& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Daniel C. Stein,

University of Maryland, College Park,
United States

REVIEWED BY
Peter Van Der Ley,

Intravacc, Netherlands

Charlene Kahler,

University of Western Australia, Australia

*CORRESPONDENCE
Berit Sletbakk Brusletto
berit.brusletto@medisin.uio.no

RECEIVED 21 September 2023
accepTeD 07 November 2023
PUBLISHED 28 November 2023

CITATION

Brusletto BS, Hellerud BC, @vsteba R
and Brandtzaeg P (2023) Neisseria
meningitidis accumulate in large
organs during meningococcal sepsis.
Front. Cell. Infect. Microbiol. 13:1298360.
doi: 10.3389/fcimb.2023.1298360

COPYRIGHT
© 2023 Brusletto, Hellerud, @vstebg and
Brandtzaeg. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology

TvpPE Original Research
PUBLISHED 28 November 2023
D01 10.3389/fcimb.2023.1298360

Neisseria meningitidis
accumulate in large organs
during meningococcal sepsis

Berit Sletbakk Brusletto™, Bernt Christian Hellerud?,
Reidun @vstebo' and Petter Brandtzaeg™**

'Department of Medical Biochemistry, Oslo University Hospital, Oslo, Norway, ?Institute of
Immunology, Oslo University Hospital, Oslo, Norway, *Department of Pediatrics, Oslo University
Hospital, Nydalen, Norway, “Institute of Clinical Medicine, Faculty of Medicine, University of Oslo,
Oslo, Norway

Background: Neisseria meningitidis (Nm) is the cause of epidemic meningitis and
fulminant meningococcal septicemia. The clinical presentations and outcome of
meningococcal septic shock is closely related to the circulating levels of
lipopolysaccharides (LPS) and of Neisseria meningitidis DNA (Nm DNA). We
have previously explored the distribution of Nm DNA in tissues from large
organs of patients dying of meningococcal septic shock and in a porcine
meningococcal septic shock model.

Objective: 1) To explore the feasibility of measuring LPS levels in tissues from the
large organs in patients with meningococcal septic shock and in a porcine
meningococcal septic shock model. 2) To evaluate the extent of contamination
of non-specific LPS during the preparation of tissue samples.

Patients and methods: Plasma, serum, and fresh frozen (FF) tissue samples from
the large organs of three patients with lethal meningococcal septic shock and
two patients with lethal pneumococcal disease. Samples from a porcine
meningococcal septic shock model were included. Frozen tissue samples
were thawed, homogenized, and prepared for quantification of LPS by
Pyrochrome® Limulus Amoebocyte Lysate (LAL) assay.

Results: N. meningitidis DNA and LPS was detected in FF tissue samples from
large organs in all patients with meningococcal septic shock. The lungs are the
organs with the highest LPS and Nm DNA concentration followed by the heart in
two of the three meningococcal shock patients. Nm DNA was not detected in
any plasma or tissue sample from patients with lethal pneumococcal infection.
LPS was detected at a low level in all FF tissues from the two patients with lethal
pneumococcal disease. The experimental porcine meningococcal septic shock
model indicates that also in porcinis the highest LPS and Nm DNA concentration
are detected in lungs tissue samples. The quantification analysis showed that the
highest concentration of both Nm DNA and LPS are in the organs and not in the
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circulation of patients with lethal meningococcal septic shock. This was also
shown in the experimental porcine meningococcal septic shock model.

Conclusion: Our results suggest that LPS can be quantified in mammalian tissues
by using the LAL assay.

KEYWORDS

Neisseria meningitidis, meningococcal septic shock, LPS (lipopolysaccharide),
meningococcal DNA, LAL-assay, multiple organ failure - MOF, porcine shock model,

LPS in tissue samples

Introduction

Neisseria meningitidis (N. meningitidis) is a specific human
gram-negative diplococcus which primarily resides in the upper
airways and occasionally may cause meningitis, septic shock or a
combination of meningitis and shock. It may also present as a more
lenient invasive infection such as mild or chronic meningococcemia
without involvement of the meninges or cause arthritis, pericarditis,
panophthalmia or pneumonia (Rosenstein et al, 2001; Stephens
et al., 2007). The interaction between the intrusive bacterium and
man, causing invasive meningococcal disease (IMD), have been
extensively studied and reviewed the last four decades (DeVoe,
1982; van Deuren et al., 2000; Rosenstein et al., 2001; Stephens et al.,
2007; Brandtzaeg and van Deuren, 2012; Rouphael and Stephens,
2012). Solitary cases of N. meningitidis infections occurs worldwide.
Given its propensity to induce clusters of cases, sometimes reaching
epidemic proportions, it has long been known as the cause of
epidemic meningitis (Weichselbaum, 1887).

The incidence varies over time from region to region and is
presently more prevalent in third world countries, particularly in
the “meningitis belt” in sub-Saharan Africa (Pardo de Santayana
etal, 2023). The ability to cause invasive disease and cluster of cases
is related to specific clones of N. meningitidis. They are encapsulated
(A,B,C,X,Y,W) and reveal specific patterns of house-hold enzymes,
outer membrane proteins and lipopolysaccharides (LPS), the latter
often denoted lipooligosaccharides (LOS) and may circumvent
immune recognition (Caugant and Maiden, 2009; Rouphael and
Stephens, 2012; Read, 2014). Meningococcal infection is still a
much-feared disease despite the availability of protective vaccines
covering the main serogroups A, B, C, Y and W since comparatively
few inhabitants in a population are vaccinated. The prevalence is
highest among infants and children below 5 years and young adults.
However, the disease occurs in all age groups with a higher case
fatality rate in patients above 25 years of age (Wang et al., 2019).

In the 1980s it was discovered that the clinical presentations and
outcome of IMD were closely associated with the levels of LPS, the

Abbreviations: CSF, Cerebrospinal fluid; ctrA, capsule transport A; EU,
Endotoxin Unit; FF, fresh frozen; IMD, invasive meningococcal disease; LAL
assay, Limulus Amebocyte Lysate; LPS, lipopolysaccharides; Nm, Neisseria

meningitidis; MOF, multiple organ failure; MSS, meningococcal septic shock.
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endotoxin of N. meningitidis, as measured by the Limulus
amebocyte lysate (LAL) assay (Harthug et al, 1983; Bjorvatn
et al., 1984; Brandtzaeg et al., 1989; Brandtzaeg et al., 1992b; van
Deuren et al., 1995; Brandtzaeg et al., 2001a). In the 1990s
researchers determined the number of meningococcci per mL
plasma or cerebrospinal fluids (CSF) by using real time PCR and
relating the numbers per mL to the Glasgow Meningococcal
Septicaemia Prognostic Score or the clinical presentation
(meningitis, septic shock, a combination of the two, or mild
meningococcemia) (Hackett et al, 2002; Ovstebo et al, 2004;
Darton et al., 2009). The levels of N. meningitidis (Nm-copy
number) and the levels of LPS in plasma and CSF were closely
related (Ovstebo et al., 2004). More recently the Nm-copy number
in tissues from the large organs of patients dying of meningococcal
septic shock has been determined and linked to the transcriptomic
changes and cytokine levels in tissues from these organs (Hellerud
et al.,, 2015; Brusletto et al.,, 2017; Brusletto et al., 2020).
Subsequently a similar pattern of transcriptomic changes was
detected in organ tissues of a porcine meningococcal septic shock
model (Hellerud et al., 2015; Brusletto et al., 2022).

LPS and various outer membrane proteins including porins,
comprise a large part of the outer leaflet of the outer membrane of
the meningococci (Devoe and Gilchrist, 1973; Frasch and Mocca,
1978; Tsai et al.,, 1981; DeVoe, 1982; Aho, 1989). Furthermore, N.
meningitidis also produce and secret various proteins including
secretory IgAl protease that possibly may contribute to the
invasiveness and host pathology (Tommassen and Arenas, 2017).
LPS is, by far, the most potent group of molecules activating various
parts of the patients’ immune system and induce clinical symptoms
and outcome in a dose dependent manner (Brandtzaeg, 1995;
Brandtzaeg et al., 2001a; Brandtzaeg, 2006; Stephens et al., 2007;
Ovstebo et al.,, 2008; Brandtzaeg and van Deuren, 2012). This
conclusion is based on multiple measurements of LPS in plasma
and cerebrospinal fluid (CSF) by several research groups using the
Limulus amebocyte lysate assay (LAL assay) (Harthug et al., 1983;
Bjorvatn et al., 1984; Brandtzaeg et al., 1989; Brandtzaeg et al.,
1992b; van Deuren et al., 1995; van Deuren et al., 2000; Brandtzaeg
etal., 2001a). The high LPS levels in meningococcal patients leading
to shock and multiple organ failure have been confirmed to
originate from N. meningitidis by gas chromatography and mass
spectrometry (GC-MS) (Brandtzaeg et al., 1992a). In vitro studies of
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human monocytes and detailed analyses of organ tissues from
meningococcal shock patients’ reveal that LPS influence
thousands of genes in the lungs and heart, primarily related to
inflammation (Ovstebg et al., 2008; Brusletto et al., 2020; Brusletto
et al., 2022).

The synthesis, chemistry and functions of N. meningitidis LPS
have been extensively studied (Kulshin et al.,, 1992; Pavliak et al,
1993; Kahler and Stephens, 1998; Steeghs et al., 1998; Bjerre et al.,
2000; van der Ley et al,, 2001; Bjerre et al., 2003; Zughaier et al.,
2004). LPS molecules, located in the outer membrane, are
translocated by a group of plasma proteins including LPS-binding
protein (LPB) and albumin (Gioannini et al., 2002; Post et al., 2005).
They are guided to CD14 molecules on immune cells including
human monocytes, tissue macrophages, and dendritic cells.
Subsequently, single LPS molecules as associated with MD2 and
TLR4, are generating transmembrane signals (Bjerre et al., 2003;
Gioannini et al.,, 2004; Yu et al,, 2012). The transmembrane signals
activates the MyD88-dependent and MyD-independent pathways
(Zughaier et al., 2004; Ovstebe et al., 2008).

Although LPS is the most potent group of molecules and carry
its name endotoxin rightly, other molecules produced by N.
meningitidis such as various outer membrane lipoproteins,
excreted proteins and fragment of the thin peptidoglycan layer
underneath the outer membrane may contribute to the
inflammation (Brandtzaeg, 2006; Tommassen and Arenas, 2017).
Lipoproteins may activate the human immune system via CD14-
TLR2 (Ingalls et al., 2000). DNA from meningococci appear to
activate TLR9 (Mogensen et al., 2006). Peptidoglycan fragments
may trigger the intracellular located NODI and NOD2 receptors
(Pridmore et al., 2001; Sprong et al., 2001; Antignac et al., 2003). In
summary in vitro experiments suggest that these non-LPS
molecules may also contribute to gene activation and possibly
inflammatory reactions in cases with very high levels of
meningococci i.e.10”- 10%/mL (Hellerud et al., 2008; Ovstebo
et al., 2008).

To clarify the contribution of LPS versus non-LPS molecules in
details we have developed a porcine model (Hellerud et al., 20105
Hellerud et al.,, 2015) and a human monocyte target model (Ovstebo
et al., 2008). By evaluating the pathophysiological influence of LPS
versus non-LPS molecules we have used a wild-type serogroup B
reference N. meningitidis strain (H44/76) isolated from a patient
with lethal septic shock and a mutant of this strain N. meningitidis
(H44/76lpxA-) completely lacking LPS (Holten, 1979; Steeghs et al.,
1998). The results suggest that LPS, by far, is the most potent group
of molecules that trigger the immune system and induce the
inflammatory response leading to shock and organ dysfunction in
a large animal (Hellerud et al., 2010; Hellerud et al., 2015; Hellerud
et al,, 2017). In subsequent studies we have quantified the levels of
N. meningitidis in tissues from different larger organs in patients
and in the porcine experimental model and measuring the
transcriptomic changes and protein levels of key inflammatory
molecules (Hellerud et al., 2015; Brusletto et al., 2017; Brusletto
et al., 2020; Brusletto et al., 2022).

Since LPS is the most potent group of meningococcal molecules
that link whole and disintegrated bacteria and their outer
membrane vesicles (blebs) to tissue immune cells, we have asked
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a key question: Can we measure the levels of LPS in the different
tissues using the LAL assay on homogenized tissues dissolved in a
LAL assay buffer (Devoe and Gilchrist, 1973; Brandtzaeg et al., 1989;
Bjerre et al., 2000; Namork and Brandtzaeg, 2002). Recently
published studies suggested that the numbers of meningococci
were as high in lung and heart tissue as measured in blood which
was reflected in gene activation in both patients and the porcinis
(Hellerud et al., 2015; Brusletto et al., 2017; Brusletto et al., 2020;
Brusletto et al., 2022). In the present study we have used tissues
from three meningococcal septic shock patients as described by
Brusletto et al. in 2017 and 2020, to study the usefulness of the LAL
assay to detect accumulated LPS in the tissues of different large
organs (Hellerud et al., 2015; Brusletto et al., 2017; Brusletto et al.,
2020; Brusletto et al., 2022). In addition, we have examined the LPS
levels in tissues from the porcine N. meningitidis shock experiments
(Hellerud et al., 2015). The specimens were treated with sterilized
equipment in an effort to avoid major LPS contamination and
stored at -80°C immediately after the dissection.

We are aware of the possible influence of tissue glycans on the
LAL results (Nalepka and Greenfield, 2004). The activation of the
LAL assay caused by tissue glycans in orthopedic patients were very
low compared with the LPS levels found in the circulation in the
three lethal meningococcal patients examined (Nalepka and
Greenfield, 2004; Brusletto et al.,, 2020). We have also examined
tissues from patients found dead in bed and examined at
Department of Forensic Medicine, University of Oslo. They had
positive blood cultures of the gram-positive Streptococcus
pneumoniae (S. pneumoniae) (Hellerud et al., 2015). Previous
studies by our group have shown that patients with lethal
pneumococcal septic shock and multiple organ failure have a
negative LAL assay of heparin plasma (Brandtzaeg et al., 1989).

Materials and methods
Bacteria

The international reference strain N. meningitidis H44/76,
characterized as B;15:P1:7,16:1L3,7,9 was used in the porcine
experiments (Holten, 1979; Bjune et al., 1991; Piet et al,, 2011). In
the porcine experiments heath inactivated H44/76 was used for
safety reasons (Nielsen et al., 2009).

Animals
Healthy Norwegian landrace pigs of both sexes with a
bodyweight of 30 kg were used in the experiment (Nielsen et al,
2009; Hellerud et al., 2015; Hellerud et al., 2017).
Experimental design of the porcine study
Eight pigs received exponentially increasing numbers of N.

meningitidis intravenously by doubling the infusion rate of the
bacteria every 30 minutes during 4 h. A total of 5.7x10'°
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meningococci was given to the pig receiving the lowest numbers of
bacteria. The successive pigs used in the experiments received two-,
three-, four-, five-, six-, 10-, and 20-fold this number of
meningococci. Three pigs served as negative controls and received
0.9% NaCl only (Hellerud et al., 2015). After the end of the
experiments the animals were euthanized, and biopsies were
obtained immediately after from the organs and rapidly frozen on
liquid nitrogen. The intention of the experimental model was to
simulate the growth of meningococci in the circulation and in large
organs as observed in patients (Brandtzaeg and van Deuren, 2012).

Patients

Three patients (1 up to 18-year-old) with acute lethal
meningococcal sepsis and multiple organ failure were included.
Leftover, whole blood, serum, and plasma from routine blood
sampling was frozen and analyzed later. Organ samples; mainly,
lungs, hearts, livers, kidneys, and spleens were collected in parallel
with the routine post mortem examination (within 24 h after the
patient died), and frozen at —80°C for later analysis (Hellerud et al,
2015; Brusletto et al., 2017; Brusletto et al., 2020; Brusletto et al., 2022).

Patient controls

Whole blood, and organ samples from two patients dying of
microbiologically verified pneumococcal disease (gram-positive
infectious control group) were also included in this study to
evaluate non-specific LPS contamination during preparation of
the tissue samples (Hellerud et al., 2015; Brusletto et al.,, 2017).

Autopsy procedure of the patients

The tissue samples have been prepared at the Department of
Pathology, Oslo University Hospital, Department of Pathology
Stavanger University Hospital, and at the Section for Forensic
Pediatric Pathology, Oslo University Hospital, Oslo, Norway
(former: Department of Research and Development in Forensic
Pathology, The Norwegian Institute of Public Health, Oslo,
Norway). All the autopsies have been carried out by pathologists
on duty and according to routine procedures, which include sterile
equipment for microbiological sampling (Hellerud et al., 2015;
Brusletto et al., 2017; Brusletto et al., 2020).

Homogenization procedure for
quantification of LPS in tissue samples

500 ul LAL reagent water (LRW) (Associates of Cape Cod,
USA) (LRW contains less than 0.001 EU/mL endotoxin and less
than 1.56 pg/mL glucan) was added to a thawed tissue sample
previously stored at -80°C, which was trimmed with sterile
equipment to weigh approximately 50 mg and then homogenized
with Xiril Dispomix (AH diagnostics, Aarhus, Denmark). Each
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sample was weighed separately and the concentration of LPS
calculated per g tissue. After completion, the samples were
transferred to Nunc tubes and kept at -80°C until analysis.

Homogenization procedure for DNA
extraction and quantification of N.
meningitidis DNA in tissue samples

The homogenization procedure and DNA extraction were
performed as previously described (Hellerud et al., 2015; Brusletto
et al., 2017).

Bacterial DNA quantification

Bacterial concentrations were determined by bacterial genome
DNA quantification utilizing real-time PCR (LightCycler; Roche
Diagnostic, Mannheim, Germany) (Ovstebo et al., 2004).

Quantification of N. meningitidis DNA in
fresh frozen tissue from patients with
lethal systemic meningococcal disease
with shock and multiple organ failure and
from FF tissue samples from a porcine
experimental model

The bacterial load of N. meningitidis DNA was examined using
quantitative real-time PCR (q-PCR) and primers for the capsule
transport A (ctrA) gene (1 copy per N. meningitidis DNA) (Frosch
et al., 1992; Hackett et al., 2002; Ovstebo et al., 2004; Darton et al., 2009;
Hellerud et al., 2015; Brusletto et al., 2017), with a lower detection limit
0.01 pg of genomic DNA (Brusletto et al., 2017). In the human patient
study, the results were described as DNA copies/pig human DNA and
in the porcine experimental model as DNA copies/g tissue.

Quantification of N. meningitidis LPS and
DNA in in circulation from patients with
lethal systemic meningococcal disease
with shock and multiple organ failure in
samples collected on hospital admission

The heparin-blood was collected, centrifuged, plasma pipetted
off and aliquoted as described in detail earlier (Brandtzaeg et al.,
1989; Brandtzaeg et al., 2001b). Quantification of N. meningitidis
DNA was performed as earlier described in detail (Ovstebo et al.,
2004; Gopinathan et al, 2012). The detection limit was 10> N.
meningitidis DNA copies/mL. Quantification of LPS in plasma/
serum was at first performed with an in house developed Limulus
Amebocyte Lysate (LAL) assay and later with Chromo-LAL
(Associates of Cape Cod, USA) with a detection limit of 0.2 EU/
mL. The serum level is on average 60% of the plasma level for
purified N. meningitidis LPS (100 EU/mL) (Brandtzaeg et al., 1989;
Brandtzaeg et al., 2001b).
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Quantification of LPS in FF tissue samples

Quantification of LPS in the homogenized FF tissue samples
were quantified in a Pyrochrome® Limulus Amoebocyte Lysate
assay by an endpoint chromogenic method using a diazo-coupling
assay kit (Associates of CAPE COD, Inc., Falmouth, MA, USA).
Homogenates were diluted in depyrogenated Pyrotube—D® tubes
with 500 ul LAL Reagent water (both Associates of CAPE COD,
Inc., Liverpool, UK). The diluted samples were heat treated at 75°C
for 10 minutes, mixed with pyrochrome solved in Glucashield®, a
B-D-glucan inhibiting buffer, and incubated in a 96 well Pyroplate®
(both Associates of CAPE COD, Inc., Falmouth, MA, USA) on a dry
block incubator. Normal human serum was used as negative control
and hence as a comparable “background” for the other
measurements. After incubation, the procedure was followed
according to the instructions from the manufacturer. Detection
limit was 3,13 EU/mL.

Statistical analysis

For correlation analysis, the Spearman procedure in GraphPad
Prism Software Version 9.4.1 (GraphPad Software, San Diego, CA,
USA) was used.

Results

Quantification of N. meningitidis DNA and
LPS in circulation, and in fresh frozen
tissue samples from patients with lethal
systemic meningococcal disease with
septic shock

The number of N. meningitidis/mL in the circulation of the
patients with meningococcal septic shock reached from 3.0x 107/mL
to 1.0x10%/mL (Table 1). The LPS levels in heparin plasma or serum
ranged from 2140 EU/mL to 3800 EU/mL (Table 1) (Brusletto
et al., 2017).

N. meningitidis DNA was detected in all FF tissues from
patients with lethal shock and multiple organ failure (Brusletto
et al,, 2017) (Table 1). The amount of N. meningitidis DNA in the
organs ranged from 5.9 x 10° to 2.4 x 10° copies of N. meningitidis
DNA/ug human DNA. In general, the highest concentration of N.
meningitidis DNA was presented in lungs tissue samples from all
three patients (Table 1).

LPS concentration, quantified as EU/g tissue, was detected in all
the patients FF tissue samples (Table 1). The amount of LPS in the
organs ranged from 80 EU/g tissue (duodenum) to 112,000 EU/g
(lung) tissue. In general, the FF tissue samples from lungs revealed
the highest concentration and especially patient 3 had an extreme
amount of LPS in the lungs (Table 1).

In patients with systemic meningococcal disease with shock, the
quantification analysis shows in general, that the highest
concentration of both N. meningitidis DNA and LPS are in the
organs and not in the circulation (Table 1). The correlation plot for
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matched pair of data for N. meningitidis DNA and LPS
concentration for each organ (n=12) showed a weak correlation
Spearman r =0,32 (data not shown).

Quantification of N. meningitidis DNA and
LPS in circulation, and in fresh frozen
tissue samples from control patients with
lethal S. pneumoniae infection

N. meningitidis DNA was not detected in any plasma or tissue
sample (Hellerud et al., 2015; Brusletto et al., 2017).

LPS was detected in all FF tissues from the two pneumococcal
sepsis patients, shown in Table 1. The median amount of LPS in the
organs of the controls was 210 EU/g tissue ranging from 70 EU/g
tissue to 590 EU/g tissue (Table 1). The LPS concentrations were
10-fold to 70-fold higher in the meningococcal patients” organs than
detected in the organs from the control patients infected with S.
pneumoniae, lacking LPS (Table 1).

Quantification of N. meningitidis DNA and
LPS in circulation and in fresh frozen tissue
samples from porcinis in the porcine
experimental model

The median number of N. meningitidis/mL in the circulation of
the porcinis infused with meningococci was 2x10e’ copies/mL
(plasma) and the LPS levels in serum was 239 EU/ml (Table 2).
In the organs, we detected that the median copy number of N.
meningitidis was 1x10°/g tissue in the lungs, 8x10°/g in the liver,
and below detection limit (10> N. meningitidis DNA copies/mL) in
the rest of the organs (Table 2) (Hellerud et al., 2015).

The LPS concentrations, as quantified as EU/g tissue, were
detected in the porcinis FF tissue lung and liver samples (Table 2).
The LPS concentration in the lungs tissue showed the highest
concentration, 26,000 EU/g tissue, while in the liver the LPS
concentration was 10,000 EU/g tissue.

The model also showed that the concentration of LPS and N.
meningitidis DNA are remarkable higher in organs than in the
circulation (Table 2).

Discussion

The results from this study suggest that the LPS levels in tissues as
the lungs, heart, kidneys, liver, and spleen in the three meningococcal
shock patients are higher than we have detected in the circulation of the
same patients earlier (Brusletto et al, 2020). Previously, our results
suggested that key inflammatory mediators, cytokines, chemokines,
and others, were also higher in different organ tissues than in plasma or
serum (Hellerud et al., 2015; Brusletto et al., 2020). These results have
been reproduced in our porcine shock model (Hellerud et al,, 2015).
We have hypothesized that key cytokines including TNF, IL-1f, IL-6
and other inflammatory molecules, primarily are generated in the
tissues of each organ, induced by accumulating levels of N. meningitidis
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TABLE 1 Quantification of N. meningitidis (Nm) DNA by q-PCR and LPS by LAL assay method in plasma/serum and in fresh frozen tissue from patients
with lethal systemic meningococcal disease with shock and in control patients with microbiologically verified acute lethal pneumococcal disease.

Patient No

Neisserial DNA; copy number of N.
meningitidis/mL LPS (LAL); EU/mL at

admission to hospital * not available

LPS (LAL); EU/
g tissue * not
available

Type of
organ
tissue

Copies N. meningitidis
DNA/ug human DNA *
not available

No 1 1.0x10%copies/mL (serum) Lungs 2.4x10¢* 13400
Patient with systemic 2140 EU/mL (serum) Heart 4.2x10e° 16200
meningococcal disease Spinal puncture was performed post mortem. Kidneys 6.3x10¢’ 8500
(SMD) with shock CSF contained 8 EU/mL Liver * *
Spleen 5.9x10¢° 3500
Adrenal gland * 2200
Duodenum * 80
Cerebellum * 800
No 2 3.0x10”copies/mL (serum) Lungs 2.3x10¢* 23500
Patient with systemic 3800 EU/mL (serum) Heart 6.1x10e” 5000
meningococcal disease No spinal puncture was performed Kidneys 8.3x10e” 1100
(SMD) with shock Liver Spleen 1.2x10e® 4500
Adrenal gland 4.3x10¢” 5100
Small intestine * 2500
* 3200
No 3 * Lungs 4.1x10¢’ 112100
Patient with systemic Heart 3.5x10¢” 800
meningococcal disease * Kidneys 9.9x10¢° 1800
(SMD) with shock Liver 1.7x10e” 4100
* Spleen * 2200
Adrenal gland * 2400
No 4 Lungs 70
Control patient with * Heart 100
lethal pneumococcal Kidneys 70
disease Liver 200
Spleen 300
No 5 * Lungs 590
Control patient with Heart 210
lethal pneumococcal Kidneys 200
disease Liver 500
Spleen 170
Adrenal gland 430
M. vastus med 240
M. vastus lat 440

In plasma/serum Nm DNA was measured as copy number of N. meningitidis/mL and LPS as EU/mL. In tissue NmDNA was measured as copies of N. meningitidis DNA/ug human DNA and
LPS as EU/g tissue. M. vastus med. denotes Musculus vastus medialis and M. vastus lat. denotes Musculus vastus lateralis.

and blebs carrying LPS. The cytokines detected in plasma may be a sort
of “overflow” from tissues, but not primarily produced by the
leukocytes in the circulation (Brandtzaeg et al, 1996; van Deuren
et al., 1998; Gille-Johnson et al., 2012; Hellerud et al., 2015). Also
circulating IL-10 is suggested to depress certain leukocyte functions
including cytokine production in meningococcal septic shock plasmas
(Brandtzaeg et al., 1996; Bjerre et al., 2003). These observations support
the hypothesis that circulating cytokines and chemokines primarily are
produced in the organ tissues with lower levels of IL-10 than measured
in plasma (Hellerud et al., 2015).

Are the high levels of LPS detected in the organs really caused by
live or dead meningococci or blebs? Or are the levels of LPS artefacts
caused by unspecific LPS contamination during the preparation of
the tissues? Our research group has extensive experience with
measuring LPS in in different biological specimens collected from
patients with lethal meningococcal and pneumococcal septic shock
(Brandtzaeg et al., 1989; Brandtzaeg et al., 2001b). To try to answer
the question of LPS contamination of the patients’ tissues samples, we
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have included tissues from patients with acute, lethal S. pneumoniae
infection (Table 1). S. pneumoniae is a gram-positive bacterium. It
lacks an outer membrane and LPS and does not activate the LAL
assay when cultivated on LPS-free media. Plasmas from patients —
often splenectomized and unvaccinated - with fulminant
pneumococcal sepsis leading to septic shock, multiple organ failure,
coagulopathy and death, which is clinically quite similar to fatal
meningococcal shock, do not activate the LAL assay (Brandtzaeg
et al., 1989). In the forensic tissues samples from patients found dead
in bed with microbiologically verified S. pneumoniae infection used as
controls, we found a comparatively low LAL activity of median 210
EU/g tissue as compared with median 3400 EU/mL in the
meningococcal patients’ tissues. Only one tissue (duodenum) from
one meningococcal shock patient had a LPS level as low as 80 EU/g.
For the rest of the meningococcal patients’ tissue samples there was
no overlap of the LPS levels in the tissues as compared with the
control patients with lethal pneumococcal infection. The difference in
median LPS level between the meningococcal patients’ pulmonary
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TABLE 2 Quantification of N. meningitidis (Nm) DNA by q-PCR and LPS by LAL method in plasma /serum and fresh frozen tissue from porcinis Nm

septic shock experimental model.

Neisserial DNA; median copy
number of N. meningitidis/mL

Median LPS (LAL); EU/mL

Porcine Nm septic shock 2x10e” copies/mL (plasma)
experimental model
239 EU/ml (serum)

Number of porcinis n =8

Type of Median numbers of N. Median LPS;
organ meningitidis DNA/g tissue EU/g tissue
tissue * not available

Lungs (n=8) 1.0x10€e° 26000

Kidneys (n=8) <1x10* *
8.0x10¢’ 10000

Liver (n=8) <1x10* *

Spleen (n=8)

Nm DNA presented as median copy number of N. meningitidis/mL and LPS as EU/mL in plasma/serum. In tissue Nm DNA presented as median numbers of N. meningitidis DNA/g tissue

(detection limit is 1x104) and LPS as EU/g tissue. Detection limit is 1x10%

tissue was particularly evident being 70-fold higher than the median
control pulmonary tissue of the S. pneumoniae control patients.

Although the pathologists and our research group tried to avoid
LPS contamination by using sterile equipment and by trimming oft
tissues during preparation for homogenization, we assume that LPS
contamination may have occurred. The small pieces of tissues that
was available for LPS measurement made it difficult to cut off all
surface areas with sterile scalpels to reduce unspecific LPS
contamination. The LPS levels found in the control tissues from
the patients with lethal pneumococcal infection were median ten- to
seventy-fold lower than those measured in the meningococcal septic
shock organs. We also assume that LPS contamination was at the
same level in tissues from the three meningococcal sepsis patients as
found in the S. pneumoniae tissue samples since they were prepared
simultaneously by the same people in the same laboratory.

In our LAL assay for detection of endotoxin, a Glucashield®
buffer that contains a glucan blocking agent have been used. False
positives due to contamination of B-D-glucans will then be ruled
out. Also, the use of a diazo-coupling reagent in the LAL assay, that
measures optical density (OD) at a higher wavelength will help to
avoid false positives due to interference by yellow colored sample
from body fluids. We know that human plasma contains inhibitors
of the LAL cascade system. These inhibitors are neutralized by heat-
inactivation and dilution (Brandtzaeg et al., 1989). The
homogenized tissue samples were treated likewise. Other non-LPS
tissue components that can influence the LAL assay, has not been
identified (Ovstebo et al., 2008).

The correlation plot for matched pair of data for N. meningitidis
DNA and LPS concentration for each organ (n=12) showed a weak
correlation using Spearman r =0,32. One can speculate why this
correlation is not stronger. One explanation can be that one
meningococcus synthesizes a lot more outer membrane vesicles
containing LPS activity than another. The patients were infected
with different clones of meningococci. It has been documented that
highly virulent meningococci produce multiple outer membrane
vesicles (blebs) in patients’ blood (Namork and Brandtzaeg, 2002).
Another explanation is methodologically. The high levels of LPS
found in the lungs of patients No.3 indicate that the test sample had
to be diluted to a greater extent than the other samples. Given our
knowledge that N. meningitidis LPS in vivo is present in different
seizes varying from whole bacteria to blebs, the inhomogenous
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solution could vary in LPS content. We conclude that the high levels
of LPS measured in the organs of the fatal meningococcal sepsis
patients are valid. The results found in the porcine organs support
our conclusion (Table 2). The lungs of the meningococcal patients
had the highest levels of LPS per gram tissue. The same was
observed in the porcinis. The bacterium accumulated rapidly in
the pigs’ lung and liver but was below detection limit in the other
organs. The high levels of N. meningitidis DNA and LPS found in
these tissues presumably were a consequence of active transport
from the circulation to the tissues of the organs. We assume that
upregulated phagocytosis by lung macrophages plays an important
role although the infusion site in the pigs may play a role in the
pulmonary accumulation (Nielsen et al., 2009).

A second question that arises from our results is: Are different
tissues in the large organs also an important proliferation site of N.
meningitidis in patients developing septic shock and multiple organ
failure and not primarily the circulating blood? The question has
arisen since our previous studies suggested that only 1 in 1000
circulating N. meningitidis were cultivable in blood from the shock
patients (Ovstebo et al, 2004). The numbers of circulating
meningococci were determined by realtime -PCR and compared
with growth of colony forming units on direct plating of serial
diluted blood samples collected before initiation of antibiotic
treatment (Brandtzaeg et al., 1989; Ovstebo et al., 2004;
Brandtzaeg, 2006). Previous attempts to quantify the levels of
circulating meningococci by direct plating have clearly
underestimated the magnitude of the bacteremia with exception
of one shock patient described by Zwahlen et al. (La Scolea et al.,
1981; Zwahlen and Waldvogel, 1984; Sullivan and LaScolea, 1987).
We know that meningococci are present and alive in the
extravascular space in patients’ skin as observed with direct
microscopy of biopsies and by needle aspiration and cultivation
13 hours after initiation of intravenous antibiotic treatment (van
Deuren et al., 1993; Harrison et al., 2002). Given the observations
from the porcine experiments that non-viable meningococci may
accumulate in the lungs and liver, the high levels of LPS in the
human tissues may be caused by active transfer of viable and
possible non-viable meningococci from circulation to the
extravascular space in the lungs and other organs in patients. We
conclude that the high tissue levels of LPS, particularly in the lungs
of patients, is caused by active transfer of live and dead bacteria and
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blebs from circulating blood but may also be the result of active
proliferation varying from tissue to tissue. We assume that
upregulated phagocytosis by local and transient macrophages may
play a role of this phenomenon if it is conferred by future research.
The question of local tissue proliferation of N. meningitidis in large
organs remains a hypothesis.

Conclusion

In conclusion, our results suggest that LPS can be measured in
mammalian tissues by using the LAL assay. The lungs are the
organs with the highest LPS levels followed by the heart in two of
the three meningococcal shock patients. Contamination of tissues
with non-specific LPS is a major challenge when using LAL as the
assay method. To estimate the amount of LPS contamination
during the preparation of our material we have used tissues from
patients with lethal pneumococcal infection. These controls suggest
that less than ten percent of the LAL activity can be ascribed to
contamination. In pigs, infused with increasing doses of heath
inactivated meningococci, the LAL activity in the tissues
increased markedly and were much higher than found in
circulation suggesting a rapid accumulation in the extravascular
space in the lungs and liver. In future quantitative studies of LPS in
organs from meningococcal and other patients, more focus must be
given to meticulously handling of the specimens and by using LPS-
free instruments at every step. Removing surface tissue layers will be
necessary since these layers are presumably always contaminated
during the dissection and preparation procedures. LAL reagents,
not reacting with tissue glucans, should be used. Furthermore, in
future research the true nature of meningococcal LPS can be
documented by determining the levels of 3-OH-12:0 (three
hydroxy lauric acid) as a marker of neisserial lipid A (Brandtzaeg
et al.,, 1992a). This fatty acid is uncommon in the lipid A part of the
LPS molecule from most gram-negative bacteria and will support
the conclusions obtained by the LAL assay. Unfortunately, we did
not have enough tissue material to verify our result by this method.
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