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Wnt7b is Upregulated in Macrophages during Thymic Regeneration and Negatively

Regulated by RANKL
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Thymus can regenerate to its normal mass within 14 days after acute involution induced by cyclo-
phosphamide (CY) in adult rat. Despite the established role of Wnt pathways in the process of thymus
development, they have not yet been associated with the regeneration of adult thymus. The purpose
of this study was to investigate whether Wnt7b, which is expressed in developing thymic epithelial
cells rather than in thymocytes, is modulated during thymic regeneration in adult rat. Here, we show
that Wnt7b expression was up-regulated in the regenerating thymus. Cells immunolabeled for the
Wnit7b were identified as macrophages. Furthermore, Wnt7b gene expression was decreased by the
treatment of receptor activator of NF-kappaB ligand (RANKL). Taken together, our results demon-
strate that Wnt7b gene expression was increased in macrophages during thymic regeneration and neg-

atively regulated by RANKL.
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Introduction

Thymus has a central role in the immune system, pro-
viding the optimal microenvironment required for the de-
velopment of bone marrow-derived precursor cells into
mature, functional T cells with self-restriction and self-tol-
erant mechanism [10]. With advancing age or under any of
stressful conditions, the thymus rapidly diminishes in size
due to the massive thymocyte death, and consequently
host immunity may be suppressed and susceptibility to
disease increased [17,21]. Recently, it has been well docu-
mented that acute involution, induced in experimental ani-
mals, is followed by intensive thymic regeneration after
the removal of the causative stimuli [9,25]. Thus, it is a
matter of considerable importance that we understand the
mechanism of thymic regeneration and develop methods
of normalizing or improving host immunity when the im-
mune function is depressed due to thymic involution.

The Wnt family of at least 19 secreted glycoproteins
plays important roles during a variety of developmental
and homeostatic processes including cell fate specification,
proliferation, polarity, migration differentiation, maturation
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and death [3,8]. In thymus, the Wnt signaling is required
for normal thymocyte development [20]. In the process of
thymus development, several Wnt proteins including Wnt
4, Wnt 7a and 7b, Wnt 10a and 10b, are expressed by thy-
mic stromal cells rather than by thymocytes, while thymo-
cytes demonstrate a developmentally regulated pattern of
Frizzled receptor expression [15]. Overall these observations
suggest that Wnt signaling has a functional role in thymus
development. However, whether the Wnt signaling is also
involved during thymic regeneration in adult is actually
not known.

The purpose of this study was to investigate the ex-
pression patterns of Wnt family, especially Wnt7b, and its
regulation by RANKL signaling during thymic regenera-
tion in adult rat.

Materials and methods

Experimental acute thymic involution and regenera-
tion model

Adult male-specific pathogen-free Sprague-Dawley rats
were purchased from Dae Han Bio Link (Seoul, Korea). All
rats were housed three to four per cage and maintained
under a 12 hr light/dark cycle at 24C in a specific patho-
gen-free and humidity-controlled facility. The animals were
provided with standard sterile food and water and were
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allowed to adjust to their environment for 1 week. The ani-
mals were used at 8-10 weeks of age by giving a single in-
traperitoneal dose of cyclophosphamide (150 mg/kg body
weight ; Sigma) in normal saline [25], and were killed in
groups of four at 3, 7 and 14 day after injection. Rats given
the same amount of normal saline were used as controls.
Three independent experiments were performed, with 16
animals in each experiment (four animals in each group).
Animal care and all experimental procedures were con-
ducted in accordance with the “Guide for Animal
Experiments” edited by the Korean Academy of Medical
Sciences.

Immunohistochemistry

After cryosections, immunostaining was performed us-
ing the streptavidin-biotin complex (ABC) method, as de-
scribed in previous studies [26]. In brief, sections were in-
cubated-for 20 min in a solution of phosphate-buffered sal-
ine (PBS) containing 0.3% H:0; to eliminate endogenous
peroxidase activities. After washing in PBS, sections were
incubated with 2% normal donkey serum (Vector Labora-
tories, Burlingame, CA). The excess solution was shaken
off and sections were incubated for 16-18 hr at 4 with an
affinity-purified goat polyclonal anti-Wnt7b antibody (sc-
26363, diluted 1:100, Santa Cruz Biotechnology, Santa Cruz,
CA). Following incubation with the primary antibody, sec-
tions were washed three times for 5 min with PBS and in-
cubated for 2 hr at room temperature with an affinity-puri-
fied F(ab’); fragment donkey anti-goat biotinylated anti-
body diluted 1:100 (Jackson ImmunoResearch Laboratories,
West Grove, PA). They were then rinsed in PBS and in-
cubated for 60 min at room temperature with an ABC re-
agent (Vectastain Elite Kit; Vector Laboratories) according
to the manufacturer’'s instructions. Sections were devel-
oped in 0.025% 3,3-diaminobenzidine and 0.003% HO,
medium under microscopic control at room temperature to
visualize peroxidase activity. Sections were rinsed in dis-
tilled water, counterstained with Mayer’s hematoxylin, and
mounted in a xylene-based mounting medium (Entellan,
Darmstadt, Germany). Slides were observed and photo-
graphed using an Olympus BX50 microscope. All photo-
micrographs were taken with an Olympus C-3030 digital

camera.

Double Immunofluorescence staining

Two-color  double- immunohistochemical analysis was:

performed in order to confirm whether the cells that ex-
press Wnt7b are macrophages. After the sections were
rinsed in PBS and incubated with 2 % normal donkey se-
rum for 60 min, they were incubated with the first primary
antibody (goat polyclonal anti-Wnt7b antibody, sc-26363,
Santa Cruz Biotechnology) for 16-18 hr at 4C. Following
incubation with the primary antibody, the sections were
incubated with an affinity-purified F(ab’), fragment of don-
key anti-goat Texas Red-conjugated antibody at a dilution
of 1:100 (Jackson ImmunoResearch Laboratories). After the
sections were rinsed in PBS, they were further incubated
with the second primary antibody. For the second primary
antibody, we used affinity-purified mouse anti-ED1 anti-
body (Jackson ImmunoResearch Lab.) at a dilution of 1:100
to identify for the reactivity with the macrophages of the
rat thymus. The sections were incubated with an affin-
ity-purified F(ab’), fragment of donkey anti-mouse
FITC-conjugated antibody diluted 1:100 (Jackson Immuno
Research Laboratories). The samples were examined under
a fluorescence microscope (Axiphot, Zeiss).

Thymocyte and thymic stromal cell isolation

Two to three thymi were dissected from freshly killed
rats and trimmed of fat and connective tissue. Small cuts
(2-3 mm) were made into the capsules with a pair of ra-
zors, and thymi were gently agitated in 30 ml of
RPMI-1640 using a magnetic stirrer at 4C for 40 min. The
resulting thymic fragments and supernatant were trans-
ferred into separate tubes. For the isolation of thymocytes,
the supernatant was passed three times through 70-um
mesh and centrifuged. The cell pellet was resuspended in
20 ml of ACK lysis solution (0.15 M NH4Cl, 1 mM KHCO;,
0.1 mM Na;EDTA) to remove red blood cells. The thymo-
cytes suspension was washed three times with HBSS
buffer. The thymocytes were resuspended in HBSS buffer,
and viable cells were counted using the hemocytometer af-
ter trypan blue staining. For the isolation of thymic stro-
mal cells, the thymic fragments were transferred into 5 ml
of RPMI-1640 containing 0.125% (w/v) collagenase D and
01% (w/v) DNAse I (both from Roche) and then in-
cubated for 15 min with gentle shaking in a water bath at
377C. The thymic fragments in the enzyme mixtures were
carefully dispersed with a Pasteur pipette several times,
and the supernatant was removed after fragments had set-
tled and was replaced with fresh enzyme mixture. Gentle
mechanical “agitation was-provided using a 5 ml syringe



and 18G needle, then a 21G needle, followed by a 23G
needle. Tissue fragments were allowed to settle, and the
supernatant was discarded. This digestion process was re-
peated four more times until the tissue was fully digested.
Cells liberated by the fourth, fifth, and sixth digests were
saved, filtered through a 100 ml mesh to remove un-
digested particles, and washed with HBSS buffer. They
were then resuspended in HBSS buffer, and viable cells
were counted using the hemocytometer after trypan blue

staining.

Western blot analysis.

Harvested cells were lysed in a lysis buffer (0.1% SDS,
1.0% Triton X-100 and 1.0% Deoxycholate in PBS contain-
ing 1 mM DTT, 1% protease inhibitor cocktail (Sigma), 1
mM PMSF, 1 mM Na3;VO,, 1 mM NaF and 1 mM p-glyce-
rophosphate) and protein concentration was measured
with BCA assay. A constant protein concentration (30 pg
/lane) was used. The protein extracts were boiled for 5
min, loaded, separated by SDS-PAGE and transferred to
nitrocelluloses membranes. The membranes were then pro-
bed with appropriate antibodies. The signal was developed
with the enhanced chemiluminescence (ECL) detection sys-
tem (Amersham-Pharmacia Biotech.).

Cell culture

Mouse macrophage cell line, RAW 264.7, was main-
tained in Dulbecco’s modified Eagle medium (Gibco-BRL)
supplemented with 10% Donor calf serum, 100 units/ml
penicillin and 100 pg/ml streptomycin at 37C with 5%
CO; in 95% air.

RT-PCR

The mRNA levels of Wnt family genes were analyzed
by RT-PCR. Total RNA was isolated from each sample us-
ing Trizol RNA Extraction Reagent (Bio Rad) following the
manufacturer’s protocol. First-strand ¢cDNA synthesis was
carried out on 3 pg of total RNA with a reverse tran-
scription kit (Invitrogen). One-tenth of the reaction mixture
was used as template for PCR amplification. The PCR re-
action condition and the sequences of primers are available
upon request.

Reporter plasmid
A genomic DNA fragment of the mouse Wnt7b gene
containing 1,005 promoter region was prepared by PCR
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amplification of mouse genomic DNA. Primers for mouse
Wnit7b promoter are 5'-CACGGTACCCCATTTGATGCTGC
TGTCCGG-3* and 5-CACCTCGAGGGCACGCGTTGCCAC
CATGGTGAG-3'. The resulting PCR fragments were cloned
into the Kpnl and Xhol sites of the pGL3basic luciferase re-
porter plasmid (Promega) to generate the luciferase re-
porter plasmid pGL3/Wnt7b-1.0. The construct was con-
firmed by automatic DNA sequencing analysis.

Transient transfection and luciferase assay

RAW 264.7 cells were plated on 24-well plates (Nunc)
and transfected the next day with mouse Wnt7b promoter-
luciferase constructs (pGL3/Wnt7b-1.0). Control transfections
were made using a lacZ gene that is driven by an RSV
promoter. Transfections were performed using Lipofectamin
(Invitrogen) according to the manufacturer’s instructions.
Twenty-four hours after transfection, the cells were treated
with sRANKL (0.5pg/ml, CRR101, Cellsciences) for 24 hr
and then solubilized. Luciferase activity was measured by
using a luminometer (Turner Designs, Inc.) and f-galactosi-
dase activity was measured by using the Galactolight kit
(Promega) as recommended by the manufacturer. The rela-
tive level of promoter activation in each experiment was
calculated by dividing the luciferase activity by g-galactosi-
dase activity.

Results

Differential expressions of Wnt family members in
thymocyte and thymic stromal cells during thymic
regeneration

Since Wnt 4, Wnt 7a and 7b, Wnt 10a and 10b, are ex-
pressed by thymic stromal cells during thymus develop-
ment [15], we investigated their expression patterns in re-
generating thymus of adult rats. As shown in Figure 1, the
mRNA levels of Wnt 4, Wnt7b and Wnt 10a were higher
in both thymocyte and thymic stromal cells of regenerating
thymus than in the normal thymus. The levels of Wnt 7a
and Wnt 10b mRNAs were rather decreased during thymic
regeneration (Fig. 1).

Upregulation of Wnt7b expression during thymic
regeneration

As shown in Figure 1, the highest induction of Wnt7b
mRNA at 3 day after CY treatment in both thymocyte and
thymic stromal cells, was further confirmed at both mRNA
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Fig. 1. Differential expression of Wnt family members in thy-
mocytes and thymic stromal cells during thymic
regeneration. RT-PCR analysis of Wnt family members
and GAPDH mRNA expression in thymocytes and
thymic stromal cells isolated from normal thymus (N}
and regenerating thymus at 3 (CY3d), 7 (C7d) and 14
{CY14d) days after cyclophosphamide (CY) treatment.

and protein levels using whole thymic extracts. RT-PCR
analysis showed that the Wnt7b mRNA levels were dra-
matically increased at 3 day after CY treatment by 5.0-fold
over the normal control (Fig. 2A). Western blot analysis al-
so showed that reactive bands of Wnt7b in whole thymic
extracts from rats at 3 and 7 day after CY treatment ex-
hibited increased expression compared with those from the
normal rat thymus (Fig. 2B). Immunostaining for Wnt7b
protein revealed that while weak signals for Wnt7b protein
were observed in both cortex (C) and medulla (M) of the
normal thymus (Fig. 2C: a and b), the levels of Wnt7b pro-
tein were highest at 3 day after CY treatment (Fig. 2C: ¢
and d) and then decreased gradually to basal level by 14
day (Fig. 2C: e to h).

Expression of Wnt7b in ED1-positive macrophages

We next examined what types of cells are responsible
for the Wnt7b expression in regenerating thymus following
involution after CY treatment. Double-immunohistochemis-
try for Wnt7b and cytokeratin (CK) revealed that no
Wnt7b signal was detected in the thymic epithelial cells
displaying immunoreactivity for CK during thymic re-
generation (data not shown). Instead, as shown in Figure
3, double-immunochistochemistry revealed that strong
Wnt7b signals were detected in the ED1-positive macro-
phages in the regenerating thymus.
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Fig. 2. Upregulation of Wnt7b expression during thymic
regeneration. (A) RT-PCR analysis showing mRNA lev-
els of Wnt7b in the normal thymus (N) and regenerat-
ing thymus at 3, 7, and 14 day after CY treatment (left).
Relative Wnt7b mRNA levels normalized with GAPDH
mRNA (right). The density of each band in each lane
from three independent experiments was quantified by
scanning densitometry and then expressed as mean *
SD. (B) Western blot analysis showing protein levels
of Wnt7b in the normal thymus (N) and regenerating
thymus at 3, 7, and 14 day after CY treatment (left).
Relative Wnt7b protein levels normalized with -actin
protein (right). The density of each band in each lane
from three independent experiments was quantified by
scanning densitometry and then expressed as mean +
SD. (C) Expression of Wnt7b in the normal thymus (a,b)
and regenerating thymus at 3 (c,d), 7 (ef) and 14 (gh)
days after CY treatment was determined by im-
munohistochemical staining. C cortex. IS Interlobular
septum. M medulla. Magnification is 400X.
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Fig. 3. Expression of Wnt7b in EDI-positive macrophages.
Two-color, double labeled immunofluorescent staining
of Wnt7b (a: red) and ED1 (b: green) on thymic mac-
rophages in rat thymus at 3 day after CY treatment.
The individual recordings were used to create the
merged images (c: yellow) showing simultaneous de-
tection of Wnt7b and EDI. Cells expressing Wnt7b are
ED1-positive macrophages (arrows). Arrowheads in-
dicate ED1-positive macrophages that are Wnt7b-
negative. Magnification is 400X.

Down-regulation of Wnt7b expression by RANKL
in RAW 264.7 cells

Recent study reported a closed correlation between Wnt
and RANKL signals [19]. To investigate whether RANKL
affects Wnt7b mRNA levels, RT-PCR analysis was performed.
Since Wnt7b is expressed in macrophages during thymic
regeneration, mouse macrophage cell line, RAW 264.7, was
used in this study. As shown in Figure 4A, sSRANKL (0.5
pg/ml) decreased the level of Wnt7b mRNA in a time-de-
pendent manner by ~ 25%, suggesting that RANKL/
RANK signaling may negatively affect the transcription of
Wnt7b gene. To confirm the notion, a luciferase reporter
vector containing 1.0kb Wnt7b promoter (pGL3/Wnt7b-1.0)
was constructed and the activity of Wnt7b promoter was
analyzed in sRANKL-treated RAW 264.7 cells using the
transient expression system. Consistent with the RT-PCR
results (Fig. 4A), when the construct containing 1.0 kb of
Wnt7b promoter was introduced into RAW 264.7 cells and
treated with SRANKL, the promoter activity was declined
by ~32% when compared to that of untreated control (Fig,
4B), suggesting the inhibitory effects of RANKL signaling
on Wnt7b gene expression in macrophage.

Discussion

The Wnt genes/proteins play important roles during
embryonic development and in homeostatic mechanisms in
adult tissues [3,8]. Recent studies demonstrated that Wnt
proteins, Fz receptors, and Wnt signaling antagonist
Kremenl, known to be important regulators of Wnt signal-
ing pathway, are expressed in stromal cell and thymocyte

Journal of life Science 2007, Vol. 17. No.7 927

8

>

SRANKL

C 6 12 24 (hn

+Wnt7b

‘Wnt7b/GAPDH (%)

gl GAPDH

B 128

160 -

~
*
i

n
&
It

Relative Wnt 7b promoter activity (%)
&
.

mock sRANKI,
24 hr

Fig. 4. Down-regulation of Wnt7b expression by RANKL in
RAW 264.7 cells. (A) RT-PCR analysis showing mRNA
levels of Wnt7b in mouse macrophage cells (RAW
264.7) (left). The cells were incubated for 6, 12, and 24
hr after RANKL treatment (0.5 pg/ml). Relative Wnt7b
mRNA levels normalized with GAPDH mRNA (right).
The density of each band in each lane from three in-
dependent experiments was quantified by scanning
densitometry and then expressed as mean + SD. (B)
RANKL represses Wnt7b promoter activity in RAW
2647 cells. RAW 2647 cells were transfected with
Wnit7b 1.0 kb promoter-luciferase reporter construct
(pGL3/Wnt7b-1.0). Twenty-four hours after ftrans-
fection, cells were either unstimulated or stimulated
with RANKL for a further 24 hr. Results were normal-
ized using p-galactosidase activity and expressed as a
percentage of the pGL3/Wnt7b-1.0-trasfectant without
treatment with RANKL. Data are the mean + SD from
three independent experiments.

populations of the developing thymus during embryo-
genesis [11,15]. However, the expression patterns or roles
of Wnt proteins during thymic regeneration in adult re-
main poorly understood.

The present results showed for the first time that the
levels of Wnt7b mRNA and protein were significantly
up-regulated in thymic macrophages during thymic re-
generation in adult rat. Among the Wnt genes analyzed,
Wnt7b was the most interesting one because dramatic in-
duction of Wnt7b expression was observed particularly in
thymic stromal cells as well as in thymocytes during thy-
mic regeneration (Fig. 1 and 2A). The increase in the level
of Wnt7b protein during thymic regeneration was con-
firmed by Western blot analysis (Fig. 2B and C). Most in-
terestingly, cells immunolabeled for the Wni7b protein
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were identifiable as macrophages by their coexpression of
Wnt7b and EDI], as demonstrated by double-labeled im-
munofluorescence staining (Fig. 3). Considering that thy-
mic stromal cells cross-talk with thymocytes within the
thymus [13], thus contributing to the generation of mature
T-cells, it is likely that Wnt7b protein produced by stromal
cells, particularly macrophages, may play an important
role in the cross-talk between stromal cells and thymocytes
during thymic regeneration.

In most systems, it has largely been assumed that mac-
rophage respond to ‘eat-me’ signals from dead and dying
cells and involved in programmed cell death comes after
the apoptotic event [16]. However, in some circumstances
phagocytes actively induce programmed cell death [L6].
Recently it has been reported that macrophages initiate a
cell-death program in target cells by activating the canon-
ical Wnt pathway [7]. Interestingly, macrophage WNT7b is
a short-range paracrine signal required for WNT-pathway
responses and programmed cell death in the vascular en-
dothelial cells of the temporary hyaloid vessels of the de-
veloping eye [7]. Therefore, since the levels of Wnt7b were
up-regulated in thymic macrophage during thymic re-
generation (Fig. 2C), thymic macrophages may use Wnt [i-
gands such as Wnt7b to influence cell-fate decisions—-in-
cluding cell death—in adjacent cells, for example, damaged
cells including thymocytes and endothelial cells.

On the other hand, macrophages may be more generally
involved in regulating vascularity through the activation of
the Wnt pathway in vascular structures [4,24]. In addition,
tumor-associated macrophages are also known to express
Wnt genes [18] and can extrinsically regulate the growth of
the tumor vasculature [14]. The role of Wnt/p-catenin sig-
naling in vasculature is becoming apparent [2]. Interestingly,
our recent results showed dramatic induction of reparative
angiogenesis during adult thymic regeneration [12].
Therefore, considering that Wnt7b signaling is required for
proper lung mesenchymal growth and vascular develop-
ment [22,23], it is likely that Wnt7b may play a role in reg-
ulating vascular remodeling or neoangiogenesis that is ac-
companied by adult thymic regeneration. Of course, fur-
ther studies need to clarify our hypothesis underlying the
functional contribution of Wnt7b to the thymic regeneration.

RANKL is related to Wnt canonical signaling pathway
for the regulation of bone mass [5]. Wnt signalling in os-
teoblasts down-regulates expression of RANKL and in-
hibits osteoclastogenesis in vitro [3,19].-In-the-case of mac-

rophage, the treatment of RANKL reduced the Wnt7b gene
expression (Fig. 4). So far, several transcription factors have
been reported to contribute to Wnt7b gene induction. For
example, TTF-1, GATA6, and Foxa2 have been shown to
induce Wnt7b gene expression in the lung epithelium [23].
Since one putative NF-kB binding site was found in 5
Wnt7b promoter using by TRANSFAC database, it was ex-
pected that NF-kB signaling activates Wnt7b transcription
through the NF-kB binding site. However, as shown in
Figure 4A and B, the treatment of RANKL, which activates
NF-kB transcription factor, rather reduced the Wnt7b gene
expression.in macrophages. Thus, it is less likely that NF-
kB activated by RANKL is directly involved in the regu-
lation of Wnt7b gene expression. Instead, the reduction in
Wnt7b expression is likely due to unknown factor(s) that
may be upregulated by RANKL-mediated NF-kB activation
and acts as a repressor for Wnt7b gene expression in
macrophages.

In conclusion, our study provides evidence for the first
time that Wnt7b expression was increased in thymic mac-
rophages during thymic regeneration and negatively regu-
lated by RANKL. Our findings may help to identify the
roles of Wnt7b signaling in regenerating adult tissue such
as thymus and provide new insights into the regenerating
mechanism of adult tissue/organ.
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ot 7k A DA A oln] el Wit A5G S8 AFHE g AA Y 7ted ARAARAAN 1 939
FMe g b A3 dok B A7 532 BT 7 Ao Ze A o] FrEa o)n] ¢
< Wnt7b7} A9 7HEAAA o)A ofd d P RHo|eA§ ZALstE Alojth Wnt7be 7h5Al 9]
4 8% o|F 3944 He Al7|d] mRNASH i 9] ko] A3 F7} stAom, olF WY 44 FPHE ¥
3 23X NEe AAFH Lx7F GAFE Aok £, Wnt7bHate] 1d 2d 7]A S Ye]r] 98
Wnt7be] Reporter VectorZ A28} Luciferase assayE ©]8-3t9 499 ANaE £48%1, 21 23} Wni7be
RANKL o] 3] 1 @3] ZArHte AE 5oz Wit ge}s, & d7 A74ES 53] Wnt 7be 7hE
A F4 8% 27 BAA Yehte 48 AEE Aste X4 XY 75 2384 39 Aoz 47
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