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Myeloid derived suppressor cells (MDSC) in the liver microenvironment protects

against the inflammation-induced liver injury in fulminant hepatitis (FH). However, the

molecular mechanism through which MDSC is recruited into the inflamed liver remain

elusive. Here we identified a protein kinase Tpl2 as a critical mediator of MDSC

recruitment into liver during the pathogenesis of Propionibacterium acnes/LPS-induced

FH. Loss of Tpl2 dramatically suppressed MDSC mobilization into liver, leading to

exaggerated local inflammation and increased FH-induced mortality. Mechanistically,

although the protective effect of Tpl2 for FH-induced mortality was dependent on

the presence of MDSC, Tpl2 neither directly targeted myeloid cells nor T cells to

regulate FH pathogenesis, but functioned in hepatocytes to mediate the induction of

MDSC-attracting chemokine CXCL1 and CXCL2 through modulating IL-25 (also known

as IL-17E) signaling. As a consequence, increased MDSC in the inflamed liver specifically

restrained the local proliferation of infiltrated pathogenic CD4+ T cells, and thus protected

against the inflammation-induced acute liver failure. Together, our findings established

Tpl2 as a critical mediator of MDSC recruitment and highlighted the therapeutic potential

of Tpl2 for the treatment of FH.
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INTRODUCTION

Fulminant hepatitis (FH) is a dreaded disease characterized by rapid development of hepatocellular
dysfunction, leading to the failure of hepatic regeneration (1). Published studies have shown that
the pathogenesis of FH is associated with huge liver infiltration of immune cells, which secrete
a large number of pro-inflammatory cytokines and thus induce acute inflammatory necrosis of
hepatocytes (2, 3). The bacterial infection has been considered as a key factor that contribute to
the development of FH pathology (4). Indeed, mice injected with heat-killed Propionibacterium
acnes followed by lipopolysaccharide (LPS), one of the most commonly used FH animal models,
phenocopy the inflammatory infiltration in hepatic parenchyma and finally lead to the acute liver
failure (5–8). Although the pathogenesis of FH has been extensively investigated, there is no
proper therapeutic strategies for this disease, leading to high mortality if there is no supportive
management and/or liver transplantation (9).
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Myeloid derived suppressor cells (MDSC) are a heterogeneous
group of immune cells derived from bone marrow and have
been implicated to play important immunosuppressive and
protective roles in human hepatitis, hepatocellular carcinoma or
various mouse hepatitis models through different mechanism.
For example, MDSC inhibited T cell proliferation and IFN-γ
production in chronic HCV patients (10), and suppressed NK
cell function during the pathogenesis of human hepatocellular
carcinoma (11). In hepatitis mouse models, MDSC also exhibited
immunosuppressive function through inhibiting the T cells
proliferation, activation and secretion of pro-inflammatory
cytokines, and thus protected against hepatic inflammation
and fibrosis through different mechanisms (12–14). Therefore,
increasing the number of MDSC in the liver may help to
inhibit the occurrence of local inflammation of the liver and
protect against FH. Indeed, administration of IL-25 dramatically
prevented and reverses acute liver damage through promoting
the recruitment of the MDSC into liver in FH mouse (15).

IL-25, also known as IL-17E, belongs to IL-17 cytokine family,
and was initially found to be highly expressed in T helper (Th) 2
cells and promote the proliferation of Th2 cells and eosinophils
(16–18). In addition, it has been reported that IL-25 exhibited
inhibitory effect of the proliferation of Th1 and Th17 cells and
further suppressed the occurrence of autoimmune diseases in
mice (19, 20). However, it is not clear how IL-25 initiates the
signal pathway to mediate MDSC recruitment into liver during
FH pathogenesis. Published study has identified that IL-25 can
bind to the heterodimer receptor composed of IL-17RA and IL-
17RB, which then recruit Act1 to activate downstream NF-κB
and MAPK (21–23), suggesting a similarity with IL-17A-induced
signaling pathway. Our previous study has demonstrated that
the serine/threonine protein kinase Tpl2 is a key component in
regulating the IL-17A signaling pathway, in which the activated
Tpl2 directly bound to and phosphorylated TAK1 and further
induce the activation of downstream NF-κB and MAPK (24, 25).
Based on the similarity of IL-17A- and IL-25-induced signaling
and the critical protective role of IL-25 in FH, we speculated
that Tpl2 may also regulated the FH pathogenesis through
modulation of IL-25 signaling.

In the present study, we found that Tpl2 protected against
FH-induced acute liver injury and mouse mortality. Loss of Tpl2
in hepatocytes suppressed IL-25-induced chemokine CXCL1/2
expression, which impaired the recruitment of MDSC into the
liver, leading to promoted proliferation of liver-infiltrating CD4+

T cells and enhanced FH pathology.

RESULTS

Tpl2 Protected Against P.
acne/LPS-Induced FH
To investigate the in vivo role of Tpl2 during FH pathogenesis,
we induced a FH model by intravenously injecting the mice
with heat-killed P. acnes and followed by LPS. In this model,
only P. acnes priming is not lethal for the mice, and P. acnes
priming plus LPS injection 7 days later will strongly induce
acute liver damage, leading to FH-related mortality. However,

P. acnes priming-induced liver inflammation is necessary and
the reason for the mortality after LPS injection in this FH
model (6, 7). As shown in Figure 1A, low dose of P. acnes/LPS
priming provoked a non-lethal moderate hepatitis in wild-
type (hereafter termed WT) mice. In contrast, Tpl2-deficient
mice that induced with FH by using the same dose of P.
acnes/LPS developed a much severer disease, leading to 86%
lethality within 8 h (Figure 1A). Consistently, we observed the
increased production of serum aspartate aminotransferase (AST)
and higher ratio of AST/aminotransferase (ALT) levels, which
is a hallmark of hepatitis-induced liver failure, in Tpl2-deficient
mice accordingly (Figure 1B). In addition, histological analysis
showed that there was more inflammatory infiltration observed
in the Tpl2-deficient liver tissues on day 7 after P. acnes priming
(Figures 1C,D). These results collectively suggested an important
beneficial role of Tpl2 in protecting P. acnes/LPS-driven acute
liver damage.

Tpl2 Deficiency Increased the Liver
Infiltration of Pathogenic CD4+ T Cells
The exaggerated FH in Tpl2-deficient mice promoted us to
examine the cellular mechanism by which Tpl2 protect against
liver failure during FH pathogenesis. We firstly examined the
peripheral immune activation after P. acnes priming, and the
results revealed that Tpl2-deficient and WT control mice had
similar frequencies and absolute numbers of CD4+ T cells, CD8+

T cells, CD11c+ dendritic cells, B220+ B cells and CD4+Foxp3+

regulatory T cells (Treg) in the spleens 7 days after challenged
with P. acnes (Figures 2A–D). In addition, the frequencies and
absolute numbers of IFN-γ- and TNF-α-producing T helper
(Th)1 CD4+ T cells in the spleens were also comparable between
the WT and Tpl2-deficient mice (Figures 2E,F). These data
suggested Tpl2 does not affect peripheral immune activation
during FH pathogenesis.

It is known that P. acnes priming promoted the liver
infiltration of CD4+ T cells, which contributed to the
inflammation-induced liver injury (8). Although the frequencies
and absolute cell numbers of CD4+ T cells in the spleens or
peripheral blood were comparable in WT and Tpl2-deficient
mice during P. acnes-primed process (Figures 2G–J), loss of Tpl2
dramatically increased the frequencies and absolute numbers
of CD4+ T cells in the livers as compared with that in WT
liver, whereas didn’t affect the liver infiltration of CD8+ T
cells, dendritic cells, B cells and Treg cells at day 7 after
P. acnes priming (Figures 3A–E). Since the Th1 cells are the
major pathogenic contributor of P. acnes-induced liver injury
(26), we next examined the TNF-α and IFN-γ production
among the infiltrated CD4+ T cells. Interestingly, Tpl2 deficiency
didn’t affect the ability of liver-infiltrating CD4+ T cells
to produce TNF-α and IFN-γ, as reflected by comparable
frequencies of IFN-γ- and TNF-α-producing Th1 cells in the
inflamed livers of WT and Tpl2-deficient mice (Figures 3F,G).
However, the absolute cell numbers of the pathogenic Th1
cells were dramatically increased in the inflamed livers of
Tpl2-deficient mice (Figures 3F,G). Moreover, Tpl2 deficiency
gradually increased the liver infiltration of CD4+ T cells, notably
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FIGURE 1 | Tpl2 deficiency exaggerated P. acnes/LPS-induced FH. WT and Tpl2-KO mice were injected with 0.5mg P. acnes suspended in 200 µl of

phosphate-buffered saline (PBS), and then 1 µg of LPS in 200 µl of PBS was injected on day 7 to induce fulminant hepatitis (FH). (A) Cumulative survival rates of WT

and Tpl2-KO mice were analyzed (n = 7 mice/group) after LPS injection. (B) Serum levels of aminotransferase (ALT), aspartate aminotransferase (AST) and the

AST/ALT ratios (n = 5 mice per group) were measured on day 7 after P. acnes priming. (C) H&E staining showing the representative inflammatory infiltration in the

livers of WT and Tpl2-KO mice that injected with P. acnes at day 7. The liver sections from WT and Tpl2-KO naive mice were stained as negative controls

(magnification, ×200). (D) Semiquantitative analysis of inflammatory conditions in the livers from WT and Tpl2-KO naive and P. acnes-primed mice. Results are mean

± SD from three independent experiments. Two-tailed Student’s t-tests were performed. *P < 0.05; **P < 0.01.

at day 5 and 7 after P. acnes priming (Figures 3H,I). These data
collectively suggested Tpl2 may inhibited the liver infiltration of
CD4+ T cells during P. acnes-induced liver injury.

Tpl2 Specifically Restricted the
Proliferation of Liver-Infiltrating CD4+ T
Cells
To confirm the pathogenic role of liver-infiltrating CD4+ T
cells after P. acnes priming in the FH model, we injected
different dose of P. acnes and examined the survival rate and
liver infiltration of CD4+ T cells. The results revealed that
after challenged with a single shot of same dose of LPS, higher
dose of P. acnes priming dramatically increased the mouse
mortality rate as compared with that primed with lower dose
of P. acnes (Figure 4A). As expected, higher dose of P. acnes
priming significantly increased the infiltration of CD4+ T cells
in the livers, along with decreased frequencies of liver infiltration
of MDSC (Figures 4B,C), which is known to restrain the
local inflammation in inflamed liver microenvironment through
inhibiting T cell proliferation (15, 27). Therefore, we speculated
that Tpl2 may regulate the proliferation of liver-infiltrating

CD4+ T cells, and then injected bromodeoxyuridine (BrdU),
a synthetic nucleoside that could be incorporated into newly

synthesized DNA to monitor the cell proliferation, into WT or

Tpl2-deficient mice before P. acnes priming. The flow cytometric

analysis revealed that Tpl2 deficiency specifically increased the

frequencies of BrdU+ CD4+ T cells that isolated from the
inflamed livers, whereas the frequencies of BrdU+ CD4+ T cells
were comparable in the spleens between WT and Tpl2-deficient
mice after P. acnes priming (Figures 4D,E), suggesting Tpl2
may indirectly regulate the proliferation of CD4+ T cells in the
inflamed liver microenvironment. Indeed, Tpl2 is dispensable
for the in vitro CD4+ T cell proliferation, as characterized by
comparable proliferation rate of naïve WT and Tpl2-deficient
CD4+ T cells upon the stimulation of anti-CD3 plus anti-CD28
antibodies (Figure 4F).

To further exclude the possibility that Tpl2 may directly
function in CD4+ T cell to regulate FH pathogenesis, we
adoptively transferred WT or Tpl2-deficient CD4+ T cells
into T cell-deficient Rag1-KO mice, which were then induced
the FH model by injecting P. acnes/LPS. Expectedly, the FH-
induced mortality rates are comparable in recipient Rag1-KO
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FIGURE 2 | Tpl2 didn’t affect peripheral immune activation during FH pathogenesis. The splenic cells or peripheral blood immune cells were isolated from P.

acnes-primed WT and Tpl2-KO mice at day 3, 5, and 7 as described in Materials and methods (n = 4 mice/group), and subjected for flow cytometry analysis. (A–F)

Flow cytometry analysis of the frequencies and absolute numbers of CD4+ T cells, CD8+ T cells, B220+ B cells, CD11c+ dendritic cells (A,B), CD4+Foxp3+ Treg

cells (C,D), and IFN-γ- and TNF-α-producing pathogenic Th1 cells (E,F) in the spleens of WT and Tpl2-KO mice at day 7 after P. acnes priming. Data are presented

as representative plots of the frequencies of immune cell subpopulations (A,C,E) and a summary graph of the cell frequencies or absolute cell numbers (B,D,F). (G–J)

Flow cytometry analysis of the frequencies and absolute numbers of CD4+ T cells in the spleens (G,H) or peripheral blood (I,J) of WT and Tpl2-KO mice at day 3, 5,

and 7 after P. acnes priming. Data are presented as representative plots of the frequencies of immune cell subpopulations (G,I) and a summary graph of the cell

frequencies or absolute cell numbers (H,J). Results are mean ± SD from three independent experiments.

mice that either transferred with WT or Tpl2-deficient CD4+ T
cells (Figure 4G). Collectively, these results suggested that Tpl2
specifically restricted the proliferation of liver-infiltrating CD4+

T cells through an indirect mechanism during FH pathogenesis.

Tpl2 Mediated the Recruitment of MDSC
Into Liver
Considering the indirect function of Tpl2 in regulating CD4+

T cell proliferation, we examined the infiltration status of
MDSC in inflamed liver. In contrast to the increased infiltrating
rate of CD4+ T cells in inflamed liver (Figures 3H,I), Tpl2
deficiency gradually decreased the frequencies and absolute
numbers of liver-infiltrating CD11b+Gr-1+ MDSC, notably at
day 5 and 7 after P. acnes priming, as compared with that
of WT mice (Figures 5A,B). The immunofluorescence analysis
also confirmed the decreased infiltration of MDSC in the

hepatic parenchyma of Tpl2-KO mice at day 7 after P. acnes
priming (Figure 5C). However, loss of Tpl2 neither altered the
frequencies and absolute numbers of MDSC in the spleens nor
affected the peripheral distribution of MDSC in the circulation
system during P. acnes-primed process (Figures 5D–G). In
addition, in vitro proliferation assay revealed that Tpl2-deficient
MDSC exhibited similar ability as WT MDSC to suppress
either WT or Tpl2-deficient T cell proliferation after cocultured
with CD4+ T cell that stimulated with anti-CD3 plus anti-
CD28 antibodies (Figures 5H,I). These data suggested that Tpl2
deficiency suppressed the liver recruitment of MDSC without
affecting their immunosuppressive function.

We next examined whether the impaired liver recruitment
of MDSC contributed to the enhanced mortality in Tpl2-
deficient FH mice. To this end, we specifically deleted
the MDSC by injection of anti-Ly-6G neutralizing antibody

Frontiers in Immunology | www.frontiersin.org 4 August 2019 | Volume 10 | Article 1980

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Xu et al. Tpl2 Protect Against Hepatitis

FIGURE 3 | Tpl2 reduced liver infiltration of pathogenic CD4+ T cells. Liver-infiltrating immune cells were isolated from P. acnes-primed WT and Tpl2-KO mice at day

3, 5, and 7 as described in Materials and methods (n = 4 mice/group). (A–G) Flow cytometry analysis of the frequencies and absolute numbers of CD4+ and CD8+ T

cells, B220+ B cell, CD11c+ dendritic cells (A–C), CD4+Foxp3+ Treg cells (D,E), and IFN-γ- and TNF-α-producing pathogenic Th1 cells (F,G) in the livers of WT and

Tpl2-KO mice at day 7 after P. acnes priming. Data are presented as representative plots of the frequencies of immune cell subpopulations (A,D,F) and a summary

graph of the frequencies and absolute cell numbers (B,C,E,G). (H,I) Flow cytometry analysis of the frequencies and absolute numbers of CD4+ T cells in the livers of

WT and Tpl2-KO mice at day 3, 5, and 7 after P. acnes priming. Data are presented as representative plots of the frequencies of immune cell subpopulations (H) and a

summary graph of the absolute cell numbers (I). Results are mean ± SD from three independent experiments. Two-tailed Student’s t-tests were performed.

*P < 0.05; **P < 0.01.

(Supplementary Figures 1A,B), and challenged mice with P.
acnes/LPS to induce FH. As expected, in vivo MDSC depletion
dramatically increased the mortality rate of WT FH mice, and
largely abolished the difference of the survival rate between
WT and Tpl2-deficient mice that injected with P. acnes/LPS
(Figure 5J). These results collectively established Tpl2 as a
critical mediator of MDSC mobilization into liver to protect
inflammation-induced liver injury during FH pathogenesis.

Tpl2 Functioned in Liver-Resident Cells to
Protect Against FH
To figure out which type of cells in vivo was directly targeted by
Tpl2 to protect against FH-induced liver failure, we generated
the mixed bone marrow (BM) chimeric mice by reconstituting
the lethally irradiated WT mice with WT or Tpl2-deficient
BM, which were then challenged with P. acnes/LPS to induce
FH. Unexpectedly, Tpl2-deficient BM reconstituted chimeric
mice were totally resistant to FH-induced death (Figure 6A),
suggesting that Tpl2 deficiency in myeloid cells (including

macrophages and MDSC) does not contribute to the aggregation
of FH-induced mortality. However, when reconstituting the WT
BM into lethally irradiated WT or Tpl2-deficient mice, we found
thatWT BM failed to induce FH-mediated death inWT recipient
mice, whereas dramatically promoted the mortality rate of Tpl2-
deficient recipient mice (Figure 6B). These data collectively
suggested that Tpl2 didn’t target myeloid cells, but functioned in
liver-resident cells to protect against FH pathology.

Next, we examined the proinflammatory cytokine and

chemokine induction in the livers at the early priming phase of

FH model. After 3 days of P. acnes challenge, the expression of
Th1 cytokine genes Ifng and Tnf in the Tpl2-deficient inflamed
livers were much higher than that in WT livers (Figure 6C),
which suggested that the increased liver infiltration of pathogenic
Th1 cells as shown in Figure 3Gmay contribute to the enhanced
expression of these pro-inflammatory genes. Accordingly, the
expression ofMDSC-attracting chemokine genesCxcl1 andCxcl2
were dramatically suppressed in the Tpl2-deficient livers as
compared with that in WT livers (Figure 6C). In addition, the

Frontiers in Immunology | www.frontiersin.org 5 August 2019 | Volume 10 | Article 1980

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Xu et al. Tpl2 Protect Against Hepatitis

FIGURE 4 | Tpl2 deficiency specifically inhibited the proliferation of liver-infiltrated CD4+ T cells. (A) Cumulative survival analysis of WT C57BL/6 mice (n = 5

mice/group) that were injected with 0.5 or 1.0mg P. acnes suspended in 200 µl of phosphate-buffered saline (PBS), and then with 1 µg of LPS in 200 µl of PBS at

day 7 to induce fulminant hepatitis (FH). (B,C) Flow cytometry analysis of the frequencies and absolute numbers of CD4+ and Gr-1+CD11b+ MDSC in the livers of

WT C57BL/6 mice at day 7 after different dose of P. acnes priming. Data are presented as representative plots of the frequencies of immune cell subpopulations (B)

and a summary graph of the frequencies or absolute cell numbers (C). (D,E) Flow cytometry analysis of CD4+ T cell proliferation in the spleens and livers of WT and

Tpl2-KO mice at day 7 after P. acnes priming (n = 4 mice/group). Data are presented as a representative histogram (D) and a summary bar graph (E) showing the

frequencies of proliferating BrdU+ CD4+ T cells. (F) Proliferation of WT and Tpl2-KO CD4+ T cells in the absence (NT) or presence of anti-CD3/CD28 antibodies,

then assessed by [3H] thymidine incorporation. (G) Cumulative survival rates of age- and sex-matched Rag1-KO mice that adoptively transferred with WT and

Tpl2-KO CD4+ T cells and then subjected to P. acnes/LPS-mediated FH induction (n = 5 mice/group). Results are mean ± SD from three independent experiments.

Two-tailed Student’s t-tests were performed. *P < 0.05.

expression of the genes that encoding DC-recruiting chemokine
MIP-1α (6) and other two MDSC-attracting chemokine CCL17
and CCL19 (15) were not affected in the livers of P. acnes-primed
Tpl2-deficient mice (Supplementary Figures 1C,D). Moreover,
the enzyme-linked immunosorbent assay confirmed that Tpl2
ablation inhibited P. acnes-induced CXCL1 chemokine protein
production in the liver parenchyma as compared with that inWT
livers (Figure 6D). Together, these results suggested that Tpl2
directly functioned in liver-resident cells, but not in peripheral
immune cells, to mediate MDSC recruitment, and thus protect
against FH pathology.

Tpl2 Regulated IL-25 Signaling in
Hepatocytes
Published study has suggested that IL-25 is highly produced
in both human and mouse livers, and it is critical for the
liver recruitment of MDSC in D-Gal/LPS-induced FH mouse
model (15). In addition, we have previously demonstrated that
Tpl2 mediates the activation of signaling pathway induced
by IL-17A, which belongs to the same IL-17 family as IL-25
(24, 25). Therefore, we speculated that Tpl2 may potentially
modulates IL-25 signaling in the liver-resident cells to regulate
FH pathogenesis. To test this hypothesis, we firstly examined

the IL-25 production in the livers, and found that there is no
significant difference of IL-25 levels in the liver homogenates
between WT and Tpl2-deficient mice that were either under
physiological condition or challenged with P. acnes (Figure 7A),
suggesting Tpl2 is dispensable for the IL-25 secretion in the
liver tissue. In addition, we observed that IL-25 production
in the livers of P. acnes-primed mice were comparable with
that of naïve mice (Figure 7A), which is different from the D-
Gal/LPS-induced FH model that IL-25 levels are decreased in
the livers of FH mice (15). Next, we generated the Tpl2/Il25
double knockout mice and examined the potential in vivo link
between Tpl2 and IL-25. Expectedly, IL-25 deletion underWT or
Tpl2-KO background both dramatically increased the mortality
rate of FH mice, and suppressed the expression of MDSC-
recruiting chemokine genes Cxcl1 and Cxcl2 in P. acnes-primed
livers (Figures 7B,C), implying IL-25 is also critical for the liver
recruitment of MDSC and thus protect against P. acnes/LPS-
induced FH. Interestingly,Tpl2/Il25 double knockoutmice didn’t
further exaggerated the disease severity of P. acnes/LPS-induced
FH when compared with Tpl2-deficient mice, as reflected by
comparable mortality rate of these two strains of FH mice
(Figure 7B), suggesting Tpl2-mediated prevention of FH is
indeed through IL-25 signaling.
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FIGURE 5 | Tpl2 mediated the liver recruitment of MDSC during FH pathogenesis. (A,B,D–G) Flow cytometric analysis of Gr-1+CD11b+ MDSC in the livers (A,B) or

spleens (D,E) or peripheral blood (F,G) of WT and Tpl2-KO mice at day 3, 5, and 7 after P. acnes priming (n = 4 mice/group). Data are presented as representative

plots (A,D,F) and summary bar graph (B,E,G) showing the absolute numbers or frequencies of MDSC. (C) Immunofluorescence images showing the infiltrated MDSC

by using the anti-Ly6G antibody in the liver sections obtained from WT and Tpl2-KO mice at day 7 after P. acnes priming (magnification, ×200). (H,I) Flow cytometry

analysis of the proliferation of WT CD4+ T cells that labeled with CFSE, and then cocultured with WT or Tpl2-KO MDSC at the indicated ratio in the absence (NT) or

presence of anti-CD3/28 antibodies for 72 h. Data are presented representative histograms (H) and bar graph (I). (J) Cumulative survival rates of WT and Tpl2-KO

mice that injected with anti-Ly6G antibody (200 µg/mouse, three times) to deplete in vivo MDSC or control antibody, and then subjected to P. acnes/LPS-mediated

FH induction (n = 4 mice/group). Results are mean ± SD from three independent experiments. Two-tailed Student’s t-tests were performed. *P < 0.05; **P < 0.01.

Next, we examined the cellular source of CXCL1 and CXCL2
in the P. acnes-primed livers. The results revealed that Tpl2
deficiency didn’t affect the expression of Cxcl1 and Cxcl2
in P. acnes-primed liver CD11b+F4/80+GR-1− kuffer cells
and macrophages (Supplementary Figure 1E). However, loss of
Tpl2 or IL-25 both significantly suppressed these two genes’
expression in the hepatocytes that isolated from P. acnes-primed
livers (Figure 7D). In addition, the RNA sequencing analysis
showed that the expression of Cxcl1, Cxcl2, and other IL-25-
response genes are dramatically decreased in IL-25-stimulated
Tpl2-deficient primary mouse hepatocytes as compared with
that of WT cells (Supplementary Figures 2A–D, Figure 7E).
Moreover, the quantitative PCR resulted also confirmed that
Tpl2 is indispensable for the constitutively and IL-25-induced
expression of Cxcl1 and Cxcl2 in primary mouse hepatocytes

(Figure 7F). Collectively, these results suggested that Tpl2
mediated IL-25 signaling in hepatocyte to protect against FH.

DISCUSSION

FH is a life-threatening disease and liver transplantation is the
only definitive treatment for the acute liver injury. However, the
obvious side-effects of transplantation, such as donor shortage,
immune rejection, detrimental effect of immunosuppressive
drugs, etc., suggested an urgent to develop novel therapeutic
strategies (1, 9, 28). Recently, accumulating evidences suggested
that MDSC is critical to maintain the immunosuppressive
niche in inflamed liver during the pathogenesis of various
kinds of human hepatitis and related mouse models, and
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FIGURE 6 | Tpl2 functioned in liver-resident cells to protect against FH. (A,B) Cumulative survival rates of the lethally irradiated bone marrow (BM) chimeric WT mice

that reconstituted with WT or Tpl2-KO BM (A) or the BM chimeric WT or Tpl2-KO mice that reconstituted with WT BM (B), and then subjected to P.

acnes/LPS-mediated FH induction (n = 7 or 5 mice/group). (C) QPCR analysis to determine the relative mRNA expression level of proinflammatory genes in livers of

WT and Tpl2-KO mice at day 3 after P. acnes priming (n = 6 mice/group). Data were normalized to a reference gene, Actb. (D) Enzyme-linked immunosorbent assay

of CXCL1 cytokine secretion in the supernatants of liver homogenates from WT and Tpl2-KO naïve or P. acnes-primed mice at day 3 (n = 4). Results are mean ± SD

from three independent experiments. Two-tailed Student’s t-tests were performed. *P < 0.05; **P < 0.01.

FIGURE 7 | Tpl2 regulated IL-25 signaling in hepatocytes. (A) Enzyme-linked immunosorbent assay showing IL-25 cytokine secretion in the supernatants of liver

homogenates from WT and Tpl2-KO naïve or P. acnes-primed mice at day 3 (n = 3 or 4). (B) Cumulative survival rates of WT, Tpl2-KO, Il25-KO, Tpl2/Il25 double

knockout mice that subjected to P. acnes/LPS-mediated FH induction (n = 3 or 4 mice/group). (C,D) QPCR analysis of Cxcl1 and Cxcl2 genes’ expression of livers

(C) or hepatocytes (D) in WT, Tpl2-KO, Il25-KO, Tpl2/Il25 double knockout mice at day 3 after P. acnes priming (n = 6 mice/group). (E) Scatter diagram showing the

RNA-sequencing analysis of the gene expression pattern in WT and Tpl2-KO primary hepatocytes that stimulated by IL-25 for 8 h. The blue dots indicated the

IL-25-induced up- or down-regulated genes, and the red dots indicated the down-regulation of Cxcl1 and Cxcl2 in Tpl2-KO hepatocytes. (F) QPCR determining the

relative mRNA expression level of Cxcl1 and Cxcl2 in WT and Tpl2-KO hepatocytes that left untreated (NT) or stimulated with IL-25 for 8 h. Data were normalized to a

reference gene, Actb. Results are mean ± SD from three independent experiments. Two-tailed Student’s t-tests were performed. *P < 0.05; **P < 0.01.
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increased infiltration of MDSC effectively attenuated the liver
inflammation and protected FH-induced acute liver failure (10–
15, 27). However, the molecular mechanism through which
driving MDSC mobilization into inflamed liver remain elusive.
Here we identified the protein kinase Tpl2 as an essential
mediator to mobilize MDSC into liver during FH pathogenesis,
and thus Tpl2 effectively protected the mice against FH-induced
acute liver failure and mortality. Therefore, Tpl2 may have
therapeutic potential for the treatment of FH.

Tpl2 is a protein kinase that was initially identified as
protooncogene due to the tumor promoting function of its C-
terminal truncation (29, 30). The expression of Tpl2 is universal
and it is found to expressed in both innate and adaptive immune
cells and in diverse tissues, including the liver, lung, and intestines
(30–33). The immune-regulatory function of Tpl2 is largely
attributed to its activation of the MEK/ERK pathway in toll-
like receptor (TLR), interleukin-1 receptor (IL-1R), or tumor
necrosis factor receptor (TNFR) signaling (34, 35). In addition,
Tpl2 also modulate the activation of p38, JNK, protein kinase
B, and mammalian target of rapamycin in a context-dependent
manner (25, 36). We previously found that Tpl2 functions
in astrocytes to mediate IL-17A-induced chemokine (Cxcl1/2)
expression through promoting TAK1 phosphorylation and its
downstream NF-κB, p38, and JNK activation, whereas ERK
activation is not affected (24). Therefore, it is not surprising we
found in the present study that Tpl2 functioned in hepatocyte
to modulate Cxcl1/2 expression, which then modulated the
recruitment of MDSC into liver during FH pathogenesis. A
recent study has suggested that Tpl2 exhibited neutrophil
intrinsic function to mediate the trafficking of this type of
immune cells (37), so it is also possible that Tpl2 may functioned
directly in MDSC to promote its liver mobilization in FH
mice. However, the increased mortality was only observed in
Tpl2 germline knockout FH mice or Tpl2-deficient recipient
chimeric FH mice that adoptively transferred with WT BM,
but not in the WT recipient chimeric FH mice that adoptively
transferred with either WT or Tpl2-deficient BM, suggesting
the liver MDSC mobilization during FH pathogenesis is not
attributed to the direct intrinsic function of Tpl2 in MDSC, but
in hepatocytes.

Although IL-25 is one of the IL-17 family protein, there is
no functional similarity of IL-25 as compared with the pro-
inflammatory IL-17A (16, 17). For example, IL-25 augments type
2 immune responses and promote the airway inflammation of
patients with asthma (38). A recent study suggested that IL-25
is highly expressed in both human and mouse liver, and plays
a critical function in maintaining the homeostasis and limiting
local inflammation through recruiting the immunosuppressive
MDSC (15). Nevertheless, the molecular mechanism through
which IL-25 recruit MDSC into liver is not clear. Our
present study provided a Tpl2 link between IL-25 and MDSC
mobilization, and established Tpl2 as a key mediator of IL-25-
induced signaling that contribute to the MDSC recruitment.
In addition, during P. acnes/LPS-induced FH pathogenesis,
Tpl2 seemed specifically mediate IL-25-induced expression of
CXCL1/2, but not affected the induction of CCL17, a previously
reported MDSC-attracting chemokine that could be induced

FIGURE 8 | The working model of Tpl2 in protecting against fulminant

hepatitis. During the pathogenesis of P. acnes/LPS-induced FH, high levels of

IL-25 in the liver microenvironment activated the signaling pathway mediated

by IL-17RA/IL-17RB heterodimer receptor in hepatocytes, which were induced

the expression of Cxcl1/2 on a Tpl2-dependent manner. Increased CXCL1/2

production promoted the liver recruitment of the immunosuppressive MDSC,

which further impaired the proliferation of liver-infiltrated pathogenic CD4+ T

cells, and finally suppressed the inflammation-induced acute liver injury.

by IL-25 administration in D-Gal/LPS-induced FH mice (15),
suggesting Tpl2 modulated IL-25-induced chemokine expression
in a context-dependent manner.

Our previously study has suggested that Tpl2 critically
regulate IL-17A-induced signaling in astrocytes to mediate
autoimmune inflammation, here we also demonstrated that Tpl2
is a key modulator in IL-25-induced signaling in hepatocyte to
restrain hepatitis. This functional controversy may be due to Tpl2
regulates the function of different cells upon different stimulus,
and suggest Tpl2 have a dual role in promoting or restraining
inflammatory processes in a context-dependent manner.

In conclusion, our findings demonstrated that Tpl2 effectively
attenuated the severity of acute liver injury and increased the
survival rate of FH mice. Mechanistically, Tpl2 functioned in
hepatocytes to mediate IL-25-induced CXCL1/2 chemokines,
which promoted the recruitment of MDSC to suppress Th1-
mediated local inflammation, resulting in the amelioration of
FH (Figure 8). Our data not only highlighted a novel function
of Tpl2 in mediating IL-25 signaling, but also raised the
possibility to develop Tpl2-based therapeutic strategies against
this dreaded disease.

MATERIALS AND METHODS

Mice
Tpl2-deficient mice (C57BL/6 background) were described
as previously (24). The Tpl2+/− mice were bred to generate
age-matched Tpl2−/− (Tpl2-KO) and Tpl2+/+ (WT) mice. The
Il25-defcient mice (C57BL/6 background) were provided by Dr.
Y. Qian (Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences). In some experiments, Tpl2−/− mice
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were crossed with Il25−/− mice to generate Tpl2+/−Il25+/−

mouse, which were then bred to generate age-matched
Tpl2+/+Il25+/+, Tpl2−/−Il25+/+, Tpl2+/+Il25−/−, and
Tpl2−/−Il25−/− mice. Rag1−/− mice (NM-KO-00069) were
purchased from Shanghai Model Organisms Center. Mice
were maintained in a specific pathogen-free facility, and all
animal experiments were in accordance with protocols approved
by the institutional Biomedical Research Ethics Committee,
Shanghai Institutes for Biological Sciences, Chinese Academy
of Sciences.

Induction of FH Mouse Model
For the induction of FH model, the age- and sex-matched mice
were intravenously injected with 0.5mg of heat-killed P. acnes
suspended in 200 µl of phosphate-buffered saline (PBS) and after
7 days mice were injected intravenously with 1 µg of LPS and
were monitored the survival rate. In some experiments, the WT
and Tpl2-deficient mice were intravenously injected with 200 µg
anti-Ly6G antibody for 3 times to deplete MDSC in vivo, or the
Rag1-KO mice were adoptively transferred with WT or Tpl2-
deficient CD4+ T cells, or the lethally irradiated mice that were
reconstituted withWT or Tpl2-deficient bone marrows, and then
thesemice were injected with P. acnes/LPS to induce FH andwere
monitored the survival rate.

Antibodies and Reagents
APC conjugated anti-mouse CD4 (17-0041-83), PB conjugated
anti-mouse CD4 (48-0042-82), PE-cy7 conjugated anti-mouse
CD8 (25-0081-82), APC-cy7 conjugated anti-mouse CD11b (47-
0112-82), PB conjugated anti-mouse CD11c (48-0114-82), PerCP
conjugated anti-mouse Ly6G (46-9668-82), FITC conjugated
anti-mouse B220 (11-0452-85), PE conjugated anti-mouse CD45
(12-0451-83), APC conjugated anti-mouse IFNγ (17-7311-
82), PE conjugated anti-mouse TNFα (12-7321-82), PE-cy7
conjugated anti-mouse CD25 (25-0251-82), APC conjugated
anti-mouse Foxp3 (17-5773-82), PE conjugated anti-mouse
CD44 (12-0441-83), FITC conjugated anti-mouse CD62L (11-
0621-86), anti-mouse CD3 (16-0031-86), and anti-mouse CD28
(16-0281-86) antibodies were purchased from eBioscience. BrdU
Flow Kits (559619) were purchased from BD Biosciences. Anti-
mouse Ly6G (BE0075) antibody was purchased from Bioxcell.
Alexa Fluor 488-conjugated anti-Rat IgG secondary antibody
(A-21210) was from Thermo Fisher. Mouse anti-CD4 (L3T4,
130-049-201) and mouse anti-Ly-6G (130-092-332) Micro Beads
were purchased from Miltenyi Biotec. Murine IL-25 (1399) were
purchased from R&D. Lipopolysaccharides (LPS, L3129) were
purchased from Sigma. P. acnes were prepared as previously
described (7).

Flow Cytometry
The infiltrated immune cells from WT and Tpl2-deficient
inflamed livers were prepared through 33% Percoll gradient as
previously described (6). The collected liver-infiltrated immune
cells or splenic cell suspensions were stained with the indicated
antibodies and were subjected to flow cytometry analyses
as previously described by using a Beckman Gallios flow

cytometer (39). For the intracellular staining of TNF-α, IFN-
γ, and Foxp3, the cells were fixed and permeabilized by
fixation/permeabilization buffer (Thermo Fisher) before staining
these antibodies, and then detected by flow cytometer. The
absolute numbers of splenic and liver-infiltrating immune cells
subpopulations were calculated based on their frequencies and
the total number of isolated splenic and liver immune cells, and
the data were presented as the average numbers of immune cell
subpopulations per one spleen or liver of one mouse.

Histology and Immunofluorescence
Analysis
Liver specimens were fixed in 4% paraformaldehyde and paraffin-
embedded. Deparaffinized sections (8µm) were stained with
hematoxylin and eosin. Semiquantitative analysis of the status
of liver inflammation was performed in a blinded manner
as previously described (40). Briefly, the H&E stained liver
slides were scored by a pathologist in a “blinded fashion” to
determine the degree of inflammatory condition as follows: 0
= no infiltration, 1 = minimal/slight infiltration, 2 = moderate
infiltration, 3 = severe infiltration. For immunofluorescence
staining, the frozen sections (10µm) from liver specimens were
incubated with rat anti-mouse Ly6G (BE0075, Bioxcell) and were
then labeled with Alexa Fluor 488-conjugated rabbit anti-rat IgG
(A21210, Invitrogen), and the nuclei were stained by using DAPI
(28718-90-3, Sangon Biotech).

Bone Marrow Chimeras
The bone marrow cells were prepared fromWT or Tpl2-deficient
mice and adoptively transferred into lethally irradiated (137Cs,
γ-ray, 950 rad) WT or Tpl2-deficient mice (around 7-week-old;
107 cells/mouse) as previously described (41). The lethal-dose
irradiation would eliminate the bone marrow and peripheral
immune cells without affecting the radioresistant liver-resident
cells, and the bone marrow chimeric mice would thus have
their peripheral immune system reconstituted. After 8 weeks, the
chimeric mice were applied for the indicated experiments.

Mouse Hepatocyte Isolation
The mouse primary hepatocytes were prepared as previously
described (42). In brief, the livers were sequentially perfused with
Earle’s balanced salt solutions (EBSS) without Ca+ and Mg+

containing EGTA, EBSS with Ca+ and Mg+ containing Hepes,
EBSS with Ca+ and Mg+ containing Hepes and Collagenase IV,
and the liver cells were squeezed out to obtain cell suspension
in DMEM medium, which were then applied for centrifugation
over a mixture of 9ml Percoll, 1ml 10× EBSS and 10ml DMEM.
The precipitated hepatocytes were suspended and cultured with
DMEM complete medium in a collagen-coated culture dish. Cell
viability was determined by using Trypan blue exclusion assay.

In vivo BrdU Incorporation
Seven days after P. acnes priming, 2mg BrdU (559619, BD) in 200
µl PBS was intraperitoneally injected into WT or Tpl2-deficient
mice. The mice were sacrificed 2 h after the BrdU administration,
and the immune cell suspensions from livers or spleens were
prepared for flow cytometric analysis.
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T Cell Proliferation Assay
The WT CD4+ T cells were purified by MACS sorting and
were labeled with 5µM CFSE. The labeled cells were then
seeded in the anti-CD3/CD28 antibodies-pre-coated plates and
cocultured with MDSCs that isolated from WT or Tpl2-
deficient bone marrow at the indicated ratio for 72 h. The
cell proliferation was then determined by flow cytometry. In
some experiment, WT or Tpl2-deficient CD4+ T cells were
seeded in anti-CD3/CD28 antibodies-pre-coated plates with 3
replicates and cultured for a total 72 h. The cell proliferation
was recorded based on the [3H] thymidine labeling 8 h
before examination.

RNA-Seq Analysis
Total RNA isolated from WT and Tpl2-KO hepatocytes
stimulated with IL-25 were subjected to RNA-sequencing
analysis. RNA sequencing was performed by BGI Tech Solutions.
Transcriptomic reads from the RNA-Seq experiments were
mapped to a reference genome (build mm 10) by using Bowtie.
Gene expression levels were quantified by using the RSEM
software package. Significant genes were defined by the p-value
and false discovery rate of cutoff of 0.05 and fold changes ≥1.5.
Differentially expressed genes were analyzed by the IPA and
DAVID bioinformatics platform.

Quantitative RT-PCR
Liver tissues or cell samples were homogenized in Trizol
reagent (Invitrogen). The cDNA was synthesized from 500 ng
of extracted total RNA using M-MLV Reverse Transcriptase
kit (Takara) according to the manufacturer’s instructions.
Quantitative PCR was performed with SYBR-Green premix
ExTaq (Roche) and detected by a Real-time PCR System by using
gene-specific primers. Gene expression was assessed in triplicate
and normalized to a reference gene, β-actin. The gene-specific
PCR primers are listed in Supplementary Table 1.

Quantification and Statistical Analysis
Statistical analyses were measured by GraphPad Software.
Except where otherwise indicated, all the presented data are
representative results of at least three independent repeats.
Data are presented as mean ± SD, and the P-values were
determined by two-tailed Student’s t-tests. The P-values <0.05
were considered statistically significant.
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