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Abstract Lipopolysaccharide (LPS), a component of
Gram-negative bacteria, is a potent inflammatory stimu-
lant, with high doses due to disseminated bacterial
infection resulting in systemic inflammatory response
syndrome and death. Lower doses can induce a state of
tolerance to subsequent toxic doses of LPS, but extremely
low doses have an opposite effect, priming the immune
system for an even more violent response to subsequent
challenge. A substantial body of research exists on the
phenomenon of endotoxin tolerance, which appears to be a
state of generalized dampening of inflammatory pathways.
Comparatively little is known about the mechanisms or
indeed the phenomenon of priming, particularly regarding
the shift from a priming to a tolerizing response. Our aim is
to review recent findings in the field of the inflammatory
response to endotoxin, with a focus on highlighting the
gaps in current understanding and attempting to reconcile
the competing tolerance and priming phenomena.
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Introduction

Lipopolysaccharide (LPS) is a major component of the cell

walls of Gram-negative bacteria. When introduced into an
organism, it acts through the Toll-like receptor 4 (TLR4) to
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set off a powerful immune reaction (Cavaillon et al. 2003).
This response is tightly regulated, but can be sufficiently
perturbed to spiral out of control. The unbalanced response,
as often seen in systemic inflammatory response syndrome
(SIRS) and endotoxin shock where disseminated infection
leads to elevated circulating endotoxin levels, is an
increasingly common cause of death in the USA, having
increased almost threefold from a 1993 level of 70,000
annually (Henricson et al. 1993; Hotchkiss et al. 2002).
Minor systemic inflammation leads to fever, but more pro-
nounced inflammation manifests itself in a cryogenic
response which can result in dangerous hypothermia (Steiner
and Romanovsky 2007). In healthy humans, an LPS dose of
1 ng/kg is sufficient to induce symptoms including fever and
nausea (Sivapalaratnam et al. 2011). Due to the significant
health concern posed by SIRS, extensive studies have been
undertaken that depict a highly complex and dynamic system
of host responses to LPS. These responses are difficult to
study, as they can vary widely between species, with humans
in particular being some 100,000 times more sensitive than
mice to LPS (Munford 2010). This difference in sensitivity
has been attributed to different forms of the CD14 LPS-
binding protein between species and more recently to dif-
ferent serum factors (Ferrero et al. 1993; Munford 2010).
Other species-specific cellular receptors and intracellular
signaling molecules may also contribute to the observed
differences and cannot be excluded.

The immune response to LPS can take a number of dif-
ferent forms, depending on the dose. Low doses have been
shown in vivo and in vitro to induce a state of tolerance, in
which the immune response to subsequent LPS challenge is
altered (Biswas and Lopez-Collazo 2009; Yoza and McCall
2011). This alteration is complex, involving both the sup-
pression of pro-inflammatory actors and the activation of
anti-inflammatory actors, leading some authors to suggest
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that “reprogramming” might be a more accurate descriptor
than “tolerance” (Yoza and McCall 2011). The duration of
exposure has also been implicated in different immune
responses (Vaknin et al. 2008). Repeated exposure to
endotoxin was first discovered to result in a diminution of the
immune response in 1946, and a large body of research on its
mechanisms and operating constraints has since arisen
(Cavaillon et al. 2003). A recent study showed that chronic
exposure to LPS can protect against the development of
allergies and asthma and in some cases even mitigate pre-
existing allergies (Arora et al. 2011). For the purposes of this
review, “low dose” will be used in reference to doses of LPS
in the 1-100 ng/mL range.

In contrast, even smaller doses of endotoxin (in the
0.05-0.5 ng/mL range; hereafter “super low”) have been
shown to have the opposite effect: the inflammatory
response to subsequent endotoxin challenge is augmented,
rather than reduced, in a phenomenon often referred to as
the Shwartzman-like reaction (Heremans et al. 1990). The
Shwartzman-like reaction has been well documented, but
generally in vivo, with little molecular-level work having
been done since the 1990s. Indeed, the phenomenon
appears to have been largely overlooked, relegated to the
status of a clinical curiosity useful only as a disease model
for other conditions (Berg et al. 1995; Heremans et al.
1990; Motegi et al. 2006; Rocksén et al. 2004; Slofstra
et al. 2006). The mechanisms governing the decision
between a Shwartzman-like or tolerogenic response have
been largely unexplored, with existing research on the
subject having turned up a labyrinthine tangle of signaling
cascades. Theoretical and systems approaches have been
employed with some success, but suffer from a lack of data
(Covert et al. 2005; Fan et al. 2010; Gilchrist et al. 2006;
Jiang et al. 2006). It is the aim of this review to identify
gaps in the current understanding of the innate immune
response to LPS, with particular attention to the balance
between the pro-inflammatory Shwartzman-like and the
anti-inflammatory tolerogenic responses.

The Priming Effects of Super Low Dose LPS

Super low doses of endotoxin, in the 0.1 ng/mL range, have
been associated with a spike in the production of pro-
inflammatory cytokines upon subsequent endotoxin chal-
lenge, resulting in a significant increase in mortality in mice
(Henricson et al. 1993; Heremans et al. 1990; Hirohashi and
Morrison 1996; Li and Wei 2009). A 2002 study found that
LPS was necessary for sensitization of humans to allergens in
certain quantities, with low inhaled doses of about 100 ng
inducing Th2 cells, while high, 100 pg doses induce a Thl
response (Eisenbarth et al. 2002). It is important to note that
concentrations in the super low range described above were
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not examined in that study, leaving open the possibility for
further induction of pro-inflammatory responses at that level.
The increased inflammation can be augmented by co-stim-
ulation of the pro-inflammatory cytokine interferon y (IFN-
1), and was found to be ameliorated by an antibody against
IFN-y. In mice primed with higher doses of LPS, tumor
necrosis factor o (TNF-«) levels upon secondary challenge
were increased to a lesser degree. The dose necessary to
induce priming appeared to be dependent on the injection
site, with intravenous injections requiring lower levels of
LPS while footpad injections elicited no response, leading
the authors to suggest that it is the circulating levels of
endotoxin which govern the immune response (Heremans
et al. 1990). The discovery that higher initial doses can
mitigate the TNF-o response to secondary challenge is sug-
gestive of a dose-dependent mechanism governing the shift
between priming and tolerance. Priming of lymphocytes
with interleukin 12 (IL-12) has also been shown to result in
increased TNF-o upon LPS exposure, acting through IFN-y
(Motegi et al. 2006). A 1996 experiment showed that pre-
treatment of mouse macrophages with LPS at approximately
0.1 ng/mL resulted in a huge spike in IL-6 and TNF-a pro-
duction upon secondary stimulation by a higher dose. Nitrite
levels were found to be markedly reduced, which was taken
as an indication of increased nitric oxide synthase activity,
another sign of a heightened inflammatory state (Hirohashi
and Morrison 1996). A 2009 in vivo study revealed that
recruitment of pro-inflammatory (Grl-high) monocytes to
the lungs of mice was increased after an injection of super
low priming doses of LPS. Of particular interest is the fact
that this recruitment is slower, but more persistent than that
induced by higher, more-toxic doses, indicating the
involvement of different mechanisms (O’Dea et al. 2009).
The connection between low-grade endotoxemia and
chronic inflammation has been further buttressed by a study,
which showed that levels of C-reactive protein, a marker of
inflammation, were chronically elevated in human hemodi-
alysis patients with circulating LPS levels in the 1-10 pg/mL
range, so low that they have only recently become detectable
(Terawaki et al. 2010).

We recently found evidence that this upregulation of
inflammatory effectors acts through IL-1-receptor associ-
ated kinase (IRAK)I1, selectively inducing CCAAT/
enhancer-binding protein ¢ (C/EBPJ), while leaving
nuclear factor kB (NFxB) unactivated. IRAK1 is critical
for the removal of suppressive nuclear receptors from
inflammatory genes in response to super low endotoxin in
what appears to be a separate pathway from that engaged
by higher doses (Maitra et al. 2011).

Although NFxB is a potent transcription factor that can
induce robust expression of pro-inflammatory mediators, it
also induces compensatory negative regulators such as
SOCSI, IxBa and MKP-1. As a consequence, high doses of
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Fig. 1 A schematic illustration of potential mechanisms responsible for endotoxin priming and tolerance

LPS induce a robust yet transient expression of pro-
inflammatory mediators (Fig. 1). In contrast, due to the
lack of NFxB and related negative regulators, super low-
dose LPS can induce mild and persistent expression of pro-
inflammatory mediators, for example, the activation of
C/EBPo and removal of suppressive nuclear receptors
(Fig. 1) (Maitra et al. 2011).

The anti-inflammatory cytokine IL-10 appears to play a
crucial role in ameliorating the response of the immune
system to LPS, as IL-10-deficient mice were shown to be far
more susceptible than wild-type mice to endotoxic shock.
This increased sensitivity translated to priming doses as well:
IL-10-deficient mice exhibited the Shwartzman reaction
after being primed with a dose of LPS 100 times less than that
required to induce priming in wild-type mice. Importantly,
injection of IL-10 established resistance to priming, and
significantly decreased LPS susceptibility in both wild-type
and IL-10-deficient mice (Berg et al. 1995). This observation
has been further supported by an experiment showing a
transient increase in IL-10 production in mice primed for a
generalized Shwartzman reaction, along with the pro-
inflammatory cytokines IL-1f, IL-6, and TNF-o (Slofstra
et al. 2006). Taken together, those results suggest that IL-10
may be induced to counterbalance the potent pro-inflam-
matory mechanisms set in motion by LPS. In all, it appears
that the response to LPS depends strongly on the inflam-
matory state of the immune system at the time of challenge.
Even a small increase in the activity of pro-inflammatory
cytokines tends to be associated with a violent immune
response to subsequent LPS challenge. At the same time,
exposure to super low doses of LPS seems to allow the
upregulation of pro-inflammatory signals in an almost
completely unchecked fashion, with the comparatively
anemic attempts of the system to counterbalance the
inflammatory response with anti-inflammatory mediators
such as IL-10 appearing wholly inadequate.

In addition to the Shwartzman reaction, several studies
have indicated that a phenomenon of cross-priming exists,

in which low-level exposure to particular antigens can
prime the immune system for a heightened response to an
entirely different stimulus. As early as 1979, it was known
that prior exposure to bacillus Calmette-Guerin, actino-
mycin or lead acetate markedly increased the susceptibility
of various animals to endotoxic shock. An experiment was
performed which showed that the hepatotoxic agent
galactosamine increased LPS sensitivity several thousand
times (Galanos et al. 1979). A cross-priming response to
various antigens in neutrophils has been established since
the 1980s, while more recent studies have shown that they
can also be sensitized by LPS (McPhail et al. 1984;
Pacquelet et al. 2007).

All of these observations show that the innate immune
responses to a broad range of stimuli are interconnected
and complex, with the identity and dose of an initial
stimulus capable of inducing wildly different responses to a
later challenge. Further characterization of these responses
and the cross talk between them is imperative for the
development of a fuller understanding of both endotoxic
shock and runaway acute inflammation in general.

The Tolerance Effects of Elevated Levels of LPS

Low doses of endotoxin have been known since the 1940s to
suppress the immune response to subsequent endotoxin
challenge, in a phenomenon broadly characterized by sup-
pression of pro-inflammatory cytokines and upregulation of
anti-inflammatory actors (Biswas and Lopez-Collazo 2009;
Cavaillon et al. 2003). Tolerance extends to the physiologi-
cal level, with readily apparent effects on symptoms such as
fever and ultimately survival of septic shock (Cavaillon et al.
2003). The molecular mechanisms responsible for endotoxin
tolerance are multifactorial, and likely involve negative
feedbacks at multiple levels. These include degradation of
proximal signaling molecules such as IRAK-1 and induction
of negative regulators including SOCS-1, IxBo, RelB,
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IRAK-M and MKP-1 (Albrecht et al. 2008; Li et al. 2000;
Jacinto et al. 2002; Nimah et al. 2005; Wiersinga et al. 2009;
Xiong et al. 2011). Indeed, overexpression of RelB was
shown to produce a phenotype similar to LPS tolerance,
which suggests that RelB may play a crucial role in its
establishment (Chen et al. 2009; Yoza et al. 2006). As an
alternative to p65 sequestration, RelB has been recently
implicated in the suppression of IL-1 through the formation
of facultative heterochromatin (Chen et al. 2009).

RelB in turn seems to depend on abundant p50 to bind
DNA, as it can only enter the nucleus in the form of the
RelB/p50 heterodimer. RelB/p50 upregulates both RelB
and p50, indicating that the system is biased toward dedi-
cating to an anti-inflammatory response once established.
When overexpressed, RelB/pS0 enhances the antigen-pre-
senting activity of dendritic cells (Gasparini et al. 2009).
Interestingly, though antigen-presenting activity is a hall-
mark of classically activated macrophages, endotoxin
tolerance strongly promotes the development of alterna-
tively activated macrophages in a p50-dependent fashion
(Porta et al. 2009). Additionally, p50-deficient mice are
incapable of establishing endotoxin tolerance and become
more susceptible to the violently inflammatory priming
reaction described above (Porta et al. 2009).

Phosphatidylinositol-3-kinase (PI3K) is associated with
signaling by TLR2 and TLR4, appearing to act as a negative
regulator. Inhibition of PI3K in vitro in mouse bone marrow-
derived macrophages has been shown to result in an upreg-
ulation of TNF-« and IL-6 in response to TLR2 signaling
(Medina et al. 2010). Deficiency of phosphoinositide-
dependent kinase 1, a downstream effector of PI3K, in
myeloid cells has been shown to render mice more suscep-
tible to TLR4-mediated septic shock (Chaurasia et al. 2010).
In contrast, FoxOl1, another molecule regulated by PI3K,
upregulates the production of TLR4 in response to stimula-
tion by TLR4 or TNF-« (Fan et al. 2010). The SH2-domain
containing inositol phosphatase (SHIP) counteracts the
effects of PI3K, and SHIP™'~ mice have been shown to be
unable to establish tolerance (Sly et al. 2004), suggesting a
more complex role for PI3K than that of a simple, broadly
anti-inflammatory pressure. More generalized anti-inflam-
matory effects have been associated with the activity of the
Tyr3, Axl and Mer receptor tyrosine kinases (TAM). When
challenged with LPS, neutrophils release ectosomes high in
phosphatidylserine, a ligand for the TAM receptors (Eken
et al. 2010). When activated, TAM receptors upregulate
themselves along with inhibitory molecules such as the
suppressor of cytokine signaling 1 (SOCS1), resulting in
anti-inflammatory effects. Knockouts of the TAM receptors
are also more susceptible to endotoxic shock (Rothlin et al.
2007).

This suggests that the decision between priming and toler-
ization is governed by the induction of downstream effectors,
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with some critical point existing at which generally anti-
inflammatory mediators such as p50, RelB and the TAM
receptors are induced to a level sufficient to allow their positive
feedback mechanisms to become self-sustaining. Theoretical
methods could likely be employed here to a great effect.

At the cellular level, exposure to low concentrations of
LPS induces suppressive cells related to, but distinct from,
myeloid-derived suppressor cells, which appear to protect
against allergy and asthma by suppressing Th2 cell activity.
Doses of about 100 ng of LPS in humans (corresponding
roughly to the subclinical level defined above) appear to
increase the risk of asthma development along with all the
attendant inflammatory symptoms, while low doses in the
microgram range suppress inflammation (Arora et al.
2011). Inhalation of 100 ng of LPS has been shown slightly
to ameliorate inflammation upon subsequent stimulation by
ovalbumin, with LPS-stimulated mice showing slightly
fewer immune cells in bronchoalveolar lavage fluid than a
control group treated with phosphate-buffered saline
(Eisenbarth et al. 2002). Low-dose LPS appears to owe its
suppressive effects on allergy to the induction of nitric
oxide synthase 2 (Rodriguez et al. 2003). This may indicate
a tolerizing effect of inhaled LPS.

Cross-tolerance has been observed as well, in a fashion
reminiscent of that seen in the priming response. Agonists
of both TLR2 and TLR4, in particular, have been shown to
induce refractory states toward the other’s characteristic
antigens, resulting in a downregulation of both (Zhong
et al. 2008). It is worth noting that certain preparations of
LPS may contain protein contamination that potentially
signals through TLR2. Nevertheless, cross-tolerance has
been documented with well-identified TLR2 and TLR4
agonists. This cross talk is likely mediated through the
nuclear co-receptor NCoR, which is removed from
inflammatory genes by both receptors, albeit through dif-
ferent mechanisms (Huang et al. 2009). The IL-1, TLR2
and TLR4 signaling pathways are known to be intimately
connected, with IL-1p pretreatment diminishing the ability
of both LPS and IL-1§ to induce NFxkB- and AP-1-
dependent transcription (Medvedev et al. 2000). Here, it
seems that a pre-established state of heightened immune
excitement exerts a deadening influence upon the response
to the otherwise potent inflammatory stimulus represented
by LPS. On a related note, endotoxin tolerance has been
associated with reduced mortality from conditions as
diverse as ischemia/reperfusion injury and hemorrhagic
shock (Cavaillon et al. 2003).

Out of these observations arises the question of fitness
advantage: what benefit is conferred by the existence of so
many mechanisms in place to dampen strongly the immune
response to endotoxin?

The primary function of the TLRs in mammals is as a
first line of defense against conserved pathogen-associated



Arch. Immunol. Ther. Exp. (2012) 60:13-18

17

molecular patterns such as LPS or peptidoglycan (Gon-
zalez-Navajas et al. 2010). The receptors stimulate the
innate immune system to action, promoting the production
of pro-inflammatory mediators which can spiral out of
control leading to endotoxin shock and SIRS if not care-
fully regulated (Foster et al. 2007). The induction of anti-
inflammatory mediators in response to low doses of LPS
could be a defense mechanism, put in place to ensure that
the inflammatory response does not run out of control and
damage the organism. Indeed, endotoxin tolerance seems
to be a broad-based phenomenon, resulting in a generalized
anti-inflammatory state. Such a mechanism is crucial for
species which coexist with large numbers of commensal or
symbiotic bacteria. While this does seem successful in
reducing inflammation-associated damage, it also appears
to render the individual more susceptible to infections
(Cavaillon et al. 2003). Chronic stimulation of the innate
immune system by LPS or other TLR ligands has been
shown in particular to impair the antiviral activity of nat-
ural killer cells, leaving mice less resilient in the face of
influenza infection (Vaknin et al. 2008). Tolerance itself,
then, must also be kept under tight control, so as not to
lower entirely the individual’s immune defenses.

The general nature of tolerance also begs for closer
examination. Endotoxin tolerance, rather than being a specific
protective response against inflammation due to endotoxin,
appears to be a protective mechanism against excessive
inflammation, resulting in anti-inflammatory reprogramming
of the immune system as a whole (Biswas and Lopez-Collazo
2009). The phenomenon of cross-tolerance discussed above is
especially suggestive of this, along with data showing
decreased TNF-o during surgical procedures in humans
(Kawasaki et al. 2001). It is possible that the Shwartzman-like
response to super low doses of endotoxin is due to the failure
of the induced inflammation to reach a level sufficient to
engage the protective tolerance mechanisms. Since the pro-
inflammatory mediators have feedback loops of their own, this
would result in a dampening of the anti-inflammatory medi-
ators, stripping the inflammatory system of its brakes, as it
were, and leaving no checks on the inflammatory response to a
higher dose at a later point in time.

Unsolved Questions and Future Directions

By far, the most glaring gap in our understanding of the
response to endotoxin is in the mechanisms of priming.
While it has become almost axiomatic that low doses of
endotoxin result in tolerance, doses even lower have been
shown drastically to increase shock susceptibility upon
subsequent stimulation with a higher dose (Heremans et al.
1990). Compared to the wealth of experiments and studies
analyzing the mechanisms of tolerance, priming has been

virtually ignored since the 1990s. Further study of the
mechanisms governing priming is absolutely crucial if our
understanding of endotoxin shock and SIRS is to proceed.
Once these have been further elucidated, the connections
between priming and tolerance should become much clearer.
If, as we suspect, the shift from one to the other is determined
by a dedication to a pro- or anti-inflammatory response at the
time of the subclinical dose, theoretical and systems
approaches would be tremendously useful in locating the
boundaries of the system: the precise doses and time points at
which the response shifts between tolerance and priming.
The results of these experiments have implications
reaching far beyond the boundaries of septic shock and the
immune response to Gram-negative bacteria. An under-
standing is emerging of tolerance, not simply as a
protective measure against endotoxin, but as a general
defense against runaway inflammation. Discovering the
mechanisms and rules governing this system and ultimately
how to manipulate it could lead to new treatments and
therapies for all manner of inflammatory conditions.
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