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1. INTRODUCTION

1.1 Necrotising soft tissue infection

Necrotising soft tissue infection (NSTI) was first described by Hip-
pocrates in the 5th century BC as a complication of erysipelas:
“many were attacked by the erysipelas all over the body when the
exciting cause was a trivial accident or a very small wound...
Many even while undergoing treatment suffered from severe in-
flammations, and the erysipelas would quickly spread widely in all
directions. Flesh, sinews and bones fell away in large quanti-
ties...There were many deaths.”.

Definition

NSTI is a bacterial infection causing necrotic lesions in any layer
within the soft tissue compartments23. NSTI represents the more
severe form of soft tissue infections and encompasses necrotising
fasciitis, Fournier gangrene, necrotising myositis, and other ne-
crotizing infections3.
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NSTI has been described according to its anatomical location and
depth of infection, but these stratifications have limited implica-
tion for the treatment. The microbiological aetiology, however, is
clinically relevant for the classification of NSTI*>. Type 1 is a
polymicrobial infection caused by various species of gram-positive
cocci, gram-negative rods, and anaerobes including clostridium
species. Type 1 NSTI is the type most frequently reported in the
literature2467, Type 2 involves monomicrobial infection with
group A B-haemolytic streptococci or combined with staphylococ-
cal species8, whereas Type 3 is caused by gram-negative marine
organisms, most commonly Vibrio vulnificus, after puncture
wounds from fish or marine insects®1°.

Epidemiology

The incidence of NSTI has increased over the past decades!!13
and is estimated to be 40 cases per 1,000,000 person-years with
4.8 deaths per 1,000,000 person-years in the United States1415,
Similar data have been reported from the United Kingdom and
New Zealand?1, Limited data exist on the disease burden in Den-
mark, but an active surveillance of invasive group A streptococcal
infections showed an incidence of 2.6 cases per 100,000 person-
yearsl®; skin and soft tissue infections accounted for 26% and
NSTI for 6%. The cause of the increasing incidence is unknown,
but higher rates of reporting, increasing bacterial virulence, and
increasing antimicrobial resistance (or all three combined) have
been suggested?.

Even though NSTI is uncommon, many physicians will encounter
at least one case during their career’. Predisposing factors include
age, male sex, immunosuppression, diabetes mellitus, peripheral
vascular disease, chronic renal failure, underlying malignancies,
obesity, and intravenous drug use217.18, Age is associated with
mortality, increasing by 4% every year??. Delay from onset of
symptoms to surgery by more than 24 hours is also associated
with mortality20-22,

Pathogenesis

NSTI is typically caused by toxin-producing bacteria and the ex-
tensive inflammatory response is thought to be a main cause of
tissue pathology, systemic toxicity, septic shock, multiple organ
failure, and mortality>1% 23, However, the underlying pathogene-
sis of NSTl is poorly understood. In Type 1 NSTI, it is presumed
that the bacterial species work synergistically to enhance growth
and spread of infection?*. In Type 2 NSTI, different virulent factors
have been identified, such as M- and M-like proteins, that medi-
ate bacterial adherence to the infected tissue and contribute to
antiphagocytic properties, colonization, and immune evasion2>-28,
The endo- and exotoxins stimulate the production of cytokines
and the toxin-induced inflammatory response causes capillary
leakage, vascular occlusion, diminished blood flow, ischaemia,
and widespread tissue necrosis?42%30, Furthermore, some investi-
gators have attributed the rapid spreading of bacteria to the re-
lease of enzymes such as collagenase, hyaluronidase, streptoki-
nase, and lipase?131-34,

Aetiology and clinical presentation

Aetiology of the infection includes trauma, chronic skin infections,
dental infections, postoperative infections, animal and insect
bites, herpes zoster, and burns3235-37, However, idiopathic aetiol-
ogy often accounts for more than one in three cases32. The pre-
dominant sites of infection are extremities and perineum, but the
symptoms are often uncharacteristic with erythema, swelling, and
pain as the most frequently observed signs3.

Diagnostics and treatment

The distinction between non-necrotizing infection and NSTI is of
major importance because proper management of NSTI includes
early diagnosis with prompt and repeated surgical debridement
combined with a broad-spectrum antibiotic regimen, haemody-
namic support in the intensive care unit (ICU), and in some coun-
tries adjuvant treatment with intravenous immunoglobulin and
hyperbaric oxygen therapy81940, However, the presentation of
the disease is often indistinguishable from non-necrotizing infec-
tions, thus potentially delaying diagnosis and treatment3?. On this
background, the Laboratory Risk Indicator for Necrotizing Fasciitis
(LRINEC) score was developed as a diagnostic scoring system to
detect early cases of NSTI*L. The score has been associated with
amputation and mortality*243, but other studies have been una-
ble to provide clear associations between the LRINEC score and
clinically important outcomes*-47, Other diagnostic tests and
symptoms in the early phase have been proposed, such as radio-
graphic visualisation of gas in the tissue and presence of crepitus
or bullae, but surgical exploration remains the gold standard for
diagnosis830:39,

1.2 Innate immune system

In patients with NSTI, successful development of new treatment
strategies depends on knowledge of the complex immunological
interplay between pathways occurring in the early phase of infec-
tion. However, insight into this field is incomplete. Better under-
standing of the early responding pathways and mechanisms could
potentially help identify novel therapeutic targets that can stop
further dysregulation of the immune response, thus improving
outcome. Much research has been performed in patients with
sepsis where the predominant sites of infection are the lungs, ab-
domen, and urinary tract#4-52, Presumably, the immunological re-
sponse differs in patients with NSTI because of differences in the
site of the infectious focus and pathogenesis, including the exten-
sive tissue necrosis.

The innate immune system comprises the first line of defence
against invading microorganisms and plays a pivotal role in the
period between the initial infection and the establishment of an
adaptive immune response®3. Upon infection, pattern recognition
molecules (PRMs) and receptors (PRRs) recognise and bind to
structures on the surface of the microorganisms called pathogen-
associated molecular patterns (PAMPs) or damaged self called
damage-associated molecular patterns (DAMPs), prompting the
inflammatory response and systemic release of cytokines, such as
interleukins (IL) and tumor necrosis factor (TNF)>4-56,

Complement system

The complement system is a powerful effector arm of the innate
immune defence and is a collection of around 40 proteins located
in serum and on cell surfaces®”*8. The complement system is initi-
ated through the classical, lectin, and alternative pathways®?. The
three pathways converge with the formation of C3 convertases,
which leads to the generation of effector molecules involved in
opsonisation, chemotaxis, cellular lysis, cytokine production, and
inflammation>® (Fig. 2). The complement system contributes to
tissue homeostasis and is of special interest in patients with NSTI
as necrotic tissues lack the regulatory molecules that in normal
tissues prevent the binding of complement®8. Additionally, accu-
mulating evidence indicates that the complement activation is an
important contributor to the tissue necrosis that follows ischae-
mia>s,
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Figure 2, Overview of the complement system, MBL, mannose-binding lectin,

Molecules of the lectin complement pathway and their inflamma-
tory role

The contribution of the lectin complement pathway to defence
against bacterial infections has been assessed in several studies,
but the exact mechanisms of the effector molecules remain to be
elucidated®. Mannose-binding lectin (MBL) and Ficolins are a
group of PRMs that bind to microbial carbohydrates and activate
the complement system through the lectin complement path-
way>®’. MBL is produced in the liver®?; Ficolin-1 in peripheral neu-
trophils and monocytes and epithelial cells in the lungs®2.63;
Ficolin-2 in the liver®4; and Ficolin-3 in the bile duct, liver, and
lungs®>66, MBL deficiency is associated with bacterial infec-
tions®7.68, but limited data exist regarding ficolins and bacterial in-
fections®.%9, It has been shown that ficolins bind to a wide spec-
trum of microorganisms, suggesting that ficolins are involved in
host defence against a wide range of microbial infections®?, but
whether this is of clinical relevance in patients with NSTI is un-
known.

Pentraxins are multifunctional PRMs that participate in the innate
immune defence through clearing of dying host cells and fighting
certain microorganisms’, Based on the structure, they are di-
vided into short and long pentraxins with C-reactive protein (CRP)
classified as a short pentraxin and pentraxin-3 (PTX3) as a long
pentraxin’l. CRP and PTX3 are both acute phase proteins released
at the onset of inflammation. CRP is produced in the liver in re-
sponse to locally induced IL-6, while PTX3 is primarily produced
by myeloid cells and expressed in response to inflammatory cyto-
kines, such as IL-1B, IL-10, and TNF-a’2 (Fig. 3). Interestingly, PTX3
has been shown to cross-activate the classical and lectin comple-
ment pathways by interacting with C1q, MBL, Ficolin-1, and
Ficolin-273-75, suggesting the PRMs play an integrated role in
fighting invading microorganisms.
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Another group of PRMs are the Toll-like receptors that recognize
bacterial products’®. After activation of their microbial ligands,
they elicit antimicrobial and inflammatory responses, activating
tissue-resident macrophages to produce pro-inflammatory cyto-
kines, including TNF-a, IL-1B, and IL-6 that generate local and sys-
temic inflammatory responses’®.

1.3 Prognostic biomarkers in patients with NSTI

The prognosis of NSTI depends on accurate diagnosis and immedi-
ate initiation of appropriate treatment. Thus identifying patients
at highest risk of death may have important therapeutic implica-
tions.

Cytokines

Only two small prospective studies have investigated the systemic
cytokine response in patients with NSTI77.78, Lungstras-Bufler et al.
examined serum from 15 patients and found that baseline levels
of IL-1B, IL-1Ra, IL-18, interferon-y, and white blood cell counts
were significantly elevated in patients with fatal outcome com-
pared with survivors with NSTI, whereas no differences were ob-
served between patient groups for IL-6 and IL-877. In contrast, Ro-
driquez et al. examined serum from 18 patients with NSTI and
found that they had lower baseline IL-1pB levels and higher white
blood cell counts compared with patients with cellulitis and/or
abscess, but they found no differences in IL-1Ra, IL-6, IL-8, IL-18,
and interferon-y7’8.

C-reactive protein and procalcitonin

CRP and procalcitonin (PCT) are used in the ICUs to monitor infec-
tious disease progression in patients with NSTI. However, the cur-
rent knowledge and scientific rationale are based on only few ret-
rospective studies. Moore et al. investigated 134 patients with
NSTI and found that high baseline CRP level was inversely corre-
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lated with mortality, but 32% of the values were missing’®. In con-
trast, Kincius et al. investigated 41 patients with Fournier gan-
grene and found significantly higher baseline CRP levels in non-
surviving patients*3. Recently, a retrospective study found that
baseline PCT levels correlated with disease severity in patients
with NSTI8, and another study found PCT in combination with the
advanced Acute Physiology and Chronic Health Evaluation Il score
to be a predictor of effective surgical treatment of patients with
NSTI8L, Other studies have identified elevated serum creatinine,
sodium, and lactate levels, but not CRP level, as associated with
an increased mortality17.82-86,

2. OBJECTIVES

This thesis seeks to increase the insight on the aspects of the in-
nate immune response in patients with NSTI on admission to hos-
pital, focusing on the inflammatory biomarkers as prognostic
markers of disease severity and risk of death. Accordingly, we
performed three studies with the following research questions,
objectives, and hypotheses:

e Can PTX3 be used as a prognostic biomarker in patients
with NSTI?
The objective of this study was to assess plasma PTX3 as a
marker of disease severity and mortality in patients with
NSTI. The primary analysis focused on the association be-
tween PTX3 level upon hospital admission (baseline) and
septic shock. We hypothesized that baseline plasma PTX3
level above the median was associated with the presence of
septic shock. Secondarily, we focused on the association be-
tween baseline PTX3 level and RRT, amputation, 180-day
mortality, and long-term mortality up to 2.5 years.

e Are PRMs of the lectin complement pathway associated
with mortality in patients with NSTI?
The objective of this study was to investigate the associa-
tion between plasma PRM levels of the lectin complement
pathway and mortality in patients with NSTI. The primary
analysis focused on the association between baseline PRMs
of the lectin complement pathway and 28-day mortality.
We hypothesized that baseline level of PRMs below the me-
dian was associated with 28-day mortality. Secondarily, we
focused on the association between baseline levels of PRMs
and disease severity scores (LRINEC, SAPS I, SOFA) and
long-term mortality up to 2.7 years. Lastly, we investigated
the degree of complement pathway activation.

e Can inflammatory cytokines be used as severity markers
in patients with NSTI?
The objective of this study was to evaluate the association
between plasma levels of inflammatory cytokines and dis-
ease severity and mortality in patients with NSTI. The pri-
mary analysis focused on the association between baseline
IL-6 level and the LRINEC score. We hypothesized that base-
line IL-6 level above the median was associated with a
LRINEC score > 6. Secondarily, we focused on the associa-
tion between baseline cytokine levels and disease severity
scores (SAPS Il and SOFA), septic shock, B-haemolytic strep-
tococcal infection, RRT, amputation, and 30-day mortality.

3. METHODS

Detailed information about the study design, materials, and sam-
ple processing is available in the original manuscripts. The follow-
ing gives a brief outline of the studies.

3.1 Overall study design

To test the hypotheses, we conducted three prospective, obser-
vational studies. The protocol of the studies has been published?”
and is registered at ClinicalTrials.gov (NCT02180906). The studies
are part of the EU project titled INFECT (NCT01790698), which is a
consortium of 14 international partners working to advance the
understanding of the pathogenesis of NSTI and improve the treat-
ment of these patients (http://www.fpZinfect.eu/).

In Studies 1 and 2, we included 135 patients with NSTI at Copen-
hagen University Hospital, Rigshospitalet, over a 25-month period
with a maximum follow-up of 2.5 and 2.7 years, respectively (Ta-
ble 1). In Study 3, we included 159 patients with NSTI at five Scan-
dinavian hospitals over a 33-month period (Table 1). In Denmark,
the treatment of NSTI has been centralised at a national level.
This is not the case in Sweden and Norway where different re-
gions of the countries differ in policies, procedures and routines.

3.2 Data collection and severity scores

Trial investigators or their co-workers extracted the clinical data
from the patient medical records and vital status from national
registries. All data were entered into a centralised online-data-
base and validated regularly.

The LRINEC score was calculated from 6 variables (glucose, hae-
moglobin, CRP, white cell count, creatinine, sodium), high scores
indicating a high risk of NSTI (range: 0-13)*1. The Simplified Acute
Physiology Score Il (SAPS II) was calculated from 17 variables,
higher scores indicating more severe disease (range: 0-163)28.
The Sepsis-related Organ Failure Assessment (SOFA) score was
calculated from five sub-scores (0 to 4) according to the respira-
tory and circulatory system, coagulation, liver, and kidneys,
higher scores indicating more severe organ failure (range: 0—
24)8, The presence of septic shock was defined as the use of vas-
opressors according to Bone et al.%0,

Table 1. Method summary and overview of study populations.

Study 1 Study 2 Study 3

Sty Prospective, obacrationa Prospeetive, olservation Prospeetive, olservation

Copenhagen Univer
inclusion Rigshospitalet Rigsh

ELISA ELISA Mubiples

thean BOL, intensive case wiit; ELISA, eneyoe-linked imasnnosorbent sy
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3.3 Blood sampling

We collected the blood samples from an arterial line into EDTA
vacuum tubes upon admission and on Day 3. The patients in Den-
mark also had blood sampled on Day 1 and Day 2. The blood sam-
ples were immediately put on ice until centrifugation. Centrifuga-
tion was performed no later than 40 minutes after blood
sampling at 3,500 rpm for 10 minutes. The plasma samples were
apportioned into 1 mL aliquots and subsequently stored at -80 °C
until processing.

3.4 Sample processing

PTX3 and PRM measurements (Studies 1 and 2) were performed
in May 2015, thus two months after enrolment of the final pa-
tient with NSTI (Table 1). Cytokine measurements (Study 3) were
performed three months after enrolment of the final patient in
February 2016. We used two different methods of analysis in the
experimental settings to analyse the biomarkers; sandwich en-
zyme-linked immunosorbent assay (ELISA) was applied in Studies
1+ 2 and multiplex bead array assay in Study 3. Both methods are
widely used and validated in terms of measuring molecules in
plasma®l. ELISA is a highly quantitative and reproducible method,
but limited by its ability to measure only one biomarker at a time
in a given sample. In contrast, a multiplex assay can measure mul-
tiple biomarkers in the same sample at the same time with less
sample volume needed. The general principles of a classic sand-
wich ELISA and multiplex are illustrated in Figure 4 and Figure 5,
respectively.

ELISA measurements

Levels of PTX39293 PRMs®3.94-9 and residual complement activa-
tion capacity®’.%8 were assessed with ELISA developed in the La-
boratory of Molecular Medicine, Department of Clinical Immunol-
ogy, Rigshospitalet. In brief, microtiter plates were coated with
catching antibodies for each biomarker of interest followed by in-
cubation of diluted EDTA plasma samples from patients with NSTI.
Subsequently, biotinylated detection antibodies against the spe-
cific biomarkers were applied to the wells and incubated. We
then added an enzyme-conjugated substrate (e.g. streptavidin-
horseradish peroxidase conjugate). The plates were developed
with a colour reaction through enzyme catalysis using OPD sub-
strate and hydrogen peroxide. The plates were washed between
each step to ensure removal of unattached molecules. Measure-
ments of PTX3 and PRM levels were performed with automated
analysis in a 384-well format using Biomek FX platform (Beckman
Coulter, Fullerton, CA, USA), whereas residual complement activa-
tion capacity was measured manually in a standard 96-well plate.
Samples were tested in duplicate against a standard pool with
known concentration and read on a Multimode Detector system
(DTX880) at 490 nm. Based on regression analysis of the standard
pool, a best fit equation was generated enabling the conversion
of OD values into biomarker levels.

Multiplex measurements

Cytokine levels (IL-1B, IL-6, IL-10, and TNF-a) were measured us-
ing multiplex bead kits (Bio-Rad Laboratories, Hercules, CA, USA;
Bio-Plex Pro™ assay). In brief, capture antibody-coupled magnetic
beads were incubated with diluted patient samples. The plates
were subsequently washed and incubated with biotinylated de-
tection antibodies. After washing, the plates were incubated with

a reporter streptavidin-phycoerythrin conjugate and analysed us-
ing the Bio-Plex® MAGPIX™ Multiplex Reader (Bio-Rad Laborato-
ries, Hercules, CA, USA). The samples were tested in duplicate
against a standard pool with known concentration and the mean
values were calculated after correction for the diluting steps.

1. Well coated with
specific antibody

2. Sample with biomarker of
interest is added

‘Wash

‘_Ljfw_l: —j‘]fj

4. Substrate is added and color
change measured

3. Biotinylated detection antibody is
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enzyme-conjugated streptavidin

n
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E |
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Figure 4. lllustration of the general ELISA principles.
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3.5 Analyses

Study 1

The primary analysis was the comparison of baseline PTX3 level in
patients with NSTI with and without septic shock upon admission
to Copenhagen University Hospital, Rigshospitalet. The secondary
analyses included the association between PTX3, PCT, and CRP
levels and disease severity measured by amputation of a body
part within the first 7 days of hospital admission, 180-day mortal-
ity, and long-term mortality up to 2.5 years.

Study 2
The primary analysis was the comparison of baseline plasma PRM
levels of the lectin complement pathway and 28-day mortality in
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patients with NSTI. The secondary analyses included the associa-
tion between baseline PRM levels and disease severity scores
(LRINEC, SAPS Il, SOFA) and long-term mortality up to 2.7 years.
We also analysed the association between the degree of comple-
ment pathway activation and 28-day mortality.

Study 3

The primary analysis was the comparison of baseline IL-6 level in
patients with NSTI with a LRINEC score < vs. 2 6. The secondary
analyses included the association between baseline IL-1B, IL-6, IL-
10, and TNF-a level and disease severity measured by SAPS Il,
SOFA score, presence of septic shock (Day 1), B-haemolytic strep-
tococcal infection, use of renal replacement therapy (RRT) in the
ICU, amputation of a body part within the first 7 days of hospital
admission, and 30-day mortality.

For all three studies, the biomarkers were also compared with
non-infected, surgical control patients. For simplicity and due to
focusing on the most clinically relevant results, | have chosen not
to describe the control cohort and the related analyses and re-
sults in the thesis. Please refer to the accompanying manuscripts
for further details.

3.6 Statistics

Kolmogorov-Smirnov and Shapiro-Wilk normality tests were per-
formed. Nonparametric continuous data are reported as median
(interquartile range, IQR) and comparisons performed using
Mann-Whitney U test for unpaired analyses and Wilcoxon-rank
test for paired analyses. For the primary analyses, we applied the
Student t-test and used 95% confidence interval (Cl) for quantifi-
cation of differences in biomarker levels between the groups. Cat-
egorical data are presented as absolute numbers (%) and com-
pared with x2-test or Fisher’s exact test. For correlation
assessments, we used Spearman’s rank correlation, expressed by
rho, due to the non-parametric nature of data.

We followed all included individuals until death, emigration, or
end of follow-up. A Cox proportional hazards regression model
(hazard ratio, HR) or logistic regression analysis (odds ratio, OR)
was used to assess the association between baseline level of the
biomarkers and all-cause death. The model was adjusted for pre-
defined risk factors: age, sex, chronic disease (diabetes, liver cir-
rhosis, chronic kidney disease, cardiovascular disease, chronic ob-
structive pulmonary disease, peripheral vascular disease, immune
deficiency, malignancy, rheumatoid disease) and SAPS II. Individu-
als with missing SAPS Il data were excluded from the part of the
regression model where adjustment for this covariate was per-
formed. The prognostic value of the biomarkers for long-term
mortality up to 2.5 and 2.7 years was investigated using the log-
rank test and illustrated by Kaplan-Meier curves. Receiver operat-
ing characteristic (ROC) curves were analysed for short-term mor-
tality and used to identify optimal cut-off values (maximum sum
of sensitivity and specificity). All analyses were performed using
Statistical Package for the Social Sciences 22.0 software (SPSS Inc.,
Chicago, I, USA) and GraphPad Prism 6.0 software (GraphPad
Inc., La Jolla, Calif., USA). A two-tailed p-value < 0.05 was consid-
ered statistically significant.

Sample size

In Study 1, a difference in baseline PTX3 plasma level of 90 ng/mL
was considered as clinically relevant as previous studies have
found similar differences between patients with sepsis and

shock9299,100, Assuming a standard deviation of 100 pg/mL, detec-
tion of the desired difference would require inclusion of 52 pa-
tients with a statistical power of 90% at the 5% significance level.
We needed to include at least 82 patients because we expected
the groups to be unequal in size in a ratio of 1:4.

In Study 2, the sample size was determined on the planned re-
cruitment of at least 82 patients with NSTI based on the calcula-
tion described above.

In Study 3, a difference in baseline IL-6 plasma level of 1,000
pg/mL was considered as clinically relevant based on previous
studies, which found similar differences between patients with
sepsis according to shock!01.102, We found a standard deviation in
baseline plasma IL-6 level of 2,000 pg/mL in a pilot study of seven
patients with NSTI. Accordingly, we decided to include 159 pa-
tients because this would allow us to detect a difference of 1,000
pg/mL with a statistical power of at least 85% at the 5% signifi-
cance level. We randomly selected 159 patients with NSTI from
the entire cohort using a computer-generated list (Figure 11).

3.7 Ethical Considerations

The studies were approved by the ethics committees and data-
protection agencies in Denmark (1211709; H-2-2014-071), Swe-
den (930-12), and Norway (2012/2227). All individuals or their
next of kin gave oral and written informed consent.

4. RESULTS

This section presents a summary of results with focus on the pri-
mary analyses and clinical outcomes. Tables and figures are modi-
fied according to the scope of this section. Detailed results are
given in the accompanying manuscripts.

4.1 Study 1: Pentraxin-3

We treated 165 patients with suspected NSTI during the study pe-
riod. We were not able to obtain blood samples in 3 patients and

the diagnosis could not be confirmed in 27 patients. Thus, we an-

alysed PTX3 level in 135 patients (Fig. 6). SAPS Il could not be cal-

culated in 5 patients (3.7%) because of missing values.

Excluded:
Diagnasis not confirmed

Figure 6. Flow char of putienn inchusion in Stdies 1o

Primary analysis

Patients with septic shock had a significantly higher baseline PTX3
level (Fig. 7). As an elaboration on this (not included in the manu-
script), patients with septic shock had a mean baseline PTX3 level
of 126.8 ng/mL, whereas those without septic shock had a mean
baseline PTX3 level of 51.6 ng/mL (mean difference 75.3 ng/mL,
95% Cl [42.7 to 107.8], p < 0.0001).
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Disease severity and mortality

We found a significant difference in baseline PTX-3 and PCT levels
according to septic shock, whilst only PTX3 level was significantly
higher in patients needing amputation (Fig. 7). Moreover, base-
line PTX3 and PCT levels correlated with the disease severity
scores (Table 2).

Table 2. Spearman rank correlation between disease severity scores and baseline bi-
omarker levels in patients with NSTI.

4.2 Study 2: Pattern recognition molecules
Patient enrolment followed the flow as described in Figure 6 and
constituted the same cohort as in Study 1.

Primary analysis

Those patients who died within the first 28 days after admission
had significantly lower baseline Ficolin-2 and Ficolin-3 levels (Fig.
8). We found no difference in MBL and Ficolin-1 levels according
to mortality.
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Disease severity and mortality

Only Ficolin-2 correlated significantly with SAPS I, and MBL with
the SOFA score (Table 4). We found no correlation between the
plasma levels of Ficolin-1 and Ficolin-3 and the disease severity

scores (Table 4).

Table 4. Spearman rank correlation between disease severity scores and baseline

PTX3 PCT CRP PRM levels in patients with NSTI.
Rho b Rho ; Rho » MBL Ficolin-1 Ficolin-2 Ficolin-3
Rho ] Rho [ Rho f Rho »
LRINEC (L% 0,029 022 0015 0.4 (.00 LRINEC 0.08 0.40 0.12 0.18 0.09 033 0.08 0.38
SAPS I <010 0.25 -0.07 0.45 -0.26 0.002 -0.02 0.85
SAPS I 143 <0.0001 0147 <0001 118 (4 SOFA 018 0.046 -0.10 0.27 017 0.06 0.02 0.82
LRINEC, laboratory risk indicator for necrotising fasciitis; SAPS 11, simplified acute physiology score IT; SOFA, sepsis-related organ

During the first 180 days after admission, 36 (27%) patients died.
The univariate survival analysis revealed that baseline PTX3, PCT,
and CRP levels were significantly associated with 180-day mortal-
ity (Table 3). The associations were still significant for PTX3 and
PCT when adjusted for age, sex, and chronic disease. However,
the associations were not significant when SAPS Il was included in
the analysis (Table 3). In addition, the diagnostic accuracy for pre-
dicting 180-day mortality was low for PTX3 (AUC = 0.66, [95% ClI,
0.56-0.76]), PCT (AUC = 0.65, [95% Cl, 0.55-0.76]), and CRP (AUC =
0.32, [95% CI, 0.21-0.43]).

Table 3. Cox regression analysis of mortality up to Day 180 (time of censoring) in pa-
tients with NSTI based on high vs. low concentrations of the biomarkers according to
median values.

Please see the original article for results.

failure a

ment; MBL, mannose-binding lectin

The univariate survival analysis revealed that baseline Ficolin-2
and Ficolin-3 levels were significantly associated with 28-day mor-
tality (Table 5). The associations remained significant when ad-
justed for age, sex, and chronic disease, but not when SAPS Il was
included in the analysis. When the optimal cut-off was used for
dichotomisation instead of the median, Ficolin-2 proved to be a
significant predictor of 28-day mortality (Table 5). In continuation,
the diagnostic accuracy for 28-day mortality was the highest for
baseline Ficolin-2 level (AUC = 0.75, [95% Cl, 0.63-0.86]) com-
pared with MBL (AUC = 0.59, [95% Cl, 0.46-0.72]), Ficolin-1 (AUC =
0.52, [95% Cl, 0.38-0.66]), and Ficolin-3 (AUC = 0.67, [95% CI,
0.54-0.80]).

Table 5. Cox regression analysis of mortality up to Day 28 (time of censoring) in pa-
tients with NSTI based on high vs. low concentrations of the biomarkers according to
median values.

Please see the original article for results.
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Moreover, a baseline Ficolin-2 level below median was signifi-
cantly associated with long-term mortality (Fig. 9). Lastly, non-
survivors had significantly lower residual activation capacity of
the ficolin-mediated lectin pathway upon hospital admission (Fig.
10).

Please see the original article for results.
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4.3 Study 3: Inflammatory cytokines

We enrolled 270 patients with NSTI during the study period; 202
patients had data available for the calculation of a LRINEC score.
Of these patients, 159 had baseline plasma cytokine level meas-
ured (Fig. 11). One foreign patient was lost to follow-up as he left
the country on Day 7 and was thus excluded from the adjusted
survival analysis. Further, SAPS Il could not be calculated in 31 pa-
tients (19.5%) because of missing values.

Patlants with NSTI
N =270

Patlent with NSTI and a
LRINEC score
N =202

for cytokines

—_—
Plasma sampiles analysed
N=158

.

atient incha
res. Only 2 LRINEC

Primary analysis

One hundred sixteen (73%) patients had a LRINEC score 2 6 and a
mean baseline IL-6 level of 8,006 pg/mL compared with 10,729
pg/mL in patients with a score < 6 (mean difference 2,723 pg/mL,
95% CI [-6,947 to 12,393], p = 0.58). We did not observe any sig-
nificant difference between the groups in any of the four baseline
cytokine levels (Fig. 12)
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Figure 12. Bascline plasma cytokine levels according to the LRINEC score in patients with NSTL. Values denote medians with
IQR. Comparisons were performed using the Mann-Whimey U-test.

Disease severity and mortality

All cytokines showed a significant correlation with the disease se-
verity scores of SAPS Il and SOFA with IL-6 demonstrating the
highest correlation (Table 6). In contrast, none of the cytokines
correlated significantly with the LRINEC score.

Table 6. Spearman rank correlation between disease severity scores and baseline cy-
tokine levels in patients with NSTI.

Please see the original article for results.

Patients who received RRT or underwent amputation had higher
baseline cytokine levels, except for higher IL-1p levels according
to amputation (Table 7). Interestingly, patients with B-haemolytic
streptococcal infection had consistently higher baseline IL-6 level
compared with other subgroups of infections (Fig. 13).

Table 7. Differences in median baseline cytokine levels and disease severity in pa-
tients with NSTI.

Please see the original article for results.

Figure 13. . Baseline levels of plasma cytokines on admission according to microbial
aetiology in patients with NSTI. Values denote medians with IQR. Comparisons were
performed using the Mann-Whitney U-test.

Please see the original article for results.

During the first 30 days after admission, 25 (16%) patients died.
The univariate logistic regression analysis revealed that high cyto-
kine levels were significantly associated with 30-day mortality (Ta-
ble 8). The associations remained significant when adjusted for
age, sex, and chronic disease. Only IL-1B remained significant
when SAPS Il was included in the analysis. The diagnostic accuracy
for 30-day mortality was almost the same for IL-1B, IL-6, and IL-10
(AUC = 0.70, [95% Cl, 0.58-0.82]) and lower for TNF-a (AUC = 0.68,
[95% Cl, 0.55-0.81]).
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Table 8. Univariate and multivariate logistic regression analyses of mortality up to
Day 30 (time of censoring) in patients with NSTI based on high vs. low concentrations
of the cytokines according to median values.

Please see the original article for results.

5. DISCUSSION

5.1 Principal findings

In Study 1, we found that baseline plasma PTX3 level above the
median was significantly associated with the presence of septic
shock, amputation within the first 7 days of admission, and 180-
day mortality. However, PTX3 was not an independent predictor
of 180-day mortality.

In Study 2, we found that baseline Ficolin-2 level below the me-
dian was significantly associated with 28-day mortality and long-
term mortality up to 2.7 years. Ficolin-2 also correlated with SAPS
1. Baseline MBL and Ficolin-3 levels were only associated with 28-
day mortality. Finally, those patients who died within the first 28
days after admission had significantly lower residual activation ca-
pacity of the ficolin-mediated lectin complement pathway.

In Study 3, we found no significant association between the
LRINEC score and baseline cytokine levels. IL-6 had the strongest
correlation with the disease severity scores (SAPS Il and SOFA),
whereas IL-1B and IL-10 levels had the strongest association with
30-day mortality. Lastly, patients with B-haemolytic streptococcal
infection had higher levels of IL-6 and TNF-a compared with each
subgroup stratified by microbial aetiology.

5.2 Strengths and limitations

Strengths

Several strengths should be emphasised. Firstly, the vast majority
of studies investigating biomarkers in patients with NSTI are lim-
ited by a retrospective study design, which is particularly prob-
lematic in outcome assessment because the investigators are
looking for patterns in data that are not specified a priori. In this
thesis, we designed and successfully conducted three prospec-
tive, observational studies. The protocol of this thesis has been
published and also registered at ClinicalTrials.gov, thus preventing
data dredging and post-hoc revisions.

Secondly, we describe the results from the largest to date pro-
spective, observational studies of patients with NSTI sampled
with a follow-up of up to 2.7 years. In Scandinavia, we have a
unique opportunity of patient follow-up due to our specific, as-
signed personal identification number (CPR-number) that can be
linked to health databases (103). Therefore, this thesis provides
valuable information about morbidity and mortality patterns, not
only on a nationwide basis, but in the Scandinavian countries,
which increases the external validity.

Thirdly, in Studies 1 and 2, we managed to include 98% of all pa-
tients transferred to Copenhagen University Hospital (Rigshospi-
talet), where the treatment of NSTI has been centralised. Moreo-
ver, the studies had only few inclusion and exclusion criteria. Both
factors increase the likelihood of the study cohort being repre-
sentative of the general population of patients with NSTI pre-
sented in the daily clinical settings. Unfortunately, in Study 3 we
did not have data on how many patients with suspected NSTI
from Sweden and Norway who were excluded because they
showed not to have NSTI.

Further, the patients with NSTI represent a well-defined, homoge-
nous population compared with patients in sepsis studies, which
makes it easier and more reliable to study the dynamic course of
the biomarkers and clinical implications.

Lastly, it is a strength that we managed to include all patients
with dedicated teams consisting of only a small number of indi-
viduals, all using standardised sampling procedures, and that all
clinical data were entered into a centralised online database by
only a few individuals, thereby minimising the risk of information
bias (104).

Limitations

A number of limitations need to be taken into consideration.
Firstly, there might be a limitation to the external validity. In Stud-
ies 1 and 2, we observed that one in 10 patients did not have sep-
sis according to the classic definition (90). Some of the sickest pa-
tients may not have been transferred to our hospital due to
haemodynamic instability or fatal outcome before transferring,
thus increasing the risk of selection bias. However, we observed a
mortality and amputation rate comparable to that of large retro-
spective studies (17,19,38,82,105,106).

Secondly, the studies might be subject to bias because of the ina-
bility to control for unknown confounders. As an example, high IL-
6 expression is associated with increased age, female sex, current
smoking, and advanced cancer (107-109). Differences in the NSTI
groups according to these covariates might bias the results to-
wards a higher or lower degree of association between the bi-
omarker levels and the outcomes. We therefore chose to adjust
for potential confounders (age, sex, chronic disease, SAPS II) that
affect disease severity and mortality. The ideal way of controlling
for unknown confounders is by conducting a randomised con-
trolled trial. However, this type of study is not relevant when aim-
ing to identify predictive risk factors and associations between bi-
omarker levels and clinical outcomes, as was the intention of this
thesis.

Thirdly, there is a limitation to the multivariate analysis model
used in the studies. Even though we chose to adjust for the
above-mentioned factors, there might be other relevant variables
with an impact on outcome that are omitted, thus underfitting
the model. However, it should be remembered that, as a rule of
thumb, the number of explanatory variables should be limited to
one tenth of the total number of outcome events to avoid overfit-
ting when using logistic and Cox regression models (110-112). We
tried to balance this knowledge with the most commonly used ex-
planatory variables in sepsis biomarker studies. We are aware
that age and some of the chronic diseases (malignancy and AIDS)
are also included the SAPS Il calculation. Importantly, we tested
the validity of the a priori-planned regression model by removing
age and chronic disease from the model (thus adjusting for only
sex and SAPS II) without decreasing the precision of the regres-
sion coefficients. We therefore pragmatically chose to comply
with our planned protocol.

Further, it is important to reflect on possible limitations of the
missing SAPS Il data. Only five patients (3.7%) had missing SAPS Il
values in Studies 1 and 2, whereas 31 patients (19.5%) had miss-
ing SAPS Il values in Study 3. There are different statistical meth-
ods to assess the incomplete data, such as multiple imputation or
substituting the missing values by the lowest and highest possible
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value and then performing two analyses based on best/worst-
case scenarios (113,114). We accounted for the incomplete data
by describing the relevant baseline variables and outcomes of the
patients with the missing SAPS Il values, thereby providing trans-
parency. This was done because SAPS Il is a covariate in the ad-
justed analyses and not an outcome variable, and also because
we had only few patients, predictors, and incidents of the out-
come (mortality). Moreover, we performed the survival analyses
by adjusting for the covariates in a stepwise manner, making it
easier for the reader to assess the impact of the adjustments.
Based on this, we do not believe that the statistical power of de-
tecting relevant associations is reduced or that the comparability
of the groups and the generalisability of the results are impaired.
We acknowledge that there is no good way of dealing with miss-
ing data, but we have chosen this pragmatic approach. If the re-
sults are biased, it could be in any direction.

Additionally, we chose the Student t-test and the Mann-Whitney
U-test for comparisons between groups, even though we meas-
ured multiple discrete time points in Studies 1 and 2. The Student
t-test was used in order to quantify the difference between the
groups and to see whether we risked overlooking a clinically rele-
vant difference in biomarker levels, as defined in our sample size
calculations. In Study 3, in particular, we might have overlooked a
relevant difference as seen by the somewhat wide 95% Cls. The
disadvantage of parametric tests is the assumption of normal dis-
tribution, which is rarely the case of any blood samples because
of skewness. Data could be transformed using a logarithmic scale,
but this often complicates interpretation of group differences and
may confuse the reader. For significance testing, we therefore ap-
plied the Mann-Whitney U-test, which is a rank-sum test. In addi-
tion, it could be argued that it would have been interesting to an-
alyse trends rather than difference in specific time points.
However, if we had used the Kruskal-Wallis test, generalized lin-
ear mixed models, or area under the curve for the four discrete
time points, we might have been able to provide an overall as-
sessment, but it would be very difficult to apply this information
to the clinical setting. If we had collected blood samples at more
time points, it would have been relevant to include an analysis of
trends over time to aid interpretation. We are aware that the
analysis of differences at multiple time points will increase the
risk of committing a type 1 error (rejecting the null hypothesis
due to chance findings). This can be addressed by a multiple-com-
parison correction, such as the Bonferroni correction, but that will
increase risk of making a type 2 error (overlooking a true differ-
ence). Therefore, we chose to focus on the baseline levels of the
biomarkers. The baseline levels are the most relevant values for
the clinicians, making risk stratification and guidance of treatment
in the initial, acute phase of the disease, possible.

Furthermore, we were not able to establish a mechanistic expla-
nation of the observed changes in the biomarker levels based on
this study design. Thus, we do not know whether low Ficolin-2
level was due to primary deficiencies, consumption, or dilution
(or all three combined). However, Ficolin-2 deficiency has not, to
date, been reported (60). Unfortunately, we do not have albumin
or haematocrit levels to estimate the degree of dilution. Never-
theless, Ficolin-2 has a higher molecular weight than PTX3 in
plasma, making it unlikely that dilution plays a pivotal role in pre-
dicting disease outcome, especially as we found a high PTX3 level
and low Ficolin-2 level to be associated with disease severity and
mortality (94,115). A plausible explanation would be consumption
of Ficolin-2, particularly in the light of Ficolin-2 being able to bind

apoptotic cells and since Ficolin-2 is involved in the processing of
nucleic acid released from necrotic cells (116). It could be argued
that the extensive necrosis seen in patients with NSTI would re-
sult in Ficolin-2 overconsumption and a functional depletion state
or that Ficolin-2 is a surrogate marker of tissue necrosis. Moreo-
ver, we do not know whether the high PTX3 level in patients with
NSTI results in an uncontrolled amplification of the complement
pathway and consumption of the ficolins. In line with this, it has
been speculated whether the investigated plasma biomarker lev-
els can be altered or removed by RRT and influence the results as
25% of our patients received RRT (117). This seems unlikely be-
cause PTX3 and ficolins have molecular weights around 400 kDa
(62,66,94,115,118,119).

Finally, the studies were powered according to the primary anal-
yses and to test the related hypotheses. Results from the second-
ary analyses need to be viewed with caution because a statisti-
cally significant association may represent a chance finding and
insignificant results might represent underpowered studies. Nev-
ertheless, these results can be used to provide information and
generate hypotheses for future research. Additionally, we can
only investigate the associations, but we are not able to conclude
on causality, which is an inherent limitation to the observational
studies. Thus, we do not know whether high levels of PTX3 and in-
terleukins and low levels of Ficolins contribute to the deleterious
inflammatory cascades and impairment of the immune responses
or are simply results of the responses itself.

5.3 Current evidence and clinical implications

To the best of our knowledge, this thesis describes the largest
prospective observational studies to date of patients with NSTI. In
addition, no studies have investigated PTX3, ficolins, or MBL in
this group of patients and only two small studies (n < 20) have
prospectively examined the cytokine response (77,78).

Delay of surgery is an independent predictor of mortality in pa-
tients with NSTI, and studies stress the importance of multiple
surgical debridements (17,20-22,120). However, an aggressive
surgical approach increases the risk of severe disability and im-
paired quality of life. No standardised protocol for amputation as
yet exists. We found that PTX3 was significantly higher in patients
needing amputation. This was not the case for PCT and CRP.
Therefore, PTX3 might be useful in identifying clinically relevant
subgroups of patients with NSTI and should be taken into account
to increase or decrease surgical aggressiveness. This needs to be
addressed specifically in future studies. In addition, PCT measure-
ments are expensive and with a new biomarker on the market,
such as PTX3, which performs at least as well as PCT regarding
disease severity and mortality, the hospital costs can potentially
be reduced.

By investigating baseline PTX3 level, we now know that a high
PTX3 level upon admission is related to poorer outcome. The
same applies for low Ficolin-2 level upon admission and high
baseline IL-1B and IL-10 levels. We believe this new knowledge is
of value to the physicians at the emergency departments and in
the ICUs. It is important to remember that the AUC for mortality
prediction was relatively low for all of the investigated markers,
which limits the clinical usefulness. Due to high negative predic-
tive values and low positive predictive values, Ficolin-2 and the
cytokines seem to be useful for ruling out patients in high risk of
severe outcome rather than identifying high-risk patients (please
refer to the manuscripts for the predictive values). In Study 1,
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however, we found that the AUC for 180-day mortality could be
increased by combining PTX3, PCT, and CRP. This suggests that a
combination of biomarkers should be used rather than searching
for one single effective marker. This is in line with the conclusion
of a large review investigating prognostic biomarkers in patients
with sepsis (50). A study using multiplex analysis also found that
IL-1B and IL-6, amongst others, had good accuracy for predicting
mortality before 48 hours, whereas IL-8 and monocyte chemoat-
tractant protein-1 (MCP-1) had the best accuracy for predicting
28-day mortality (121). They also found that combining MCP-1
with the Acute Physiology and Chronic Health Il score could mark-
edly improve the diagnostic accuracy. A natural next step from
here would therefore be to investigate IL-8 and MCP-1 and com-
bine them with PTX3, Ficolin-2, Ficolin-3, IL-1B, IL-6, and IL-10, but
also in combination with the SAPS Il and SOFA scores.

It is difficult to translate the clinical condition of NSTI into a spe-
cific biomarker profile. However, the primary and secondary anal-
yses were chosen with the clinical implications in mind. The pres-
ence of septic shock, a high LRINEC score, use of RRT, and
amputation are associated with patient-important outcomes, in-
cluding disability and mortality (42,43,122,123), making the re-
sults clinically relevant. We found that IL-1p, IL-6, IL-10 and TNF-a
seem to have a place in the risk assessment of patients with NSTI
and that these might improve the LRINEC score. Furthermore, we
found variations in the cytokine responses in NSTIs depending on
microbial aetiology, suggesting that different pathogenic mecha-
nisms contribute to the disease. In particular, plasma levels of IL-6
and TNF-a might be used clinically to guide antibiotic treatment in
patients with NSTI in cases where the microbiology is unknown. It
has previously been shown that PCT and CRP levels can be used
to guide treatment therapy and shorten antibiotic treatment du-
ration in infected patients (124,125). In line with this, it is inter-
esting that IL-6 and TNF-a levels were significantly increased in
patients with B-haemolytic streptococcus infection as some strep-
tococcal strains produce exotoxins, including superantigens, that
result in excessive activation of the host response and release of
proinflammatory cytokines, leading to septic shock, multiple or-
gan failure, and death (23,126,127). It would be interesting to test
whether immunoglobulin treatment could be undertaken based
on guidance of IL-6 and/or TNF-a.

We adjusted for SAPS Il in the analyses in order to find an inde-
pendent marker of mortality and to make the results as clinically
relevant as possible. It can be argued that the adjustment of SAPS
Il is a conservative approach because the score itself provides an
estimate of the risk of death. By taking the SAPS || effect out of
the comparison we might also remove the influence of some im-
portant pathophysiological processes that influence the disease
severity and mortality. We therefore performed a stepwise ad-
justment to be able to determine the prognostic value of the bi-
omarkers with and without the SAPS Il adjustment. In addition,
SAPS |l calculation is based on 17 variables and it takes 24 hours
before the physician can calculate the score. Accordingly, it is clin-
ically relevant that we have identified PTX3, Ficolin-2, IL-1B, IL-6,
IL-10, and TNF-a as important risk markers in patients with NSTI,
also taking into account that SAPS Il could not be calculated in al-
most 20% of the cases in Study 3. We also found that these bi-
omarkers were closely correlated to the SAPS Il

5.4 Perspectives
An ideal biomarker reflects the biological and pathogenic re-
sponses, including responses to therapeutic interventions (107).

More than 170 biomarkers have been investigated in patients
with sepsis (50), all with limited specificity and sensitivity. There-
fore, no biomarker has yet proved to be of great value to the clini-
cians. With this thesis we have identified biomarkers that are as-
sociated with clinically relevant outcomes in patients with NSTI.
These biomarkers now need to be validated in other cohorts with
this exact purpose and combined with disease severity scores in
order to optimise the prognostic accuracy.

An interesting aspect of the innate immune response in the pa-
tients was the discovery of the high involvement of the ficolin-
mediated lectin complement pathway compared with the classi-
cal pathway (Study 2). The only differences in activation of these
two pathways are the PRMs (Ficolins and MBL vs. C1q, respec-
tively) and the associated serine proteases (MASPs) (128), sug-
gesting a particularly important role for the ficolins in infection
control. As a spin-off of this new knowledge, it would be interest-
ing to measure the plasma levels of MASPs in the patients to elu-
cidate differences in pathway activation patterns.

With these studies we are one step closer to understanding some
of the pathophysiological processes involved in the innate im-
mune response, including the complement system, in patients
with NSTI. However, important questions still need to be an-
swered, especially regarding the diagnostic potential of the new
biomarkers. In this thesis, we have investigated prognostic bi-
omarkers in patients where the NSTI diagnosis is already con-
firmed. As a result, we have identified potential markers that
might be relevant to elaborate on. However, logistical problems
are involved in a study with the aim of investigating the diagnostic
potential of biomarkers due to the rare nature of the disease. It
would require a large scale setup to be able to include enough pa-
tients with suspected NSTI in the emergency departments. A next
step could be to analyse the plasma samples from patients admit-
ted with suspected NSTI, where the surgeons do not find any ne-
crosis. These patients will have abscesses, erysipelas, and other
non-necrotising skin infections and could function as a reference
group. Furthermore, we need to identify the optimal discrimina-
tive cut-off value for each biomarker according to the relevant
clinical outcomes. We used the median as a recurrent stratifica-
tion value but there might be more sensitive and relevant levels
to stratify by, as we demonstrated with Ficolin-2 in Study 2.

An ultimate future goal would be to individualise the treatment
based on an objective set of biomarkers (129). In the three stud-
ies, we identified biomarkers that are useful in the risk stratifica-
tion of patients with NSTI, thus getting us one step closer to mak-
ing personalised medicine possible in this group of critically ill
patients. Interestingly, studies have found that novel therapies,
able to modify the pathophysiological process of sepsis, may also
be guided by biomarkers (48,130,131). To our knowledge, only
one randomised controlled trial has been conducted in patients
with NSTI, investigating AB103, a novel synthetic CD28 mimetic
peptide that selectively inhibits the direct binding of superantigen
toxins (132). They found that high-dose AB103 could reduce
plasma IL-6 and TNF-a level. Another study, which was termi-
nated prematurely, found that one patient died in the group re-
ceiving immunoglobin compared with four in the placebo group
(133). They also observed a significant decrease in the SOFA score
on Day 2 and Day 3 in the treatment group. Combined with the
knowledge obtained in Study 3, it might be relevant to conduct
future studies with treatment directed specifically towards pa-
tients with high baseline levels of IL-6 and/or TNF-a in the hope of
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being able to identify high-risk patients and initiate early treat-
ment, thus preventing the devastating immunological responses
and organ dysfunction. Another personalised strategy could be to
use Ficolin-2 infusion as an adjuvant treatment in patients with
low levels of Ficolin-2, as seen in phase-one clinical trials with
MBL-infusion in MBL-deficient individuals (134-136). Finally, we
plan to investigate whether hyperbaric oxygen therapy can de-
crease the inflammatory response by reducing the plasma level of
IL-6 and other proinflammatory cytokines (87). If this is the case,
then subgroups with high IL-6 level might particularly benefit
from hyperbaric oxygen therapy. It might also be relevant with fu-
ture studies randomising patients with a high inflammatory re-
sponse to, for example, different surgical interventions, antibiotic
treatment, or immunoglobulin therapy in order to determine the
therapeutic effects in subgroups with a high risk of serious ad-
verse events.

6. OVERALL CONCLUSION

These three studies collectively provide new knowledge on the
aspects of the innate immune response in patients with NSTI. We
have shown that patients with NSTI are characterised by a pro-
nounced inflammatory response and that the response distinc-
tively differs according to disease severity and mortality. Due to
high negative predictive values, the biomarkers seem to be better
suited at ruling out patients at high risk of severe outcome. How-
ever, all the biomarkers had a low AUC for mortality prediction,
currently limiting the clinical value. Nevertheless, we have identi-
fied relevant biomarkers for disease severity and mortality. This
knowledge can be used as guidance for future research in the
field.

In patients with NSTI, PTX3 can be considered as a reliable marker
of disease severity and mortality on equal terms with PCT. In ad-
dition, PTX3 might be able to identify clinically relevant sub-
groups, such as patients at risk of amputation. Baseline levels of
Ficolin-2, Ficolin-3, and MBL below the median were significantly
associated with short-term mortality, and Ficolin-2 was also asso-
ciated with long-term mortality and correlated with SAPS II.
Moreover, the ficolin-mediated lectin complement pathway
seems to be the most implicated pathway in the pathogenic de-
velopment in patients with NSTI. We found no significant associa-
tion between the LRINEC score and cytokine levels on admission,
suggesting that the LRINEC score does not reflect the cytokine re-
sponse and inflammatory state in patients with NSTI. Baseline IL-6
had the strongest correlation with the disease severity scores
(SAPS Il and SOFA), whereas IL-1 and IL-10 had the strongest as-
sociation with mortality. Finally, we found variations in the cyto-
kine responses depending on microbial aetiology, suggesting that
different pathogenic mechanisms contribute to the disease.
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9. SUMMARY OF THESIS

Necrotising soft tissue infection (NSTI) is a life-threatening and
rapidly progressing bacterial infection involving one or more lay-
ers of the soft tissue compartments causing necrosis. The ampu-
tation and mortality rates remain high despite increased focus on
the patients. Timely treatment, including surgical intervention, re-
duces the risk of severe disability and death. However, the lack of
pathognomonic signs impedes early diagnosis and treatment.
Moreover, the rarity of the disease makes it difficult to conduct
large prospective studies, thus prospective research is almost
non-existent in this group of patients. Instead data regarding bi-
omarkers are extrapolated from the wide and heterogenic group
of patients with sepsis, even though the immunological responses
are likely to differ because of the large amount of necrotic tissue
seen in patients with NSTI.

We performed the largest prospective, observational studies to
date of patients with NSTI in Scandinavia sampled over more than
two years with up to a 2.7-year follow-up. Blood samples were
taken on admission (baseline) and the following three days and
subsequently analysed for relevant plasma biomarkers. We elabo-
rated on three aspects of the innate immune response, which in-
cluded the investigation of acute-phase proteins, pattern recogni-
tion molecules of the lectin complement pathway, and
inflammatory cytokines. The objective was to investigate aspects
of the innate immune response in patients with NSTI, focusing on
biomarkers as prognostic markers of disease severity and mortal-
ity. The overall hypothesis was that plasma biomarkers, repre-
senting the early innate immune response, can be used as prog-
nostic markers of disease severity and mortality assessed by ICU
scoring systems (SAPS Il and SOFA score), the Laboratory Risk In-
dicator for Necrotizing Fasciitis (LRINEC) score, presence of septic
shock, microbial aetiology, renal replacement therapy, and ampu-
tation.

In Study 1, we assessed the following acute-phase proteins in 135
patients with NSTI: pentraxin-3 (PTX3), procalcitonin, and C-reac-
tive protein. We found that a high baseline PTX3 level above the
median was significantly associated with the presence of septic
shock, amputation, and 180-day mortality, albeit PTX3 was not an
independent predictor of mortality. PTX3 and procalcitonin per-
formed equally well, whereas C-reactive protein correlated poorly
with clinically relevant outcomes.

In Study 2, we assessed the following plasma pattern recognition
molecules in the same cohort as in Study 1: mannose-binding lec-
tin, Ficolin-1, Ficolin-2, and Ficolin-3. We found that baseline
Ficolin-2 level below the median was associated with short- and
long-term mortality and correlated with the SAPS I, whereas low
levels of mannose-binding lectin and Ficolin-3 were associated
only with short-term mortality.

In Study 3, we assessed the following inflammatory cytokines in
159 patients with NSTI: interleukin-1B, interleukin-6, interleukin-
10, and tumor necrosis factor-a. We found no significant associa-
tion between the LRINEC score and baseline cytokine levels. In ad-
dition, interleukin-6 had the strongest correlation with the dis-
ease severity scores (SAPS Il and SOFA score), whereas
interleukin-1B and interleukin-10 had the strongest association
with 30-day mortality. Moreover, patients with B-haemolytic
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streptococcal infection had higher levels of interleukin-6 and tu-
mor necrosis factor-a compared with each subgroup stratified by
microbial aetiology.

This thesis provides new knowledge on the aspects of the innate
immune response in patients with NSTI. The results prove that
NSTI is characterised by a pronounced inflammatory response
and that the innate immune response differs according to disease
severity, microbial aetiology, and mortality. Through the three
studies we have identified relevant biomarkers that are useful in
the risk stratification of patients with NSTI, thus perhaps enhanc-
ing prognostication and decision making in these critically ill pa-
tients.
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