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Abstract

Endotoxin tolerance is a phenomenon known to cause innate immune cells, like
macrophages, to produce a decreased pro-inflammatory response to a pathogen
associated molecular pattern (PAMP), like LPS, after pre-stimulation. Innate immune cells
involved have thought to be primarily monocytes/macrophages but evidence has been
found for involvement of dendritic cells, neutrophils and T cells. The molecular
mechanisms of endotoxin tolerance are vague. However, negative regulators such as
SOCS1, IRAK-M and SHIP are believed to play a large role, along with the down-regulation
of TLR4 on cell surface and gene re-programming. Clinically, sepsis is a major model of
endotoxin tolerance due to the immunosuppression observed; however, new applications
for endotoxin tolerance in pathology are becoming apparent, including ischemia-reperfusion
injury. Little is known about cross-tolerance, but it does seem to have similarities and
differences to homo-tolerance and also application into the clinical world. This review
provides an overall picture of findings within endotoxin tolerance from the beginning to
recent, including cellular and molecular mechanisms along with clinical applications.
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Introduction

In response to tissue damage or an infection, innate immune cells will secrete many
inflammatory mediators to produce an inflammatory response. This occurs through innate
cells, such as macrophages, due to the pattern recognition receptors (PRR) they possess
on their surface. Toll-like receptor 4 (TLR4) is a member of the PRR family which is
responsible for recognising gram-negative bacteria and their endotoxins, such as
Lipopolysaccharide (LPS). This recognition allows the initiation of the inflammatory
response that is firmly regulated throughout the immune system to prevent uncontrolled
inflammation, which can lead to endotoxic shock, tissue damage and pathologies (Beutler,
2004). The immune system has developed a defence mechanism against endotoxic shock
thus preventing harmful pathologies like sepsis. Defined as a temporary hypo-
responsiveness, endotoxin tolerance (ET) is known as one of these mechanisms (Ishiyama
et al, 2006). ET is characterised by a reduced production of cytokines when a pro-
inflammatory stimulus is incurred. It occurs after an initial low dose of an endotoxin which
renders the cell unresponsive when endotoxin is encountered for the second time (Biswas
& Lopez-Collazo, 2009). This reduces the toxic effect of high levels of inflammatory
mediators (Ishiyama et al, 2006). Importance of ET became apparent due to its clinical
relevance in severe infections with gram negative bacteria (Beutler, 2004). This review will
outline ET and its developments as well as comparing and contrasting more recent
literature to give an overview of the effects of ET on the immune system.

Early Endotoxin Tolerance

The first observations of ET were recorded between the 1930s-40s in vivo. The first
indication came from human observation, due to patients with neurosyphillis being injected
with the typhoid vaccine to induce a fever; however it was also reducing the progression
rate of the infection throughout the nervous system (Beutler, 2004). Beeson (1947)
investigated this closely and found the constant administration diminished the effect of the
vaccine as a pyrogen, thus promoting a higher dose to be given to achieve the original
effects. This prompted him to develop a rabbit model where he discovered that tolerance
arose from LPS interaction with reticulo-endothelial cells, as the blockade of these cells with
trypan blue could prevent tolerance and weaken the removal of the pyrogen from the blood.
Additionally, he found that tolerance restricted the response to most gram-negative
bacterial pyrogens, and immune competence could be regained when injections were
stopped. Freeman (1960) also used a rabbit model, in which he found the plasma of a
rabbit expressing tolerance could induce tolerance to bacterial endotoxin when transferred
into another animal.

This encouraged human trials, providing more evidence for tolerance. Greisman et al
(1969) found that the vaccination of live Salmonella typhosa in humans promoted a
reduction in fever when endotoxin or killed bacteria was encountered compared to prior
infected state. Inferences in cross tolerance then became apparent when the same
reaction was observed in patients which had been immunised with Plasmodium cynomolgi
through a bite from a mosquito (Cavaillon & Adib-Conquy, 2006). This experience of
reduced immune reaction to endotoxin was found in patients with a variety of infections. In
vivo observations also provided evidence that ET could restrict the effects of lethal doses of
substances in mice. Originally found by Freudenberg and Galanos (1988) who
administered mice with a lethal dose of LPS paired with D-galactosamine which enhances
the toxicity of LPS. They found pre-treatment with LPS made the mice tolerant to the lethal
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dose, even when toxicity was enhanced. They also found that ET was macrophage
mediated by transfer of specific cells from LPS tolerant mice to control mice.

Macrophages and Endotoxin Tolerance

After early in vivo studies took place, presumption of cells involved in ET followed, mainly
promoting the look into monocytes and macrophages. In vitro studies of murine
macrophages and human monocytes and ET were undertaken to find the exact function or
malfunction which occurs in ET (Biswas & Lopez-Collazo, 2009). When ET is incurred,
macrophages show a decrease in secretion of inflammatory cytokines such as TNFa, IL-6,
and IL-12, and an increase in secretion of anti-inflammatory cytokines such as IL-10 and
TGF-B (Fig. 1a). This indicated a decrease in pro-inflammatory macrophage activity (M1)
and increase in anti-inflammatory macrophage activity (M2), whilst tolerant monocytes
exhibit a M2 response (del Fresno et al, 2009). Tolerant macrophages and monocytes have
also been found to have reduced antigen presenting function due to the decrease in MHC
class Il molecule expression like HLA-DRs, along with CIITA, a main regulator of MHC
class Il expression (Biswas & Lopez-Collazo, 2009). Earlier studies proposed multiple
mechanisms for MHC Il and co-stimulatory CD86 down-regulation including the
involvement of anti-inflammatory cytokines IL-10 and TGF 8 (Wolk et al, 2003). Wolk et al
(2003) also showed MHC class Il down-regulation happened at numerous levels including
the invariant chain, HLA-DM, which is responsible for loading the antigenic peptide onto the
MHC class Il molecule. This is thought to explain the long lasting effects of ET on antigen
presentation.
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Figure 1: Endotoxin tolerance monocyte/macrophage. (A) When re-stimulated with gram
negative endotoxin (e.g. LPS) show a major down-regulation of pro-inflammatory cytokine
production but up-regulation of anti-inflammatory cytokines. Other changes when undergoing
tolerance also represented. (B) Showing the 2 stages of sepsis in monocytes/macrophages.
Endotoxin Tolerance is shown in the 2" stage — immunosuppression.

Adapted from Biswas & Lopez-Collazo (2009).
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The lack of antigen presentation prevents an inflammatory response thus making the cell
tolerant. However, an increase in the receptor CD64/FcRI, a high affinity Fc 1gG receptor
on the surface, allows the macrophages to have a higher phagocytic ability (del Fresno et
al, 2009). Up-regulation of TLR-4 signalling negative regulators such as IRAK-M is also
apparent in these cells (Biswas & Lopez-Collazo, 2009). An increase in anti-inflammatory
cytokines and increase of phagocytic ability would allow for a more effective bacteria
clearance, however, the lack of antigenic presentation would hinder the adaptive response
of the macrophages (Fig 1a).

Other Cells and Endotoxin Tolerance

ET is also known to affect other immune cells such as dendritic cells (DCs), neutrophils and
T cells. DCs, the most potent of antigen presenting cells (APCs) which have been made
tolerant by endotoxin show decreased secretion of IL-12, IL-6 and TNF-a, pro-inflammatory
cytokines but increased IL-10 expression and show an increased amount of endocytosis
(Albrecht et al, 2008). It has also been found that LPS induced tolerance can inhibit APC
maturation which was recorded by the inhibition of chemokine production such as CCL3
and CCL5 (Cohen et al, 2004). However, Ishiyama et al (2006) found NFkB activation is
essential for DCs maturation and activation, so when ET is apparent, there is a decrease in
overall amount of DCs and activation (Ishiyama et al, 2006). Conversely, when neutrophils
have be made tolerant by endotoxin they retain their pro-inflammatory cytokine profile, but
however do loose expression of TLR4 on their surface (Biswas & Lopez-Collazo, 2009).

DCs have also been related to the induction of specific T helper cells in ET. Ishiyama et al
(2006) demonstrated in ET there was an increase in myeloid related DCs and therefore a
higher amount of antigen presentation, this sways a Th2 response. It also decreases the
amount of lymphoid related DCs expressing the antigen presentation molecules which
usually promote a Thl response. Lauw et al (2000) also found a favoured Th2 response,
however it was due to the cytokine profiles secreted when undergoing ET. They found,
once stimulated with LPS, production of Thl cytokines IFN-y and IL-2 showed a significant
decrease in blood samples compared to Th2 cytokines, IL-4 and IL-5 which were not
altered or seen to slightly increase. A reduction in Thl cells would reduce the efficiency of
macrophages and prevent the production of CTL’s which promote pathogen killing, overall
providing a weaker immune response.

ET was also found not just to affect immune cells. Ogawa et al (2003) found intestinal
micro-vascular endothelial cells usually produce a strong regulatory immune response in
gut inflammation. When tolerance was induced, these cells had a severely reduced
activation and reduced adhesion of leukocytes to cells preventing an inflammatory
response.

Molecular Basis of Endotoxin Tolerance

In immune cells, the aim is to counteract the gram negative bacteria by producing pro
inflammatory cytokines. This occurs by LPS binding to the LPS-binding protein (LBP). This
complex binds to GPI-CD14 on myeloid cells, such as macrophages. CD14 then presents
the LPS/LBP complex to TLR-4 on the cell surface causing it to dimerise (Sly et al, 2004).
The cytoplasmic tail of TLR-4 contains a TIR domain which, upon dimerization, recruits TIR
containing adapter proteins MyD88, TIRAP, TRIF and TRAM (Sly et al, 2004). MyD88 and
TIRAP then recruit death domain containing serine/threonine kinases IRAK-1 and/or IRAK-
4. They also recruit two kinase inactive negative regulators IRAK-2 and IRAK-M. IRAK-1
and IRAK-4 auto-phosphorylate causing them to dissociate from the TLR-4 complex and
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bind to TRAF6 (Sly et al, 2004). TRAF6 initiates signalling cascades which lead to the
activation of p38, Erk, c-Jun, AP1 and NFkB, which, on completion, will initiate pro-
inflammatory cytokine synthesis (Sly et al, 2004).

TLR-4 can also recruit TRIF in a MyD88 independent method. In this case, TRIF activates
NFkB and AP-1 via protein kinases TBK-1 and IKK (Biswas & Lopez-Collazo, 2009).
However this process is performed slower than the MyD88 dependant pathway (Sly et al,
2004). TRIF also activates the transcription factor IRF3 which up-regulates IFNB. IFNfB
acts through autocrine signalling via a cell surface receptor; this in turn activates the
Jak/STAT1 pathway which promotes the transcription of inducible nitric oxide synthase
(INOS) and therefore NO production (Sly et al, 2004). Type | IFN’s are also thought to up-
regulate the anti-inflammatory cytokine IL-10 in macrophages which gives a regulation to
the LPS derived response (Chang et al, 2007).

The above signalling will take place when the first introduction of LPS occurs, but not in the
tolerant state (Fig.2). Itis known ET promotes a down-regulation of TLR-4 and a decrease
in activation of NFkB, preventing the production of pro-inflammatory cytokines. The
mechanisms of ET are vague but research has implicated it is through the action of 3
negative regulators, IRAK-M, SOCS1, and SHIP (Fig.2).

Kobayashi et al (2002) showed IRAK-M, produced by TLR-4 signalling, negatively regulates
TLR signalling through a MyD88-dependent pathway. This occurred by IRAK-M preventing
IRAK-1 and IRAK-4 from dissociating from the TLR-4 complex therefore preventing IRAK-
TRAF6 complexes to form, which prevents the consequential signalling cascades that lead
to the reduction of pro-inflammatory cytokine synthesis. This was demonstrated in IRAK-M
knockout mice, which showed an increase in inflammatory response when presented with
bacteria and significantly decreased level of ET when a second dose was administered.
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Figure 2: Signalling pathways to show model of endotoxin tolerance via TLR4 due to dose of LPS. The
first diagram shows usual functioning signalling which occurs on first dose with LPS. The middle shows
the activation of inhibitory pathways. The left hand diagram shows the effect of the negative regulators
on 2" dose with LPS. Adapted from Sly et al (2004).
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ET was originally characterised as down-regulation of the MyD88 dependent pathway due
to the decrease of pro-inflammatory cytokines, however, the up-regulation of IFN-B a TRIF
dependant cytokine was also found. Biswas et al (2007) investigated the TRIF dependent
pathway to see its effects on ET. They found although pro-inflammatory cytokines were
down regulated in tolerant cells, the anti-inflammatory cytokine IL-10 and TRIF dependant
IFN-B were up-regulated. This production was found to correlate with the faulty activation
of NFkB whilst TRIF still functioned to promote STAT-1 signalling. This STAT-1 pathway is
said to promote the up-regulation of SOCS1, a negative regulator, proposed to inhibit
TRAF-6 and the Jak/STAT signalling pathway (Sly et al, 2004). Biswas et al (2007) also
found when a model of TRIF deficiency was used in TRIF knockout mice, the suppression
of pro-inflammatory cytokines was dismissed. Additionally, by using IFN-B neutralising
antibody, LPS tolerance was moderately alleviated, allowing pro-inflammatory cytokine
production. However, they did also find that persistent TRIF activation could cause
tolerance in cells.

SHIP activation is delayed in cells compared to activation of SOCS1 and IRAK-M. However
it has been found that tolerance cannot occur without the activity of SHIP (Sly et al, 2004).
Beulter (2004) found this in vivo by comparing SHIP knockout mice with control mice. In
the control mice they found LPS tolerance by recording the decreased activation of NFkB,
thus decreased pro-inflammatory cytokine production. In the SHIP knockout mice they
found the inhibition of activation not to occur, thus no tolerance to be apparent. Sly et al
(2004) also indicated that TGFpB, produced by the cells when LPS apparent, up-regulated
SHIP via its autocrine abilities. This was proven by the introduction of TGFB neutralising
antibodies, which when administered blocked the tolerance affect.

However, other molecules have for recently been indicated to be involved. Chang et al
(2007) also found a link for IL-10 over expression in tolerant cells. This decreased
expression of inflammatory genes like TNF-a. They also found that IL-10 working in an
autocrine fashion on the cell can up-regulate SOCS3 expression which decreased the
activity of the TRIF pathway by interfering with STAT1 activation. Gene reprogramming has
also been found to play a role in ET. This occurs by the chromatin remodelling due to
histone methylation induced by LPS, which in turn inhibits gene transcription such as TNF-
a. However histone acetylation prevents remodelling allowing genes, such as CCL-5, to
remain active (del Fresno et al, 2009).

Clinical Endotoxin Tolerance

Clinical significance has been discovered for ET allowing resistant states to tissue damage
and infection models including, sepsis, renal ischemia-reperfusion injury, infected thermal
injury and haemorrhagic shock (Cavaillon & Adib-Conquy, 2006).

The main model of ET, due to its inflammatory implications and complexity, is sepsis.
Sepsis results from a deregulated innate cell immune response subsequent to infection by
bacteria (Cavaillon & Adib-Conquy, 2006). The disease has 2 stages (Fig.1b), the initial
stage being overt inflammation, known as systemic inflammatory response syndrome
(SIRS). SIRS is characterised by an influx of cytokines, systemic inflammation and organ
failure (Cavaillon & Adib-Conquy, 2006). SIRS can be infectiously caused or non-
infectiously caused. It leads to the later stage, compensatory anti-inflammatory response
syndrome (CARS), which is an immuno-compromised state where innate cells are shown to
be endotoxin tolerant (Cavaillon & Adib-Conquy, 2006). Blood monocytes derived from
sepsis patients prove to be like endotoxin tolerant cells by sharing similar characteristics.
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Additionally, these cells from patients have a serious reduction of pro-inflammatory cytokine
production (e.g. TNFa and IL-6) when re-stimulated in vitro, in comparison to healthy
volunteer cells (Draisma et al, 2009a). Anti-inflammatory cytokines (e.g. TGF-B, IL-10)
were found to be up-regulated in these cells, along with down-regulation of MHC class Il
and co-stimulatory molecules (Draisma et al, 2009a). However, some discoveries in this
model have not been found in vitro; for example, the drastic decrease in cell immune cell
numbers in sepsis due to apoptosis of CD4" T cells, B cells and follicular DCs which in turn
promotes re-infection of the patient (Biswas & Lopez-Collazo, 2009).

Ishiyama et al (2006) investigated the clinical relevance of endotoxin tolerant cells and
transplantation. They found ET induced in mice restricted proliferation of allogeneic CD4"
and CD8" T cells from which they inferred that ER could hinder antigen presentation, thus
preventing rejection of allograft transplantation. From this it can be inferred that ET is not
just an inflammatory hypo-responsive state but may also allow endurance of body trauma.

Heeman et al (2000) investigated the prevention renal ischemia-reperfusion injury when
undergoing ET by pre-treating mice with different LPS concentrations, then removing their
right kidney and clamping the vessels of the left. All the different concentrations of LPS
prevented lethal renal ischemia-reperfusion injury, whilst 73% of the controls (no LPS pre-
treatment) died. They also found the destruction of the kidney tissue was prevented, along
with leukocyte infiltration, and a decreased number of apoptotic cells. However the process
in which this tolerance occurs is indefinable but known to be connected to macrophages
and their associated cytokines.

Conversely, Draisma et al (2009b) exhibited a human model of ischemia-reperfusion injury
using 14 volunteers and injecting them with an incremental dose of LPS over 5 days. After
this, temporary ischemia of forearm circulation was induced by simultaneous hand gripping
of non-dominant arm. After reperfusion radioactive labelled annexin A5 was injected
intravenously and percentage difference in radioactivity was recorded. They found no
significant changes between the results before pre-treatment and after. They also found no
difference between this group and the control group, concluding LPS-tolerance doesn’t
protect from ischemia-reperfusion injury in humans. However this study is only a model of
ischemia-reperfusion injury and therefore is not as reliable as the exact study which
Heeman et al (2000) produced. Nonetheless this is still enough evidence to prevent the
application of ET in this clinical field as human lives cannot be put at stake if doubt is
apparent.

ET has also been found to be protective against some bacterial and fungal infections.
Lehner et al (2000) found that mice were infected with Salmonella enterica had improved
anti-bacterial activity after repetitive doses of LPS and therefore a higher resistance to
gram-negative bacteria infections. Evidence of fungal infection protection came from
Rayhane et al (2000) who found mice which were pre-treated with LPS the infected with a
fungal infection (Cryptococcus neoformans) had increased survival rates associated with
decreased burden of fungi in tissues. They also found decreased cytokine levels in the
blood brain and lungs. However, some studies insinuate ET to promote infection by
exacerbating the immune systems resistance. Observations have been made to endorse
this theory, such as reduced IFN levels after LPS pre-treatment is administered, followed by
Newcastle disease virus (Cavaillon & Adib-Conquy, 2006). A decreased clearance of
Pseudomonas aeruginosa in the lungs after LPS pre-treatment has also been observed
supporting this theory (Cavaillon & Adib-Conquy, 2006).
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Cross-tolerance

Most research into ET has taken place regarding gram-negative bacteria in terms of
LPS/TLR4 tolerance. However, it has also been found pre-treatment with a different TLR
ligand or gram-positive bacteria can induce ET, termed as cross-tolerance or hetero-
tolerance. Much investigation has taken place involving PAMPs which interact with TLR2,
such as Pam3Cys, LTA and MALP-2 (Dobrovolskaia et al, 2003). Dobrovolskaia et al
(2003) found the mechanisms of cross-tolerance to be exhibited much weaker in
macrophages than homo-tolerance. However, they did find IKK activity was undisturbed,
which indicates the TRIF pathway could still be active. Similarly to homo-tolerance, cross-
tolerance has been linked to defective TLR signalling leading to a decrease of IRAK-1 and
NFkB activity, promoting reduced pro-inflammatory cytokine synthesis (Buckley et al, 2006).
However, gram-positive tolerance does not include a decrease in expression of TLR on cell
surface and insufficient TLR and MyD88 interactions (Buckley et al, 2006). Conversely,
cross-tolerance has been found to block the capability for heterodimer mobilisation of
NFkB, whereas homo-tolerance shows an overexpression in in NFKB homodimer p50
(Buckley et al, 2006). Mechanisms of cross-tolerance have been observed in sepsis
patients, for example, monocytes from these patients which have been stimulated in vitro
with Pam3CysSK4 show an increase in IL-10 production (Cavaillon & Adib-Conquy, 2006).
However, exact mechanisms of cross-tolerance remain unknown with many contradictory
studies being released leaving no molecule or mechanisms to be discounted.

Conclusion

In summary, a tolerant state to endotoxin is characterised by a decrease in a pro-
inflammatory response by innate cells when re-stimulation with endotoxin occurs. From the
above discussion, ET can be viewed as a complex phenomenon involving negative
feedback responses and gene re-programming. The complexity of it is shown by the
multiple layers which allow for the regulation of ET by the involvement of signalling
molecules, receptors and chromatin remodelling. Cells other than macrophages have also
been implicated in the overall process of ET showing how diverse a response it can be.
Much research has been undertaken to provide answers for ET which have promoted the
look into the immunosuppressive disease sepsis. Although sepsis has been used as the
main model due to the distinct similarities, ET has also been used as a model which seems
to protect the body from endotoxic shock and trauma, including kidney ischemia-reperfusion
injury. However studies taken place in vitro show an increased susceptibility to secondary
infections which have proved lethal. Immunosuppressive diseases have many forms and it
is yet to be known if ET is involved in them, but mechanisms behind tolerance seem to
point that way. This could also be indicated by more cross-tolerance research which would
give a wider spectrum of diseases which ET could be involved in and an increased
understanding of signalling pathways. Next steps in research would be to address the
issues with signalling to pinpoint exact mechanisms that cause homo-tolerance and cross-
tolerance, to look into immunosuppressive pathologies to see if ET is apparent and transfer
knowledge into the clinical field successfully.
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