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Survivin, an inhibitor of apoptosis family molecule, has been proposed as a crucial
intermediate in the signaling pathways leading to T-cell development, proliferation, and
expansion. However, the importance of survivin to T-cell-driven inflammatory responses
has not been demonstrated. Here, we show that survivin transgenic mice exhibit an
increased antigen-driven Th2 lung inflammation and that constitutive expression of sur-
vivin reversed the defective lung inflammation even in the absence of 0X40 costimu-
lation. We found that OX40-deficient mice were compromised in generating Th2 cells,
airway eosinophilia, and IgE responses. In contrast, 0X40-deficient/survivin transgenic
mice generated normal Th2 responses and exhibited strong lung inflammation. These
results suggest that OX40 costimulation crucially engages survivin during antigen-
mediated Th2 responses. These findings also promote the notion that 0X40 costimu-
lation regulates allergic responses or lung inflammation by targeting survivin thereby
enhancing T-cell proliferation and resulting in more differentiated Th2 cells in the aller-
gic inflammatory response.
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Introduction

Two major types of signals are required for optimal T-cell activa-
tion, with one derived from the T-cell receptor (TCR) and the other
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from a number of costimulatory receptors. Emerging evidence has
suggested that the protein survivin, a member of the inhibitor of
apoptosis family (also called the baculoviral inhibitor of apoptosis
repeat-containing 5 or BIRC5), may be an important intermediate
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contributing to the development of efficient T-cell responses [1,2].
Homozygous survivin knockout mice died prematurely at embry-
onic day 3.5 with defects in cell proliferation, spindle formation,
and apoptosis [3-5], demonstrating a requirement for survivin
during cell development. Knockdown of survivin induced mitotic
defects (e.g. centrosomal abberations, multipolar spindles, and
missegregating chromosomes) and apoptosis in thymocytes and
peripheral T cells [6, 7], suggesting an essential role for survivin
in T-cell development, maturation, and homeostasis. Survivin also
synergized with aurora B kinase to regulate T-cell costimulation-
mediated cell cycle progression and proliferation [8]. In
further support of an important role in T-cell activation, peripheral
T cells isolated from T-cell-specific survivin-deficient mice exhib-
ited an impaired homeostatic and mitogen-induced proliferation
[6,7]. Overexpression of survivin has also been shown to promote
T-cell persistence and tumor regression in a murine cancer model
[9].

Although these data strongly support a critical role for sur-
vivin in T cells, there have been few studies to date showing
the importance of this molecule in the T-cell-driven inflammatory
responses in vivo. We previously found that the TNFR costimula-
tory family member OX40 (CD134) promoted survivin expression
in T cells [9]. OX40 has been shown to control clonal expan-
sion, cytokine production, and memory development of T cells
in several experimental settings involving Th1l, Th2, and Th17
responses [10, 11]. In this study, we assessed the impact of sur-
vivin transgenic (Tg) expression in a Th2-driven response in vivo,
using both wild-type (Wt) and OX40-deficient (OX40~/~) mice,
and determined their susceptibility to the development of lung
inflammation. Our results demonstrated that survivin can support
optimal Th2 responses in vivo and compensate for a costimulatory
defect brought about by the lack of 0X40 expression, thereby pro-
moting effector T-cell expansion that produced high levels of IL-4
and IL-5, recruited large numbers of eosinophils to the airways,
and induced goblet cell hyperplasia as well as mucus overproduc-
tion. These data show that survivin can be a critical driver of the
development of large numbers of Th2 cells and subsequent allergic
asthmatic reactions.

Results

Tg survivin is expressed in thymocytes, bone marrow
(BM) cells, immature B and T cells

In normal immune responses, survivin is only expressed in acti-
vated immune cells such as T cells [1]. To obtain constitutive
survivin expression in B cells, a construct containing the murine
survivin gene under the control of the human CD19 promoter
region was used to generate survivin Tg mice. The construct was
injected into the fertilized oocytes of C57BL/6 mice (Fig. 1A). Four
in 34 founder lines were identified that expressed the transgene.
Tg survivin was expressed in the BM cells, thymocytes, peripheral
lymph nodes (LNs), and spleen, but not in the peripheral blood
(Fig. 1B). B220" B-cell populations (IgM~IgD~, IgM*IgD~, and
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IgM*IgD") from the BM cells were sorted and further analyzed
for the transgene expression (Fig. 1C). IgM~IgD~ (pre-B cells) and
IgMTIgD~ (immature B cells), but not [gMTIgD™ (mature B cells)
BM cells were observed to have a specific expression of survivin,
which correlated with a previous study showing the expression of
a transgene by using the human CD19 promoter-based construct
[12]. In addition, in vitro BM-derived mast cells and dendritic
cells (DCs) did not express survivin (Fig. 1D). To further confirm
the observation that mature B cells did not express Tg survivin,
germinal center (GC) B cells and plasmablasts were isolated from
the spleens of immunized mice. GC B cells and plasmablasts did
not express survivin by Western blot analysis (Fig. 1E), suggesting
that Tg survivin was expressed in the early pro-B-cell stage when
the CD19 promoter began to express and was maintained to the
late stage of B-cell differentiation before maturation.

In addition to B cells, CD3"TCRB™ T cells from the spleens and
LNs of all four founder lines expressed Tg survivin, and Tg survivin
expression was higher in CD4" T cells than CD8* T cells (Fig. 1E).
Collectively, despite the human CD19 promoter, immature B cells
in the BM, thymus, and spleen, and mature T cells in the spleen
and LN of survivin Tg mice expressed the Tg survivin.

Survivin Tg mice have no gross defect in thymic
selection and bear normal T-cell profiles

Because Tg survivin was highly expressed in the thymus, which
could potentially impact T-cell thymic selection, we analyzed
T-cell populations in the thymus. Thymi from survivin Tg or nor-
mal Wt mice were analyzed for CD4 and CD8 expression by flow
cytometry. There were no differences in the percentages and abso-
lute numbers of CD4* CD8~ (CD4 single positive-SP), CD4~ CD8"
(CD8 SP), and CD4" CD8™" (CD4 CD8 double positive-DP) T cells
between the two groups (Fig. 2A and B). Thus, the survivin Tg
mice have no gross defect in thymic selection during T-cell devel-
opment.

In addition to the thymus, Tg survivin was also expressed in
T cells from the spleen and LN, which could potentially influ-
ence T-cell numbers and function. To determine this, we further
analyzed T-cell populations in the spleen and LN. Spleens and
LNs from survivin Tg or normal Wt mice were analyzed for CD4
and CD8 expression by flow cytometry. Similar to the observation
in the thymus, there were no differences in the percentages and
absolute numbers of CD4 SP, CD8 SP, and CD4 CD8 DP T cells
between these two groups (Fig. 2A and C). Additionally, the sur-
face expression of CD62L and CD44 on CD4" and CD8" T cells
from spleens and LNs of survivin Tg or Wt mice was analyzed by
flow cytometry, with similar populations of memory-phenotype
T cells observed in both groups (Fig. 2D). To investigate the poten-
tial impact of Tg survivin on T-cell function, we further examined
activation markers, cytokine secretion, proliferation, and survival
following TCR stimulation and costimulatory receptor ligation.
Naive CD4" T cells were isolated from the spleens and LNs of
survivin Tg or Wt mice and stimulated with plate-coated anti-
CD3 and soluble anti-CD28 antibodies (Abs). Naive CD4*" T cells
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Figure 1. Expression of survivin in Tg mice. (A) A schematic diagram of the construct to express survivin. (B) Thymus, BM cells, LN, spleen, and
peripheral blood from survivin Tg mice were analyzed for the expression of survivin and g-actin by Western blots. (C) BM cells from survivin Tg
mice were examined for the expression of IgM and IgD by flow cytometry, after gating on B220" cells. (D) B-cell populations (IgM~IgD~, IgM*IgD",
and IgM*IgD") of B220* BM cells, in vitro BM-derived mast cells and DCs were determined for the expression of survivin and p-actin by Western
blots. (E) Total T cells, B cells, CD4", and CD8* T cells from the spleens and LNs of Tg mice, and GC B cells and plasmablasts from the spleens of
immunized Tg mice were analyzed for the expression of survivin and p-actin (as a control) by Western blots. All data shown are representative of

three experiments performed.

from both strains of mice showed no surface expression of CD25
and CD69 before stimulation, but upregulated expression of both
molecules following stimulation (Fig. 2E). After stimulation, the
activated CD4" T cells from survivin Tg mice secreted equivalent
amounts of IL-2 and IFN-y as Wt mice (Fig. 2F), but proliferated
more strongly (Fig. 2G), and showed enhanced clonal expansion
profiles compared with that of activated CD4" T cells from Wt
mice (Fig. 2H). Furthermore, under Th1l and Th2 polarizing con-
ditions, the percentages of CD4™ T cells that secreted IFN-y and
IL-4 were similar between strains (Fig. 2I). Although they overex-
pressed exogenous survivin, CD4" T cells from survivin Tg mice
also expressed endogenous survivin similar to CD4" T cells from
Wt mice after activation (Fig. 2J).

Taken together, survivin Tg mice have no gross defect in thymic
selection and bear normal numbers of peripheral T cells. In addi-
tion, the T cells in survivin Tg mice were not constitutively acti-
vated, but displayed an enhanced proliferation in response to anti-
CD3/CD28 stimulation.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Tg expression of survivin enhanced the number of
differentiated Th2 cells

To assess the role of survivin played during in vivo T-cell activa-
tion, we used a murine allergic airway inflammatory model where
Th2 cells developed and drove eosinophilic responses reminiscent
of human asthma. We observed an enhanced inflammation in
survivin Tg mice compared with that in Wt C57BL/6 mice. In
this initial study, survivin Tg mice and Wt mice were sensitized
with OVA in alum to generate an allergic Th2 response, and
subsequently challenged by inhalation of OVA 3 weeks later.
To assess whether survivin influences airway inflammation,
bronchoalveolar lavages (BALs) were carried out on sacrificed
mice 24 h after the last OVA challenge and the influx of total
leukocytes was determined. In survivin Tg mice, the total numbers
of BAL leukocytes (Fig. 3A), eosinophils (Fig. 3B), Th2 cytokine
production (Fig. 3C), and CD4" T cells in the lung (Fig. 3D)
increased significantly after OVA inhalation challenge, compared
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Figure 2. T-cell profiles of survivin Tg mice. (A-D) The thymi, pooled LNs, and spleens of C57BL/6 or survivin Tg mice were analyzed for T-cell
numbers and surface protein expression. (A) Flow cytometric analysis for CD4* and CD8" T cells, after gating on live cells. One representative
of three independent experiments is shown. (B) Total numbers of CD4* or CD8" SP and CD4"CD8" DP T cells in the thymus. (C) Total numbers
of CD4" T cells in the spleens and LNs. (B, C) Data are shown as mean +SEM of three mice per group and are representative of/pooled from
three experiments performed (p > 0.05; unpaired t-test with two-tailed p value). (D) Surface expression of CD62L and CD44 on CD4" or CD8"
T cells in naive mice, after gating on CD4" or CD8" cells. One representative of three independent experiments is shown. (E-J) Naive CD4" T cells
(ThO) were isolated from the LNs and spleens of C57BL/6 or survivin Tg mice, and stimulated under (E-H) nonpolarizing condition as plate-coated
anti-CD3 plus soluble anti-CD28 Abs, or (I, J) under Thl and Th2 polarizing conditions. (E) Surface expression of CD25 and CD69, gated on naive or
postactivation (72 h) of CD4* population, after gating on CD4" cells. One representative of three independent experiments is shown. (F) Cytokines
at 40 h were measured in triplicate cultures by ELISA (p > 0.05; unpaired t-test with two-tailed p value). (G) Proliferation at day 3 was measured
in triplicate cultures by the incorporation of *H-thymidine (1 wCi/well) during the last 12 h of culture (*p < 0.05; unpaired t-test with two-tailed
p value). (H) T-cell survival in vitro was determined by Trypan blue exclusion. Recovery is shown as a percentage of the input cell number. Data
are shown as the mean + SEM percentage change from three separate experiments (p > 0.05; unpaired t-test with two-tailed p value). (I) IL-4 and
IFN-y production under Th1l or Th2 polarizing conditions. One representative of three independent experiments is shown. (J) Survivin expression
under differentiated conditions was determined by Western blots. B-actin served as a loading control. Data shown are representative of three
experiments performed.

mation Fig. 1) or in the frequencies of IL-4 and IFN-y producing
CD4* T cells (Fig. 3E). However, higher absolute numbers of IL-4
producing CD4" T cells were observed in survivin Tg mice than in
Wt mice (Fig. 3F). These results suggested that Tg expression of

with the numbers of leukocytic infiltrates and cytokine production
in Wt mice (p < 0.05 and p < 0.01, separately; unpaired t-test
with two-tailed p value). Comparing Wt and survivin Tg mice,
there was no difference in lung inflammation (Supporting Infor-
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Figure 3. Allergic lung eosinophilia and Th2 cytokine production are significantly enhanced in survivin Tg mice. Groups of C57BL/6 and survivin Tg
mice were immunized i.p. with OVA in alum. Mice were challenged by inhalation of OVA or PBS control 25 days later. (A) Total leukocyte numbers
were counted in BAL recovered from mice (n = 5/group) 24 h after the last OVA challenge. (B) Total numbers of eosinophils were calculated from
differentially stained BAL cytospins. (C) One day after the last OVA challenge, BAL fluid from mice was assessed for Th2 cytokines (IL-4, IL-5, IL-9,
and IL-13) by ELISA. (D) Pooled lung cells from each group were processed for flow cytometry and analyzed for CD3*CD4" and CD3+CD8* cells.
(A-D) Data are shown as the mean +SEM from five mice per group. (E) Cytokine-producing CD4* T cells were assessed by intracellular staining
and flow cytometry of lung cells after 5 h of in vitro stimulation with phorbol myristate acetate and ionomycin in the presence of brefeldin A. (F)
The absolute numbers of IL-4 producing CD4* T cells are shown. All results are shown as the mean number or percentage of cells +SEM from
three separate experiments with five mice per group in each experiment. Significance was tested by unpaired t-test with two-tailed p value with

*p < 0.01 and *p < 0.05.

survivin might enhance the proliferation of differentiated T cells
in the allergic inflammatory response and demonstrated that the
survivin transgene was active and could modulate the immunity.

Survivin restored the numbers of leukocytes and
eosinophils in the airways and AHR of 0X40~/~ mice

Because we previously found that survivin expression in T cells
was regulated by signals from the costimulatory receptor OX40
[1,8], we sought to determine how important survivin was to an
inflammatory response in the absence of 0X40 costimulation.

In the absence of OX40-OX40L interactions, allergic inflam-
matory responses in the lungs of mice were severely impaired in
several different model systems [13-17]. To determine the role
for survivin in the in vivo immune response, we generated a new
Tg mouse model, the OX40~/~/survivin Tg mouse, and tested

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

whether survivin could reverse the defective allergic inflamma-
tory response in the absence of OX40 costimulation.

Wt C57BL/6, OX40~/~, and OX40~/~/survivin Tg mice were
directly immunized to test the allergic inflammatory response.
To assess whether survivin influenced airway inflammation, BALs
were carried out on mice as described above and the influx of
total leukocytes was determined. In Wt mice, the total numbers of
BAL leukocytes (Fig. 4A) and eosinophils (Fig. 4B) increased dra-
matically after OVA inhalation compared with the low numbers of
leukocytic infiltrates in OX40~/~ mice. In contrast, the numbers
of leukocytes and eosinophils in the airways of 0X40~/~/survivin
Tg mice were significantly increased by approximately tenfold
compared with those of OX40~/~ mice (p < 0.01). Importantly,
no significant difference in leukocyte numbers was seen between
Wt and OX40~/~/survivin Tg mice (p > 0.05). In this murine
asthmatic model, eosinophils occupy a large fraction of the
leukocytic infiltrates in the lungs; however, OX40~/~ animals

wWww.eji-journal.eu
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Figure 4. Survivin reverses the defect in eosinophilia and AHR in the lungs of 0X40~/~ mice. Groups of C57BL/6, OX40~/~, and OX40~/~/survivin Tg
mice were immunized i.p. with OVA in alum. Mice were challenged by inhalation of OVA or PBS control 25 days later. (A) Total leukocyte numbers
were counted in BAL recovered from mice (n = 6/group) 24 h after the last OVA or PBS challenge. (B) Total numbers of eosinophils were calculated
from differentially stained BAL cytospins. (A, B) Data are shown as the mean number of cells +SEM from three separate experiments with six mice
per group in each experiment. Significance was tested by one-way ANOVA with Bonferroni multiple comparison test with *p < 0.01. (C) Individual
mice were assessed 1-3 h after the last aerosol challenge for AHR by barometric plethysmography. Results are shown as the mean percent change
in PenH levels above baseline (PenHpps for Alum-OVA/PBS: C57BL/6, 0.81 + 0.05; OX40~/~, 0.92 + 0.03; OX40~/~/survivin Tg, 0.83 + 0.04; PenHppg
for Alum-OVA/OVA: C57BL/6, 0.80 + 0.04; OX40~/~, 0.82 + 0.03; OX40~/~/survivin Tg, 0.81 £ 0.03) after exposure to different concentrations of

methacholine. Values were calculated from six mice in each group per experiment. Similar results were seen in three experiments.

showed dramatically reduced numbers of eosinophils in the BAL,
but no change in the numbers of infiltrating neutrophils and
monocyetes.

Airway hyperreactivity (AHR) is a hallmark clinical symptom
of the pulmonary allergic response and has been defined as an
exaggerated airflow obstruction in response to bronchoconstric-
tors. In addition, AHR and mucous overproduction were con-
sistently linked to asthma onset and its morbidity. Both defects
have been observed in OX40~/~ mice in various murine models of
asthma [16,17]. To determine whether survivin could overcome
the airway dysfunction of OX40~/~ mice, we measured the airway
reactivity to methacholine. Wt mice developed AHR in response
to methacholine challenge. In contrast, OX40~'~ mice showed
an attenuation in methacholine sensitivity as characterized by a
reduced AHR. OX40~/~/survivin Tg mice, however, demonstrated
a similar pulmonary resistance as Wt mice (Fig. 4C).

Survivin reversed the defect in mucus production in
the lungs of 0X40~/~ mice

To determine whether survivin could overcome the airway dys-
function of OX40~/~ mice, we further analyzed lung mucus pro-
files with periodic acid-Schiff (PAS) staining. A large number of
PAS™ cells were presented in the lungs of Wt mice. In contrast,
OX40~/~ mice only showed a few PAS* cells. In OX40~/~/survivin
Tg mice, however, we observed similar frequencies of PAS™ cells
as in Wt mice (Fig. 5A).

The increased airway inflammation observed in Wt and
0X40~/~/survivin Tg, but not in 0X40~/~ mice, was further
supported by the histological analysis of lung sections. Wt and
0X40~/~/survivin Tg mice developed marked perivascular and
peribronchiolar cellular infiltrates that were composed predomi-
nantly of eosinophils and mononuclear cells. In addition, there was
also pronounced goblet cell hypertrophy of the bronchiolar epithe-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

lium. In sharp contrast, lung sections from OX40~/~ mice had far
fewer cellular infiltrates close to the bronchioles and blood vessels
and had histologically normal bronchiolar epithelium (Fig. 5B).
Although survivin Tg expression significantly increased numbers
of CD4" T cells, including IL-4-producing CD4* T cells in the lung,
in the absence of 0X40 (Fig. 5C and D), the frequencies of IL-4
and IFN-y-producing CD4* T cells in OX40~/~/survivin Tg mice
were not different from those found in Wt and OX40~/~ mice
(Fig. 5E). Taken together, these results suggested that survivin Tg
expression could overcome the defect in the lung allergic response
in the absence of 0X40.

Survivin reversed defective IgE and Th2 cytokine
production driven by allergen in 0X40~/~ mice

Eosinophils, AHR, and mucus overproduction are induced by Th2
cytokines, such as IL-4, IL-5, IL-9, and IL-13. To determine if sur-
vivin impacted Th2 cytokine production in the lungs of OX40~/~
mice, 24 h after the last OVA challenge, serum was assayed
for OVA-specific IgE and BAL was assayed for Th2 cytokines. In
0X40~/~ animals, the levels of IgE, IL-4, IL-5, IL-9, and IL-13
were significantly reduced compared with those in Wt mice
(p < 0.05) (Fig. 6). In contrast, the magnitude of the IgE response
and production of other cytokines in OX40~/~/survivin Tg mice
were similar to those seen in Wt mice (p > 0.05). Collectively,
these results showed that Tg expression of survivin reversed the
histological and functional defects of 0X40~/~ mice in generating
asthmatic lung inflammation driven by Th2 cells.

Discussion

In this study, we determined the impact of Tg survivin expres-
sion on a Th2-driven response in vivo. Our experiments clearly
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Figure 5. Survivin reverses the defect in mucus production in the lungs of 0X40~/~ mice. Groups of C57BL/6, OX40~/~, and OX40~/~/survivin Tg
mice were immunized and challenged as described in Fig. 4. (A) 24 h after the final OVA challenge, lung tissue sections were stained with PAS
to highlight the mucus-secreting goblet cells (original magnification, x 40) in bronchioles. Lung sections were graded by % PAS cells for mucus
production. (B) 24 h after the final OVA challenge, lung tissue sections were stained with H&E for the quantitation of inflammatory infiltrates by
light microscopy (original magnification x20). Lung sections were graded on a scale from 0 to 5 for inflammation severity. Results are shown as the
mean score +SEM from three separate experiments with six mice per group in each experiment. Significance was tested by one-way ANOVA with
Bonferroni multiple comparison test with **p < 0.001. (C) Pooled lung cells from each group were processed for flow cytometry and analyzed for
CD3*"CD4" and CD3*CD8 cells. (D) The absolute numbers of cytokine-producing CD4" T cells are shown. (E) The percentage of cytokine-producing
CD4" T cells was assessed by intracellular staining and flow cytometry of lung cells. (C-E) Data are shown as the mean number or percentage
of cells +SEM from three separate experiments with six mice per group in each experiment. Significance was tested by one-way ANOVA with
Bonferroni multiple comparison test with *p < 0.05.

demonstrated that Tg expression of survivin enhanced the number
of differentiated Th2 cells in the allergic inflammatory response.
Furthermore, Tg expression of survivin compensated for the OX40
deficiency in driving Th2 development and allergic inflammation
in the lung, including induction of high levels of IL-4, and IL-5,
large numbers of eosinophils, hyperplasia of goblet cell and over-
production of mucus. Our results suggested that OX40 signaling
might regulate survivin to enhance T-cell proliferation and result
in more differentiated Th2 cells that can mediate the allergic
responses or lung inflammation.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Despite the human CD19 promoter, Tg survivin was lympho-
cyte specific, but was not exclusively expressed in B cells. CD19
is a B-cell-specific member of the immunoglobulin superfamily
expressed that is from early pre-B-cell development until plasma
cell differentiation. Previous studies showed that the promoter of
the CD19 gene was a target for the B-cell-specific transcription
factor — B-cell-specific activator protein [18], and suggested that
Tg mice using the human CD19 promoter have B-cell-specific
expression of the transgene [19, 20]. Several groups that gen-
erated Tg mice with constructs containing the human CD19
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Figure 6. Survivin reverses defective antigen-induced IgE and Th2 cytokine production driven by allergen in OX40~/~ mice. Groups of mice were
immunized and challenged as described in Figure 4. (A-E) One day after the last OVA challenge, BAL fluid from mice was assessed for (A) IgE and
Th2 cytokines (B) IL-4, (C) IL-5, (D) IL-9, and (E) IL-13 by ELISA. Results are shown as the mean +SEM from three separate experiments with six mice
per group in each experiment. Significance was tested by one-way ANOVA with Bonferroni multiple comparison test with *p < 0.01 and *p < 0.05.

promoter also found a high expression of Tg genes in B cells
[21-25]. Our initial project was to generate B-cell-specific survivin
Tg mice by subcloning a Flag-tagged murine survivin gene into
the pBSIIKS construct containing the human CD19 promoter
region (Fig. 1A). After microinjection into the fertilized oocytes,
four survivin Tg founder mice were obtained. Unexpectedly, in
addition to Tg survivin expression in pre-B to immature B cells,
CD3TTCRB™ T cells from the spleens and LNs of all four founder
lines expressed the transgene, with a higher expression level seen
in CD4™" T cells than in CD8" T cells (Fig. 1E). These results dif-
fered from previous observations of B cell-specific Tg mice using
the human CD19 promoter. Although Tg expression of MHC II
(I-Ead), Bruton’s tyrosine kinase (Btk), or CD70 under the human
CD19 promoter was shown in B220" cells [22, 23, 25], B220
expression was not restricted to B cells and could also be expressed
on activated T cells, DCs, and other APCs. Therefore, gating on
B220* cells in these cited studies did not exclude the potential Tg
expression in other cell types, such as T cells. In addition, our data
showed that mature B and plasma cells in the peripheral immune

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

system did not express the Tg survivin driven by the human CD19
promoter, which was in agreement with a previous study [22].
Survivin was undetectable in Wt naive CD4" T cells, but upreg-
ulated after activation under either nonpolarizing conditions, or
Th1 and Th2 polarizing conditions (Fig. 2J). Our previous study
showed that survivin controlled in vivo antigen-driven clonal
expansion and proliferation, resulting in an accumulation of large
numbers of effector cells [1]. The current study supported this
observation and demonstrated that expression of Tg survivin
promoted T-cell proliferation (Fig. 2G and H). Under Th1 and Th2
polarizing conditions, there was no difference in the percentages
of CD4™ T cells that produced IFN-y (23.8 versus 21.9%) or IL-4
(23.5 versus 20.2%) from survivin Tg and Wt mice (Fig. 2I).
Although survivin has the potential to affect Th17 differentiation,
under Th17 polarizing conditions we observed similar numbers
of CD4* T cells that produced Th17 from both survivin Tg and Wt
mice (data not shown). These results indicated that survivin has
the ability to enhance the proliferation of differentiated T cells
that resulted in increased numbers of differentiated T cells after

Www.eji-journal.eu

1921 &



1922

Fengyang Lei et al.

activation. Indeed, during the allergic inflammatory response,
compared with Wt mice, survivin Tg mice had a higher number
of differentiated Th2 cells (Fig. 3F). Furthermore, survivin Tg
expression significantly increased the number of IL-4-producing
CD4™ T cells in the lungs in the absence of 0X40 (Fig. 5D). Thus,
Tg expression of survivin reversed the defective allergic responses
or lung inflammation of OX40~/~ mice through enhanced
proliferation of differentiated Th2 cells.

In this current study, using barometric whole-body plethys-
mography and increases in enhanced pause (PenH) as an index
of airway obstruction, we measured AHR based on the responses
to inhaled methacholine after OVA sensitization and airway chal-
lenge in conscious and unrestrained mice. Although PenH values
have been shown to correlate with measures of pulmonary resis-
tance in small animal models of asthma, PenH is a controversial
measure of AHR as changes in PenH and respiratory resistances
often do not correlate. Therefore, the conclusions of this study
regarding AHR need to be further validated by using direct mea-
surements of airways resistance rather than PenH.

Survivin is highly expressed in most cancers and has been asso-
ciated with chemotherapy resistance, increased tumor recurrence,
and shorter patient survival [19,26]. Thus, the idea of targeting
survivin has attracted attention as a potential cancer treatment
strategy [27]. None of the offspring of any of the survivin Tg
founders exhibited developmental defects or any increased sus-
ceptibility to malignancies. In addition, the survivin Tg mice used
in this study survived normally, and we did not observe any promi-
nent tumor growth or spontaneous inflammatory phenotypes in
these mice, suggesting that in this case survivin activity was still
highly regulated by exogenous stimuli. As such, our results likely
reflected a specific activity in compensating for the defective sur-
vivin expression that accompanies T-cell activation when costim-
ulation is absent or less than optimal.

The data demonstrated that survivin can compensate for OX40
deficiency in Th2 responses under Th2 dominant conditions,
and indicated that survivin regulates the activity of Th2 cells
that induce the airway asthmatic inflammation. Because T-cell-
specific deletion of survivin (survivin~~) resulted in T-cell devel-
opment/maturation defects, survivin™~ mice were compromised
in generating airway eosinophilia and AHR in the lungs (Support-
ing Information Fig. 2). To support our conclusion, the use of
other inducible deletions (i.e. CreERT2 or OX40-Cre mice) will
be more informative. Future studies will include other costimu-
latory molecules, such as CD28, that also drive Th2 responses
and regulate survivin expression [8]. This will determine whether
survivin can also compensate for other costimulatory deficiencies.
In addition, the potential role of survivin during costimulation-
driven Th1 and Th17 responses still needs to be defined. Further-
more, survivin Tg mice in this study were generated by using the
human CD19 promoter, which is not T-cell-specific. Tg expres-
sion of survivin in pre-B to immature B cells might impact T-cell
activity within the murine asthmatic model. Using T-cell-specific
survivin Tg mice will exclude this potential effect. Nevertheless,
these results extend our and others’ previous findings showing
the importance of survivin to T-cell responsiveness [1,6-9], and

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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highlight the critical role of survivin in T-cell-driven inflammation
in vivo.

Materials and methods

Mice

0X40~/~ mice were bred on a C57BL/6 background [28]. The
pCD19-TIAP Tg vector encoding mouse survivin (TIAP) under con-
trol of the human CD19 promoter [18] was generated as described
for pCD19-FLIP [29]. Survivin Tg mice were originally gener-
ated on a C57BL/6 background and were backcrossed for greater
than five generations onto the OX40~/~ background to generate
0X40~/~/Survivin Tg mice. All experiments were in compliance
with the regulations of the Pennsylvania State University College
of Medicine Animal Care committee in accordance with guide-
lines of the Association for the Assessment and Accreditation of
Laboratory Animal Care.

Cell culture

Naive CD4*" T cells were stimulated with 1 pg/mL plate-bound
anti-CD3 mAb in the presence of 1 pwg/mL anti-CD28 mAb in a
48-well plate [8]. Whereever indicated, cells were cultured
under either Th1-polarizing conditions (10 ng/mL IL-2, 1 ng/mL
IL-12, and 10 pg/mL anti-IL-4 mADb), or Th2-polarizing conditions
(10 ng/mL IL-2 and IL-4 and 10 pg/mL anti-IFN-y mAb). The
cells were cultured for 2 days for Western blotting, or cultured for
4 days, and then rested in fresh medium containing 10 ng/mL
of IL-2/mL (Shenandoah) for 1.5 days. The cells were stimulated
with phorbol myristate acetate and ionomycin (Calbiochem) for
intracellular cytokine staining.

Induction of BM-derived mast cells and DCs

BM-derived mast cells and DCs were generated as described
[30,31]. Briefly, red blood cells were removed from mouse femoral
BM cells by using ACK lysing buffer (Lonza), and isolated nucle-
ated cells were cultured in the presence of 10 ng/mL rmIL-3
(PeproTech) for 4 weeks for mast cells or 20 ng/mL of GM-CSF
plus 20 ng/mL rmIL-4 (PeproTech) for 7 days for DCs.

Immunization

Mice injected ip. with 100 pg 4-Hydroxy-3-
nitrophenylacetyl-Chicken Gamma Globulin (NP-CGG, Biosearch
Technologies) suspended in alum (Pierce). Spleens were har-
vested 10 days after immunization and dissociated by using a

were

cell strainer, and subjected to red blood cell lysis. Single-cell
suspension was stained with PE-B220 (BioLegend) and FITC-PNA
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(Vector Laboratories), or PE-B220, allophycocyanin-CD138
and FITC-CD93 (all from BioLegend). GC B-cell populations
(B220"/PNA™) and plasmablasts (B220"/CD138"/CD93™) were
sorted to determine expression of survivin and B-actin (both from
Santa Cruz Biotech) by Western blots.

Induction of allergic airway inflammation

Mice were sensitized and challenged as described previously to
induce a Th2 response [17]. Briefly, mice were sensitized by i.p.
injection of 20 wg OVA protein (chicken egg albumin; Sigma),
adsorbed to 2 mg aluminum hydroxide (Alum; Pierce) in PBS on
day 0. Nonsensitized (control) mice received 2 mg Alum in PBS
alone. On day 25, mice were challenged via the airways with OVA
(5 mg/mL in 15 mL of PBS) or PBS control for 30 min, once a day
for four consecutive days by ultrasonic nebulization. Mice were
sacrificed 18-24 h after the last aerosol challenge and assessed for
inflammation of the lung.

Measurement of AHR

AHR was determined 1-3 h after the last aerosolized OVA expo-
sure by whole-body plethysmography (Buxco Technologies) in
response to inhaled methacholine (MCh; 1.25-10 mg/mL; Santa
Cruz Biotech) as described previously [16]. Briefly, AHR was
determined using the parameter PenH that is calculated based on
the mean pressure generated in plethysmograph chambers during
inspiration and expiration, combined with the time of each phase.
Values were represented as the mean percent change in PenH at
each methacholine concentration compared with baseline read-
ings, calculated from groups of four mice.

BAL measurements

Lung inflammation was assessed by BAL as described previ-
ously [17]. Briefly, lungs were lavaged with PBS containing 2%
BSA. Cells in the recovered BAL fluid fractions were centrifuged,
counted, and then pelleted onto glass slides by cytocentrifugation.
Cell-type counts were performed with Hema 3 manual staining
system (Fisher). Cytokines were assessed in BAL by using com-
mercially available ELISA kits (eBiosciences). All samples were
collected 24 h after the final antigen challenge.

Characterization of lung histology and cellular
infiltrates

Lung sections were characterized as described previously [17].
Briefly, lungs were removed and placed directly into Formical-4™
(Decal Cehmical Corp), paraffin embedded, and sections were
stained with H&E for quantitation of inflammatory infiltrates or
with PAS for quantitation of bronchial mucus gland hypertrophy.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Statistics

Unpaired t-test or one-way ANOVA was used for the statistical
analysis between groups and significance was set at 5%. All statis-
tics were calculated using GraphPad Prism (San Diego, CA, USA).
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Supplementary Figure 1. Comparison of lung inflammation between C57BL/6 and survivin
Tg mice. Groups of C57BL/6 and survivin Tg mice were immunized i.p. with OVA in alum.
Mice were challenged by inhalation of OVA or PBS control 25 days later. (A) 24 hr after the
final OVA challenge, lung tissue sections were stained with periodic acid-Schiff (PAS) to
highlight the mucus-secreting goblet cells (1, x 40) in bronchioles. Lung sections were graded by
% PAS cells for mucus production. (B) 24 hr after the final OVA challenge, lung tissue sections
were stained with H&E for quantitation of inflammatory infiltrates by light microscopy (x 20).
Lung sections were graded on a scale from 0-5 for inflammation severity. Results were the mean
score + SEM from three separate experiments with four mice per group in each experiment.
Significance was tested by unpaired t test with two-tailed p value with * as p <0.05. (C) 1-3 hr
after the last aerosol challenge, individual mice were assessed for AHR by barometric
plethysmography. Results are the mean percent change in PenH levels above baseline (PenHpgs
for Alum-OVA/PBS: C57BL/6, 0.81 + 0.05; survivin Tg, 0.84 + 0.03; PenHpgs for Alum-
OVA/OVA: C57BL/6, 0.80 £ 0.04; survivin Tg, 0.83 £ 0.05) after exposure to different
concentrations of methacholine. Values were calculated from four mice in each group per

experiment. Similar results were seen in three experiments.

Supplementary Figure 2. Survivin” mice are compromised in generating airway

flox/flox gurvivin™") and background

eosinophilia and AHR in the lungs. Groups of Lck-survivin
control B6129F2/J mice were immunized i.p. with OVA in alum. Mice were challenged by
inhalation of OVA or PBS control 25 days later. (A) Total leukocyte numbers were counted in
BAL recovered from mice (n=4/group) 24 hr after the last OVA or PBS challenge. (B) Total

numbers of eosinophils were calculated from differentially stained BAL cytospins. Results in A



and B were the mean number of cells + SEM from three separate experiments with four mice per
group in each experiment. Significance was tested by unpaired t test with two-tailed p value with
**as p<0.01. (C) 1-3 hr after the last aerosol challenge, individual mice was assessed for AHR
by barometric plethysmography. Results were the mean percent change in PenH levels above
baseline (PenHpgs for Alum-OVA/PBS: B6129F2/], 0.79 + 0.03; survivin'/', 0.81 + 0.04;
PenHpgs for Alum-OVA/OVA: B6129F2/], 0.82 + 0.05; survivin” ’, 0.80 + 0.03) after exposure to
different concentrations of methacholine. Values were calculated from four mice in each group

per experiment. Similar results were seen in three experiments.
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