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Abstract

Leptin is an adipose-secreted hormone that plays an important role in both metabolism and
immunity. Leptin has been shown to induce Th1-cell polarization and inhibit Th2-cell responses.
Additionally, leptin induces Th17-cell responses, inhibits regulatory T (Treg) cells and modulates
autoimmune diseases. Here, we investigated whether leptin mediates its activity on T cells by
influencing dendritic cells (DCs) to promote Th17 and Treg-cell immune responses in mice. We
observed that leptin deficiency (i) reduced the expression of DC maturation markers, (ii) decreased
DC production of IL-12, TNF-a, and IL-6, (iii) increased DC production of TGF-, and (iv)
limited the capacity of DCs to induce syngeneic CD4* T-cell proliferation. As a consequence of
this unique phenotype, DCs generated under leptin-free conditions induced Treg or Ty17 cells
more efficiently than DCs generated in the presence of leptin. These data indicate important roles
for leptin in DC homeostasis and the initiation and maintenance of inflammatory and regulatory
immune responses by DCs.
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Introduction

Adipose tissue secretes several biologically active molecules, known as adipokines,
including leptin, resistin, and adiponectin. Adipokines can act as local (autocrine/paracrine)
and systemic (endocrine) regulators of insulin sensitivity, immune responses, cardiovascular
function, and many other physiologic processes [1]. Thus, leptin provides a critical link
between the environment, metabolism, and immune function [2-4].

Leptin signals via the leptin receptor (ObR), which exists in several isoforms. Leptin
receptors have identical extracellular domains, but only the long form of the leptin receptor
(ObRDb) has a long intracytoplasmic domain that signals through the janus kinase (Jak)/STAT
pathway, leading to STAT3 phosphorylation [5]. Initial studies have shown that leptin-
deficient (Lep®/°b) and leptin receptor deficient (Lepd®/d0) transgenic mice have reduced
numbers of leukocytes in peripheral lymphoid tissues and exhibit impaired immune
responses [6]. Moreover, leptin accelerates the progression of several autoimmune diseases,
including antigen-induced arthritis, experimental autoimmune encephalomyelitis (EAE), and
colitis, and also accelerates transplant rejection [7—12]. In contrast, Lep®/°® mice are
refractory to autoimmunity and transplant rejection [7-12]. Leptin modulates immune
responses by acting on a variety of immune cells, including T cells, B cells, macrophages,
and dendritic cells (DCs). Leptin also enhances proliferation and proinflammatory cytokine
secretion by these leukocyte populations [13-17].

Antigen-presenting cells (APCs), including DCs, deliver antigens and produce cytokines,
stimulating naive CD4* T cells to expand clonally and differentiate into proinflammatory T
helper 1 (Th1), Th2, and Th17-cell subsets or anti-inflammatory regulatory T (Treg) cells
[18]. Leptin has been shown to modulate this process [19, 20]. Lepd?/dd mice have increased
numbers of Treg cells and greater Treg-cell suppressive activity [21]. Moreover, CD4* T
cells from Lepd2/db mice proliferate less than wild-type (WT) CD4* T cells in response to
polyclonal anti-CD3/anti-CD28 stimulation [20]. Additionally, leptin (i) drives
proinflammatory Thl-type immune responses [3, 22], (ii) inhibits Th2-cell-type polarization
[7, 22], (iii) suppresses Treg-cell proliferation [23] and generation [7], and (iv) drives Th17-
cell-type immune responses [12,24].

Classically, APCs activate CD4* T cells through three signals: (i) cognate peptide antigens
presented on major histocompatibility complex class 1l (MHC-11) molecules, (ii)
costimulatory molecules (CD40, CD80, and CD86), and (iii) cytokines. All three signals
shape the differentiation of naive CD4* T cells into effector CD4* T-cell subsets [18].
However, DC maturation and survival is modulated by leptin through the activation of
antiapoptotic nuclear factor-xB [25]. As a result, the treatment of DCs with leptin increases
proinflammatory IL-12, IL-6, and IL-1 production and decreases anti-inflammatory I1L-10
production [25]. Furthermore, both immature DC (iDC) and mature DC (mDC) bone
marrow derived DCs (BMDCs) from Lep®?/°? and Lepd?/db show decreased costimulatory
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molecule expression and are impaired in their ability to stimulate allogeneic T-cell
proliferation in vitro [13].

Although leptin has been shown to directly affect DCs and CD4* T-cell populations in APC-
free systems [7,13,17,22,23,26], the impact of DC—leptin interactions on T-cell fate is not
established. The results reported herein suggest that DCs generated in the absence of leptin
have a unique profile that induces Treg cells or Th17 cells under specific in vitro conditions.

Leptin is required for generation and complete maturation of DCs

As leptin is an important adipokine for DC generation and maturation [13, 25, 26], we first
confirmed that the leptin receptor is expressed in DCs [13, 26]. CD11c™ cells in the spleen
and lymph nodes (LNs) express the long form of the leptin receptor, ObRb (Supporting
Information Fig. 1A). Moreover, leptin induces STAT3 phosphorylation in leukocytes
(Supporting Information Fig. 1B). Furthermore, Lep®°P mice had a lower percentage (Fig.
1A and B) and absolute number (Supporting Information Fig. 2) of CD11c*MHC-II" cells
when compared with WT control littermates (WT).

To further understand the effects of leptin on DC generation and maturation, we generated
iDCs and mDCs from Lep®/°P mice and cultured these cells in the complete absence of
leptin using autologous serum from the leptin-deficient mice (Lep®®°P). Autologous leptin-
free serum was used in all experiments in order to prevent contamination with exogenous
leptin that might be present in the fetal bovine serum (FBS). Moreover, using this model, we
can compare iDCs and mDCs generated in the presence of recombinant leptin (rLep)
(Lep0/ob|_ep iDCs and mDCs) with those generated in the complete absence of leptin
(Lep®/ob iDCs and mDCs).

Lep©P/ob DCs generated in the absence of leptin exhibit a lower CD11c*MHC-I1* cell
frequency as compared with the Lep®?/°PLep DCs and WT DCs (Fig. 2A), suggesting
reduced maturation in the absence of leptin as previously described [13,26]. There was,
however, no difference in absolute CD11c* cell number (data not shown). To assess
transcriptional changes between DCs differentiated in the presence and absence of leptin, we
next analyzed WT DCs, Lep®/°0 DCs, and Lep®/°°ep DCs at the transcriptional and
protein levels.

DCs generated from the Lep®P/°P mice had a gene expression profile that was distinct from
that of DCs generated from WT mice (Fig. 2B, left panel), whereas Lep°?/oP|ep DCs (Fig.
2B, right panel) had a gene expression profile that was similar to WT DCs. Specifically,
Lep®P/ob DCs had lower mRNA and protein expression of the costimulatory molecules
CD40, CD80, and CD86 (Fig. 2C and D); the antigen-presentation molecules H2-Dma
(histocompatibility 2, class Il, locus DM) and MHC-I1 (Fig. 2C and D); the NF-xB pathway-
related transcripts nfkb2 and Relb (Fig. 2C); and the proinflammatory cytokines IL-12, TNF,
and IL-6 (Fig. 2C and E). In contrast, CD36 mRNA was increased in Lep®?/°b compared to
WT iDCs and mDCs (Fig. 2C). Once again, rLep restored the WT-like phenotype in
Lep©P/o0 iDCs and mDCs. As reported by Lam et al. [13], DCs from leptin receptor deficient
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Lepdt/db mice expressed lower levels of MHC-11 and costimulatory molecules (Supporting
Information Fig. 3).

Since Lep°P/o0 DCs express lower levels of MHC-11 and costimulatory molecules, we
investigated whether Lep®?/°b DCs also express more anti-inflammatory molecules.
Surprisingly, compared to WT and Lep°P/°P|ep DCs, Lep®’°b DCs expressed more
bioactive TGF-B (Fig. 2F), but lower levels of IDO and PDL-1, and similar levels of IL-10
(Supporting Information Fig. 4). This indicates that TGF-f, but not IL-10, IDO, and PDL-1,
may account for the anti-inflammatory properties of Lep°?/° DCs.

As DCs from Lepd?/db and Lep©P/0P mice induce less proliferation in allogeneic CD4* T
cells as compared to WT DCs [13, 26], we asked whether this was also true when using
syngeneic CD4* T cells. Sorted syngeneic WT CD4* T cells were co-cultured with anti-
CD3 antibody and Lep®/ob, epob/ob| ep, or WT DCs for 5 days. Strikingly, Lep°?/°b mDCs
induced less CD4* T-cell proliferation as compared to WT mDCs (Fig. 3A and B). In
contrast, Lep®/°|ep DCs induced similar proliferation of CD4* T cells, as compared to
WT mDCs, demonstrating that leptin plays an important role in promoting DC stimulatory
capacity (Fig. 3A and B). Similar to Lep®?’°b mDCs, Lep?/db mDCs induced less syngeneic
CD4" T-cell proliferation than WT DCs (Supporting Information Fig. 5).

As leptin is associated with Thl-cell responses [7, 15, 22], we next measured cytokine levels
in DC-stimulated CD4* T-cell cultures. The supernatant of Lep®/°® mDC-stimulated CD4*
T-cell cultures contained lower levels of Thl-cell-related cytokines (IFN-y and IL-2) as well
as other proinflammatory cytokines (IL-6, IL-12, TNF-a, and MCP-1) as compared to the
supernatant of WT mDC-stimulated CD4* T-cell cultures (Fig. 3C). In contrast, Lep®/°0L_ep
and WT mDC-stimulated CD4* T-cell cultures contained similar cytokine levels (data not
shown).

To exclude the possibility that leptin produced by DCs influences the co-culture assays by
acting in an autocrine fashion, we first determined that WT iDC and mDC cultures
contained 2-8 ng/mL of leptin (Supporting Information Fig. 6A). To determine whether this
concentration of leptin affects DCs, we added 0-2000 ng/mL of rLep to Lep®®/°b BMDCs
cultured with autologous Lep®/°° leptin-free serum. Notably, the 10 ng/mL dose of leptin
did not modify MHC-11 and CD86 expression as compared to the 0 ng/mL control dose
(Supporting Information Fig. 6B). Taken together, these findings demonstrate that leptin
plays an important role in DC maturation and thus plays an important role in generating
syngeneic CD4* T-cell proliferative responses.

Lep®b/ob DCs induce CD4*Foxp3* T-cell differentiation and expansion in vitro

As Lep/ob DCs secrete higher levels of bioactive TGF-f (Fig. 2F), we investigated their
capacity to induce CD4*Foxp3* T-cell differentiation from naive precursors. We added Treg
cell generating TGF-B and anti-CD3 to naive CD4" T cells (CD4*CD62L*CD44 Foxp3~)
cultured with Lep®/° iDCs or WT iDCs. Lep®/°P iDCs induced CD4*Foxp3* T-cell
differentiation more efficiently when compared with either WT and DCs and Lep®/°P|_ep
DCs (Fig. 4A and Supporting Information Fig. 7A). The addition of rLep to the culture did
not affect CD4*Foxp3* T-cell generation (Fig. 4A), although rLep did impair their
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proliferation at 500 ng/mL (Fig. 4B), consistent with previous observations [23]. A higher
dose of rLep did, however, inhibit CD4*"Foxp3* T-cell generation (Supporting Information
Fig. 7B) and decrease Foxp3 expression (Supporting Information Fig. 7C).

To analyze the impact of these findings in an antigen-specific context, we loaded WT and
Lep©P/ob DCs with MOG3s_s5 peptide (where MOG is myelin oligodendrocyte glycoprotein)
and cultured them with naive CD4* T cells from 2D2 Foxp39f transgenic mice for 5 days. T
cells from 2D2 Foxp39P mice express a transgenic TCR with specificity for the MOGgas_s5
peptide as well as a Foxp39'P reporter. Lep®?/°b DCs induced CD4*Foxp3* Treg-cell
differentiation and proliferation (Fig. 4B). This contrasted with WT iDCs, which failed to
induce CD4*Foxp3™ Treg-cell proliferation (Fig. 4B). Additionally, without recombinant
TGF-B addition, Lep°P/°P DCs induced a higher level of CD4*Foxp3* T-cell differentiation
as compared to either the Lep®?/°Plep or WT DCs (Fig. 4C).

To exclude the possibility that autocrine-acting leptin produced by CD4" T cells affects T-
cell differentiation, we first determined that naive CD4* T cells stimulated with Lep°/ob
iDCs or mDCs and anti-CD3, generated 6-13 ng/mL of leptin in the supernatant (Supporting
Information Fig. 8). This leptin concentration is not sufficient to modulate DC phenotype
(Supporting Information Fig. 6). While this does not completely rule out the possibility that
leptin acts directly on CD4* T cells, it is likely that leptin produced in such a manner would
affect all co-cultures equally. Moreover, DCs from BALB/c leptin receptor deficient mice
(BLepd0/dby generated more CD4*Foxp3* T cells than WT BALB/c DCs (Supporting
Information Fig. 9). Taken together, these data suggest that leptin principally modulates T-
cell behavior indirectly, by acting on DCs through the leptin receptor, rather than acting on T
cells directly.

DCs generated under leptin-free conditions generate more Th17 cells in vitro

While leptin increases Th17-cell responses, the underlying mechanism is not known. To
address this knowledge gap, we incubated Lep®/°P or Lep©/oP| ep DCs with naive CD4* T
cells in the presence of TGF-f, IL-6, and anti-CD3 for 5 days. Lep®?/°P DCs induced more
Th17 cells (Fig. 5A and Supporting Information Fig. 10) and greater Th17-cell proliferation
(Fig. 5B) as compared to Lep®®/°P|_ep DCs or WT DCs. Relative to WT or Lep®/oP|_ep

DCs, Lep®P/0d DCs also induced higher levels of the Th17-cell transcription factor, Rorc
(Fig. 5C), but not the Th1-, Th2-, and Treg-cell transcription factors tbx21, gata-3, and foxp3
(Fig. 5C). CD4* T cells stimulated with Lep®/°P DCs as compared to WT DCs also secreted
more IL-17 into culture supernatants (Fig. 5D).

Interestingly, Lep®®/°Lep DCs induced less IL-17 but more IFN-y as compared to the
Lep©P/ob DCs generated with autologous Lep®P’®P serum (Fig. 5D). This suggests that leptin
acts on DCs to promote IFN-y production by CD4" T cells, as previously reported [25, 27].
In the absence of IL-6 and TGF-B, Lep®?/°P DCs induce higher gata-3transcript expression
in CD4* T cells (Fig. 5C). In the presence of Th2-polarizing conditions, Lep®”/°° DCs
induced more naive T cells to differentiate into Th2 cells than did WT DCs (Supporting
Information Fig. 11). These data support earlier reports that Lep®®/° mice favor Th2 over
Th1 immune responses [7,22].
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To determine whether genetic background alters the influence of leptin on T-cell fates, we
co-cultured BWT or BLepd?/db DCs with naive CD4* T cells under Th17-cell-polarizing
conditions. In support of our earlier findings, BLepd?/db DCs generated more Th17 cells than
the BWT DCs (Supporting Information Fig. 12). Together, these data demonstrate that leptin
alters the capacity of DCs to induce Th17 cells, independent of genetic background.

Local leptin decreases the frequency of CD4*Foxp3* T cells and Th17 cells in vivo

To evaluate the impact of leptin deficiency on Treg and Th17 cells in vivo, we analyzed Treg
and Th17 cells in the draining LN (dLN) of Lep°/°P and WT mice. As previously reported,
dLNs from unmanipulated Lep°®/°b mice have a higher percentage of
CD4*CD25*FR4*Foxp3* Tregs cells than dLNs from unmanipulated WT mice (Fig. 6A and
C) [21]. Additionally, Lep®®’°b mice have a higher percentage of IL-17-producing memory
CD4*CD44* T cells as compared to WT mice (Fig. 6B and C).

To determine whether local leptin administration limits Treg-cell and Th17-cell responses,
we immunized Foxp39f mice either with the MOG3s_s5 peptide plus rLep or with the
MOG3s_55 peptide alone. Mice immunized with MOGg3s_s5 plus rLep possessed a lower
frequency of CD4*Foxp3* and CD4*IL-17* T cells in the dLN as compared to control mice
immunized with MOG3s_s5 alone (Fig. 6D and E). Moreover, there was a higher percentage
of CD11c* cells in mice immunized with leptin and MOG3s5_55 as compared to control mice
(Fig. 6D and E). To determine that this response was antigen specific, we performed a recall
assay in which the 2D2 Foxp39'P mice were immunized with the MOG35_s5 peptide with or
without rLep. Seven days after the immunization, dLN mononuclear cells were cultured for
3 days with the MOG3s_s5 peptide, and the antigen-specific CD4* T-cell response to
MOG3s_s55 Was evaluated. Local administration of leptin resulted in lower percentages of
Tregs and Th17 cells when compared with the control (Fig. 6F and G), demonstrating
antigen specificity. We also observed a trend toward a higher percentage of Thl cells in
rLep-treated as compared to control mice (Fig. 6D-G).

Although no clear difference was observed in the percentage of CD4*IFN-y* cells, leptin is
a well-known Th1-cell inducer [25,28]. Therefore, we performed a delayed-type
hypersensitivity (DTH) assay to assess Thl immune responses in vivo. We immunized WT
mice and divided them into two groups. One group was immunized with CFA and the
MOGg3s_s55 peptide plus rLep and the other group was immunized with CFA and MOGg35_s5
peptide alone. Seven days after the immunization, mice were rechallenged with the
MOG3s_55 peptide in the footpad and swelling and thickness was evaluated. Mice
immunized with the MOGg35_s5 peptide plus rLep showed a more robust DTH response as
compared to control mice immunized with the MOG3s_s5 peptide alone (Fig. 6H). Mice
immunized with the MOG3s_s55 peptide plus rLep also had a higher frequency and absolute
number of infiltrating CD4*IFN-y* T cells in the dLN as compared to mice immunized with
MOG3s_s55 peptide alone (Fig. 61). Moreover, CD68 (a marker for inflammatory monocytes/
macrophages) mMRNA levels were elevated in mice immunized with MOGg3s_s5 peptide plus
rLep 48 h after challenge as compared to mice immunized with the MOG3s_55 peptide alone
(Fig. 6J).
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Finally, to investigate whether local leptin also affects Lep®®/°P mice, we immunized
Lep°/ob and WT mice and then examined Treg-cell and CD11c*-cell frequency, as well as
MHC-11, CD80, CD86, and CD40 expression by CD11c* cells in the dLN 7 days after
immunization. As compared to Lep®?/°P and WT mice immunized with antigen alone,
Lep/ob and WT mice immunized with antigen plus rLep possessed a lower percentage of
Treg cells (Supporting Information Fig. 13A) and a higher percentage of CD11c™ cells
(Supporting Information Fig. 13B). Moreover, WT mice immunized with antigen plus rLep
possessed a higher expression of MHC-I1, CD86, and CD40 by CD11c™ cells (Supporting
Information Fig. 13C). Therefore, while local levels of leptin decrease the percentage of
Treg cells in both Lep®/°P and WT mice, local levels of leptin increase costimulatory
molecule expression in WT but not Lep®/°P mice. This suggests that the local leptin
administration is not capable of rescuing the functional defects of Lep°/°P DCs.

Together, our results indicate that leptin shapes the early immune response by modulating
DC generation and maturation. Leptin-deficient DCs are more capable of inducing
CD4*Foxp3* and Th17 T-cell polarization. However, due to the indirect effects of leptin on
T cells, local leptin increases DCs and Th1l cells in vivo while also inhibiting Th17 cells and
Tregs cells. Our data suggest that this is at least partially due to leptin’s modulation of DCs
and may reflect how increased local leptin levels modulate cross-talk between innate and
adaptive immunity, such as in obese white adipose tissue.

Discussion

In this study, we investigated the ability of BMDCs generated under leptin-free conditions to
induce Treg-cell or Th17-cell differentiation. We found that DCs cultivated in leptin-free
autologous serum had a distinct phenotype that was characterized by a reduced capacity to
induce syngeneic CD4* T-cell proliferation and an enhanced capacity to induce Tregs and
Th17 cells.

We observed that the Lep®/oP iDCs and mDCs expressed lower levels of CD40, CD80,
CD86, and MHC-I1, and secreted lower levels of IL-6, IL-12, and TNF-a, confirming earlier
reports [13,26]. As a consequence, Lep®?’°P DCs induced less proliferation among syngeneic
WT CD4* T cells. Importantly, the addition of rLep restored a WT-like phenotype in
Lep@P/ob DCs,

It is enigmatic that Lep®/°0 and Lepd/db mice exhibit distinct phenotypes. iDCs and mDCs
from Lepd®/dd mice express lower levels of costimulatory molecules, induce less
proliferation among allogeneic CD4* T cells, and produce less I1L-12, IL-6, and TNF-a, [13].
On the other hand, Lep®/°® BMDCs express levels of CD40, CD80, CD86, and MHC-I1 that
are similar to those observed in WT BMDCs, but induce less proliferation of allogeneic
CD4* T cells [26]. The differences in these studies may arise from the use of FCS in DC
cultures. FCS is rich in bovine leptin, containing 10-20 ng/mL in RPMI containing 10%
FCS. A previous study has also shown that bovine leptin is not neutralized by human leptin
mAb and thus might trigger leptin signaling [23]. In our studies, we exclude this possibility
through the use of autologous leptin-free serum from leptin-deficient mice, enabling us to
convincingly demonstrate that leptin is required for proper DC maturation.
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Importantly, we observed lower concentrations of Thl cytokines (IFN-y and IL-2) in
Lep0/ob DC-stimulated CD4* T-cell cultures as compared with WT DC-stimulated T-cell
cultures. It is well known that leptin plays a synergistic role in generating Thl-cell responses
[15, 29, 30]. Leptin suppresses Th2-cell responses thus generating a Th1-cell profile [15],
although this is not easily observed in vivo [22]. We observed that DCs from the Lep©b/oP
mice generated with autologous serum induce more Th2 cells than the WT DCs. Moreover,
we have previously shown that the leptin-deficient mice display increased allograft survival
due to an increase in Th2 cells and Treg cells as well as fewer Th1 cells [7].

We observed that leptin increases Th1-cell DTH responses in vivo, possibly because leptin
acts directly on CD4" T cells to induce IFN-y production and Th1-cell polarization
[15,16,22]. WT mice immunized with the MOG peptide plus leptin show enhanced Th1-cell
immune responses, characterized by an increase in Thl cells in the dLN and heightened
expression of the macrophage marker CD68 in the footpad. Together, these data indicate that
leptin regulates both Th1 and Th2 cells. It seems likely that leptin induces Th1-cell
differentiation through its ability to induce IFN-y and IL-12 [9,15,16,22,31,32], which
inhibit Th17-cell responses [33-43]. Moreover, Th17 cells are phenotypically unstable and
readily convert to a Th1-cell phenotype both in vitro and in vivo [44,45].

Our data indicate that leptin deficiency impairs DC maturation. Moreover, both Lep°b/ob
iDCs and mDCs produce higher levels of bioactive TGF-B, an increase that is abrogated by
rLep addition. The fact that DCs induce fewer Th1-cell cytokines and produce more TGF-
than WT DCs led us to hypothesize that Lep®?/°P DCs induce CD4*Foxp397* T cells more
efficiently. Interestingly, DCs derived from the leptin-deficient mice and cultivated in the
absence of leptin (autologous serum) not only induced more Treg cells, but also induced
more Th17 cells from naive CD4* T cells. This is likely because, when combined with IL-6,
TGF-B potently induces Th17 cells [46]. Our observation that leptin deficiency enhances the
Th17 axis in vitro is supported by the fact that obese leptin-deficient mice exhibit elevated
neutrophil-derived IL-17A that exacerbates inflammatory responses in vivo [47]. Moreover,
the lack of leptin signaling is associated with higher IL-6 levels [48-50]. Nevertheless, it is
possible that this increase in Th17 cells is controlled by the concomitant increase in Treg
cells in vivo, a possibility seemingly confirmed by the fact that Lep®”/° mice exhibit
decreased EAE progression [32].

Contrary to our findings, leptin is reported to induce Th17 cells [12,24]. However, there are
several notable differences that might explain this disparity. First, in contrast to our
experiments, these studies were conducted under APC-free conditions, thus making any
comparison difficult. Second, we more rigorously defined naive CD4* T cells as
CD4*CD62L*CD44 Foxp3™~, whereas Deng et al. considered naive CD4* T cells to be
CD4*CD62L*. The CD4*CD62L* phenotype is not purely naive because Treg cells and
central memory CD4* T cells also express CD62L [51, 52]. As leptin exhibits differential
effects on memory and naive CD4* T-cell populations [15], it is possible that the IL-17-
producing cells observed in other studies are memory cells rather than Th17 cells generated
de novo.
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We found that leptin decreases CD4*Foxp3* and CD4*IL-17* cell frequency in the dLN of
immunized mice but increases subsequent DTH responses. This stands in contrast to Deng et
al. who reported increased Th17-cell immune responses when leptin was injected intra-
articularly. This discrepancy may arise from the mechanisms by which leptin acts at both
sites. The LN is the site where the priming phase of T-cell activation occurs, whereas the
joint is the site where the T-cell effector phase occurs. Therefore, further investigation is
needed to better understand how leptin might differentially influence the priming and the
effector phases in vivo.

DTH responses reflect a Thl-type response [53]. However, Th17-cell development is
strongly favored in the absence of the Th1 lineage specific transcription factor T-bet [35].
Moreover, the Th1 cytokine IL-27 [54, 55] is known to inhibit Th17-cell development [56].
Therefore, it is possible that Th17-cell development is favored in Lep®?/°P mice due to their
Thi-cell defects [22, 25]. Nevertheless, the Lep®?/°P mice are partially protected from EAE
[9,10,32,57,58], indicating that these cells may be controlled by regulatory populations, that
Th17 cells may not be generated efficiently during EAE in Lep®P mice, or that leptin may
be required for the generation of pathogenic Th17 cells. Thus, further investigation is
required to elucidate the precise mechanism by which leptin modulates pathogenic Th17-cell
development during EAE. However, our data suggest that DCs are required, at least in part,
for Th17 induction, and that leptin appears to inhibit Th17 cells in vitro and in vivo.

Leptin negatively regulates proliferation of human CD4*CD25*Foxp3* Treg cells [23], a
population that expresses high levels of the long form of the leptin receptor (ObRb) [23].
Leptin neutralization results in Treg-cell proliferation and increased Foxp3 expression, an
IL-2-dependent process [23]. In our results, we observed that Treg cells proliferated more in
response to Lep®P’®P DCs cultured in autologous leptin-free serum than WT DCs. Moreover,
Lep0/ob DCs induced greater de novo differentiation of Treg cells from naive precursors
than WT DCs. These data indicate that increased Treg-cell induction requires DCs generated
in the absence of leptin, which exhibit heightened TGF-p expression. Although increased
proliferation of Treg cells arising from leptin neutralization was described to be dependent
on oscillatory mTOR activation [17], it remains possible that DCs generated in the absence
of leptin are responsible for this mTOR activation in CD4™ T cells.

Taken together, our findings demonstrate that leptin-deficient DCs exhibit a hypostimulatory
phenotype as compared to WT DCs. Consequently, leptin-deficient DCs are potent inducers
of both Tregs and Th17 T cells. While T cells respond according to the local milieu, this is
also true of DCs. Because DCs present antigen to T cells, DCs are present at the earliest
stages of the adaptive immune response. Hence, DCs can be viewed as the sensors that relay
environmental information to responding T cells. Thus, our results provide important
information relevant to leptin-targeting approaches in which the DC modulation of effector
T-cell function may be either beneficial (Treg-cell induction) or detrimental (Thl-and Th17-
cell induction) to clinical outcomes.
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Material and methods

Mice

Ten- to twelve-week-old male WT C57BL/6J (B6), C57BL/6J Lep®/°® WT BALB/c, and
BALB/c Lepd?/db mice were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). B6 2D2 Foxp39'P TCR transgenic mice have been described elsewhere [59] and were
kindly provided by Prof. Howard L. Weiner (Center for Neurologic Diseases, Brigham and
Women’s Hospital, Harvard Medical School). B6 Foxp39' and BALB/c Foxp39™ mice were
housed at Beth Israel Deaconess Medical Center, Harvard Medical School. The mice were
age-matched for individual experiments. All experiments were conducted in accord with the
IACUC and COBEA (Brazilian Committee for Experimental Animals) and were approved
by the Institutional Ethics Committee on Animal Use of the University of S&o Paulo, S&o
Paulo, Brazil.

Generation of BMDCs

Murine BM cells were flushed from femurs and tibiae. Red blood cells were lysed, and cells
were plated at a density of 1.0 x 10° cells/mL in DMEM low-glucose medium (Gibco)
containing 10% FBS (Hyclone) or autologous Lep®P/°P serum containing 20 ng/mL of GM-
CSF for experiments requiring leptin-free conditions. The culture medium was replaced on
day 5, and cells were harvested on day 7 to obtain iDCs. To obtain mDCs, LPS was added to
the cultures at a final concentration of 100 ng/mL on day 7, and the cells were cultured for
an additional 48 h as previously described [26].

Cell sorting and T-cell differentiation

Splenocytes from donor B6, Balb/c Foxp39f, and B6 2D2 Foxp39™ mice were stained with
the following fluorochrome-conjugated antibodies: PE/Cy7 anti-CD4, PerCP anti-CD44, and
Alexa Fluor 700 anti-CD62L. Naive CD4*CD44-CD62L *Foxp39fP~ cells were sorted (BD
FACSAria 11, Beth Israel Deaconess Medical Center, Flow Cytometry Core, BD
Biosciences). After sorting, cell purity was greater than 98%. Naive T cells were plated at a
density of 2.0 x 10° cells/well in a flat-bottom 96-well plate and co-cultured in DMEM low-
glucose medium containing 10% FBS or Lep®’°b autologous serum for 5 days with 1.0 x
10% BMDCs and anti-CD3 antibody (1 ug/mL; BioLegend) in the presence of rLep (500
ng/mL; R&D Systems) and the following cytokines required for polarization: Treg-cell
differentiation, TGF-p1 (5 ng/mL); Th17-cell differentiation, TGF-B1 (1 ng/mL) and IL-6
(50 ng/mL); and Th2-cell differentiation, IL-4 (20 ng/mL).

Flow cytometry, intracellular cytokine, and Foxp3 staining

Cells were resuspended in PBS supplemented with 2% FCS and stained with a subset of the
following mAbs: Pacific Blue anti-CD4; FITC anti-CD25 (BD Biosciences);
allophycocyanin anti-FR4; Pacific Blue anti-CD11c; FITC anti-1Ab; PE anti-CD40; PerCP
anti-CD80; and allophycocyanin anti-CD86 (Biolegend). Cells were acquired using an LSR
Il flow cytometer (BD Biosciences) at Beth Israel Deaconess Medical Center, Flow
Cytometry Core, and the results were analyzed with FlowJo 8.7 software (Treestar). To
determine the number of Treg cells (CD4*CD25Foxp3*FR4™) in vivo, 1 x 108 cells were
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stained for the intracellular transcription factor Foxp3 using allophycocyanin anti-mouse/rat
Foxp3 (eBioscience). For intracellular cytokine staining, 1 x 106 cells were stimulated in
vitro for 4 h at 37°C in 5% CO» with phorbol-12-myristate-13-acetate (PMA, 100 ng/mL),
ionomycin (1 ug/mL), and brefeldin-A (1 pg/mL) (Sigma-Aldrich). The cells were
permeabilized using the BD Cytofix/Cytoperm Fixation/Permeabilization solution kit (BD
Biosciences). Intracellular staining was performed with allophycocyanin anti-1L-17 and
FITC anti-IFN-y (Biolegend).

RT-qPCR and PCR-based array

RNA was extracted from the cells using an RNeasy Mini Kit (Qiagen, USA) according to
the manufacturer’s instructions. All of the samples were treated with DNase prior to cDNA
synthesis. cDNA was synthesized using an RT2 First Strand Kit (Qiagen). GAPDH mRNA
levels were measured (Applied Biosystems) as an internal control. The relative expression
levels of foxp3, rorc, thx21, gata-3, and i/-10are presented as the means + SEM of triplicate
samples. For the PCR arrays, cDNA was synthesized from RNA extracted from bead-
purified CD11c* cells and then analyzed using the Dendritic & Antigen Presenting Cell PCR
Array kit (Qiagen) according to the manufacturer’s instructions.

CD4* T-cell proliferation

BMDCs from WT B6, B6 Lep°/ob, BALB/c, or BALB/c Lepd2/db mice were co-cultured
with sorted autologous-labeled CD4* T cells with Cell Trace Violet (Invitrogen) plus anti-
CD3 antibody (Biolegend). Cells were cultured at 37°C in 5% CO» for 5 days. Cell
proliferation was quantified by flow cytometry. The division cell index and the percentage of
divided cells were calculated with FlowJo 8.7 software.

Cytokine and leptin assays

Cytokine levels in culture supernatants were quantified using a Bio-Plex cytokine assay kit
(Bio-Rad Laboratories) as recommended by the manufacturer. Data were analyzed using the
Bio-Plex Manager software version 4.0 (Bio-Rad Laboratories). An ELISA assay (TGF-p1
Emax®, Promega) was used to measure the concentration of TGF-p1 in the conditioned
media of iDC and mDC cultures. Leptin levels were measured using a Mouse Leptin ELISA
kit as described by the manufacturer (Millipore).

DTH and immunization assays

DTH responses to a MOG3s_s5 peptide (MEVGWYRSPFSRVVH LYRNGK) were
quantified using a time-dependent footpad swelling assay. B6 Foxp39fP knock-in mice were
immunized with MOG3s_s5 peptide and CFA (Sigma) or MOG3s_s5 peptide, CFA, and rLep
(800 pg/mouse). Seven days after immunization, dLN cells from one cohort of mice were
analyzed. A second cohort of mice were challenged with the MOG35_g5 peptide (200 ng/
mouse) in the footpad. The footpad swelling was measured at 12, 24, 48, and 72 h after
antigen challenge by a “blinded” investigator. For the recall response analysis, 2D2 B6
Foxp39fP knock-in mice were immunized with MOGas_s5 peptide and CFA or MOG35_s5
peptide, CFA, and rLep (800 pug/mouse). Seven days postimmunization, dLN mononuclear
cells were isolated and cultured for 3 days in the presence of the MOG3s_s55 peptide. The
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percentage and number of CD4*IFN-y*, CD4*1L-17*, and CD4*Foxp397* cells were
evaluated by flow cytometry.

Statistical analysis

The data are presented as the mean £ SEM. The differences among groups were compared
using a nonparametric ANOVA (Kruskal-Wallis posttest), and the differences between the
groups were compared with a nonparametric Student’s #test (Mann-Whitney). All statistical
analyses were performed using GraphPad PRISM® 5 software, and the differences were
considered significant when p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Leptin deficiency decreases LN DCs frequency. LN cells from not pooled leptin-deficient

mice and WT mice were obtained, labeled with anti-CD11c and anti-MHC-I1 antibodies,
and then analyzed by flow cytometry. Doublets were excluded from analysis and DCs were
defined as CD11¢*MHC-II* cells. (A) DC frequency is shown in flow cytometry plots and is
representative of one of two independent experiments each with five tested mice per group.
(B) A summary bar graph showing the percentage of DCs from data obtained as in (A). The
data shown are representative of one of two independent experiments each with five tested
mice per group. The results are presented as mean +SEM of one of three experiments
performed each with five tested mice per group. *p < 0.05. Nonparametric Student’s #test
(Mann-Whitney).
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Leptin deficiency modulates BM-derived DC gene expression, phenotype, and cytokine
production. (A) Nonadherent BM-derived DCs from WT or Lep®/°P mice were generated
with (Lep®/°P|_ep) or without (Lep®?/°P) recombinant leptin. On day 7, iDCs were analyzed
for CD11c and MHC-I1 expression by flow cytometry, or LPS (100 ng/mL) was added for an
additional 2 days to induce DC maturation (mDC). Histograms show representative data
from one of five independent experiments each with five tested mice per group. (B)
Immature DCs (iDC) were obtained by harvesting nonadherent cells from Lep°/°b and
control BMDC cultures on day 7. mRNA from each population was extracted, converted to
cDNA, and analyzed using a real-time g-PCR-based microarray to detect the expression of
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DC- and APC-related genes. The levels of genes expressed in Lep®?/°P DCs generated with
or without recombinant leptin were compared with those expressed in WT control DCs.
Data are representative of one of two independent experiments each with three tested mice
per group. (C) mRNA levels of selected under- and overexpressed genes identified in (B)
were analyzed individually by gPCR. Each sample was run in duplicate and the relative
expression levels were determined using the 2722Ct method with normalization of target
gene expression levels to GAPDH. (D) iDCs and mDCs generated on days 7 and 9,
respectively, from Lep°?/°b BMDC cultures in the complete absence (gray line) or presence
of leptin (red line), or from WT BMDC cultures (black line) were evaluated for the
expression of MHC-11 and the costimulatory molecules CD40, CD80, and CD86 by flow
cytometry. The DC population was defined by gating on the CD11c* cells. Representative
histograms from one of five independent experiments each with five tested mice per group
are shown. (E) I1L-12 (p40), IL-6, and TNF-a secretion by the mDCs was evaluated using a
Bioplex assay after 2 days of maturation (7= 5 tested mice per group from one of three
experiments). (F) The evaluation of bioactive TGF-§ production by BMDCs. TGF-
production was evaluated in both the iDCs and mDCs by ELISA (n=5 tested mice per
group from one of three experiments). The results are presented as the means + SEM. *p <
0.05 (nonparametric Kruskal-Wallis test and nonparametric Mann—Whitney test).
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Figure 3.

Lep©P/o0 BMDCs poorly stimulate syngeneic CD4* T-cell proliferation as compared to WT
BMDCs. (A) The proliferation of sorted splenic WT syngeneic responder CD4* T cells was
assessed to determine the immunostimulatory capacity of the DCs derived in the absence
(LepP’b) or presence (Lep®?’°PLep and WT) of leptin. The Lep®/0d, [ epo0/ob| ep and WT
mDCs were co-cultured with syngeneic Cell Trace Violet labeled CD4* T cells plus anti-
CD3 for 4 days. CD4* T-cell proliferation was assessed by measuring Cell Trace Violet
dilution by flow cytometry. Flow plots show representative data from one of three
independent experiments each with three tested mice per group with similar results. (B) The
percentage of divided cells and the division index were calculated with FlowJo 8.7 software.
Data are shown as mean + SEM from one of three experiments each with three tested mice
per group. (C) The cytokine concentrations in the supernatants of the CD4* T cells co-
cultured with BMDCs were evaluated with a Bioplex assay on days 2 and 4. The results are
presented as the means + SEM of one of three independent experiments each with three
tested mice per group with similar results. *p < 0.05 (nonparametric Kruskal-Wallis test).
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Leptin deficiency promotes the BMDC-mediated generation and proliferation of
CD4*Foxp39™P* T cells. (A) Lep®/ob iDCs cultured with (Lep®P/°PLep) or without (Lep©P/oP
autologous serum) recombinant leptin (500 ng/mL), or WT iDCs, were used to stimulate
CD4*Foxp39fP* T-cell differentiation from naive precursors. Sorted naive
(CD4*CD62L*CD44 Foxp39™P-) T cells from WT syngeneic C57BL/6J Foxp39™ knock-in
mice were co-cultured with DCs in the presence of TGF- (5 ng/mL) and anti-CD3.
Representative flow cytometry plots depicting Treg-cell conversion (CD4*FoxP397*) from
one of three independent experiments each with four tested mice per group with similar
results are shown. (B) CD4*CD62L* T cells expressing a MOGg3s_s5-specific TCR were
purified from 2D2 syngeneic C57BL/6J Foxp3 knock-in mice, labeled with Cell Trace
Violet, and incubated with WT or Lep®/°P DCs in the presence of TGF-p. The proliferation
of CD4*Foxp39™* T cells was evaluated by measuring the Cell Trace dilution by flow
cytometry. CD4* T cells cultured without DCs were used as a negative control. Histograms
shown are representative of one of three independent experiments each with three tested
mice per group with similar results. (C) CD4*CD62L*CD44 Foxp39™~ T cells were sorted
from WT syngeneic C57BL/6J Foxp3 knock-in mice and co-cultured with Lep©b/0b,
Lep©0/ob|_ep, or WT DCs plus anti-CD3 that was not supplemented with TGF-p. The
induction of CD4*Foxp39fP* T cells was evaluated by flow cytometry. Representative flow
cytometry plots are shown. Data are representative of one of three independent experiments
each with three tested mice per group with similar results.
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Figure5.

Leptin deficiency promotes BMDC-mediated generation and proliferation of Th17 cells.
Lep©0/ob iDCs cultured with (Lep®?/°PLep) or without (Lep®P/°? autologous serum)
recombinant leptin, or WT iDCs, were used to induce the differentiation of CD4*I1L-17* T
cells from naive precursors. Naive CD4*CD62L*CD44~Foxp39P~ T cells were sorted from
WT syngeneic C57BL/6J Foxp3 knock-in mice and co-cultured with DCs in the presence of
TGF-B (1 ng/mL), IL-6 (50 ng/mL), and anti-CD3. (A) Flow cytometry plots depicting IL-17
production by cultured CD4* T cells. Histograms are representative of one of three
independent experiments each with three tested mice per group with similar results. (B)
CD4*CD62L*CD44 Foxp39P~ T cells were sorted from WT syngeneic C57BL/6J Foxp3
knock-in mice, labeled with Cell Trace Violet and co-cultured with DCs plus anti-CD3 for 5
days. The proliferation of the CD4*IL-17" T cells was evaluated by measuring the Cell
Trace dilution by flow cytometry. Representative flow cytometry plots from one of three
independent experiments each with three tested mice per group with similar results are
shown. (C) The mRNA expression of RORC, Tbx21, GATA-3, and Foxp3 genes was
analyzed on day 5 of Th17 differentiation by gPCR. mRNA levels were normalized to the
GAPDH levels. Data are shown as mean + SEM of three samples from one of three
independent experiments each with three pooled mice per group. (D) Concentrations of
IL-17 and IFN-y were evaluated in the supernatants of DC-stimulated naive CD4* T cells by
Bioplex assay. The results are presented the mean + SEM from one of three independent
experiments each with three tested mice per group with similar results. #p < 0.05 versus all
other groups. *p < 0.05: IL-6 + TGF- versus control or TGF-B alone (nonparametric
Kruskal-Wallis test).
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Figure 6.

Leptin deficiency increases CD4*Foxp3™ T cells and Th17 cells but decreases Thi-cell
immune responses in vivo. (A) LNs cells from unmanipulated WT and Lep®/°? mice were
labeled with antibodies for CD4, CD25, folate receptor 4 (FR4), and Foxp3, and analyzed by
flow cytometry. Samples were gated on the CD4*FR4™ population, and the frequency of
CD25"Foxp3™ T cells was determined. Flow plots are representative of one of two
independent experiments each with five tested mice per group. (B) Mesenteric LN cells from
unmanipulated WT and Lep®?/°P mice were labeled with antibodies for CD4, CD44, and
IL-17. The samples were gated on the CD4*CD44* cells, and the frequency of CD4*IL-17*
T cells within this population was determined. Flow plots are representative of one of two
independent experiments each with five tested mice per group with similar results. (C)
Graphical representation of the frequency of CD4*FR4+*CD25%Foxp3* T cells and
CD4*CD44*1L-17* T cells in the LN of the Lep®?/°P and control mice. Data are shown as
mean + SEM of one of two independent experiments each with five tested mice per group
with similar results. (D) C57BL/6J Foxp39™ mice were immunized with the MOGas_ss
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peptide with or without recombinant leptin (200 pg/mouse). Draining LN (dLN)
mononuclear cells were collected 7 days after immunization. Cells were labeled with
antibodies for CD4, CD11c, I1L-17, and IFN-y. Foxp3 was analyzed by gfp expression in
gated CD4" cells. (E) Graphical representation of the frequency of CD4*IL-17*, CD4*IFN-
v+, CD4*Foxp39fP* and CD11c™ cells. The data are shown as mean + SEM of one of two
independent experiments each with five tested mice per group with similar results. (F) 2D2
C57BL/6J Foxp39fP mice were immunized with the MOGss_ss5 peptide with or without
recombinant leptin (200 pg/mouse), and dLN cells were analyzed 7 days after the
immunization. dLN mononuclear cells were collected and cultured with 200 ng/mL of the
MOGgs_s5 peptide for 3 days. The frequencies of MOGg3s_ss-specific CD4*IFN-y*,
CD4*IL-17*, and CD4*Foxp39™P* T cells were analyzed by flow cytometry. Flow plots are
representative of one of two independent experiments each with three tested mice per group
with similar results. (G) Graphical representation of the frequency of CD4*IFN-y™,
CD4*IL-17*, and CD4*Foxp39'P* T cells. Data are shown as mean + SEM of one of two
independent experiments each with three tested mice per group with similar results. (H) The
kinetics of the DHT responses on day 7 postimmunization are shown. C57BL/6J mice were
immunized with the MOG3s_s55 peptide with or without recombinant leptin (200 pg/mouse).
Seven days postimmunization, mice were rechallenged with 50 g of the MOG3s_s5 peptide
by injection into the footpad, and the kinetics of the DTH responses were measured (0-72
h). Each data point represents the mean + SEM of five tested mice from one of two
independent experiments each with five tested mice per group. *p < 0.05 nonparametric
Mann-Whitney test). (I) C57BL/6J mice were immunized as in (H) and the dLN percentage
and number of CD4*IFN-y* T cells evaluated. Data show mean + SEM of one of two
independent experiments each with five tested mice per group with similar results. *p < 0.05
(nonparametric Mann—Whitney test). (J) Immunized C57BL/6J mice were challenged with
50 ug of the MOG3s_s5 peptide in the footpad. The mice were sacrificed 48 h after challenge
and the mRNA was extracted from the footpad, converted to cDNA, and analyzed for the
expression of CD68. mRNA levels were normalized to GAPDH. The results are presented as
mean + SEM of eight tested mice per group from one experiment. *p < 0.05 (nonparametric
Mann-Whitney test).
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