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A B S T R A C T

The emergence of alloreactive Th17 cells that mediate allograft rejection has provided an impetus to understand
the factors affecting the generation of Th17 cells in allograft transplantation. How toll-like receptor 2 (TLR2)
signalling regulates the generation of Th17 cells upon alloantigen stimuli remains unclear. In this study, we used
a mouse model of cardiac allograft transplantation to investigate whether TLR2 signalling influences the de-
velopment of Th17 cells. Here, we demonstrate that the TLR2-deficient recipient mice show high Th17 cells,
both in spleens and allografts, as well as higher infiltrating inflammatory leukocytes in cardiac allografts
compared to wild-type control recipient mice. mRNA expression of IL-17, IL-6, TNF-α, CCR6 and CCL20 within
the allografts is markedly increased in TLR2-deficient recipient mice compared to wild-type recipient mice. In
addition, TLR2 deficiency leads to upregulation of Signal transducer and activator of transcription 3 (STAT3)
phosphorylation in both spleens and allografts. In an in vitro experiment, a mixed lymphocyte reaction was
assessed, which further confirmed that TLR2 deficiency leads to a significant increase in the generation of Th17
cells compared with wild-type controls. Furthermore, IL-6 secreted by the dendritic cells of TLR2-deficient mice
contributes to driving the generation of these Th17 cells. These results suggest that TLR2 signalling is important
in regulating the development of Th17 cells after cardiac allograft transplantation.

1. Introduction

Heart transplantation is the most effective therapeutic solution for
end-stage heart disease. With the development of immunosuppressants,
the long-term survival rate of transplant patients is gradually in-
creasing, but immune rejection is still the main cause of failure of heart
transplantation therapy. The innate immune system is now recognized
to play an important role in allograft transplantation. Toll-like receptors
(TLRs) recognize a variety of pathogen-associated molecular patterns,
such as lipopolysaccharide (LPS), bacterial lipoproteins (BLPs), and
zymosan. In addition, TLRs can also be activated by damage-associated
molecular patterns such as high-mobility group box chromosomal
protein 1 (HMGB1), heat shock protein (HSP)-60 and -70, glucose
regulated protein (GRP)-94 and fibrinogen [1]. TLRs orchestrate the

innate immune response and the subsequent adaptive immune response
through antigen presentation, activation of dendritic cells and regula-
tion of T cells [2]. TLRs play an important role in many facets of
transplantation biology, including rejection and tolerance, ischemia/
reperfusion injury (IRI), and infections after transplantation [3–6].

TLR2 signaling has been reported to be involved in various condi-
tions, such as infection, cancer, and autoimmune inflammation in both
humans and mice [7–13]. Bacterial lipoproteins (BLPs) that are ex-
pressed by all bacteria are strong activators of TLR2, and the BLP-sti-
mulated TLR2/myeloid differentiation factor 88 (MyD88) pathway
mediates both apoptosis and nuclear factor-kappa B (NF-κB) activation
[14]. In addition to its pro-inflammatory effects, the TLR2 signalling
pathway has been found to regulate inflammation in a variety of disease
models. In a mouse model, TLR2 deficiency aggravates lung injury
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caused by mechanical ventilation and enhances pulmonary levels of IL-
6, IL-1β and keratinocyte-derived chemokine [15]. TLR2 ligands at-
tenuate cardiac dysfunction in cecal ligation and puncture (CLP)-in-
duced sepsis via a phosphoinositide 3-kinase (PI3K)-dependent me-
chanism, which may be a negative feedback regulator of inflammation
[16]. A previously reported study suggests that TLR2 signaling reg-
ulates innate and adaptive immunity to Paracoccidioides brasiliensis in-
fection. TLR2 deficiency leads to an unrestrained inflammatory re-
sponse in the lungs with increased Th17 cells and diminished regulatory
T cells. This study suggested a link between TLR2 signaling and the
development of Th17 cells [17]. It is unclear whether TLR2 signaling
regulates the generation of alloreactive Th17 cells in the context of
allograft transplantation.

The TLR2 signaling is activated by damage-associated molecular
patterns such as HMGB1 and HSP-60 after organ transplantation [18].
Previous studies have shown that the expression of TLR2 and TLR4 of
the allografts and on peripheral blood mononuclear cells is increased in
acute rejection after cardiac transplantation, liver transplantation and
small intestine transplantation. These studies suggest that TLR2 and
TLR4 may promote transplant rejection [19–21]. However, in another
study, increased TLR2 expression in G-CSF-mobilized donor grafts
hardly affected alloreactive T cell responses and had no effect on acute
GVHD [22]. Therefore, the role of TLR2 in allogeneic transplantation is
still controversial and worth exploring.

Our laboratory [23–25] and others [26,27] demonstrated that IL-17
and Th17 cells promote allograft rejection by enhancing neutrophil
infiltration. In this study, we sought to determine the role of TLR2
signaling in the development of alloreactive Th17 cells using a cardiac
allograft transplantation model in mice. Our results provide evidence of
a solid link between TLR2 and Th17 cells in the context of heart allo-
graft transplantation.

2. Materials and methods

2.1. Animals

C57BL/6J and BALB/c mice were purchased from Charles River
Laboratories (Beijing, China). C57/B6.129-Tlr2tmIkir/JNju (TLR2−/−)
mice were purchased from Biomedical Research Institute (Nanjing,
China). Only female mice were used in the studies. Mice were kept in
specific pathogen-free facilities, and all of the experiments were per-
formed in accordance with the guidelines of the Tongji Medical College
Animal Care and Use Committee. The study protocols were specifically
reviewed and approved by this ethics committee.

2.2. Cardiac transplantation

C57BL/6J (WT) and C57/B6.129-Tlr2tmIkir/JNju (TLR2−/−) mice

Fig. 1. Histological analysis of cardiac allografts and the kinetics for splenic alloreactive Th1 and Th17 cells. Cardiac grafts from BALB/c mice (allogeneic) or C57BL/
6 (syngeneic) mice were transplanted into C57BL/6 mice. The cardiac grafts and spleens in the allogeneic or syngeneic groups were collected on the 3rd and 7th day
after transplantation. (A) Histology analysis and immunostaining for neutrophils and macrophages of cardiac grafts. Pathologic changes of acute cardiac allograft
rejection were examined by haematoxylin and eosin (H&E) staining (original magnification, ×100 or ×400). The sections were stained for Ly6G or F4/80 to confirm
the infiltration of neutrophils or macrophages in the cardiac grafts (original magnification, ×400). (B) (D) Kinetics for Th17 cells in spleens after allogeneic and
syngeneic transplantation was analysed by flow cytometry. (C) (E) Kinetics for Th1 cells in spleens after allogeneic and syngeneic transplantation was analysed by
flow cytometry. Data are shown as the mean ± SD (n= 3/group). Data from one representative out of three experiments are shown. *p < 0.05; **p < 0.01.
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(8–10weeks) were used as recipients, and BALB/c mice (6–8weeks)
were used as donors in the allogeneic graft transplantation models. In
the syngeneic graft transplantation models, C57BL/6J (WT) and C57/
B6.129-Tlr2tmIkir/JNju (TLR2−/−) mice were used as recipients, and
C57BL/6J mice were used as donors. Heterotopic cardiac transplanta-
tion and assessment of cardiac graft function were performed as de-
scribed previously [23]. After surgery, cardiac impulses were assessed
by daily abdominal palpation. Rejection was defined as complete ces-
sation of cardiac contractility. Cardiac allograft survival was present as
mean survival time (MST) [23].

2.3. Histological analysis and cardiac allograft rejection score

For histological examination, on the 3rd and 7th day after trans-
plantation, the grafts were removed and fixed in 4% paraformaldehyde.
Paraffin-embedded sections (5 μm) were stained with haematoxylin and
eosin (H&E). The severity of cardiac rejection was measured by the
International Society for Heart and Lung (ISHLT) score (revised): Grade
0R (no rejection); Grade 1R (mild rejection); Grade 2R (moderate re-
jection); Grade 3R (severe rejection) [28].

2.4. Immunohistochemical analysis

Paraffin sections (5 μm) of grafts were incubated with rabbit poly-
clonal anti-LY6G antibody (1:500, Servicebio, Wuhan, China) or rabbit
polyclonal anti-F4/80 antibody (1:500, Servicebio) overnight at 4 °C
and then were stained with the Streptavidin/Peroxidase HistostainTM-

Plus Kit (ZSGQ-BIO, Beijing, China) according to the manufacturer’s
instructions.

2.5. Quantitative real-time PCR

Total RNA samples from cardiac grafts or spleens removed on the
3rd day after transplantation were isolated using RNAiso Plus
(TAKARA, Dalian, China). cDNA was synthesized from 4 μg RNA using
Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA USA). mRNA levels for IL-17A, IL-6, TNF-α, CCL20,
CCR6, IFN-γ, IL-10 and TGF-β in the cardiac grafts, as well as IL-17A,
IL-6, TGF-β and SOCS3 in the spleens were detected by real-time PCR
using FastStart universal SYBR Green Master Mix (Roche Pharma, AG,
Germany). GAPDH was used as the normalization control. The 2−△△CT

method was used to calculate the relative mRNA levels. The primers are
as follows:

GAPDH, 5′-TTCACCACCATGGAGAAGGC-3′, 5′-GGCATGGACTGTG
GTCATGA-3′; IL-17, 5′-AGGACGCGCAAACATGAGTC-3′5′-TTGGACAC
GCTGAGCTTTGG-3′; IL-6, 5′-GAGACTTCCATCCAGTTGCC-3′, 5′-AAGT
GCATCATCGTTGTTCATACA-3′; TNF-α, 5′-CATCTTCTCAAAATTCGAG
TGACAA-3′, 5′-TGGGAGTAGACAAGGTACAACCC-3′; CCL20, 5′-GGTA
CTGCTGGCTCACCTCT-3′, 5′-CTTCATCGGCCATCTGTCTT-3′; CCR6,
5′-CACACCTGTGAGAGGAAGCA-3′, 5′-CTAGTGCAGATGTCGGGA
GAG-3′; IFN-γ, 5′-TCAAGTGGCATAGATGTGGAAGAA-3′, 5′-TGGCTCT
GCAGGATTTTCATG-3′; IL-10, 5′-GCTCCTAGAGCTGCGGACT-3′,
5′-TGTTGTCCAGCTGGTCCTTT-3′; TGF-β, 5′-GGACACACAGTACAGCA
AGGTC-3′, 5′-TCAGCTGCACTTGCAGGAG-3′; SOCS3, 5′-TGTCACCGA

Fig. 2. TLR2 deficiency led to more severe inflammation in the early stage of acute cardiac allograft rejection. Cardiac grafts from BALB/c mice (allogeneic) or
C57BL/6 (syngeneic) mice were transplanted into (TLR2−/− or WT) C57BL/6 mice. (A) Histology analysis of cardiac grafts. (B) International Society for Heart and
Lung (ISHLT) scores of cardiac allograft rejection activity were evaluated based on H&E staining. (C) Heart allograft survival time (MST) was monitored. Graft
survival in the TLR2−/− group (5.75 ± 0.10 days) was shorter than the WT controls (6.70 ± 0.21 days). The cardiac allografts in the TLR2−/− or WT groups were
collected on the 3rd and 7th day after transplantation. Cell infiltration in the grafts was examined by haematoxylin and eosin (H&E) staining (original magnification,
×200). Data from one representative out of three experiments are shown. **p < 0.01.
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AGAACCAGGCAATG-3′, 5′-GGACCTCGACGGAGAGCTGTAG-3′.

2.6. Flow cytometry

Mononuclear cells in cardiac allografts were isolated by digestion in
RPMI 1640 medium containing 10% FBS, 2mg/ml collagenase and
0.1 mg/ml DNase by shaking (200 rpm) at 37 °C for 90min. The re-
sulting cells were re-suspended in 40% Percoll and centrifuged at
2200 rpm for 30min; then, the cells at the bottom of the solution were
collected and used for flow cytometry. Mononuclear cells isolated from
the cardiac allograft and spleen were stimulated for 4.5 h with 100 ng/
ml PMA (Sigma-Aldrich, St Louis, MO, USA), 1 μg/ml ionomycin
(Sigma) and 1 μl/ml GolgiStop (BD Biosystems, San Jose, CA, USA).
After stimulation, the cells were stained with surface markers (CD3,
CD4, CD25, CD11C and/or F4/80) for 30min at 4 °C. Subsequently, the
cells were fixed and permeabilized with Cytofix/Cytoperm (BD) or TF
Fix/Perm Buffer (BD) for 40min at 4 °C and then incubated with in-
tracellular Abs (IL-17A, IFN-γ and/or IL-6) or anti-Foxp3. All antibodies
were purchased from BioLegend (San Diego, CA, USA) except for IL-6
(BD). Flow cytometry data were collected by BD LSRFortessa cytometer
and analysed by FlowJo X.

2.7. Mixed lymphocyte culture

BALB/c bone marrow derived dendritic cells (BMDCs) were cultured
under stimulation with GM-CSF (PeproTech, London, UK) and IL-4
(PeproTech) as described previously [29]. After 7 days, lipopoly-
saccharide (LPS) (1 μg/ml) was used to stimulate the cells for 48 h. The
BMDCs were inactivated by mitomycin C (Sigma-Aldrich) before the co-
culture experiments. T cells were isolated from spleen cells by using the
CD3ε MicroBead Kit for mice (Miltenyi Biotec, Bergisch Gladbach,
Germany) as per the kit’s instruction. For the mixed lymphocyte culture
(MLC), 2× 106 CD3+ T cells from C57BL/6 wt or TLR2−/− mice were
cultured with 2.5×105 BMDCs from BALB/c mice in 24-well plates
containing TGF-β (2.5 ng/ml) (Peprotech) and/or IL-6 (20 ng/ml) (Pe-
protech) for 4 days. For the other experiment with a mixed lymphocyte
culture, 2.5× 106 spleen cells from C57BL/6 wt or TLR2−/− mice were
cultured with 2.5×105 BMDCs from BALB/c mice in 24-well plates for
4 days. The supernatants were collected for the detection of IL-6 by an
ELISA kit (BioLegend) and the cells were collected for analysis of Th17
cells by flow cytometry. To observe the effect of IL-6 on Th17 cells, anti-
IL-6 antibody (10 μg/ml, BioLegend) or rat IgG (10 μg/ml, BioLegend)
were used in the cultures, and flow cytometry was used to analyse the

Fig. 3. Neutrophil, macrophage and T cell infiltration in allografts was increased in TLR2-deficient mice. Cardiac grafts from BALB/c mice (allogeneic) or C57BL/6
(syngeneic) mice were transplanted into (TLR2−/− or WT) C57BL/6 mice. The cardiac grafts in the TLR2−/− or WT groups were collected on the 3rd and 7th day
after transplantation. (A) Immunostaining for neutrophils was performed. The sections were stained for Ly6G to confirm the infiltration of neutrophils in the cardiac
grafts (original magnification, ×200). (B) Immunostaining for macrophages was performed. The sections were stained for F4/80 to confirm the infiltration of
monocytes/macrophages in the cardiac grafts (original magnification, ×200). (C) Image-Pro Plus 6.0 was used to analyse the integrated optical density (IOD) by
counting the neutrophils and monocytes/macrophages. (D) The absolute numbers of CD3+ T cells, CD4+ T cells and CD8+ T cells in cardiac allografts were counted.
The infiltrating inflammatory cells from allografts were collected and activated with PMA (100 ng/ml) and ionomycin (1 µg/ml) in the presence of GolgiStop (1 µl/
ml) for 4.5 h, followed by flow cytometry analysis. Data are shown as the mean ± SD (n= 3–5/group). These data are representative of three independent
experiments. *p < 0.05; **p < 0.01.
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Th17 cells.

2.8. Western blot

Spleens and cardiac allografts removed on 3rd day after transplan-
tation were homogenized, and the supernatant containing proteins was
collected. Rabbit monoclonal anti-Signal transducer and activator of
transcription 3 (STAT3) (1:2000, Cell Signaling) and anti-phospho-
STAT3 (p-STAT3) (1:2000, Cell Signaling) were used in the experi-
ments. After incubation with horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:5000, Servicebio, Wuhan, China), the stained
blots were visualized by an enhanced chemiluminescent (ECL) system
(Servicebio). The blot density was quantified by ImageJ.

2.9. Adoptive transfer experiments

CD11c+ dendritic cells were labeled with PE-conjugated anti-CD11c
antibody (BD) and then isolated from spleen cells of C57BL/6 wt or
TLR2−/− mice by using the Anti-PE MicroBead Kit for mice (Miltenyi
Biotec) as per the kit’s instruction. The TLR2−/− CD11c+ cells
(6× 106) and WT CD11c+ cells (6× 106) were then adoptively

transferred into C57BL/6 wt mice, respectively. One day after the
adoptive transfer, the C57BL/6 wt mice were used as recipients and
transplanted with cardiac allograft from BALB/c mice. On the 3rd day
after transplantation, Th17 cells in the spleens were analysed by flow
cytometry.

2.10. Statistical analysis

Experimental data are presented as the mean ± SD. Student’s t-test
was used to analyse the differences between groups. Two-sided prob-
ability (p) values< 0.05 were considered significant. Allograft survival
comparisons were analysed using the log-rank test.

3. Results

3.1. Neutrophils and Th17 cells were increased at the early stage of acute
allograft rejection

Acute cardiac allograft rejection is characterized by inflammatory
cell infiltration in the grafts and myocardial necrosis.
Immunohistochemical staining was performed to detect the neutrophils

Fig. 4. The production of Th17 cells was significantly increased in TLR2-deficient mice. Cardiac grafts from BALB/c mice (allogeneic) or C57BL/6 (syngeneic) mice
were transplanted into (TLR2−/− or WT) C57BL/6 mice. Spleens and cardiac grafts from the recipient animals were collected on the 3rd and 7th day after
transplantation. (A) The percentages of Th17 cells in spleens on the 3rd (B) and 7th (C) day are shown. (D) (E) The percentages of Th17 cells in cardiac allografts are
displayed. (F) The absolute numbers of Th17 cells in cardiac allografts were counted. (G) The percentages of Th1 cells in spleens on the 3rd (H) and 7th (I) day after
allograft transplantation are shown. The splenocytes and infiltrating inflammatory cells from allografts were collected and activated with PMA (100 ng/ml) and
ionomycin (1 µg/ml) in the presence of GolgiStop (1 µl/ml) for 4.5 h, followed by flow cytometry analysis. Data are shown as the mean ± SD (n=3–5/group). Data
from one representative out of three experiments are shown. *p < 0.05; **p < 0.01.
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and macrophages infiltration in the grafts on the 3rd and 7th day after
transplantation. The neutrophils were the major infiltrates in the early
stage (day 3 after transplantation) of allograft rejection, whereas
macrophages were increased in the late stage (day 7 after transplan-
tation) of allograft rejection (Fig. 1A). To investigate the roles of Th17
cells and Th1 cells in acute allograft rejection, the kinetics of Th17 cell
and Th1 cells in recipient mice after cardiac transplantation were ex-
amined. Flow cytometry revealed that the strongest Th17 alloreactive
response was noted in the early stage of allograft rejection (Fig. 1B and
D). However, in the late stage of allograft rejection, Th17 alloreactive
response became weakened and Th1 alloreactive response was in-
creased (Fig. 1C and D). In syngeneic groups, the production of both
Th17 cells and Th1 cells were much lower than those in allogeneic
groups.

3.2. TLR2 deficiency aggravated acute allograft rejection

To investigate the effects of TLR2 signalling on acute allograft re-
jection, we first performed cardiac allograft transplantation in mice.
Pathological analysis revealed that the inflammatory leukocytes in-
filtrate in the cardiac allograft of TLR2−/− recipients was apparently
more severe than in the wild-type control animals, especially on the 3rd
day after cardiac transplantation (Fig. 2A). The ISHLT scores of heart

rejection of the TLR2−/− mice were 2R (moderate rejection), while the
scores of the WT mice were 1R (mild rejection) on the 3rd day after
cardiac transplantation (Fig. 2B). The cardiac allograft mean survival
time (MST) in the TLR2−/− recipient mice (5.75 ± 0.10 days) was
shorter than that of WT control animals (6.70 ± 0.21 days) (Fig. 2C).
These data indicate that TLR2 deficiency led to more severe in-
flammation in the early stage of acute cardiac allograft rejection.

3.3. Neutrophil, macrophage and T cell infiltration in allografts was
enhanced in TLR2-deficient mice

Next, we examined the types of infiltrating inflammatory leukocytes
in the cardiac allografts. Immunohistochemical staining was performed
to detect the neutrophils and macrophages infiltration in the grafts on
the 3rd and 7th day after transplantation. Significantly increased neu-
trophils were observed in the cardiac allografts on the 3rd day for the
TLR2−/− mice compared with those in the WT mice (Fig. 3A and C). On
both the 3rd and 7th day after cardiac allograft transplantation, mac-
rophages infiltration in the allografts was increased in the TLR2−/−

mice compared to that in the WT mice (Fig. 3B and C). Moreover, the
numbers of CD3+ T cells, CD4+ T cells and CD8+ T cells in the cardiac
allografts were significantly increased in the TLR2−/− mice compared
to that in the WT mice (Fig. 3D).

Fig. 5. The expression of IL-17, IL-6, TNF-α, CCR6, CCL20 and p-STAT3 was enhanced in TLR2-deficient mice. (A) Real-time PCR analysis of IL-17 and related
cytokines in the cardiac grafts. Cardiac grafts from BALB/c mice (allogeneic) or C57BL/6 (syngeneic) mice were transplanted into (TLR2−/− or WT) C57BL/6 mice.
Cardiac grafts were collected on the 3rd day after transplantation. Total RNA of the cardiac grafts was prepared for real-time PCR analysis of each indicated cytokine
as shown. Data are shown as the mean ± SD (n= 5/group). Data from one representative out of three experiments are shown. *p < 0.05; **p < 0.01. (B) The
expression of STAT3 and p-STAT3 in spleens and allografts was examined by Western blot. Spleens and allografts were collected on the 3rd day after allograft
transplantation and the blots were quantified by ImageJ. (C) The relative expression of p-STAT3/GAPDH. (D) The relative expression of p-STAT3/STAT3. (E) The
relative expression of STAT3/GAPDH. These data are shown as the mean ± SD (n=4/group). Data from one representative out of three experiments are shown.
**p < 0.01.
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3.4. TLR2 deficiency led to a sustained increase in Th17 cells

Previously, we reported that IL-17-producing T cells play a critical
role at the early stage of acute allograft rejection through inducing the
recruitment of neutrophils into allografts, and cardiac allograft survival
became longer after the blockade of IL-17A in recipient mice [23]. We
analysed whether the exacerbation of early acute allograft rejection was
correlated with the increase of Th17 cells in TLR2−/− mice. For this
purpose, the percentage of Th17 cells in spleens and allografts was
analysed by flow cytometry. TLR2 deficiency led to a significant in-
crease in Th17 cells in the spleens on the 3rd and 7th day after cardiac
allograft transplantation compared to WT mice (Fig. 4A–C). Higher
percentages and absolute numbers of Th17 cells were also detected in
cardiac allografts of recipient TLR2−/− mice compared to the wild-type

control animals (Fig. 4D–F). Meanwhile, Th1 cells in their spleens were
also examined, and no significant difference was observed between
recipient TLR2−/− and WT mice (Fig. 4G–I).

3.5. TLR2 deficiency led to increased expression of IL-17, IL-6, TNF-α,
CCR6, CCL20 and p-STAT3

Cytokines are important inflammatory mediators in cardiac allo-
graft acute rejection. TGF-β and IL-6 are important cytokines that
trigger the production of IL-17 from CD4+ T cells [30]. CCR6 and
CCL20 induce the recruitment of Th17 cells to inflammatory sites [31].
TNF-α a is an important pro-inflammatory cytokine that can be pro-
duced by Th17 in allograft acute rejection [32]. IL-10 is a pleiotropic
anti-inflammation cytokine and attenuates posttransplant immune

Fig. 6. The increase in Th17 cells of TLR2−/− mice was related to the increased production of IL-6 from spleen cells. Bone marrow-derived dendritic cells (BMDCs)
from BALB/c mice bone marrow were stimulated with LPS (1 μg/ml) for 48 h and inactivated by mitomycin C (40 μg/ml) before the co-culture experiments. (A) The
production of Th17 cells showed no difference between the TLR2−/− and WT groups in the mixed lymphocyte culture (MLC) of T cells and BMDCs. Approximately
2×106 of CD3+ T cells isolated from spleen cells of recipient mice (TLR2−/− or WT) were co-cultured with 2.5× 105 of BMDCs from BALB/c mice for 4 days. The
percentages of Th17 in the co-culture system were analysed by flow cytometry. (B) The production of Th17 cells was increased in TLR2−/− group in the MLC of
spleen cells and BMDCs. Approximately 2.5× 106 of spleen cells from TLR2−/− or WT mice were co-cultured with 2.5×105 of BMDCs from BALB/c mice for 4 days.
(C) The percentages of Th17 in the co-culture system were analysed by flow cytometry. (D) The concentration of IL-6 in the supernatant were analysed by ELISA. (E)
(F) Approximately 2×106 of CD3+ T cells isolated from spleen cells of recipient mice (TLR2−/− or WT) were co-cultured with 2.5× 105 of BMDCs from BALB/c
mice for 4 days in the presence of TGF-β and IL-6. The percentages of Th17 cells in the co-culture system were analysed by flow cytometry. (G)(H) Blockade of IL-6
suppressed Th17 cells. To examine the effect of IL-6 on the generation of Th17 cells, anti-IL-6 or IgG was added into the co-culture system. Approximately 2.5× 106

of spleen cells from TLR2−/− or WT mice were co-cultured with 2.5×105 of BMDCs from BALB/c mice for 4 days followed by flow cytometry analysis. These data
are shown as the mean ± SD (n=3/group). Data from one representative out of three experiments are shown. *p < 0.05; **p < 0.01.
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responses [33]. Thus, the expression of IL-17 and related cytokines in
allografts on the 3rd day after transplantation were analysed by using
quantitative real-time PCR (Fig. 5A). mRNA expression of IL-17, IL-6
and TNF-α within the allografts markedly increased in recipient
TLR2−/− mice compared to WT mice. Moreover, the expression of
CCR6 and CCL20 within the allografts was also significantly increased
in the recipient TLR2−/− mice compared to the WT mice. Meanwhile,
no significant difference was observed in mRNA levels of TGF-β, IL-10
and IFN-γ between the recipient TLR2−/− and WT mice. These results
suggest that TLR2 deficiency in the recipient can promote the expres-
sion of IL-17, IL-6, TNF-α, CCR6 and CCL20 in cardiac allografts at the
early stage of rejection. The significant increase in CCR6 and CCL20
indicates that Th17 cells were recruited into the allograft in the re-
cipient TLR2−/− mice. The increase in IL-6 but not TGF-β suggests that

IL-6 might play an important role in the promotion of IL-17-producing
alloreactive T cells after cardiac allograft transplantation in the re-
cipient TLR2−/− mice.

The generation and survival of IL-17-expressing T cells is related to
the STAT3 signalling pathway, which could be activated by IL-6 [34].
Western blots were used to investigate whether the expression of STAT3
and p-STAT3 was enhanced in TLR2−/− mice after cardiac allograft
transplantation. As shown in Fig. 5B, lack of TLR2 signalling resulted in
a remarkable increase of p-STAT3 both in spleens and allografts. These
results suggest that TLR2 deficiency leads to upregulation of STAT3
phosphorylation, which could promote the expansion of IL-17-produ-
cing alloreactive T cells (Fig. 5B–E).

Fig. 7. The production of IL-6 in dendritic cells was increased in TLR2-deficient mice after allograft transplantation. Cardiac grafts from BALB/c mice were
transplanted into (TLR2−/− or WT) C57BL/6 mice. Spleens were collected on the 3rd day after allograft transplantation and the production of IL-6 in dendritic cells
(A) and macrophages (C) was detected by flow cytometry analysis. (B) The percentage of CD11C+ cells and IL-6+CD11C+ cells in total spleen cells, the percentage of
IL-6+CD11C+ cells in CD11C+ cells, as well as the MFI of IL-6 in DCs. (D) The percentage of F4/80+ cells and IL-6+F4/80+ cells in total spleen cells, the percentage
of IL-6+F4/80+ cells in F4/80+ cells, as well as the MFI of IL-6 in macrophages. These data are shown as the mean ± SD (n= 3/group). Data from one re-
presentative out of three experiments are shown. *p < 0.05; **p < 0.01. (E) Cardiac allografts were collected on the 3rd day after allograft transplantation. The
percentage of IL-6+CD11C+ cells in CD11C+ cells, the absolute numbers of CD11C+ cells and IL-6+CD11C+ cells in cardiac allografts are displayed. These data are
shown as the mean ± SD (n= 3/group). Data from one representative out of three experiments are shown. *p < 0.05; **p < 0.01. (F) Real-time PCR analysis of IL-
17, IL-6, TGF-β and SOCS3 in the spleens. Spleens were collected on the 3rd day after transplantation. Total RNA of the spleens was prepared for real-time PCR
analysis of each indicated cytokine as shown. Data are shown as the mean ± SD (n= 4/group). Data from one representative out of two experiments are shown.
*p < 0.05; **p < 0.01. (G) The TLR2−/− CD11c+ cells (6×106) and WT CD11c+ cells (6× 106) were adoptively transferred into C57BL/6 wt mice, respectively.
One day after the adoptive transfer, the C57BL/6wt mice were used as recipients and transplanted with cardiac allograft from BALB/c mice. The percentages of Th17
cells in spleens on the 3rd day after transplantation were analysed by flow cytometry. Data are shown as the mean ± SD (n= 3/group). Data from one re-
presentative out of two experiments are shown. *p < 0.05.
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3.6. The increase in Th17 cells of TLR2−/− mice was related to the
increased production of IL-6 from DCs

Our results showed that T cells from mice express TLR2 (data not
shown). Therefore, increased generation of IL-17-producing allor-
eactive T cells could be due to the absence of TLR2 signalling of these
TLR2−/− T cells. To analyse whether the skewing towards Th17 cells
during acute allograft rejection in the recipient TLR2−/− mice was due
to direct effects on the T cells themselves, T cells from recipient mice
(TLR2−/− and WT) were co-cultured with BMDCs from donor mice for
4 days, then the percentages of Th17 cells were analysed by flow cy-
tometry. Interestingly, no difference in the percentage of Th17 was
noted between the TLR2−/− and WT groups (Fig. 6A). These data in-
dicate that deficiency of TLR2 signaling in T cells does not affect the
alloreactive Th17 cell responses.

Next, spleen cells from recipient mice (TLR2−/− and WT) were co-
cultured with BMDCs from donor mice, and the percentages of Th17
cells were analysed by flow cytometry on the 4th day. In agreement
with the in vivo results, TLR2 deficiency led to a marked increase in the
production of Th17 cells in the mixed lymphocyte culture compared
with the WT groups (Fig. 6B and C). These results suggest that skewing
towards Th17 cells during acute allografts rejection in TLR2−/− mice
was related to the effects from other cells in the spleen. To define the
factors contributing to the promotion of this IL-17-producing allor-
eactive T cell development, the concentration of IL-6 in the supernatant
was detected by ELISA. Interestingly, TLR2 deficiency led to a higher
production of IL-6 in the mixed lymphocyte culture compared with the
WT group (Fig. 6D).

To investigate whether TLR2 deficiency of T cells influences the
Th17 skewing under the stimulation of TGF-β and IL-6, CD3+ T cells
from recipient mice (TLR2−/− and WT) were co-cultured with BMDCs
from donor mice for 4 days in the presence of TGF-β and IL-6. As shown
in Fig. 6E and F, there was no difference in the production of Th17 cells
between the TLR2−/− and WT groups under the same conditions of
TGF-β and IL-6 induction. Furthermore, TGF-β and IL-6 enhanced the
production of Th17 in both the TLR2−/− and WT groups (Fig. 6E and
F). To confirm the role of IL-6 in driving Th17 skewing in TLR2−/−

mice, an anti-IL-6 antibody was used in the mixed lymphocyte culture,
and the percentages of Th17 cells were analysed by flow cytometry on
the 4th day. It is noteworthy that blockade of IL-6 suppressed Th17 cell
production in TLR2−/− group (Fig. 6G and H).

To investigate whether dendritic cells (DCs) and macrophages en-
hanced the production of IL-6 in TLR2−/− mice, IL-6+CD11C+ cells
and IL-6+F4/80+ cells in spleens on the 3rd day after cardiac allograft
transplantation were analysed by flow cytometry. Production of IL-6
from DCs was significantly increased in TLR2−/− mice (Fig. 7A and B),
whereas no significant difference in the IL-6 expression in macrophages
was observed between TLR2−/− and WT mice (Fig. 7C and D). Higher
percentages and absolute numbers of IL-6+CD11C+ cells were also
detected in cardiac allografts of recipient TLR2−/− mice compared to
the wild-type control animals (Fig. 7E).

At the same time, the mRNA expression of IL-17, IL-6, TGF-β and
SOCS3 in the spleens on the 3rd day after transplantation were also
analysed (Fig. 7F). TGF-β can induce the development of both Th17 and
Treg; however, IL-6 polarizes Th17 response together with TGF-β and
inhibits Treg differentiation.[35] SOCS3 is the primary inhibitor of IL-6

Fig. 8. TLR2 deficiency led to a significant decrease in the generation of regulatory T cells. (A) The percentages of CD4+CD25+Foxp3+ T cells in the MLC.
Approximately 2.5×106 of spleen cells from TLR2−/− or WT mice were co-cultured with 2.5× 105 of BMDCs from BALB/c mice for 4 days, followed by flow
cytometry analysis. (B) The percentages of CD4+CD25+Foxp3+ T cells in spleens collected on the 3rd and 7th day after allograft transplantation. These data are
shown as the mean ± SD (n=3/group). Data from one representative out of three experiments are shown. *p < 0.05; **p < 0.01.

L. Li, et al. Cellular Immunology 338 (2019) 9–20

17



and JAK-STAT3 pathway.[36] In present study, the expression of IL-17
and IL-6 within the spleens markedly increased in recipient TLR2−/−

mice compared to WT mice. Whereas the expression of SOCS3 in the
spleens decreased in recipient TLR2−/− mice compared to WT mice.

To confirm the role of DCs in driving Th17 skewing in TLR2−/−

mice, TLR2-deficient DCs (TLR2−/− CD11C+) were isolated from
spleens of TLR2−/− mice and adoptive transferred to the C57BL/6
wild-type mice. DCs isolated from spleens of WT mice (WT CD11C+)
were conducted as control group. Then the mice were transplanted with
cardiac allograft and the percentages of Th17 cells in spleens were
analysed by flow cytometry on the 3rd day after transplantation. The
adoptive transfer study showed that TLR2-deficient DCs are responsible
for the induction of increased Th17 cells (Fig. 7G).

These data suggest that TLR2 deficiency promotes the production of
IL-6 in DCs, which is a positive regulator of Th17 cells.

3.7. The expansion of regulatory T cells was reduced in TLR2-dedicient
mice

Tregs and Th17 cells differentiation is closely related, and IL-6 may
serve as a switch between Tregs and Th17 cells differentiation [35].
Tregs in spleens were also examined, and flow cytometric analysis re-
vealed that the Tregs percentages in spleens on the 3rd and 7th day
after allograft transplantation were significantly decreased in recipient
TLR2−/− mice compared to wild-type mice (Fig. 8B). Next, spleen cells
from recipient mice (TLR2−/− and WT) were co-cultured with BMDCs
from donor mice, and the percentages of Tregs were analysed by flow
cytometry on the 4th day. In agreement with the in vivo results, TLR2
deficiency led to a marked decrease in the production of Tregs in the
mixed lymphocyte culture compared with the WT groups (Fig. 8A).

4. Discussion

In the present study, we investigated the effects and mechanisms of
TLR2 deficiency on the generation of IL-17+ alloreactive T cells in a
mouse cardiac allograft model. We demonstrated that deficiency of
TLR2 signalling in the recipient resulted in an increased population of
alloreactive Th17 cells during allograft cardiac transplantation. This
increase of alloreactive Th17 cells in TLR2-deficient recipients was
caused by increased IL-6 secretion by TLR2-deficient dendritic cells.

Previous studies have found that the expression of TLR2 on per-
ipheral mononuclear cells and in allografts is increased in organ
transplant rejection, suggesting a relationship between TLR2 and allo-
graft rejection [19–21,37]. TLR2/4-, MyD88- and TRIF-deficient mice
have markedly improved excretory function and ameliorate the pa-
thological damage of chronically rejecting kidney grafts [1]. This study
suggests that TLR2 and TLR4 may play a pro-inflammatory role in
transplant rejection by MyD88- and TRIF-dependent signaling [1], but
the effect of TLR2 alone was not investigated. On the other hand, Li
et al. have found that trichosanthin and its derived peptide tetramer
induces tolerance of cardiac allografts by instigating type 2 responses
via the TLR2-promoted activation of MCP-1, suggesting a protective
role of TLR2 signaling in cardiac transplantation [38]. In our study, we
found that TLR2 deficiency in the recipient can promote inflammatory
cell infiltration and mRNA expression of IL-17, IL-6, TNF-α, CCR6 and
CCL20 in cardiac allografts at the early stage of rejection. Our finding
suggests a regulatory effect of TLR2 on acute rejection after cardiac
transplantation. It is worth noting that our study is focused on the ef-
fects of TLR2 from the recipient; however, the TLR2 expressed in an
allograft may play a different role. For example, corneal epithelial and
stromal cells transfected with lentiviral vector (LV)-mediated TLR2
small interference RNA (siRNA) demonstrate less edema, opacity and
neovascularization after corneal allograft transplantation, and LV-
mediated TLR2 siRNA significantly prolongs the survival of transfected
allografts compared to nontransfected allografts [39]. What is more,
different mice strains have shown remarkable immunological

differences [40]. More studies are required to confirm the effects of
TLR2 using different mice as donors and recipients, such as using
C57BL/6 mice as donors and Balb/c mice as recipients.

Alloimmune T cells are important mediators of solid organ rejection
and graft-versus-host disease [41]. Although Th1 cells are thought to be
major effector cells in adaptive alloimmune responses, recent studies
have shown a relationship between IL-17 and allograft rejection. In a
fully MHC mismatched heterotopic mouse heart transplantation model,
T cells deficient for T-bet versus RORγt rejected allografts at a more
accelerated rate, indicating a predominance of Th17-driven over Th1-
driven alloimmunity [42]. Recently, it has been reported that hyperli-
pidemic mice had an increased number of Th17 cells in their periphery,
and rejected allografts from hyperlipidemic mice contained significant
numbers of IL-17 producing T cells compared to controls. Blockade or
genetic knockout of IL-17 prolonged the survival of the cardiac allo-
grafts transplanted into hyperlipidemic recipients compared to control
animals, indicating that IL-17 production promotes accelerated rejec-
tion [43]. In addition, Th17 has been implicated in the pathogenesis
and prognosis of acute T cell-mediated rejection in recipients of kidney
allografts [26]. We have previously demonstrated that Th17 and γδ T
cells are the dominant IL-17+ cells in the setting of cardiac allografts
and contribute to the early phase of acute allograft rejection. Moreover,
IL-17 induces early graft damage through neutrophil recruitment into
the grafts [23,25]. In this study, we found that the development of IL-
17+ alloreactive Th17 cells was significantly increased in the recipient
animals in the absence of TLR2 signaling compared to the wild-type
control mice, whereas the generation of IFN-γ+ Th1 cells was com-
parable between the TLR2-deficient and wild-type recipients. A lack of
TLR2 signalling results in a remarkable increase in phosphorylation of
STAT3, which enhances the inflammatory responses evoked by al-
loantigen stimulus, including the development of the alloreactive Th17
cells. Moreover, during the early period of acute cardiac allograft re-
jection, it was found that an infiltrate of inflammatory neutrophils in
the cardiac allografts was apparently severe in the recipients of TLR2
deficient mice compared with those of wild-type control recipient mice.
In humans, neutrophil infiltrates are the main inflammatory cells in
biopsies of rejected allografts, and a link has been established between
the degree of neutrophil infiltration and the severity of cardiac allograft
rejection [44]. In line with our study, previously studies have demon-
strated that TLR2 is a negative regulator of Th17 cells in several disease
models, such as experimental brain abscesses [45] and an experimental
pulmonary infection model [17]. Notably, previous research has shown
that TLR2 signaling in CD4+T lymphocytes promotes Th17 responses
[46,47]. However, these studies are focused on the effects of TLR2
signaling in T cells. TLR2 is widely expressed on a variety of cells such
as DCs, macrophages, lymphocytes and epithelial cells. We speculate
that TLR2 signaling in different cells can have a pro-inflammatory or
anti-inflammatory effect, depending on the regulation of inflammation
in the body. For example, Konowich et al. reported distinct roles of
TLR2 signaling on hematopoietic versus non-hematopoietic cells. In a
mouse model of chronic Mycobacterium tuberculosis infection, TLR2 on
hematopoietic cells contributes to the protective function in a non-
redundant manner, whereas TLR2 on non-hematopoietic cells con-
tributes to the pulmonary inflammation and bacterial dissemination
[8]. Our present study suggests that deficiency of TLR2 in T cells does
not affect the alloreactive T cell response. However, the deficiency of
TLR2 in mice can promote alloreactive Th17 response by producing
more IL-6 in DCs.

What is the mechanism by which TLR2 deficiency promotes the
development of alloreactive IL-17-producing T cells? To answer this
question, a mixed lymphocyte culture was performed, and intracellular
cytokines cytometric analysis revealed that IL-6, an important cytokine
for inducing the development of Th17 cells, significantly increased in
the TLR2 deficiency of dendritic cells relative to that of the wild-type
dendritic cells in response to alloantigen stimulus. In support of our
observation, previous studies have suggested that activation of TLR2
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signaling with or without HIV infection results in a reduction of IL-6
production by dendritic cells [48,49]. What is more, the activation of
TLR2 signaling can suppress pro-inflammatory cytokines in DCs by
induction of SOCS3, which is a negative regulator of IL-6 signal trans-
duction [50]. In present study, we also found that the expression of
SOCS3 in spleen was decreased in TLR2−/− mice. Of note, we observed
that blockade of IL-6 resulted in a marked reduction of alloreactive
Th17 cells in the mixed lymphocyte culture, which could be because IL-
6 is an important cytokine that drives the development of these allor-
eactive Th17 cells. DCs are the most important cells connecting the
innate and adaptive immune responses [51]. Further studies are re-
quired to define the signal transduction of molecules responsible for
TLR2 signalling and regulating the production of IL-6 by dendritic cells.
What is more, TLR2 deficiency led to a significant decrease in the
generation of regulatory T cells, which could be another mechanism by
which it enhances the development of inflammatory alloreactive Th17
cells in the setting of cardiac allograft transplantation. There is evidence
that TLR2 is involved in modulating Tregs functions both directly or
indirectly [52]. There is also research showing that IL-6 induces the
development of Th17 cells and inhibits Tregs differentiation [35].

In conclusion, we have presented strong evidence to support that
TLR2 signaling plays a crucial role in regulating the development of IL-
17-producing alloreactive T cells in the context of cardiac allograft
transplantation. This is a new finding that demonstrates a regulatory
role of TLR2 in allograft transplantation, providing a reference value for
the basic research and clinical treatment of organ transplantation.

Acknowledgement

This study was supported by the National Natural Science
Foundation of China (81373167, 91542110 to M. Fang).

Conflict of interest

The authors have no conflicts of interest to disclose.

References

[1] S. Wang, C. Schmaderer, E. Kiss, C. Schmidt, M. Bonrouhi, S. Porubsky, N. Gretz,
L. Schaefer, C.J. Kirschning, Z.V. Popovic, H.J. Grone, Recipient Toll-like receptors
contribute to chronic graft dysfunction by both MyD88- and TRIF-dependent sig-
naling, Dis. Model. Mech. 3 (2010) 92–103.

[2] M. Schnare, G.M. Barton, A.C. Holt, K. Takeda, S. Akira, R. Medzhitov, Toll-like
receptors control activation of adaptive immune responses, Nat. Immunol. 2 (2001)
947–950.

[3] J. Howell, P. Gow, P. Angus, K. Visvanathan, Role of toll-like receptors in liver
transplantation, Liver Transplant. 20 (2014) 270–280.

[4] F. Braza, S. Brouard, S. Chadban, D.R. Goldstein, Role of TLRs and DAMPs in al-
lograft inflammation and transplant outcomes, Nat. Rev. Nephrol. 12 (2016)
281–290.

[5] A.S. Chong, M.L. Alegre, The impact of infection and tissue damage in solid-organ
transplantation, Nat. Rev. Immunol. 12 (2012) 459–471.

[6] D.N. Mori, D. Kreisel, J.N. Fullerton, D.W. Gilroy, D.R. Goldstein, Inflammatory
triggers of acute rejection of organ allografts, Immunol. Rev. 258 (2014) 132–144.

[7] J. Schick, P. Etschel, R. Bailo, L. Ott, A. Bhatt, B. Lepenies, C. Kirschning,
A. Burkovski, R. Lang, Toll-like receptor 2 and Mincle cooperatively sense cor-
ynebacterial cell wall glycolipids, Infect. Immun. 85 (2017).

[8] J. Konowich, A. Gopalakrishnan, J. Dietzold, S. Verma, K. Bhatt, W. Rafi,
P. Salgame, Divergent functions of TLR2 on hematopoietic and nonhematopoietic
cells during chronic mycobacterium tuberculosis infection, J. Immunol. 198 (2017)
741–748.

[9] H.D. Gravina, A.M. Goes, S.M.F. Murta, C. Ropert, MyD88 adapter-like (Mal)/
TIRAP is required for cytokine production by Splenic Ly6C(lo)TLR2(hi) but not by
Ly6C(hi)TLR2(hi) monocytes during Trypanosoma cruzi infection, J. Biol. Chem.
291 (2016) 23832–23841.

[10] A.C. West, K. Tang, H. Tye, L. Yu, N. Deng, M. Najdovska, S.J. Lin, J.J. Balic,
E. Okochi-Takada, P. McGuirk, B. Keogh, W. McCormack, P.S. Bhathal, M. Reilly,
M. Oshima, T. Ushijima, P. Tan, B.J. Jenkins, Identification of a TLR2-regulated
gene signature associated with tumor cell growth in gastric cancer, Oncogene 36
(2017) 5134–5144.

[11] E. Vulpis, F. Cecere, R. Molfetta, A. Soriani, C. Fionda, G. Peruzzi, G. Caracciolo,
S. Palchetti, L. Masuelli, L. Simonelli, U. D'Oro, M.P. Abruzzese, M.T. Petrucci,
M.R. Ricciardi, R. Paolini, M. Cippitelli, A. Santoni, A. Zingoni, Genotoxic stress
modulates the release of exosomes from multiple myeloma cells capable of

activating NK cell cytokine production: role of HSP70/TLR2/NF-kB axis,
Oncoimmunology 6 (2017).

[12] L. Feng, M. Ju, K.Y.V. Lee, A. Mackey, M. Evangelista, D. Iwata, P. Adamson,
K. Lashkari, R. Foxton, D. Shima, Y.S. Ng, A proinflammatory function of toll-like
receptor 2 in the retinal pigment epithelium as a novel target for reducing choroidal
neovascularization in age-related macular degeneration, Am. J. Pathol. 187 (2017)
2208–2221.

[13] I.A. Leaf, S. Nakagawa, B.G. Johnson, J.J. Cha, K. Mittelsteadt, K.M. Guckian,
I.G. Gomez, W.A. Altemeier, J.S. Duffield, Pericyte MyD88 and IRAK4 control in-
flammatory and fibrotic responses to tissue injury, J. Clin. Invest. 127 (2017)
321–334.

[14] A.O. Aliprantis, R.B. Yang, D.S. Weiss, P. Godowski, A. Zychlinsky, The apoptotic
signaling pathway activated by toll-like receptor-2, EMBO J. 19 (2000) 3325–3336.

[15] M.T. Kuipers, G. Jongsma, M.A. Hegeman, A.M. Tuip-de Boer, E.K. Wolthuis,
G. Choi, P. Bresser, T. van der Poll, M.J. Schultz, C.W. Wieland, TLR2 deficiency
aggravates lung injury caused by mechanical ventilation, Shock 42 (2014) 60–64.

[16] T. Ha, C. Lu, L. Liu, F. Hua, Y. Hu, J. Kelley, K. Singh, R.L. Kao, J. Kalbfleisch,
D.L. Williams, X. Gao, C. Li, TLR2 ligands attenuate cardiac dysfunction in poly-
microbial sepsis via a phosphoinositide 3-kinase-dependent mechanism, Am. J.
Physiol. Heart Circ. Physiol. 298 (2010) H984–991.

[17] F.V. Loures, A. Pina, M. Felonato, V.L.G. Calich, TLR2 is a negative regulator of
Th17 cells and tissue pathology in a pulmonary model of fungal infection, J.
Immunol. 183 (2009) 1279–1290.

[18] C.A. Farrar, J.W. Kupiec-Weglinski, S.H. Sacks, The innate immune system and
transplantation, Cold Spring Harbor Perspect. Med. 3 (2013) a015479.

[19] D.O. McDaniel, X. Zhou, C.K. Moore, G. Aru, Cardiac allograft rejection correlates
with increased expressions of Toll-like receptors 2 and 4 and allograft inflammatory
factor 1, Transplant. Proc. 42 (2010) 4235–4237.

[20] R.O. Castillo, M. Wang, T. Ito, J. Higgins, C.O. Esquivel, S.M. Krams, O.M. Martinez,
Acute rejection of small intestine allografts is associated with increased expression
of toll-like receptors, Transplant. Proc. 42 (2010) 2676–2678.

[21] J.F. Deng, L. Geng, Y.G. Qian, H. Li, Y. Wang, H.Y. Xie, X.W. Feng, S.S. Zheng, The
role of toll-like receptors 2 and 4 in acute allograft rejection after liver transplan-
tation, Transplant. Proc. 39 (2007) 3222–3224.

[22] W.S. Lee, J.Y. Kim, H.J. Won, S.M. Lee, Y.S. Suh, Y.D. Joo, J.Y. Lee, W.H. Jang,
S.W. Kang, M.S. Kang, S.G. Park, I.W. Choi, I. Choi, S.K. Seo, Effect of upregulated
TLR2 expression from G-CSF-mobilized donor grafts on acute graft-versus-host
disease, Int. Immunopharmacol. 29 (2015) 488–493.

[23] L.H. Duan, C.Y. Wang, J. Chen, Q.A. Gong, P. Zhu, F. Zheng, Z. Tan, F.L. Gong,
M. Fang, High-mobility group box 1 promotes early acute allograft rejection by
enhancing IL-6-dependent Th17 alloreactive response, Lab. Invest. 91 (2011)
43–53.

[24] L. Duan, J. Chen, Q. Xia, L. Chen, K. Fan, K.R. Sigdel, M. Fang, F. Zheng, G. Shi,
F. Gong, IL-17 promotes Type 1 T cell response through modulating dendritic cell
function in acute allograft rejection, Int. Immunopharmacol. 20 (2014) 290–297.

[25] Q. Xia, L. Duan, L. Shi, F. Zheng, F. Gong, M. Fang, High-mobility group box 1
accelerates early acute allograft rejection via enhancing IL-17+ gammadelta T-cell
response, Transplant. Int. 27 (2014) 399–407.

[26] M. Matignon, A. Aissat, F. Canoui-Poitrine, C. Grondin, C. Pilon, D. Desvaux,
D. Saadoun, Q. Barathon, M. Garrido, V. Audard, P. Remy, P. Lang, J. Cohen,
P. Grimbert, Th-17 alloimmune responses in renal allograft biopsies from recipients
of kidney transplants using extended criteria donors during acute T cell-mediated
rejection, Am. J. Transplant. 15 (2015) 2718–2725.

[27] Y. Zhou, X. Yang, H. Zhang, J. Jiang, The roles of T helper type 17/regulatory T
cells in acute rejection after liver transplantation in rats, Transplantation 99 (2015)
1126–1131.

[28] S. Stewart, G.L. Winters, M.C. Fishbein, H.D. Tazelaar, J. Kobashigawa, J. Abrams,
C.B. Andersen, A. Angelini, G.J. Berry, M.M. Burke, A.J. Demetris, E. Hammond,
S. Itescu, C.C. Marboe, B. McManus, E.F. Reed, N.L. Reinsmoen, E.R. Rodriguez,
A.G. Rose, M. Rose, N. Suciu-Focia, A. Zeevi, M.E. Billingham, Revision of the 1990
working formulation for the standardization of nomenclature in the diagnosis of
heart rejection, J. Heart Lung Transplant. 24 (2005) (1990) 1710–1720.

[29] M.B. Lutz, N. Kukutsch, A.L. Ogilvie, S. Rossner, F. Koch, N. Romani, G. Schuler, An
advanced culture method for generating large quantities of highly pure dendritic
cells from mouse bone marrow, J. Immunol. Methods 223 (1999) 77–92.

[30] R.V. Luckheeram, R. Zhou, A.D. Verma, B. Xia, CD4(+)T cells: differentiation and
functions, Clin. Dev. Immunol. 2012 (2012) 925135.

[31] T. Koga, K. Otomo, M. Mizui, N. Yoshida, M. Umeda, K. Ichinose, A. Kawakami,
G.C. Tsokos, Calcium/calmodulin-dependent kinase IV facilitates the recruitment of
interleukin-17-producing cells to target organs through the CCR6/CCL20 axis in
Th17 cell-driven inflammatory diseases, Arthritis Rheumatol. 68 (2016)
1981–1988.

[32] S. Xu, X. Cao, Interleukin-17 and its expanding biological functions, Cell. Mol.
Immunol. 7 (2010) 164–174.

[33] S. Hirayama, M. Sato, S. Loisel-Meyer, Y. Matsuda, H. Oishi, Z. Guan, T. Saito,
J. Yeung, M. Cypel, D.M. Hwang, J.A. Medin, M. Liu, S. Keshavjee, Lentivirus IL-10
gene therapy down-regulates IL-17 and attenuates mouse orthotopic lung allograft
rejection, Am. J. Transplant. 13 (2013) 1586–1593.

[34] X.O. Yang, A.D. Panopoulos, R. Nurieva, S.H. Chang, D. Wang, S.S. Watowich,
C. Dong, STAT3 regulates cytokine-mediated generation of inflammatory helper T
cells, J. Biol. Chem. 282 (2007) 9358–9363.

[35] A. Kimura, T. Kishimoto, IL-6: regulator of Treg/Th17 balance, Eur. J. Immunol. 40
(2010) 1830–1835.

[36] Q. Xu, F. Zheng, F. Gong, M. Fang, Suppressor of cytokine signaling 3 (SOCS3) gene
transfer prolongs the survival of the murine cardiac allograft by attenuating inter-
leukin-17-producing alloreactive T-cell responses, J. Gene Med. 16 (2014) 66–74.

L. Li, et al. Cellular Immunology 338 (2019) 9–20

19



[37] U. Hoffmann, T. Bergler, M. Rihm, C. Pace, B. Kruger, B. Jung, S.W. Reinhold,
S. Farkas, P. Rummele, B.K. Kramer, B. Banas, Impact of Toll-like receptor 2 ex-
pression in renal allograft rejection, Nephrol. Dial. Transplant. 26 (2011)
1080–1087.

[38] Z. Li, N. Yang, L. Zhou, P. Gu, H. Wang, Y. Zhou, P. Zhou, L. Lu, K.Y. Chou, A
peptide tetramer Tk-tPN induces tolerance of cardiac allografting by conversion of
type 1 to type 2 immune responses via the Toll-like receptor 2 signal-promoted
activation of the MCP1 gene, Immunology 147 (2016) 355–366.

[39] L. Bai, W. Liang, M. Chen, Y. Cisse, J. Liu, Y. Su, J. Yu, Q. Liu, Effect of lentivirus-
mediated gene silencing, targeting toll-like receptor 2, on corneal allograft trans-
plantation in rats, Mol. Immunol. 91 (2017) 97–104.

[40] Y.C. Mosley, F. Lu, H. HogenEsch, Differences in innate IFNgamma and IL-17 re-
sponses to Bordetella pertussis between BALB/c and C57BL/6 mice: role of
gammadeltaT cells, NK cells, and dendritic cells, Immunol. Res. 65 (2017)
1139–1149.

[41] S. DeWolf, M. Sykes, Alloimmune T cells in transplantation, J. Clin. Invest. 127
(2017) 2473–2481.

[42] M. Sabet-Baktach, E. Eggenhofer, J. Rovira, P. Renner, M. Lantow, S.A. Farkas,
M. Malaise, K. Edtinger, Z. Shaotang, G.E. Koehl, M.H. Dahlke, H.J. Schlitt,
E.K. Geissler, A. Kroemer, Double deficiency for RORgammat and T-bet drives Th2-
mediated allograft rejection in mice, J. Immunol. 191 (2013) 4440–4446.

[43] J. Yuan, J. Bagley, J. Iacomini, Hyperlipidemia promotes anti-donor Th17 responses
that accelerate allograft rejection, Am. J. Transplant. 15 (2015) 2336–2345.

[44] D.G. Healy, R.W.G. Watson, C. O'Keane, J.J. Egan, J.F. McCarthy, J. Hurley,
J. Fitzpatrick, A.E. Wood, Neutrophil transendothelial migration potential predicts
rejection severity in human cardiac transplantation, Eur. J. Cardiothorac. Surg. 29
(2006) 760–766.

[45] J.R. Nichols, T. Kielian, Toll-like receptor 2 (TLR2) deficiency leads to increased

TH17 infiltrates in experimental brain abscesses, J. Neurochem. 104 (2008) 107-
107.

[46] J.M. Reynolds, B.P. Pappu, J. Peng, G.J. Martinez, Y. Zhang, Y. Chung, L. Ma,
X.O. Yang, R.I. Nurieva, Q. Tian, C. Dong, Toll-like receptor 2 signaling in CD4(+)
T lymphocytes promotes T helper 17 responses and regulates the pathogenesis of
autoimmune disease, Immunity 32 (2010) 692–702.

[47] M.H. Nyirenda, L. Sanvito, P.J. Darlington, K. O'Brien, G.X. Zhang,
C.S. Constantinescu, A. Bar-Or, B. Gran, TLR2 stimulation drives human naive and
effector regulatory T cells into a Th17-like phenotype with reduced suppressive
function, J. Immunol. 187 (2011) 2278–2290.

[48] J.C. Hernandez, G. St Laurent, S. Urcuqui-Inchima, HIV-1-exposed seronegative
individuals show alteration in TLR expression and pro-inflammatory cytokine
production ex vivo: an innate immune quiescence status? Immunol. Res. 64 (2016)
280–290.

[49] D.M. Giraldo, J.C. Hernandez, S.U. Inchima, Impact of in vitro costimulation with
TLR2, TLR4 and TLR9 agonists and HIV-1 on antigen-presenting cell activation,
Intervirology 58 (2015) 122–129.

[50] S. Manicassamy, R. Ravindran, J. Deng, H. Oluoch, T.L. Denning, S.P. Kasturi,
K.M. Rosenthal, B.D. Evavold, B. Pulendran, Toll-like receptor 2-dependent induc-
tion of vitamin A-metabolizing enzymes in dendritic cells promotes T regulatory
responses and inhibits autoimmunity, Nat. Med. 15 (2009) 401–409.

[51] M. Nemati, T. Larussa, H. Khorramdelazad, M. Mahmoodi, A. Jafarzadeh, Toll-like
receptor 2: an important immunomodulatory molecule during Helicobacter pylori
infection, Life Sci. 178 (2017) 17–29.

[52] R.P.M. Sutmuller, M.H.M.G.M. den Brok, M. Kramer, E.J. Bennink, L.W.J. Toonen,
B.J. Kullberg, L.A. Joosten, S. Akira, M.G. Netea, G.J. Adema, Toll-like receptor 2
controls expansion and function of regulatory T cells, J. Clin. Invest. 116 (2006)
485–494.

L. Li, et al. Cellular Immunology 338 (2019) 9–20

20


