyses were performed to assess the extent of hepatic inflam-
mation, immunohistochemical evaluation of Kupffer cells and the presence of
bacteria. Liver specimens were collected post mortem and initially stored at
—70°C. From each group, 2-3 specimens were randomly selected for histo-
pathological and immunohistochemical analysis. All samples were evaluated
by a veterinary pathologist. For histopathological assessment, specimens were
fixed in 4% formaldehyde and embedded in paraffin. Tissue sections were cut
into 4 pm slices, mounted on glass slides, and stained with hematoxylin and
eosin, May-Griinwald-Giemsa, and Gram stains for evaluation of tissue mor-
phology and identification of bacteria. The stained sections were examined by
light microscopy using a Nikon microscope (Eclipse E600, Japan). Hepatic
architecture, degree of necrosis, inflammatory infiltrates, and the presence of
microabscesses were assessed semi-quantitatively. Immunohistochemistry
(IHC) was performed using antibodies against Iba-1 to visualize Kupfter cells.

Paper IV

In order to evaluate the effect of GdCls on phagocytosis, two paired arterial
blood samples were collected from a total of six animals before the start of the
experiments in a separate investigation. One sample was incubated with 1 mg
gadolinium chloride (“ex vivo GdCls”), and the corresponding control sample
received an equivalent volume of NaCl (“ex vivo NaCl”). Samples were incu-
bated at 37 °C for 3 hours. Following incubation, phagocytic activity of mon-
ocytes and neutrophils was assessed by flow cytometry. 50 uL of heparinized
blood was mixed with 50 pL of cold trypan blue solution (0.4 %) (Sigma-
Aldrich, Solna, Sweden) and diluted with 1 mL cold PBS. Samples were cen-
trifuged at 400 x g for 5 min at 4 °C, after which the supernatant was dis-
carded. Cells were lysed using 3 mL of lysing buffer (150 mM NH4Cl, 10 mM
KHCOs, 0.1 mM EDTA), incubated on ice in the dark for 15-20 min, and
centrifuged again under the same conditions. The supernatant was removed,
and the pellet resuspended in 500 pL of cold PBS before storage on ice until
analysis. Phagocytosis was measured using a Navios flow cytometer (Beck-
man Coulter, Brea, CA, USA). Granulocytes and monocytes were identified
based on forward and side scatter characteristics, and FITC fluorescence from
internalized E. coli was quantified in 10000 granulocytes and approximately
1000 monocytes. A phagocytic index was calculated as the product of mean
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fluorescence intensity and the proportion (%) of phagocytosing cells. All sam-
ples were analyzed in duplicate, and results are presented as the mean of du-
plicate measurements.

Objectives and outcomes

Paper 1

The primary objective was to determine whether a pre-existing systemic in-
flammatory response influences hepatic bacterial elimination. The primary
outcome was hepatic bacterial elimination, assessed as the ratio between he-
patic and portal venous bacterial counts. Secondary outcomes included hepatic
endotoxin elimination, evaluated as the ratio between hepatic and portal ve-
nous endotoxin levels, along with the associated inflammatory and physiolog-
ical responses. The inflammatory response was assessed through circulating
cytokine levels, whereas the physiological response was evaluated using rele-
vant physiological parameters during the experiment.

Paper 11

The primary objective was to investigate whether splenic bacterial elimination
is affected by a pre-existing systemic inflammatory response. The primary
outcome was splenic bacterial elimination, assessed as the splenic venous to
arterial bacterial count ratio. Secondary outcomes included splenic endotoxin
elimination, assessed as the splenic venous to arterial endotoxin concentration
ratio, as well as inflammatory and physiological responses. The inflammatory
response was evaluated by circulating cytokine levels, while the physiological
response was assessed using physiological parameters during the experiment.

Paper III

The primary objective was to evaluate whether targeted hepatic administration
of budesonide, compared with systemic administration, affects hepatic bacte-
rial elimination. The primary outcome was hepatic bacterial elimination, as-
sessed as the ratio between hepatic and portal venous bacterial counts. Sec-
ondary outcomes included systemic bacterial clearance, and hepatic endotoxin
elimination, determined as the ratio between hepatic and portal venous endo-
toxin levels. The inflammatory response was assessed through circulating cy-
tokine levels, while the physiological response was evaluated using relevant
physiological parameters during the experiment.
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Paper IV

The primary objective was to investigate the mechanisms regulating hepatic
bacterial elimination, with particular focus on the roles of Kupffer cells and
TLR4 signaling. The primary outcome was hepatic bacterial elimination, as-
sessed as the ratio between hepatic and portal venous bacterial counts. Sec-
ondary outcomes included hepatic endotoxin elimination, evaluated as the ra-
tio between hepatic and portal venous endotoxin levels, as well as inflamma-
tory and physiological responses. The inflammatory response was evaluated
by circulating cytokine levels, while the physiological response was evaluated
using relevant physiological variables throughout the experiment.

Calculations and statistics

The statistical analysis was performed according to the predetermined plan.
The bacterial counts were adjusted for variations in animal weight and in in-
fused bacterial dose. Data were tested for normality, and data with a log-nor-
mal distribution were log-transformed. Data are presented as mean + SD for
normally distributed variables and as median (interquartile range) for non-nor-
mally distributed variables. For normally distributed data, Student’s t-test was
used for intergroup comparisons. ANOVA III for repeated measurements was
used to assess group differences, change over time, and group-by-time inter-
action. Unequal N HSD post hoc test was performed if group differences were
found. For non-normally distributed data, the Mann-Whitney U test was per-
formed for comparisons between groups, and Spearman’s rank correlation was
calculated to test the potential associations between variables. All analyses
were performed using Statistica™ software (version 13 and 14.1, StatSoft
Inc., Tulsa, OK, USA) and a p-value of < 0.05 was considered significant.

Paper 1

The Control group was not included in the statistical analysis.

Paper 11

To evaluate differences between groups in ex vivo bactericidal capacity, a time
to below-limit-of-detection analysis for viable bacteria was performed using the
log-rank test. The Control group was not included in the statistical analysis.
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Paper III

The NSep-Port group was not included in the statistical analysis.

Paper IV

To compare the effect of ex vivo GdCl; exposure on phagocytic activity, paired
arterial blood samples from each animal were analyzed using Wilcoxon
matched pairs test.
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Results

Initial characteristics

All animals survived throughout the experiments. For Papers I and II, the pro-
inflammatory cytokines TNF and IL-6 peaked two hours after the initiation of
the endotoxin infusion in both groups SIRS and ETX, indicating the develop-
ment of a systemic inflammatory response (Figure 16 and 23). In Paper IlI,
one animal in the NSep-Port group developed circulatory instability following
initiation of the budesonide infusion and required noradrenaline administra-
tion. The animal subsequently stabilized and no longer required noradrenaline
at baseline. None of the other animals receiving budesonide developed respir-
atory or circulatory instability during drug administration.

In Papers I and III, baseline body weights were similar between groups
(Paper I: Naive 26.0 = 1.1, SIRS 25.8 = 1.9, and Control 27.2 + 5.3 kg; Paper
III: Sep-Port 25.7 £ 0.9, Sep-Syst 25.4 £ 1.8, Sep-Ctrl 25.4 £ 1.5, and NSep-
Port 26.8 + 0.3 kg). Baseline body weights for Papers Il and IV are presented
in Tables 3 and 6, respectively.

The SOFA score was used to assess sepsis-related organ dysfunction. The
central nervous system component was not evaluated due to sedation, and bil-
irubin was not measured during the experiments. Following bacterial infusion,
sepsis according to the Sepsis-3 criteria [6] developed in all animals in Paper
I and in all but one animal (Naive group) in Paper II. In Paper II1, sepsis de-
veloped in all animals in the Sep-Ctrl group, compared with three animals in
the Sep-Port group and none in the Sep-Syst group. In Paper IV, sepsis devel-
oped in all Control animals, five KCi animals and seven TLR4i animals.
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Paper 1

Hepatic bacterial elimination

No bacteria were detected in arterial blood before the start of the E. coli infu-
sion, and similar bacterial doses were administered in all groups. Bacterial
counts in the portal vein, hepatic vein and the artery were similar between the
groups. Pre-existing systemic inflammation impaired hepatic bacterial elimi-
nation, as evidenced by an increased hepatic to portal venous bacterial count
ratios in the SIRS group compared with the Naive group (p <0.05; Figure 13).
Similarly, the arterial to portal venous bacterial count ratio was increased in
the SIRS group during the bacterial challenge (p < 0.05). One hepatic venous
blood sample could not be obtained at 2 h in one animal in the SIRS group
because of technical difficulties during sampling.
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Figure 13. Bacterial counts in portal venous, hepatic venous, and arterial blood during
the E. coli infusion are shown in panels a—c. The hepatic to portal venous, and the
arterial to portal venous bacterial count ratios are shown in panels d and e, respec-
tively. Values are presented as mean + SEM. * p <0.05 indicates a difference between
the Naive and SIRS groups. Group comparisons were performed using ANOVA III
for repeated measurements.
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Blood ex vivo bactericidal capacity

Ex vivo bactericidal capacity was reduced in animals with pre-existing systemic
inflammation. Bacterial counts were lower in the Naive group than in the SIRS
group (p <0.001; Figure 14). No viable bacteria were detected in samples from
the Naive group after 3 hours, whereas bacterial growth persisted in the SIRS
and Control groups. Data from two Naive animals were unavailable due to a
technical error.

Ex vivo bactericidal capacity

# Naive
% SIRS
5| q W a & Control

Log CFU x mL™"

Time (hours)

Figure 14. Blood ex vivo bactericidal capacity. Bacterial counts are presented as log-
transformed values (mean +£ SEM) over time. ***p <0.001 for the difference between
the Naive and SIRS groups. Group comparisons were performed using ANOVA III
for repeated measurements.

Hepatic endotoxin elimination

Pre-existing systemic inflammation impaired hepatic endotoxin elimination
during the E. coli challenge. Although portal and hepatic venous endotoxin
levels were higher in the Naive group than in the SIRS group at the end of the
bacterial infusion (p < 0.05 and p < 0.01, Figure 15), the ratio of hepatic to
portal venous endotoxin was higher in animals with pre-existing systemic in-
flammation (p <0.05, Figure 15). Furthermore, portal venous endotoxin levels
were positively correlated with portal venous bacterial counts (p = 0.73).
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a. Endotoxin levels in the portal and hepatic venous blood b. Hepatic to portal venous endotoxin ratio
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Figure 15. The portal and hepatic venous endotoxin levels (a), and the hepatic to portal
venous endotoxin ratio during the E. coli infusion at 3 h (b). Values are expressed as
median (IQR). **p < 0.01, *p < 0.05. The difference between the Naive and SIRS
group was assessed with the Mann-Whitney U test. Values are presented as median
(IQR); box: 25%—75%; whiskers: non-outlier range.

Inflammatory and physiological responses

Pre-existing systemic inflammation markedly altered the host response to the
bacterial challenge. Animals in the SIRS group exhibited an attenuated pro-
inflammatory cytokine response, with lower TNF and IL-6 levels compared
with the Naive group (p < 0.001 for both; Figure 16). The IL-10/TNF ratio
was higher in the SIRS group (p < 0.001), indicating a shift towards a more
anti-inflammatory response.
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Figure 16. Cytokine response during the bacterial challenge. Levels of tumor necrosis
factor (TNF) (a), interleukin-6 (IL-6) (b), interleukin-10 (IL-10) (c), and the IL-
10/TNF ratio (d) during the experiment. Values are presented as mean + SEM. ***p
< 0.001 indicates a difference between the Naive and SIRS groups. Comparisons be-
tween groups were performed using ANOVA 111 for repeated measures (1-3 h).

These changes were accompanied by differences in physiological responses
(Figure 17). Compared with Naive animals, the SIRS group displayed a more
stable circulatory profile, characterized by a higher mean arterial pressure de-
spite markedly lower noradrenaline requirements to maintain MAP (0 (0-0)
vs. 54.9 (11.4-81.2) pg x kg™', p < 0.01), and MPAP (p < 0.001). CI was also
higher in the SIRS group (p < 0.001). In addition, arterial lactate levels were
lower, and base excess values were higher in the SIRS group (p < 0.001 and
p < 0.05, respectively). No differences in the PaO,/FiO; ratio were observed
between the Naive and SIRS groups.
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Figure 17. Physiological responses. Data are presented as mean + SEM for normally
distributed variables and as median (IQR) for non-normally distributed variables (lac-
tate and base excess). * p <0.05, *** p <0.001 for group differences between Naive
and SIRS groups. Group differences during the bacterial infusion were assessed with
ANOVA III for repeated measurements. For non- normally distributed data Mann-
Whitney U test was performed.
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Complement activation

In contrast to the Naive group, the SIRS group exhibited a marked increase in
sC5b-9 levels during the E. coli infusion and maintained higher levels than the
Naive group over the course of the experiment (p < 0.001; Figure 18).
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Figure 18. Plasma concentrations of soluble C5b-9 (sC5b-9). Data are presented as
mean = SEM. *** p < 0.001 for group differences between the and SIRS groups.
Comparisons between groups were performed using ANOVA III for repeated
measures (1-6 h).

Estimation of liver function with indocyanine green

Prior to the bacterial challenge, ICG-PDR was comparable in animals with
and without a pre-existing systemic inflammatory response. During the E. coli
infusion, ICG-PDR was lower in animals challenged with E. coli alone than
in animals with pre-existing systemic inflammation (p < 0.05).

Paper 11

Splenic bacterial elimination

Although bacterial counts in arterial, splenic venous, and hepatic venous blood
were similar between the ETX and Naive groups, animals with pre-existing
systemic inflammation exhibited impaired splenic bacterial clearance, as re-
flected by a higher splenic venous to arterial bacterial count ratios (p < 0.01;
Figure 19). Similar reductions in bacterial counts across the spleen were ob-
served over a broad range of arterial bacterial concentrations, suggesting that
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splenic bacterial elimination was not primarily determined by the bacterial
load (Figure 20). Furthermore, the hepatic venous to arterial bacterial count
ratios were higher in animals with pre-existing systemic inflammation ani-
mals, in line with the findings of Paper 1. Blood samples in the splenic vein
could not be collected in one animal in the ETX group during 2-3 hours be-
cause of technical difficulties in obtaining the sample.
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Figure 19. Bacterial counts in arterial, splenic venous, and hepatic venous blood dur-
ing E. coli infusion (a—c). The ratios of splenic venous to arterial (d) and hepatic ve-
nous to arterial bacterial counts (e). * p<0.05, ** p<0.01 for differences between the
Naive and ETX groups at 1-3 hours. Data are presented as mean + SEM.
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a. E. coli counts in the artery and splenic vein in the Naive group  b. E. coli counts in the artery and splenic vein in the ETX group
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Figure 20. E. coli concentrations in arterial and splenic venous blood during the bac-
terial infusion in the individual cultures in the Naive (a) and the ETX (b) group. Each
case represents cultures from the artery and the splenic vein taken simultaneously dur-
ing the E. coli infusion.

Blood ex vivo bactericidal capacity

Ex vivo bactericidal capacity did not differ between animals with and without
pre-existing systemic inflammation (Figure 21). Furthermore, no correlation
was observed between ex vivo bactericidal capacity and splenic bacterial elim-
ination (p = 0.24).
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Figure 21. Bacterial counts reflecting blood ex vivo bactericidal capacity in the Naive
(n=10), ETX (n = 10), and Control (n = 3) groups. Values are presented as median
(IQR); box: 25%—75%; whiskers: non-outlier range.
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Splenic endotoxin elimination

The endotoxin levels in arterial and splenic venous blood were similar be-
tween groups at the end of the bacterial infusion (Figure 22a). No detectable
endotoxin elimination across the spleen could be demonstrated in either the

Naive or ETX group, as reflected by splenic venous to arterial endotoxin ratios
(Figure 22b).

a. Endotoxin levels in the artery and splenic vein at 3 hours b. Splenic venous to arterial endotoxin levels ratio at 3 hours
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Figure 22. Endotoxin levels in the artery and splenic vein at 3 h during the E. coli
infusion (a) and splenic venous to arterial endotoxin levels ratio during the E. coli

infusion at 3 h (b). Values are expressed as median; box: 25%-75%; whisker: Non-
Outlier Range.

Inflammatory and physiological responses

As in Paper I, pre-existing endotoxin exposure attenuated the inflammatory
response to the bacterial challenge. Animals in the ETX group exhibited lower

TNF and IL-6 levels than animals challenged with E. coli alone (p < 0.001 for
both; Figure 23).
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Figure 23. Levels of interleukin-6 (IL-6) (a) and tumor necrosis factor (TNF) (b) are
shown over time. Values are presented as mean + SEM. ***p<0.001 indicates a dif-
ference between the Naive and ETX groups at 1-3 hours.
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The attenuated inflammatory response was accompanied by less pronounced
physiological disturbances (Table 3). Compared with Naive animals, the ETX
group exhibited higher CI (p <0.001), lower MPAP (p <0.001), lower arterial
lactate levels (p < 0.001), and higher base excess values (p < 0.01) during the
bacterial challenge. In addition, PaO,/FiO, ratio was higher in the ETX group
compared to the Naive group (p < 0.05). MAP was similar between the Naive
and ETX groups, as were cumulative noradrenaline doses (24 (0—133) and 81
(18-218) pg x kg™, respectively).

Table 3. Animals’ weight and physiological variables during the experiment.

Variable Naive (n =10) ETX (n=10) Control (n =3)
Weight (kg) 25.6+1.5 254+1.7 248+1.5
Pa0,/FiO; ratio
(kPa)
—24h 58+38 62+ 1
—22h 51+12 62+4
—18h 40+7 52+2
—15h 54+6 58+6
—12h 53+8 52+6
-9h 50+9 54+6
—6h 47+£8 56+9
—2h 5010 5610
Oh 59+6 44+9 49+9
lh 39«15 46+ 15 36+7
2h 40+14 " 4612 3511
3h 31=x15 4115 318
4h 32415 3615 37+8

Mean arterial pres-
sure (mmHg)

—24h 76 + 11 76+ 16
—22h 84+ 18 82+ 14
—18h 67+8 76+3
—15h 75+8 80+ 8
—12h 76+ 10 79+9
—9h 81+7 80+9
—6h 78+9 83+13
—2h 76+ 9 84+7

0Oh 79+10 80+ 7 91+6
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2h
3h
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Mean pulmonary ar-

60

terial pressure
(mmHg)
—24h

—22h
—18h
—15h
—12h
—9h
—6h
—2h
Oh
l1h
2h
3h
4h

Cardiac index

(L x min™' x m2)

—24h
—22h
—18h
—15h
—12h
—9h
—6h
—2h
Oh
l1h
2h
3h
4h

Arterial lactate
(mmol x L)
—24h

—22h
—18h

85+22
85+23
82 +25
86+ 19

17+£3
38+7
37+7 Hokok
37+7
31+6

35+0.7
2.3+0.2
2604 ook ok
2.5+0.5
2.5+0.6

9115
85+ 11
91+12
90+ 15

17+3
26+ 8
19+5
18+4
19+2
17+2
17+2
17+3
17+2
23+6
24 +5
29+6
25+4

3.1+£0.7
2.8+0.7
3.1+£09
36+1.7
36£1.6
3.7+£2.1
36+1.7
35+1.7
33£1.6
36£1.6
34+1.5
34+1.3
32+1.3

1.4 (1.2-1.9)
1.4 (1.1-1.7)
0.9 (0.8-1.0)

68+ 6
77+11
80+ 12
90+8

13+£3
15+3
14+5
155
16+5
16+4
16+3
16 +2
16+3
20+3
30+3
31+4
26£2

32+1
32+0.1
34+£0.2
3+£0.6
3+£0.8
33+£0.7
35+0.8
3.8+0.1
39+1
3.1+0.7
24+09
2.1+0.6
3.1+0.1

2.0 (1.7-2.0)
1.2 (1.0-1.8)
0.9 (0.6-0.9)



—15h 0.8 (0.7-1.1) 0.6 (0.5-0.7)

~12h 0.8 (0.6-0.9) 0.5 (0.5-0.7)
—9h 0.8 (0.7-0.9) 0.5 (0.5-0.5)
—6h 1.0 (0.7-1.0) 0.6 (0.6-0.7)
—2h 1.1(0.8-1.3) 0.7 (0.5-0.8)
0h 1.4(1.3-1.9) 1.2(0.9-1.2) 0.8 (0.6-1.1)
1h 23(1.9-2.9) 1.3 (0.9-1.4) 1.3 (1.1-1.2)
2h 23(1.529) bsesese 1.3(1.2-1.5) 1.9 (1.5-2.5)
3h 2.2(1.8-3.1) 1.3(1.2-1.3) 2.9 (2.0-3.3)
4h 2.1(1.7-32) 1.2 (1.0-1.3) 1.6 (1.5-2.0)

Base excess
(mmol x L)

~24h 5119 59+19
~22h 4717 6.8+19
~18h 5.6+2.1 74%1
~15h 43+24 5414
~12h 44+17 5407
~9h 5£25 55+12
—6h 6243 52425
~2h 57429 56+18
0Oh 6+19 6.1+28 52408
Ih 28+22 56+28 25408
2h 2915 L 55+3 126
3h 1.7+24 54+3.1 0+2.1
4h 19=15 56+2.6 2411

Paper 111

Hepatic bacterial elimination

Portal venous bacterial counts did not differ between groups. In contrast, ar-
terial and hepatic venous bacterial counts were higher in the animals receiving
budesonide systemically (Sep-Syst) than in those receiving portal budesonide
(Sep-Port) (p < 0.05 and p < 0.01, respectively; Figure 24). The hepatic to
portal venous bacterial count ratios were similar in both groups receiving
budesonide. Likewise, no differences in bacterial counts or hepatic to portal
venous bacterial count ratios were observed between the animals receiving
portal budesonide and controls (Figure 24). No bacterial growth was detected
in blood samples from the NSep-Port group during the experiment.
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Following completion of the E. coli infusion, circulating bacteria were rap-
idly eliminated from the bloodstream (data not shown). No differences were
observed between groups, and bacterial counts were close to or below the de-
tection limit within 30 minutes after the end of the infusion.
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Figure 24. Bacterial counts in portal venous, arterial, and hepatic venous blood during
the E. coli infusion (a—c). The hepatic to portal venous bacterial count ratios during
the E. coli infusion (d). Values are presented as mean + SEM. *p < 0.05 and **p <
0.01 indicate differences between the Sep-Port and Sep-Syst groups. Comparisons
between the Sep-Port and Sep-Syst groups, and between the Sep-Port and Sep-Citrl
groups, were performed using ANOVA III for repeated measures.
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Bacterial growth in the liver and the spleen

No differences in hepatic or splenic bacterial growth were observed among
animals receiving portal budesonide, systemic budesonide, or no budesonide
treatment (Figure 25). Bacterial growth could not be evaluated in two animals,
one in the Sep-Port group and one in the Sep-Ctrl group, due to a technical
error.

Bacterial counts in the liver and the spleen
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Figure 25. Bacterial counts in the liver and spleen in the Sep-Port (n = 7), Sep-Syst (n
= 8), and Sep-Ctrl (n = 7) groups. The central marker indicates the mean, the boxes
represent mean + SEM, and the whiskers denote + SD. Comparisons between the Sep-
Port and Sep-Syst groups, and between the Sep-Port and Sep-Ctrl groups, were per-
formed using Student's t-test.
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Hepatic endotoxin elimination

Hepatic endotoxin elimination was similar in animals receiving portal
budesonide, systemic budesonide, or no budesonide treatment. No differences
were observed in portal venous, hepatic venous, or arterial endotoxin levels,
nor in the hepatic to portal venous endotoxin ratio at the end of the bacterial
infusion (Figure 26).

Hepatic to portal venous endotoxin ratio
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Figure 26. The ratio of hepatic to portal venous endotoxin at 3 hours. The difference
between the Portal Steroid-Sepsis (Sep-Port) and the Systemic Steroid-Sepsis (Sep-
Syst), and Sep-Port and the Septic Controls (Sep-Ctrl) groups at 3 h was assessed
using the Mann-Whitney U test. Median (IQR); box: 25%—75%; whiskers: non-outlier
range.
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Inflammatory and physiological responses

Regional hepatic immunosuppression altered the cytokine response to the bac-
terial challenge (Figure 27). TNF levels were similar between groups through-
out the experiment. In contrast, IL-6 levels were lower in animals receiving
portal budesonide than in untreated controls at 4 h (post hoc, p < 0.05). Ani-
mals receiving portal budesonide also exhibited higher IL-10 levels than those
receiving systemic budesonide (p < 0.01). Furthermore, the IL-10/TNF ratio
was higher following portal budesonide administration than in untreated con-
trols (p < 0.05).
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Figure 27. Levels of tumor necrosis factor (TNF) (a), interleukin-6 (IL-6) (b), inter-
leukin-10 (IL-10) (c), and the IL-10/TNF ratio (d) during the experiment. Values are
presented as mean + SEM. * p < 0.01 indicates differences between the Sep-Port and
Sep-Syst groups, and 1 p < 0.05 indicates differences between the Sep-Port and Sep-
Ctrl groups.

Physiological responses differed between animals receiving portal and sys-
temic budesonide administration, as well as between animals receiving portal
budesonide and untreated controls (Figure 28). The PaO,/FiO; ratio decreased
during the bacterial infusion in all groups. Compared with animals receiving
systemic budesonide, animals receiving portal budesonide exhibited a lower
Pa0,/Fi0; ratio (p < 0.05), but a higher ratio than untreated controls (p <0.01).
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Static respiratory compliance was also higher following portal budesonide ad-
ministration than in untreated controls (p < 0.01). MAP differed between the
groups, with the highest values observed following systemic budesonide ad-
ministration and the lowest values in untreated controls (p < 0.001 for both
comparisons involving the portal budesonide group). Although cumulative
noradrenaline requirements were similar between groups (data not shown),
noradrenaline support was required in five control animals, compared with
one animal receiving portal budesonide and none receiving systemic
budesonide. Compared with untreated controls, animals receiving portal
budesonide had lower MPAP and higher CI (p < 0.05 and p < 0.001, respec-
tively). In addition, arterial lactate levels were lower and base excess values
higher (p < 0.001 and p < 0.05, respectively). These variables were similar
between the portal and systemic budesonide groups. Leukocyte counts de-
creased during the first hour of bacterial infusion in all groups, but were higher
in the portal budesonide group than in untreated controls (p < 0.001). Urine
output during and after the bacterial infusion period was lower in the portal
compared with the systemic budesonide group, but creatinine clearance was
higher following portal budesonide administration than in untreated controls
(Figure 29; p < 0.01 for both).
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Figure 28. Physiological parameters during the experiment. Normally distributed data
are presented as mean = SEM, non-normally distributed data (lactate, base excess, leu-
kocyte count) as median (IQR). *p < 0.05, ***p < 0.001 for differences between the
Sep-Port and the Sep-Syst groups; Tp <0.05, T1p <0.01, T1fp < 0.001 for differences
between Sep-Port and the Sep-Ctrl groups. The differences between Sep-Port and
Sep-Syst, and the Sep-Port and Sep-Ctrl groups 14 h were assessed using ANOVA
III for repeated measurements.
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Figure 29. Urine output (a) and creatinine clearance (b) in the Portal Steroid-Sepsis
(Sep-Port), Systemic Steroid-Sepsis (Sep-Syst) and Septic Controls (Sep-Ctrl) groups.
Between-group differences were assessed using the Mann-Whitney U test. *p < 0.05,
for difference between the Sep-Port and Sep-Syst groups, T1p < 0.01 for difference
between the Sep-Port and Sep-Ctrl groups. Data are presented as median; Box: 25%-
75%; Whisker: Non-Outlier Range

Histopathology and immunohistochemistry

Representative histological and immunohistochemical images are shown in
Figure 30. Histological examination demonstrated mild inflammatory activa-
tion, characterized by increased numbers of leukocytes, predominantly neu-
trophils, within the hepatic sinusoids and, to a lesser extent, in portal areas and
interlobular septa. Monocytes and macrophages were observed less fre-
quently. There was no consistent histological evidence of invasive infection
or substantial tissue injury. Liver sections generally lacked necrosis, abscess
formation, thrombosis, and hemorrhage, and bacteria could not be detected
using special stains or immunohistochemistry. One animal in the Control
group exhibited focal neutrophil aggregates suggestive of early microabscess
formation; however, no associated bacteria were identified. Immunohisto-
chemical staining for Ibal demonstrated preserved Kupffer cell populations in
all groups. No apparent qualitative differences were observed between treat-
ment groups.
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Figure 30. Histopathology and immunohistochemistry. Sep-Port and Sep-Syst ani-
mals received budesonide via the portal vein or systemically, respectively, followed
by a 3-h portal E. coli infusion. Sep-Ctrl animals received saline instead of
budesonide. Representative histological and immunohistochemical features are
shown and described below.

a+b. The Sep-Port group. (a) X 40. Kupffer cells with spindle cell features show dis-
tinct Ibal staining. The cells are positioned along the sinusoids. The portal space is
visible (center). (b) x 20. Kupffer cells with irregular spindle cell features show dis-
tinct Ibal staining. The cells are positioned along the sinusoids. The portal space with
a bile duct (center) and the portal vein is visible.

c+d. The Sep-Syst group. (c) x 20. Parts of hepatic lobules are delineated by interlob-
ular septa. Two poorly demarcated inflammatory cell infiltrates with a predominance
of neutrophils are visible in the sinusoids, and additional neutrophils are seen in the
capillaries and in the vicinity of the portal space (down, center). (d) x 20. Periportal
areas show strongly stained Kupffer cells lining the sinusoids. The portal space is seen
in the center of the photo.

e+f: The Sep-Ctrl group. (e) x 40. The portal space is on the left. Several strongly
stained Kupffer cells lining the sinusoids are shown. (f) x 20. Portal space (center)
and interlobular septum. The capillaries displayed scattered neutrophils.
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Paper IV

Hepatic bacterial elimination

Portal venous and arterial bacterial counts were similar in animals receiving
Kupffer cell inhibition and untreated controls. However, hepatic venous bac-
terial counts were higher following Kupffer cell inhibition (p < 0.05; Figure
31). Despite this difference, overall hepatic bacterial elimination, assessed by
the hepatic to portal venous bacterial count ratio, was similar between groups.
TLR4 inhibition did not affect bacterial counts in the portal vein, hepatic vein,
or arterial circulation, and hepatic bacterial elimination remained comparable
to that observed in the Control group (Figure 31).

Following completion of the E. coli infusion, circulating bacteria were rap-
idly eliminated in all groups. However, bacterial clearance from the circula-
tion was delayed in animals receiving TLR4 inhibition compared with controls
(Table 4; p < 0.05), whereas no differences were observed between the KCi
and Control groups.
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Figure 31. Bacterial counts in the portal vein, hepatic vein and artery (a—c), and the
ratio of hepatic to portal venous bacterial counts during the E. coli infusion (d). Values
are expressed as mean = SEM (standard error of the mean). * p < 0.05 for the differ-
ence between the KCi and Control groups.
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Table 4. Bacterial elimination from the circulation after completed E. coli infusion.

Time KCi(n=8) TLR4i (n=8) Control (n =8)
15 min post-infusion 3(0-22) 40 (2-125) 0(0-8)

(CFU xmL™)

30 min post-infusion 0(0-3) 17 (0-65) 0.(0-0)

(CFU x mL™")

Data are presented as median (IQR). Differences between the KCi and Control groups and be-
tween the TLR4i and Control groups were assessed using the Mann-Whitney U test. ¥ p <0.05
denotes difference between the TLR4i and Control groups. KCi indicates Kupffer cell inhibi-
tion; TLR4i indicates TLR4 inhibition.

Ex vivo phagocytic capacity of monocytes and neutrophil
granulocytes

Following 3 hours of incubation, both monocyte and neutrophil granulocyte
ex vivo phagocytic capacity were reduced in blood samples treated with GdCls
compared with untreated samples (Table 5; p < 0.05 for both comparisons).

Table 5. Monocyte and neutrophil granulocyte ex vivo phagocytic capacity.

Ex vivo phagocytic Ex vivo GdCl3 Ex vivo NaCl
capacity index (n=6) (n=26)
Monocyte 302 (252-447) * 412 (337-573)
Neutrophil 556 (220-662) * 802 (672-1021)
granulocyte

Data are presented as median (IQR). Differences in phagocytic activity were assessed using the
Wilcoxon matched-pairs test. *p < 0.05 denotes differences between the ex vivo GdCl; and
ex vivo NaCl. Ex vivo GdCls refers to arterial blood samples incubated with gadolinium chlo-
ride, and ex vivo NaCl to paired control samples incubated with saline alone.

Bacterial growth in the liver and spleen

E. coli counts in the liver were higher in the KCi group than in the Control
group (Figure 32; p < 0.05), whereas no difference in splenic bacterial counts
was observed between the groups. Similarly, E. coli counts in both the liver
and spleen were comparable between the TLR4i and Control groups.
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Bacterial counts in the liver and spleen
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Figure 32. Bacterial counts in the liver and spleen. Central marker denotes mean value.
The box denotes the mean + SEM, and the whiskers mean + 2SD. *p < 0.05 for dif-
ference between the KCi and Control group.

Hepatic endotoxin elimination

No differences in hepatic endotoxin elimination were observed between ani-
mals receiving Kupffer cell inhibition and untreated controls. Portal venous,
hepatic venous, and arterial endotoxin levels (Figure 33), as well as the hepatic
to portal venous endotoxin ratio (KCi: 0.89 (0.55-1.03), Control: 0.80 (0.57-
1.00)), were similar between groups. Endotoxin levels were higher in animals
receiving TLR4 inhibition than in untreated controls in portal venous, hepatic
venous, and arterial blood, likely due to detection of the administered TLR4
antagonist in the endotoxin assay (Figure 33). However, no differences were
observed in the hepatic to portal venous endotoxin ratio between groups
(TLR4i: 0.87 (0.80-1.00)), suggesting that hepatic endotoxin elimination was
unaffected by TLR4 inhibition.
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Endotoxin levels at 3 hours
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Figure 33. Endotoxin levels in the portal vein, hepatic vein and the artery during the
E. coli infusion at 3 hours. The central marker denotes median value, the box denotes
interquartile range (IQR) and the whiskers non-outlier range. Tp < 0.05, 11p < 0.01,
T11p < 0.001 denote differences between the TLR4i and Control groups.

Inflammatory and physiological responses

Kupffer cell inhibition altered the inflammatory response primarily through
reduced IL-10 levels. TNF and IL-6 levels were comparable to those observed
in untreated controls, whereas I1L-10 levels were lower following Kupffer cell
inhibition throughout the experiment (p < 0.05; Figure 34). No differences in
the IL-10/TNF ratio were observed between the KCi and Control groups.

In contrast, TLR4 inhibition resulted in more pronounced alterations of the
inflammatory response. TNF levels were lower than in untreated controls (p
<0.001), and IL-6 levels were reduced during and after the E. coli infusion (p
< 0.05). Furthermore, IL-10 levels were similar between groups, whereas the
IL-10/TNF ratio was higher following TLR4 inhibition than in controls (p <
0.001; Figure 34).
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Figure 34. The levels of tumor necrosis factor (TNF) (a), interleukin 6 (IL-6) (b), in-
terleukin 10 (IL-10) (c), and IL-10/TNF ratio (d) during the experiment. Vertical bars
denote = SEM. * p<0.05 for difference between the KCi and Control groups. fp <
0.05, ¥11p < 0.001 for difference between the TLR4i and Control groups at 1-3.5
hours.

Kupffer cell inhibition and TLR4 inhibition had distinct effects on the physi-
ological response to bacteremia (Table 6). MAP and CI were similar in ani-
mals receiving Kupffer cell inhibition and untreated controls. However, cu-
mulative noradrenaline requirements to maintain MAP were lower following
Kupfter cell inhibition (p <0.001). In addition, arterial lactate levels (p <0.01)
and hemoglobin concentrations were lower (p < 0.001) in the KCi group,
whereas base excess remained unchanged. Compared with untreated controls,
animals receiving TLR4 inhibition exhibited higher MAP and lower CI (p <
0.001 and p < 0.05, respectively). Cumulative noradrenaline doses were also
lower (p < 0.05), while leukocyte and neutrophil counts were higher (p < 0.05
and p < 0.01, respectively). Arterial lactate levels and base excess were com-
parable between the TLR4i and Control groups. No differences in the
Pa0,/Fi0; ratio, static compliance, MPAP, creatinine clearance, or urine out-
put were observed between animals receiving Kupffer cell inhibition, TLR4
inhibition, and untreated controls.
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Table 6. Animals’ weight and physiological variables during the experiment.

Kupffer cell inhi- TLR4-receptor in-
Variable bition ”KCi”, hibition ”TLR4i”, Control (n =8)
(n=8) (n=8)
Weight (kg) 25.1+£0.7 23.8+0.6 245+0.9
Pa0,/FiO; ratio (kPa)
Oh 590+£8 63£6 636
1h 52+9 46+ 12 48 £ 11
2h 44+ 12 44 + 14 44 + 15
3h 40+ 14 37+ 15 40+ 12
35h 43+ 11 39+15 42+ 11
Static compliance
(mL x cmH,O™)
Oh 28+5.7 25.1+£3.9 28.6+7.1
1h 26.1+7 222+3.8 22.9+4.6
2h 229+6 19.5+£3.1 26.3+19.6
3h 20+4.6 23.8+16 182+25
3.5h 19.7+4 17.9+2.1 16.6 £2.5
Mean arterial pressure
(mmHg)
Oh 777 85+ 11 8012
1h 7510 78+ 14 757
2h 7910 91+ 10 79+8
3h 82«5 92+ 16 T 80+ 8
35h 85+ 12 92+6 79£12
Cumulative noradren-
aline doses (ng * 0 (0-0) *** 1.6 (0-18.0) T 24.4 (6.7-58.7)
kg™
Mean pulmonary arte-
rial pressure (mmHg)
Oh 17+3 174 15£2
1h 27+7 38+4 37+£5
2h 33£8 387 33+£7
3h 34+£8 37+£5 35+£7
35h 28+7 32+4 28+ 6
Cardiac index
(L x min™!' x m?)
Oh 24+0.5 26+0.5 2.8+0.5
1h 2.7+0.5 21+04 21+03
2h 2.5+£0.7 20+0.3 T 23+0.5
3h 22+0.5 1.6+0.3 1.9+04
35h 2+04 1.9+04 21+03
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Arterial lactate
(mmol x L)
Oh

1h

2h

3h

35h

Base excess
(mmol x L)
Oh

1h

2h

3h

35h

Hemoglobin
(gxL™
Oh

1h

2h

3h

35h

Leukocyte count
(x10°x L)
Oh

1h

2h

3h

3.5h

Neutrophil granulo-
cyte count

(x10° <L)

Oh

1h

2h

3h

35h

Creatinine
clearance
(mL x min™")
Oh-2h
2h-3.5h

Urine output
(mL xkg™! xh™)
Oh-2h
2h-35h

1.4 (1.3-1.9)
1.5 (1.3-1.8)
1.5 (1.4-2.1)
2.0 (1.4-2.8)
1.7 (1.5-2.6)

55+25
5+£1.2
43+0.8
39+1
38+1.3

84 £8
91+6
97+8
103+9
101 £12

18.5 (15-22.4)
6.6 (6-9.2)

5.9(4.3-10.2)
6.9 (4.6-10.8)
8.0 (6.6-11.9)

10.4 (7.7-13.3)
1.6 (1.3-2.1)
2.1 (0.8-5.8)
2.6 (1.6-6.6)
3.4(2.6-7.1)

93 (86-122)
59 (46-89)

64 (40-115)
75 (50-97)

ek

1.9 (1.6-2.1)
2(1.8-2.5)

1.8 (1.6-2.0)
2.3(2.0-2.7)
2.3(1.6-2.7)

6+1.7
4+2
4.7+1.7
39+1.6
43+1.8

89«5
98+7
101+8
107+9
104+ 8

18.6 (12.6-23.1)
7.9 (6.4-11.9)
9.4 (6.9-17.4)
9.6 (7.1-13.9)
9.1 (6.4-13.1)

9.6 (5.5-13.7)
2.5(1.6-3.1)
3.6 (2.1-13.3)
4.5(2.1-10.3)
4.8(2.4-9.5)

85 (55-93)
67 (60-91)

53 (31-113)
83 (53-117)

1.7(1.3-2.2)
2.3(2.0-2.6)
1.9 (1.8-2.5)
2.2(1.9-2.8)
2.3(2.0-2.6)

6.7+1.3
39+£25
48+1.7
42+2.1
42+1.5

91+4
100 £ 8
104 +3
110+3
111£8

17.2 (13.9-20)
7.3(5.2-9.9)

5.2(3.9-13.5)
6.9 (5.1-12.5)
6.5 (5.3-11.6)

7.8 (6.4-11.2)
1.2(1-2.2)
1.1 (0.5-4.6)
3(1.7-5.7)
2.7 (2-5.6)

77 (45-106)
63 (51-66)

37 (21-85)
49 (31-120)
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Normally distributed data are presented as mean+ SD, and non-normally distributed data as
median (IQR). Data were log-transformed when appropriate for statistical analysis but are pre-
sented in non-log-transformed form. Differences between the KCi and Control groups and be-
tween the TLR4i and Control groups over 1-3.5 h were assessed using ANOVA III for repeated
measurements, or with Mann-Whitney U test. *p <0.05, **p < 0.01, ***p <0.001 denote dif-
ferences between the KCi and Control groups; fp < 0.05, f1p < 0.01, ¥1p < 0.001 denote
differences between the TLR4i and Control groups. KCi indicates Kupffer cell inhibition;
TLR4i indicates TLR4 inhibition.

77



Discussion

“Everything is very uncertain, and that's exactly what makes me feel
reassured.”
— Tove Jansson, Moominland Midwinter (Trollvinter)

Effects of systemic inflammation on bacterial
elimination

Bacterial and endotoxin elimination in the liver and spleen

A central finding of this thesis was that pre-existing systemic inflammation
impaired bacterial elimination in both the liver and the spleen (Papers I and
II), the two major organs within the mononuclear phagocyte system. In the
liver, such alterations may reflect impairment of the gatekeeper function that
normally limits the passage of bacteria and microbial products from the intes-
tine into the systemic circulation.

The liver and spleen are the principal organs responsible for the rapid clear-
ance of circulating bacteria [61], although they rely on fundamentally different
mechanisms for bacterial elimination. In the spleen, bacteria are removed
through a filtration process involving macrophages in the red pulp and mar-
ginal zone [87, 127], whereas hepatic bacterial elimination is largely mediated
by Kupffer cells within the liver sinusoids [128]. Although the spleen has been
reported to exhibit higher bacterial uptake than the liver [129], the considera-
bly larger size and blood flow of the liver provide a substantial clearance ca-
pacity, indicating that both organs contribute significantly to the elimination
of circulating bacteria. Despite these anatomical and functional differences,
bacterial elimination was impaired in both organs following prolonged endo-
toxemia, suggesting that systemic inflammation affects mechanisms shared
across the mononuclear phagocyte system.

Interestingly, impaired splenic bacterial elimination occurred despite pre-
vious observations in a similar porcine model demonstrating increased bacte-
rial killing in the spleen following 24 hours of endotoxin exposure [129].
Thus, impaired bacterial elimination may occur despite preserved or even
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enhanced bacterial killing. Whereas bacterial killing reflects destruction of
microorganisms, splenic bacterial elimination also depends on effective filtra-
tion and retention of bacteria within the spleen. One possible explanation is
therefore that systemic inflammation affected the splenic filtration process ra-
ther than bacterial killing itself. This may be caused by inflammation-induced
increases in permeability affecting the venous interendothelial slits, which
normally impede the passage of rigid bacteria while allowing deformable
blood cells to re-enter the circulation. Such alterations could theoretically al-
low passage of bacteria back into the venous circulation, leading to reduced
splenic elimination despite preserved or even enhanced bacterial killing. Nev-
ertheless, arterial bacterial concentrations remained similar between groups.
The high bacterial burden generated by the continuous infusion used in our
model may have obscured the impact of splenic bacterial elimination on sys-
temic bacterial levels. In clinical sepsis, where bacterial concentrations are
generally lower, effective splenic elimination may be more important for con-
trolling bacteremia.

Previous studies investigating the effects of pre-existing systemic inflam-
mation on bacterial elimination have reported conflicting results. Endotoxin
exposure has been associated with enhanced bacterial elimination and im-
proved survival in some experimental models [130-132], whereas others have
demonstrated impaired bacterial clearance and increased bacterial growth
within organs [133]. These discrepancies likely reflect differences in the mag-
nitude and duration of the initial inflammatory stimulus, as well as the timing
of the secondary challenge [134, 135]. The immunosuppressive state follow-
ing severe inflammation is heterogeneous and may differ depending on the
underlying cause. Although sepsis, trauma, and burn injury have all been as-
sociated with immune dysfunction, the resulting changes may vary between
conditions, organs, and immune cell populations [46]. The elevated IL-
10/TNF ratio in Paper I suggests that the animals remained in an anti-inflam-
matory or immunosuppressed state at the time of bacterial challenge. This in-
terpretation is supported by previous studies demonstrating that IL-10 may
impair bacterial clearance [131, 136].

In Paper I, bacteria were infused directly into the portal vein, resulting in
portal venous bacterial concentrations of approximately 1500 CFU,qj x mL™".
In Paper 11, bacteria were administered through a central venous catheter. As-
suming the spleen is the only organ in the splanchnic circulation able to elim-
inate bacteria before the blood reaches the portal vein, portal venous bacterial
concentrations would be expected to be modestly lower than arterial concen-
trations. Despite these differences in bacterial load, hepatic bacterial elimina-
tion was greater in Paper I, corresponding to an approximate reduction in
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bacterial counts of 90%, compared with about 50% in the present study. These
findings suggest that hepatic bacterial elimination is not saturated within the
range of bacterial concentrations studied and may even increase with increas-
ing bacterial exposure. In contrast, no relationship between arterial bacterial
concentration and splenic bacterial elimination could be identified. Individual
splenic elimination values showed neither evidence of saturation nor increas-
ing bacterial elimination at higher bacterial concentrations. The liver serves as
an important gatekeeper, preventing bacteria that have crossed the intestinal
barrier from entering the systemic circulation, and the ability to augment bac-
terial elimination in response to increasing bacterial load may represent a key
feature of this protective function.

In parallel with the impairment in bacterial elimination, hepatic endotoxin
elimination was also reduced. This suggests that the observed dysfunction was
not limited to viable bacteria but affected hepatic clearance mechanisms more
broadly. Since the liver constitutes the first major line of defense against both
bacteria and endotoxin derived from the intestine, reduced elimination of both
may lead to increased systemic exposure to microbial products during ongoing
systemic inflammation. Contrasting our findings in the liver, no detectable en-
dotoxin elimination across the spleen could be demonstrated in either group.
Since the liver is considered the primary organ responsible for endotoxin
clearance [137, 138], the contribution of the spleen may either be too small to
be detected in our model or obscured by the high endotoxin concentrations
generated during the experiments.

Signs of immunosuppression and endotoxin tolerance

In Paper I, we observed a markedly reduced blood ex vivo bactericidal capac-
ity following 24 hours of endotoxin exposure, corresponding to previous find-
ings of reduced leukocyte responsiveness to endotoxin [135]. The combina-
tion of impaired hepatic elimination, reduced bactericidal capacity, and atten-
uated inflammatory and physiological responses suggests a diminished ability
to contain and respond to abdominal bacterial infection. Decreased hepatic
elimination of PAMPs together with reduced bactericidal capacity may there-
fore represent features of sepsis-induced immunosuppression. In contrast to
Paper I, no reduction in ex vivo bactericidal capacity was observed in animals
with pre-existing systemic inflammation in Paper II, consistent with previous
findings from a similar porcine model demonstrating preserved bactericidal
capacity following prolonged endotoxin exposure [129]. Moreover, ex vivo
bactericidal capacity did not correlate with splenic bacterial elimination.
These findings suggest that the impaired splenic bacterial elimination was not
mediated by altered bactericidal activity in blood. The discrepancy between

80



Papers I and II remains unexplained but indicates that impaired bacterial elim-
ination during systemic inflammation cannot be attributed solely to changes
in circulating bactericidal capacity.

An interesting observation was that impaired bacterial and endotoxin elim-
ination occurred together with attenuated inflammatory and physiological re-
sponse. The inflammatory response to the E. coli infusion was attenuated and
showed an anti-inflammatory predominance in pigs with pre-existing sys-
temic inflammation. Likewise, the physiological response to the bacterial
challenge was blunted, with only modest changes in circulatory function, lac-
tate levels and TNF concentrations. In contrast, previously healthy animals
developed hypotension requiring noradrenaline treatment to maintain MAP,
hyperlactatemia and higher TNF levels. These findings are consistent with
previous studies from our group and others [135, 139, 140] and support the
development of an endotoxin-tolerant or immunosuppressed phenotype. Alt-
hough hepatic elimination of bacteria and endotoxin was impaired, potentially
resulting in increased systemic exposure to PAMPs, this did not elicit an aug-
mented inflammatory response. Of note, complement activation was increased
in animals with pre-existing systemic inflammation (Paper 1), despite im-
paired hepatic bacterial elimination and reduced ex vivo bactericidal capacity.
This finding suggests that the observed immune dysfunction did not represent
a generalized suppression of innate immunity, consistent with previous reports
[40]. Instead, complement activation was augmented but insufficient to main-
tain effective bacterial elimination.
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Mechanisms of hepatic bacterial elimination

Kupffer cells and TLR4 in hepatic bacterial elimination

The mechanisms underlying the impaired hepatic bacterial elimination seen
during systemic inflammation remain uncertain. Several functions in the liver
are known to be affected during sepsis [80]. Although we observed impaired
hepatic bacterial elimination in animals with pre-existing systemic inflamma-
tion, ICG-PDR did not indicate reduced liver function before the bacterial
challenge. The findings therefore suggest that the impaired bacterial elimina-
tion in the liver was likely not due to overt liver failure. Impaired Kupffer cell
function has been associated with increased bacteremia and endotoxemia, il-
lustrating the importance of the liver in preventing bacterial dissemination
[141, 142]. The most important finding of Paper IV was that neither Kupffer
cell inhibition nor TLR4 inhibition impaired hepatic bacterial elimination.
These findings contrast with those of Paper I, where pre-existing systemic in-
flammation markedly impaired hepatic bacterial elimination, suggesting that
the mechanism behind this dysfunction is more complex than isolated impair-
ment of Kupffer cell phagocytosis or TLR4 signaling.

Kupfter cells are generally regarded as the main phagocytic cells responsi-
ble for hepatic bacterial clearance. As indicated by reduced ex vivo phagocytic
capacity of circulating monocytes, partial inhibition of phagocytic function
was achieved following GdCl; administration. Although bacterial growth in
the liver increased following Kupffer cell inhibition, the hepatic to portal ve-
nous bacterial count ratio was unchanged, indicating preserved hepatic bacte-
rial elimination. Previous studies have demonstrated impaired hepatic bacte-
rial elimination following more extensive Kupffer cell inhibition [141]. In the
current study, ex vivo monocyte phagocytic capacity was reduced by approx-
imately 30%, whereas reductions of up to 70% have been reported previously
[143]. The preserved hepatic elimination observed here therefore suggests that
substantial compensatory capacity remains despite partial Kupffer cell inhibi-
tion. GACls is also known to preferentially affect Kupffer cells while exerting
less pronounced effects on extrahepatic macrophage populations [144, 145],
further supporting the possibility that redundant clearance mechanisms con-
tribute to the robust hepatic bacterial elimination. The increased bacterial
counts observed in the liver despite maintained hepatic elimination are of par-
ticular interest. These findings suggest that partial Kupffer cell inhibition may
affect bacterial killing to a greater extent than overall hepatic elimination of
bacteria from the circulation. Thus, Kupffer cell inhibition altered bacterial
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handling within the liver without reproducing the marked impairment in he-
patic bacterial elimination observed during systemic inflammation in Paper 1.

In contrast to Kupffer cell inhibition, TLR4 inhibition did not affect bacte-
rial growth in either the liver or spleen. Furthermore, hepatic bacterial elimi-
nation remained unchanged following TLR4 inhibition. However, systemic
bacterial clearance after cessation of the bacterial infusion was delayed. These
findings are partly consistent with previous reports demonstrating impaired
bacterial clearance following disruption of TLR4 signaling [22, 146], as well
as experimental data indicating a role for TLR4 in macrophage phagocytosis
[147, 148]. The absence of an effect during ongoing bacterial infusion, but
delayed systemic bacterial elimination thereafter, may reflect a dose-depend-
ent limitation of TLR4 inhibition or the engagement of compensatory TLR4-
independent mechanisms during the early phase of bacteremia. To our
knowledge, this is the first large-animal study examining the role of TLR4
signaling in hepatic bacterial elimination. The findings suggest that TLR4 may
contribute to systemic bacterial clearance but that hepatic bacterial elimination
can be maintained through TLR4-independent mechanisms.

Neither Kupffer cell nor TLR4 inhibition affected hepatic endotoxin elim-
ination. Previous studies investigating the role of Kupffer cells in endotoxin
clearance have produced conflicting results, with some reporting impaired
elimination following Kupffer cell inhibition [149] and others demonstrating
preserved endotoxin clearance [150]. The current findings support the latter
observations and are consistent with the existence of redundant hepatic endo-
toxin clearance pathways involving both Kupfter cells, LSECs and hepato-
cytes [69, 151, 152]. Interpretation of the TLR4 inhibition data is complicated
by the fact that the administered TLR4 antagonist was detected by the endo-
toxin assay. Nevertheless, hepatic to portal venous endotoxin ratios were sim-
ilar between groups. Together with previous observations demonstrating pre-
served endotoxin elimination despite inhibition of CD14-mediated endotoxin
recognition [153], these findings suggest that hepatic endotoxin handling can
be maintained through compensatory mechanisms independent of TLR4 sig-
naling [22, 154]. Importantly, these findings should be interpreted in the con-
text of Paper I, in which prolonged systemic inflammation impaired hepatic
endotoxin elimination. The observation that neither Kupffer cell inhibition nor
TLR4 blockade affected endotoxin elimination suggests that the impairment
induced by systemic inflammation is likely to reflect more complex changes
involving multiple hepatic cell populations and redundant endotoxin clearance
mechanisms.

83



Effects on inflammatory and physiological responses

Kupffer cell inhibition selectively altered the inflammatory response by atten-
uating IL-10 production without affecting TNF or IL-6 levels. Macrophages,
including Kupffer cells, are important sources of IL-10 [155], and these find-
ings are consistent with previous studies demonstrating reduced IL-10 pro-
duction following GdCl; treatment [156, 157]. In contrast, TLR4 inhibition
resulted in an attenuation of the pro-inflammatory response, reflected by lower
TNF and IL-6 levels and increased IL-10/TNF ratios. These findings are in
agreement with previous studies showing that TLR4 blockade attenuates in-
flammatory responses to endotoxin and Gram-negative bacteria [158, 159].
The diminished cytokine response occurred despite preserved hepatic bacte-
rial elimination, suggesting that inflammatory activation and bacterial clear-
ance may be regulated through partly independent mechanisms. This observa-
tion is consistent with the findings of Paper III, where modulation of the in-
flammatory response by budesonide occurred without measurable impairment
of hepatic bacterial elimination.

Kupffer cell inhibition had relatively modest physiological effects and was
primarily associated with reduced lactate levels and lower noradrenaline re-
quirements, findings similar to previous observations in porcine endotoxemia
[160]. TLR4 inhibition produced more pronounced physiological effects, in-
cluding higher mean arterial pressure, lower cardiac index, and reduced vaso-
pressor requirements to maintain blood pressure. These findings likely reflect
attenuation of inflammation-mediated vasodilation and are consistent with
previous studies of TLR4 antagonism during endotoxemia [158, 159].

In conclusion, neither partial Kupffer cell inhibition nor TLR4 inhibition
reproduced the impaired hepatic bacterial elimination observed during sys-
temic inflammation in Paper I. Although both interventions altered bacterial
handling, cytokine responses, or systemic bacterial clearance, hepatic bacte-
rial elimination itself remained preserved. These findings suggest that the im-
paired hepatic bacterial elimination observed during systemic inflammation is
unlikely to be explained solely by impaired Kupffer cell phagocytosis or dis-
rupted TLR4 signaling. Instead, the mechanisms underlying the impairment
of hepatic bacterial elimination are probably multifactorial. Furthermore, an
important finding across Papers III and IV was that inflammatory responses
could be substantially modified without corresponding changes in hepatic bac-
terial elimination. Together, these studies suggest that inflammatory signaling
and bacterial elimination can be regulated at least partly independently.
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Regional hepatic immunomodulation

Regional immunomodulation was investigated to determine whether selective
attenuation of the hepatic inflammatory response would affect bacterial elim-
ination. If hepatic immune activation represents an important driver of sys-
temic inflammation, selectively attenuating the hepatic inflammatory re-
sponse may modulate systemic inflammation. The present findings support
this concept, as portal administration of budesonide altered inflammatory and
physiological responses while preserving hepatic bacterial and endotoxin
elimination.

Hepatic bacterial elimination was similar following portal and systemic ad-
ministration of budesonide and in untreated controls. Likewise, no differences
in bacterial growth in the liver or spleen were observed between the groups,
indicating that bacterial killing within these organs was not impaired by
budesonide administration. Despite the absence of differences in hepatic bac-
terial elimination, portal and systemic administration of budesonide appeared
to influence bacterial handling differently. Portal venous bacterial concentra-
tions were similar between groups, whereas arterial and hepatic venous bac-
terial concentrations were lower following portal than systemic administration
of budesonide. This pattern may indicate impaired overall bacterial elimina-
tion following systemic glucocorticoid administration. Alternatively, hepatic
bacterial elimination may also have been reduced after systemic budesonide
administration, but variability in both the numerator and denominator of the
hepatic to portal venous bacterial count ratio may have limited the ability to
detect such an effect. In addition, circulating bacteria were rapidly eliminated
following completion of the bacterial infusion, making potential differences
in clearance rates difficult to detect.

The effects of glucocorticoids on bacterial elimination have previously
been investigated with conflicting results. Prolonged bacterial clearance has
been reported following administration of stress-dose hydrocortisone despite
preserved phagocytic function [112], whereas other studies have reported no
increase in bacteremia following glucocorticoid treatment [161]. Experi-
mental studies have demonstrated both enhanced and impaired phagocytic
function following glucocorticoid exposure [162-164]. Differences in gluco-
corticoid compound, dosage, timing of administration, pathogen, and animal
species likely contribute to these discrepant findings [112, 161, 165, 166]. In
the present study, portal administration of budesonide was not associated with
the increase in circulating bacterial levels observed following systemic admin-
istration. The timing of glucocorticoid administration may also influence their
effects on bacterial elimination. Previous studies have demonstrated lower
rates of bacteremia when glucocorticoids are administered before rather than
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after bacterial challenge [165]. As Paper III was designed as a proof-of-con-
cept investigation, budesonide was administered before the E. coli infusion to
allow time for glucocorticoid-mediated effects on gene transcription and pro-
tein expression to develop [167].

While hepatic bacterial elimination remained preserved, portal budesonide
administration altered the inflammatory response to bacteremia. Animals re-
ceiving portal budesonide exhibited a more pronounced anti-inflammatory re-
sponse than animals receiving systemic budesonide. If the liver plays a central
role in coordinating anti-inflammatory signaling and IL-10 production, the
higher local hepatic exposure achieved through portal administration may ex-
plain these findings. In support of this interpretation, dexamethasone-pre-
treated murine Kupffer cells have been shown to shift from a pro-inflamma-
tory to an anti-inflammatory TLR4 response, characterized by reduced TNF
and increased IL-10 expression following stimulation [168]. Peak IL-6 con-
centrations were similar between groups, but the concentrations declined more
rapidly in glucocorticoid-treated animals. The observed IL-6 kinetics may re-
flect the prominent contribution of the liver to systemic IL-6 production dur-
ing sepsis [84]. Alternatively, the limited systemic exposure to budesonide
following hepatic first-pass metabolism may have been sufficient to attenuate
cytokine responses systemically. In line with previous reports, budesonide at-
tenuated the respiratory, circulatory, and metabolic responses to the E. coli
infusion [112, 165, 169, 170]. Systemic administration produced more pro-
nounced physiological effects than portal administration, likely reflecting
higher systemic exposure. This interpretation is supported by the extensive
first-pass metabolism of budesonide within the liver.

Paper III demonstrated that modulation of the inflammatory response could
be achieved without measurable impairment of hepatic bacterial elimination.
Portal administration of budesonide resulted in a more pronounced anti-in-
flammatory response than systemic administration while avoiding the increase
in circulating bacterial levels observed following systemic treatment. These
findings suggest that regional hepatic immunomodulation may differ funda-
mentally from systemic immunosuppression and support the possibility of al-
tering inflammatory responses without necessarily compromising bacterial
elimination. Although direct portal venous administration is primarily an ex-
perimental approach, hepatic targeting of budesonide can be achieved clini-
cally through oral administration, intestinal absorption, and first-pass metab-
olism. Thus, the concept of regional immunomodulation in sepsis merits fur-
ther investigation.
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Methodological considerations

General strengths and limitations

A major strength of this thesis was the use of a clinically relevant large-animal
intensive care model. The size of the juvenile pig allowed advanced instru-
mentation, repeated blood sampling, and physiological monitoring similar to
that used in intensive care units. Furthermore, the model incorporated resus-
citation and organ support measures that resemble clinical intensive care prac-
tice, increasing the translational relevance of the findings [171-173]. Another
important strength was the ability to perform direct measurements of bacterial
and endotoxin elimination across individual organs. Simultaneous blood sam-
pling before and after the liver and the spleen made it possible to quantify
organ-specific elimination in vivo, which is difficult to achieve in clinical stud-
ies and small-animal models.

The porcine liver shares important anatomical and physiological similari-
ties with the human liver, and both the porcine immune system and circulation
have been suggested to resemble those of humans more closely than those of
most other non-primate species [116, 174, 175]. Together, these features sup-
port the relevance of the model for studying hepatic bacterial elimination dur-
ing sepsis. Finally, all studies employed controlled and reproducible models
of systemic inflammation and sepsis. Prolonged low-dose endotoxin infusion
generated a predictable inflammatory response, while standardized infusions
of live E. coli induced a reproducible septic challenge. Although these models
were well suited for studying bacterial elimination and inflammatory re-
sponses, they do not fully mimic the complex and heterogeneous course of
naturally occurring inflammation and sepsis in patients.

A further limitation of all studies is that regional blood flow was not meas-
ured. Because organ-specific bacterial and endotoxin elimination was as-
sessed from vascular concentration gradients, changes in hepatic and splenic
blood flow could theoretically have influenced the results. Measurement of
regional blood flow was considered during model development, but pilot ex-
periments showed that the placement of flow probes impaired organ perfusion
and could itself affect bacterial elimination. However, given the magnitude of
the observed changes in bacterial and endotoxin elimination, it is unlikely that
the findings were solely the result of alterations in regional blood flow.

Also, all studies were performed in young, previously healthy pigs. In con-
trast, patients with sepsis are often older and frequently have pre-existing
comorbidities. Consequently, the findings should be extrapolated to human
disease with caution. The studies were also performed in conventionally raised
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pigs rather than specific pathogen-free animals. Although all animals appeared
clinically healthy, were evenly distributed between groups, and no overt signs
of infection were observed, subclinical infections cannot be completely ex-
cluded.

Paper I and I1

A limitation of Papers I and II was that bacterial growth within the liver and
spleen was not assessed directly, as biopsies from the liver and spleen for bac-
terial cultures were not obtained. Consequently, it was not possible to deter-
mine whether pre-existing systemic inflammation affected bacterial growth
within these organs.

Paper III

As a proof-of-concept study, budesonide was administered before bacterial
challenge. Clinically, glucocorticoid treatment is generally initiated after in-
fection has been established. The timing of administration therefore limits di-
rect clinical extrapolation. Although budesonide undergoes extensive first-
pass metabolism, systemic glucocorticoid effects were still observed. Serum
concentrations of budesonide and its metabolites were not measured, limiting
the ability to directly quantify systemic drug exposure. However, the observed
differences in bacterial elimination, inflammatory responses, and physiologi-
cal variables following portal versus systemic administration suggest that a
substantial proportion of the portal budesonide dose underwent hepatic me-
tabolism before reaching the systemic circulation. Ex vivo bactericidal capac-
ity was not evaluated. Due to practical time constraints during the experi-
ments, these analyses were not included in the original study design. Conse-
quently, the effects of portal and systemic budesonide administration on cir-
culating bactericidal capacity could not be determined.

Paper IV

In Paper IV, both Kupffer cell inhibition and TLR4 inhibition were partial
rather than complete. More extensive inhibition may have resulted in different
effects on bacterial elimination and inflammatory responses. Although neither
Kupffer cell nor TLR4 inhibition impaired hepatic bacterial elimination, the
findings do not exclude important roles for these pathways. Rather, they
demonstrate that partial inhibition of either pathway alone was insufficient to
reproduce the impaired hepatic bacterial elimination observed during systemic
inflammation. Ex vivo bactericidal capacity was not assessed. Because of the
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extensive sampling and laboratory workload associated with the experimental
protocol, these analyses were not feasible during the study. Consequently, it
remains unclear whether Kupffer cell or TLR4 inhibition affected the bacteri-

cidal capacity of circulating blood.
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Conclusions

Paper 1

Pre-existing systemic inflammation impaired both hepatic bacterial and endo-
toxin elimination during experimental bacteremia. This impairment was ac-
companied by reduced blood ex vivo bactericidal capacity and an attenuated
inflammatory and physiological response, consistent with the development of
an immunosuppressed phenotype.

Paper 11

Pre-existing systemic inflammation impaired splenic bacterial elimination and
was associated with an attenuated inflammatory response to bacteremia. No
measurable endotoxin elimination could be demonstrated across the spleen,
supporting the concept that the liver is the principal organ responsible for en-
dotoxin clearance.

Paper 111

Regional hepatic immunomodulation with portal administration of
budesonide induced a more anti-inflammatory response to bacteremia than
systemic administration without impairing hepatic bacterial or endotoxin
elimination. Unlike systemic budesonide administration, portal administration
was not associated with increased circulating bacterial levels. These findings
suggest that targeted hepatic immunomodulation may modify inflammatory
responses while preserving bacterial clearance.

Paper IV

Neither Kupffer cell inhibition nor TLR4 inhibition impaired hepatic bacterial
or endotoxin elimination. Kupffer cell inhibition increased bacterial growth
within the liver and attenuated IL-10 responses, whereas TLR4 inhibition de-
layed systemic bacterial clearance and attenuated pro-inflammatory cytokine
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responses. These findings indicate that hepatic bacterial elimination is sup-
ported by redundant mechanisms and is not dependent solely on Kupffer cell
function or TLR4 signaling.
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Future perspectives

The present studies demonstrate that systemic inflammation impairs bacterial
elimination in both the liver and spleen, whereas hepatic bacterial elimination
remains remarkably preserved during selective modulation of hepatic inflam-
mation, Kupffer cell function, and TLR4 signaling. However, several im-
portant questions remain unanswered.

An important area for future investigation is the interaction between anti-
microbial therapy and hepatic bacterial elimination. Although the present
studies were performed without antibiotic treatment, antimicrobial therapy is
a central component of sepsis management and may substantially influence
both bacterial burden and host responses. B-lactam antibiotics induce bacterial
lysis and have been shown to increase endotoxin release from Gram-negative
bacteria. Previous studies performed in the same porcine model have demon-
strated that E. coli killed by cefuroxime induce a more pronounced pro-in-
flammatory cytokine response than viable bacteria, and that this effect may be
attenuated by the addition of aminoglycosides [176]. Future studies should
investigate how antibiotic treatment influences bacterial elimination, endo-
toxin handling, and inflammatory responses in the liver and spleen.

The findings of Paper III suggest that regional hepatic immunomodulation
may alter inflammatory responses without measurable impairment of hepatic
bacterial elimination. Although portal venous administration provided proof-
of-concept, this route has limited clinical applicability. Future studies should
therefore investigate whether similar effects can be achieved through clini-
cally relevant administration routes, such as oral budesonide treatment. Since
oral budesonide undergoes extensive first-pass hepatic metabolism, it may al-
low selective targeting of the liver without the need for direct portal venous
administration. Dose-finding studies are needed to determine whether suffi-
cient hepatic drug exposure can be achieved while maintaining low systemic
glucocorticoid concentrations.

The timing of immunomodulatory treatment also warrants further investi-
gation. In the present study, budesonide was administered before bacterial
challenge in order to allow sufficient time for glucocorticoid-mediated effects
on gene transcription and protein expression to develop. This approach was
chosen as a proof-of-concept design to investigate whether attenuation of
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hepatic immune activation could influence the subsequent response to bacte-
remia. However, in clinical practice, immunomodulatory treatment is gener-
ally initiated after the onset of infection and sepsis. Additional studies should
therefore investigate whether regional hepatic immunomodulation remains ef-
fective when administered after the development of bacteremia or established
sepsis. Such experiments would require longer-duration sepsis models allow-
ing treatment to be initiated after the inflammatory response has been estab-
lished and would provide important information regarding the therapeutic po-
tential and clinical applicability of this approach.

Given that neither Kupffer cell inhibition nor TLR4 inhibition reproduced
the impaired hepatic bacterial elimination observed during prolonged endo-
toxemia, other components of the innate immune system, including neutro-
phils and neutrophil extracellular traps, represent logical targets for future in-
vestigation. Besides Kupffer cells, liver sinusoidal endothelial cells (LSECs)
constitute an important component of the hepatic reticuloendothelial system
and play a central role in the clearance of blood-borne waste products and
microbial components [57]. The contribution of LSECs to hepatic bacterial
and endotoxin handling during systemic inflammation remains incompletely
understood and warrants further investigation. As LSECs also participate in
immune regulation and inflammatory signaling, it would be of interest to de-
termine whether alterations in LSEC function influence not only hepatic host
defense but also the inflammatory response during sepsis [57, 177].
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Popularvetenskaplig sammanfattning

Sepsis 4r ett livshotande tillstdnd som uppstar néar kroppens férsvar mot en
infektion blir s& kraftigt att det skadar kroppens egna organ. Miljontals mén-
niskor drabbas varje ér, och dodligheten dr fortfarande hég trots modern in-
tensivvard. Aven hos patienter som dverlever den akuta sjukdomen kan
langvariga komplikationer uppsta. Trots omfattande forskning finns det fort-
farande fa specifika behandlingar riktade mot sjdlva sjukdomsprocessen vid
sepsis.

Nér bakterier tar sig in i blodbanan aktiveras immunforsvaret. Samtidigt
maste kroppen snabbt oskadliggdra och avldgsna bakterier och bakteriepro-
dukter. Levern och mjélten ar tva av de viktigaste organen for denna uppgift.
Levern fungerar som en biologisk barridr mellan tarmen och resten av kroppen
och fangar upp bakterier som nar blodet fran mag-tarmkanalen. Mjalten filtre-
rar i sin tur blodet och avlidgsnar bakterier och andra frimmande partiklar.
Trots deras centrala betydelse dr kunskapen begransad om hur dessa organ
paverkas under sepsis.

Syftet med denna avhandling var att undersoka hur levern och mjélten eli-
minerar bakterier och endotoxin, ett inflammationsframkallande dmne fran
gramnegativa bakterier, under sepsis. Sérskilt fokus lades pd hur systemisk
inflammation och lokal immunmodulering i levern paverkar denna férmaga,
samt pd att studera mekanismer som &r viktiga for leverns eliminering av bak-
terier. Studierna genomfordes i en experimentell intensivvardsmodell pa gri-
sar. Grisens anatomi, cirkulation och immunforsvar liknar ménniskans, vilket
gor modellen sérskilt vardefull for forskning om sepsis. Genom avancerad ka-
teterteknik kunde bakterier tillforas direkt till levern eller blodbanan samtidigt
som bakteriehalter mattes i blodkarl fore och efter passage genom levern och
mjdlten. Pa sa sitt kunde organens forméga att eliminera bakterier studeras
direkt.

I de tva forsta studierna undersoktes effekten av redan padgiende systemisk
inflammation. Resultaten visade att bade leverns och mjiltens forméga att eli-
minera bakterier forsdmrades efter langre tids exponering for endotoxin. Trots
att immunforsvaret samtidigt reagerade svagare pa en ny bakterieutmaning
kunde fler bakterier passera organen. Fynden tyder pd att pégdende
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inflammatorisk aktivering kan leda till ett tillstdnd dar kroppens forsvarsfunkt-
ioner forsdmras, trots att inflammationen som sadan dampas.

I den tredje studien undersoktes ett nytt behandlingskoncept: regional im-
munmodulering. Tanken var att ddimpa inflammationen lokalt i levern utan att
paverka hela kroppens immunforsvar. For detta anvindes budesonid, ett kor-
tisonldkemedel som till stor del bryts ned redan vid forsta passagen genom
levern. Resultaten visade att lokal behandling genom portavenen péaverkade
inflammationssvaret men utan att forsdmra leverns forméga att eliminera bak-
terier eller endotoxin. Detta skiljde sig fran systemisk behandling, dar fler bak-
terier aterfanns i systemcirkulationen. Studien talar for att riktad behandling
mot ett enskilt organ kan vara méjlig utan att samtidigt forsdmra kroppens
infektionsforsvar.

I den fjarde studien undersoktes tvé viktiga delar av det medfodda immun-
forsvaret: Kupfferceller, leverns egna makrofager, samt receptorn TLR4 som
kénner igen endotoxin. Overraskande nog paverkades inte leverns formaga att
eliminera bakterier nimnvart niar ndgon av dessa mekanismer himmades. Re-
sultaten tyder pé att leverns forsvar mot bakterier bygger pé flera samverkande
och delvis dverlappande system. Om en mekanism slas ut kan andra delvis
kompensera.

Sammanfattningsvis visar avhandlingen att systemisk inflammation for-
sdmrar bakterieelimineringen i bade lever och mjilte, samtidigt som immun-
forsvarets reaktion pa nya infektioner ddmpas. Resultaten visar ocksa att le-
verns forsvarsfunktion ar robust och stods av flera parallella mekanismer.
Slutligen talar fynden for att riktad immunmodulering i levern skulle kunna
vara en framtida strategi for att paverka inflammationen vid sepsis utan att
forsamra kroppens forméga att bekédmpa infektioner. Detta kan pa sikt bidra
till utvecklingen av mer tréffsikra behandlingar for patienter med sepsis.
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