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Abstract 

Introduction: The balance between regulatory T cells (Tregs) and effector T help cells (Th cells) 
is critical for the control of adaptive immune response during nerve transplantation. However, 
whether the homeostasis of immune regulation between Tregs and Th cells requires toll-like 
receptor (TLR) signaling is unclear. The aim of this study is to profile the distribution of spleen 
Tregs and Th cells in a mouse model of nerve xenografting in the TLR2 and NF-κB gene knockout 
mice. 
Methods: The sciatic nerve was taken from a SD rat or an allogeneic mouse and transplanted to 
a right back leg of recipient C57BL/6, TLR2-/-, or NF-κB-/- mice by subcutaneous transplantation. 
After 7 days, the T lymphocytes were then isolated from spleen, stained with phenotyping kits, and 
analyzed by flow cytometry.  
Results: The results showed that Tregs were decreased after nerve xenografting in the recipient 
C57BL/6 mouse. In addition, nerve xenografting also increased the Th1 and Th17 but not the Th2 
cell populations. In contrast, amelioration of the Tregs elimination was found in TLR2-/- and 
NF-κB-/- mice after transplantation of the nerve xenograft. Moreover, the mice lacking TLR2 or 
NF-κB showed attenuation of the increase in Th1 and Th17 cells after nerve xenografting.  
Conclusions: TLR signaling is involved in T cell population regulation during tissue transplanta-
tion. Knock-out of TLR2 and NF-κB prevented Tregs elimination and inhibited Th1- and 
Th17-driven immune response after nerve xenografting. This study highlighted the potential of 
inhibiting TLR signaling to modulate T cell-mediated immune regulation to facilitate tolerance to 
nerve transplantation. 
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Introduction 
Nerve allograft had been reported to success-

fully treat the gap of the injured peripheral nerve. 
However, neurologic recovery with nerve allotrans-
plantation is still limited by immune response 

over-activation and graft rejection and requires a 
short-term use of immunosuppressive agents. Nerve 
allo- or xeno-transplantation results in activation of 
both innate and adaptive immunity. TLRs are sensors 
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of both innate and adaptive immunity, and they play 
critical roles in nerve graft rejection and dysfunction 
after transplantation [1, 2]. Moreover, pathogens, 
surgical trauma and ischemic injury in the graft may 
also result in TLR stimulation [3]. Activation of TLRs 
may initiate intracellular signal transduction and lead 
to activation of the transcription factor, NF-κB, to re-
lease proinflammatory cytokines, such as IL-1β, 
TNF-α, and IL17 [4, 5]. 

CD4+ regulatory T cells (Tregs) expressing 
FOXP3 play a critical role in the maintenance of im-
mune tolerance during tissue transplantation [6]. The 
presence of Tregs is associated with allograft survival 
[7-9]. However, other phenotypes of T lymphocytes 
such effector T helper cells including CD4+INFγ+ Th1, 
CD4+IL4+ Th2, and CD4+IL17+ Th17 cells exert delete-
rious effects on tissue by activating of dendritic cells 
macrophages, and antigen-presenting cells. They se-
crete cytokines to activate inflammatory pathways, 
mainly through macrophage activation. However, 
overactivation of either pathway may cause tissue 
damage and result in graft rejection [10-12]. Tregs can 
regulate and suppress Th cells function mainly by 
cell-to-cell contact-dependent and anti-
gen-independent mechanisms [13, 14]. Therefore, 
prolonged allograft acceptance requires Tregs, and 
the balance between Tregs and Th cells is critical for 
the inhibition of autoimmunity and the magnitude of 
the adaptive immune response [10, 15]. 

A previous study demonstrated that TLRs play a 
role in the maintenance of Tregs, are involved in T cell 
development [16]. Activation of TLRs can reprogram 
naïve T cells or Tregs to become effector Th cells [2, 
17]. Therefore, TLR2 and its downstream target, 
NF-κB, may play a role in the homeostasis of immune 
regulation between Tregs and Th cells. Moreover, 
nerve xenografting had been reported to induce more 
severe immunoresponse of the recipient than the 
nerve allografting. Therefore, in this study, the aim is 
to investigate the role of TLR2/NF-κB on the homeo-
stasis of immune regulation between Tregs and Th 
cells by profiling their distribution in the spleen in a 
mouse model of nerve xenografting using the TLR2 
and NF-κB gene knockout mice. 

Methods 
Animal experiments 

C57BL/6 mice and SD rats were purchased from 
BioLasco (Taipei, Taiwan). Tlr2-/- (B6.129-Tlr2tm1Kir/ 
J), and NF-κB-/- (B6.Cg-Nfkb1tm1Bal/J) mice were 
purchased from Jackson Laboratory (Bar Harbor, 
USA). All housing conditions were maintained, and 
surgical procedures, including analgesia, were per-
formed in an Association for Assessment and Ac-

creditation of Laboratory Animal Care Internation-
al-accredited SPF facility according to national and 
institutional guidelines. Animal protocols (permission 
number No. 2012091304) were approved by Chang 
Gung Memorial Hospital. Briefly, mice or rats were 
anesthetized with a combination of ketamine and 
xylazine, and the right back leg incision was made. 
The sciatic nerve (1 cm) was taken from a SD rat and 
transplanted to a right back leg of recipient mice by 
subcutaneous transplantation. This type of trans-
plantation is defined as xenograft. The donor sciatic 
nerve taken from the same species of mouse is defined 
as allograft. The mice were sacrificed after 7 days after 
the surgery, and the spleen was removed for the T 
lymphocytes isolation. 

T lymphocyte isolation and flow cytometry 
analysis 

The spleen was removed from the mice and dis-
sected. Splenic cell suspensions were gently pressed 
through a sterile 100 μm nylon mesh, and lympho-
cytes were isolated by ficoll gradient centrifugation 
(GE Healthcare, Sweden). The isolated lymphocytes 
were stained with a mouse Th1/Th2/Th17 pheno-
typing kit (the fluorescent antibodies: CD4, IFN-γ, 
IL-4 or IL-17A for detecting Th1, Th2 or Th17) and a 
mouse Th17/Treg phenotyping kit (the fluorescent 
antibodies: Foxp3 and CD4 for detecting Tregs) (BD 
Pharmingen, USA), and were acquired in a BD LSR II 
flow cytometer (BD Biosceinces, USA).  

Statistical analysis 
The data collected were analyzed using SPSS 

v.20 statistical software (IBM, Armonk, NY) for the 
independent Student’s t-tests. All results are pre-
sented as the mean ± standard error. A p-value less 
than 0.05 was considered statistically significant. 

Results 
Nerve xenografting decreased Tregs 
population in wild type mice but not in TRL2-/- 
or NF-κB-/- mice  

To determine whether TLR2 or NF-κB plays a 
role in Tregs population modulation in nerve trans-
plantation, we isolated spleen T lymphocytes from 
wild type or TLR2-/- or NF-κB-/- mice to analyze 
CD4+Foxp3+ Tregs population in nerve allografts or 
xenografts. By flow cytometry analysis, we found that 
the CD4+Foxp3+ Tregs population was decreased in 
the spleen of control wild-type mice after nerve xen-
ografting compared to that after allografting. How-
ever, elimination of the Tregs population was ame-
liorated in NF-κB-/- mice (Fig 1). The results indicate 
that NF-κB may participate in Treg-mediated immune 
suppression after nerve xenografting. 
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Figure 1. Knock-out of TLR2 and NF-κB prevented Tregs elimination after nerve xenografting. (A) Flow cytometry analysis of CD4+Foxp3+ 
Tregs population in nerve allografts or xenografts. (B) Quantification of the CD4+Foxp3+ Tregs population from flow cytometry analysis. The CD4+Foxp3+ 
Tregs population was decreased after nerve xenografting compared to allografting. Data are representative of 3 experiments with similar results. (n=3-5, 
*p < 0.05 and **p < 0.01 vs corresponding allograft). 

 

Knock-out of TLR2 or NF-κB decreased Th1 
but not Th2 cells after nerve xenografting 

 To determine whether TLR2 or NF-κB plays a 
role in Th1 or Th2 population regulation after nerve 
xenografting, we analyzed the Th1 or Th2 population 
after nerve xenografting compared to allografts in 
wild-type, TLR2-/- and NF-κB-/- mice. The flow cy-
tometry analysis results indicate that knock-out of 
TLR2 or NF-κB decreased of Th1 but not Th2 popula-
tion relative to the populations in control wild-type 
mice (Fig 2). 

Knock-out of TLR2 or NF-κB inhibited the 
Th17 population increase after nerve 
xenografting 

 To determine whether the Th17 population is 
involved in TLR2- or NF-κB-dependent pathways, we 
analyzed Th17 cell population in wild-type, TLR2-/-, 
or NF-κB-/- mice after nerve xenografting compared to 
allografting. We found that the Th17 population ele-
vation was inhibited after nerve xenografting in 
TLR2-/- and NF-κB-/- mice (Fig 3). TLR2 and NF-κB 

may play a role in Th17-medated immune response 
after nerve xenografting.  

Treg/(Th1+Th17) balance is TLR2 or NF-κB 
dependent after nerve xenografting 

 The balance between Tregs and Th cells is criti-
cal for the inhibition of autoimmunity. The results of 
the flow cytometry analysis showed that balance of 
the Tregs population over the Th1 and Th17 popula-
tion was disturbed in wild-type mice after nerve 
xenografting. The value of Treg/(Th1+Th17) was de-
creased in control wild type but not in TLR2-/- or 
NF-κB-/- mice (Fig 4).  

Discussion 
Successful transplantation depends on the mod-

ulation of adaptive immunity in graft transplantation, 
as previous studies demonstrated that T cells are 
necessary and sufficient to reject almost all allogeneic 
tissues [18]. Tregs function as immune suppressors in 
regulating effector Th cells [13]. Therefore, the balance 
between Tregs and Th cells is critical for inhibition of 
the autoimmune response and graft rejection. 
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Figure 2. Knock-out of TLR2 and NF-κB prevented Th1 but not 
Th2 elevation after nerve xenografting. (A) Th1 and (B) Th2 cell 
expression in wild type or TLR2-/- or NF-κB-/- mice in xenografts compared 
to allografts by flow cytometry analysis. Data are expressed as fold in-
creases (mean±SD) and are representative of 3 experiments with similar 
results. (n=3-5, *p < 0.05 vs control wild-type mice). 

 
 
 
 

 
Figure 3. Knock-out of TLR2 and NF-κB inhibited Th17 increase 
after nerve xenografting. The Th17 cell population was increased after 
nerve xenografting compared to allografts in wild-type but not in TLR2-/- or 
NF-kB-/- mice, as observed by flow cytometry analysis. Data are presented 
as the mean ± SD and are representative of 3 experiments with similar 
results. (n=3-5, *p < 0.05 vs control wild type mice). 

 
Figure 4. Ratio of Treg/(Th1+Th17) in wild type, TLR2-/-, NF-κB-/- 
mice after nerve xenografting. The value of Treg/(Th1+Th17) was 
decreased in control wild type but not in TLR2-/- or NF-kB-/- mice. Data are 
presented as the mean ± SD. (n=3, *p<0.05 vs control wild-type mice). 

 
TLRs are the first-line sensor for innate immun-

ity, and mounting evidence suggests that stimulation 
of TLR activated serious inflammatory responses 
which resulted in tissue injury and graft rejection after 
transplantation [1, 18, 19]. Although TLRs and T cells 
are known to play major roles in innate immunity, 
whether knock-out of TLRs can regulate the T cell 
population after tissue transplantation remains un-
known. To determine whether TLR2 is important in 
the modulation of Tregs and Th cells in tissue trans-
plantation, we used a model of nerve transplantation 
in TLR2 or NF-κB knock-out mice. Our study demon-
strated that knock-out of TLR2 or NF-κB prevented 
Tregs elimination and increased the population of Th1 
and Th17 cells after nerve xenografting. Recent stud-
ies suggested that TLR ligands regulate T cell activa-
tion, as well as T cell differentiation [17, 19]. There-
fore, TLR2 ligands may modulate T cell population 
through NF-κB by direct action because TLR2 are 
present on Tregs and Th cells. TLR2 was reported play 
a role in Tregs proliferation, and activation of TLR2 
can cause increased activity of Tregs [20, 21]. In addi-
tion, reduction of Tregs was observed in TLR2-/- mice 
[22]. However, TLR2 also promotes Th1 and Th17 cell 
polarization [23]. Activation of TLRs also activates 
effector Th cells to enhance Th cell-mediated cytotox-
icity and result in transplantation failure [8, 20]. 
Therefore, the graft immune tolerance and transplan-
tation success may correlate with the balance of 
Treg/Th cells [8, 24].  

The TLR2-coupled protein, MyD88, is reported 
to be important for Th17 immunity against allogeneic 
grafts [25]. A similar study also suggested that TLR2 
signaling leads to Th1 immunity [26]. Although a 
previous study suggested that TLR2 activation pro-
motes the Th2 immune response [27], knock-out of 
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TLR2 altered Th1 but not Th2 population after nerve 
xenografting in this study. According to the Th1/Th2 
balance hypothesis [10], the TLR2-NF-κB signaling 
pathway might have influenced the Th1-driven im-
mune response in our nerve xenograft animal model. 

Th17 cells, a newly recognized distinct subset of 
T helper cells, have been shown to play an important 
role in murine autoimmune diseases. They express a 
variety of potent proinflammatory cytokines in sev-
eral autoimmune states [28]. Stimulation of 
TLR-induced NF-κB activation promotes differentia-
tion of activated T cells into Th1 and Th17 cells [29]. 
Th1 and Th17 cells both activate in response to tissue 
transplantation to produce cytotoxicity [2]. Our re-
sults demonstrated that decrease of the Th1 and Th17 
population in nerve xenografting in the TLR2-/- or 
NF-κB-/- mice, implying that reduction of Th1 and 
Th17 population may ameliorate tissue damage after 
nerve transplantation. 

Conclusions 
In conclusion, our results suggest that TLR2 and 

its downstream target NF-κB are important in im-
mune homeostasis. Knock-out of TLR2 or NF-κB 
prevented Tregs elimination and inhibited Th1 and 
Th17 populations increase, and thus may impair Th1- 
and Th17-driven immune response after nerve xeno-
grafting. TLR2 inhibitors may further provide a po-
tential prevention strategy for innate immuni-
ty-mediated graft rejection.  
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