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Abstract
Purpose of review—This review aims to provide an overview of the latest evidence for the
involvement of Th17 cells in the rejection of solid organ allografts. It will also consider the
implications of the relationship between the differentiation pathways of Th17 and regulatory T
cells (Tregs), as well as their plasticity in the context of transplantation tolerance.

Recent findings—In the absence of the Th1 lineage in vivo, Th17 cells are capable of rejecting
cardiac allografts, showing the capacity of Th17 cells to cause allograft rejection, at least in
experimental models. Th17 cells are relatively unsusceptible to suppression by Tregs, although
this may be context dependent. Furthermore, addition of inflammatory signals to a Treg inducing
environment leads to Th17 development and established Tregs can be converted to Th17 cells
under inflammatory conditions.

Summary—The capacity of Th17 cells to cause allograft rejection is becoming increasingly
clear. However, the role and contribution of Th17 cells in allograft rejection in the presence of the
full orchestra of T helper cells remains elusive. The apparent resistance of Th17 to be suppressed
by Tregs may pose a hurdle for effective immunosuppression and tolerance inducing protocols.
Furthermore, the close developmental pathways of Th17 and Tregs and the ability of Tregs to
convert into Th17 cells in the presence of inflammatory signals may impede the establishment of
specific unresponsiveness to donor alloantigens in vivo.
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Introduction
Subsets of T helper cells that develop following repeated antigen stimulation have
classically been characterised by their profile of cytokine production into either Th1 or Th2
cells. Th1 cells mainly produce IFN-γ and are involved in cell-mediated inflammatory
responses and B cell class switching to complement fixing IgG antibodies, whereas Th2
cells are potent producers of IL-4, IL-5, and IL-13, and are associated with IgE class
switching and recruitment of eosinophils. Recently, a novel subset of T helper cells, called
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Th17, has been characterised by the production of IL-17 [1,2]. In addition, Th17 cells have
the ability to produce IL-17F, IL-21 and IL-22 [3]. Th17 cells are important for the
clearance of a variety of pathogens [4], and it has been postulated that the primary function
of Th17 cells is to clear pathogens that are not adequately handled by Th1 or Th2 cells [5].
Apart from their protective functions, Th17 cells have been associated with numerous
autoimmune and inflammatory diseases [4].

The developmental conditions and transcription factors of the Th17 lineage have also been
elucidated, although some controversy still exists. Differentiation of naïve T cells into Th17
cells is driven by TGF-β together with IL-6, or TGF-β with IL-21, whereas IL-23 serves as a
stabilizing factor for the commitment to the Th17 lineage [6-11]. In addition, the
involvement of IL-1β in the development of Th17 cells has been shown in both human and
mouse studies [12,13]. Downstream of IL-6, IL-21, and IL-23, signal transducer and
activator of transcription 3 (STAT3) is activated by phosphorylation [14-16]. The
transcription factor retinoid-related orphan receptor γt (RORγt) is downstream of STAT3
and has been implicated as the key transcription factor for the Th17 subset [17].

This review summarizes the data that have been published on the role of Th17 in organ
transplantation recently. Furthermore, the possible impact of the differentiation relationship
and plasticity of Th17 and Treg on transplantation tolerance will be discussed.

Th17 cells and allograft rejection
Early work showing a prolongation of graft survival due to blockade of IL-17 in a mouse
cardiac allograft model has led to the notion that IL-17 may be involved in the rejection of
allografts [18,19]. Since then, the Th17 subset has been defined and by inference has been
suggested to be the cell type responsible for IL-17 dependent graft rejection. Indeed, novel
data in a variety of model systems suggest the involvement of Th17 cells in the rejection of
solid organ allografts. Th17 cells have been shown to reside within the allogeneic T cell
compartment in both mouse and human. When CD4+ T cells were cultured with MHC class
II mismatched bone marrow dendritic cells, a fraction of the cells proliferated and produced
IL-17, suggesting that alloreactive T cells can have a Th17 phenotype [20]. Even more so,
by quantification of the alloreactive memory CD4+ T cell repertoire in normal human blood,
it was shown that high percentages of alloreactive cells produced IL-17 [21*].

Galectin-9, a member of the galectin family that has cytotoxic effects on Th1 and Th17
cells, prolonged graft survival in a fully allogeneic mouse cardiac allograft model.
Decreased intragraft mRNA levels of both IFN-γ and IL-17 suggested the involvement of
both Th1 and Th17 in graft rejection. However, the individual contribution of these cell
types to rejection was not investigated [22]. In a mouse model of collagen V (col(V))
induced acute lung rejection, IL-17 mRNA levels in the lung draining lymph node were
increased [23*]. Moreover, co-injection of col(V) sensitized lymph node cells with the
antigen col(V) lead to a delayed-type hypersensitivity (DTH) reaction, whereas the same
protocol under the cover of an IL-17 neutralizing antibody showed an attenuated DTH
response, confirming at least a partial role for IL-17 in the rejection process. Additional
indirect evidence for the involvement of Th17 in allograft rejection came from a study by
Pober and colleagues, who showed a modest neutrophil infiltration upon injection of IL-17
in human skin grafts transplanted onto immunodeficient mice, resulting in mild
inflammation [24]. Moreover, transplantation of human artery allografts in humanised mice
caused IL-1 driven T cell infiltration coinciding with IL-17 expression. Blockade of IL-17
did not alter total T cell infiltration but reduced graft expression of several chemokines,
which likely altered the inflammatory response. IL-17 produced by Th17 cells may therefore
be involved in allograft rejection. However, for the interpretation of these data it is
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important to remember that multiple cell types can produce IL-17 [5], and therefore it is
conceivable that cell types other than Th17 are involved in these inflammatory responses.

Direct evidence on the ability of Th17 cells to cause cardiac allograft rejection came from
experiments using mice lacking the Th1 specific transcription factor T-bet. Upon receiving
MHC class II mismatched vascularised cardiac allografts, these mice experienced
accelerated rejection compared to wild type mice. Histology showed clear signs of
vasculopathy, coinciding with an increase of IL-17 expressing lymphocytes and neutrophils.
Neutralization of IL-17 resulted in significant prolongation of allograft survival, suggesting
that IL-17 was responsible for the rejection [25]. Similarly, CD8+ IL-17 producing cells
were associated with costimulator blockade resistant rejection of vascularised cardiac
allografts in T-bet knockout mice [26]. Neutralization of either IL-17 or IL-6 negated
rejection, confirming the role of IL-17 in this mouse model. From these studies it is apparent
that, in the absence of the Th1 pathway of rejection, Th17 cells have the ability to cause
allograft rejection. However, from these data it is not clear what the contribution of Th17
cells would be in wild-type recipients. The involvement of Th17 in rejection in the presence
of a Th1 response was studied in a model system in which inflammation by TLR signalling
was used to elicit allograft rejection. Administration of TLR9 ligand CpG at time of
transplantation abrogated costimulator blockade mediated cardiac allograft acceptance in
wild type mice by the induction of the inflammatory cytokines IFN-γ and IL-17.
Interestingly, when both IL-6 and IL-17 were eliminated, CpG failed to abrogate rejection,
indicating an important role for Th17 cells in allograft rejection [27**]. However, a similar
study indicates that IFN-γ plays a role in this setting as well, suggesting that Th17 cells
have the capacity to cause rejection, but may be redundant [28]. Further evidence that Th17
cells contribute to the rejection process but are not required for the rejection of allografts
came from a corneal transplant model. Mice deficient of IL-17 experienced delayed graft
rejection compared to wild-type mice, but overall graft survival remained unaffected [29].
Furthermore, the contribution of Th17 cells in clinical transplantation has not yet been
widely established. In our preliminary analysis of peripheral blood from renal transplant
recipients with acute rejection we can find no evidence for a Th17 signature (San Segundo,
Heidt and Wood, unpublished results).

Regulation of Th17 responses
Transplantation tolerance, the long-lived presence of an allograft without the need of
immunosuppression, remains the Holy Grail of transplantation. One of the ways to achieve
transplantation tolerance may be by induction or transfer of regulatory T cells (Tregs [30]).
Regulatory T cells, both naturally occurring (nTreg), as well as induced (iTreg) are capable
of inhibiting a variety of cellular immune responses by cell contact or soluble mediators,
respectively. Tregs have been shown to prolong graft survival in various mouse models,
although there are limitations to those studies [31]. Since Th17 cells appear to be at least
involved in transplant rejection, it is important to determine the ability of Tregs to inhibit
Th17 mediated immune responses.

Interestingly, when tested in a proliferation inhibition assay, a Th17 clone proved to be
resistant to autologous Treg suppression, whereas Th1 and Th2 clones were susceptible to
suppression [32]. In line with these observations, Tregs failed to affect IL-17 production
when added to CD4+ memory T cells, whereas IFN-γ production was significantly inhibited
[33]. Moreover, Tregs promoted the induction of Th17 cells as shown by an increase in the
percentage of IL-17+ cells. Likewise, in an MHC class II mismatched mixed lymphocyte
reaction, polyclonal nTregs were capable of inhibiting the production of IFN-γ, IL-2 and
IL-13 by CD4+ cells, but actually enhanced the production of IL-17 [20].
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Additionally, the resistance of Th17 to Treg mediated suppression has been shown in
various autoimmune models. Interestingly, in many of these models, the relative
unresponsiveness of Th17 cells to regulation compared to other T helper subsets has been
shown. In a type I diabetes mouse model, polyclonal iTregs reduced the percentage of IFN-
γ producing cells as well as their IFN-γ production, but did not affect the Th17 population
[34]. Similar findings were made in a passive transfer model of experimental autoimmune
encephalomyelitis (EAE), where the administration of effector T cells resulted in the
development of a profound population of Tregs. When tested in vitro, these Tregs were
capable of inhibiting the IFN-γ response of CD4+CD25− cells towards antigen, but not the
IL-17 response [35]. In a model for autoimmune gastritis, each of the three subsets of T
helper cells was capable of inducing disease, allowing comparison of the effect of Tregs on
all three subsets. Whereas both Th1 and Th2 responses could be inhibited by the addition of
polyclonal Tregs, Th17 responses were unaffected by Treg suppression, suggesting that
Th17 cells are relatively resistant to suppression by Tregs [36]. However, in the same
setting, more potent antigen specific Tregs were capable of inhibiting Th17 responses [37].
Similarly, in the setting of col(V)-induced acute lung isograft rejection, in which an essential
role for Th17 cells has been described, splenocytes from col(V)-tolerant mice were capable
of ameliorating lung isograft rejection [23*]. These data indicate that antigen specific Tregs
may be capable of suppressing Th17 cells, whereas polyclonal Tregs appear to have no or
little effect on Th17 cells.

The apparent lower susceptibility of Th17 cells to be suppressed by Tregs as compared to
Th1 and Th2 subsets may pose a serious hurdle to overcome when aiming at establishing
transplantation tolerance. However, whether Th17 cells are equally sensitive to regulation as
their Th1 and Th2 counterparts in the context of transplantation has yet to be firmly
established. Our preliminary data suggest that mesenchymal stem cells are more potent than
Treg in their ability to suppress Th17 mediated rejection in vivo (Feng, Ding, Bushell and
Wood, unpublished data). Nonetheless, it appears that antigen specific Tregs may be potent
enough to attenuate Th17 driven immune responses. Whether the same holds true for
allogeneic Th17 responses is yet to be determined.

Developmental pathways and plasticity of Th17 and Tregs
Induction of CD4+CD25+Foxp3+ Tregs from CD4+CD25− cells requires the presence of
TGF-β [38]. However, by using Foxp3-GFP reporter mice, it was shown that addition of
IL-6 to TGF-β inhibited the generation of CD4+CD25+Foxp3+ Tregs. Instead, a profound
induction of Th17 cells occurred, suggesting that Tregs and Th17 cells can develop from the
same precursors depending on the cytokine environment [6]. TGF-β produced by Tregs with
the addition of exogenous IL-6 was sufficient for Th17 development [39]. Likewise,
culturing naïve T cells with IL-6 deficient antigen presenting cells (APC) under Treg
differentiation conditions resulted in the induction of Tregs and not of Th17 cells, whereas
culturing with IL-6 competent APCs abrogated Treg differentiation and induced Th17 cell
differentiation [27**]. These findings were confirmed in a study in which increased levels of
Th17 cells were observed due to the knockout of STAT5, a transcription factor essential for
Tregs to respond to IL-2 [40].

The molecular basis for the reciprocal developmental pathways of Tregs and Th17 cells has
recently been elucidated. TGF-β induces the expression of both the Treg transcription factor
Foxp3, as well as the Th17 specific transcription factor RORγt. In the absence of IL-6,
Foxp3 represses RORγt, establishing a Treg phenotype. However, when IL-6 is present,
Foxp3 levels are reduced, releasing RORγt from Foxp3 suppression, which leads to a Th17
phenotype [41,42].
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Besides the development of Th17 cells from CD4+CD25−Foxp3− cells in the presence of
TGF-β production from Tregs supplemented with IL-6, the conversion of Tregs towards
Th17 cells themselves occurs under these conditions [39]. The conversion of established
CD4+CD25+Foxp3+ Tregs towards IL-17 producing cells in addition to their reciprocal
developmental pathway has been confirmed to occur in vitro under inflammatory conditions
[43,44], as well as in vivo [13,42]. This conversion of Tregs towards a Th17 phenotype truly
affects their function, since Tregs converted in vivo by IL-6 production from DC were found
to be capable of breaking immune tolerance causing diabetes in a mouse model [45].

Treg conversion towards Th17 cells appears to be gradual. A subset of Foxp3+ Tregs with
the ability of producing IL-17, depending on the nature of the stimulus they received was
recently described [46*]. By analogy with previous studies, the pro-inflammatory cytokines
IL-1 and IL-6 led to the production of IL-17. The presence of Th17 producing Foxp3+ was
confirmed in other studies, further establishing the presence of a transitional state in between
Tregs and Th17 cells [39,44,47*]. Of note, Foxp3+ Tregs producing IL-17 have some
phenotypic and functional dissimilarities with conventional Th17 cells, suggesting that these
cells, and their function, may be slightly different [48**].

Given the above, it may not be surprising that CpG induced IL-6 production favoured the
development of Th17 cells instead of Tregs, leading to allograft rejection in a murine cardiac
transplant model [27]. These data are of interest when one takes into account the production
of inflammatory cytokines, including IL-1 and IL-6, due to the impact of ischemia
reperfusion injury at the time of transplantation [49]. Indeed, in both vascularised heart iso-
and allografts, an early peak of the acute phase cytokines TNF and IL-6 were observed [50],
indicating that the mere procedure of transplantation may already skew the immune
response away from a tolerant Treg phenotype towards an inflammatory Th17 phenotype.

Discussion
Th17 cells represent a novel subset of T helper cells that can potentially lead or contribute to
allograft rejection. However, it is not clear whether the presence of Th17 cells is a
prerequisite for allograft rejection, although current data suggest that both Th1 and Th17
cells play a role. Work in autoimmunity suggests that Th17 cells may contribute to the
immune response mainly in the context of a Th1-initiated immune response [51].
Alternatively, both subsets may act sequentially with different effector functions, as has also
been suggested for autoimmune diseases [52]. In concert with the latter, early involvement
of IL-17 in the rejection of kidney allografts has been shown in both murine and human
studies, suggesting a role of Th17 cells particularly in the initiation of rejection [53,54].

In the absence of a Th1 response, Th17 cells clearly can give rise to transplant rejection.
However, both the Th1 transcription factor T-bet as well as the Th1 cytokine IFN-γ has
been shown to inhibit the development of the Th17 lineage [1,2,25,26]. Indeed, there exists a
substantial cross-regulation of T helper subsets [55]. Therefore, the question remains
whether the contribution of Th17 cells in the presence of a Th1 response is significant. This
question needs to be addressed in systems where the Th17 subset is specifically targeted
and/or quantified in the presence of both Th1 and Th2 subsets, which is complicated by the
fact that Th17 cytokines and cell surface markers are not unique for the Th17 subset [51].

Importantly, when thinking of interfering with rejection by the use of Tregs, it is vital to
consider the plasticity of the subset, since the presence of inflammatory cytokines in vivo
may potentially tip the balance towards a Th17 driven immune response. Targeting these
inflammatory signals in concert with the administration or induction of Tregs may be
required to achieve Treg mediated transplantation tolerance.
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Conclusion
It is becoming clear that Th17 cells can cause or at least contribute to allograft rejection in
certain settings. However, in the complex immune response towards an allograft, involving a
multitude of cell types, the role of Th17 cells is yet to be defined. It is important to establish
what role Th17 cells play in the rejection of allografts since Th17 cells appear to be
relatively resistant to regulation. Moreover, the fact that organ transplantation initially
creates an inflammatory environment in which Tregs potentially can convert into Th17 cells
should be taken into consideration when thinking about Treg therapy.

Recent work suggests a potential role of Th17 cells in organ transplantation, however, much
research needs to be done to understand the impact of this cell type in the heterogeneity of
an alloimmune response.
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