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Abstract

The cytokine thymic stromal lymphopoietin (TSLP) functions as a regulator of bone marrow B-cell
development and a key initiator of allergic inflammation. In the current study, we show that mature
B cells, derived from transgenic mice with systemically elevated levels of TSLP (K5-TSLP mice),
exhibit markedly enhanced mitogenic responses in vitro and that this enhanced responsiveness leads
to polyclonal B-cell activation and development of autoimmune hemolytic anemia in vivo. In contrast,
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B cells derived from K5-TSLP mice lacking CD4* T cells failed to show polyclonal activation.
Furthermore, neither mature B-cell activation nor hemolytic anemia occurred in IL-4-deficient
K5-TSLP mice. Consistent with these findings, activation of mature B cells occurred independently of
B-cell intrinsic TSLP signals. Taken together, our results demonstrate that systemic alterations in
TSLP, through induction of IL-4 from CD4" T cells and other cell types, functions as an important
factor in peripheral B-cell homeostasis and promotion of humoral autoimmunity.
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Introduction

Autoimmune diseases can be caused by autoreactive T cells
and/or B cells which are normally deleted during their de-
velopment and/or cannot respond to self-antigens due to
anergy (1-3). Under some conditions, self-reactive B cells
can escape deletion and/or anergy and be activated to
produce autoantibodies that contribute to autoimmune dis-
eases, including systemic lupus erythematosus, hemolytic
anemia and glomerulonephritis (4-6). While recent studies
have begun to clarify how autoreactive B cells can survive
and become activated, the underlying mechanisms respon-
sible for loss of peripheral B-cell tolerance in vivo remain
relatively poorly defined.

Thymic stromal lymphopoietin (TSLP) is a cytokine origi-
nally identified as a growth and differentiation factor of T cells
and B cells (7). TSLP can replace the activity of IL-7 in
supporting B-cell development in vitro (8), and administra-
tion of TSLP into neonatal mice can induce an expansion of

immature B cells in the bone marrow (9). This function
is similar to IL-7 and, consistent with this idea, TSLP
overexpression can partially restore the B-lineage compart-
ment in IL-7-deficient mice (10). This functional similarity is
explained by the observation that the functional TSLP recep-
tor is composed of a heterodimer complex that includes
both the IL-7 receptor a chain (IL-7Ra) and the TSLP-
specific TSLP receptor (TSLPR) (11, 12). TSLPR engage-
ment also leads to Stat5 activation (13-15). Recently, it was
revealed that Jak1 and Jak2 are important for the TSLP-
mediated activation of Stat5 in primary CD4* T cells (16).
Another important feature of TSLP is its ability to act as an
initiator of allergic inflammation in both human and mouse
(17-19). Elevated TSLP levels are found in affected skin and
lung from patients of atopic dermatitis or allergic asthma, re-
spectively (20,21). Consistent with this, mice overexpressing
TSLP or administered with recombinant TSLP exhibit severe
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Tn2-polarlized inflammation in the sites (22-25). TSLP also
regulates intestinal immunity and inflammation (26), contact
hypersensitivity response (27) and is important in helminth
infections (26, 28). TSLP stimulation can induce maturation of
dendritic cells (DCs) along with induction of OX40L expres-
sion (29). TSLP-primed DCs activate naive CD4* T cells and
induce Tn2 polarization in an OX40L- to OX40-dependent
manner (29, 30). TSLP-stimulated DCs can also produce T,2-
attracting chemokines such as CCL17/TARC and CCL22/
MDC and contribute to generation of T,2-biased conditions
(14, 20, 22). TSLP also stimulates naive CD4* T cells directly
to induce IL-4 production and T,,2 polarization (31, 32).

Skin-specific, tetracycline-inducible TSLP transgenic mice
(K5-TSLP mice) display an increase of systemic TSLP after
doxycycline (dox) treatment and develop abnormalities in
B-cell development and maturation (33). Immature bone
marrow B cells, especially B cells after the late pro B-cell
stage (also known as Hardy Fraction C (34)), are dramati-
cally increased, and there was a concomitant increase in
immature phenotype B cells in the periphery. These mice also
display a marked expansion of splenic mature B cells, while
marginal zone and marginal zone precursor B cells are
dramatically reduced. In addition, B-1 cells are markedly
increased, via a direct effect on bone marrow B-1 progenitors
as well as CD5~ B-1b cells within the peritoneal cavity (35).
Finally, K&-TSLP mice, as well as TSLP transgenic mice in which
the transgene is driven by Lck proximal promoter (Lck-TSLP
mice), develop cryoglobulinemic glomerulonephritis (33,36).

In this study, we show that systemic expression of TSLP
leads to a polyclonal activation of mature B cells in the
spleen, which is mediated by IL-4 produced by activated
CD4* T cells. Using B-cell transfer experiments, we show
that TSLPR expression on B cells is not required for this
TSLP-mediated B-cell activation, indicating that this is not
a direct effect of TSLP on B cells. In addition, we show that
K5-TSLP mice develop severe autoimmune hemolytic ane-
mia. Interestingly, Tcrb-deficient or [/4-deficient K5-TSLP
mice failed to develop similar B-cell activation or anemia.
Together, these findings indicate that TSLP can play a potent
role in immune homeostasis in vivo by regulating Tp1-Tn2
balance and subsequent mature B-cell activation.

Methods

Mice

K5-TSLP mice, which are double transgenic mice of K5-rtTA
transgenic and tetO-TSLP transgenic mice, were generated
as described previously (23). K5-TSLP mice were back-
crossed at least seven times with BALB/c mice purchased
from Taconic Farms (Hudson, NY, USA) or The Jackson Lab-
oratory (Bar Harbor, ME, USA). TCRB KO (Terb™") mice
(Terp™™Mom) 1| .4 KO (/14~7) mice (/142N and Rag1 KO
(Rag1™") mice (Rag1™™°™) were purchased from The
Jackson Laboratory and crossed with K5-TSLP mice. TSLPR
KO (Tslpr~~) mice (Crif2™™ were generated as described
previously (37) and backcrossed at least 11 times with
BALB/c mice. Nude (BALB/c-nu/nu) mice were purchased
from CLEA Japan (Tokyo, Japan). Mice were treated with
dox (Sigma) at a concentration of 1 mg mi~" in the drinking
water to induce rtTA transactivation of the TSLP transgene.

Transgene-negative or single-transgenic littermates were
used as controls. All mice were maintained under specific
pathogen-free conditions in the animal facility of Benaroya
Research Institute at Virginia Mason. All mouse works were
conducted under conditions approved by the Benaroya
Research Institute Animal Care and Use Committee.

Flow cytometry

RBC-lysed single-cell suspensions were prepared from the
bone marrow and spleen. After Fc blocking with the culture
supernatant of 2.4G2 hybridoma, cells are incubated in
staining buffer (PBS containing 3% FCS) with antibody cock-
tails on ice for 20 min in the dark. For intracellular cytokine
staining, splenocyte were stimulated with 50 ng mi~" phor-
bol myristate acetate, 500 ng ml~" ionomycin and 1 pl mI~"
GolgiPlug (BD Biosciences) for 4 h and stained for surface
antigens. Cells were fixed in 1.25X PBS containing 1% PFA,
permeabilized with 1X Permeabilization Buffer (eBioscience)
and stained for cytokines in 1X Permeabilization Buffer. Follow-
ing antibodies were used FITC-conjugated anti-CD24 (clone
CT-HSA, CALTAG or clone M1/69; BioLegend), PE-conjugated
anti-CD43 (clone S7; BD Biosciences), PE-Cy7-conjugated
anti-B220/CD45R  (clone RA3-6B2; eBioscience), biotin-
conjugated anti-BP-1 (clone 6C3; eBioscience), FITC-
conjugated anti-CD21/CD35 (clone 7G6; BD Bioscience),
biotin-conjugated  anti-CD23 (clone B3B4; eBioscience),
allophycocyanin (APC)-conjugated anti-MHC class Il (clone
M5/114.15.2;  eBioscience), biotin-conjugated  anti-CD4
(clone RM4-4; BD Biosciences), FITC-conjugated anti-CD8a
(clone 53-6.7; eBioscience), PE-conjugated anti-IL-7Ra (clone
A7R34; eBioscience), biotin-conjugated anti-IL-4Ra (clone
miIL4R-M1; BD Biosciences), FITC-conjugated anti-IFN-y
(clone XMG1.2; BioLegend), PE-conjugated anti-IL-4 (clone
11B11; eBioscience), FITC-conjugated anti-IL-10 (clone JES5-
16E3; BD Biosciences) and PE-conjugated anti-IL-5 (clone
TRFK5; BioLegend). Anti-TSLP receptor (clone 22H9) (15) was
purified from hybridoma supernatant and labeled with Alexa
Fluor 647 using Monoclonal Antibody Labeling Kit (Molecular
Probes) according to the manufacturer’s instruction. Biotiny-
lated cells were visualized by incubation with PE- or APC-
conjugated streptavidin (eBioscience or BiolLegend). After
washing twice with staining buffer, cells were suspended in
the staining buffer and data were acquired with FACSCalibur
(BD Biosciences) or FACSCanto Il (BD Biosciences) and
analyzed with FlowJo software (Treestar).

[PH] thymidine uptake proliferation assay

Splenic B cells were purified using a MACS system (Miltenyi
Biotec, Bergisch Gladbach, Germany) following incuba-
tion with biotin-conjugated anti-CD43 (BD Biosciences) and
streptavidin-coupled microbeads (Miltenyi Biotec) according
to the manufacturer’s instruction. B cells (2 X 10°) were culti-
vated in 0.2 ml of RPMI1640 medium supplemented with
10% FCS, 50 uM 2-mercaptoethanol, 100 U/ml penicillin and
100 pg mi~" streptomycin in a 96-well plate. Cells were stimu-
lated with various concentrations of F(ab’)2 goat anti-mouse
IgM (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA), LPS (Sigma) or anti-CD40 (clone HM40-3; BD
Biosciences). Cells were pulse-labeled with [°H]-thymidine



(1 pCi per well) during the last 8 h of a 24-h culture period.
Cells were harvested onto glass fiber filters and counted in
a liquid scintillation counter (Wallac).

In vitro and in vivo 5-bromo-2-deoxyuridine incorporation
assay

For in vitro assay, purified B cells were cultured with anti-
IgM, LPS or anti-CD40 in the presence of 40 uM 5-bromo-2-
deoxyuridine (BrdU; Sigma). After 24-h incubation, cells
were washed and fixed overnight in ethanol at —20°C. Cells
were then incubated in 2 N HCI for 20 min to denature the
DNA and neutralized with 0.1 M sodium borate pH 8.5 for
2 min. After washing with PBS twice, cells were incubated
with FITC-conjugated anti-BrdU antibody (clone 3D4; BD
Biosciences) for 30 min. Finally, 100 mg mI~' RNase (Sigma)
and 50 mg mi~! propidium iodide (Molecular Probes) were
added and the cells were analyzed by flow cytometry. For in
vivo assay, K5-TSLP or normal littermate control (NLC) mice
were inoculated with 0.8 mg of BrdU in PBS every 12 h for
the last 3 days of 3-week dox treatment. Spleen cells were
stained for surface expression of B220, CD21/CD35 and
CD23 as described above and then fixed using IC Fixation
Buffer (eBioscience) and permeabilized with Permeabilization
Buffer (eBioscience). Subsequently, cells were washed with
Permeabilization Buffer, incubated with DNase |, washed and
then stained with Alexa Fluor 647-conjugated anti-BrdU (clone
PRB-1; Molecular Probes) for 20 min in the dark. Stained cells
were analyzed by flow cytometry.

Depletion of CD4™ T cells by anti-CD4 antibodies

Purified anti-CD4 antibodies (clone GK1.5) were purchased
from University of California San Francisco. K5-TSLP or NLC
mice were intraperitoneally treated with 200 pg per mouse of
anti-CD4 antibodies or rat IgG (Sigma) every 5 days since 5
days before starting dox treatment. Blood was collected from
mouse leg at days 0, 7 and 14 of dox treatment and analyzed
by flow cytometry to confirm the depletion of CD4* cells.

Reconstitution of K56-TSLP/Rag1 KO mice or nude mice

CD4* T cells were purified from spleen and lymph nodes of
wild-type (WT) or TSLPR KO mice using MACS system follow-
ing magnetic labeling with CD4* T Cell Isolation Kit according
to the manufacturer’s instruction. B cells were isolated from
spleens of WT or TSLPR KO mice as described above. WT or
TSLPR KO B cells (8.8 x 10°) with or without 6.5 X 108 of
CD4* T cells were intravenously (i.v.) injected into K5-TSLP/
Rag1 KO mice from their tail vein. Dox was added in the dink-
ing water at the next day of i.v. injection, and mice were sacri-
ficed and analyzed after 3-week dox treatment. For nude
mice, 3.5 x 10° of CD4* T cells were injected i.v., and the
next day, mice were injected i.v. with 50 ug of TSLP cDNA
cloned into pLIVE plasmid vector (Mirus Bio, Madison, WI,
USA) in TransIT-EE Hydrodynamic Delivery Solution (Mirus
Bio). Treated nude mice were analyzed after 4 weeks.

Enzyme-linked immunosorbent assay

Serum cytokine concentrations were determined with mouse
IL-4 ELISA MAX kit (BioLegend) or mouse TSLP ELISA MAX
kit (BioLegend) according to the manufacturer’s instructions.
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Determination of hematocrit

Blood was collected into centrifuge tubes containing heparin
from the heart after euthanasia and 70 pl of blood was trans-
ferred to capillary tubes (Fisher Scientific, Pittsburgh, PA,
USA). The tubes were sealed by Tube Sealing Compound
(Fisher Scientific) and spun in a centrifuge at 1730 X g for
5 min; the hematocrit was determined as the relative height
of the RBC column expressed in percent.

Flow cytometric detection of anti-RBC antibodies

Blood collected during hematocrit measurement was diluted
1:10 with staining buffer and 0.5 pl of diluted blood was used
for staining. RBCs were washed with staining buffer and
incubated in the staining buffer containing FITC-conjugated
anti-mouse IgM (clone eB121-15F9; eBioscience), FITC-
conjugated goat F(ab’)2 anti-mouse 1gG (CALTAG) or control
antibodies for 20 min on ice in the dark. After washing twice
with staining buffer, RBCs were analyzed using flow cytometry
as described above.

Statistical analysis

P values were determined by two-tailed unpaired Student’s
ttest. P values of <0.05 were considered significant.

Results

Mature B cells from K5-TSLP mice exhibit an activated cell
phenotype

We have previously shown an increase of immature and ma-
ture B cells, and loss of marginal zone B cells, in spleens
from K5-TSLP transgenic mice (33). In order to further define
the potential of effects of TSLP in vivo, we focused our atten-
tion on mature B cells derived from K5-TSLP mice following
dox treatment. Follicular (FO) B cells from dox-treated
K5-TSLP mice showed lower CD21/CD35 and higher CD23
expression compared with their counterparts from NLC mice
(Fig. 1A). Furthermore, K5-TSLP-derived mature B cells
exhibited features of activation, including increased forward
scatter (FSC) and an increase in MHC class Il cell surface
expression (Fig. 1A). Next, to assess the activation status of
B cells from the K5-TSLP mice, we examined their prolifera-
tion potential in vitro using [*H] thymidine incorporation
assay. Following polyclonal stimulation in vitro, primary
B cells from K5-TSLP mice exhibited significantly higher
levels of [®H] thymidine incorporation than NLC B cells as
early as 24-h post-stimulation (Fig. 1B).

To extend these studies, BrdU incorporation was used
to determine the number of cells entering the cell cycle
24 h after stimulation. In the absence of stimulation, very
few cells from either NLC or K5-TSLP mice entered the cell
cycle, suggesting that B cells in the K5-TSLP mice were
not actively proliferating in vivo prior to isolation (Fig. 1C).
Anti-IgM and LPS stimulation, however, induced much
higher levels of BrdU* cells, in cells derived from K5-TSLP
versus NLC animals (Fig. 1C). We also performed an
in vivo BrdU labeling assay to determine whether elevated
systemic TSLP levels resulted in enhanced cycling of
B cells in vivo. NLC and K5-TSLP mice were treated with
dox for 3 weeks, injected with BrdU at 12-h interval during
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Fig. 1. FO B cells in spleen of K5-TSLP mice showed activated phenotype. (A) Alteration of cell surface phenotype of K5-TSLP FO B cells. After
3 weeks of 1 mg mI~" dox treatment, single cell was isolated from normal littermate control mice (NLC) or K5-TSLP mice spleens and analyzed
with flow cytometry. Cells were gated on FO B cells (B220*CD21/CD35°"CD23*). Data (left) represent one of more than seven independent
experiments; right, summary of mean fluorescence intensity relative to NLC. *P < 0.005. (B) Proliferative response of spleen B cells from K5-TSLP
or NLC mice. B cells purified from spleens were cultured with indicated stimulations for 24 h. Cells were pulse-labeled with [*H]-thymidine during
the last 8 h. Error bars, SD of three replicates. Data represent one of three independent experiments. (C) In vitro BrdU incorporation assay of
splenic B cells from K5-TSLP or NLC mice. B cells purified from spleens were cultured with 40 uM of BrdU and indicated stimulations for 24 h.
Cells were washed, fixed with ethanol, stained with anti-BrdU antibodies and propidium iodide and analyzed. Numbers near gated areas indicate
percent of the population. Data represent one of two independent experiments. (D) In vivo BrdU incorporation in immature (B220*CD21/
CD357CD237) and FO B cells in NLC and K5-TSLP mice. Mice were given i.p. inoculations of 0.8 mg of BrdU in PBS at 12-h interval during the
last 3 days of 3-week dox treatment. Splenocytes were stained with antibodies for surface antigens, fixed and permeabilized. Following DNase
treatment, cells were stained with anti-BrdU antibodies and analyzed. Data represent one of two independent experiments.

Peripheral B cells in K&6-TSLP mice do not express

the last 3 days of dox treatment and analyzed. There was ’
a functional TSLPR complex

no significant difference in BrdU incorporation seen in

either immature B cells (B220"CD21/CD35 CD237) or
mature FO B cells from K5-TSLP and NLC mice (Fig. 1D).
These results suggest that B cells from dox-treated K5-
TSLP mice are in a pre-activated state, thereby allowing
them to respond more rapidly than their NLC counterparts
to mitogenic signals.

To begin to determine whether the increased systemic levels
of TSLP directly altered mature B-cell activation, we first ex-
amined peripheral B cells for expression of the components
of the TSLPR complex. The functional receptor for TSLP con-
sists of IL-7 receptor a chain (IL-7Ra) and TSLP-specific
TSLPR (11, 12). TSLPR was detected at similar levels on all



splenic B-cell subsets [including transitional 1 (T1) B cells

(B220"CD21/CD35CD23"), transitional 2 (T2) B cells
(B220*CD21/CD35M9"CD23*), FO B cells (B220*CD21/
CD35°%CD23*) and marginal zone (MZ) B cells

(B220*CD21/CD35™M9"CD237)], derived from either K5-TSLP
or NLC mice with similar levels of expression (Supplemen-
tary Figure 1A, top, is available at International Immunology
Online). On the other hand, IL-7Ra expression was not
detected on any of these B-cell subsets in either group
(Supplementary Figure 1A, bottom, is available at Interna-
tional Immunology Online). These results were confirmed
using quantitative reverse transcription-PCR to assess Tslpr
and /I7r transcripts in mature B cells from NLC and K5-TSLP
mice. Consistent with the results of flow cytometry, Tslpr
mRNA was detected in mature B cells from K5-TSLP and
NLC mice, but //7r transcripts were not found (Supplementary
Figure 1B is available at International Immunology Online).

The above results implied that B cells do not have a func-
tional TSLPR, and thus, are unlikely to be capable of
responding directly to TSLP stimulation and that the activa-
tion of mature B cells present in the K5-TSLP mice was also
likely to be independent of a direct affect of TSLP on B cells.
To formally test this idea, mature splenic B cells were iso-
lated from WT or TSLPR-deficient (Tslor”") mice (37) and
transferred into K5-TSLP/Rag 1™~ mice, followed by 3 weeks
of dietary dox treatment (Fig. 2A). The phenotypes of the B
cells in mice receiving Tslor’~ B cells were indistinguishable
from mice that received WT B cells (Fig. 2B). These data are
consistent with the effects of TSLP on B-cell activation being
indirect.

CDA4™* T cells are required for polyclonal B-cell activation in
K5-TSLP mice

The data presented above showed that B cells do not need
to directly respond to TSLP to become activated in the K5-
TSLP mice. To begin to examine what TSLP-responsive cell
populations are required, we focused on T cells, which are
also absent in Rag1-deficient animals. WT CD4* T cells were
co-transferred with B cells from either WT or Tslpr~ mice
into K5-TSLP/Rag 1/~ recipient mice. B-cell activation was
subsequently assessed after 3 weeks of dietary dox treat-
ment. As shown in Fig. 2(B), B cells from both groups of
mice displayed signs of B-cell activation, slightly higher
FSC, CD23, MHC class Il and lower CD21/35, equivalent to
that present in intact K5-TSLP animals. Thus, CD4* T cells
are likely required for the effect of TSLP overexpression on
mature B-cell activation.

To extend these studies, we took two approaches, one
genetic and one deletional, to deplete CD4" T cells from
K5-TSLP mice and determine the effect on B-cell activation.
First, K5-TSLP mice were bred with mice with TCRB-deficient
(Terb™~) mice and given dietary dox for 3 weeks. B-cell de-
velopment and activation were subsequently assessed. Con-
sistent with our previous findings (33), the late pro B cells
(Hardy Fraction C) were dramatically increased in the bone
marrow in both K5-TSLP/Terb*~ and K5-TSLP/Terb™~ mice,
showing that the response of bone marrow B-cell progeni-
tors to TSLP is T cell independent (Supplementary Fig. 2A is
available at International Immunology Online). However, FO
B cells in the spleen from K5-TSLP/Tcrb™~ mice lacked the
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Fig. 2. CD4" Tcells, but not TSLPR on B cells, are required for B-cell
activation in reconstituted K5-TSLP/Rag?~/~ mice. (A) Schematic
representation of transfer experiment using K5-TSLP crossed with
Rag1 KO mice. B cells purified from WT or TSLPR KO (Tslpr /=) mice
were i.v. transferred with or without CD4* T cells isolated from WT
mice. Dox treatment (1 mg mi~") was started the next day of transfer,
and mice were analyzed after 3 weeks of dox treatment. (B) Analysis
of FO B cells from spleen of K5—TSLP/Fn’ag1‘/‘ mice transferred with
WT or Tslor”~ B cells with or without WT CD4* T cells and treated for
3 weeks with 1 mg ml~" of dox in the drinking water. Splenocytes were
stained for B220, CD21/35, CD23 and MHC class Il and analyzed with
flow cytometry. Cells were gated on FO B cells and FSC and
expression of CD21/CD35, CD23 and MHC class Il were shown.
Dotted line indicates the peak of each histogram of B cells from
K5-TSLP/Rag1~/~ mice transferred with WT B cells without CD4*
T cells. Numbers indicate mean of FSC or fluorescent intensity in each
histogram. Results represent one of two independent experiments.

activated phenotype present in TCRp-sufficient K5-TSLP
mice and more closely resembled the phenotype of FO
B cells derived from NLC/Terb*’~ or NLC/Terb™~ mice (Sup-
plementary Fig. 2B is available at International Immunology
Online). These results suggested that polyclonal activation
of B cells induced in K5-TSLP mice depends on af T cells,
and that T cells themselves, or some factor produced by
T cells, might play an important role in this phenotype.

As an alternative approach to assess the role of CD4*
T cells and to exclude a possibility of a developmental effect
on B cells in Terb™~ background, we used acute elimination
of CD4" T cells from K5-TSLP mice before and during dox
treatment. K5-TSLP or NLC mice were treated with 200 pg
of purified anti-CD4 antibody (clone GK1.5) or control anti-
body (rat IgG) per mouse every 5 days, beginning 5 days
before starting dietary dox treatment. NLC and K5-TSLP
mice injected with anti-CD4 antibody had no detectable
CD4* T cells in their peripheral blood after 3 weeks of dox
treatment (Fig. 3A). As was the case in the K5-TSLP/Terb ™~
mice, fraction C late pro B cells in the bone marrow of
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Fig. 3. Depletion of CD4* T cells inhibits polyclonal activation of spleen B cells in K5-TSLP mice. (A) Peripheral blood lymphocytes from NLC or
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anti-CD4-treated K5-TSLP mice increased to the same ex-
tent as control antibody-treated K5-TSLP mice (Fig. 3B).
In their spleen, however, FO B cells in anti-CD4-treated
K5-TSLP mice had a phenotype similar to that seen in NLC
mice, including higher levels of CD21/CD35, lower levels of
MHC class Il and reduced FSC compared with B cells
in control antibody-treated K5-TSLP mice (Fig. 3C). These
combined results demonstrate that CD4™ T cells are required
for the polyclonal activation of mature B cells in K5-TSLP
mice.

TSLP receptor on CD4™ T cells is required for Tp2
differentiation and polyclonal B-cell activation induced by
TSLP overexpression in vivo

We and others have shown that TSLP can activate not only
DCs but also CD4" T cells to induce T,2 differentiation
(31, 32). To examine whether TSLPR on CD4* T cells is re-
quired for polyclonal B-cell activation, we transferred purified
WT or Tslpor’/~ CD4* T cells into nude mice and induced TSLP
expression by hydrodynamic injection of TSLP plasmid DNA
(38, 39) (Fig. 4A). Four weeks after plasmid injection, we
detected 866 (+219) pg mI~" of TSLP in the serum of TSLP
plasmid-injected nude mice, similar to K5-TSLP mice that
have received dox for 2-3 weeks (33). The late pro B cells
were expanded in bone marrow in both CD4" T cell-
transferred and non-transferred nude mice that received
TSLP plasmid, as seen in dox-treated K5-TSLP mice
(Fig. 4B). Splenic FO B cells from WT CD4* T cell-transferred
and TSLP plasmid-injected nude mice displayed higher FSC,
CD23, MHC class Il and lower CD21/35, equivalent to that
seen in dox-treated K5-TSLP animals. However, FO B cells
from nude mice that received Tsljor’/~ CD4* T cells and TSLP
plasmid showed normal phenotype, similar to that seen for
B cells from non-transferred or control plasmid-injected mice
(Fig. 4C). Furthermore, there were many fewer IL-4- and
IL-5-producing Tn2-type cells isolated from the spleens of nude
mice that received Tslor’~ CD4" T cells and TSLP plasmid
(Fig. 4D). These results suggest that TSLP signaling in CD4* T
cells is essential for the production of T.2-type cytokines
and polyclonal activation of B cells after TSLP overexpression
in vivo.

IL-4 plays a central role in polyclonal B-cell activation in
K5-TSLP mice

Based upon previous studies, we reasoned that IL-4 was
a prominent candidate factor produced by CD4* T cells for
the promotion of polyclonal B-cell activation in dox-treated
K5-TSLP mice. IL-4 is produced by various cell types includ-
ing Th2 cells, mast cells, basophils and eosinophils (39-43).
The majority of CD4" T cells in K5-TSLP mice has a Tp2-type
phenotype and produce large amounts of IL-4 (23). In addi-
tion, IL-4 has been shown to stimulate B cells and to rescue
B cells from apoptotic cell death, and constitutive expres-
sion of IL-4 in vivo leads to polyclonal B-cell activation and
autoimmune disease in mice (41, 44). Indeed, serum IL-4
levels in K5-TSLP mice were significantly increased after
dox treatment (Fig. 5A), and it was decreased on Terb™/~
background or by depletion of CD4" T cells (Supplementary
Fig. 3A and B is available at International Immunology
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Online). To test whether IL-4 was important for polyclonal
activation in K5-TSLP mice, we crossed K5-TSLP mice with
IL-4 gene-deficient (//4~/~) mice and analyzed these animals
following dox treatment. K5-TSLP///4*~ mice displayed
comparable level of serum IL-4 to K5-TSLP//[4** mice
(Supplementary Fig. 3C is available at International Immu-
nology Online). The late pro B cells (Hardy Fraction C) were
increased in bone marrow of K5-TSLP//l4~~ mice, as well
as K5-TSLP//I4*/~ mice, consistent with this phenotype being
IL-4-independent (Fig. 5B). However, splenic FO B cells from
K5-TSLP//l4~/~ mice displayed a nearly normal cell surface
phenotype. Cell size and surface expression of CD21/CD35,
CD23 and MHC class Il in these mice more closely resem-
bled those in B cells from NLC rather than in K5-TSLP///4*/~
mice (Fig. 5C). FO B cells from K5-TSLP//l4~~ mice also
displayed in vitro proliferative responses that were signifi-
cantly reduced compared with B cells derived from
K5-TSLP//i4*~ mice (Fig. 5D). We also found that IL-4 re-
ceptor a chain (IL-4Ra) on mature B cells was up-regulated
in K5-TSLP mice after dox treatment (Supplementary Fig. 4
is available at /International Immunology Online). These
results suggest that IL-4, most likely produced by Ty2-type
CD4* T cells, plays a prominent role in the polyclonal B-cell
activation induced after systemic TSLP overexpression in
K5-TSLP mice.

K5-TSLP mice develop autoimmune hemolytic anemia that
depends on IL-4

K5-TSLP mice display autoimmune features, including
cryoglobulinemia and deposition of immune complexes in
kidneys, after dox treatment (33). In addition to these previ-
ous findings, we noted that K5-TSLP mice develop signifi-
cant anemia, exemplified by a drop in hematocrit following
dox treatment (Fig. 6A). The fall in hematocrit directly corre-
lated with the presence of anti-RBC-specific autoantibodies,
consistent with onset of hemolytic anemia (Fig. 6B and C).
Consistent with our data, previous studies using IL-4 trans-
genic mice, with expression driven via an MHC class |
promoter, have reported the development of anemia, glomer-
ulonephritis with complement and immune complex deposi-
tion and increased production of autoantibodies (44).
Notably, the decrease in hematocrit after dox treatment was
not seen in K5-TSLP mice crossed with Tcrb-deficient mice
or ll4-deficient mice (Fig. 7A and Supplementary Figure 5A
is available at International Immunology Online), and RBC-
bound autoantibodies were also absent in K5-TSLP/Terb™~
and K5-TSLP//l4~~ mice although the difference in anti-RBC
IgG between K5-TSLP//I4*~ and K5-TSLP//[4~/~ mice was
not significant (Fig. 7B and C and Supplementary Figure 5B
is available at International Immunology Online). Together,
these results suggest that T,2-produced IL-4 is essential to
drive the B-cell autoimmunity in K5-TSLP mice following the
induction of systemic TSLP expression.

Discussion

We have previously shown that elevated systemic levels of
TSLP lead to variety of abnormalities in B-cell development
and maturation (33). That report focused on the bone marrow
B lineage targets for TSLP, and identified late pro-B cells
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Fig. 4. Polyclonal B-cell activation in K5-TSLP spleen depends on TSLPR on CD4* T cells. (A) Schematic representation of transfer experiment
using BALB/c nude mice. CD4* cells purified from WT or TSLPR KO (KO) mice were transferred. The next day, plasmid DNA encoding TSLP was
i.v. injected, and mice were analyzed after 4 weeks. (B) Immature B-cell subsets in bone marrow from CD4* T cell-transferred and DNA-injected
nude mice 4 weeks after DNA injection. Cells were gated on B220*CD43* live lymphocyte, and immature B-cell subsets were identified by
staining for HSA/CD24 and BP-1. Numbers near boxed area indicate percent of gated subset. (C) Analysis of FO B cells from spleen of CD4* T
cell-transferred and DNA-injected nude mice 4 weeks after DNA injection. Splenocytes were stained for B220, CD21/35, CD23 and MHC class |l
and analyzed with flow cytometry. Cells were gated on FO B cells (B220*CD21/CD35'°*CD23*) and FSC and expression of CD21/CD35, CD23
and MHC class Il were shown. Dotted line indicates the peak of each histogram of B cells from WT CD4* T cell-transferred and control
DNA-injected nude mice. Numbers indicate mean of FSC or fluorescent intensity in each histogram. Both results represent one of two
independent experiments. (D) Intracellular staining of splenic CD4* T cells from transferred nude mice. Splenocytes were stimulated with phorbol
myristate acetate and ionomycin for 4 h, fixed, permeabilized, stained for cytokines and analyzed with flow cytometry. Cells were gated on CD4*
cells. Data represent one of two independent experiments.

(Hardy fraction C) and B-1 progenitors as the primary target on the effect of TSLP on mature splenic B cells in K5-TSLP
cell populations. Using the same model of increased systemic mice. We show that mature FO B cells (B220*CD21/
TSLP (K5-TSLP mice), we extended these findings, focusing CD35'°“CD23") in the K5-TSLP mice display features of
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each histogram of NLC///l4*/~ B cells. Numbers indicate mean of FSC or fluorescent intensity in each histogram. Data represent one of seven
independent experiments. The bar graph (right) shows summary of mean fluorescence intensity relative to NLC///4*/~. *P < 0.005; **P < 0.01.
(D) In vitro BrdU incorporation assay of splenic B cells from NLC//l4*/~, NLC/I/4~/~, K5-TSLP///4*/~ and K5-TSLP//l4~"~ mice treated for 3 weeks
with 1 mg ml~" of dox. B cells purified from spleens were cultured with 40 uM of BrdU and indicated stimulations for 24 h. Cells were washed,
fixed with ethanol, stained with anti-BrdU antibodies and propidium iodide and analyzed. Numbers near gated areas indicate percent of the
population. Data represent one of two independent experiments.

polyclonal activation, including down-regulation of CD21/CD35 Furthermore, we show that these phenotypic changes are not
expression, elevated CD23 and MHC class Il expression, a direct effect of TSLP on mature B cells but, instead, require
increased cell size and increased mitogenic responsiveness. TSLPR-bearing CD4" T cells and IL-4. Finally, we show that
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an additional manifestation of systemically elevated TSLP is
development of autoimmune hemolytic anemia, a process that
also requires CD4* T cells and IL-4.
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Fig. 7. Autoimmune hemolytic anemia in K5-TSLP mice depends on
IL-4. (A) Hematocrit in the blood of NLC//l4*~, NLC/ll4~~, K5-TSLP/
114*"~ and K5-TSLP//l4~"~ mice after 1 mgml~", 3-week dox treatment.
Averages were indicated by horizontal bars. (B) Detection of anti-RBC
antibodies by flow cytometry. RBCs form dox-treated NLC//l4*/,
NLC/l14~"~, K5-TSLP/li4*~ and K5-TSLP//I4~~ mice were stained with
anti-mouse IgM and anti-mouse IgG and analyzed. Data represent
one of three independent experiments. (C) Mean fluorescence
intensities of RBCs from NLC//i4*/~, NLC//l4~~, K5-TSLP//i4*/~ and
K5-TSLP//l4~~ mice and stained with anti-mouse IgM or IgG.
Averages were indicated by horizontal bars. *P < 0.005; **P < 0.05.

It has been reported that TSLP activates both DCs and
CD4* T cells and can induce T,2 differentiation (20, 22, 31,
32). We have shown that TSLPR expression by CD4* T cells



is essential for T2 cytokine production and polyclonal B-cell
activation after systemic overexpression of TSLP, and our
results are very similar to those of other inflammation models
(45-47). These results indicate that CD4* T cells are important
target of TSLP in vivo.

IL-4 is a multi-functional cytokine produced by various cell
types, including CD4* T cells, eosinophils, mast cells and
basophils. Interestingly, both mast cells and eosinophils are
attracted to sites of TSLP overexpression (22,23), suggest-
ing the possibility that eosinophils and mast cells are
a source of IL-4 during systemic TSLP overexpression. How-
ever, mature B cells from K5-TSLP//l4~~ spleens displayed
similar phenotypes as those from K5-TSLP/Terb™~ or CD4*
T cell-depleted K5-TSLP mice. These results indicate that
CD4* T cells are the primary source of IL-4 that induces the
polyclonal B-cell activation in K5-TSLP mice. Consistent with
this model, dox-treated K5-TSLP mice have a marked in-
crease in IL-4 producing CD4" T cells in both spleen and
lymph nodes (23) as well as high circulating levels of IL-4
that was dependent on CD4* T cells. However, CD4* T cell-
deficient (Tcrb™~ or CD4* T cell-depleted) K5-TSLP mice still
showed higher serum IL-4 than NLC mice. These results
suggest that CD4* T cells are not only source of IL-4 in these
mice and that TSLP can stimulate other cells to produce
IL-4. One possible candidate is basophils, which produce
IL-4 and have been shown to be TSLP responsive (39, 43).
Moreover, IL-4Ra expression on mature B cells was in-
creased in K5-TSLP after dox treatment, likely through a pos-
itive feedback from IL-4 signaling (48). IL-4 plays an
important role in B-cell physiology by enhancing prolifera-
tion, maintaining cell survival, changing expression of sur-
face molecules and inducing class switch recombination of
Ig (41). Thus, elevated IL-4 levels in K5-TSLP mice may en-
hance B-cell response to autoantigens that crosslink B-cell
receptor (BCR) and thereby also promote humoral autoim-
munity. However, the slightly higher mitogenic response and
lower CD21/CD35 expression observed with B cells derived
from K5-TSLP//l4~/~ versus NLC mice suggests that an addi-
tional factor(s) may play a partially redundant role in mature
B-cell activation in vivo.

Using an in vivo BrdU incorporation assays, we demon-
strated that FO B cells in the K5-TSLP mice do not prolifer-
ate spontaneously in vivo. In contrast, our combined data
are most consistent with the interpretation that TSLP and
IL-4 signals promote development of mature B cells that are
poised for rapid and robust responses to mitogenic stimula-
tion in vitro. This idea is consistent with previous data show-
ing that IL-4 does not directly promote B-cell cycle entry but
rather acts as a co-stimulator in combination with other mito-
gens (41). In addition, and also consistent with the data
presented here, in vivo treatment of mice with IL-4 does not
lead to increased proliferation of splenic mature B cells (49).
Finally, previous work has shown that IL-7Ra expression is
induced following antigen or anti-CD40 signaling in mature
B cells (50,51). Mature B cells from K5-TSLP mice do not
express IL-7Ra further supporting the idea that this popula-
tion is not spontaneously activated through BCR or CD40
in vivo. Taken as a whole, our finding suggest that the
marked increase in mature B cells in K5-TSLP mice reflects
the combined effect of increased bone marrow production
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of immature B cells in concert with prolonged IL-4-mediated
B-lineage survival within the periphery.

K5-TSLP mice developed autoimmune hemolytic anemia,
manifested by a dramatic decrease in hematocrit and pro-
duction of RBC-specific autoantibodies. The lack of this phe-
notype in dox-treated K5-TSLP/Tcrb™~ and K5-TSLP//4~/~
mice demonstrates that development of autoimmunity, simi-
lar to other mature B-cell phenotypes found in the K5-TSLP
mice, is dependent on aff T cells and IL-4. Interestingly, IL-4
transgenic mice also developed severe anemia and exhibit
a high mortality rate (44), consistent with a critical role for
IL-4 in the development of this autoimmune disease. Finally,
in addition to its effects on B-cell activation noted above,
IL-4 is also a potent IgG class switch factor (41) and is also
capable of rescuing autoreactive B cells from anergy and
promoting cell survival in vivo (52, 53) rather than rescuing
autoreactive B cells from clonal deletion in vivo (44). Thus,
development of autoimmunity in K5-TSLP mice likely reflects
a multistep process that progressively impacts B-cell toler-
ance. We have previously reported that K5-TSLP mice
developed cryoglobulinemia and glomerulonephritis (33).
However, these phenotypes were not consistently seen in
the Kb&-TSLP mice used in this study (data not shown). One
possible explanation for this difference is the genetic back-
ground of the mice used. The mice in this study were BALB/
¢, while those used in the previous report were a mixed
background that included BALB/c, C57BL/6 and 129. In ad-
dition, another TSLP transgenic strain, Lck-TSLP mice, was
C57BL/6 background and developed glomerulonephritis
(86), and studies using other strains have reported that only
mice with a C57BL/6 background develop glomerulonephri-
tis (54-57). Further analysis is needed to clarify the details.

Altogether, our current and previous data demonstrate that
elevated systemic levels of TSLP can induce developmental
changes in B cells, including both immature B-cell progenitors
in the bone marrow and mature B cells in the spleen. The
impact of TSLP on bone marrow B-cell differentiation appears
to be direct, while its effects on mature B cells are largely indi-
rect, requiring Tn2-polarized CD4" T cells and IL-4. Interest-
ingly, elevated TSLP levels can lead to the production of
RBC-specific autoantibodies and development of autoimmune
hemolytic anemia. Induction of full-blown autoimmunity also re-
quired CD4* T cells and IL-4, indicating that the pathology
caused by systemic TSLP overexpression is dependent on
both T,,2 cells and activated B cells. Taken as a whole, these
data suggest that TSLP can play a pivotal role in immune
homeostasis through the coordinate regulation of Tp1-Tn2
balance and mature B-cell activation and support the need
for future studies designed to assess whether local inflamma-
tory signals that promote TSLP expression may modulate
humoral autoimmunity in humans.

Supplementary data
Supplementary data are available at International Immunology
Online.
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