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Abstract

Transfer of antigen-specific T cells into antigen-expressing lymphopenic recipients leads to the
sequential generation of Thl and Th17 effector and protective CD25*FoxP3* regulatory cells in the
periphery with surprisingly different kinetics. Such an experimental model is potentially valuable
for defining the stimuli that regulate lineage decision and plasticity of various T cell effectors and
peripheral regulatory T cells. Our studies have shown that IL-17 production occurs rapidly and
declines within the first week with the appearance of IFN-y producing T cells. Regulatory T cells
appear during the recovery phase of the disease. The factors that mediate this complex differentiation
originating from a starting naive T cell population remain to be defined.
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1. Introduction

It has been known for over twenty years that following antigen stimulation, T helper (Th) cells
may differentiate into at least two major subtypes with distinct cytokine profiles and functions
in the immune system. Th1 cells typically produce interferon (IFN)-y and TNF-a, are involved
in macrophage activation and play a role in autoimmune disease and tissue damage associated
with chronic infections. Th2 cells on the other hand produce Interleukin (IL)-4, IL-5and IL-13,
and play arole in allergic diseases and defense against helminthic parasites. The third and more
recently discovered subset is called the Th17 subset because its signature cytokine is 1L-17.
The role of IL-17 producing T cells in autoimmunity was discovered by the finding that loss
of IFN-y surprisingly resulted in worsened autoimmunity in mouse models of collagen-induced
arthritis and EAE [1,2]. Th17 cells are now considered a distinct lineage separate from Thl
and Th2 CD4™* T cells [3-7].
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IL-17 refers to a cytokine family comprising IL17 A, B C, D, E (IL-25) and F [8,9]. IL-17 is
a potent proinflammatory cytokine that aids in coordinating tissue inflammation by inducing
chemokines and other cytokines and matrix metalloproteases, and stimulating proliferation and
migration of neutrophils, reviewed in [10]. IL-17 expression can be detected in sera and tissues
in various autoimmune diseases — RA, MS, SLE —and other diseases of immune dysregulation
like asthma [11-14]. Furthermore, I1L-17 has been shown to be directly involved in mouse
models of joint inflammation of both cartilage and bone [15,16] and in the development of
EAE [17,18].

Regulatory T cells, identified by surface expression of CD4 and CD25 and by expression of
the functionally essential transcription factor FoxP3, have been investigated extensively in
animal models and humans. They have been shown to play a role in the induction and
maintenance of tolerance in a variety of different models. They may originate from the thymus
as well as from the periphery [19,20] . The latter is particularly interesting because it raises the
possibility that the nature of an immune response may dictate whether the same naive CD4*
T cells develops into a Thl, Th2, Th17 or Treg cell. Elucidating the exact mechanisms that
determine along which pathway a CD4* T cell differentiates has obvious implications for the
physiologic regulation as well as the manipulation of immune responses involved in pathogen
defense, autoimmunity and tolerance. In this article, we will review some of the regulatory
mechanisms that influence differentiation of CD4* T helper cells into Th1, Th17 or regulatory
T cells. We will also highlight how these CD4* T cell subpopulations interact with each other
and thus might influence the differentiation pathways.

2. Sequential development of Th17, Thl and regulatory T cells

We have established a transgenic mouse model in which a soluble model antigen (chicken
ovalbumin, OVA) is expressed ubiquitously in the mouse, subsequently referred to as soluble
Ovalbumin transgenic mice (SOVA Tg) [21]. If OVA-specific CD4" T cells from DO11.10 T
cell receptor (TCR) transgenic mice (DO11) are transferred into these SOVA Tg recipients,
they undergo a brief initial expansion and abortive activation followed by cell-intrinsic anergy,
and eventually, most of the antigen specific T cells are deleted [21]. Tolerance induction in
this system is not associated with any pathology and is extremely robust. In contrast, if the
SOVA Tg recipients are crossed onto a lymphocyte-deficient background, i.e. Rag™~, T cells
transferred into these “empty” recipients expand, and cause a severe systemic disease
characterized by weight loss and skin inflammation with many similarities to graft versus host
disease (GvHD) [22-24]. By isolating the antigen specific T cells after transfer, we were able
to determine their surface marker expression, cytokine profile and other aspects of their
functional capacity at various time points of the immune response. One of the strengths of this
model is the fact that we have eliminated several variables that may influence Th lineage
decisions. By limiting the T cell populationto T cells expressing a single specificity, differences
in TCR fine specificity and affinity cannot account for differences in T cell differentiation.
Furthermore, in most of these experiments we use DO11 mice that were crossed onto a
Rag ™/~ background, and thus all of the transferred T cells are homogenous naive cells.

Following the transferred DO11 T cells over time and in various tissues, including lymphoid
organs and peripheral sites, and determining their functional properties allows us to follow
differentiation of the T cells into the distinctive lineages and discern the intrinsic and
environmental mechanisms that influence the decision along which Th pathway the T helper
cells differentiate. In addition, by using antibody blockade or cytokine knock-out (KO) mice
as donors for adoptive transfer, we are also able to delineate how the Th subtypes influence
each other. Using these methods, we established that the disease that develops after the DO11
cells recognize their antigen in the absence of endogenous polyclonal T cells is characterized
by an early burst of interleukin-17 secretion by the transferred T cells [25]. Subsequently, this
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IL-17 response wanes, and the response is replaced by high numbers of IFN-y producing cells.
We observed this cytokine profile in lymphoid organs as well as in the skin, which is one of
the principal target organs in this disease model [25]. Similar to our model, Korn et al showed
that EAE was associated with an early burst of IL-17 and subsequently high numbers of IFN-
vy producing cells isolated from the central nervous system at various time points following
immunization with MOG 35-55/CFA. In the EAE model, the IL-17 response was almost
completely abrogated on an 1L-6 knock-out background whereas the interferon-gamma
response was preserved [26]. These data argue that in the context of a strong inflammatory
stimulus, e.g. mediated by IL-6, there are 2 subsequent phases of the immune response, the
first one being dominated by I1L-17, which is subsequently replaced by IFN-y. We postulate
that in lymphopenic recipients, the lack of competition with other endogenous lymphocytes
makes the transferred antigen-specific T cells responsive to the antigen even in the absence of
external inflammatory stimuli. However, once the response is initiated, it recapitulates the same
basic sequence of differentiation pathways, dominated by the early Th17 response.

In our model, antibody blockade or transfer of IL-17 deficient DO11 cells results in significant
reduction of skin disease Figure 1, [25]. These data demonstrate that IL-17 plays an essential
role in skin inflammation. However, we did not see any differences in weight loss or survival
of the IL-17 KO T cell recipients, suggesting that IL-17 may control only the inflammation in
peripheral tissues and not systemic manifestations. We established that even though we
obtained a very strong Th1l response in our model system, IFN-y does not play a role in any
aspect of the pathology — neither systemic disease as measured by weight loss nor tissue
inflammation. In contrast, lack of IFN-y or Thet exacerbated the skin disease by increasing the
interleukin-17 response [25]. Hirota et al used a mouse model of autoimmune arthritis (the
SKG mutant) resembling rheumatoid arthritis. Similar to our data, transfer of IL-17 wild-type
CDA4* T cells from SKG mice into Rag™~ animals caused arthritis, but the transfer of IL-17
KO CD4* T cells did not, indicating a pathogenetic role for IL-17 in the tissue inflammation.
IL-6 in this scenario was necessary for induction of arthritis and was produced mostly by the
antigen-presenting cells. Spontaneous arthritis developed only in SKG animals on an IFN-y
KO background and CD4* T cells from IFN-y KO SKG mice that were transferred into
Rag ™~ recipients produced larger amounts of IL-17 in an IL-6 dependent manner [27]. Using
another in vivo model in which adoptive transfer of naive CD4* T cells into Rag ™~ mice causes
a T cell dependent colitis, Noguchi et al showed that colitis can be inhibited by blocking IL-6
receptor. However, transfer of naive CD4* T cells from IL17 KO mice did not inhibit the
disease, suggesting that IL-17 is just one of the effector mechanisms that is triggered by I1L-6
[28].

These data stress several important points about the regulation of T cell differentiation in
vivo. First, Th1 and Th17 cells may arise with different kinetics. In our model, Th17 cells are
seen first and subsequently give way to a developing Thl response. Second, whether or not
Thl or Thi17 cells are harmful not only depends on the specific disease model but also on the
target tissue. Third, different aspects of disease may be affected by different subtypes of
differentiating T cells. In our disease model, Th17 cells have an important role in the
development of the skin disease but do not influence systemic disease as measured by weight
loss and wasting. While the initial immune response in our disease model is characterized by
Th17 and Th1 cells, there is a third, late phase in our disease model that is dominated by
development of Treg cells and recovery from disease, which we will discuss in detail below.
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3. Role of IL-2, transforming growth factor (TGF)-beta and Treg on Th17 T cell
differentiation

3.1. Development of peripheral Treg

It is well established that CD4* T cells that recognize self-antigens in the thymus and are not
deleted develop into CD4*CD25* regulatory T cells that express FoxP3. In addition to these
centrally generated regulatory T cells, Treg cells may also be generated in the periphery.
Thorstenson et al. used a model of DO11 T cell transfer into mice which had been immunized
with OVA peptide and observed that the absolute number of CD25* DO11 cells increased
when using a lower antigen dose and a weaker immunogenic stimulus [29]. Apostolou et al.
demonstrated that CD25*FoxP3* Treg could be generated in thymectomized TCR Tg
Rag~~ animals in which the cognate antigen was secreted by an osmotic pump [20]. Similar
observations were made when antigen was delivered coupled to DC-specific monoclonal anti-
DEC205 antibody and Treg, presumably generated in the periphery, were generated with and
without inflammatory stimuli, but with different kinetics and after a different number of cell
divisions [30]. Treg have also been shown to be accumulating in the context of an immune
response to a pathogen such as leishmania major [31].

In our model, the early phase of the reaction, with strong effector function and early 1L-17 and
subsequent IFN-y production and severe clinical phenotype, is followed by clinical recovery
and the establishment of tolerance. This later phase coincides with the appearance of CD4*
CD25*FoxP3* Treg about two weeks after T cell transfer. Similar to the studies outlined above,
these cells are generated in the periphery since the transferred DO11 cells are on a
Rag~background and do not contain any FoxP3* cells prior to transfer and the experiments
were repeated in thymectomized animals [19].

It is unknown which signals drive peripheral Treg development. One might speculate that the
microenvironment in which a T cell undergoes activation determines which differentiation
route a cell takes. This could be through cytokine secretion, innate immune stimuli indirect via
TLR signaling to dendritic cells, and also through interaction with other T cells within that
environment.

It has been described in vitro that regulatory T cells can promote interleukin-17 production by
means of TGF- secretion [5,6]. Using T cells from mice that carry a TGF-f dominant negative
receptor we were able to show that IL-17 production is reduced if TGF-f signals are blocked
(unpublished results). It is, however, unlikely that peripherally generated Treg in this model
could be the source of TGF-p driving IL-17 production, because IL-17 production has tapered
off by the time a significant Treg population is present.

3.2. Protective and potentially pro-inflammatory roles of Treg

Bettelli et al showed that TGF-B, although extensively shown to have protective properties in
various models of autoimmunity, can have deleterious effects in EAE mediated by
interleukin-17. In an EAE model where TGF-f transgenic mice were immunized with MOG
35-55 peptide the TGF-p transgene exacerbated the disease and this was associated with
increased production of 1L-17 and decreased numbers of FoxP3* cells [6]. While one could
hypothesize based on these data that regulatory T cells may actually exacerbate the skin disease
depending on the timing of their appearance, in our model we have failed to demonstrate any
such effect by co-transferring Treg at various time points. In our model Treg are found when
the Th17 response has already declined. In order to evaluate whether Treg, either by TGF-§3
or other mechanisms, have the capacity to increase the Th17 response we co-transferred
thymically generated Treg together with naive DO11 Rag ™~ cells. These experiments showed
that Treg may indeed increase the ratio of IL-17 producing cells, however, their effect on
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limiting the initial proliferation of naive T cells is so profound that the net effect is a severe
reduction of absolute Th17 cell numbers.

We have also found that the co-transferred Treg substantially inhibited Th1 cytokines including
IL-2 and IFN-y. While IFN-y does not play a pathogenic role in our model but rather a protective
one by limiting IL-17 production, IL-2 is crucially important for pathogenesis, and in the
absence of IL-2, mortality and systemic disease is almost completely abrogated. By co-
transferring Treg at different time points after the effector cells have already accumulated we
have attempted to define a time point at which the Treg mediated inhibition of cell proliferation
is irrelevant and the Treg mediated shift towards Th17 producing cells may predominate.
However, at any time point and cell dose that we studied, the protective effect of Treg, either
by limiting proliferation and accumulation of effector cells or by limiting certain types of
effector cytokines, always outweighed their potential to increase inflammation and
pathogenicity by promoting Th17 cells. It is, therefore, unclear if there are any circumstances
under which the effect of promoting Th17 cells by Treg dominates over their protective function
and thus makes them pathogenic. It is possible that Treg influence other proinflammatory
targets in a similar way as they promote IL-17. However, given that there are many studies
demonstrating the protective effect of Treg in a variety of different models, under most
circumstances their protective effect appears to outweigh their inflammatory potential.

3. 3. Role of IL-2 in controlling and stimulating pathologic T cell responses

We addressed the role of IL-2 in the development of disease in our model system by using
donor T cells and recipients on an IL-2 KO background. Since IL-2 has been described as a
crucial cytokine for both Th1 development and Treg generation, we hypothesized that disease
would be exacerbated since both the Th1 response as well as the regulatory T cell development
confer a protective effect. Indeed, we observed significant worsening of the skin disease
associated with larger numbers of antigen-specific Th17 cells that migrated to the skin in the
absence of IL-2. Transferred IL-2 KO T cells produce IL-17 to a much larger extent than WT
T cells. Interestingly, only the skin disease was more severe, while systemic disease as
measured by weight loss and wasting was significantly milder [19,25]. This is different from
published data on in vitro induction of IL-17 production where there was no difference in IL-17
production in the presence or absence of IL-2. However, other in vivo studies also show that
IL-17 production is increased in the absence of IL-2 [32], confirming that IL-2 does play a role
in limiting IL-17 production in vivo.

These and data from other groups demonstrate that a particular cytokine cannot strictly be
perceived as either protective or pathogenic but the exact effects that a cytokine has depend
on multiple parameters.

Finally, these results raise an important question of how stable or plastic the various T cell
lineages are, an issue that is currently under active investigation in many labs. Recent data from
Xu et al have shown that in vitro stimulation of CD4*FoxP3* T cells from FoxP3-reporter mice
in the presence of IL-6 led to differentiation of FoxP3* cells into IL-17 producing cells.
Interestingly, the FoxP3* cells did not differentiate into IFN-y producing cells in vitro if
stimulated under Th1 differentiation conditions [33]. Thus, some plasticity between FoxP3*
cells and Th17 cells appears to exist, whereas the dichotomy between FoxP3* cells and Thl
appears to be more rigid, at least in vitro.

4. Conclusions

In summary, many variables contribute to regulation and effector functions of Thl, Th17 and
regulatory T cells. Most of the available data suggest that strong inflammation mediated by
IL-6 or other cytokines results in early Th17 differentiation, which gives way to subsequent
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Th1 development and inhibits Treg development. Inhibition of Th1l development promotes
Th17 differentiation and increases the pathology that is mediated by IL-17. IL-2 has multiple
roles in this sequence of events. It is a major factor for Th1 development but also for Treg
differentiation and limits IL-17 production. In our model, lack of IL-2 leads to both higher
numbers of Th17 cells in the peripheral organ and lymphatic system, demonstrating that strong
induction of pathogenic Th17 cells can occur in the absence of Treg and their ability to produce
TGF-p is completely dispensable. IL-17 has been shown to have pathogenic effects in models
of EAE and arthritis and affects skin disease in our model. These results provide insight into
the complex relations between various CD4™* T cell subsets. The potential relationship between
Th1, Th17 and regulatory T cells is demonstrated in Figure 2.

It has also become clear that the development of these CD4™ helper cell subtypes is crucially
dependent on multidimensional variables. These include 1) the specific disease model, which
may be defined by the kind and the distribution of the antigen that elicits the immune response,
2) the timing of cytokine secretion by the T cells themselves, by the stimulating APC, or other
bystander cell populations, 3) the organ site involved, and 4) other stimulatory events, which
may differ on the specific type of APC and TLR profile involved. Furthermore, lymphopenia
might play arole in exacerbating T cell activation and leading to breakdown of T cell tolerance.
Potential scenarios include prolonged or increased effector differentiation, imbalances in the
differentiation of effector and regulatory cells and prevention or slower kinetics of anergy
induction. Interestingly certain autoimmune diseases such as systemic lupus erythematosus
and type 1 diabetes may be associated with some degree of lymphopenia. The effect of
lymphopeniaon T cell activation, however, will likely depend on multifactorial changes within
the host, which will be difficult to tease out.

This multidimensional scenario may be complicated even more by possible plasticity and de-
differentiation between these subpopulations. While in vitro studies are the indispensable first
step to define basic mechanisms, more in vivo studies are needed to further define the
significance of each of these regulatory pathways in vivo in mice and ultimately in man.
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Figure 1. DO11 IL-17 KO T cells cause less alopecia

1 x 10% sorted CD4*CD25~ DO11 T cells from either WT or IL-17 KO mice were transferred
into SOVA Tg Rag—/— recipients and alopecia was scored over time (alopecia<lcm=1,1-
2cm =2, and > 2 cm = 3 points, respectively).
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Figure 2. Model of plasticity and lineage relationship of Thi, Th17 effector cells and regulatory T
cells

Transfer of naive CD4 T cells into lymphopenic antigen-expressing recipients leads to initial
Th17 development that is followed by predominance of IFN-y producing cells. Peripherally
generated regulatory T cells appear during the recovery phase of the disease.
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