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Tumor-Released Survivin Induces a Type-2 T Cell Response
and Decreases Cytotoxic T Cell Function, in Vitro
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Abstract Clinical studies of T cell profiles from cancer
patients have shown a skewing toward a type-2 T cell
response with decreased cytotoxic T cell function. However,
the primary cause of this shift remains unknown. Here we
show that tumor-released Survivin, an inhibitor of apoptosis
(IAP) protein and tumor-specific antigen, is taken up by T
cells and alters their response. The addition of Survivin to T
cell cultures resulted in decreased T cell proliferation and
reduced cytotoxic CD8+ T cell function. Additionally, type 1

cell numbers and IFN-γ and IL-2 production were signifi-
cantly reduced, while IL-4 release and type 2 T cell numbers
increased. In contrast, the function and numbers of Th17
and T regulatory cells were not affected. These studies show
that tumor-released Survivin modulates T cells resulting in a
phenotype similar to that observed in cancer patients with a
polarity shift from a type 1 to a type 2 response.

Keywords Survivin . Tcell . Microenvironment . Th1 . Th2

Introduction

The tumor microenvironment is characterized by the infil-
tration of T cells. Investigation into the role of T cells in
tumor progression has demonstrated the importance of the
inflammatory T cell response in elimination of neoplastic
cells. The importance of T cell subsets in the anti-tumor
response is of interest as imbalances in these cells and the
cytokines they produce have been shown to alter the ability
of the immune system to eradicate the tumor. Of particular
interest are the type 1 and type 2 T cells, which are charac-
terized by production of IFN-γ and IL-2 or IL-4 and IL-10,
respectively. These cytokines play a significant role in the
progression of tumor growth or eradication. The type 1 T
cell cytokine IFN-γ is vital to the anti-tumor response as it
recruits and activates macrophages, as well as increasing the
cytotoxic response by CD8+ T cells [1]. Mice deficient in
IFN-γ have been shown to spontaneously develop tumors
and have poor tumor clearance, illustrating the importance
of IFN-γ in anti-tumor immunity [1]. Production of IL-2 by
type 1 cells increases the proliferation of nearby T cells,
aiding the immune response by inducing clonal expansion
of tumor-reactive cells. The antagonists of type 1 cells are
the type 2 Tc2 and Th2 cells, which release IL-4, IL-5, IL-6
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and IL-10 [2, 3]. Type 2 cytokines prevent the differentiation
of naïve T cells into type 1 cells and oppose the functions of
type 1 cytokines [3]. IL-10 decreases the cytotoxic response
by decreasing antigen presentation by macrophages to Th1
cells [4, 5], while IL-4 leads to decreased type 1 cell differen-
tiation and IFN-γ production [5]. In cancer, IL-4 has been
shown to prevent apoptosis of malignant cells, as well as
increase the metastatic potential of breast cancer cells through
polarization of infiltrating macrophages [6].

In addition to Th1 and Th2 cells, the CD4+ T cell popu-
lation also includes Th17 and T regulatory (Treg) cells [3].
Pro-inflammatory Th17 cells produce IL-17 to recruit
neutrophils and induce the production of pro-inflammatory
factors in immune cells [7, 8]. In contrast to their Th17
counterpart, Treg cells suppress inflammatory responses and
regulate the function of other T cell populations [3, 9–11].
Characterized as CD4+CD25+CD127lowFoxp3+, Tregs are
important in preventing over-activation of the immune system
as well as responses to autoantigens [10, 12].

Peripheral blood and intratumoral T cells from cancer
patients frequently exhibit altered T cell populations. Type
1 responses are typically decreased with a concomitant
increase in type 2 cell numbers and cytokine levels
[13–22]. The potential for metastasis and angiogenesis is
increased by the presence of IL-4 and IL-6, respectively, and
the type 2 polarization increases both of these cytokines
[6, 23]. This shift is correlated to poor disease progression, as
the anti-tumor response is inhibited and a pro-tumor environ-
ment is created [13, 14, 24]. Additionally, Treg cells have been
implicated in promoting tumor growth by suppressing activa-
tion of tumor-specific cytotoxic T cells due to their expression
of auto antigens [11, 25–27]. As with type 2 T cells, increased
numbers of Tregs within the tumor correlates with poor
prognosis and decreased responsiveness to immunotherapies
[25–27]. The role of Th17 cells in cancer is still unclear. The
inflammatory Th17 response correlates with poor disease
outcome in prostate, head and neck and colorectal cancer
[28, 29]. However, IL-17 knockout mice exhibited increased
susceptibility to metastasis of colon cancer MC38 cells,
demonstrating an possible anti-tumor function of Th17
cells [30, 31].

While altered T cell populations in the tumor have been
well documented from a clinical aspect, what leads to these
changes has not been fully elucidated. Much evidence
points to tumor-released factors such as tumor proteins and
cytokines [9, 32, 33]. One tumor antigen recently shown to
be released from cancer cells into the extracellular space is
the inhibitor of apoptosis (IAP) protein Survivin [34, 35].
Within the cancer cell, Survivin functions to prevent cell
death in response to apoptotic signals [36, 37]. In its
extracellular context, Survivin is released and taken up
by surrounding malignant cells, which increases their
proliferative rate, resistance to therapy and their invasive

potential [34]. Here we show a novel role for tumor-released
Survivin as a modulator of the T cell response, capable of
inhibiting their proliferation and inducing a shift to a type 2
response, similar to that observed in cancer patients.

Results

T Cells Take Up Tumor-Released Survivin

Recent studies have demonstrated that uptake of Survivin by
cancer cells leads to a more aggressive phenotype [34]. To
determine if tumor-infiltrating T cells would also be able to
take up tumor-released Survivin, FLAG-HA-tagged Survivin
was collected from cancer cell culture medium using dual-
affinity purification and added to T cell cultures. Peripheral
bloodmononuclear cells (PBMCs) were isolated from normal,
cancer-free donors and CD3+ T cells isolated by magnetic
separation. Using FLAG-HA-Survivin released by POZn-
WT-Survivin HeLa S cells as previously described [34] and
at a non-toxic concentration (Supplementary Figure 1), we
analyzed for both surface binding and intracellular uptake of
Survivin in Tcells. Cells were cultured for 24 h in control R10
or FLAG-HA-Survivin medium and stained for confocal
microscopy with anti-HA and anti-actin. HA staining
was detected in T cells cultured with FLAG-HA-Survivin
(Fig. 1a), with some colocalization with actin as well as areas
of pyknotic surface staining, demonstrating both surface
binding and intracellular uptake of FLAG-HA-Survivin.
Similar results were seen in T cells that were directly
cultured with POZn-WT-Survivin cells (Fig. 1a). Surface
binding and intracellular uptake were further evaluated
by flow cytometry from 5 min to 24 h in culture. Cells
were stained for FLAG-HA-Survivin using anti-HA and
anti-Survivin antibodies. T cells were gated on
CD3+CD4+ or CD3+CD8+ and the gating for Survivin
and HA determined using appropriate isotype controls
(Supplementary Figure 2a). Figure 1b shows the presence of
surface-bound Survivin-HA on both CD4+ and CD8+ cells at
5 min, with significant uptake over the next 24 h (1440 min).
At 30 min and later, surface Survivin levels significantly
decrease (Fig. 1b) which is also representative of uptake. To
determine the stability of FLAG-HA-Survivin, as endogenous
Survivin is targeted by the ubiquitin-proteasome pathway, we
evaluated the presence of FLAG-HA-Survivin in Tcells at 24,
48, 72 and 96 h by Western blot to determine if FLAG-HA-
Survivin levels are maintained or degraded following uptake
(Fig. 1c, d). Endogenous Survivin, which is normally
expressed in T cells, was detected in Control and FLAG-HA
only samples, as well as FLAG-HA-Survivin samples at all
timepoints (Fig. 1c, d). FLAG-tagged Survivin was detected
only in FLAG-HA-Survivin samples and was retained in all
timepoints and did not appear to be degraded (Fig. 1c).
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Additionally, densitometry of replicate Western blots showed
no significant difference in endogenous Survivin levels in the
presence of FLAG-HA-Survivin (Fig. 1d).

Survivin Uptake Results in Diminished T Cell Proliferation

Uptake of Survivin by malignant cells has been shown to
increase their proliferative rate [34]. To determine if Survi-
vin uptake has a similar effect on T cells, we analyzed their
proliferation using the cell-cycle-associated nuclear antigen
Ki-67 [38], CFSE staining and BrdU incorporation. T cells
were isolated from healthy, cancer-free donors, stimulated
with anti-CD3/CD28 T cell expansion beads and cultured in

Control, FLAG-HA peptide or FLAG-HA-Survivin medium.
Expression of Ki-67 was analyzed at 24, 48, 72 and 96 h.
Figure 2a shows representative staining of Ki-67 at 72 h post-
stimulation. At 72 and 96 h, Ki-67 expression was significantly
decreased in both CD8+ and CD4+ T cells when cultured with
FLAG-HA-Survivin compared to Control and FLAG-HA only
medium (Fig. 2b). CFSE is a cytosolic fluorescent dye used to
detect proliferation, with a dilution of the dye observed with
each cell division [39]. CFSE staining showed dilution in
response to stimulation in Control and FLAG-HA only cells,
which was prevented by the addition of FLAG-HA-Survivin
(Fig. 2c, d). These results were confirmed by a BrdU incorpo-
ration assay. T cells were cultured as before and BrdU added

Fig. 1 Normal T cells take up tumor-released Survivin. a Normal T
cells were isolated by magnetic separation and cultured with FLAG-HA-
Survivin or co-cultured with POZn-WT-Survivin cells for 24 h. Confocal
images show uptake and surface binding of Survivin using a 60x oil
immersion objective lens (Red – Actin, Green – FLAG-HA-Survivin,
blue – DAPI). Representative of 2 independent experiments. b Surface
and intracellular mean fluorescence intensity of HA in CD4+ (top) and

CD8+ (bottom) Tcells over time. Representative of 3 independent experi-
ments. (Mean ± SD for 3 independent experiments; *p≤0.05, **p≤0.01,
***p≤0.001 Intracellular vs. Surface). cWestern blotting of Tcells shows
the presence of intracellular Survivin and FLAG tagged Survivin over
time. Blots are representative of 3 independent experiments. d
Densitometry shows Mean ± SD for 3 independent experiments,
2 blots each, n06

Survivin Alters T Cell Function 59



after 72 h in culture. Cells were harvested 24 h later and
analyzed for nuclear BrdU by flow cytometry. T cells cultured
with FLAG-HA-Survivin showed significantly reduced

percentage of cells with BrdU incorporation (Fig. 2e, f).
Additionally, total T cell numbers after stimulation were
significantly decreased in FLAG-HA-Survivin cultures
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compared to Controls (Supplementary Figure 3a). To
ensure this difference in cell number was not due to
cell death, we analyzed viability using 7-AAD staining. No
significant difference in viability was seen in FLAG-HA-
Survivin compared to controls (Supplementary Figure 3b).
This data shows an anti-proliferative function for Survivin
uptake in T cells.

Survivin’s ability to prohibit proliferation in T cells is in
stark contrast to the increased proliferative rate seen in
malignant cells after Survivin uptake [34]. One key difference
between T cell and tumor cell proliferation is the requirement
of activation signalling for T cell clonal expansion [40, 41].
Survivin’s anti-proliferative effect on T cells could be due to
an interference with T cell activation. To examine this possi-
bility, T cells were stimulated in the presence or absence of
extracellular FLAG-HA-Survivin and analyzed for the expres-
sion of activation markers CD25 and CD69.We found that the
addition of FLAG-HA-Survivin during stimulation had no
effect on the expression of activation antigens on T cell
cultures (Fig. 3a, b). Additionally, upregulation of Survivin
is required for proper T cell activation and proliferation [40]
and the presence of exogenous FLAG-HA-Survivin does not

significantly alter Survivin protein expression levels after
activation (Supplementary Figure 4). From these results we
conclude the inhibition of proliferation by Survivin likely
occurs after cells have been activated and is not due to a
reduction in activation-induced Survivin expression.

Survivin Decreases the Cytotoxic Function of CTLs

Tumor-specific CTLs are important in the destruction of
cancer cells [10]. We have observed decreased proliferation
of CTLs when stimulated in the presence of Survivin
(Fig. 2), which would likely diminish the effectiveness of
a T cell response. It is not known if Survivin also alters the
cytotoxic function of CTLs, so we evaluated this using a
cytotoxicity assay. CTLs were isolated from a single donor
and cultured with Control, FLAG-HA or FLAG-HA-
Survivin medium and stimulated with PMA and ionomycin
for 24 h. The cells were then added in culture with pooled
PBMCs from other healthy donors at 5:1, 2.5:1 and 1.25:1
CTL:PBMC ratios. The ability of the CTLs to kill foreign
PBMCs was then evaluated using by lactate dehydrogenase
release. The cytotoxic function of CTLs was diminished at
all CTL:PBMC ratios after culture with FLAG-HA-Survivin
compared to control conditions (Fig. 4). This may demon-
strate a possible immune evasion function for tumor-released
Survivin by preventing CTL-mediated killing.

Survivin Does Not Affect T Regulatory Cells

Decreased activity of cytotoxic CD8+ T cells in cancer
patients has been correlated to increased numbers of
tumor-infiltrating T regulatory cells (Tregs) [10, 42]. To

Fig. 3 Survivin does not affect T cell activation. a CD25 and CD69
staining of CD4+ and CD8+ T cells cultured with anti-CD3/anti-CD28
microbeads for 24 h show no change in CD25+CD69+ cell numbers.

Results representative of 3 independent experiments. b CD25 and
CD69 MFI are and unchanged in CD8+ and CD4+ Survivin-cultured
cells. Results show Mean ± SD, n09

Fig. 2 T cell proliferation is inhibited by culture with tumor-released
Survivin. a Representative Ki-67 staining at 72 h post-stimulation with
anti-CD3/anti-CD28 microbeads. b Ki-67 expression was evaluated over
time in T cells cultured with FLAG-HA-Survivin. CD4+Ki-67+ and
CD8+Ki-67+ cell numbers are decreased after culture with FLAG-HA-
Survivin compared to control. c and d CFSE dilution post-activation is
significantly reduced by Survivin in CD8+ and CD4+ T cells compared to
controls at 72, 96 and 120 h. e and f BrdU incorporation is diminished in
CD8+ and CD4+ T cell cultures containing Survivin. Results in a, c and e
are representative of 3 independent experiments. Data in b, d, and f are
Means ± SD of 3 independent experiments, n09. *p<0.05, **p<0.01,
***p<0.001

R
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determine if the decreased CTL function observed in the
presence of Survivin could be due in part to Tregs,
we analyzed both the number and function of Tregs
after culture with Survivin. CD3+ cells were cultured
with Survivin or Control conditions with stimulation for 48 h
and analyzed for the number of CD4+CD25+CD127low Treg
cells. No differences were seen in the number of Tregs in the
presence of Survivin compared to Controls (Supplementary
Figure 5). To analyze the function of Tregs after culture with
Survivin, CD4+CD127low Tregs were isolated by magnetic
separation. After 24 h culture with Control, FLAG-HA, or
FLAG-HA-Survivin medium, the cells were washed and
plated with PBMCs and anti-CD3/anti-CD28 microbeads
for 4 h. Analysis of CD154 and CD69 levels on non-Treg cells
was used to determine the ability of Tregs to suppress
activation. We observed that Treg function was not
altered by culture with tumor-released Survivin (Supple-
mentary Figure 5). Due to these results, the decreased
cytotoxic function of CD8+ cells is likely a direct effect
of Survivin, and not through increased Treg numbers or
function.

Survivin Skews the Balance of Type 1 and Type 2 T Cells

Cancer patients frequently exhibit skewing of helper T cell
populations with an increase in Type 2 cells, a concomitant
decrease in the Type 1 response [13–15, 17, 18, 43], and
cancer-type specific alteration of Th17 cells [28, 29]. To
evaluate the effects of tumor-released Survivin in this
population skewing, intracellular cytokine staining was
used to quantify the number of Tc1, Tc2, Th1, Th2, and
Th17 cells (Fig. 5). Supplementary Figure 6 shows
representative gating of intracellular cytokine analysis
for CD4+ and CD8+ cells. After culture with FLAG-HA-
Survivin for 48 h, the numbers of Th1 (CD4+IFN-γ+) and
Tc1 (CD8+ IFN-γ+) cells were significantly decreased
(Fig. 5). Additionally, CD4+ and CD8+ cells expressing the
type 2 cytokines IL-4, IL-5 and IL-13 increased substantially

in FLAG-HA-Survivin cultures (Fig. 5), though the change in
IL-4 expressing CD8+ cells was not significant. No
significant change was seen in CD4+IL-17+ or CD8+IL-17+

cell numbers (Supplementary Figure 7). To quantify the
effects on cytokine release, isolated CD4+ and CD8+ cells
were plated in Control, FLAG-HA only or FLAG-HA-
Survivin medium for 48 h, and the culture supernatants
evaluated by ELISA (Fig. 6). Production of the type 1
cytokines IFN-γ and IL-2 was significantly reduced in
both CD4+ and CD8+ cultures (Fig. 6). Additionally, IL-
4 and IL-13 production by CD4+ cells was significantly in-
creased when cultured with FLAG-HA-Survivin, but a
significant change was not seen in IL-5 or IL-10 levels
(Fig. 6). These findings demonstrate a shift from a type
1 to a type 2 T cell response in the presence of tumor-released
Survivin.

Discussion

The ability of the immune system to detect and destroy
tumor cells plays an important role in decreasing tumor
growth and improving patient prognosis, as patients with
fewer tumor-specific T cells often have increased tumor
growth and metastasis [13–17]. Here we have shown that
the tumor-released protein Survivin [35] is taken up by T
cells and is capable of altering their function. Like that
described by Mera et al. using recombinant protein [44],
tumor-released Survivin is able to bind to the surface of T
cells, and as described here, is also taken up into T cells
(Fig. 1). Similar results were also observed in T cells after
culture with POZn-WT-Survivin HeLa-S cells (Fig. 1a),
leading us to believe that Survivin uptake could occur
within the tumor microenvironment. Whether similar uptake
and cellular modulation of granulocytes and monocytes
would be recorded is yet to be investigated. Also the mode
of uptake, whether receptor-mediated or not has yet to be
fully evaluated. It is also important to note that, due to the
allotypic differences between the donor T cells and the
POZn-WT-Survivin cells, tumor cell death was observed
in our confocal microscopy (Data Not Shown). The inhibition
of T cell division by Survivin (Fig. 2) is in contrast to its
effects on malignant cells [34]. Based on the evaluation of
activation markers CD25 and CD69 (Fig. 3), Survivin is not
inhibiting T cell stimulation, but is possibly acting down-
stream of activation signaling. Additionally, no changes in
activation-induced endogenous Survivin in the presence of
FLAG-HA-Survivinwereobserved (SupplementaryFigure 4).
Due to the significantly diminished proliferation observed in
both CD4+ and CD8+ populations from cancer-free donors
(Fig. 2), we believe a similar effect would be seen in tumor-
specific T cells and overall T cell populations from cancer
patients, though these studies have yet to be accomplished. In

Fig. 4 Survivin decreases cytotoxicity of CD8+ T cells. CD8+ cells
from a single donor were cultured with Survivin for 24 h and
their cytotoxic function assessed by the CytoTox 96 Non-Radioactive
Cytotoxicity Assay. Results show Mean ± SD of 3 independent
experiments, n03. *p<0.05
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addition to their decreased proliferative capacity, Survivin-
exposed CD8+ T cells showed decreased cytotoxic function
compared to controls (Fig. 4). Many previous studies have
demonstrated the inhibition of tumor-specific CTL function
by T regulatory cells [45, 46]. In our studies, Survivin did not
significantly alter Treg numbers or function (Supplementary
Figure 5). Because of these observations, we hypothesize that
Survivin’s inhibition of cytotoxic function is independent of
Treg-mediated CTL suppression. The suppression of cytotoxic
T cell function is an important mechanism of immune escape
for many cancers [33, 47, 48]. The release of Survivin may be
one way tumors evade T cell-mediated cytotoxicity.

Although Treg populations were not affected by extracel-
lular Survivin (Supplementary Figure 5), type 1 and type 2 T
cell populations were significantly altered. The decrease in
IFN-γ and IL-2 production by T cells, combined with the
significant drop in IFN-γ+ cells demonstrates an inhibition
of the anti-tumor response (Fig. 5). The importance of IFN-γ
to immune surveillance has been shown previously in IFN-γ
deficient mice and it is frequently decreased in cancer patients
[14, 15, 49, 50]. The overall shift from a type 1 to a type 2
response was shown both by the decrease in IFN-γ+ T cells
and the increase in IL-4+, IL-5+ and IL-13+ T cells in response

to tumor-released Survivin (Fig. 5). The importance of
CD4+IL-4+cells in malignancy was recently demonstrated in
a mouse mammary carcinoma model, in which production of
IL-4 by helper T cells was able to polarize macrophages,
resulting in increased lung metastasis [6]. Similarly, increased
plasma levels of IL-13 in patients with pancreatic, gastric and
esophageal cancers was positively correlated to increased
numbers of myeloid derived suppressor cells [51]. Both these
studies showed important downstream effects of the shift to a
type 2 response, but did not examine the preliminary cause of
the shift. Importantly, when combined with this study and our
previous work showing Survivin-associated invasiveness
[34], a more complete picture emerges with Survivin inducing
the type 2 response, which can then lead to increased
metastasis and complete polarization of the immune
response. Alteration of the immune response toward
the type 2 phenotype has been demonstrated in many
types of cancer, including lymphoma, breast, prostate
and lung cancer, though the reason for this shift was
undetermined [13–17]. Similar studies have been performed
looking at Th17 cells in cancer patients [29, 30, 52, 53].
Unlike the Th1/Th2 shift, which is common across patients
with a variety of cancer types, the role of Th17 cells appear to

Fig. 5 Polarization to a type 2
phenotype by Survivin.
Survivin significantly decreases
CD4+IFN-γ+ and CD8+IFN-γ+

and increases CD4+Il-5+,
CD8+Il-5+, CD4+IL-13+,
CD8+IL-13+, and CD4+IL-4+

cell numbers. No change was
seen in IL-17+ cell numbers.
Results show Mean ± SD from
3 independent experiments,
n09. *p<0.05, **p<0.01
and ***p<0.001
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be cancer-type specific. In prostate and ovarian cancers,
increased numbers of Th17 cells in the tumor correlated with
better patient outcome, demonstrating an anti-tumor role [28,
29]. Conversely, in colorectal carcinoma, higher levels of
serum IL-17 correlated to poor patient prognosis [54]. In our
studies, no change in IL-17-expressing cells was observed
after exposure to Survivin (Supplementary Figure 7), unlike
our observed type 1 and type 2 T cell shift Fig. 6.

In this study we show that the polarization of the T cell
response leading to a pro-tumor response could be mediated
in part by tumor-released Survivin. The ability of Survivin
to decrease the proliferation and cytotoxicity of T cells and
alter the T cell response to malignant cells, as well as
positively affect tumor growth and aggressiveness, makes
it an important therapeutic target for the treatment of cancer.

Materials and Methods

Preparation of FLAG-HA-Tagged Survivin

The development of POZn-WT-Survivin HeLa-S cells stably
expressing FLAG-HA-Survivin has been described previously
[34]. Cells were grown in a 5 L bioreactor at 37°C in Joklik
medium supplemented with 10% FCS, L-glutamine and
penicillin/streptomycin. After 1 week of growth the condi-
tioned medium was collected and centrifuged to remove cells

and debris. Anti-FLAG beads (20 μl/ml; Sigma, St. Louis,
MO) were added to the medium and rotated overnight at 4°C.
The beads were pelleted by centrifugation and Survivin eluted
using FLAG peptides. This process was repeated using
anti-HA beads (20μl/ml). Free FLAG and HA peptides
were removed from the preparation by dialysis against a
10 mM HEPES buffer (pH 7.5) overnight at 4°C. The
concentration of Survivin was 1.25 ng/ml as determined
by ELISA (R&D Systems, Minneapolis, MN) as previously
described [34]. Synthesized FLAG and HA peptides were
added to 10 mM HEPES buffer at a concentration of
1.25 pg/ml for use as a control.

T Cell Isolation and Culture

Peripheral blood from normal, healthy donors was collected
into potassium EDTAvacuettes as approved by the Institutional
ReviewBoard at Loma LindaUniversity. PBMCswere isolated
by Ficoll-Hypaque (GE Healthcare, Piscataway, NJ) centrifu-
gation as described previously [10]. T cell populations were
isolated using the MACS Pan T Cell Isolation Kit II (Miltenyi
Biotec, Auburn, CA). Cells were cultured in R10 medium
(RPMI supplemented with 10% FBS, L-glutamine, penicillin/
streptomycin, and 0.1% 2-mercaptoethanol), FLAG-HA
medium (R10 with 1.25 pg/ml FLAG and HA peptides)
or FLAG-HA-Survivin medium (R10 with 1.25 pg/ml
FLAG-HA-Survivin; Supplementary Figure 1). For co-culture

Fig. 6 Type 1 cytokines are
decreased and Type 2 cytokines
increased by Survivin.
Cytokine ELISA shows
decreased production of
inflammatory cytokines IFN-γ
and IL-2 by CD4+ and CD8+ T
cells and increased IL-4 and
IL-13 production by CD4+ cells
in the presence of Survivin. No
change was observed in IL-5 or
IL-10 release. Results show
Mean ± SD from 2 independent
experiments, n06. *p<0.05,
**p<0.01 and ***p<0.001
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experiments, T cells were cultured 100:1 with POZn-WT-
Survivin cells in R10 medium.

Flow Cytometric Analysis of Survivin Uptake

T cells were cultured in 96-well plates in R10 or FLAG-HA-
Survivin medium at a concentration of 1×106 cells/ml. Cells
were harvested at 5, 15, 30, 60, 120, 240, 360, 720, and
1440 min and stained for surface-bound or intracellular
Survivin using rabbit anti-HA, goat anti-rabbit Alexa Fluor
488 secondary (Invitrogen, Carlsbad, CA), and anti-Survivin
Alexa Fluor 647 antibodies (Cell Signalling, Danvers, MA).
For intracellular staining, cells were fixed and permeabilized
using the eBioscience Fixation/Permeabilization Kit (San
Diego, CA). Cells were stained for T cell surface antigens
with monoclonal antibodies against CD3, CD4, and CD8
(BioLegend, San Diego, CA). Data was collected on the
MACSQuant flow cytometer (Miltenyi Biotec, Auburn, CA)
and analyzedwith FlowJo analysis software. IntracellularMFI
was calculated as Total MFI of permeabilized cells minus the
Surface Stained MFI.

Confocal Microscopy

T cells were cultured in 12-well plates in R10 or FLAG-HA-
Survivin medium at 1×106 cells/ml. Co-cultures were per-
formed with 1×106 T cells/ml and 1×104 POZn-WT-Survivin
cells/ml. Cells were harvested after 24 h in culture, fixed with
3.7% paraformaldehyde and permeabilized with 0.1% PBS-
saponin. Cells were stained with anti-FLAG and anti-Actin
primary antibodies and goat anti-mouse Alexa Fluor 488 and
goat anti-rabbit Alexa Fluor 555 secondary antibodies
(Invitrogen, Carlsbad, CA). Slides were imaged using
the Zeiss LSM 710 NLO laser scanning confocal imaging
system, equipped with an Axio Observer Z1 inverted
microscope.

Western Blots

For Western blots of Survivin uptake, T cells were cultured
with Survivin, harvested at 24, 48, 72, and 96 h, and washed
with PBS. To analyze Survivin expression after activation, T
cells were cultured with R10, FLAG-HA or FLAG-HA-
Survivin medium and activated using anti-CD3/anti-CD28
T cell expansion beads (25 μl/ml; Invitrogen, Carlsbad,
CA). Cells were harvested at 0, 24, 48, 72, and 96 h. Whole
cell lysates were prepared and separated using 12% Bis-Tris
polyacrylamide gels as described previously [34]. Proteins
were transferred onto nitrocellulose membranes and probed
using mouse monoclonal anti-FLAG (Invitrogen, Carlsbad,
CA), rabbit polyclonal anti-Survivin (Novus Biologicals,
Littleton, CO), and rabbit polyclonal anti-Actin (Cell
Signalling, Danvers, MA). Secondary IR-Dye conjugated

goat anti-rabbit and goat anti-mouse antibodies (LICOR,
Lincoln, NE) were utilized and bands detected using the
Odyssey imaging system (LICOR, Lincoln, NE).

T Cell Proliferation Analysis by CFSE and Ki-67

T cells were stained with 0.5 μM CellTrace carboxyfluor-
escein succinimidyl ester (CFSE; Molecular Probes,
Carlsbad, CA) for 15 min at 37°C and the reaction quenched
with 5 volumes of cold R10 medium (RPMI supplemented
with 10%FBS, L-glutamine, penicillin/streptomycin, and 0.1%
2-mercaptoethanol). Cells were plated in a 96-well plate at
2.5×105 cells/well in R10, FLAG-HA, or FLAG-HA-
Survivin medium, stimulated with anti-CD3/anti-CD28 T cell
expansion beads (6.25 μl/well; Invitrogen, Carlsbad, CA) and
harvested at 0, 24, 48, 72, 96 and 120 h. Cells were stained for
surface antigens CD3, CD4, CD8 and for viability using
7-AAD (BioLegend, San Diego, CA). For Ki-67 analysis cells
were cultured as above and harvested at 24, 48, 72, and 96 h.
Cells were stained for surface markers, fixed and permeabilized
using a Fixation/Permeabilization Kit (eBioscience, San Diego,
CA) and stained for intracellular Ki-67 (BD Biosciences, San
Jose, CA).

Analysis of T Cell Proliferation by BrdU Incorporation

T cells were plated in a 96-well plate at 2.5×105 cells/well in
R10, FLAG-HA, or FLAG-HA-Survivin medium and stimu-
lated with anti-CD3/anti-CD28 T cell expansion beads
(6.25 μl/well; Invitrogen, Carlsbad, CA). At 72 h in culture,
10 μM BrdU was added to each well and the cells harvested
24 h after BrdU addition. Cells were stained for surface CD3,
CD4 and CD8, fixed and permeabilized using BD Cytofix/
Cytoperm Buffer (BD Biosciences, San Jose, CA), and frozen
at -80°C overnight in freezing medium (10% DMSO, 90%
heat-inactivated FBS). Cells were thawed and then washed
using BD Cytofix/Cytoperm and then washed with BD Perm/
Wash Buffer, after which they were re-fixed as before. Cells
were treated with DNase (300μg/ml) and stained with
anti-BrdU FITC (BD Biosciences, San Jose, CA).

Analysis of T Cell Activation

Isolated T cells were cultured and stimulated as described
above. After 24 h, cells were harvested and stained with
monoclonal antibodies against CD3, CD4, CD8 (BioLegend,
San Diego, CA), CD25 and CD69 (BDBiosciences, San Jose,
CA) and analyzed by flow cytometry.

Analysis of CTL Cytotoxic Function

CD8+ CTLs were isolated from a single healthy donor using
the MACS anti-PE magnetic separation kit (Miltenyi Biotec,
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Auburn, CA) and anti-CD8 PE antibodies (BD Biosciences,
San Jose, CA). CTLs were cultured in 12-well plates as
described above and stimulated with PMA (10 ng/ml) and
ionomycin (0.1 μg/ml). After 24 h in culture the cells were
washed and harvested. Pooled PBMCs from various healthy
donors were put into a 96-well plate with CTLs at 5:1, 2.5:1,
and 1.25:1 (CTL:PBMC) ratios. The cytotoxic function of
the CTLs was analyzed using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega, Fitchburg, WI).

T Regulatory (Treg) Cell Analysis

CD3+ T cells were isolated and plated in 96-well plates as
described above and stimulated for 48 h with anti-CD3/
anti-CD28 T cell expansion beads (6.25 μl/well; Invitrogen,
Carlsbad, CA). Cells were stained for CD3, CD4, CD8
(BioLegend, San Diego, CA), CD25 and CD127 (BD
Biosciences, San Jose, CA) and CD4+CD25+CD127low

Treg populations analyzed by flow cytometry.

T Regulatory Cell Activity Assay

T regulatory cells were isolated from PBMCs using the
EasySep Human CD4+CD127low T Cell Enrichment Kit
(Stem Cell Technologies, Vancouver, BC, Canada) and
cultured in 12-well plates at 1×106 cells/ml in R10,
FLAG-HA, or FLAG-HA-Survivin medium. After
24 h, cells were washed, harvested and added to
PBMCs at a 0:1, 0.25:1 or 0.5:1 (Treg:PBMC) concentration.
Inhibition of cell activation by Tregs was evaluated using the
BD FastImmune Human Regulatory T Cell Function Kit (BD
Biosciences, San Jose, CA) as per the manufacturer’s
instructions.

Intracellular Cytokine Analysis

CD3+ T cells were isolated, plated in 96-well plates as
described above and stimulated with PMA (10 ng/ml) and
ionomycin (0.1 μg/ml) in the presence of 3 μMmonensin to
inhibit cytokine release. After 6 h of activation, the cells
were harvested and stained for T cell surface markers.
Cells were fixed and permeabilized and intracellularly
stained with biotinylated antibodies against IFN-γ, IL-4,
IL-5, IL-13 or IL-17 followed by streptavidin-APC
(eBioscience, San Diego, CA).

Cytokine ELISA

Isolated CD4+ and CD8+ cells were stimulated with anti-CD3/
anti-CD28 microbeads for 48 h and PMA and ionomycin
added for the final 6 h as previously described [55]. Cell
supernatants were isolated and analyzed using Th1/Th2, IL-5,
and IL-13 Ready-Set-Go! ELISA kits (eBioscience) as per the

manufacturer’s protocol. Detection limits for these ELISAs are
IFN- γ – 4 pg/ml; IL-2 – 4 pg/ml; IL-4 – 2 pg/ml; IL-5
– 4 pg/ml; IL-10 – 2 pg/ml; IL-13 – 4 pg/ml; as
described by the manufacturer’s Technical Data Sheet.

Statistical Analysis

Results are shown as mean ± standard deviation. Statistical
significance was determined by Student’s t-test for indepen-
dent samples or ANOVA with Tukey’s post-hoc analysis, as
appropriate. Results with p≤0.05 were considered significant.
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