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IL-12 suppression, enhanced endocytosis and up-regulation of
MHC-II and CD80 in dendritic cells during experimental endotoxin
tolerance
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Aim: The aim of this study was to investigate endocytosis, MHC-II expression and co-stimulatory molecule expression, as
well as interleukin-12 (IL-12) production, in bone marrow dendritic cells (DCs) derived from endotoxin tolerant mice.
Methods: Endotoxin tolerance was induced in C57BL/10] mice through four consecutive daily intraperitoneal injections of
1.0 mg/kg of 055:B5 Escherichia coli lipopolysaccharide (LPS). Bone marrow DCs were isolated in the presence of GM-CSF
and IL-4 and purified by anti-CD11c Micro beads. FITC-dextran uptake by DCs was tested by flow cytometric analysis
and the percentage of dextran-containing cells was calculated using a fluorescence microscope. The expression of surface
MHC-II, CD40, CD80, and CD86 was also detected by flow cytometric analysis. An ELISA was used for the measurement
of IL-12 production by DCs with or without LPS stimulation.

Results: Endotoxin tolerance was successfully induced in C57BL/10] mice, evidenced by an attenuated elevation of sys-
temic TNF-a. DCs from endotoxin tolerant mice possessed enhanced dextran endocytosis ability. The expression of surface
MHC-II and CD80 was higher in DCs from endotoxin tolerant mice than in DCs from control mice, whereas the expression
of CD40 and CD86 was not altered. Compared with DCs from normal control mice, DCs from endotoxin tolerant mice pro-
duced less IL-12 after subsequent in vitro stimulation with LPS.

Conclusion: These data suggest enhanced endocytosis, selective up-regulation of MHC-II and CD80 and IL-12 suppression
in DCs during in vivo induction of endotoxin tolerance.
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Introduction cal setting! ™. However, none of these treatments showed

I In part, the

. . . . significant improvement in clinical trials™.
Lipop (.)lysaccharlde. (LPS).—contalnlng endotoxins are  ponofy of the suppression of proinflammatory mediators is
potent activators of the innate immune system and are cen- thought to be counteracted by the all-around inhibition of

tral to the pathological excessive or deregulated inflamma- . systen.

tion observed in Gram-negative sepsis. The endotoxins can Consecutive low doses of LPS can induce endotoxin

lead to systemic inflammatory response syndrome, multiple 111 ce in which endotoxin triggered responses are at least

organ failure and even death!?. Therefore, the prevention
of excessive release of pro-inflammatory mediators through
medications such as corticosteroid and anti-tumor necrosis
factor-a (TNF-a) antibody is one of the vital strategies for
the prevention and treatment of tissue injury in this clini-
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partially abrogated™’. In vitro, the endotoxin-tolerant mono-
cytes and macrophages are characterized by inhibition of
LPS-stimulated proinflammatory cytokine production~.,
Our previous study demonstrated that endotoxin-tolerant
animals had a marked reduction in the systemic response
to endotoxemia, including mortality, weight loss, fever and
serum cytokine level™, in accordance with other in vivo

5,7,9-11

studies! I, Moreover, several previous studies showed

that the repetitive low-dose LPS pretreated mice had
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improved survival after bacterial and fungal infection!'> ¥/,

The fundamental mechanisms that underlie such beneficial
effects of endotoxin tolerance have been increasingly studied
recently and might be associated with the reprogramming of
immune cells during LPS pretreatment.

Dendritic cells (DCs) are composed of different sub-
groups and coordinate the innate and the adaptive arms of
the immune response. They are scattered throughout the
body, where they work as “immunological sensors” that
are capable of decoding the dangerous signals, presenting
the information to T cells and generating the right class of
(4181~ Currently, little is known about the
variation of DCs during the induction of endotoxin toler-

immune responses

ance. To develop a greater understanding of the alteration of
DCs during LPS pretreatment, we reproduced murine endo-
toxin tolerance through repetitive intraperitoneal injections
of low dose LPS and investigated three functions of isolated
bone marrow DCs: (1) endocytotic capacity; (2) expression
of MHC-II and co-stimulatory molecules on the cell surface;
and (3) the ability to produce interleukin-12 (IL-12).

Materials and methods

Animals and treatment Specific pathogen-free male
C57BL/10J mice at 4-6 weeks of age were purchased from
Shanghai SLAC Laboratory Animal Inc/National Rodent
Laboratory Animal Resources, Shanghai branch, and bred
under specific pathogen-free conditions in the animal facility
of the Liver Cancer Institute of Zhongshan Hospital, Fudan
University. The procedures involving animals and their care
were conducted in conformity with national and interna-
tional laws and policies.

The mice were randomly divided into the endotoxin
tolerant group, which was pretreated with an intraperitoneal
injection of 1 mg/kg Escherichia coli LPS (serotype 055:BS;
Sigma, St Louis, MO) at the same time on each of four
consecutive days, and the normal control group, which was
pretreated with intraperitoneal injections with the same vol-
ume of pyrogen-free 0.9% sodium chloride. To evaluate the
systematic inflammatory response to subsequent LPS chal-
lenge, a dose of 10 mg/kg LPS was injected intraperitoneally
on the fifth day. Each group was divided into two subgroups
(6 animals of each subgroup). One subgroup received a high
dose LPS challenge and samples were obtained 6 h after high
dose LPS injection, and the other subgroup received sterile
normal saline, serving as a 0 h control. The mice were sacri-
ficed and samples of blood were drawn from the inferior vena
cava. Blood was centrifuged at 2000 r/min for 10 min and
serum was stored at -80 °C for the TNF-a assay.

TNF-a determination TNF-a was measured with
a commercially available sandwich ELISA kit (Senxiong
Company, Shanghai, China) according to the manufacturer’s
guidelines. The lowest detection limit was 62.5 pg/mL.

Isolation and cultures of DCs After four daily injec-
tions of LPS or 0.9% sodium chloride, mice were sacrificed
on the fifth day. DCs were generated from bone marrow
precursors harvested in RPMI-1640 (Hyclone-Pierce)
medium containing 10% fetal bovine serum (FBS), 100 U/
mL penicillin, 100 pg/mL streptomycin, 10 ng/mL recom-
binant murine interleukin-4 and 20 ng/mL recombinant
murine granulocyte-macrophage colony-stimulating factor
(all from Sigma, St Louis, Mo) as previously described™".
DCs were enriched by adding 100 pL of anti-CD11c Micro
beads (Milteny Biotec) per 10° cells for 15 min at 4 °C, fol-
lowed by washing and positive selection using autoMACS
(Milteny Biotec), according to the manufacturer’s protocol.
This resulted in 95%-98% pure CD11c" cells as determined
by flow cytometry. The morphology of the collected cells
was observed under a light microscope after Giemsa stain
and under a scanning electron microscope as a supplemen-
tary confirmation of DCs. Cell viability was over 95% as
examined using trypan blue. For each group, three batches of
bone marrow DCs were harvested from different individual
animals for subsequent investigations.

Endocytosis assay Freshly isolated DCs (2x10°) from
control and tolerant mice were incubated with 1 mg fluo-
rescein isothiocyanate (FITC)-conjugated-dextran (4 kDa,
Sigma, St Louis, MO) in a total volume of 1 mL for three
hours at 37 °C. As a negative control, cells were incubated
under the same conditions at 4 °C. Uptake was then stopped
by the addition of ice-cold PBA (PBS containing 1% bovine
serum albumin and 0.1% sodium azide). The level of endo-
cytosis was evaluated by two different methods. In the first,
cells were washed twice with PBA and then analyzed with
FACScan flow cytometry. In the second, cells were washed,
cytocentrifuged onto glass slides, and quantified by fluores-
cence microscopy. Ten random fields were assessed per slide,
and the percentage of dextran-containing cells was deter-
mined. Results are expressed as the median (25th percentile,
75th percentile) of the percentage ingestion.

Flow cytometric analysis of DCs Flow cytometry was
performed to analyze DCs for expression of cellular surface
molecules. Briefly, DCs were washed with PBA and then
0.05 mL medium containing 1x10° cells was incubated with
10 ng/mL of FITC-conjugated monoclonal antibodies
(mAb) to MHC-II, CD40, CD80, and CD86, respectively,
for 30 min at 4 °C. This was followed by extensive washing
and analysis on cells gated to exclude nonviable cells. The
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expression of the surface proteins was analyzed as the per-
centage of positive cells in the relevant population. An iso-
type-matched FITC-conjugated mAb for samples labeled in
parallel was used as a control (all antibodies from Pharmin-
gen, San Diego, CA, USA). All experiments were performed
at least in triplicate.

IL-12 production of DCs Purified DCs were diluted to
2x10° cells/mL and incubated in the presence or absence of
LPS (1 pg/mL) for 24 h. The supernatants were collected
and cleared by centrifugation and then stored at -80 °C. The
concentration of IL-12 was measured with the commercially
available sandwich ELISA kit (Senxiong Company, Shanghai,
China) according to the manufacturer’s guidelines. The low-
est detection limit was 62.5 pg/mL.

Statistics Statistics were performed by Prism 5 for Win-
dows. Results were expressed as medians (25th percentile,
75th percentile). A Mann-Whitney U-test or Kruskal-Wallis
one-way analysis of variance by ranks was adopted to calcu-
late statistical differences between two groups or among 3
or more groups, respectively. Differences were considered
significant at the level of P<0.0S.

Results

The reproduction of endotoxin tolerance After the
intraperitoneal injection of 10 mg/kg LPS, normal control
mice showed less activity and food intake and faster respira-
tory rate. Such abnormality was not found in the endotoxin
tolerant mice.

As shown in Figure 1, the normal control group
responded to a high dose of LPS with a significant increase
in serum TNF-a from 126.0 (97.91, 128.5) pg/mL at 0 h to
296.2 (249.3,323.0) pg/mL at 6 h (P<0.05). However, the
serum TNF-a was significantly blunted in the endotoxin tol-
erant group, implying systemic endotoxin tolerance.

Enhanced endocytosis capacity of DCs from endo-
toxin tolerant mice To examine whether the ability of DCs
to capture antigens was affected by endotoxin tolerance, we
tested the endocytotic activity of bone marrow DCs by mea-
suring the uptake of FITC-conjugated dextran particles by
flow cytometry and fluorescence microscope observation. In
accordance with more FITC positive cells as determined by
a FACScan flow cytometry (Figure 2A), the enriched DCs
obtained from endotoxin tolerant mice had an elevated per-
centage ingestion [59.6 (53.6, 64.2)%] as compared with the
control mice [34.5 (31.0, 39.8)%, P<0.05] under a fluores-
cence microscope (Figure 2B-2D). These results indicated
an enhanced endocytosis capacity against dextran in DCs
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Figure 1. The blocked elevation of serum TNF-a in the endotoxin
tolerant group after a high dose LPS challenge. To determine whether
the four consecutive daily injections of 1 mg/kg LPS induced
endotoxin tolerance successfully, we investigated the variation of serum
TNEF-a production between 0 and 6 h after 10 mg/kg LPS injection on
the fifth day in the endotoxin tolerant group and in the normal control
group. A sandwich ELISA was used to measure the concentration of
TNF-a. The results are expressed in picograms per milliliter. Data were
obtained from six mice for each time point in each group. "P<0.05.

from endotoxin tolerant mice.

Altered expression of MHC-II and T cell co-stimu-
latory molecules on DCs from endotoxin tolerant mice
Optimal antigen presentation requires the expression of
MHC-II and co-stimulatory molecules on DCs!'7 %, Thus,
we tested the expression of MHC-II, CD40, CD80, and
CD86 on the cell surface using flow cytometric analysis.
As shown in Figure 3, DCs constitutively expressed these
molecules; moreover, endotoxin tolerance induces the up-
regulation of MHC-II and CD80 (P<0.05). However, the
expression of CD40 and CD86 was almost unaltered. These
results indicated that MHC-II and CD80 were selectively up-
regulated during low-dose LPS pretreatment.

Impaired ability of DCs from low-dose LPS pre-
treated mice to produce IL-12 in response to subsequent
LPS exposure in vitro We investigated the ability of puri-
fied DCs to produce IL-12 by quantitatively measuring the
protein concentration in the supernatants of the cell culture.
As shown in Figure 4, DCs from mice pretreated in vivo with
repetitive low-dose LPS produced less IL-12 after subse-
quent in vitro stimulation with LPS [121.7 (106.2, 138.9)
pg/mL], compared with DCs from control mice [346.1
(308.6, 363.7) pg/mL, P<0.05]. Moreover, DCs from LPS-
primed mice also had a tendency to produce less IL-12 than
DCs from control mice; after LPS stimulus in vitro, the IL-12
production of DCs in the normal control group was elevated,
whereas it was down-regulated in the endotoxin tolerant
group. These data suggested a potent suppression of IL-12
production in DCs from endotoxin tolerant mice.
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Figure 2. Dendritic cells (DCs) from endotoxin tolerant mice
exhibit an increased ability for endocytosis. The in vitro ability of
DCs to endocytose dextran was tested by incubating DCs with FITC-
labeled dextran at a ratio of 2x10° cells to 1 mg dextran for three
hours. The cells were thereafter examined for endocytotic ability in
two ways: (1) flow cytometry (shown in A) and (2) fluorescence
microscope quantification after cytocentrifugation onto glass
slides. Ten random fields were assessed per slide, and the results are
presented as percentage ingestion, ie, the percentage of FITC-dextran
containing cells (shown in B-D). All experiments were performed
at least in triplicate. (A) Representative example of a histogram of
FITC-dextran treated DCs from endotoxin tolerant mice (red line)
and normal control mice (green line). (B) One representative photo
taken in a fluorescence microscope of DCs from endotoxin tolerant
mice. The percentage of DCs containing FITC-dextran was 59%. (C)
One representative photograph of DCs from normal control mice.
The percentage ingestion monitored using microscopy was 34%. (D)
Statistical analysis of the data obtained from at least three separate
experiments. °P<0.0S. (B, C) x100.

Discussion

In this experiment, we induced endotoxin tolerance in

MHC-II CD40 CD80 CDsS86

Figure 3. Expression of MHC-II and co-stimulatory molecules on
dendritic cells (DCs). Bone marrow DCs were obtained from normal
control mice and endotoxin tolerant mice and then stained with mAbs
for FACS analysis. (A) The histograms of a flow cytometric analysis
of the expression of the surface molecules MHC-II, CD40, CD80,
and CD86 on DCs. The red line and green line marked the positive
cells of endotoxin tolerant cells and control cells, respectively, and
the percentage of positive cells was indicated. All experiments were
performed at least in triplicate, and one representative plot was shown.
(B) Statistical analysis of the expression of cellular surface molecules.
The results were obtained from at least three separate experiments.
°P<0.05.

CS57BL/10] mice with four consecutive daily intraperito-
neal injections of 1 mg/kg LPS for further studies on the
alterations of DCs. The successful induction of endotoxin
tolerance was confirmed by the blocked systematic TNF-a
elevation in response to 10 mg/kg LPS. TNF-a is one of the
central mediators of LPS toxicity, and our previous study'®),
together with other experiments'*”), showed that a block in
TNF-a production was a reliable marker of the establishment
of endotoxin tolerance.

We adopted the regimen of repetitive low-dose LPS pre-
treatment to induce endotoxin tolerance rather than a single
high-dose LPS challenge because the latter was similar to the
hypoinflammatory state, termed “immunological paralysis,”
in patients with septic shock who have an increased risk of

[21-23]

succumbing to a secondary infection . Furthermore,
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Figure 4. Analysis of IL-12 production by dendritic cells (DCs).
The supernatants with or without LPS stimulation were assayed by
sandwich ELISA. The IL-12 level was expressed in picograms per
milliliter. Data were from at least three separate experiments performed
in duplicate for each group. "P<0.05 vs normal control.

endotoxin tolerance induced by low-dose LPS pretreat-
ment could alleviate the severity of infections induced by

24 and serovar Typhimurium™*!

Pseudomonas aeruginosa
despite attenuated cytokine production. Lehner et al®
pointed out that enhanced host defense against infection was
due to an improved peritoneal accumulation of neutrophilic
granulocytes during the course of LPS pretreatment and
an increase in Kupffer cell numbers and their phagocytic
capacity in the liver. These results suggested that the “pre-
activated” immunity might be associated with the enhanced
anti-bacterial function in endotoxin tolerant animals.
Recently, several papers were published on the
impact of endotoxin tolerance on the functions of innate
immune cells. Endotoxin tolerance significantly improved
phagocytosis*®?’
macrophages®” in vitro. Wysoka et al**! demonstrated that
DCs loss and inhibition of IL-12 production took place after
a single high dose LPS stimulus. However, little is known

I'and impaired antigen presentation by

about the functions and alterations of DCs during repetitive
low-dose LPS pretreatment.

A number of previous studies have shown that DCs are
the major source of early IL-12 production after in vivo expo-
sure to LPS, which plays a central role in the pathogenesis
of LPS-associated sepsis by stimulating IFN-y production.
High levels of IL-12 in the microenvironment enhance the
secretion of other proinflammatory cytokines and chemok-
ines, as well as the recruitment and/or activation of other
effectors, which ultimately leads to Thl response and a

15, 29, 30 .
L !, Moreover, neutraliza-

potent inflammatory reaction
tion of IL-12 protects mice from lethal endotoxemia. The
results in the present study are in accordance with the obser-

31,32

vations of previous in vitro and in vivo studies*" ¥/, proving

a remarkable inhibition of IL-12 production by DCs from

586

endotoxin tolerant mice.

The increase in the uptake of dextran suggested that DCs
from endotoxin tolerant mice had enhanced endocytotic
ability. DCs take up self and nonself antigens by endocytosis
and then generate and maintain specific immune responses
by processing and presenting antigens to T cells. Thus, the
endocytosis of potentially dangerous microbes by DCs
constitutes the first line of defense against pathogens. The
enhanced endocytotic ability of DCs, together with other

227 during repetitive

phagocytes, including macrophages!
low-dose LPS pretreatment may help in the clearance of
pathogens.

The DCs are among the most potent professional anti-
gen-presenting cells that can initiate the adaptive immune
response against microorganisms. To be able to initiate an
immune response, DCs must express microbial peptides in
the context of MHC-II molecules on the cell surface and
provide secondary signals through co-stimulatory mol-
ecules. The up-regulated MHC-II and CD80 on DCs from
endotoxin tolerant mice indicated that direct interaction
with LPS or bystander effects during consecutive low-dose
LPS pretreatment put DCs into a “pre-activated” state and
made them ready to confront the insult of pathogens. These
findings differ from the observation in macrophages, which
showed a down-regulation in the expression of HLA-DA™"),
Further studies, such as T cell proliferation assay, are needed
to clarify the antigen presentation in DCs from endotoxin
tolerant mice. In addition, maturing DCs should be taken
into consideration when exploring the antigen presenting
capacity in endotoxin tolerance.

It is notable that DCs from endotoxin tolerant mice
expressed high levels of MHC-II and CD80, in contrast to
their low levels of CD40 and CD86. Banchereau et al'*>**
pointed out that the interaction between CD86 and its
corresponding ligand CD28 on T cells resulted in the up-
regulation of CD40 ligand on T cells. The T cells may then
engage CD40 on DCs and trigger a burst of cytokine expres-
sion, including IL-12. Therefore, the blockage of CD86 and
CD40 up-regulation that was observed in our experiment
may contribute to attenuated cytokine production in endo-
toxin tolerance. The difference between the expression of
MHC-II/CD80 and CD86/CD40 might provide DCs with
an augmented antigen presenting ability without the exces-
sive secretion of pro-inflammation cytokines and mediators.

It is believed that precursor DCs enter tissues as imma-
ture cells that exhibit a high endocytotic capacity. Immature
DCs can then develop into mature DCs by a process that is
driven by inflammatory stimuli or microenviromental fac-
tors such as bacterial products, LPS, and locally produced
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cytokines. During maturation and migration, they down-
regulate their endocytotic activity in accordance with the
expression of MHC-II molecules, as well as co-stimulatory
. Interestingly, the bone marrow DCs isolated
from in vivo endotoxin tolerance displayed a novel pheno-

molecules!

type of enhanced endocytosis and selective up-regulation of
MHC-II and CD80. This could be explained by the specific
“reprogramming” during the low-dose LPS treatment, which
5 indi-
cated that the “reprogramming” was associated with different
epigenetic modulations between inflammatory genes and
anti-infection genes. Another possibility is the complexity of

the bone marrow DCs during in vitro isolation and culturing.

pre-activated the immune cells. One recent study

Further investigation of DCs from peripheral immune tissue
such as the spleen and lymph node is necessary.

In general, these observations suggested that during
repetitive low-dose LPS pretreatment, DCs carried out a
series of alterations that resulted in enhanced endocytotic
ability and selective up-regulation of MHC-II and CD80
expression. The mechanisms that underlie these alterations
might differ from the regulation of cytokine production.
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