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Trauma remains one of the leading causes of death worldwide. Traumatic injury disrupts immune system homeostasis and may
predispose patients to opportunistic infections and inflammatory complications. Prevention of multiple organ dysfunction syndrome
due to septic complications following severe trauma is a challenging problem. Following severe injury, the immune system usually tends
toward a pro-inflammatory phenotype and then changes to a counter-inflammatory phenotype. This immune system homeostasis is
believed to be a protective response based on the balance between the innate and adaptive immune systems. We reported that injury
activates inflammasomes and primes Toll-like receptors. The primed innate immune system is prepared for a rapid and strong antimi-
crobial immune defense. However, trauma can also develop the “two-hit” response phenotype. We also reported that injury augments
regulatory T cell activity, which can control the “two-hit” response phenotype in trauma. We discuss the currentidea that traumatic injury
induces a unique type of innate and adaptive immune response that may be triggered by damage-associated molecular pattern
molecules, which are a combination of endogenous danger signal molecules that include alarmins and pathogen-associated molecular
pattern molecules.
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associated with the severity of injury® and with a significant
increase in mortality compared with that in non-septic
patients.

Why do patients die of sepsis later than 1 week after
injury? This is a question of how injury affects the immune
system and predisposes the host to opportunistic infections
and complications. Obviously, the immune system func-
tions to protect the host from infection and also has a
crucial role in controlling tissue injury and cell death in
burns and trauma. The immune system is activated by
damaged tissues and this can in turn activate specific types
of responses that can enhance innate immune reactivity,

RAUMA IS ONE of the leading causes of death world-

wide.! The timing of death following trauma is trimodal.’
The first phase of death after injury represents the immediate
effects of trauma that result in death at the scene or within the
first hour, and the causes of death are heart rupture, disruption
of the cervical spine, or massive exencephaly. The second
phase is death occurring within 24 h following injury, which
may be due primarily to hemorrhagic shock. The third phase
is late, with death usually occurring later than 1 week follow-
ing the initial insult, and the cause of death in this phase is
mainly infectious complications such as sepsis, septic shock,
and multiple organ dysfunction syndrome (MODS). Sepsis
occurs in approximately 10% of trauma patients and is

control excessive pro-inflammatory responses, and reduce
continued tissue damage. Thus, trauma induces dynamic
changes in the behavior of the immune system that can be
classified as pro-inflammatory and counter-inflammatory.
Given this general view, the pro-inflammatory response is
driven by the innate immune system, and the counter-
inflammatory response is regulated by the adaptive immune
system.*” These responses are clinically called systemic
inflammatory response syndrome (SIRS), compensatory
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anti-inflammatory response syndrome (CARS), and mixed
anti-inflammatory response syndrome.®
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HE LARGE AMOUNT of tissue injury induced by

trauma releases various sorts of antigens and media-
tors. As these endogenous factors alert the immune system
to the presence of danger, they are called alarmins.
Alarmins interact with immune cells to initiate the inflam-
matory responses.”'' An overview of trauma-associated
alarmins has already been reported.'” Figure 1 shows an
overview of the initiation of the innate immune system fol-
lowing trauma. Alarmins are detected by pattern recognition
receptors, such as Toll-like receptors (TLRs)." Pattern rec-
ognition receptors also bind exogenous antigens called
pathogen-associated molecular pattern molecules (PAMPs).
This combination of endogenous (alarmins) and exogenous
(PAMPs) danger signals comprises what are called the
damage-associated molecular pattern molecules. After
trauma, patients are exposed to alarmins that activate the
immune system to protect them from tissue injury and
microbe invasion. However, a primed immune system could
cause excessive inflammation called a “two-hit” response
phenotype, as discussed below (Fig. 2).

YSTEMIC INFLAMMATORY RESPONSE syndrome
commonly follows traumatic injury.'"*'> Our group
recently reported that injury activates the inflammasome
pathway in injury-site draining lymph nodes within 2 h,
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and then the activation spreads systemically. Inflammasome
activation is seen predominantly in macrophages, as judged
by caspase-1 activation. Importantly, we found that block-
ing inflammasome activation worsens prognosis following
injury. The cytokine profiles of injured mice with blocked
inflammasome activation showed decreased interleukin
(IL)-1B levels and a marked increase in IL-6.' Interest-
ingly, it has been described that injured patients who are
not able to develop a febrile response after injury—an
IL-1B-dependent physiological response—show worse
outcome than patients who do develop a febrile response
post-injury.'” This clinical observation may be related to
differences in the inflammasome activation pathway among
these patients. Paterson et al. showed that immune cells
display enhanced TLR reactivity following injury as early
as 1 day after injury and persists for at least 7 days. This
enhanced TLR reactivity is also seen predominantly in
macrophages.'® In contrast, Zang ef al. showed that T cells
demonstrate pro-inflammatory activity at early time points
following injury, but the pro-inflammatory T cell response
is not seen at 7 days after injury."” In fact, T cells show a
reduced pro-inflammatory phenotype and higher counter-
inflammatory cytokine production phenotype by 7 days
after injury. Based on these observations, we contend that
the pro-inflammatory immune response is driven predomi-
nantly by macrophages following trauma and the counter-
inflammatory response is mediated by T cells. The
beneficial and harmful phenotypes of inflammatory
responses to injury are illustrated in Figure 3.

Fig. 1. Immune system activation path-
way following injury. The inflammasome is
a large multiprotein complex that plays a
key role in innate immunity by participat-
ing in the production of pro-inflammatory
cytokines such as interleukin (IL)-1 and
IL-18. They are both produced as inactive
precursors, pro-IL-1B and pro-IL-18, and
share a common maturation mechan-
ism that requires activated caspase-1.
The inflammasomes sense damage-
associated molecular patterns including
pathogen-associated molecular patterns
(PAMPs) and the host-derived signals
known as alarmins. Cell death induced by
inflammasome activation is known as
pyroptosis. Alarmins also stimulate Toll-
like receptors (TLRs), which produce
IL-6 and tumor necrosis factor (TNF)-o
in response to injury. NF-kB, nuclear
factor-kB.

Pyroptosis
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Fig. 3. Inflammatory responses to injury. Inflammatory
responses to injury are driven predominantly by macrophages.
Inflammasomes and Toll-like receptors (TLRs) are activated by
alarmins. The inflammatory responses have crucial roles in the
protection of the injured host, such as clearing damaged tissue
and eliminating infected microbiomes. Excessive inflammation
can cause a two-hit response.

Beneficial phenotype of pro-inflammatory
responses to trauma

A theoretical reason why pro-inflammatory responses
develop after trauma is that it functions to protect the host
from secondary infections by heightening the antimicrobial
immunity. Accordingly, Maung ef al. showed that trauma
induces enhanced resistance to Escherichia coli infections.
The enhanced resistance was seen as early as 1 day after
injury, and maximal resistance was observed at days 7 and
14.%° Southard et al. also reported enhanced antimicrobial
immunity in mice exposed to a pulmonary contusion
model.”! These findings support the tenet that heightened
innate immune system reactivity after trauma can boost the
antimicrobial defense mechanisms. Clinical support for this
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Fig. 2. Injury primes immune system.
After trauma, patients are exposed to
alarmins that prime the immune system
to protect them from tissue injury and
microbe invasion. The primed immune
system could trigger excessive inflam-
matory cascades that may develop
multiple organ failure. This exces-
sive inflammatory cascade is called
“two-hit” response. PAMPs, pathogen-
associated molecular patterns.

conclusion comes from a study showing that patients with
minor injuries do not require antimicrobial treatments,”” sug-
gesting that the mammalian immune system works to
adequately protect the host from microbial invasions.

Harmful phenotype of pro-inflammatory
responses to trauma

The two-hit response is among one of the serious complica-
tions of trauma. The definition of this phenomenon, first
defined by Moore ef al.,* is that “traumatic injury can prime
the host such that a later, otherwise innocuous, secondary
inflammatory insult precipitates an exaggerated systemic
inflammatory response.” Research findings that showed that
TLR reactivity is enhanced after trauma supports that the
two-hit response phenotype may be mediated by enhanced
TLR reactivity by the innate immune system, primarily mac-
rophages and neutrophils. These innate immune cells
become hyper-reactive to bacteria and bacterial toxins to
produce high levels of cytokines, which can trigger a sec-
ondary SIRS-like response and MODS. '3

OUNTER-INFLAMMATORY RESPONSES ARE
believed to act as a natural compensatory host response
to trauma-induced inflammation, much like a negative feed-
back signaling network in cells. Researchers have shown that
major injury leads to diminished resistance to infection due
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Fig. 4. Counter-inflammatory responses to injury. Regulatory T
cell activation controls Toll-like receptor (TLR) reactivity and T
helper 1 (Th1)-type responses and T cell proliferation to protect
the injured host from the two-hit response and excessive inflam-
mation as a main regulator. Counter-inflammatory responses

may predispose the injured host to opportunistic infections.

to the development of a physiological response to trauma
called CARS.”??¢ There are a number of observations to
suggest that CARS is mediated primarily by the adaptive
immune system and, in particular, by T cells. These include
the findings that severely injured patients show reduced
delayed-type hypersensitivity responses, prolonged skin
allograft survival, and reduced T cell proliferation to
polyclonal and specific recall antigen stimulation.””* More-
over, T helper 1 (Thl)-type immune responses are reduced
after trauma,’*>? and Th2-type immune responses are pro-
moted.*** In one study, Kelly ef al. showed that Thl anti-
body responses to antigen immunization and antigen-
specific Thl-type cytokines were markedly suppressed in
burn-injured mice.’' Another study by Guo ef al. used an
adoptive transfer approach to demonstrate that antigen-
specific CD4 T cells showed suppressed antigen-driven
expansion and Thl cytokine production without an increase
in Th2-type responses.”® We summarize potential beneficial
and harmful influences of the T-cell-mediated counter-
inflammatory responses to injury in Figure 4.

Beneficial phenotype of
counter-inflammatory responses to trauma

If the development of a counter-inflammatory response to
injury is a programmed or evolutionarily conserved response
by the immune system, then we should consider what the
purpose of this type of an immune response to trauma might
be. The answer may be that it acts as a damage control
mechanism to limit excessive inflammation following injury.
As we found that T cells appear to mediate the counter-
inflammatory response to injury, we focused our research
efforts towards a role for a subset of CD4 T cells, called
regulatory T cells (Tregs). The reasoning behind this is that
Tregs are known to tolerate and control inflammation in
autoimmune and inflammatory diseases,***” and Tregs have
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the ability to produce transforming growth factor-p1 and
IL-10, both of which can suppress immune responses. Sub-
sequently, Ni Choileain ef al. showed that Tregs from injured
mice could more effectively block CD4 T cell proliferation
than Tregs from sham mice.*® They also found that Tregs
could actively suppress Thl-type reactivity in immunized
mice.*®* Furthermore, Hanschen et al. provided direct evi-
dence that injury activates CD4+ Tregs as early as 15 min
after burn injury in lymph nodes draining the injury site.*’
This simple observation suggests that Tregs may specifically
react to injury or damaged tissues.

As mentioned above, Zang et al.'’ showed that a high-level
of T cell activation induced by the injection of bacterial
superantigen into mice at early time points after trauma led to
high mortality, whereas Zang et al. and Carretto et al. found
that there was no mortality when injured mice were
challenged with superantigen at 1 week after the injury.*
These observations provide in vivo evidence that T cell
reactivity shows a phenotypic shift towards a counter-
inflammatory and potentially beneficial immune system phe-
notype. The clinical relevance of these observations is that
superantigens could be released by Gram-positive cocci to
trigger toxic shock syndrome in burn patients between 2 and
4 days after injury.**** Considering the time point when Treg
numbers are increased and that Tregs can potently suppress
CDA4T cell activation, Treg activation might help control toxic
shock syndrome following injury. Regulatory T cells may also
control innate inflammatory responses to injury. Maung et al.
found that Treg-deficient injured mice were significantly
more susceptible to lipopolysaccharide challenge: Treg-
deficient injured mice showed 100% mortality, whereas wild-
type injured mice showed 50% mortality.** These findings
suggest that Tregs may also actively control the severity of the
two-hit response phenotype following trauma.

Harmful phenotype of counter-inflammatory
responses to trauma

A complication of the counter-inflammatory response to
injury is that it can actively suppress antimicrobial immu-
nity and may be responsible for the increased susceptibility
of trauma patients to opportunistic infections that often
occur during the counter-inflammatory phase of the injury
response. Although there is no known clinical relationship
between the development of post-injury sepsis and altered
Treg numbers or function, there is evidence that injury and
sepsis can influence Tregs in patients. MacConmara ef al.*
reported that circulating Tregs from trauma patients dem-
onstrate enhanced Treg activity by 5-7 days after injury
compared with Tregs prepared from patients at 1 day after
injury or from normal individuals. Another report showed



that septic patients develop higher numbers of circulating
Tregs.* These findings suggest that enhanced Treg pres-
ence or responsiveness may also be part of the host
response to sepsis and strong inflammatory responses.
Further research studies are needed to reveal whether
modulating Tregs might be a way to protect trauma patients
from post-injury infections, sepsis, or systemic inflamma-
tory complications.

OW THE IMMUNE system responds to traumatic inju-
ries is a complex host response that has undergone
evolutionary changes and adaptation similar to other types of
immune system responses. Following injury, cells and
mediators of the innate and adaptive immune systems
undergo temporal changes that have been categorized into
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Fig. 6. Traumatic injury disrupts normal immune system homeostasis. Injury disrupts immune system homeostasis and leads to the
development of systemic inflammatory response syndrome (SIRS) and compensatory anti-inflammatory response syndrome (CARS) in
trauma patients. The pro-inflammatory response is driven by the innate immune system and the anti-inflammatory response is regulated
by the adaptive immune system. Soon after injury, inflammasomes are activated and Toll-like receptors (TLRs) are primed predominantly
in macrophages, and at the same time, regulatory T cells (Tregs) are also primed. Once a pro-inflammatory phenotype is overexpressed,
the injured host can develop the “two-hit” response phenotype, which may lead to multiple organ dysfunction syndrome (MODS).
However, if the counter-inflammatory response is overexpressed, the injured host will be at high risk of developing trauma-associated

complications such as sepsis, septic shock, or MODS.
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pro-inflammatory and counter-inflammatory immune
responses. Figure 5 illustrates that the pro-inflammatory
response to injury is driven by the innate immune system
such as inflammasome and TLR activation predominantly in
macrophages and that the counter-inflammatory response is
regulated by the adaptive immune system, mainly by Tregs.
In this review, we presented and discussed that the immune
response to injury involves a series of programmed
responses that may act to protect the injured host from infec-
tions and excessive inflammatory responses. Data support
that a compartmentalized infection can be controlled effec-
tively by the innate immune system, but if injuries or infec-
tions cannot be controlled, the immune system develops a
wider imbalance and further departure from immune system
homeostasis (Fig. 6). We believe that restoring immune
homeostasis could protect patients from developing oppor-
tunistic infections and systemic complications like sepsis
syndrome or organ failure. Thus, we propose that future
basic and pre-clinical research should be directed at advanc-
ing our understanding of how trauma disrupts immune
system homeostasis and at therapeutic approaches with
potential to restore immune system homeostasis to help
reduce clinical complications in trauma patients.
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