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Abstract

Background: Tolerogenic dendritic cells (DCs) are associated with poor prognosis of sepsis. Matrix
metalloproteinases (MMPs) have been shown to have immunomodulatory effects. However,
whether MMPs are involved in the functional reprogramming of DCs is unknown. The study aims
to investigate the role of MMPs in sepsis-induced DCs tolerance and the potential mechanisms.
Methods: A murine model of late sepsis was induced by cecal ligation and puncture (CLP). The
expression levels of members of the MMP family were detected in sepsis-induced tolerogenic DCs
by using microarray assessment. The potential roles and mechanisms underlying MMP8 in the
differentiation, maturation and functional reprogramming of DCs during late sepsis were assessed
both in vitro and in vivo.

Results: DCs from late septic mice expressed higher levels of MMP8, MMP9, MMP14, MMP19,
MMP25 and MMP27, and MMP8 levels were the highest. MMP8 deficiency significantly allevi-
ated sepsis-induced immune tolerance of DCs both in vivo and in vitro. Adoptive transfer of
MMP8 knockdown post-septic bone marrow-derived DCs protected mice against sepsis-associated
lethality and organ dysfunction, inhibited regulatory T-cell expansion and enhanced Th1 response.
Furthermore, the effect of MMP8 on DC tolerance was found to be associated with the nuclear factor
kappa-B p65/8-catenin pathway.

Conclusions: Increased MMP8 levels in septic DCs might serve as a negative feedback loop, thereby
suppressing the proinflammatory response and inducing DC tolerance.
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Highlights

* DCs from late septic mice expressed higher levels of MMP8, MMP9, MMP14, MMP19, MMP25 and MMP27, and MMP8

was the highest.

* MMP8 deficiency significantly alleviated sepsis-induced immune tolerance of DCs both iz vivo and in vitro.

* Adoptive transfer of MMP8 knockdown post-septic BMDCs protected mice against sepsis-associated lethality and organ
dysfunction, inhibited regulatory T cell expansion and enhanced Th1 response.
* The effect of MMP8 on DC tolerance in sepsis was associated with the nuclear factor kappa-B p65/8-catenin pathway.

Background

The innate immune response is the first line of host defense
against invading pathogens. During infection and sepsis,
innate immune cells are activated and induce an adaptive
immune response to kill invading microorganisms. Studies
by our group and others have demonstrated a sustained
reduction in dendritic cells (DCs) in lymphoid organs in the
setting of sepsis and infection [1-3]. In addition, in response
to microbial components, DCs from hosts with polymicrobial
sepsis exhibit maturation defects, have an impaired ability to
produce interleukin (IL)-12 and secrete high levels of IL-10
[4, 5]. This functional reprogramming of DCs may contribute
to immunoparalysis and poor prognosis in patients with
infection [6, 7].

Upon infection, to detect pathogens and initiate defense
responses, DCs are equipped with various cell surface
receptors. Pathogen-derived molecules, such as lipopolysac-
charide (LPS), bind with toll-like receptor (TLR) 4 to
induce the activation of nuclear factor kappa-B (NF-«B)
signaling, leading to DC maturation and activation [8, 9].
Conversely, the activation of B-catenin signaling is usually
responsible for programming DCs to tolerant states and
downregulating the inflammatory response [10]. Interest-
ingly, studies on NF-«B have shown that it plays a crucial
role in regulating B-catenin signaling during inflammation
and infection [11, 12]. NF-«xB activation represses the

B-catenin pathway by inhibiting its nuclear translocation,
which indicates the potential role of the NF-«B/B-catenin
pathway in regulating DC function.

Matrix metalloproteinases (MMPs) are a family of
zinc-dependent endopeptidases that has >20 members
[13]. MMPs are well known for their important roles in
degradation and remodeling of the extracellular matrix [14].
Previous reports have shown that extracellular MMPs may
exert cell signaling by cleaving secreted proteins as well as
surface receptors and ligands [15-17]. However, in addition
to extracellular effects, studies have found that MMPs
are expressed intracellularly in cardiomyocytes, endothelial
cells, neurons and immune cells [13, 18, 19]. A heightened
proinflammatory phenotype has been noted in MMP14-
null macrophages, and increased levels of MMP9 after LPS
stimulation contribute to TLR4 activation in leukocytes
[18, 19]. Whether MMPs are involved in the functional
reprogramming of DCs, however, is largely unknown.

Notably, although MMPs are expressed across most tis-
sues, some of them are only expressed by specific cell types
[20]. Strikingly, different MMPs may have different functions
in immune responses, as mentioned above. In the present
study, after evaluating the phenotype and function of DCs in a
mouse septic peritonitis model, the expression characteristics
of MMP family members in DCs during late sepsis were
determined by using microarray analysis. Furthermore, we
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focused on MMP8, which had the highest expression level
among 23 MMPs in DCs during late sepsis. The potential
roles and mechanisms underlying the role of MMPS8 in the
differentiation, maturation and functional reprogramming
of DCs during peritonitis-induced polymicrobial sepsis were
assessed both in vitro and in vivo.

Methods

Animals

Mice deficient in MMP-8 (MMP8~'~) (C57BL/6 background,
aged 6-8 weeks) were obtained from GemPharmatech Co.,
Ltd, Jiangsu, China. Wild-type C57BL/6 mice (aged 6-
8 weeks) were purchased from GemPharmatech Co., Ltd,
Jiangsu, China and Beijing Vital River Laboratory Animal
Technology Co., Ltd, Beijing, China.

Septic peritonitis model induced by cecal ligation and
puncture

A septic mouse model was established by cecal ligation and
puncture (CLP) [21, 22]. C57BL/6 mice were anesthetized
with chloral hydrate and fixed in the supine position. The
abdominal skin was disinfected and a midline abdominal
incision was made. The cecum was exposed, ligated and
perforated with a 21- or 25-gauge needle. After extruding
the intestinal contents, the cecum was placed back into the
abdominal cavity. Then, abdominal incisions were sutured.
Sham-operated mice underwent laparotomy to expose the
cecum, but the cecum was not ligated and punctured. Both
septic mice and sham mice received 1 ml of sterile isotonic
saline injection.

Cell preparation

The spleen was removed from mice aseptically and placed
in phosphate buffer solution (PBS). After trituration and
passing through a mesh, splenocytes were harvested. To
obtain mononuclear cells, splenocytes were further purified
by Ficoll-Paque density gradient centrifugation. CD11c
is commonly used as a marker for dendritic cells, and
CD11c¢ MicroBeads have been widely used by us and other
researchers to isolate DCs and explore their functions [1,23—
25]. So, in the present study, mouse CD11c MicroBeads were
used to isolate DCs from mononuclear cells by a positive
selection method (Miltenyi Biotech, Bergisch Gladbach, Ger-
many). DCs derived from bone marrow (BMDCs) were also
prepared to further confirm the functional changes in DCs
[26]. In brief, BM cells from septic mice or sham mice were
cultured with 20 ng/ml murine recombinant granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Pepro-
Tech, USA) for 7 days. Additionally, CD11c"BMDCs were
purified with CD11¢ MicroBeads (Miltenyi Biotech, Bergisch
Gladbach, Germany) for adoptive transfer experiments and
for testing cell-migration capabilities (Figure S1).

Microarray analysis

For Affymetrix microarray profiling, total RNA was isolated
from splenic DCs with TRIzol reagent (Karlsbad Invitrogen,
Canada), treated with DNase and then purified with
an RNeasy Mini Kit (Qiagen, Hilden, Germany). The
quantity and quality of RNA were measured with a UV-
Vis spectrophotometer (Thermo, nanodrop 2000, USA) at
an absorbance of 260 nm. The mRNA expression profile
was detected by GeneChip Mouse Transcriptome Array 1.0
(Affymetrix GeneChip, Santa Clara, CA, USA). Affymetrix
Expression Console Software (Version 1.2.1) was used for
microarray analysis. To normalize the raw data (CEL files) at
the transcript level, robust multiarray average normalization
was performed, and then the expression value of each
transcript was calculated. The gene-level data were then
screened to include only those probe sets that appeared in
the ‘core’ meta-probe list representing the RefSeq gene.

Two-hit model

DCs from septic mice were treated with 1000 ng/ml LPS from
Escherichia coli (Sigma, USA) as a ‘second hit’. To establish
a two-hit model in vivo, septic mice on day 3 post-CLP
were treated with LPS at a dose of 2 mg/kg via a single
intraperitoneal injection.

Flow cytometric analysis

To test the levels of CD11c™ cells and conventional DCs,
the cells were incubated with anti-mouse CD11c-fluorescein
isothiocyanate (FITC) antibody and/or major histocompat-
ibility complex class II (MHC-II)-Allophycocyanin (APC)
antibody (eBioscience, San Diego, CA, USA) or isotype con-
trol antibodies for 30 min on ice. Additionally, after sur-
face staining of CD4 using a CD4-FITC antibody (BD Bio-
sciences, San Diego, CA, USA), cells were fixed and perme-
abilized using Cytofix/Cytoperm (BD Biosciences) and then
incubated with anti-mouse interferon (IFN)-y or forkhead
box P3 (Foxp3) antibodies (BD Biosciences, San Diego, CA,
USA). Flow cytometry analysis was performed with a BD
FACSCanto II flow cytometer (BD Biosciences, San Diego,
CA, USA).

Cell transfection and stimulation

MMP8 small interfering RNA (siRNA) was used to
knock down the expression of MMP8 in BMDCs or
CD11c"BMDCs. MMP8 siRNA and its control siRNA
used in the present study were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). In brief, at 7 days from
the initial culture, the total BMDCs and CD11ctBMDCs
were harvested. The cells were seeded in a 6-well plate with
2.5 x 10° cells per well supplemented with 2.5 ml of culture
medium. Six hours later, 0.5 ml of culture medium containing
60 pmol MMP8/control siRNA and 7.5 ul of Lipofectamine
3000 reagent (Invitrogen, Allen Way Carlsbad, CA, USA)
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were added to each well. After 24 h of incubation, the
culture medium was replaced with new medium. Another
24 h later, the cells were harvested for further experiments.
The transfection efficiency was detected by western blot
analysis. For maturation and activation experiments, at 24 h
of transfection, the cells were treated with LPS (1000 ng/ml)
(Sigma—Aldrich, St Louis, MO, USA) for 24 h. The cells were
occasionally treated with JSH-23 (Selleck, USA), an NF-«B
inhibitor, for 24 h after MMP8 siRNA transfection.

Adoptive transfer

A total of 2 x 10° CD11c¢*BMDCs were injected intraperi-
toneally into septic mice at 6 h after CLP. The mice were
sacrificed 24 h after injection, immediately followed by the
harvesting of lung, kidney, spleen and blood.

Western blotting

Cells were washed with 1 x PBS and lysed in RIPA lysis buffer
(Solarbio, Beijing, China). In some experiments, lysis buffer
containing protease inhibitors (Solarbio, Beijing, China)
was used. A nuclear and cytoplasmic protein extraction kit
(Beyotime, China) was used to extract nuclear and cytoplas-
mic proteins from the cells. Cell lysates were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes. Then, the membranes were probed
with the indicated antibodies. Histone H3, NF-«B p65,
phospho-B-catenin and B-catenin antibodies were obtained
from Cell Signaling Technology (Cell Signaling, USA). Beta-
tubulin antibody was purchased from Proteintech (USA).
MMP8 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibodies were obtained from Abcam (Abcam,
Cambridge, UK).

Polymerase chain reaction

Total RNA was extracted from DCs using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). After reverse transcription,
c¢DNAs were amplified by using SYBR green PCR master mix
(Thermo Fisher Scientific) using a thermal cycler (Applied
Biosystems, Foster City, CA, USA). The primers used in the
present study are shown in Table S1, see online supplemen-
tary material.

Enzyme-linked immunosorbent assay
The levels of IL-12p70 and IL-10 in plasma and cell cul-
ture supernatant were detected by commercial enzyme-linked
immunosorbent assay (ELISA) kits provided by Multi Sci-
ences (Multi Sciences, Hangzhou, China).

Migration assay
CD11c"BMDCs (5 x 10°) were added to the upper chamber
of a transwell in serum-free medium. RPMI 1640 medium

containing 20% fetal bovine serum and 20 ng/ml mouse
recombinant chemokine (C-C motif) ligand 21 (CCL21)

(PeproTech, USA) was added to the lower chamber. The
number of CD11c" cells in the lower chamber was counted
by flow cytometry.

Histological examination

Lung and kidney tissue samples were fixed in 10% formalin
and then placed in fresh formalin for 24 h. After paraffin
embedding, the lung and kidney samples were cut into sec-
tions (5 um) and stained with hematoxylin and eosin (HE).
Images were observed and captured using an Olympus BX40F
microscope (Olympus, Melville, NY, USA).

Immunofluorescence

To perform immunofluorescence tests, DCs were grown on
cell culture chamber slides. After washing with PBS three
times, DCs were fixed with 4% paraformaldehyde and per-
meabilized with 0.3 % Triton X-100 (Solarbio, Beijing, China)
for 30 min at 37°C. After washing, 1% BSA (Solarbio, Beijing,
China) was used to block the cells. Subsequently, slides were
incubated with anti-mouse B-catenin or NF-«B p65 primary
antibodies at 4°C overnight. Then, after washing with PBS,
slides were probed with different fluorescent secondary anti-
bodies (Abcam, Cambridge, UK) for 1 h at room temperature.
The nuclei were incubated with 10 ul of DAPI solution
(Solarbio, Beijing, China). The localization of B-catenin or
NF-«B p65 was then detected by fluorescence microscopy
(Leica, Germany).

Statistical analysis

Statistical analyses were performed using the GraphPad 8.0
statistical program (GraphPad software, San Diego, CA, USA)
and SPSS statistical software (IBM SPSS Statistics 22.0). Our
data were normally distributed and are presented as the
mean + standard deviation (SD). Differences between two
groups were assessed using Student’s t test. One-wayAnalysis
of Variance (ANOVA) followed by least significant differ-
ence post hoc analysis was used to compare the differences
among multiple groups. The survival rate was analyzed by
Kaplan—Meier analysis and compared by the log-rank test,
and Fisher’s exact test was used to compare the survival rate
between groups at certain time points. P < 0.05 was accepted
as a statistically significant difference.

Results

Phenotype and function of splenic DCs and BMDCs in
late sepsis

A mouse model with moderate severe sepsis was induced
by CLP. Approximately 40-60% of the septic mice died
within the first 48 h post-CLP, but not thereafter (Figure 1a).
Therefore, with reference to the results of our previous animal
and clinical research [26-29], the phenotype and function
of DCs were evaluated on day 3 post-CLP. As shown in
Figure 1b—d, the number of mononuclear cells and CD11c*
cells and the percentage of CD11c* cells among mononuclear
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Figure 1. Phenotype and function of splenic and bone marrow (BM)-derived dendritic cells (DCs) in septic mice. (a) Mortality in the different experimental groups
(10 mice/group) was recorded every 12 h. (b, ¢) The absolute numbers of mononuclear cells (MNCs) and CD11c-positive cells per spleen. (d) The percentages of
CD11c-positive cells in MNCs per spleen. (e, f) Representative flow cytometric analysis was performed to determine the percentages of CD11c-positive cells in
BM-derived cells. Cytokine production (IL-10 and IL-12p70) by splenic CD11c-positive cells (g, h) and BMDCs (i, j) was measured following 24 h of treatment with
LPS. (k, I) Representative flow cytometric analysis was performed to determine the percentages of MHCIIT cells among BMDCs. (m) The median fluorescence
intensity (MFI) of MHC-Il on BMDCs. (n) The number of migrated BM-derived CD11c-positive cells was determined by flow cytometry. (o) The mRNA levels
of CCR7 were tested by RT-PCR. Data are shown as the mean+SD (n=3); ***p <0.001, **p <0.01 and *p <0.05; ns, not significant. CLP cecal ligation and
puncture, BMDCs bone marrow derived dendritic cells, CCR7 chemokine C-C-motif receptor 7, MHC major histocompatibility complex class, RT-PCR reverse
transcription-polymerase chain reaction
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cells were significantly deceased in spleens from septic mice
on day 3 post-CLP compared with sham mice. As shown in
Figure 1e, f, compared to that from sham mice, the activity
of BM cells from septic mice to generate CD11c-positive DCs
decreased slightly, and there was no statistical significance.

After treatment with LPS for 24 h, the production of
IL-12p70, a key host defense cytokine, was decreased in
supernatants of splenic CD11¢* cells and BMDCs from septic
mice compared with sham mice on day 3 post-CLP, while IL-
10 levels were significantly increased (Figure 1 g—j). The per-
centage of MHC-II-positive cells (MHC-II") among CD11c-
positive BMDCs and the median fluorescence intensity (MFI)
of CD11c-positive BMDCs from septic mice were lower than
those of cells from sham mice (Figure 1k-m). Additionally,
the migration capability of post-septic BM-derived CD11c¢-
positive DCs was lower than that of cells from sham mice
(Figure 1n). As chemokine C-C-motif receptor 7 (CCR7) is
necessary to direct DCs to secondary lymphoid nodes, the
expression of CCR7 was also assessed, and the results showed
that the DCs generated from the BM of CLP mice expressed
lower levels of CCR7 (Figure 10).

Expression patterns of MMPs in tolerogenic dendritic
cells during late sepsis

Splenic DCs were isolated from septic and sham mice. A total
of 23 members of the MMP family were detected in sepsis-
induced tolerogenic DCs by using microarray assessment.
Among them, DCs from the spleens of septic mice on day 3
post-CLP expressed higher levels of MMP8, MMP9, MMP14,
MMP19, MMP25 and MMP27 than DCs from the spleens
of sham mice, and MMP8 levels were the highest, with a 25-
fold increase (Figure 2a, b). The levels of MMP12 in splenic
DCs from septic mice were lower than those in splenic DCs
from sham mice, while there were no significant differences
in the levels of MMP1a/b, MMP2, MMP3, MMP7, MMP10,
MMP11, MMP13, MMP15, MMP16, MMP17, MMP20,
MMP21, MMP23, MMP24 and MMP28 in splenic DCs
between septic and sham mice (Figure 2a and b).

The mRNA levels of MMPS$ in post-septic splenic CD11c™
cells and BMDCs were confirmed by reverse transcription-
PCR (RT-PCR). As shown in Figure 2¢, d, both post-septic
splenic CD11c" cells and BMDCs expressed higher levels
of MMP8 mRNA than cells from sham mice. Because most
MMPs are secretory proteins, the protein levels of MMP8 in
DCs were further determined by western blotting analysis.
The results showed that the levels of MMP8 protein in
post-septic splenic CD11ct cells were significantly higher
than those in sham cells (Figure 2e g). Similar results were
observed in DCs generated from BM cells (Figure 2f, h).

Genetic inhibition of MMP8 of sepsis-induced immune
tolerance of DCs in vitro

To investigate the potential role of MMPS8 in the sepsis-
induced immune tolerance of DCs, BMDCs from septic mice
were transfected with MMP8 siRNA. MMP8 knockdown
cells exhibited significantly decreased expression of MMP8

compared to the cells in the CLP group and the control siRNA
group (Figure 3a—c). Our results showed that MMP8 knock-
down had no effect on the percentage of CD11c"MHC-IT"
cells in BMDCs and slightly increased the MFI of MHC-II of
CD11c-positive cells (Figure 3d—f).

As shown in Figure 3g, [L-12p70 levels were significantly
elevated in MMP8 siRNA-transfected cells in response to
LPS stimulation. In contrast, the protein levels of IL-10 were
lower in post-septic BMDCs than in BMDCs from sham mice.
MMP8 knockdown BMDCs exhibited significantly lower lev-
els of IL-10 than post-septic BMDCs (Figure 3h). As shown
in Figure 3i, MMP8 knockdown significantly augmented the
migration capability of post-septic CD11c-positive BMDCs.
In addition, the mRNA levels of CCR7 in the cells were
enhanced after MMP8 siRNA transfection (Figure 3j).

MMP8 deficiency alleviates sepsis-induced immune
tolerance of DCs in vivo

To investigate whether MMP8 plays a role in sepsis-induced
immune tolerance of DCs in vivo, wild-type and MMP8~/~
septic mice were stimulated with LPS as a ‘second hit’ on day
3 post-CLP. MMP8~'~ septic mice had a higher percentage of
CD11c™ cells in the spleen in response to LPS than wild-type
septic mice (Figure 4a). The percentage of MHC-II" cells in
CD11c" cells was also higher in MMP8~'~ septic mice than
in wild-type septic mice (Figure 4b). MMP8~'~ septic mice
had higher levels of IL-12p70 and lower levels of IL-10 in
the plasma (Figure 4c, d, respectively).

As shown in Figure 3e, after treatment with LPS for
12 h, there was a significant difference in the percentage
of CD4-positive cells among the splenic mononuclear
cells of wild-type and MMP8~'~ septic mice (Figure 4e).
Additionally, MMP8~'~ septic mice had a lower percentage
of CD4%Foxp3™ regulatory T cells (Tregs) and a higher
percentage of CD4TIFN-y*T cells in the spleen than wild-
type septic mice (Figure 4f, g).

Adoptive transfer of post-septic DCs transfected with
MMP8 siRNA protects mice from fatal sepsis
As shown in Figure 4, CD11c-positive BMDCs from sham
or post-septic mice transfected with MMP8 siRNA were
intraperitoneally injected into CLP mice. The bacterial load
in the lung and peripheral blood at 24 h after CLP was
determined. CLP mice that had received MMP8 knockdown
CLP-BMDC:s contained a lower bacterial load in the lung and
peripheral blood (Figure 5a, b, and Figure S2a, see online
supplementary material). MMP8 knockdown CLP-BMDC
treatment significantly reduced the lung and kidney tissue
pathological scores in mice secondary to sepsis (Figure 5c, d
and Figure S2b) Treatment with a single injection of MMP8
knockdown CLP-BMDCs from septic mice but not CLP-
BMDCs transfected with control siRNA protected mice
against CLP-induced fatal outcomes at 24 h (Figure Se, f).
As shown in Figure 5, treatment with sham BMDCs,
but not CLP BMDCs, significantly reduced the percentage
of CD4"Foxp3*Treg cells in the spleens of septic mice.
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Moreover, the MMP8 knockdown CLP-BMDC group had
lower percentages of CD4"Foxp3*Treg cells and higher levels
of CD4*IEN-y*T cells in the spleen than the CLP-BMDC
group (Figure 5g—i, and Figure S3 see online supplementary
material). Septic mice treated with MMP8 knockdown CLP-
BMDCs had a higher level of IL-12p70 and a lower level
of IL-10 in the plasma than mice treated with CLP-BMDCs
(Figure 5j, k, respectively).

MMP8 knockdown enhances NF-kB p65 nuclear

translocation and suppresses g-catenin activity in DCs
NF-«B is well known to perform critical roles in DC
maturation and cytokine production as well as migration
[30]. As indicated in Figure 5a, the nuclear and cytoplasmic
protein levels of NF-«B p65 in CD11c-positive BMDCs
in response to LPS were tested by western blotting. We
found that nuclear protein NF-«B p65 expression in
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Figure 3. MMP8 knockdown on sepsis-induced immune tolerance of DCs in vitro.

(a, b) Western blot analysis was used to determine the expression levels of MMP8

in BMDCs. (¢) The mRNA levels of MMP8 in BMDCs were determined by RT-PCR. (d, e) Representative flow cytometric analysis was performed to determine
the percentage of MHCIIT cells among CD11¢c-positive BMDCs. (f) The median fluorescence intensity (MFI) of MHC-Il on CD11¢c-positive BMDCs. IL-10 (g) and
1L-:12p70 (h) levels in the supernatants of BMDCs were detected by ELISA. (i) The number of migrated CD11c-positive BMDCs was measured by flow cytometry.
(j) mRNA levels of CCR7 were determined by RT-PCR. Data are shown as the mean +SD (n=3); ***p <0.001, **p <0.01 and *p < 0.05. CLP cecal ligation and
puncture, MMP8 matrix metalloproteinase 8, BMDCs bone marrow-derived dendritic cell, MHC major histocompatibility complex class, siRNA small interfering

RNA, CCR7 chemokine C-C-motif receptor 7

CLP-BMDCs was lower than that in BMDCs from sham
mice after LPS stimulation. MMP8 knockdown significantly
upregulated the protein levels of NF-«B p635 in the nucleus
(Figure 6a, b). The nuclear translocation of NF-«xB p65 in
DCs was further determined by fluorescence microscopy.
We noted that the nuclear translocation of NF-kB p65 in
CLP-BMDC s following LPS treatment was lower than that
in BMDCs from sham mice. MMP8 knockdown promoted

the nuclear translocation of NF-kB p65 in CLP-BMDCs
(Figure 6c).

Recent studies on B-catenin have documented that it is
crucial in inducing immune tolerance in DCs [10, 31, 32]. As
shown in Figure 6, the phosphorylation levels of B-catenin at
Ser552 in BMDC:s in response to LPS were tested. The results
revealed that there was a greater proportion of B-catenin
phosphorylated at Ser552 in CLP-BMDCs than in cells from



Burns & Trauma, 2024, Vol. 12, tkad025

Wildtype
1
2 2.69%
) 108

MMP8-/-
5.95%

104 104

CD11c+ cells (%)
T

102 103 104 105 108 102 10% 104 105 10¢

CD11c 0-
e \
&SQ @Q%
&S
c 100- d 80 *
5 807 ;ET 60-
E = =
E 60 4
2 S 40
o 40- 5
= N 504
2 o & 2
=
0- 0-
] » o N
Q > S S
& & & &
&8 &S
f
_ 15
Wildtype MMP8-/- -
o1 107 2
7] T 10.3% 4.57% )
0 10e] ) 0] S 10
i 2
10441 104 Q s
; I S— T ) >
102 103 104105 108 102 103 104105 108 g
Foxp3 a
Gated in CD4+ cells B 0 ]
o +
Q G
& &
Q A\

9
b 2 100
Wildtype MMP8-/- s .
1074 107 é‘ 80—
o 64.2% 74.5% ]
& 10 106 é 60
" 104 S 40
+
104 1044 G 20
100 102 104 108 100 102_ 104 108 %
Gated in CD11c+ cells MHC-II 0-
(] N
& &
&S
- 25
Wildtype MMP8-/- o
107
o
7] 14.7%
(7]
102 104 108
cD4 0-
) Q‘bx
"
I
g
Wildtype MMP8-/- £
0104 107 o .
3 1.67% 2.89% 8 3
108; 10¢{ |;
% 2
105 105 i a
& g
104 104 "é 14
102 102 104 105 108 107 102 103 104 105 108 107 i
Gated in CD4+ cells TNV 0-
& q,'\'
& &
Q N\

Figure 4. MMP8 deficiency alleviates sepsis-induced immune tolerance of DCs and Treg expansion in a ‘two-hit’ mouse model. The percentages of CD11ct
(a) and CD11cTMHCIIT (b) cells in the spleen were determined by flow cytometric analysis. The protein levels of IL-10 (¢) and IL-12p70 (d) in the plasma were
tested by ELISA. Flow cytometric analysis was used to assess the percentages of CD41 (e), CD41Foxp3* (f) and CD4TIFN-y+ (g) T cells in the spleen. n=86,
**p <0.01 and *p < 0.05. CLP cecal ligation and puncture, MMP8 matrix metalloproteinase 8, IL interleukin, IFN interferon, Foxp3 forkhead box P3, MHC major

histocompatibility complex class

sham mice. MMP8 knockdown CLP-BMDCs had a lower
proportion of phosphorylated B-catenin at Ser552 than CLP-
BMDCs (Figure 6d, e). Following LPS challenge, we found
that sepsis per se resulted in augmented nuclear transloca-
tion of B-catenin in BMDCs that was inhibited by MMP8
gene knockdown. The results indicated that upregulation of
MMP8 may be responsible for sepsis-induced inactivation of
NF-«B p65 and activation of B-catenin in BMDCs (Figure 6f).

Inhibition of NF-kB suppresses the function of DCs and
promotes B-catenin activation in response to LPS after
MMP8 knockdown

The results showed that the expression levels of nuclear
NF-«B p65 were significantly downregulated after treatment
with JSH-23, an NF-«B inhibitor, in MMP8 knockdown
CLP-BMDCs (Figure 7a, b). As shown in Figure 7c, d, the
protein levels of IL-12p70 were lower and the levels of

IL-10 were higher in CLP-BMDCs than in MMP8 knock-
down CLP-BMDCs. JSH-23 treatment significantly reversed
the elevation in IL-12p70 levels and the reduction in IL-
10 levels after MMP8 knockdown (Figure 7c¢, d, respectively).
The migration capability of post-septic CLP-BMDCs and
the expression of CCR7 after MMP8 knockdown were sup-
pressed by inhibiting NF-«B activation (Figure 7e, f).

A previous study demonstrated that NF-«B can repress
the activation of B-catenin [12]. In the current study, the
activation of B-catenin after inhibiting NF-«B in MMP8
knockdown CLP-BMDCs was also assessed. As shown in
Figure 7g—i, the levels of phosphorylated B-catenin Ser552
as well as its nuclear translocation were decreased in
CLP-BMDCs after MMP8 knockdown. However, JSH-23
treatment reversed the activation of B-catenin in MMP8
knockdown cells. Our results illustrate that the effect of
MMPS8 on DCs may be achieved via, at least in part, the
NF-«B p65/B-catenin pathway.
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Figure 5. Adoptive transfer of post-septic BMIDCs transfected with MMP8 siRNA protects mice from fatal outcomes. Peritoneal fluid (a) and peripheral blood
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Discussion

We have demonstrated for the first time that MMPS8 pro-
grams DCs to a tolerogenic state in polymicrobial sepsis.
DCs are classified as critical antigen-presenting cells that play
important roles in recognizing pathogens and regulating the
immune response and inflammation. Similar to the results of
previous studies [5, 33], a profound loss of CD11c™" cells from
the spleen during sepsis was also evident in the present study.

Interestingly, the ability of BMCs from septic mice to generate
CD11c" cells was comparable to that of cells from sham mice.
We also noticed that both splenic CD11c¢* and BM-derived
DCs in sepsis were impaired in acquiring a mature state in
response to LPS. These paralyzed DCs secreted more IL-10
but failed to express IL-12p70. Migration to peripheral lymph
organs is required for DCs to prime naive T lymphocytes and
has been shown to involve CCR7-mediated signaling [34].
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Thus, the impaired migration capability of DCs and decreased
expression levels of CCR7 may contribute to the dysfunction
of the immune response upon septic challenge.

In the current study, we found that the expression of
MMPS8 appeared to be significantly increased in septic DCs.
MMP8, also known as neutrophil collagenase and colla-
genase 2, is a secreted protease that degrades extracellular
matrix proteins during inflammatory tissue destruction [35].
Similar to other MMPs, extracellular MMP8 regulates the
immune response by cleaving chemokines as well as other
signaling factors [35, 36]. Recently, research interest in MMPs
has shifted to their biological functions in signal transduction
[37, 38]. For example, MMP12 is required for interferon
secretion and the subsequent antiviral immune response [39].
Interestingly, in the present study, the expression of MMP12
was decreased in septic DCs, which might partly explain the
higher levels of viral replication in patients with sepsis [40].
It has been reported that the mRNA and protein levels of
MMPS8 in blood from sepsis patients are significantly higher
than those of controls [41, 42]. Additionally, a study showed
that MMP8 knockout juvenile mice are more susceptible to
infection [42]. Interestingly, genetic ablation or pharmaco-
logic inhibition of MMP8 decreases acute inflammation in
adult mice at 6 h after sepsis [43]. Nevertheless, the levels of
MMPS8 in DCs and its immunomodulatory effect in late sepsis

have not been clarified. Herein, using a late sepsis model
and MMP8 knockout mice, we found that MMP8 deficiency
significantly alleviated sepsis-induced immune tolerance of
DCs both in vivo and in vitro. Moreover, adoptive transfer of
MMP8 knockdown post-septic BMDCs, but not post-septic
BMDGCs, protected mice from polymicrobial sepsis-induced
death, organ dysfunction and Treg expansion. These findings
indicate that the role of MMPS in sepsis may be influenced
by developmental age as well as the stage of sepsis.

The decreased activity of NF-«B, a core inducer of proin-
flammatory cytokines, is one of the important characteristics
of tolerogenic DCs [44]. There are five members of the
NF-«B family, including p50, p52, Rel, Rel-A (p65) and Rel-B
[45,46]. Upon cytokine or LPS stimulation, NF-«B p65 forms
dimers with other NF-«B subunits, mainly p50, and then
translocates into the nucleus, where it mediates the activation
of target genes, including IL-12p70 and CCR7 [46, 47]. NF-
«B p65 might be involved in MMP8-mediated functional
reprogramming of DCs because nuclear translocation in sep-
tic DCs was obviously enhanced after MMP8 knockdown,
and the elevated levels of IL-12p70 and CCR7 in septic DCs
after MMP8 knockdown were reversed by treatment with an
NF-«B inhibitor.

In addition to NF-«B, we noted that B-catenin signaling,
another conserved pathway, might also play a role in inducing
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tolerance in DCs in sepsis. Previous studies have shown
that in intestinal DCs and E-cadherin-stimulated DCs, B-
catenin is required for the expression of anti-inflammatory
mediators, including IL-10 and transforming growth factor-g,
and subsequent Treg expansion [10, 48]. Interestingly, some

studies have reported that NF-«B can negatively regulate the
activity of the B-catenin pathway through direct and indirect
mechanisms. In colon, liver and breast cancer cells, p65 over-
expression indirectly regulates the nuclear translocation of
B-catenin by inducing leucine zipper tumor suppressor 2
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(lzts2) expression [49]. The p65/p50 dimer as well as the
activators of the NF-«B pathway have been shown to
directly interact with B-catenin and then regulate B-catenin-
dependent transcriptional activity [50, 51]. In the present
study, inhibition of NF-kB promoted the activation of -
catenin and inhibited the immune response of DCs after
MMP8 knockout. We believe that the NF-kB/B-catenin
pathway contributes to MMP8-mediated DC tolerance.
However, in addition to its role in dampening inflammation,
previous studies have reported that B-catenin was associated
with enhanced inflammatory cytokine production in splenic
DCs, indicating the complex roles of B-catenin in regulating
the function of DCs [52, 53].

Conclusion

The present study identified the expression patterns of MMP
family members in tolerogenic dendritic cells and the role of
MMPS8 in sepsis-induced dendritic cell tolerance and immune
dysfunction. The effect of MMP8 on DC tolerance was
associated with the NF-«B p65/B-catenin pathway. Further
studies may be needed to investigate the other mechanisms
involved in MMP8-mediated functional reprogramming of
immune cells and their clinical significance.
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