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Sepsis, the leading cause of mortality in intensive care unit, is characterized by hyperinflammatory response in the early stage and
followed by a period of immunosuppression. This immune disorder is believed to be the potent factor that is tightly associated
with high mortality in sepsis. Dendritic cells (DCs) serve as professional antigen-presenting cells that play a vital role in immune
response by activating T lymphocytes. During the progression of sepsis, DCs have been reported to take part in the aberrant immune
response and be necessary for survival. Therefore, a better understanding of the DCs pathology will be undoubtedly beneficial for
resolving the problems occurring in sepsis. This review discusses effects of sepsis on DCs number and function, including surface
molecules expression, cytokines secretion, and T cell activation, and the underlying mechanism as well as some potential therapeutic

strategies.

1. Introduction

Sepsis is high lethal public disease. In 2012, over 20 million
people are affected by sepsis worldwide [1]. The mortality
from septic shock and severe sepsis both in Europe and
in USA is around 30% and this value is still elevated [1,
2]. Recently, sepsis is defined as the systemic inflammatory
response syndrome (SIRS) due to infection [3], which indi-
cated that SIRS and infection are two important factors in
determination of sepsis.

When the host receives an infection, both pro- and anti-
inflammatory responses are initiated. The inflammatory
response is partly mediated by innate immune cells through
recognition with invading pathogens or microorganisms [4].
These cells can decide the trend of inflammatory response
toward pro- or anti-inflammatory state by producing proin-
flammatory cytokines (interleukin- (IL-) 13, tumor necrosis
factor- (TNF-) «, and interferon- (IFN-) y) or anti-inflam-
matory cytokines (interleukin- (IL-) 10, transforming growth
factor- (TGEF-) B) [5, 6]. At the early stage of sepsis, there
is a large amount of proinflammatory mediators termed as

cytokines storm in the host. Therefore, various therapeutic
methods have been used to treat sepsis by downregulation of
proinflammatory cytokines expression. But in fact it does not
bring good news in the clinical setting. There is one possibility
that the animal model, such as cecal ligation and puncture
(CLP), cannot entirely reflect the real state of septic patients,
in which the gender, hormone, age, and other interference
factors cannot be neglected [7, 8]. Another possibility is
correlated with sepsis progression. Observation from clinical
studies showed that about 80% septic patients had a persis-
tence of infectious focus at the day they died [9]. Some other
studies also found that the active cytomegalovirus normally
existed in the septic patient without resolution [10, 11]. These
results indicate that the host immunity exhibits a tolerance
status, which makes the patients at an increased risk of
subjection to secondary pathogen infection. The immuno-
suppression is found to be accompanied with immune cells
deactivation and apoptosis, impaired antigen-presentation,
suppression of proliferation of lymphocytes, and high levels
of anti-inflammatory cytokines (IL-10). Moreover, polariza-
tion of T helper (Th) cells is toward to the Th2 type that results
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in an increase in susceptibility to infection. The aberrant
immune response will further lead to multiple organ failure
and death.

Among the innate immune cells, dendritic cells (DCs),
firstly discovered by Raplph in the early 1970s, are the most
potent antigen-presenting cells and central component for
linking the innate and adaptive immunity [12-14]. DCs orig-
inate from bone marrow CD34" stem cells and home to all
tissues via the blood stream where they developed into
immature cells [15]. Immature DCs have high phagocytic
properties and readily take up antigen and present the antigen
to Th cells. In response to endogenous danger signals or mi-
crobial antigens, DCs mature and migrate into the T cell area
of lymphoid tissues, where CD4" T cell will be activated.
During the maturation, the phagocytic receptor will be lost,
the surface molecules (e.g., MHCI, MHCII, CD80, and
CD86) involved DCs migration, and T cells activation will be
upregulated [16, 17]. Although many different classification
manners have been described, two major subsets of DCs
are recognized: myeloid DCs (mDCs) and plasmacytic DCs
(pDCs) [18, 19]. The former is derived from bone marrow
precursor and the latter is believed to evolve from circulating
lymphoid precursor [20, 21]. These two types of DCs have
a similar molecular phenotype except for CD8«", which is
present in pDCs but absent in mDCs [22]. Based upon the
importance of DCs in immune system and its central role in
sepsis [23], this review will focus on the pathology changes of
DCs during the evolution of sepsis.

2. The Effect of Sepsis on DCs Numbers

At first, large amounts of studies on animals or patients had
featured obvious loss of CD4™ and CD8" T cells in sepsis [24-
27]. Due to the importance of DCs in the immune system,
more and more investigators have focused on the change of
DC numbers and its role in depletion of T cells. In general,
CDllc is believed to be the common marker of murine DC
for its steady state. A profound loss in the number of CD11c"
DCs was observed in spleen after sepsis and the time ranging
from 12h to 3d [28-32]. When the CDIlc* DCs are further
divided into CD8"CD4~, CD8 CD4", and CD8 CD4, it is
found that CD8"CD4 ™ and CD8 CD4" subsets were lost 36 h
after CLP, but the number of CD8 CD4~ DCs was increased
[33]. Thus it could be demonstrated that the reduced number
of splenic DCs was mediated by a selective loss of CD8"CD4~
and CD8 CD4" subtypes.

In addition to spleen, sepsis was also found to reduce the
percentage of CD1lc" DCs present in local mesenteric nodes
beginning 12 h after CLP and reach a 50% decline by 24 h. This
phenomenon was also observed in systemic inguinal nodes,
but not in popliteal nodes [34]. Moreover, another study was
performed on the mice with CLP, which were subsequently
intravenously challenged with Schistosoma mansoni eggs to
develop granulomas. Results showed that there was a signif-
icant loss of DC in lung during the granulomatous response
[35]. However, it should be noted that gradual reconstitution
of DC numbers was found on postsepsis day 28 [30].
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In clinical settings, the number of DCs in blood was
lower in severe septic or septic shock patients in comparison
with healthy controls [36, 37]. For two distinct populations of
DCs, mDCs and pDCs, their numbers was markedly reduced
in patients with sepsis when compared with controls, and
both cell counts recovered slightly until day 28 [38]. But data
from another clinical study of twenty-six patients showed that
decreased mDC and increased pDC were observed at day 1,
and the number of mDCs was not different in survivors and
nonsurvivors of septic patients, while pDCs were obviously
higher in nonsurvivors [39]. This discrepancy between these
two study groups may be due to the different severity of
illness. Moreover, reduction of circulating DCs can become a
predictive factor for the development of septic complication
after pancreatectomy [40]. Besides the adult patients, flow
cytometric assay showed that the levels of pDCs and mDCs
were also significantly lower in pediatric patients with sepsis
[41].

In conclusion, sepsis causes the loss of DCs occurring
in various lymphoid and nonlymphoid tissues from septic
patients and septic mice. This phenomenon does not result
from the inhibition of de novo generation of DCs from
progenitors [42, 43], although these monocytic progenitors
display characteristics of immunosuppressive properties [44]
(Figure 1).

3. The Effect of Sepsis on DCs Function

3.1. Surface Molecular Expression. Upon the stimulation of
microbial antigens or danger signals, DCs rapidly mature and
migrate through the lymphatic system to lymphoid organs to
stimulate T cells mediated immunity response. During this
process, DCs will upregulate the presentation of cell surface
proteins involved in T cell priming, including MHC, CDA40,
CD80, and CD86. In the CLP model, no obvious changes
of CD40, CD80, and CD86 expression were discovered in
CDlIc" splenocytes when compared with control group by
24 h after surgery. Similarly, peritoneal DCs showed CD40
and CD80 did not change in addition to an increase trend in
CD86 expression [28]. However, splenic DCs from another
study showed that levels of CD40 and CD86 were obviously
enhanced by 15 h and 36 h after CLP while MHCI expression
was much higher than control at 36 h following CLP. Only
slight changes were observed in the expression of CD80 and
MHCII [33]. For the DCs in lymph nodes, the percentage
of CD40, CD80, CD86, and MHCII did not differ within
24 h between CLP-operated mice and sham-operated mice,
but there was a much higher expression of these molecules
36 h after sepsis [33, 34]. In addition, sepsis did not cause the
change of CD40 and CD80 in the lung until 7d after CLP
[45]. B and T lymphocyte attenuator (BTLA), a coinhibitory
receptor, has been demonstrated to inhibit T cell activation
and thus contributed to many diseases [46]. BTLA and
its primary ligand, herpes virus entry mediator (HVEM),
expressions were found to increase in immature and mature
DCs in peritoneum by 24 h after CLP, while HVEM" DCs
were significantly decreased in bone marrow [47].
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FIGURE 1: The changes of DCs during sepsis. When suffering from sepsis, DCs will be lost resulting from apoptosis, but differentiation from
monocytes is accelerated. The surface molecules associated with DCs function are changed. At the same time, DCs have an aberrant cytokine
secretion which results in immune tolerance status. The potential mechanism may be associated with apoptosis, PPARs, Wnt signal, and
epigenetic regulation. MHCII: major histocompatibility complex class II, Ag: antigen, TCR: T cell receptor, PD-1: programmed cell death-1,
PD-L1: programmed cell death ligand 1, BTLA: B and T lymphocyte attenuator, and PPARs: peroxisome proliferator-activated receptors.

Clinical evidences proposed that the expression of human
leukocyte antigen-DR (HLA-DR) is an indicator of immune
failure, and with predictive value in clinical practice [48]. A
profound decreased expression of HLA-DR on monocytes
has been reported in septic patients [49]. But a continuous
recovery phenomenon was exhibited in survivors of sepsis
within 10 days, whereas there are no changes in nonsurvivors
of sepsis [50, 51]. HLA-DR on mDCs in sepsis is three times
lower than that in controls (MFI: 174 + 54 versus 497 + 128).
Similar reduction was seen in pDCs, but with a narrower
margin (MFI: 177 £ 66 versus 239 + 77). At day 28, the
expression of HLA-DR on mDCs was recovered but remained
lower than that in controls, while HLA-DR on pDCs showed
a similar expression pattern to controls [38]. Besides HLA-
DR, the percentage of CD83 and CD86 was also reported to
be reduced in septic patients, but chemokine receptor CXCR4
was upregulated [39].

3.2. Cytokine Secretion. A large number of studies have re-
ported that septic DCs exhibit an aberrant cytokine secretion
pattern, in which levels of proinflammatory cytokines (TNF-
a, IL-18, and IL-12) are significantly depressed and anti-
inflammatory cytokines (TGF-f, IL-10) are enhanced [33,
38, 45] (Figure 1). DC-derived IL-12 is believed to be a key
host defense cytokine and it is a heterodimeric cytokine
composed of an IL-12p40 and IL-12 p35 subunit [30, 52]. Flow
cytometric analysis of splenic DCs from LPS-primed mice
revealed that the percentage of DCs able to produce IL-12
p40 was dramatically decreased from 1.7% to 0.3% [53]. When

DCs were stimulated with TLR2 agonist (Pam3Cys) or TLR4
agonist (LPS) or TLRY agonist (CpG-DNA), mRNA levels
of both IlI2 p40 and IlI2p35 from sepsis splenic DCs were
significantly lower than that from sham splenic DCs [30].
Sepsis also resulted in a lower intracellular expression of IL-12
p40 induced by CpG-DNA compared with sham group [33].
In addition, only a small amount of IL-12 p70 was secreted
from DC being stimulated with CpG or LPS + CD40L [33]. A
similar trend was also seen in lung DCs. The DCs from lungs
of postseptic mice with developing granulomas had a lower
IL-12 p40 mRNA and IL-12 p70 protein levels compared with
controls [35]. Moreover, they also exhibited defective IL-12
synthesis after TLR agonist challenge [45].

IL-10 is a pleiotropic cytokine possessing both anti-
inflammatory and immunosuppression properties [54]. In
the acute phase of sepsis, endogenous IL-10 production and
exogenous administration can reduce the magnitude of the
inflammation. Therefore, injection of recombinant aden-
ovirus expressing IL-10, which limits DC maturation and
associated T cell activation, could attenuate acute sepsis [55,
56]. However, the upregulation of IL-10 will result in the
immunity tolerance that fails to defend the secondary path-
ogen challenge. 36 h after CLP, DCs from septic mice pro-
duced increasing amounts of IL-10 [33]. Upon incubation
with TLR agonist, the higher level of IL-10 at both of mRNA
and protein level was observed in splenic and lung DCs
from postseptic mice in contrast to control [30, 35, 45].
The increased concentration of IL-10 in blood from septic
patients is associated with worsened clinical outcome [57].
Furthermore, endogenous IL-10 has been reported to regulate



IL-12 synthesis of DCs in an autocrine manner [58, 59]. DCs
from sham mice could increase LPS-induced IL-12 expression
in the presence of anti-IL-10 antibody. However, blocking of
IL-10 could not rescue the production of IL-12 of postseptic
DCs, which suggests that the low production of IL-12 during
sepsis is not dependent on IL-10 expression [30].

3.3. T Cell-Stimulatory Capacity. The impact of DCs on T
cells proliferation during sepsis was determined in a mixed
leucocyte reaction (MLR). IL-2 plays a crucial role in the
proliferation of T cells. It was found that the percentage of
IL-2-secreting T cells was significantly lower when cultured
with DC from septic mice as compared with control mice
[33]. This finding was also confirmed when OT-II CD4" T
cells were incubated with DCs in the presence of antigen [60].
However, peritoneal DCs and splenic DCs from CLP mice
both showed higher capacity to trigger proliferative response
of T cells than those from sham group [28]. In addition, an
increased activation of CD3"CD4" T cell was also seen in
the inguinal nodes and popliteal lymph nodes [34]. For septic
patients, immature DCs from patients and health donors had
a similar ability to induce T cells proliferation, but mature
DCs from patients did not enhance T cell response [43].

Studies on polarization of T cells had showed that OVA
peptide-specific CD4" T cells secreted markedly higher lev-
els of Th2 cytokines such as IL-5, IL-13, and IL-4 but a
lower amount of Thl cytokine IFN-y when cocultured with
postseptic splenic DCs that pulsed with OVA, indicating
that Ag-loaded DCs direct T cells toward a Th2-dependent
response during severe sepsis [30]. This is consistent with
another study in which adoptive transfer of bone-marrow
derived DC from septic mice impaired Thl priming [42].
In addition, the expression of Foxp3 in T cells cocultured
with patient or control DCs suggested that CDla* DCs from
septic patients made the T cells have a stronger regulatory
function, because the percentage of naive T cells expressing
Foxp3 when cultured in patient DCs was much higher than
that induced by control DCs (93% versus 40%) [61], which
suggested that sepsis led to an increase in regulatory T cells
(Tregs).

In short, though controversy still exist, DCs will engender
apoptotic or anergic T cells after sepsis. These anergic T cells,
in turn, may disrupt DCs function.

4. The Potential Mechanisms Involving
Changes of DC during Sepsis

4.1. Apoptosis-Dependent Mechanism. Studies by numerous
groups have suggested that apoptotic death of immune cells
plays a vital role in contributing to the immune hypore-
sponsiveness and organ injury during sepsis [62-64]. 24h
after CLP, a significant increase of apoptotic and dead DCs
was found in mesenteric and inguinal nodes through the
staining of annexin V [34]. This result was also confirmed by
immunohistochemical staining for active caspase 3, a crucial
mediator of apoptosis [29]. However, a high false-positive
result may occur, because DCs have phagocytic properties
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and the positive signal may form the apoptotic debris that
is phagocytized by DCs [65, 66]. To further clarify the
relationship between apoptosis and the loss of DC, study
from the transgenic mice which could overexpress the Bcl-
2 reported that overexpression of Bcl-2 could dispel sepsis-
induced DCs depletion. Furthermore, Bim ™/~ mice exhibited
remarkably less sepsis-induced loss in the DCs population
[67]. Thus these proapoptotic and antiapoptotic proteins play
a central role in DC loss during sepsis. In addition to DC
loss, uptake of apoptotic DC would make viable DC display
tolerogenic state that induces generation of Foxp3™ Treg [68].

The mechanisms by which sepsis caused DC apoptosis
are at present not fully explored. A previous study has
found that mechanism of apoptosis induced by LPS required
activation of acid sphingomyelinase (A-SMase). Inhibition of
this enzyme activity and ceramide generation could prevent
apoptosis induction [69]. Furthermore, mammalian toll-
like receptors (TLR)-dependent pathway is also found to
involve in the process of sepsis-induced apoptosis, which was
confirmed by several studies: (i) apoptosis of spleen DCs from
CLP performed on TLR4™/~, TLR2/~, and TLR2/~ TLR4 ™/~
was inhibited [31]. (ii) TNF-«, a production of stimulation
of TLRs, could impair mitochondrial integrity and induce
apoptosis [70]. (iii) Interferon regulatory factor-1 (IRF-1)
whose activation is dependent on intact TLR4 signaling was
reported to trigger immune cells apoptosis [71]. However, a
recent study showed that LPS-induced activation of nuclear
factor of activated T cells (NFAT) via CD14 is necessary for
DCs apoptosis, which was independent of TLR4 engagement
[72].

4.2. Peroxisome Proliferator-Activated Receptors-Mediated
Mechanism. Peroxisome proliferator-activated receptors
(PPARs) are a superfamily of ligand-activated nuclear
transcription factors and are involved in the regulation of
lipid metabolism, glucose homeostasis, and cellular differen-
tiation [73-75]. So far, three subtypes have been identified
in human: PPAR-«, (§), and y. Peripheral blood monocytes
express high levels of PPAR-a and PPAR-B with low
expression of PPAR-y [76]. During the generation of DCs
from monocytes and its maturation, PPAR-y becomes the
abundant subtype while the levels of other two subtypes are
below the detection limit [76]. It was found that activation
of PPAR-y significantly increased the surface expression
of CD36 and CD86 on LPS- and CD40 ligand-challenged
DCs, whereas the synthesis of CD80, CXCL10, and CCL5
was reduced [77]. Moreover, it could depress the production
of IL-12 with no effect on expression of IL-13, TNF-«, IL-6,
and IL-10 [77]. Studies also showed that PPAR-y activation
inhibited TNF-a induced DC migration from epithelia
and subsequent accumulation in the draining lymph nodes
[78]. Adoptive transfer of PPAR-y-activated Ag-presenting
DCs resulted in the impaired production of Thl and Th2
cytokines, so as to induce CD4" T cell anergy which fail to
expand the secondary clone upon restimulation [79]. More
interestingly, PPAR-y was reported to be restricted to CDla~
cells in the process of cytokine-induced DC differentiation.
PPAR-y transcriptional activity was higher in CDIa" cells
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but not in CDIa", indicating that the generation of CDla"
cells might be associated with PPAR-y [80]. However, a
large number of CDla" cells were generated from peripheral
blood monocytes of septic patients and the percentage of
this type cells reached 68% after 7d [61]. So it is not difficult
to hypothesize whether the changes of DC in progression
of sepsis were correlated to PPAR-y. But there is no paper
to clarify the connection between PPAR-y and DCs in
sepsis. Hepatic PPAR-y mRNA expression and protein levels
were reported to decrease at 20h after CLP [81], but the
results from another study showed that PPAR-y expression
of peritoneal cells was elevated significantly at both gene
and protein levels 6 h after CLP [82]. Additionally, PPAR-y
expression in peripheral blood mononuclear cells from
children patient with septic shock was also decreased but
its activity was increased when compared to controls [83].
PPAR-y activation could also promote T cell apoptosis in
sepsis [84, 85]. Besides PPAR-y, PPAR-a expression was
reduced in patients with septic shock which was correlated
to severity of illness [86]. Cell surface markers and cytokines
production were decreased in PPAR-a knockout mice [86].
These data indicate the absence of PPAR-« is not beneficial
for treating sepsis.

4.3. Wnt Signal Pathway-Mediated Mechanism. Wnt family is
a highly conserved secreted signaling pathway that regulates
developmental and homeostatic processes [87, 88]. Wnt
proteins activate canonical or noncanonical signal pathway
in a context-dependent manner [89, 90]. The former pri-
marily takes part in cell fate determination and the latter is
responsible primarily for cell movement and tissue polarity
[91]. Wnt and their receptors are found to be expressed
in hematopoietic progenitor cells (HPCs) [92], indicating
that Wnt may be involved in HPCs differentiation. There
was a remarkable expansion of hematopoietic cells after
activation if Wnt canonical pathway. Wnt signaling pathway
plays a central role in DCs differentiation in means of
promotion on conventional DCs differentiation and inhibi-
tion on pDCs differentiation [93]. During the differentiation
process of DCs from HPCs in vitro, Wnt signaling was
upregulated characterized by accumulation of -catenin and
upregulation of Wnt target gene expression [94]. Activation
of Wnt canonical pathway by Wnt 3a could promote the
degeneration of CDI1c* DCs and enhance their capacity to
stimulate T cells proliferation [94]. However, the activation of
noncanonical Wnt pathway by Wnt 5a was shown to inhibit
DC differentiation [94]. Wnt 5a-treated DCs had worse ability
of capturing antigen. Wnt 5a had no effect on LPS-induced
DC maturation but impaired the production IL-12p70 and
TNF-« while increasing levels of IL-10. Furthermore, Wnt
5a inhibited the T cell proliferation and fail to prime T
cell response [95]. So the two types of signal pathway
display an opposite effect and sustain the regulation of DCs
differentiation by crosstalking to each other. During sepsis,
Wnt 5a concentration in sera of patients was elevated and Wnt
5a was also found to induce macrophage differentiation to a
tolerogenic phenotype, which was related to induction of IL-
10 and suppression of NF-«xB signaling [96, 97]. Therefore,

Whnt signal pathway may be a factor that contributes to the
dysfunction of DCs during sepsis.

4.4. Epigenetic Mechanisms. Epigenetic regulation refers to
external modification on gene activity without any changes in
DNA sequence. Epigenetic mechanisms have been involved
in the maintenance of various genes expression during
embryogenesis and caner [98, 99]. In eukaryotic cells, nucle-
osome is the basic unit of chromatin, consisting of a short
length of DNA wrapped around eight histone protein cores
(duplicated in H2A, H2B, H3, and H4) [100, 101]. More
and more investigators have discovered that histone modi-
fications, including acetylation, ubiquitylation, methylation,
and phosphorylation, are important epigenetic mechanisms
of gene expression [101]. It is reported that maintenance of
Th1/Th2 memory and gene Il17 expression are associated with
ace acetylation and methylation of histone [102]. Histone
methylation, especially for the methylation of histone H3
at lysine-4 (H3K4) and at lysine-27(H3K27), is known as a
critical mechanism correlated with transcriptional activation
and repression [103, 104]. Methylation at H3K4 mediated
by MLL family histone methyltransferase (HMT) complex,
in conjunction with several structural proteins including
WD40-repeat proteins WDR5, RbBP5, and Ash2L, con-
tributed to transcription activation [102, 105] Methylation
at H3K27 is mediated by polycomb repressive complex 2
(PRC2) which contains several core components includ-
ing EZH2, suppressor of Zeste 12 (SUZI2) and embryonic
ectoderm development (EED) [104]. It is correlated with
transcription silencing. The production of IL-12 as dis-
cussed above, an important cytokine directing Thl immune
response, was dramatically depressed in DCs from both
septic patients and mice. To test if the aberrant change of
IL-12 is correlated with epigenetic mechanism. Chromatin
immunoprecipitation techniques were performed and data
show that the reduction of IL-12 is mediated by decreasing the
H3K4 trimethylation and increasing H3K27 dimethylation
at Il12p35 and Il12p40 promoter, which result from the
suppression in recruitment of MLL complex (WDR5 and
RbBP5) and enhancement in recruitment of PRC2 complex
(EED and SUZI12) on promoter, respectively [30]. These
results indicate that epigenetic modification may be one
potential mechanism of long-term immunoparalysis.

5. Potential Therapeutic Modulation of
DC Aberrant Function

Given the central role of DCs in the immune response and
survival in sepsis, it seems natural that DCs are the hopeful
target for improving the aberrant immune response and
prolonging the life during sepsis progression. To date many
strategies for correcting the DC impaired function have been
discovered, as shown in Table 1.

5.1 Increase the Number of DC. It has been mentioned that
the loss of DCs is partly dependent on cell apoptosis, so the
methods that can inhibit the apoptosis are thought to be
beneficial for sepsis. IL-15 is a pluripotent cytokine that can
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TaBLE 1: Potential therapeutic approaches for reversing DC impaired function.
Treatment Major functions References
IL-15 It can block sepsis-induced apoptosis of immune cells, increase the abundance of [109]
Bcl-2 while decreasing Bim and PUMA, and then increase survival.
TAT-Bcl-xL The two peptides can inhibit sepsis-induced lymphocyte apoptosis and improve
) [110]
TAT-BH4 survival.
Fms-like tyrosine kinase-3 . . . .
111, 112
ligand (FI3L) It can increase the numbers of DCs in spleen and reverse immunoparalysis. [ ]
T P - - :
Anti-C5a antibody It can prevent IL12"DC cells migration from t.he peritoneal cavity to peripheral [118]
blood and lymph nodes, thus improving survival.
TLR2-derived peptide It can promote DC maturation and Thl adaptive immune response. (121]
Phospholipase A, (PLA,) It can promote DC maturation and increase the IFN-y secretion. (122]
Silencing of miR-142-3p It can promote the expression of IL-6 and then reduce endotoxin-mediated [123]

mortality.

not only coordinate the innate and adaptive immune system
but also inhibit apoptosis by inducing the antiapoptotic
proteins Bcl-2 and Bcl-xl in immune cells [106-108]. After the
CLP operation, mice were injected s.c. with IL-15 or vehicle.
Results showed that IL-15 administration significantly inhib-
ited the apoptosis of splenic CD4, CD8, NK, and DCs induced
by sepsis. During this process, IL-15 treatment increased Bcl-
2 protein expression in all cells. The level of circulating IFN-y
was increased after IL-15 treatment, whereas both TNF-« and
IL-6 production was decreased. Within the observation of 7
days, CLP mice treated with IL-15 had more than three-time
improvement in survival compared with CLP only mice [109].
These data demonstrate that IL-15 may be a novel therapy
of sepsis. Based upon the antiapoptotic molecules, TAT-Bcl-
xL fusion protein and TAT-BH4 peptide were obtained and
they have the ability to prevent sepsis-induced lymphocyte
apoptosis, and high level of Bcl-xL improved the survival
in sepsis [110]. Besides apoptosis, Fms-like tyrosine kinase-3
ligand (FIt3L) treatment was found to increase the number of
CDlic" DC populations by accelerating its expansion, so as to
be able to reverse the endotoxin-induced tolerance [111, 112].

5.2. Change the DC Distribution. C5a is a potent chemoat-
tractant among the complement products and possesses a
number of functions including the modulation of cytokine
and adhesion molecules expression, causing oxidant burst
and granule enzymes [113-115]. C5a was reported to be
excessively activated and its high expression was harmful for
host during sepsis [116, 117]. After treatment with anti-C5a
antibody, the IL-12* DCs in peripheral blood and lymphoid
nodes were decreased but were increased in peritoneal
cavity in which IL-12% DCs play a protection role in sepsis.
Furthermore, anti-C5a antibody-treated mice had a higher
survival rate than that in sham mice [118].

5.3. Promote DC Maturation and Increase Proinflammatory
Cytokines Release. This function is the most potent in im-
proving the immunoparalysis status in sepsis. It is known that
TLR family play a critical role in the clearance of pathogen by
promoting proinflammatory response. However, the activa-
tion of TLR during this process requires the interaction with

coreceptor CD14 which can amplify the inflammatory signal
primed by bacterial pathogen [119,120]. So CD14 is thought to
be a potential target for skewing Thl response in sepsis. TLR2-
derived peptide enhances the DC maturation by upregulation
of MHCII, CD80, and CD86 expression. The peptide also
increased the release of IL-12 and IFN-y which are key factors
for activating Thl cell. At the same time, TGF-f release was
inhibited. It was indicated that the TLR2-derived peptide
promoted a T1 adaptive immune response and improved the
status of immunosuppression [121]. In addition, the intro-
duction of phospholipase A, (PLA,) enhanced expression of
HLA-DR, CD86, CD80, CD83, and CD40 on DCs. PLA, also
improved the ability of DCs to secrete IFN-y when cocultured
with allogeneic T cells [122]. Moreover, microRNA is also a
potential target of immune modulation. Silencing of miR-
142-3p which targets the IL-6 3'untranslated region signifi-
cantly promoted the IL-6 expression and reduced endotoxin-
induced mortality [123].

6. Conclusion

DCs are crucial in pathogen recognition and induction of
specific immune response to protect host from the invading
infection. When sepsis develops, DCs from lymphoid and
nonlymphoid tissues are lost, which mostly result from the
apoptosis. Several surface molecules associated with DCs
maturation are changed, in which the most obvious one
is HLA-DR. Upon the stimulation of external antigen or
danger signal, IL-12 expression is suppressed while IL-10
production is increased, which results in the polarization of
Th cell toward Th2 or Treg. During sepsis Wnt or PPAR or
epigenetic-mediated mechanism may be involved (Figure 1).
Several therapies that focus on improving DCs function have
been shown to be able to mitigate the disease symptom. It
is known that septic patients need to undergo two stages:
a hyperinflammatory state and the secondary occurrence of
immunosuppression. However there is no clinical parame-
ter able to point out what the undergoing mechanism is.
Therefore, specific biomarkers responsible for reflecting the
immune status need to be discovered in future. Furthermore,
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it is imperative to find out the ideal therapeutic target that
only directs to one phase without affecting the other one.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by a Grant from National “973”
Project (no. 2012CB518102).

References

(1]

(3]

(7]

(8]

[10

(11]

M. M. Levy, A. Artigas, G. S. Phillips et al., “Outcomes of the
Surviving Sepsis Campaign in intensive care units in the USA
and Europe: a prospective cohort study,” The Lancet Infectious
Diseases, vol. 12, no. 12, pp. 919-924, 2012.

E Venet, A. C. Lukaszewicz, D. Payen, R. Hotchkiss, and G.
Monneret, “Monitoring the immune response in sepsis: a ratio-
nal approach to administration of immunoadjuvant therapies,”
Current Opinion in Immunology, vol. 25, no. 4, pp. 477-483,
2013.

G. Drifte, I. Dunn-Siegrist, P. Tissi¢res, and J. Pugin, “Innate
immune functions of immature neutrophils in patients with
sepsis and severe systemic inflammatory response syndrome,”
Critical Care Medicine, vol. 41, no. 3, pp. 820-832, 2013.

Y. Y. Luan, N. Dong, M. Xie, X. Z. Xiao, and Y. M. Yao, “The
significance and regulatory mechanisms of innate immune cells
in the development of sepsis,” Journal of Interferon and Cytokine
Research, vol. 34, no. 1, pp. 2-15, 2014.

A. R. Novotny, D. Reim, V. Assfalg et al.,, “Mixed antagonist
response and sepsis severity-dependent dysbalance of pro-
and anti-inflammatory responses at the onset of postoperative
sepsis,” Immunobiology, vol. 217, no. 6, pp. 616621, 2012.

A. Gautam, S. Dixit, M. Embers et al., “Different patterns of
expression and of IL-10 modulation of inflammatory mediators
from macrophages of Lyme disease-resistant and -susceptible
mice,” PLoS ONE, vol. 7, no. 9, Article ID 43860, 2012.

J.-L. Vincent, Q. Sun, and M.-J. Dubois, “Clinical trials of im-
munomodulatory therapies in severe sepsis and septic shock,”
Clinical Infectious Diseases, vol. 34, no. 8, pp. 1084-1093, 2002.
X. Huang, F. Venet, C.-S. Chung, J. Lomas-Neira, and A. Ayala,
“Changes in dendritic cell function in the immune response
to sepsis. Cell- & tissue-based therapy, Expert Opinion on
Biological Therapy, vol. 7, no. 7, pp. 929-938, 2007.

C. Torgersen, P. Moser, G. Luckner et al., “Macroscopic post-
mortem findings in 235 surgical intensive care patients with
sepsis,” Anesthesia and Analgesia, vol. 108, no. 6, pp. 1841-1847,
20009.

C.Landelle, A. Lepape, A. Frangais et al., “Nosocomial infection
after septic shock among intensive care unit patients,” Infection
Control and Hospital Epidemiology, vol. 29, no. 11, pp. 1054-1065,
2008.

A. P. Limaye, K. A. Kirby, G. D. Rubenfeld et al., “Cytomegalo-
virus reactivation in critically ill immunocompetent patients,”
The Journal of the American Medical Association, vol. 300, no. 4,
pp. 413-422, 2008.

R. M. Steinman and Z. A. Cohn, “Identification of a novel cell
type in peripheral lymphoid organs of mice. I. Morphology,

(15

(16

[20

[21

(22

[26

[27

]

]

]

J

]

]

quantitation, tissue distribution,” The Journal of Experimental
Medicine, vol. 173, no. 5, pp. 1142-1162, 1973.

R. M. Steinman, G. Kaplan, M. D. Witmer, and Z. A. Cohn,
“Identification of a novel cell type in peripheral lymphoid
organs of mice. V. Purification of spleen dendritic cells, new
surface markers, and maintenance in vitro,” Journal of Experi-
mental Medicine, vol. 149, no. 1, pp. 1-16, 1979.

J. Banchereau and R. M. Steinman, “Dendritic cells and the
control of immunity;” Nature, vol. 392, no. 6673, pp. 245-252,
1998.

P. Efron and L. L. Moldawer, “Sepsis and the dendritic cell,
Shock, vol. 20, no. 5, pp. 386-401, 2003.

M. Rescigno, F. Granucci, and P. Ricciardi-Castagnoli, “Den-
dritic cells at the end of the millennium,” Immunology ¢ Cell
Biology, vol. 77, no. 5, pp. 404-410, 1999.

M. E Lipscomb and B. J. Masten, “Dendritic cells: Immune
regulators in health and disease,” Physiological Reviews, vol. 82,
no. 1, pp. 97-130, 2002.

E Ishikawa, H. Niiro, T. Iino et al., “The developmental program
of human dendritic cells is operated independently of conven-
tional myeloid and lymphoid pathways,” Blood, vol. 110, no. 10,
pp. 3591-3600, 2007.

L. Wu and Y.-J. Liu, “Development of dendritic-cell lineages,”
Immunity, vol. 26, no. 6, pp. 741-750, 2007.

M. G. Manz, D. Traver, T. Miyamoto, I. L. Weissman, and K.
Akashi, “Dendritic cell potentials of early lymphoid and
myeloid progenitors,” Blood, vol. 97, no. 11, pp. 3333-3341, 2001.

K. Akashi, D. Traver, T. Miyamoto, and I. L. Weissman, ‘A
clonogenic common myeloid progenitor that gives rise to all
myeloid lineages,” Nature, vol. 404, no. 6774, pp. 193-197, 2000.

J. Banchereau, F. Briere, C. Caux et al., “Immunobiology of den-
dritic cells,” Annual Review of Immunology, vol. 18, pp. 767-811,
2000.

P. O. Scumpia, P. F. McAuliffe, K. A. O’'Malley et al., “CD11c"
dendritic cells are required for survival in murine polymicrobial
sepsis;” Journal of Immunology, vol. 175, no. 5, pp. 3282-3286,
2005.

A. Ayala, C. D. Herdon, D. L. Lehman, C. A. Ayala, and 1.
H. Chaudry, “Differential induction of apoptosis in lymphoid
tissues during sepsis: variation in onset, frequency, and the
nature of the mediators,” Blood, vol. 87, no. 10, pp. 4261-4275,
1996.

A. Ayala, C.-S. Chung, Y. X. Xu, T. A. Evans, K. M. Redmond,
and L. H. Chaudry, “Increased inducible apoptosis in CD4" T
lymphocytes during polymicrobial sepsis is mediated by Fas
ligand and not endotoxin,” Immunology, vol. 97, no. 1, pp. 45—
55,1999.

C.-S. Chung, W. Wang, I. H. Chaudry, and A. Ayala, “Increased
apoptosis in lamina propria B cells during polymicrobial sepsis
is FasL but not endotoxin mediated,” American Journal of
Physiology: Gastrointestinal and Liver Physiology, vol. 280, no.
5, pp. G812-G818, 2001.

R. S. Hotchkiss, K. C. Chang, P. E. Swanson et al., “Caspase
inhibitors improve survival in sepsis: a critical role of the
lymphocyte,” Nature Immunology, vol. 1, no. 6, pp. 496-501,
2000.

Y. Ding, C.-S. Chung, S. Newton et al., “Polymicrobial sepsis
induces divergent effects on splenic and peritoneal dendritic cell
function in mice,” Shock, vol. 22, no. 2, pp. 137-144, 2004.



[29] K. W. Tinsley, M. H. Grayson, P. E. Swanson et al., “Sepsis
induces apoptosis and profound depletion of splenic interdigi-
tating and follicular dendritic cells,” The Journal of Immunology,
vol. 171, no. 2, pp. 909-914, 2003.

[30] H. Wen, Y. Dou, C. M. Hogaboam, and S. L. Kunkel, “Epigenetic
regulation of dendritic cell-derived interleukin-12 facilitates
immunosuppression after a severe innate immune response,”
Blood, vol. 111, no. 4, pp. 1797-1804, 2008.

[31] E Péne, E. Courtine, F. Ouaaz et al., “Toll-like receptors 2 and 4
contribute to sepsis-induced depletion of spleen dendritic cells,”
Infection and Immunity, vol. 77, no. 12, pp. 5651-5658, 2009.

[32] E. Courtine, F. Péne, N. Cagnard et al., “Critical role of cRel
subunit of NF-«B in sepsis survival,” Infection and Immunity,
vol. 79, no. 5, pp. 1848-1854, 2011.

[33] S.B.Flohé, H. Agrawal, D. Schmitz, M. Gertz, and E. U. Schade,
“Dendritic cells during polymicrobial sepsis rapidly mature but
fail to initiate a protective Thl-type immune response,” Journal
of Leukocyte Biology, vol. 79, no. 3, pp. 473-481, 2006.

[34] P. A. Efron, A. Martins, D. Minnich et al., “Characterization
of the systemic loss of dendritic cells in murine lymph nodes
during polymicrobial sepsis,” Journal of Immunology, vol. 173,
no. 5, pp. 3035-3043, 2004.

[35] H. Wen, C. M. Hogaboam, J. Gauldie, and S. L. Kunkel, “Severe
sepsis exacerbates cell-mediated immunity in the lung due to an
altered dendritic cell cytokine profile;” The American Journal of
Pathology, vol. 168, no. 6, pp. 1940-1950, 2006.

[36] D. Grimaldi, S. Louis, E Péne et al., “Profound and persistent
decrease of circulating dendritic cells is associated with ICU-
acquired infection in patients with septic shock,” Intensive Care
Medicine, vol. 37, no. 9, pp. 1438-1446, 2011.

[37] O. Guisset, M.-S. Dilhuydy, R. Thiébaut et al., “Decrease in
circulating dendritic cells predicts fatal outcome in septic
shock,” Intensive Care Medicine, vol. 33, no. 1, pp. 148-152, 2007.

[38] H. Poehlmann, J. C. Schefold, H. Zuckermann-Becker, H.-D.
Volk, and C. Meisel, “Phenotype changes and impaired function
of dendritic cell subsets in patients with sepsis: a prospective
observational analysis,” Critical Care, vol. 13, no. 4, article R119,
20009.

[39] E Riccardi, G. D. P. Matteo, B. Rovati et al., “Flow cytometric
analysis of peripheral blood dendritic cells in patients with
severe sepsis,” Cytometry B: Clinical Cytometry, vol. 80, no. 1,
pp. 14-21, 2011.

[40] K. Takahashi, S. Satoi, H. Yanagimoto et al., “Circulating den-
dritic cells and development of septic complications after
pancreatectomy for pancreatic cancer,” Archives of Surgery, vol.
142, no. 12, pp. 1151-1157, 2007,

[41] K.I. Elsayh, A. M. Zahran, I. L. Mohamad, and S. S. Aly, “Den-
dritic cells in childhood sepsis,” Journal of Critical Care, vol. 28,
no. 5, pp. 881.e7-881.e13, 2013.

E. Pastille, S. Didovic, D. Brauckmann et al., “Modulation of
dendritic cell differentiation in the bone marrow mediates
sustained immunosuppression after polymicrobial sepsis,” The
Journal of Immunology, vol. 186, no. 2, pp. 977-986, 2011.

[43] V. Faivre, A.-C. Lukaszewicz, A. Alves, D. Charron, D. Payen,
and A. Haziot, “Accelerated in vitro differentiation of blood
monocytes into dendritic cells in human sepsis,” Clinical and
Experimental Immunology, vol. 147, no. 3, pp. 426-439, 2007.

L. Brudecki, D. A. Ferguson, C. E. McCall, and M. E. Gazzar,
“Myeloid-derived suppressor cells evolve during sepsis and
can enhance or attenuate the systemic inflammatory response,”
Infection and Immunity, vol. 80, no. 6, pp. 2026-2034, 2012.

[42

(44

(45]

(51]

(54]

(58]

(59]

BioMed Research International

C. E Benjamim, S. K. Lundy, N. W. Lukacs, C. M. Hogaboam,
and S. L. Kunkel, “Reversal of long-term sepsis-induced
immunosuppression by dendritic cells,” Blood, vol. 105, no. 9,
pp. 35883595, 2005.

E. R. Sherwood and R. S. Hotchkiss, “BTLA as a biomarker and
mediator of sepsis-induced immunosuppression,” Critical Care,
vol. 17, no. 6, article 1022, 2013.

N. J. Shubin, C. S. Chung, D. S. Heffernan, L. R. Irwin, S. E.
Monaghan, and A. Ayala, “BTLA expression contributes to sep-
tic morbidity and mortality by inducing innate inflammatory
cell dysfunction,” Journal of Leukocyte Biology, vol. 92, no. 3, pp.
593-603, 2012.

K. Wolk, W.-D. Docke, V. Von Baehr, H.-D. Volk, and R. Sabat,
“Impaired antigen presentation by human monocytes during
endotoxin tolerance,” Blood, vol. 96, no. 1, pp. 218-223, 2000.

Y. L. Tulzo, C. Pangault, L. Amiot et al., “Monocyte human
leukocyte antigen-DR transcriptional downregulation by cor-
tisol during septic shock,” American Journal of Respiratory and
Critical Care Medicine, vol. 169, no. 10, pp. 1144-1151, 2004.

K. Tschaikowsky, M. Hedwig-Geissing, A. Schiele, F. Bremer,
M. Schywalsky, and J. Schiittler, “Coincidence of pro- and anti-
inflammatory responses in the early phase of severe sepsis: lon-
gitudinal study of mononuclear histocompatibility leukocyte
antigen-DR expression, procalcitonin, C-reactive protein, and
changes in T-cell subsets in septic and postoperative patients,”
Critical Care Medicine, vol. 30, no. 5, pp. 1015-1023, 2002.

G. Monneret, A.-L. Debard, E Venet et al., “Marked elevation
of human circulating CD4*CD25" regulatory T cells in sepsis-
induced immunoparalysis,” Critical Care Medicine, vol. 31, no. 7,
pp. 2068-2071, 2003.

G. Trinchieri, “Interleukin-12 and the regulation of innate resis-
tance and adaptive immunity;” Nature Reviews Immunology, vol.
3, no. 2, pp. 133146, 2003.

M. Wysocka, S. Robertson, H. Riemann et al., “IL-12 sup-
pression during experimental endotoxin tolerance: dendritic
cell loss and macrophage hyporesponsiveness,” The Journal of
Immunology, vol. 166, no. 12, pp. 7504-7513, 2001.

A. Oberholzer, C. Oberholzer, and L. L. Moldawer, “Interleukin-
10: a complex role in the pathogenesis of sepsis syndromes
and its potential as an anti-inflammatory drug,” Critical Care
Medicine, vol. 30, no. 1, pp. $58-563, 2002.

A. Oberholzer, C. Oberholzer, P. A. Efron et al., “Functional
modification of dendritic cells with recombinant adenovirus
encoding interleukin 10 for the treatment of sepsis,” Shock, vol.
23, no. 6, pp. 507-515, 2005.

A. Oberholzer, C. Oberholzer, K. S. Bahjat et al., “Increased
survival in sepsis by in vivo adenovirus-induced expression of
IL-10 in dendritic cells;” The Journal of Immunology, vol. 168, no.
7, pp. 3412-3418, 2002.

T.-Y. Chuang, H.-T. Chang, K.-P. Chung et al., “High levels of
serum macrophage migration inhibitory factor and interleukin
10 are associated with a rapidly fatal outcome in patients with
severe sepsis,” International Journal of Infectious Diseases, vol.
20, no. 1, pp. 13-17, 2014.

K. W. Moore, R. de Waal Malefyt, R. L. Coffman, and A.
O’Garra, “Interleukin-10 and the interleukin-10 receptor;
Annual Review of Immunology, vol. 19, pp. 683-765, 2001.

L. Zhou, A. A. Nazarian, and S. T. Smale, “Interleukin-10
inhibits interleukin-12 p40 gene transcription by targeting a late
event in the activation pathway,” Molecular and Cellular Biology,
vol. 24, no. 6, pp. 2385-2396, 2004.



BioMed Research International

(60]

(61]

[62]

[69

[70]

(73]

(74]

(75]

(76]

A. Mohr, J. Polz, E. M. Martin et al., “Sepsis leads to a reduced
antigen-specific primary antibody response,” European Journal
of Immunology, vol. 42, no. 2, pp. 341-352, 2012.

V. Faivre, A. C. Lukaszewicz, A. Alves, D. Charron, D. Payen,
and A. Haziot, “Human monocytes differentiate into dendritic
cells subsets that induce anergic and regulatory T cells in sepsis,”
PLoS ONE, vol. 7, no. 10, Article ID e47209, 2012.

C.-S. Chung, G. Y. Song, J. Lomas, H. H. Simms, I. H. Chaudry,
and A. Ayala, “Inhibition of Fas/Fas ligand signaling improves
septic survival: differential effects on macrophage apoptotic and
functional capacity,” Journal of Leukocyte Biology, vol. 74, no. 3,
pp. 344-351, 2003.

C.-S. Chung, S. Yang, G. Y. Song et al., “Inhibition of Fas
signaling prevents hepatic injury and improves organ blood
flow during sepsis,” Surgery, vol. 130, no. 2, pp. 339-345, 2001.
D. E. Wesche-Soldato, J. L. Lomas-Neira, M. Perl, L. Jones, C.-S.
Chung, and A. Ayala, “The role and regulation of apoptosis in
sepsis,” Journal of Endotoxin Research, vol. 11, no. 6, pp. 375-382,
2005.

R. S. Hotchkiss, K. W. Tinsley, P. E. Swanson et al., “Sepsis-
induced apoptosis causes progressive profound depletion of B
and CD4" T lymphocytes in humans,” The Journal of Immunol-
0gy, vol. 166, no. 11, pp. 6952-6963, 2001.

T. J. Moraes and G. P. Downey, “Death of the septic monocyte:
is more better?” Critical Care, vol. 10, no. 3, article 146, 2006.
O. M. Peck-Palmer, J. Unsinger, K. C. Chang et al., “Modulation
of the Bcl-2 family blocks sepsis-induced depletion of dendritic
cells and macrophages,” Shock, vol. 31, no. 4, pp. 359-366, 2009.
R. Kushwabh, J. Wu, J. R. Oliver et al., “Uptake of apoptotic DC
converts immature DC into tolerogenic DC that induce differ-
entiation of Foxp3* Treg,” European Journal of Immunology, vol.
40, no. 4, pp. 1022-1035, 2010.

S. Falcone, C. Perrotta, C. De Palma et al., “Activation of acid
sphingomyelinase and its inhibition by the nitric oxide/cyclic
guanosine 3/,5/-monophosphate pathway: key events in
Escherichia coli-elicited apoptosis of dendritic cells,” Journal of
Immunology, vol. 173, no. 7, pp. 4452-4463, 2004.

J. Zhu, M. Liu, R. H. Kennedy, and S. J. Liu, “TNF-«-induced
impairment of mitochondrial integrity and apoptosis mediated
by caspase-8 in adult ventricular myocytes,” Cytokine, vol. 34,
no. 1-2, pp. 96-105, 2006.

L. Zhang, J. S. Cardinal, P. Pan et al., “Splenocyte apoptosis and
autophagy is mediated by interferon regulatory factor 1 during
murine endotoxemia,” Shock, vol. 37, no. 5, pp. 511-517, 2012.

L. Zanoni, R. Ostuni, G. Capuano et al., “CD14 regulates the
dendritic cell life cycle after LPS exposure through NFAT
activation,” Nature, vol. 460, no. 7252, pp. 264-268, 2009.

D. J. Mangelsdorf, C. Thummel, M. Beato et al., “The nuclear
receptor super-family: the second decade,” Cell, vol. 83, no. 6,
pp. 835-839, 1995.

C.-H. Lee, P. Olson, and R. M. Evans, “Minireview: lipid me-
tabolism, metabolic diseases, and peroxisome proliferator-
activated receptors,” Endocrinology, vol. 144, no. 6, pp. 2201-
2207, 2003.

S. Kersten, B. Desvergne, and W. Wahli, “Roles of PPARS in
health and disease,” Nature, vol. 405, no. 6785, pp. 421-424,
2000.

M. A. Jakobsen, R. K. Petersen, K. Kristiansen, M. Lange, and
S. T. Lillevang, “Peroxisome proliferator-activated receptor «,
8, yl and y2 expressions are present in human monocyte-
derived dendritic cells and modulate dendritic cell maturation

(77]

(78

(81]

(83]

(84

(86]

(87]

(88]

(89]

[90]

[91]

by addition of subtype-specific ligands,” Scandinavian Journal
of Immunology, vol. 63, no. 5, pp. 330-337, 2006.

P. Gosset, A. S. Charbonnier, P. Delerive et al., “Peroxisome
proliferator-activated receptor gamma activators affect the mat-
uration of human monocyte-derived dendritic cells,” European
Journal of Immunology, vol. 31, no. 10, pp. 2857-2865, 2001.

V. Angeli, H. Hammad, B. Staels, M. Capron, B. N. Lambrecht,
and E Trottein, “Peroxisome proliferator-activated receptor y
inhibits the migration of dendritic cells: consequences for the
immune response;” The Journal of Immunology, vol. 170, no. 10,
pp. 5295-5301, 2003.

L. Klotz, I. Dani, F. Edenhofer et al., “Peroxisome proliferator-
activated receptor y control of dendritic cell function con-
tributes to development of CD4" T cell anergy,” The Journal of
Immunology, vol. 178, no. 4, pp. 2122-2131, 2007.

P. Gogolak, B. Rethi, I. Szatmari et al., “Differentiation of CDla~
and CDla" monocyte-derived dendritic cells is biased by lipid
environment and PPARy,” Blood, vol. 109, no. 2, pp. 643-652,
2007.

M. Zhou, R. Wu, W. Dong, A. Jacob, and P. Wang, “Endotoxin
downregulates peroxisome proliferator-activated receptor-y via
the increase in TNF-« release,” American Journal of Physiology:
Regulatory Integrative and Comparative Physiology, vol. 294, no.
1, pp. R84-R92, 2008.

A. E. Ferreira, E Sisti, E Sonego et al., “PPAR-y/IL-10 axis
inhibits MyD88 expression and ameliorates murine polymicro-
bial sepsis,” The Journal of Immunology, vol. 192, no. 5, pp. 2357-
2365, 2014.

J. M. Kaplan, A. Denenberg, M. Monaco, M. Nowell, H. Wong,
and B. Zingarelli, “Changes in peroxisome proliferator-acti-
vated receptor-gamma activity in children with septic shock,”
Intensive Care Medicine, vol. 36, no. 1, pp. 123-130, 2010.

M. Soller, A. Tautenhahn, B. Briine et al., “Peroxisome prolifera-
tor-activated receptor y contributes to T lymphocyte apoptosis
during sepsis,” Journal of Leukocyte Biology, vol. 79, no. 1, pp.
235-243, 2006.

M. V. Schmidt, P. Paulus, A. M. Kuhn et al.,, “Peroxisome
proliferator-activated receptor gamma-induced T cell apoptosis
reduces survival during polymicrobial sepsis,” The American
Journal of Respiratory and Critical Care Medicine, vol. 184, no.
1, pp. 64-74, 2011

S. W. Standage, C. C. Caldwell, B. Zingarelli, and H. R.
Wong, “Reduced peroxisome proliferator-activated receptor «
expression is associated with decreased survival and increased
tissue bacterial load in sepsis,” Shock, vol. 37, no. 2, pp. 164-169,
2012.

A. Klaus and W. Birchmeier, “Wnt signalling and its impact on
development and cancer;” Nature Reviews Cancer, vol. 8, no. 5,
pp. 387398, 2008.

M. Katoh, “WNT signaling pathway and stem cell signaling
network,” Clinical Cancer Research, vol. 13, no. 14, pp. 4042-
4045, 2007.

D. Coudreuse and H. C. Korswagen, “The making of Wnt: new
insights into Wnt maturation, sorting and secretion,” Develop-
ment, vol. 134, no. 1, pp. 3-12, 2007.

M. D. Gordon and R. Nusse, “Wnt signaling: multiple pathways,
multiple receptors, and multiple transcription factors,” The
Journal of Biological Chemistry, vol. 281, no. 32, pp. 22429-
22433, 2006.

P. Cheng, J. Zhou, and D. Gabrilovich, “Regulation of dendritic
cell differentiation and function by Notch and Wnt pathways,”
Immunological Reviews, vol. 234, no. 1, pp. 105-119, 2010.



10

[92]

[95

[96]

[100]

[101]

[102]

(103]

[104]

(105

[106]

[107]

A. Blumenthal, S. Ehlers, J. Lauber et al, “The Wingless
homolog WNTS5A and its receptor Frizzled-5 regulate inflam-
matory responses of human mononuclear cells induced by
microbial stimulation,” Blood, vol. 108, no. 3, pp. 965-973, 2006.
S. Malhotra, Y. Baba, K. P. Garrett, F. J. T. Staal, R. Gerstein, and
P. W. Kincade, “Contrasting responses of lymphoid progenitors
to canonical and noncanonical Wnt signals,” The Journal of
Immunology, vol. 181, no. 6, pp. 3955-3964, 2008.

J. Zhou, P. Cheng, J.-I1. Youn, M. J. Cotter, and D. I. Gabrilovich,
“Notch and wingless signaling cooperate in regulation of
dendritic cell differentiation,” Immunity, vol. 30, no. 6, pp. 845-
859, 20009.

J. Valencia, C. Hernandez-Lépez, V. G. Martinez et al., “Wnt5a
skews dendritic cell differentiation to an unconventional phe-
notype with tolerogenic features,” The Journal of Immunology,
vol. 187, no. 8, pp. 4129-4139, 2011.

C. Pereira, D. J. Schaer, E. B. Bachli, M. O. Kurrer, and G. Schoe-
don, “Wnt5A/CaMKII signaling contributes to the inflamma-
tory response of macrophages and is a target for the antiin-
flammatory action of activated protein C and interleukin-10,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 28, no. 3,
pp. 504-510, 2008.

C. Bergenfelz, C. Medrek, E. Ekstrom et al., “Wnt5a induces a
tolerogenic phenotype of macrophages in sepsis and breast
cancer patients,” Journal of Immunology, vol. 188, no. 11, pp.
5448-5458, 2012.

R. Margueron, P. Trojer, and D. Reinberg, “The key to devel-
opment: interpreting the histone code?” Current Opinion in
Genetics and Development, vol. 15, no. 2, pp. 163-176, 2005.

W. Reik, “Stability and flexibility of epigenetic gene regulation in
mammalian development,” Nature, vol. 447, no. 7143, pp. 425-
432, 2007.

R. D. Kornberg and Y. Lorch, “Twenty-five years of the nucle-
osome, fundamental particle of the eukaryote chromosome,”
Cell, vol. 98, no. 3, pp. 285-294, 1999.

H. Wen, M. A. Schaller, Y. Dou, C. M. Hogaboam, and S. L.
Kunkel, “Dendritic cells at the interface of innate and acquired
immunity: the role for epigenetic changes,” Journal of Leukocyte
Biology, vol. 83, no. 3, pp. 439-446, 2008.

K. M. Ansel, I. Djuretic, B. Tanasa, and A. Rao, “Regulation of
Th2 differentiation and 114 locus accessibility,” Annual Review of
Immunology, vol. 24, pp. 607-656, 2006.

Y. Dou, T. A. Milne, A. J. Tackett et al., “Physical association and
coordinate function of the H3 K4 methyltransferase MLL1 and
the H4 K16 acetyltransferase MOE’ Cell, vol. 121, no. 6, pp. 873—
885, 2005.

R. Cao and Y. Zhang, “The functions of E(Z)/EZH2-mediated
methylation of lysine 27 in histone H3,” Current Opinion in
Genetics and Development, vol. 14, no. 2, pp. 155-164, 2004.

J. Wysocka, T. Swigut, T. A. Milne et al., “WDRS5 associates with
histone H3 methylated at K4 and is essential for H3 K4
methylation and vertebrate development,” Cell, vol. 121, no. 6,
pp. 859-872, 2005.

M. K. Kennedy, M. Glaccum, S. N. Brown et al., “Reversible
defects in natural killer and memory CD8 T cell lineages
in interleukin 15-deficient mice, Journal of Experimental
Medicine, vol. 191, no. 5, pp. 771-780, 2000.

A. Motegi, M. Kinoshita, A. Inatsu, Y. Habu, D. Saitoh, and
S. Seki, “IL-15-induced CD8+CD122+ T cells increase antibac-
terial and anti-tumor immune responses: implications for
immune function in aged mice,” Journal of Leukocyte Biology,
vol. 84, no. 4, pp. 1047-1056, 2008.

(108]

(109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

(117]

[118]

[119]

[120]

[121]

[122]

[123]

BioMed Research International

S. Bulfone-Paus, D. Ungureanu, T. Pohl et al., “Interleukin-15
protects from lethal apoptosis in vivo,” Nature Medicine, vol. 3,
no. 10, pp. 1124-1128, 1997.

S. Inoue, J. Unsinger, C. G. Davis et al., “IL-15 prevents apop-
tosis, reverses innate and adaptive immune dysfunction, and
improves survival in sepsis,” Journal of Immunology, vol. 184, no.
3, pp. 1401-1409, 2010.

R. S. Hotchkiss, K. W. McConnell, K. Bullok et al., “TAT-
BH4 and TAT-Bcl-xL peptides protect against sepsis-induced
lymphocyte apoptosis in vivo,” Journal of Immunology, vol. 176,
no. 9, pp. 5471-5477, 2006.

T. E. Toliver-Kinsky, W. Cui, E. D. Murphey, C. Lin, and E. R.
Sherwood, “Enhancement of dendritic cell production by Fms-
like tyrosine kinase-3 ligand increases the resistance of mice to
a burn wound infection,” Journal of Immunology, vol. 174, no. 1,
pp. 404-410, 2005.

M. Wysocka, L. J. Montaner, and C. L. Karp, “FIt3 ligand treat-
ment reverses endotoxin tolerance-related immunoparalysis,’
The Journal of Immunology, vol. 174, no. 11, pp. 7398-7402, 2005.
N. C. Riedemann, R.-F. Guo, T. J. Hollmann et al., “Regulatory
role of C5a in LPS-induced IL-6 production by neutrophils
during sepsis,” The FASEB Journal, vol. 18, no. 2, pp. 370-372,
2004.

T. E. Mollnes, O. L. Brekke, M. Fung et al., “Essential role of the
C5areceptor in E coli-induced oxidative burst and phagocytosis
revealed by a novel lepirudin-based human whole blood model
of inflammation,” Blood, vol. 100, no. 5, pp. 1869-1877, 2002.

I. M. Goldstein and G. Weissmann, “Generation of C5 derived
lysosomal enzyme releasing activity (C5a) by lysates of leuko-
cyte lysosomes,” Journal of Immunology, vol. 113, no. 5, pp. 1583
1588, 1974.

M. S. Huber-Lang, E. M. Younkin, J. V. Sarma et al., “Comple-
ment-induced impairment of innate immunity during sepsis,’
The Journal of Immunology, vol. 169, no. 6, pp. 3223-3231, 2002.
N. C. Riedemann, R.-E. Guo, I. J. Laudes et al., “C5a receptor
and thymocyte apoptosis in sepsis,” The FASEB Journal, vol. 16,
no. 8, pp. 887-888, 2002.

N. Ma, C. Xing, H. Xiao et al., “C5a Regulates IL-12'DC
Migration to Induce Pathogenic Thl and Th17 Cells in Sepsis,”
PLoS ONE, vol. 8, no. 7, Article ID 69779, 2013.

C. L. Baumann, I. M. Aspalter, O. Sharif et al., “CD14 is a core-
ceptor of toll-like receptors 7 and 9, The Journal of Experimental
Medicine, vol. 207, no. 12, pp. 2689-2701, 2010.

H.K.Lee, S. Dunzendorfer, K. Soldau, and P. S. Tobias, “Double-
stranded RNA-mediated TLR3 activation is enhanced by CD14,
Immunity, vol. 24, no. 2, pp. 153-163, 2006.

A.-C. Raby, B. Holst, E. Le Bouder et al., “Targeting the TLR co-
receptor CD14 with TLR2-derived peptides modulates immune
responses to pathogens,” Science Translational Medicine, vol. 5,
no. 185, Article ID 185ra64, 2013.

L. Perrin-Cocon, S. Agaugué, E Coutant et al, “Secretory
phospholipase A, induces dendritic cell maturation,” European
Journal of Immunology, vol. 34, no. 8, pp. 2293-2302, 2004.

Y. Sun, S. Varambally, C. A. Maher et al., “Targeting of micro-
RNA-142-3p in dendritic cells regulates endotoxin-induced
mortality;” Blood, vol. 117, no. 23, pp. 6172-6183, 2011.



