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Introduction

Summary

In the present study we examined the role of thymic stromal lymphopoietin
(TSLP) in experimental autoimmune encephalomyelitis (EAE). Here, we
report that TSLP knock-out (KO) mice display a delayed onset of disease and
an attenuated form of EAE. This delayed onset was accompanied by a reduced
number of encephalitogenic T helper type 1 (Th1) cells in the central nervous
system (CNS) of TSLP KO mice. In addition, CD4" and CD8" T cells from
CNS of TSLP KO mice show a reduced activation status in comparison to
wild-type mice. It is noteworthy that we could also show that lymph node cells
from TSLP KO mice expanded less efficiently and that interleukin (IL)-6-,
interferon (IFN)-y and tumour necrosis factor (TNF)-a levels were reduced.
Furthermore, CD3™ T cells isolated in the preclinical phase from myelin
oligodendrocyte glycoprotein peptide 35-55 (MOGs;s_s5)-immunized TSLP
KO mice showed a reduced response after secondary exposure to MOGs;s_ss,
indicating that differentiation of naive T cells into MOG;5_s5-specific effector
and memory T cells was impaired in KO mice. The addition of recombinant
TSLP enhanced T cell proliferation during MOGg3s_s5 restimulation, showing
that T cells also respond directly to TSLP. In summary, these data
demonstrate that expression of, and immune activation by, TSLP contributes
significantly to the immunopathology of EAE.
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erentially stimulated proliferation and survival of CD4
single positive thymocytes and peripheral T cells in vitro

Thymic stromal lymphopoietin (TSLP) is an interleukin
(IL)-7 related cytokine which acts on multiple lineages,
including dendritic cells (DCs), T cells, natural killer T
(NK T) cells, eosinophils and mast cells, mediating prolif-
eration and survival [1]. Monocytes and DCs are known
to have the highest expression of TSLP receptors [2,3].
TSLP has the capacity to potently enhance the maturation
and function of human and murine DCs, as evidenced by
the strong induction of major histocompatibility complex
(MHC)-II and co-stimulatory molecules such as CD40,
CD80, CD83 and CD86, as well as by the release of T
helper type 2 (Th2)-attracting chemokines [4-7]. Further-
more, it has been reported several times that TSLP condi-
tions DCs to drive proliferation and Th2 skewing of
human T cells [6,8,9] and murine T cells [10,11]. How-
ever, TSLP also acts directly on CD4' T cells. Although
TSLP receptor- and TSLP-deficient mice exhibited normal
lymphohaematopoietic development [12-14], TSLP pref-

[12]. When transferred into irradiated hosts, CD4" T
cells from TSLPR knock-out (KO) mice expanded less
efficiently than wild-type (WT) CD4" T cells, suggesting
a direct effect of TSLP on CD4" T cell homeostasis [12].
In addition, activation and proliferation of TSLPR-
deficient CD4" T cells was much weaker than of WT T
cells after immunization and secondary exposure to the
antigen [15]. Furthermore, TSLP treatment of naive
CD4™" T cells resulted in immediate signal transducer and
activator of transcription (STAT)-6 activation, IL4 gene
transcription and Th2 differentiation in the absence of
antigen-presenting cells (APCs) and exogenous IL-4 [16].
In addition to eliciting the proliferation of naive CD4" T
cells, TSLP has been demonstrated to act on CD8" T
cells. Both TSLPR and IL-7Ra are expressed by CD8" T
cells, and TSLP could act directly on murine CcD8" T
cells to activate the STAT-5 and protein kinase B (Akt)
signalling pathways in these cells [17]. However, the
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underlying mechanisms and cell signalling pathways
mediating these effects on T cells remain unclear.

Autoimmune diseases, specifically multiple sclerosis
(MS), have been associated with single nucleotide poly-
morphisms (SNPs) in the IL-7Ra gene locus [18]. Thus,
in the present study using TSLP KO mice we examined the
role of TSLP for the first time in the experimental autoim-
mune encephalomyelitis (EAE). EAE, the conventional
experimental model for MS, is a demyelinating disease of
the central nervous system (CNS). In our study, EAE was
induced once by immunization with myelin oligodendro-
cyte glycoprotein peptide 35-55 (MOGs;s_s5), resulting in a
monophasic acute form of EAE. In this model interferon
(IFN)-y-producing Thl and IL-17-producing Thl7 cells
are considered to be the main players in the developing
CNS inflammation [19]. In contrast, regulatory T cells
confer significant protection from EAE [20].

Keeping in mind that TSLP is a potent activator of
DCs, which play a key role in T cell differentiation and
activation, and that TSLP could also directly activate T
cells, we monitored the course of EAE in TSLP KO and
TSLP WT mice and investigated its effects on CNS and
lymphatic organs at different stages of disease.

We found that mice deficient for TSLP showed an
amelioration of EAE symptoms accompanied by reduced
inflammatory infiltrates in brain and spinal cord. Interest-
ingly, in CNS of TSLP KO mice the encephalitogenic T
cells showed a reduced activation. In-vitro experiments
confirmed that TSLP directly, and not only indirectly via
DCs, also activates T cells and that T cells from TSLP KO
mice show a reduced antigen-driven activation.

Taken together, these results suggest that in mice, TSLP
may be involved not only in allergic diseases, but also in
inflammatory disorders such as EAE.

Materials and methods

Animals

TSLP KO mice and TSLP WT mice were housed under
specific pathogen-free conditions. TSLP KO mice were
constructed as described previously [14]. TSLP KO and
TSLP WT mice were crossed with DEREG (DEpletion of
REGulatory T cells) mice, which were kindly provided by
Professor T. Sparwasser [27]. All animal experiments were
performed in accordance with institutional, state and fed-
eral guidelines.

EAE induction and scoring

Male TSLP KO and TSLP WT mice (12-16 weeks old)
were immunized subcutaneously (s.c.) with MOG;5_ss
(Sigma-Genosys, The Woodlands, TX, USA) at day 0 to
induce EAE as described previously [49]. EAE paralysis of
mice was scored as follows: 0, no disease; 1, tail weakness;

2, paraparesis; 3, paraplegia; 4, paraplegia with forelimb
weakness; and 5, moribund or dead animals.

Neuropathology

For visualization of inflammatory infiltrates, brains and
spinal cords were harvested, fixed in liquid nitrogen and
stored at —80°C. Subsequent analyses of sections were
performed according to protocols as described previously
[49]. Histochemistry was performed on 3-pm thick paraf-
fin sections. Quantification of demyelinated areas was
performed on Luxol fast blue-stained sections. Areas with
complete demyelination were identified as lesions.
Blinded quantification was performed on serial sections
and included three independent spinal cross-sections per
mouse.

Immunofluorescence

Immunofluorescence images of brain (and spinal cord)
have been generated using the multi-epitope ligand car-
tography (MELC) technique. Sample preparation, data
acquisition and data analysis have been performed as
described previously [50].

Real time reverse transcription—polymerase chain
reaction (RT-PCR)

Total RNA was prepared from tissues or cells using the
RNeasy Plus Mini Kit and QIAshredder spin columns
(Qiagen, Valencia, CA, USA). Traces of genomic DNA were
removed by DNase digestion with the RNase-free DNase Set
(Qiagen). Subsequently, 1 g RNA was reverse-transcribed
into sscDNA using the First Strand cDNA Synthesis Kit
(Fermentas, Burlington, ON, Canada), as specified by the
manufacturer. Realtime RT-PCR was performed in the
Rotor-Gene Q (Qiagen) using the SYBR® Select Master Mix
(Applied Biosystems, Carlsbad, CA, USA) and primers
selected from a primerbank or previously published pri-
mers (Supporting information, Table S1).

Isolation of CNS-infiltrating cells

Mice were killed at the indicated time-points and per-
fused with 20 ml phosphate-buffered saline (PBS). Brain
and spinal cord were cut into small pieces and incubated
under constant stirring in R10 [RPMI-1640, 10% fetal
calf serum (FCS), 1% L-glutamine, 1% penicillin—strepto-
mycin, 0-1% B-mercaptoethanol] containing 2-5 mg/ml
collagenase III (Sigma-Aldrich, St Louis, MO, UK) and
0-5 mg/ml DNase I (Sigma-Aldrich) for 60 min at 37°C.
Then 5 mM ethylenediamine tetraacetic acid (EDTA)
(Applichem, St Louis, MO, USA) was added and the tis-
sues were passed through a 70-um cell strainer. Cells were
centrifuged, washed twice with R10, resuspended in 40%
Percoll (Sigma-Aldrich) and overlaid on 70% Percoll.
Gradient solutions were centrifuged at 650x g for 30 min

without braking and the interphase, containing
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mononuclear cells, was recovered. Cells were washed
twice with R10 and used for further manipulation.

Bone marrow-derived dendritic cell (BMDC) culture
and stimulation

Bone marrow cells were cultured in 10 ml R10 medium
containing 10% culture supernatant of a murine granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)-
transfected cell line (equivalent to >200 U/ml). For
subsequent flow cytometry or cytometric bead array (CBA)
analyses, mature DCs were generated by adding tumour
necrosis factor (TNF)-a (500 U/ml; PeproTech, Rocky Hill,
NJ, USA) or lipopolysaccharide (LPS) (100 ng/ml; Sigma-
Aldrich) overnight to day 9 bone marrow (BM) cultures.
For subsequent real-time RT-PCR analyses, stimulation
with rmTSLP (15 ng/ml; R&D Systems, Minneapolis, MN,
USA) and CD40L (5% of hybridoma supernatant; clone
FGK45) was additionally performed. For subsequent mixed
lymphocyte reaction (MLR) analyses, TNF-a (500 U/ml;
PeproTech) was added to day 9 BM cultures. All cells were
harvested at day 10.

Flow cytometry

For flow cytometry, FcRs were blocked with anti-mouse
CD16/CD32 (Fc-Block™; BD Biosciences, San Jose, CA,
USA). The following directly fluorochrome-conjugated
monoclonal antibodies [purchased from BD Biosciences,
BioLegend, San Diego, CA, USA and eBioscience, San Diego,
CA, USA)] were used for the specific staining of CD3
(500A2), CD4 (RM4-5), CD8a (53-6-7), CD11b (M1/70),
CDl1c (HL3), CD25 (7D4), CD40 (3/23), CD45 (30-F11),
CD62L (MEL-14), CD69 (H1-2F3), CD80 (16-10A1), CD83
(Michel-19), CD86 (GL-1), F4/80 (BM8), forkhead box pro-
tein 3 (FoxP3) (FJK-16s), GATA binding protein 3 (GATA-3)
(150-823), IFN-y (XMG1.2), IL-17A (TC11-18H10), lym-
phocyte antigen 6 complex, locus C (Ly6C) (HK1.4), Ly6G
(1A8) and MHC-II (2G9). Intracellular cytokine and tran-
scription factor staining was performed according to the
manufacturer’s instructions using the FoxP3/Transcription
Factor Staining Buffer Set (eBioscience) and the Cytofix/
Cytoperm'™  Fixation/Permeabilization Solution Kit (BD
Bioscience). Cells were analysed with the flow cytometer flu-
orescence activated cell sorter (FACS)Canto (BD Bioscience).
Data analysis was performed using FlowJo software (Tree
Star Inc., Ashland, OR, USA).

Stimulation of lymph node cells with recombinant
TSLP

Lymph node (LN) cells, 4 X 10°, from WT mice were
placed as triplicates in a 96-well flat-bottomed plate = 100
ng/ml murine recombinant TSLP (R&D Systems) and
* 2 pl anti-CD3/CD28 beads (Life Technologies, Carls-
bad, CA, USA). After 48 h of culture the proliferation
rate was assessed using a thymidine incorporation assay.

TSLP deficiency attenuates EAE

Restimulation of CD3™ splenocytes with MOG;5_s5
peptide

Splenocytes were harvested from TSLP KO and TSLP WT
mice at day 5 post-immunization with MOG;s_s5 peptide.
CD3" T cells were sorted from single cell suspensions
according to the manufacturer’s instructions with the Pan
T cell Isolation Kit II, Mouse (Miltenyi Biotech, Bergisch
Gladbach, Germany). T cells (4 X 10°) were incubated
with different concentrations of MOGs;s_55 peptide in
200 pl R10/well of a 96-well tissue culture plate. At days
0, 1 and 2, 20 ng/ml rmTSLP (R&D Systems) were added
to the indicated wells. At day 3, proliferation was assessed
using a thymidine incorporation assay.

Mixed lymphocyte reaction

TNF-a-stimulated, day 10 BMDCs from TSLP KO and
TSLP WT mice (C57BL/6N background) were cultured as
triplicates in a 96-well flat-bottomed plate in R10
medium at titrated numbers. LN cells (2 X 10° per well)
from TSLP KO and TSLP WT mice (BALB/c background)
were used as responder cells. After 3 days of co-culture,
supernatants were analysed by CBA and the proliferation
rate was assessed using a thymidine incorporation assay.

Thymidine incorporation assay

Cells were pulsed with 1 pCi/well methyl-[’H]-thymidine
(Amersham Biosciences, Little Chalfont, UK) in R10 medium
for 16 h and harvested onto filtermats using an ICH-110 har-
vester (Inotech, Dottikon, Switzerland). Filters were counted
in a 1450 microplate counter (Wallac, Turku, Finland).

Cytometric bead array.

Cell culture supernatants and sera were analysed regarding
the presence of specific cytokines using the CBA nouse Th1/
Th2/Th17 cytokine kit or the CBA mouse inflammation kit
according to the manufacturer’s instructions (BD Bioscien-
ces). Complexes of capture beads, analytes and detection
reagents were analysed using a FACScan (BD Biosciences).

Statistics and data presentation

All statistics were calculated with Prism version 5-0 (Graph-
Pad, La Jolla, CA, USA) using a Wilcoxon—-Mann—Whitney
comparison test or two-tailed unpaired Student’s t-test as
indicated. All data are presented as mean * standard error
of the mean (s.e.m.). P-values of *P < 0-05, **P < 0-01 and
P < 0-001 were considered statistically significant.

Results

Delayed and ameliorated EAE development in
TSLP-deficient mice

To investigate the role of TSLP in CNS autoimmunity,
the clinical score of EAE in TSLP KO and TSLP WT mice
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was assessed. Upon EAE induction, TSLP WT mice devel- mice (Fig. lc, right). MELC images also revealed that the
oped classical monophasic EAE-symptoms characterized choroid plexus of TSLP KO mice contained fewer CD45"
by ascending paralysis 9-11 days after immunization with leucocytes, CD11b" macrophage/microglial cells, CD4" T
MOGs;5_55 peptide (Fig. la, left). In contrast TSLP- helper cells and CD4"/FoxP3 " regulatory T cells (Sup-
deficient mice displayed, first, delayed onset of disease porting information, Fig. S1). The number of CD11b"/
(Fig. 1a, left) and secondly, an ameliorated form of EAE Ly6G " neutrophil granulocytes was comparable in brain
when compared with TSLP WT mice (Fig. la, left and of both mouse strains (Supporting information, Fig. S1).
right). To verify that the differences in disease progression Blinded analysis of demyelinated areas in spinal cords of
between TSLP KO and TSLP WT mice are due to differ- mice at day 12 after EAE induction also resulted in a
ences in TSLP expression and bioavailability, recombinant reduction of demyelination by approximately 37% in
murine (rm)TSLP protein was injected intraperitoneally TSLP KO mice compared to WT controls (Fig. 1d).

(i.p.) into TSLP KO mice and subsequently disease pro-
gression was monitored. In this experimental setting, the
disease course between TSLP WT and TSLP KO mice,
which received rmTSLP, was identical (Fig. 1b).

TSLP deficiency does not alter immune cell
homeostasis in healthy mice

Histological analyses of brain and spinal cord derived The requirement of TSLP for the development and main-
from TSLP KO and TSLP WT mice illustrate that at day tenance of T cell populations was compared directly in
12 after EAE induction there were significantly lower TSLP KO and TSLP WT mice. In the murine as well as in
numbers of CD45" leucocytes present as meningeal infil- the human system it has been shown previously that
trates of the brain (Fig. 1c, left) and in spinal cord (data TSLP is involved not only in the development of Th2

not shown) of TSLP KO mice compared to TSLP WT cells [6,10,11,21], but also in the development of
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Fig. 1. Thymic stromal lymphopoietin (TSLP) knock-out (KO) mice show a delayed experimental autoimmune encephalomyelitis (EAE)
development and a reduced EAE severity. (a) EAE was induced in male TSLP KO mice or wild-type (WT) control animals by immunization
with myelin oligodendrocyte glycoprotein peptide 35-55 (MOGs;5_s5) in complete Freund’s adjuvant (CFA) and disease severity was monitored
according to the classical EAE score [mean clinical EAE score * standard error of the mean (s.e.m.); maximal clinical EAE score * s.e.m.; TSLP
KO n = 13, TSLP WT n = 12; data presented are the mean of three independent experiments; Wilcoxon-Mann—Whitney comparison test:

*P < 0-05; **P<0-01; ***P<0-001]. (b) EAE was induced in TSLP KO mice and in TSLP WT mice. In addition, TSLP KO mice received
rmTSLP [500 ng in 200 pl phosphate=buffered saline (PBS)] intraperitoneally (i.p.) on days 0-5; TSLP WT mice received 200 pl PBS i.p. on days
0-5; disease severity was monitored according to classical EAE score (mean clinical EAE score = s.e.m.; TSLP KO n = 6, TSLP WT n = 7).

(c) CD45 staining of brain harvested from TSLP KO and TSLP WT mice at day 12 after EAE induction. Results are representative of at least
three independent experiments. (d) Luxol fast blue staining of spinal cord sections harvested from TSLP KO mice (left) and TSLP WT mice
(middle) at day 12 after EAE induction; arrows mark demyelinated areas; bar graph (right) shows quantification of demyelinated areas

(n = 8-10 mice; Wilcoxon-Mann—Whitney comparison test: **P < 0-01).
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Fig. 2. Bone marrow dendritic cells (BMDCs) from thymic stromal lymphopoietin (TSLP) knock-out (KO) and wild-type (WT) mice show no
differences in cytokine secretion or maturation marker expression. (a) TSLP mRNA expression in WT BMDCs which were left unstimulated or
which were stimulated overnight with TSLP, tumour necrosis factor (TNF)-a, CD40L or lipopolysaccharide (LPS) [mean = standard error of the
mean (s.e.m.)]. (b) Cytometric bead array (CBA) of supernatants from LPS-stimulated TSLP KO (o) and TSLP WT (Jli]) BMDCs

(mean * s.e.m.). (c) Fluorescence activated cell sorter (FACS) analysis of TSLP KO and WT BMDCs, which were left either unstimulated or were
matured with TNF-a or LPS. GMFI = geometric mean fluorescence intensity. The bar charts represent the mean * s.e.m. (a, b) TSLP KO n = 3,
TSLP WT n = 3. (c) TSLP KO n = 3, TSLP WT n = 5. All data are representative of four independent experiments.

regulatory T cells (Tyegs) [22—-24]. For humans, it even has
been reported that TSLP is involved in the differentiation
of CD4" effectors producing both Th1 and Th2 cytokines
[25], as well as in the development of Th17 cells [26].
Therefore, we compared the numbers of Thl, Th2, Th17
and T, cells in inguinal lymph nodes of healthy TSLP
KO mice with healthy TSLP WT mice (Supporting infor-
mation, Fig. S2a). However, no differences could be
observed regarding the numbers of different T cell sub-
sets. Furthermore, TSLP deficiency did not alter the num-
bers of macrophages (CD11b", F4/80%, Ly6C™) or
neutrophil granulocytes (CD11b*, Ly6G*) in inguinal
lymph nodes (Supporting information, Fig. S2a). Also, no
differences regarding the number of CD3™ T cells, CD3"/
CD8™ cytotoxic T lymphocytes (CTLs), CD3"/IL-17A"
Th17 cells, macrophages (CD11b", F4/80", Ly6C") or
neutrophil granulocytes (CD11b*, Ly6G™) in the brain of
healthy mice could be observed when compared with
TSLP KO mice (Supporting information, Fig. S2b).

To test whether the generation of T is impaired in
mice deficient for TSLP, TSLP KO mice were crossed geneti-
cally with DEREG mice, which express a diphtheria toxin
(DT) receptor-enhanced green fluorescent protein (eGFP)
fusion protein under the control of the FoxP3 locus [27].
After the injection of DT, FoxP3* Tregs are specifically
depleted; 3 days later FoxP3™ T cells start to rebound (not
shown). However, no defects in the generation of Tieg
could be observed, as similar numbers of FoxP3" T cells
could be detected in inguinal lymph nodes, spleen and thy-
mus in TSLP KO and TSLP WT mice at day 4 after DT
injection (Supporting information, Fig. S2¢).

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 51-64

TSLP has the capacity to potently enhance the matura-
tion and function of CD11¢* human myeloid DCs [5-7].
Similarly, murine BMDCs responded to TSLP treatment
by producing CCL17, CCL22 and increased expression of
MHC-II and co-stimulatory proteins [4]. To test whether
TSLP-deficient mice display differences regarding their
DCs, BMDCs from bone marrow of both healthy TSLP
KO and healthy TSLP WT mice were generated. Real-time
RT-PCR of TSLP WT BMDCs showed that TSLP mRNA
expression was up-regulated significantly upon stimula-
tion with TNF-a, and even more pronounced after LPS
stimulation, whereas TSLP and CD40L stimulation
showed no effect on TSLP mRNA expression (Fig. 2a).
Furthermore, BMDCs of both genotypes were left either
immature or were matured with LPS or TNF-a, and then
supernatants were collected and analysed for the presence
of IL-6, IL-10, IL-12p70, MCP-1 and TNF-a. No differen-
ces in terms of cytokine concentrations could be observed
between supernatants from TSLP KO- and TSLP WT
BMDCs in the unstimulated condition (not shown) as
well as after TNF-a (not shown) or LPS stimulation (Fig.
2b). In addition, flow cytometry revealed that immature
BMDCs from TSLP KO and TSLP WT mice showed no
differences in MHC-II, CD25, CD40, CD80, CD83 and
CD86 expression (Fig. 2c). After TNF-o stimulation,
BMDCs from both groups showed an up-regulated
expression of all the above-mentioned molecules, which
was even more prominent after LPS stimulation. How-
ever, no differences in the expression of the analysed acti-
vation and maturation markers could be observed
between the two genotypes (Fig. 2c).
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In TSLP KO mice Th2 responses are not reduced
during EAE

Several previous studies, using TSLP-receptor KO mice,
reported reduced Th2 cytokine levels during different
inflammatory diseases, paralleled by an increase of Thl
type cytokines [28]. As it has been reported that not only
Th1 but also Th17 cells mediate pathogenic effects in the
EAE model, whereas T, play a regulatory role, we ana-
lysed cytokine production by these cell populations. Cyto-
kines characteristic for Thl, Th2, Th17 cell and Tg
immune responses were evaluated in the serum of mice 5
days post-MOG;5_s5 immunization. As anticipated, mice
immunized with MOG;s5_s5 peptide showed increased
serum concentrations of IL-6, IL-17A, I TNF-a and TNF-
a compared to healthy controls (Supporting information,
Fig. S3b). IL-2, IL-4 and IL-10 were not detectable. It is
noteworthy that no significant differences were observed
between TSLP KO and TSLP WT mice during inflamma-
tion. At the same time-point, spleens from TSLP KO and
TSLP WT mice showed similar numbers of CD11c” DCs,
and these cells expressed comparable amounts of MHC-
II, CD25, CD40, CD80, CD83 and CD86 on their cell
surface (Supporting information, Fig. S3a). The same was
true for inguinal lymph nodes (not shown).

Also shortly before the peak of disease (i.e. day 12 after
EAE induction), we did not detect any differences in
mRNA expression levels of typical cytokines associated
with T cell differentiation or activity in lymph node cells

(Fig. 3a). Furthermore, no differences in the number of
CD4"/IL-17A" Th17 cells, CD4"/TNF-a" Thl cells and
CD4 " /FoxP3" T, could be detected by flow cytometry
in the lymph nodes of TSLP KO in comparison to TSLP
WT mice (Fig. 3b).

Reduced CNS inflammation in TSLP KO mice at day
11 after EAE induction

Quantitative real-time RT-PCR of spinal cord samples har-
vested at day 11 after EAE induction showed a generally
reduced mRNA expression of genes specific for a proin-
flammatory response in TSLP KO mice compared to TSLP
WT mice. Markers specific for macrophages (CD11b), DCs
(CDl1c), B cells (CD19), T cells (CD3, CD4, CD8), T cell-
specific transcription factors (T-bet, RORy t, GATA-3,
FoxP3) and cytokines (IFN-v, IL-4) were clearly reduced in
the TSLP KO mice compared to TSLP WT mice (Fig. 4). In
contrast, mRNA expression levels of cytokines produced by
Th17 cells (e.g. IL-17A, IL-17E IL-22) were even slightly
elevated in TSLP KO mice. These results demonstrate that
the reduced EAE severity in the TSLP KO mice is caused
mainly by a reduced infiltration of the spinal cord by mac-
rophages and T cells (Fig. 4). Interestingly, the expression
of the CC chemokine CCLI, which is expressed exclusively
by T cell receptor (TCR)-activated T cells [29,30], and the
expression of its receptor, CCR8, was reduced significantly
in spinal cord of TSLP KO mice. Similar results were
obtained for brain samples (not shown).
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According to the EAE course, cells isolated from CNS
of TSLP KO mice at day 112 clearly showed lower num-
bers of infiltrated CD3"/CD4" T helper cells and also
lower numbers of CD3"/CD8" CTLs in flow cytometry
analyses than CNS cells isolated from TSLP WT mice
(Fig. 5a,c). As Thl and Th17 cells play a pivotal role in
the pathogenesis of EAE [19], we subsequently analysed
the numbers of CD45"/CD4*/IFN-y* Thl cells and of
CD45%/CD4™" /IL-17A" Th17 cells, revealing that the
number of IFN-vy-positive Thl cells was clearly reduced
in the brain of TSLP KO mice (Fig. 5b,c).

CD4" T cells isolated at day 11 after EAE induction
from brain of TSLP KO mice showed a clear reduction of
the activation marker CD69 on their surface. In TSLP KO
mice, the expression of the activation marker CD69 was
only present in an average of 15-5% of the infiltrated
CD4™" T cells, whereas approximately 33-3% of the CD4™"
T cells derived from TSLP WT mice expressed CD69 (Fig.
5a,c). Accordingly, the expression of CD62L, which is a
marker for naive T cells, is significantly higher on CD4™"
T cells derived from TSLP KO mice when compared to
TSLP WT T cells (KO: 41% versus WT: 17.5%; Fig. 5a,c).
The same was true for CD8" CTLs. Only 14:1% of the
CD8" CTLs from TSLP KO mice expressed the activation
marker CD69, whereas 29-1% of CTLs from TSLP WT
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mice expressed CD69 (Fig. 5a,c). Thus, the expression of
CD62L was almost two times higher on CD8" CTLs
derived from TSLP KO in comparison to TSLP WT mice
(KO: 51% versus WT: 29-4%; Fig. 5a,c).

No differences in T cell activation at the later phase
of disease

At day 20 post-EAE-induction, no significant differences
regarding disease-associated paralyses could be observed
between TSLP KO and TSLP WT mice (Fig. la). Accord-
ingly, we did not detect any differences in the number of
CD45" leucocytes, CD3" T cells, CD3"/CD4" T helper
cells and CD3*/CD8" CTLs isolated at this time-point
from brain tissue (Supporting information, Fig. S4a). Fur-
thermore, no differences in the number of IFN-y-positive
Thl cells or IL-17A-positive Th17 cells were detectable
(Supporting information, Fig. S4a). Moreover, CD3"/
CD4" T helper cells, as well as CD3"/CD8" CTLs, did not
show any differences in the expression of CD69 or CD62L
at this time-point (Supporting information, Fig. S4b).

TSLP stimulates proliferation and activation of T cells

Previously it has been reported that murine TSLP can
regulate CD4" [12,15,16,31] and CD8" [17] T cell
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function and homeostasis in the presence as well as in the
absence of APCs. To study the effect of TSLP on T cell
proliferation in the presence of APCs, we performed an
MLR. Thus, LN cells from TSLP KO and TSLP WT mice
(Balb/c background) were cultured for 3 days with
BMDCs derived from TSLP KO or TSLP WT mice (C57/
BL6 background) and then supernatants were analysed

using a cytometric bead array (CBA). Furthermore, cell
proliferation rates were assessed using a thymidine incor-
poration assay. These analyses revealed clearly that LN
cells derived from TSLP KO mice respond significantly
more weakly to the BMDCs than lymph node cells
derived from TSLP WT mice (Fig. 6a). Interestingly, the
genotype of the BMDCs had no effect on the
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Fig. 6. Thymic stromal lymphopoietin (TSLP) stimulates the proliferation of T cells. (a) 200 000 lymph node (LN) cells (Balb/c) were seeded
together with 3000 tumour necrosis factor (TNF)-a-matured bone marrow dendritic cells (BMDCs) (C57/BL6) into a 96-well flat-bottomed
plate for 72 h. Cell cultures were then pulsed with 1 pCi/well [*H]methylthymidine for 16 h and then the incorporation was assessed; TSLP KO
n = 6, TSLP wild-type (WT) n = 6. (b) 200 000 KO or WT LN cells (Balb/c) were co-cultured with 3000 WT BMDCs (C57/BL6) for 72 h.
Supernatants were then analysed regarding their cytokine concentrations by cytometric bead array (CBA); TSLP KO n = 6, TSLP WT n = 6. (¢)
LN cells from naive WT mice were seeded into a 96-well flat-bottomed plate (400 000/well) and cultured for 48 h in the presence or absence of
CD3/CD28 beads and rmTSLP. Cell cultures were then pulsed with 1 uCi/well [*H]-methylthymidine for 16 h and incorporation was assessed;
n = 3. (d) Splenocytes were harvested from TSLP KO and WT mice at day 5 after immunization with myelin oligodendrocyte glycoprotein
peptide 35-55 (MOGss_s5) peptide. CD3™ T cells were then isolated, seeded into a 96-well flat-bottomed plate (400 000/well) and restimulated
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[SH]—methylthymidine for 16 h and incorporation was measured; TSLP KO n = 6, TSLP WT n = 3. The bar and line charts represent the

mean = standard error of the mean. Results are representative of three independent experiments; two-tailed unpaired Student’s t-test: *P < 0-05;
*P<0-01; P <0-001.

proliferation of the lymph node cells (Fig. 6a). Superna- cells were co-cultured with BMDCs in comparison to
tants from MLRs showed that reduced amounts of IL-6, TSLP WT LN cells (Fig. 6b). No differences regarding IL-
IFN-y and TNF-a were produced when TSLP KO LN 2 and IL-17A production could be observed between

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 51-64 59



J. Eckhardt et al.

TSLP KO and TSLP WT LN cells (Fig. 6b), while IL-4
and IL-10 were not detectable.

To analyse whether TSLP directly stimulates the prolif-
eration of T cells, LN cells from naive TSLP WT mice
were incubated for 48 h = rmTSLP and = CD3/CD28
beads and then proliferation rates were assessed. Thymi-
dine incorporation shows that rmTSLP alone already pro-
motes the proliferation LN cells (Fig. 6¢). The addition of
CD3/CD28 beads increased proliferation significantly, and
when rmTSLP was additionally added proliferation was
even higher (Fig. 6¢). To determine possible differences in
the myelin-specific T cell response, we compared the abil-
ity of CD3" T cells from TSLP KO and WT mice in
respect to the antigen-specific MOGss_s5 response. Prolif-
eration assays with CD3" T cells isolated from spleen at
day 5 after EAE induction and subsequent in-vitro restim-
ulation for 72 h with different concentrations of MOG3;5_
55 peptide, showed that CD3™ T cells from TSLP KO
mice respond more weakly to MOGss_ss than CD3™ T
cells from TSLP WT mice (Fig. 6d). Although prolifera-
tion of both T cell types was increased in the presence of
rmTSLP, TSLP KO-derived T cells showed a lower
response in comparison to TSLP WT cells (Fig. 6d).

Discussion

To date, the precise role of TSLP in autoimmune diseases
is still unknown, and only very few studies have been
published showing a defined role for TSLP in Thl- or
Th17-driven autoimmune diseases [32]. TSLP is a potent
activator of myeloid DCs, enhancing Th2-mediated
hypersensitivity [4,8], and it has been implicated in the
pathogenesis of atopic diseases [31]. Furthermore, it has
been reported that TSLP produced from murine medul-
lary thymic epithelial cells (mTEC) contributes to the
expression of FoxP3 and the maturation of natural Tieg
[24]. However, in naive mice the absence of TSLP did not
alter leucocyte balance, as shown by normal numbers of
different types of leucocytes including Thl, Th2, Th17
and Teg in lymphoid organs and CNS of TSLP KO mice
(Supporting information, Fig. S2a—c). The continuous
activity of IL-7, which shares overlapping activity with
TSLP, may compensate for the missing TSLP signals in
naive mice, and this could be a reason for normal Th2
numbers in TSLP KO mice. Accordingly, TSLP was shown
previously to play only a minor role in murine T lym-
phopoiesis [33]. Further, it was demonstrated that TSLPR
KO mice exhibit normal myeloid, lymphoid, DC and NK
cell numbers [12].

As it has been reported that murine BMDCs responded
to TSLP treatment by producing Th2-attracting chemo-
kines and increasing MHC-II and co-stimulatory molecules
[4], BMDCs from BM of healthy TSLP KO and WT mice
were generated. Real-time PCR revealed that TNF-a and

especially LPS stimulation of BMDCs led to an up-
regulation of TSLP mRNA expression (Fig. 2a). However,
BMDCs from TSLP KO mice showed no reduced expres-
sion of activation and maturation markers after LPS- or
TNF-a stimulation (Fig. 2c). Furthermore, using the MLR
assay no reduction of cytokine secretion (Fig. 2b) and T
cells stimulatory capacity (Fig. 6a) were observed, in com-
parison to BMDCs derived from TSLP WT mice. At day 5
after EAE induction, no differences were detected with
regard to the numbers and activation status of DCs derived
from spleen and inguinal lymph nodes of TSLP KO in com-
parison to TSLP WT mice (Supporting information, Fig.
S3a). Neither at this time-point nor at day 12 post-
immunization were reduced Th2- and/or T responses
with Thl or Th17 bias observed in TSLP KO mice (Fig. 3;
Supporting information, Fig. S3b). Thus, there appear to be
compensatory immune mechanisms during chronic anti-
gen exposure that allow the development of Th2 responses.

To investigate the role of TSLP in CNS autoimmunity,
we first compared the clinical score of EAE. Surprisingly,
TSLP-deficient mice displayed a delayed onset of disease
and an ameliorated form of EAE (Fig. 1a). To verify that
the differences in disease progression between KO and
WT mice are due to differences in TSLP expression, the
TSLP deficiency in the KO mice was compensated by the
injection of rmTSLP protein. Interestingly, the course of
disease between TSLP WT mice and TSLP KO mice,
which both received rmTSLP, was identical (Fig. 1b). This
major finding indicates that TSLP is responsible for the
observed differences in disease progression between TSLP
KO and TSLP WT mice.

In accordance with our findings, TSLPR-deficient mice
showed less severe arthritis in collagen-induced autoim-
mune arthritis and displayed a down-regulation of T cell
activity and inhibition of proinflammatory cytokines and
catabolic mediators at the site of inflammation [32].
Accordingly, administration of rmTSLP exacerbated dis-
ease severity and joint damage significantly, associated
with an increased T cell activation [32]. These data dis-
play a direct role of TSLP in the promotion of autoim-
mune responses. In contrast to previous data using TSLP
receptor KO mice, the usage of TSLP KO mice in this
study eliminates possible remaining signalling effects of
TSLP by binding to still-available IL-7Ra chains.

Histological and flow cytometry analyses of brain and
spinal cord harvested at days 11-12 after EAE induction
showed a strongly reduced infiltration of leucocytes, espe-
cially macrophages and T cells in TSLP KO mice, in com-
parison to TSLP WT mice (Figs 1c, 4 and 5). RT-PCR
analyses showed that at day 11 after EAE induction, mRNA
expression levels of several transcripts specific for macro-
phages and T cells were reduced significantly in CNS of
TSLP KO mice (Fig. 4). RT-PCR and flow cytometric anal-
yses showed that mRNA as well as protein expression of all
investigated T cell markers, and especially Thl markers,
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were reduced strongly in the CNS of TSLP KO mice. Thus,
it was somewhat surprising to observe that the expression
of cytokines produced by Thl7 cells was similar in both
groups, or sometimes even slightly elevated in the CNS of
TSLP KO mice (Figs 4 and 5). In line with these findings, it
has been reported that during colitis, TSLP is produced by
DC:s of the gut and acts directly on T cells, thereby reducing
their capacity to produce IL-17 [34]. Consequently, a regu-
latory function of TSLP on Thl7 cell cytokine production
could also be relevant in the EAE model. Furthermore, our
results underline the fact that the differences in disease
severity are due most probably to differences in the number
of Thl cells and not to differences in the number of Th17
cells in the brain. The slightly elevated ratio of Th17 cells in
the CNS of TSLP KO mice should have only minor effects
on the course of EAE, if at all, as the absolute number of
Thl cells infiltrating the CNS far exceeds Th17 cell numbers
[35].

In addition, TSLP KO mice showed a significantly
reduced mRNA expression of the chemokine CCL1
(Fig. 2) in the CNS at day 11 after EAE induction. This
indicates that CNS-infiltrating T cells from TSLP KO
mice might display a less activated phenotype than T cells
isolated from TSLP WT mice, as CCL1 is secreted exclu-
sively by T cells after T cell receptor (TCR) stimulation
[29]. Consistent with these findings, the expression of the
CCLL1 receptor, i.e. CCR8, was also reduced significantly
in TSLP KO mice in comparison to TSLP WT mice.
CCRS is expressed by phagocytic macrophages and acti-
vated microglia in MS lesions and is correlated directly
with demyelinating activity [36]. Flow cytometry demon-
strated clearly that CD4™" T cells, as well as CD8" T cells
from CNS of TSLP KO mice, showed a significantly atte-
nuated activation when compared with CD4" and CD8™
T cells derived from CNS of TSLP WT mice (Fig. 3). As
CD4"Y T cells, especially Th1l and Th17 cells, are the main
players in EAE [19], a reduced activation of CD4" T cells
elicited by TSLP deficiency could contribute to the
reduced EAE severity observed in the TSLP KO mice.
However, it is not clear whether the activation status of
CD8™ T cells has an impact on EAE severity, because the
role of CD8™ T cells in EAE is still controversial [37,38].
Because we observed a strongly reduced activation of
encephalitogenic T cells in TSLP KO mice in the early
inflammatory phase of EAE, despite a normal DC composi-
tion, TSLP might directly influence the activation status of
T cells in the EAE model. To date, it is still under debate
whether TSLP can strongly activate CD4 " T cells only indi-
rectly via myeloid DCs or directly [3,4,7,12,15,16]. In addi-
tion to eliciting the proliferation of naive CD4" T cells,
TSLP has also been demonstrated to act directly [17] and
indirectly via myeloid DCs [39] on CD8™ T cells. However,
it is still unclear whether TSLP only increases CD8" T cell
survival without influencing proliferation [17] or whether
it promotes survival and proliferation [40].

TSLP deficiency attenuates EAE

According to experiments performed with TSLP recep-
tor KO mice [12,15,16], we next conducted comparable
analyses with ex-vivo-derived cells from our TSLP KO
mice. When co-cultured with allogeneic TSLP WT- or
TSLP KO-derived BMDCs, LN cells from TSLP KO mice
expanded less efficiently than lymph node cells from
TSLP WT mice (Fig. 6a). Interestingly, however, the DC
genotype had no influence on T cell proliferation (Fig.
6a). These results indicate that T cells generated in the
thymus and differentiated in secondary lymphoid organs
without the signal transduction underlying TSLP expres-
sion show a weaker antigen-driven activation than T cells
generated in the presence of TSLP. The fact that at day 20
post-immunization no differences in disease severity and
T cell activation could be observed between TSLP KO
and TSLP WT mice (Supporting information, Fig. S4)
indicates that there is an active immune response taking
place in the TSLP KO mice, and this argues against a
global developmental T cell defect.

The expression of several inflammatory cytokines,
which play an important role in EAE and MS, seem to be
impaired when TSLP is missing (Fig. 4b). As IL-6-
deficient mice were completely resistant to MOG-induced
EAE [41], a reduced IL-6 production in TSLP KO mice
could contribute to the ameliorated form of EAE
observed in these animals. IFN-y and TNF-q, in contrast,
seem to play a more complex role in EAE. Administration
of IFN-y ameliorated EAE in some cases, and treatment
with anti-IFN-y antibodies had no effect or led to an
enhanced severity of the disease [42—44]. Initial reports
claimed that in-vivo TNF blockade in mice and rats
resulted in EAE amelioration [45,46]. In contrast, thera-
peutic administration of TNF was reported to provide
protection from EAE [47]. Kruglov and colleagues dem-
onstrated that the cellular source of TNF and the stage of
disease are important for the effects of TNF [48]. There-
fore, further experiments are necessary to clarify whether
a reduced IFN-y or TNF production contributes to dis-
ease amelioration in TSLP KO mice. However, such stud-
ies would exceed the scope of the present study.

To analyse whether TSLP stimulates the proliferation of
T cells in the absence of APCs or TCR ligands, naive LN
cells, which consist mainly of T cells, were incubated in
medium alone or with rmTSLP. Using a thymidine incor-
poration assay, we could show that in the absence of TCR
ligands, rmTSLP only slightly induced the proliferation of
LN cells (Fig. 6¢), which may be due to the very low
expression of TSLP receptor on naive T cells [3]. How-
ever, when the cells were stimulated with CD3/CD28
beads, rmTSLP clearly up-regulated proliferation (Fig.
6¢). These observations are in accordance with previous
studies on TSLP receptor KO mice [12].

Next, the MOGss_ss-specific CD3™ T cell response in
TSLP KO and TSLP WT mice was analysed. Proliferation
assays with CD3™ T cells, isolated from spleens at day 5
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after EAE induction and restimulated with MOG;5_s5
peptide, showed that CD3™ T cells from TSLP KO mice
responded less efficiently to MOG3;s_55 than T cells from
TSLP WT mice (Fig. 6d). This may be due to a reduced
activation of naive T cells in vivo, leading to fewer T cells
differentiating into MOGg;5_ss-specific effector and mem-
ory cells. These findings are in line with previous reports
showing that TSLP enhances the proliferation of TCR-
stimulated CD4" T cells and that TSLP is important for
the transition of naive CD4" T cells into activated effec-
tor cells [15]. Although proliferation of both T cell types
was increased when rmTSLP was added, TSLP KO T cells
responded much more weakly to the combination of
MOGs;5_55 peptide and rmTSLP than TSLP WT T cells
(Fig. 6d). This finding shows that MOG3;5_ss-specific T
cells respond to TSLP during TCR activation. As the
addition of rmTSLP enhances T cell responses, this could
explain why TSLP KO mice which received rmTSLP
showed a more severe EAE than PBS-treated TSLP KO
mice (Fig. 1b). These experiments underline the fact that
TSLP is indeed involved in the induction of MOGs;s_ss-
specific T cell clones in vivo, and that it is able to enhance
the proliferation of these antigen-specific T cells. How
TSLP directly regulates cell proliferation is beyond the
scope of this study, and will be analysed in future. How-
ever, as mentioned above, immature and mature T cells
do not only carry IL-7Ra but also the TSLPR chain.
Thus, TSLP could directly induce STAT activation, espe-
cially STAT-5, in T cells regulating cell survival and prolif-
eration [2,3]. These possible effects in EAE need to be
explored in further studies. Taken together, our data indi-
cate that expression of, and immune activation, by TSLP
contributes significantly to the immunopathology of EAE.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s Web site:

Fig. S1. The choroid plexus of thymic stromal lympho-
poietin (TSLP) knock-out (KO) mice contained fewer
leucocytes in comparison to TSLP wild-type (WT) mice.
Multi-epitope ligand cartography (MELC) images of brain
harvested from TSLP KO mice and WT mice at day 12
after experimental autoimmune encephalomyelitis (EAE)
induction. Upper row: phase contrast (white), CD45"
leucocytes (red), propidium iodide™ nuclei (green),
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CD31" blood vessels (blue). Lower row: CD4™ T cells
(red), CDI11b" macrophages/microglial cells (green),
Ly6G" neutrophil granulocytes (blue), CD11b*/Ly6G™
granulocytes (cyan), CD31% blood vessels (magenta),
forkhead box protein 3 (FoxP3™) regulatory T cells (red
with white nuclei). Bar = 50 um.

Fig. S2. In healthy thymic stromal lymphopoietin (TSLP)
KO mice no reduction in the numbers of different T cell
subtypes, macrophages or neutrophil granulocytes were
observed. (a) Fluorescence activated cell sorter (FACS)
analyses of inguinal lymph nodes [mean * standard error
of the mean (s.em.); TSLP KO n= 3, TSLP wild-type
(WT) mice WT n= 4)]. (b) FACS FACS analyses of brain
(TSLP KO = pool of three three mice, TSLP WT= pool
of four four mice). (c) FACS analyses of inguinal lymph
nodes, spleen and thymus. Diphteria toxin was injected at
days 0 and 1, organs were removed at day 4 (three mice/
group). Data (a,b) (mean * s.e.m.) are representative of
two and data (c) of three independent experiments.

Fig. S3. No differences in dendritic cell (DC) maturation
or serum cytokine concentrations between thymic stromal
lymphopoietin (TSLP) KO and wild-type (WT) mice
mice at day 5 after experimental autoimmune encephalo-
myelitis (EAE) induction. (a) FACS analysis of spleens.

GMFI = geometric mean fluorescence intensity. The bar
charts represent the mean = standard error of the mean
(s.eem.). TSLP KO n = 3, TSLP WT n = 3. Data are rep-
resentative of three independent experiments. (b) Cyto-
metric bead array (CBA) of serum. TSLP KO n = 9; TSLP
WT n = 9; untreated C57/BL6 n = 4; mean (* s.e.am;
two-tailed unpaired Student’s ttest: *P < 0-05;
**P<0-01; ***P < 0-001; n.s. = not significant). Data are
representative of two independent experiments.

Fig. S4. At day 20 after experimental autoimmune
encephalomyelitis (EAE) induction, thymic stromal lym-
phopoietin (TSLP) knock-out (KO) mice and TSLP wild-
type (WT) mice mice show the same extent of central
nervous system (CNS) inflammation. Flow cytometric
analysis of brain. (a) CD45" cells were gated on for-
ward-/side-scatter (FSC/SSC), CD3™ cells were gated on
CD45" cells, CD4" and CD8" cells were gated on CD3"
cells. Interferon (IFN)-y and interleukin (IL)-17Av cells
were gated on CD4" cells. (b) CD62L" and CD697 cells
were gated on CD4" or CD8 + cells. Results are repre-
sentative of two independent experiments (pool of three
brains each).

Table S1. Quantitative reverse transcription (qRT) primer
sets used in this study.
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