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Prostate cancer stem cells are targets
of both innate and adaptive immunity
and elicit tumor-specificimmune responses
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According to the cancer stem cell (CSC) theory, therapies that do not target the CSC compartment have limited, if any,
chances to eradicate established tumors. While cytotoxic T lymphocytes (CTLs) have the potential to recognize and
kill single neoplastic cells within a tissue, whether CSCs can be targeted by the immune system during spontaneous
or vaccination-elicited responses is poorly defined. Here, we provide experimental evidence showing that CSC lines
established from the prostate of transgenic adenocarcinoma of the mouse prostate (TRAMP) mice expressed prostate
cancer-associated antigens, MHC Class | and Il molecules as well as ligands for natural killer (NK) cell receptors. Indeed,
CSCwere targets for both NK cell- and CTL-mediated cytotoxicity, both in vitro and in vivo. The administration of dendritic
cells pulsed with irradiated CSCs induced a tumor-specific immune response that was more robust than that induced by
dendritic cells pulsed with differentiated tumor cells, delayed tumor growth in mice challenged with prostate CSCs and
caused tumor regression in TRAMP mice. Thus, CSC are targeted by both innate and adaptive immune responses and
might be exploited for the design of novel immunotherapeutic approaches against cancer.

Introduction

Prostate cancer has a dramatic social impact, being the most fre-
quently diagnosed cancer and the second cause of cancer-related
mortality among men in economically more developed countries.!
Despite significant progress in the fields of surgery, radiotherapy
and chemotherapy, therapeutic options for locally advanced or
metastatic prostate cancer remain limited. Androgen deprivation-
based therapies currently represent the most effective alternative
against metastatic disease but often lead to androgen-indepen-
dent tumor progression and therapeutic failure (corresponding
to the death of patients) within a few years.? The primary option
for castration-resistant disease is chemotherapy, which however
has a limited impact on overall survival and is associated with
relevant morbidity.# Several promising molecules have recently
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been approved by the Food and Drug Administration to treat
castration-resistant prostate cancer.’

It has been proposed that chemotherapy is not able to eradi-
cate tumors because it is poorly effective against cancer stem cells
(CSCs), which may be quiescent and/or develop drug resistance.®
An alternative approach for the treatment of advanced prostate
cancer is antigen-specific immunotherapy,” aimed at eliminating
even single cancer cells by inducing a systemic immune response
against tumor-associated antigens (TAAs). A relevant advantage
of antitumor vaccination with respect to chemotherapy is the lack
of relevant toxic side effects.

Several reports have shown that CSCs can be recognized and
killed by cytotoxic T lymphocytes (CTLs),*” NK cells'® and
v8 T cells in vitro."! Furthermore, CSCs can be used as antigen
sources to elicit dendritic cells (DC)-mediated tumor specific
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immune responses.'””'* However, little is known about the immu-
nogenicity of CSCs in vivo.
Although prostate CSCs have been isolated from human spec-

imens,""

their paucity and indolent growth'® make their immu-
nological characterization particularly difficult, raising the need
for appropriate animal models. By applying the NeuroSphere
Assay (NSA)"™ to neoplastic prostate tissues from transgenic
adenocarcinoma of the mouse prostate (TRAMP) mice,” which
spontaneously develop a prostatic malignancy that closely resem-
ble the human pathology,? we generated several cell lines that
manifest features generally associated with CSCs, including an
endless self-renewal capacity, multi-lineage differentiation and
an elevated tumorigenic potential.”? Gene expression analyses
showed a remarkable similarity among CSC replicates originat-
ing from the neoplastic epithelium (mPIN and adenocarcinoma;
n = 6, hereafter named PAC-SCs) and a substantial difference
with TRAMP-CI cells,** a serum-dependent fully differenti-
ated prostate adenocarcinoma cell line derived from TRAMP
mice.” A remarkable difference in gene expression profiles was
also observed between PAC-SCs and CSC lines obtained from
prostatic neuroendocrine (NE) tumors (n = 3; hereafter named
PNE-SCs) that occasionally develop in TRAMP mice,” pre-
sumably owing to the different nature of epithelial and NE
tumors. Indeed, the origin of NE tumors in TRAMP mice is still
debated, although the former are thought to arise independently
from adenocarcinomas.?*¢ In the present study, we analyzed the
antigenic and immunogenic properties of these prostatic adeno-
carcinoma- and prostatic neuroendocrine tumor-derived CSCs in
vitro and in vivo.

Results

Phenotypic characterization of CSCs obtained from TRAMP
mice. A major issue in CSC biology is whether specific mark-
ers exist that allow their unambiguous identification. Thus,
PAC- and PNE-SC lines were investigated for the cell-surface
expression of several CSC-associated markers, including CD44,
CD133, CD166, Sca-1 as well as integrins @2 and B1.”'” Both
PAC-SCs and PNE-SCs revealed low but consistent levels of
CD133 and expressed to high levels CD44 as well as integrins
a2 and Bl (Fig. 1). Only PAC-SCs stained positive for Sca-1
and CD166 expression (Fig. 1). TRAMP-CI cells expressed all
the markers tested above, although some of them were expressed
with a different intensity. In particular, the expression of CD44,
CD166 and intergrin B1 (to a lesser extent) was higher in
PAC-SC than in TRAMP-CI cells (Fig. 1). All together, these
data underline the lack of markers that unequivocally identify
prostate CSCs obtained from TRAMP mice. What differentiates
prostate CSCs from TRAMP-CI cells is that the former are not
serum-dependent and are not terminally differentiated, but they
self-renew and are able to give rise to heterogeneous cancer cell
lineages.”>** As expected, PAC-SCs, PNE-SCs and TRAMP-CI
cells all failed to express lineage markers such as CD31 and
CD45 (Fig. 1).

To determine whether cellular effectors of the innate and
adaptive immune responses could potentially recognize CSCs,
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we investigated the expression of MHC molecules and NK-cell
receptor ligands on the CSC surface. Both PAC- and PNE-SCs
expressed MHC Class I (K® and D*) molecules comparably to
TRAMP-CI cells, while only PNE-SCs and TRAMP-C1 cells
also expressed MHC Class IT (I-A") molecules (Fig. 2). While the
administration of interferon y (IFNvy) to PAC-SCs only caused
the upregulation of I-A"® molecules, the levels of all MHC mole-
cules were increased on the surface of PNE-SCs and TRAMP-C1
cells upon IFNy stimulation (Fig. 2). All CSC lines also expressed
the NK cell-receptor ligand Rae-1% (Fig. 2), suggesting that—at
least under specific conditions—these cells can be recognized by
the innate immune system.

CSCs express prostate cancer-associated antigens and can
be targeted by antigen-specific CTLs and NK cells. Besides
MHC Class I and II molecules, CSCs must express TAAs for
being recognizable by tumor-specific T cells. Thus, we next eval-
uated the expression of prostate cancer-specific antigens on our
CSC lines. By RT-PCR, we detected the expression of six trans-
membrane epithelial antigen of the prostate 1 (STEAP), prostate
stem cell antigen (PSCA) and prostatic acid phosphatase (PAP)
on both PAC- and PNE-SCs. In this setting, we either used
TRAMP-CI cells or TRAMP prostate cells as positive controls
(Fig. S1A). SV40gp6 large T antigen (Tag) was expressed by
PNE-SCs as well as by prostate CSCs obtained from the seminal
vesicles of tumor-bearing TRAMP mice, but not by PAC-SCs
(Fig. S1A). PAC- and PNE-SCs also clearly expressed the breast
cancer resistance protein (BCRP) (Fig. S1A), a marker of plu-
ripotent hematopoietic, muscle, neural stem cells and prostate
CSCs.% The expression of STEAP, PSCA and Tag was con-
firmed by quantitative RT-PCR (Fig. 3A) and by immunofluo-
rescence microscpopy (Fig. S1B). Because the origin of tumors
originating in the seminal vesicles of TRAMP mice has not yet
been clarified, and some authors consider them as independent
' the corresponding CSCs were
abandoned and experiments were conducted only with PAC-
and PNE-SCs.

The expression of Tag by PNE-SCs rendered them recogniz-
able by Tag-1V, , , -specific CTLs,” as shown in standard *'Cr
release assays (Fig. 3B, upper left panel). To address whether
CSCs can be targeted by CTLs specific for TAAs that are com-
monly found in human prostate cancer, T-cell blasts from mice
vaccinated with DCs pulsed with the immunodominant CTL
epitope PSCA_, , * were challenged with CSCs or control tumor
cells in a short-term (4 h) IFNy production assay.** As shown in
Figure 3B (upper right and lower panels), both PAC- and PNE-
SCs elicited specific IFNy production by CD8* T-cell blasts.

Because both PAC- and PNE-SCs expressed the NK cell-
receptor ligand Rae-1 (Fig. 2), we investigated if CSCs would
constitute targets for NK-cell cytotoxicity. In an ex vivo assay, we
found a modest but consistent lysis of both PAC- and PNE-SCs
by purified NK cells (Fig. 3C, left panel). In addition, lympho-
kine-activated killer (LAK) cells generated upon interleukin-2
(IL-2) stimulation in vitro,” exhibited a very robust cytolytic
activity against CSCs (Fig. 3C, right panel), confirming that
CSCs can be targeted in vitro by effectors of both adaptive and
innate immune responses.
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Figure 1. Phenotypic characterization of cancer stem PAC-SC PNE-SC TRAMP-C1

cells. Prostate adenocarcinoma-derived stem cells 100
(PAC-SCs, left column), prostatic neuroendocrine tumor-

derived stem cells (PNE-SCs, middle column) and TRAMP-

C1 cells (right column) were harvested, dissociated to CD133
single-cell suspension, stained with FITC-, PE- or APC-

conjugated antibodies specific for the indicated markers

and analyzed by cytofluorimetry. Histograms illustrate

the expression of specific markers (black profiles). White
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occurred more frequently in NOD-SCID mice
(67%), lacking both B and T cells and exhibiting
impaired NK-cell functions, than in nude mice
(40%), bearing functional NK cells (Fig. 3D, left
panel). Being the lack of functional NK cells the
substantial immunological difference between
NOD-SCID and nude mice, these data indicate
that CSCs are susceptible to NK-mediated immu-
nosurveillance in vivo. No tumors developed when
PAC-SCs were injected in fully immunocompetent
mice (Fig. 3D, left panel), pointing to a role for the
adaptive immune system in anticancer immunosur-
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specifically produced IFN+y upon challenge with
PAC-SCs (Fig. 4B, upper panels and Fig. 4C, left
panel). The same blasts produced IFNvy upon chal-
lenge with TRAMP-CI1 cells (Fig. 5B, upper panels
and Fig. 5C, left panel), suggesting that PAC-SCs
and TRAMP-CI cells share (at least some) TAAs.
Conversely, blasts obtained from mice immunized
10° with unpulsed DCs exhibited negligible IFNvy pro-
' duction (Fig. 4B, lower panels and Fig. 4C).
Similarly, but to a lower extent, blasts from mice
immunized with DC+PNE-SCs selectively killed
PNE-SCs (lyticunits: 23.9 + 19.3 x 10%; Fig. 4A) and
produced IFNy when stimulated with PNE-SCs or
TRAMP-CI cells (Fig. 4B and C, middle panel).
Interestingly, blasts recovered from mice immu-
nized with DC+TRAMP-C1 were less efficient in
killing PAC-SCs, PNE-SCs or TRAMP-C1 cells
(Fig. 4A) and released significantly lower amounts
of IFNvy upon specific stimulation with PAC-SCs,
PNE-SCs or TRAMP-C1 cells (Fig. 4B and C,
right panel) when compared with DC+PAC-SC-
elicited blasts, suggesting that PAC-SCs are a better
source of TAAs than TRAMP-CI cells.
Immunization with DCs exposed to dying
prostatic adenocarcinoma-derived CSCs elicits a
tumor-specific immune response and delays the
growth of transplantable prostate tumors. To inves-
tigate whether the immune response induced by

DCs pulsed with CSCs is effective in vivo, WT mice

Figure 2. Prostate adenocarcinoma-derived and prostatic neuroendocrine tumor-

were immunized with DC+PAC-SCs, DC+PNE-

derived stem cell express MHC molecules and other relevant immunologic markers.
Prostate adenocarcinoma-derived stem cells (PAC-SCs, left column), prostatic neuro-
endocrine tumor-derived stem cells (PNE-SCs, middle column) and TRAMP-C1 cells
(right column) were cultured in standard medium (black profiles) or in the presence of
interferon -y (IFNv, gray profiles) for 48 h, then harvested and analyzed as described in
the legend to Figure 1. Histograms illustrate the expression of specific markers (black
or gray profiles). White profiles represent isotype controls. Each panel is representative

SCs, DC+TRAMP-CI or unpulsed DCs and chal-
lenged one week later with TRAMP-C1 cells. Mice
immunized with DC+PAC-SCs exhibited a sig-
nificant delay in tumor growth and a considerable
improvement in survival when compared with mice

vaccinated with DC+PNE-SCs, DC+TRAMP-C1

of three independent experiments.

cells or unpulsed DCs (Fig. 5A), supporting the

suggest that prostate CSC are targeted both by CTLs and NK
cells in vivo.

CSCs are sources of antigens for the induction of a tumor-
specific immune response. To investigate if CSCs are an ade-
quate source of antigens for the induction of tumor-specific
immune responses, DCs were cultured overnight together with
PAC-SCs, PNE-SCs or TRAMP-CI cells undergoing cell death
upon <y-irradiation (Fig. S2; DC+PAC-SCs, DC+PNE-SCs
or DC+TRAMP-CI, respectively), matured with lipopolysac-
charide (LPS) and injected in WT mice, as a model of optimal
immunization.”” One week later, splenocytes from immunized
mice were restimulated in vitro and tested for the cytotoxic activ-
ity and IFNvy production. Blasts from DC+PAC-SC-immunized
mice specifically killed PAC-SCs (lytic units: 64.5 + 30.5 x 10
Fig. 4A), but not syngeneic RMA thymoma cells (Fig. 4A).
Lysis did not rely on priming in vitro, because blasts from naive
mice failed to exert cytotoxic effects in this system (Fig. 4A).
In addition, blasts from mice vaccinated with DC+PAC-SCs
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hypothesis that CSCs elicit more effective tumor-
specific immune responses than differentiated tumor cells. Mice
immunized with DC+PAC-SCs were not protected against the
growth of RMA thymoma cells (Fig. 5B), proving the specificity
of vaccination-elicited immune responses. Finally, the infusion of
DC+PAC-SCs was assessed as therapeutic vaccination strategy in
C56BL/6 mice bearing subcutaneous PAC-SC-derived tumors.
To this aim, WT mice were challenged subcutaneously with PAC-
SCs admixed with Matrige]™ and immunized two weeks later
with DC+PAC-SCs or with unpulsed DCs, as a negative control.
When mice were killed (day 78), PAC-SC-elicited tumors were
significantly smaller in mice vaccinated with DC+PAC-SCs than
in mice unpulsed DCs (Fig. 5C).

Taken together, these results suggest that PAC-SCs express
antigens shared by prostate CSCs and terminally differenti-
ated tumor cells, and hence can be used for both prophylactic
and therapeutic vaccinations. In addition, PAC-SCs are likely
to express antigens that are not expressed by TRAMP-CI cells,
and may therefore elicit immune responses that more efficiently

Volume 2 Issue 5



Figure 3. Prostate adenocarcinoma-derived and prostatic neu-
roendocrine tumor-derived stem cell express prostate-specific
antigens and can be targeted in vitro by antigen-specific cytotoxic
T lymphocytes and natural killer cells. (A) Expression of STEAP,
PSCA or Tag was measured in prostate adenocarcinoma-derived
stem cells (PAC-SCs), prostatic neuroendocrine tumor-derived stem
cells (PNE-SCs) or TRAMP-C1 cells by real-time PCR and the AACT
method. Expression data are normalized to TRAMP-C1 (for STEAP
and PSCA) or B6/KO (for Tag) cells. (B) Upper left panel. Tag-specific
CD8* T-cell blasts were tested for their cytotoxic activity against
PAC-SCs, PNE-SCs, unpulsed (=) or Tag-1V,,, ,,,-pulsed RMA cells

(+) in a standard °'Cr release assay (effector to target ratio of 50:1).
Upper right panel, PSCA-specific CD8* T-cell blasts were challenged
with PACG-SCs, PNE-SCs, unpulsed (=) or PSCA,,  -pulsed RMA cells
(+) and analyzed for intracellular interferon vy (IFNy) production by
cytofluorimetry. Data are reported as the percentage of CD44*IFNy*
cells among CD8* T cells in each experimental condition tested.
Values reported in each column are subtracted of background
noise (i.e., IFNy production against the irrelevant target RMA).
Lower panels, representative dot plots. Dot plots are gated on CD8*
T cells. The percentage of CD44*IFNv* cells is indicated in each

plot. (B) Natural killer (NK) (left panel) and lymphokine-activated
killer (LAK) (right panel) cells were tested for their cytotoxic

activity against PAC-SCs, PNE-SCs, RMA-S (+) or RMA cells (-) in a
standard *'Cr release assay (effector to target ratios of 40:1 or 50:1,
in the left and right panel, respectively). (D) 2 x 10° PAC-SCs (left
panel) or PNE-SCs (right panel) were injected in 200 wL DMEM into
NOD-SCID, nude, wild type (WT) or TRAMP mice (at least 10 mice/
group). Mice were monitored for tumor formation and survival, and
sacrificed when lesions reached 100 mm? of area or after 6 mo of
observation. Data were compared with ANOVA followed by Tukey’s
tests: *p < 0.05; **p < 0.01; ***p < 0.001. Each panel is representative
of at least two independent experiments.

target prostate CSCs than those triggered by differentiated
tumor cells.

Immunization with DCs pulsed with dying prostatic
adenocarcinoma-derived CSCs promotes tumor-specific
immune responses and tumor regression in TRAMP mice.
The results obtained with DC+PAC-SC vaccination in mice
bearing TRAMP-C1- or PAC-SC-derived tumors prompted
us to test this approach also in TRAMP mice. Six weeks-
old TRAMP mice were immunized once with DC+PAC-SCs
or unpulsed DCs and sacrificed at week 16. Mice vaccinated
with DC+PAC-SCs exhibited an immune response specific
for PAC-SCs and TRAMP-CI cells that was not detectable
in mice immunized with unpulsed DCs (Fig. $3). Moreover,
when TRAMP mice of 16 weeks, an age at which they
manifest developed prostate cancers and are fully tolerant to
Tag,?*3* were immunized with DC+PAC-SCs and sacrificed
one week later, a specific immune response against PAC-SCs
and TRAMP-C1 cells was still detectable (Fig. S3). Thus,
TRAMP mice do not become entirely tolerant to at least
some of the antigens expressed by PAC-SCs.

We have previously reported that concomitant tumor- and
minor histocompatibility antigen-specific T-cell responses in
the context of non-myeloablative allotransplantation from
MHC-compatible donors cooperate in rejecting advanced
autochthonous tumors in TRAMP mice, provided that trans-
planted mice are vaccinated with Tag-pulsed DCs immediately
upon donor lymphocyte infusion (DLI).* Thus, we selected
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Figure 4. Vaccination with dendritic cells pulsed with pros-
tate adenocarcinoma-derived or prostatic neuroendocrine
tumor-derived stem cells elicit an antigen-specific cytotoxic
T-lymphocyte response. (A-C) C57BL/6 mice were injected
intradermally with 5 x 105 dendritic cells (DCs) pulsed with
prostate adenocarcinoma-derived stem cells (DC+PAC-

SC), prostatic neuroendocrine tumor-derived stem cells
(DC+PNE-SC), TRAMP-C1 cells (DC+TRAMP-C1), unpulsed DCs
(DC w/0) or 200 pL of PBS (naive) and killed one week later.
(A) Splenocytes were stimulated in vitro and 5-d-old blasts
were assessed for cytotoxic activity against PAC-SCs (black
squares), PNE-SCs (black triangles), TRAMP-C1 cells (white
circles) or RMA cells (black circles) in standard 51Cr release
assays. (B) Alternatively, blasts were challenged as indicated
and analyzed for intracellular interferon y (IFNy) production
by cytofluorimetry. Dot plots are gated on CD8+ T cells. The
percentage of CD44+IFNy+ cells is indicated in each plot.
(C) Histograms depict the quantification of IFNy production
by CD8+ T cells against PAC-SCs (left panel) PNE-SCs (middle
panel) or TRAMP-C1 cells (right panel). Values are subtracted
of background noise (i.e., IFNy production against the ir-
relevant target RMA). Each panel is representative of at least
three independent experiments. Data were compared with
Student’s t tests: *p < 0.05.

this setting to evaluate the potential antitumor efficacy
of DC+PAC-SC vaccination in TRAMP mice. To this
aim, 16 week-old male TRAMP mice received non-
myeloablative (600 Rad) total body irradiation (TBI),
and a day later they were transplanted with 1 x 107 bone
marrow cells from naive C57BL/6 female donors. Two
weeks later, mice received 6 x 107 splenocytes from naive
C57BL/6 female donors (DLI). A day after DLI, mice
were immunized with donor-derived DC+PAC-SCs,
unpulsed DCs or DC pulsed with the immunodominant
CTL epitope of STEAP (DC+STEAP)* and boosted
after additional 3 weeks. We compared DC+PAC-SCs
to DC+STEAP and not DC+TRAMP-CI because
the administration of DC+TRAMP-CI1 was less effec-
tive than that of DC+PAC-SCs in WT mice (Fig. 5;
Fig. 4A). Instead, DC-STEAP induced a consistent
antigen-specific immune response (Fig. S4). Mice were
sacrificed one week after boosting for disease scor-
ing on their urogenital apparata (UGA). As shown in
Figure 6A, all transplanted TRAMP mice that received
DC+PAC-SCs showed a measurable response. In par-
ticular, 33% of these animals showed complete regres-
sion (CR) (Fig. 6A), as indicated by the presence of
well-lined normal epithelial cells and expanded thick-
walled tubules with hyalinosis of the fibromuscular
wall (which is suggestive of former disease) (Fig. 6B,
upper left panel). The remaining TRAMP mice receiv-
ing DC+PAC-SCs showed signs of partial regression
(PR) (Fig. 6B), which we previously defined as areas
of CR scattered among acini affected by adenocarci-
noma.* Interestingly, only 22% of mice treated with
DC+STEAP showed CR, 44% of them underwent PR
(Fig. 6B, upper right panel) and 33% of these animals
had no evidence of tumor regression (NR) (Fig. 6A).
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Figure 5. Dendritic cells pulsed with prostate adenocarci- A TRAMP-C1
noma-derived stem cells delay the growth of transplantable 1009—
prostate tumors. (A) C57BL/6 male mice were immunized
with 5 x 10° dendritic cells (DCs) pulsed with either prostate
adenocarcinoma-derived stem cells (DC+PAC-SC; n = 16, 807
black squares), either prostatic neuroendocrine tumor- _
derived stem cells (DC+PNE-SC; n = 10, black circles), either _g 60+
TRAMP-C1 cells (DC+TRAMP-C1; n = 10 white triangles) or ;
nothing (DC w/o; n = 14, white squares) and challenged (7] 40-
g ° o
one Yveek Iate.r with 2.5 x 10° TRA.MP—C1 cells s.c.. Mice we.re o~ M DC+PAC-SC
monitored twice a week and sacrificed when the tumor size -@ DC+PNE-SC
reached a surface area > 100 mm?. Data are reported in a 20+
. . . - DC+TRAMP-C1
Kaplan-Maier plot. Statistical comparisons were performed b *
by means of the logrank tests: DC+PAC-SC vs. DC+TRAMP-C1, o D_ Cwho
p = 0.044 (¥); DC+PAC-SC vs. DC w/o, p = 0.029 (¥); DC+PAC- o_g 30 20 pA 00
SC vs. DC+PNE-SC, p = 0.024 (¥). All the other comparisons Dav Si T Chall
were not statistically significant. (B) C57BL/6 mice were ay since fumor allenge
immunized either with DC+PAC-SC (n = 5; black squares) or
DC w/o (n = 5; white squares), challenged one week later B RMA
with 7 x 10* RMA cells and monitored as described in (A). 100
(C) C57BL/6 males were challenged with 2 x 10° PAC-SCs
admixed with Matrigel™ s.c. and immunized two weeks later 80+
with DC+PAC-SC (n = 10, black squares) or DC w/o (n = 10, =
white squares). Mice were monitored three times a week for = 60+
tumor formation and progression, and were killed 78 d after g
tumor challenge. Data are reported as average + SD of tumor “a’ 40+
volume (mm?3). Statistical comparisons were performed by o~
means of Student’s t-tests: **p < 0.01. 20 - DC+PAC-SC
{F DCwio
C 1
Half (50%) of the mice treated with unpulsed DCs 0 5 10 15 20
manifested a PR, presumably due to the DLI, while the Day Since Tumor Challenge
remaining half of these animals had no tumor regres-
sion (Fig. 6A). Indeed, the prostate tubules of TRAMP | (G 3001
mice vaccinated with unpulsed DCs appeared enlarged t"g 2504 PAC-SC
by the presence of well-differentiated adenocarcinoma £
with an average disease score of 4+ (Fig. 6B, lower left E 2001
panel), a situation that was comparable with that of 5 1504
non-vaccinated transplanted TRAMP mice.** Thus, g o0 *k
. . . . . =
DC+PAC-SC vaccination drives the eradication of g
spontaneous prostate cancers in TRAMP mice and is 2 50
more efficient that the administration of STEAP-pulsed 0
L] L) L]
DCs. 50 60 70 80
. . Day Since Tumor Challenge
Discussion

Here, we demonstrate that CSCs isolated from TRAMP mice are
antigenic and can be recognized and killed in vitro by CTLs, NK
and LAK cells. We also investigated if CSC are targets of immu-
nosurveillance in vivo by challenging immunocompetent and
selectively immunodeficent mice with prostate CSCs. It is rather
difficult to generate tumors by injecting prostate CSCs, presum-
ably owing to the site of injection, the presence of an existing
supporting stroma, the rate of CSC proliferation and the ability
of CSCs to favor the generation of an appropriate niche. Thus,
a few authors have succeeded in this sense. Abou-Kheir and
colleagues injected prostate CSCs orthotopically in nude mice
and subcutaneously in NOD-SCID mice to generate tumors.*’
However, most frequently prostate CSCs have been combined
with urogenital sinus mesenchyme (UGSM) cells, admixed with
Matrigel™ or collagen and injected subcutaneously or under
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the renal capsule to SCID or nude mice.””*"%? We also obtained
evidence that Matrigel™ supports the subcutaneous growth
of tumors originating from prostate CSCs, and this is to our
knowledge the first report showing the growth of prostate CSC-
induced tumors in immunocompetent mice. However, UGSM
cells and Matrigel™ may interfere with the immune system by
releasing immunosuppressive factors or by impeding the access
of immune effectors to malignant cells. To circumvent this issue,
CSCs were injected subcutaneously in the absence of UGSM or
Matrigel™ support. Consistent with our in vitro results, experi-
ments in immunocompetent and selectively immunodeficient
mice clearly showed that the tumorigenicity of CSCs inversely
correlate with the presence of effectors of the innate and adaptive
immune systems. Indeed, none and only 10% of fully immu-
nocompetent C57BL/6 mice developed tumors when challenged
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Figure 6. Dendritic cells pulsed with prostate adenocarcinoma-derived
stem cells cooperate with hematopoietic stem cell transplantation and
donor lymphocyte infusion in inducing tumor regression in TRAMP
mice. (A and B) Sixteen week-old TRAMP mice received total body
irradiation (TBI), 1 x 10’ bone marrow cells from C57BL/6 female donors
(hematopoietic stem cell transplantation, HSCT), 6 x 107 splenocytes
from non-presensitized C57BL/6 female donors (donor lymphocyte
infusion, DLI), two vaccinations with dendritic cells (DCs) pulsed with
either prostate adenocarcinoma-derived stem cells (DC+PAC-SC; n = 6),
either STEAP (CD+STEAP; n = 9) or nothing (DC w/o; n = 6), and were
killed one week after the last vaccination. The urogenital apparata
(UGA) of euthanized mice were collected and embedded in paraffin.
Slides were stained with hematoxylin and eosin (H&E) (B) and scored by
a trained pathologist in a blind fashion (A). Statistical comparisons were
performed by means of x? tests: *p < 0.05.

with PAC-SCs and PNE-SCs, respectively. These results may
appear surprising in view of the fact that we obtained prostate
CSCs from immunocompetent mice, in which immunosurveil-
lance should have already selected for less immunogenic cell vari-
ants. Perhaps, in their natural niche CSCs are partially protected
by the attacks of the immune system, and undergo limited, if
any, immunoediting. Thus, when injected subcutaneously with-
out a stromal support, CSCs are more susceptible to immuno-
surveillance. We are investigating the possibility that PNE-SCs
generate a favorable niche more rapidly than PAC-SCs, which
however appears to protect them from the immune system only
to limited extents. Indeed, the frequency of PNE-SC-generated
tumors increased to 40% in Tag-tolerant TRAMP mice. Finally,
the frequency of both PAC- and PNE-SC-generated tumors pro-
gressively increased in nude mice and NOD/SCID mice. Taken
together and within the limitations of heterotopic transplantable
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models, these results suggest not only that tumor-specific CTLs
are involved in prostate cancer immunoediting in TRAMP mice
already at the level of CSCs, but also that an NK cell-mediated
immunosurveillance against CSC might be active in this model.
Thus, strategies aimed at increasing the antitumor functions of
innate immune effects, such as administration of specific cyto-
kines, should promote the eradication of prostate tumors.

Prostate CSCs expressed prostate cancer-associated antigens
such as PSCA and STEAP, which are selectively upregulated in
human prostate cancers**® as well as in prostate tumors devel-
oping in TRAMP mice.?**® Hence, CTLs specific for these
antigens, if not tolerized by growing cancers, should target
both CSCs and tumor cells in vivo. Indeed, both PSCA and
STEAP have been successfully exploited in vaccination strate-
gies that have been shown to significantly increase the survival
of TRAMP mice.**** Because CSCs can be targeted by NK as
well as T cells and express TAAs that are already exploited in the
clinics, one may argue that traditional anticancer vaccines should
target both CSCs and more differentiated tumor cells. So why
have anticancer vaccines a limited efficacy in patients?*® At least
in part, this might depend on the poor general status of patients
that have been enrolled so far in clinical trials, and/or on previ-
ous therapies that may have irreversibly undermined the patient’s
immune system. The tumor itself may also establish a robust state
of local and systemic immunosuppression.”® Finally, CSCs, like
mesenchimal stem cells,*® might be protected by an immunosup-
pressive niche and/or be immunosuppressive by themselves.®*
Thus, CSC-targeting vaccines should be combined with strate-
gies aimed at neutralizing the immunosuppressive microenviron-
ment of the tumor and the CSC niche in particular.

When we used prostate CSCs as a source of antigens for
DC-based vaccination, we obtained CSC- and tumor-specific
immune responses, although PAC-SC-pulsed DCs turned out
to be more immunogenic than their PNE-SC-pulsed counter-
parts in vivo. This correlated with the ability of CSC-pulsed DCs
to delay the growth of TRAMP-C1 tumors. Indeed, only mice
vaccinated with PAC-SC-pulsed DCs exhibited a significantly
increase in overall survival. This may be explained at least in part
by the different nature of epithelial and NE tumors from which
PAC-SCs and PNE-SCs were obtained, respectively, suggesting
that adenocarcinoma and prostatic NE tumors share only a few
TAAs. As a corollary of this hypothesis, PNE-SC-pulsed DCs
should be more effective than their PAC-SC-pulsed counterparts
against NE tumors.

Our data also support the idea that CSCs express antigens
shared with differentiated tumor cells (e.g., TRAMP-C1 cells)
and unique TAAs. Indeed, the administration of PAC-SC-pulsed
DCs evoked recall responses to TRAMP-C1 tumor cells and vice
versa, suggesting that PAC-SCs and TRAMP-CI cells do share
some TAAs recognized by CTLs. However, blasts from mice
vaccinated with PAC-SC-pulsed DCs produced significantly
higher amounts of IFNvy upon stimulation with either PAC-SCs
or TRAMP-C1 cells and exhibited higher cytotoxicity against
PAC-SCs than blasts obtained from mice immunized with
TRAMP-Cl-pulsed DCs. This suggests the existence of unique
TAAs expressed by CSCs. Furthermore, PAC-SC-pulsed but not
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TRAMP-Cl-pulsed DCs delayed the growth of TRAMP-CI
cells in vivo. Taken together, our data support the notion that
DCs pulsed with CSCs elicit an antitumor immune responses
that is both qualitatively and quantitatively superior to that
induced by DCs pulsed with differentiated tumor cells.

The administration of PAC-SC-pulsed DCs elicited a mea-
surable immune response also in tumor-bearing TRAMP mice,
underscoring the potential of this strategy and indicating that
the tolerance against (at least some of) the antigens expressed
by PAC-SCs is not as profound as that reported for Tag.?? This
is in agreement with previously reported clinical findings.5®>!
DC+PAC-SC immunization, when associated to hematopoietic
stem cell transplantation and DLI, was also effective in TRAMP
mice affected by well-established autochthonous tumors. This
protocol promoted a clinical response in all treated mice. The rel-
evant contribution of PAC-SC-pulsed DCs to the success of the
treatment is underlined by the fact that only 50% of transplanted
mice receiving unpulsed DCs experienced a PR, most likely as a
consequence of the DLI, and none of such animals exhibited signs
of CR. In a similar setting, DCs pulsed with the immunodomi-
nant CTL epitope STEAP . . promoted a clinical response that
was inferior to that elicited by PAC-SC-pulsed DCs, suggesting
that the latter strategy induces an immune response specific for
multiple epitopes. Active or adoptive immunotherapeutic strate-
gies aimed at targeting antigens shared by CSCs and differenti-
ated tumor cells should be particularly effective.

While effective, our vaccination strategy did not cure mice
challenged with CSCs or differentiated tumor cells, and tumor
eradication was not observed in all treated TRAMP mice.
Strategies aimed at neutralizing tumor-induced immunosup-
pression® and at favoring the persistence of endogenous or adop-
tively-transferred tumor-specific T cells™ are expected to increase
the therapeutic efficacy of PAC-SC-pulsed DCs. Further studies
are warranted to specifically address this issue.

In conclusion, we demonstrated that CSCs can be targeted
by the immune system in vitro and in vivo, and that they are a
relevant source of antigens to elicit antitumor immune responses.
These data might be useful to design more effective immuno-
therapeutic strategies against cancer.

Materials and Methods

Mice, cell lines and reagents. Heterozygous TRAMP mice? were
generated by breeding wild-type C57BL/6 male mice and hetero-
zygous female TRAMP mice and were typed for Tag expression by
PCR-based screening assay, as previously described.’ C57BL/6,
NOD-SCID and nude mice were purchased from Charles River
Italy. Animals were housed in a pathogen-free animal facility and
treated in accordance with the European Community guidelines
and with the approval of the Institutional Ethical Committee.
TRAMP-C1 cells derived from a TRAMP tumor,? and
B6/K-0 embrionic kidney cells expressing Tag™ were cultured in
DMEM (Lonza) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Invitrogen), 2 mM L-glutamine, 150 U/mL
streptomycin and 200 U/mL penicillin (Cambrex). For tumor
challenge, 2.5 x 10° TRAMP-C1 cells were injected in the right
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flank of male WT mice. RMA, a Rauscher virus-induced thy-
moma,’* and RMA-S cells, a subclone of RMA that is defective
in antigen presentation,” were cultured in RPMI-1640 (Lonza)
supplemented with 10% heat-inactivated FBS (Invitrogen),
2 mM L-glutamine, 150 U/mL streptomycin and 200 U/mL
penicillin (Cambrex). The T-cell medium (TCM) was com-
posed by RPMI supplemented with 8% FBS (Invitrogen), 2 mM
L-glutamine, 150 U/mL streptomycin, 200 U/mL penicillin
(Cambrex), 10 mM HEPES buffer, 10 mM sodium pyruvate
and 5 wM B-mercaptoetanol (Gibco-Invitrogen). Prostate CSCs
were isolated and cultured in a serum-free medium containing
epidermal growth factor (EGF) and fibroblast growth factor 2
(FGF2) as described in Mazzoleni et al.? Briefly, tissue samples
collected from the prostate of TRAMP mice affected by high
grade prostatic intraepithelial neoplasia or adenocarcinoma were
microscopically dissected and enzimatically digested with col-
lagenase IV (Whortington; 1600 units/mL) for 1 h at 37°C.
Following the removal of small undigested tissue fragments and
differential centrifugation, single-cell suspension was seeded in a
serum-free medium containing EGF and FGF2.?° Cultures were
passaged every 2-10 d, according to the stage of origin. Long-
term self-renewal analysis was performed as described in ref.
20. For in vivo tumor formation experiments, 2 x 10° PAC- or
PNE-SCs were injected in the right flank of male NOD-SCID,
nude, C57BL/6 or 16 week-old TRAMP mice. Unless specified,
all reagents were from Sigma-Aldrich. Peptides were kindly pro-
vided by Renato Longhi (CNR).

Flow cytometry. Single-cell suspensions were incubated
with the FcR-blocking reagent (BD Biosciences), labeled with
fluorochrome-conjugated monoclonal antibodies or isotype con-
trols (all from BD-Biosciences or BioLegend) and acquired on
a BD FACSCanto® cytofluorimeter. Data were analyzed using
the FlowJo software. For the intracellular detection of IFNv,
blasts were incubated for 4 h with target cells, in the presence
of brefeldin A (Sigma) for the last 3 h, as previously described.
Cells were then stained for surface markers, fixed with 2% para-
formaldehyde (Sigma), and permeabilized with 0.5% saponin
(Sigma), before incubation with an anti-IFNvy antibody. To favor
blast recognition, TRAMP-C1 cells were cultured in the pres-
ence of 40 IU/mL IFNy for 48 h.

Semi-quantitative RT-PCR and real-time PCR. Total
RNA from prostate CSC lines was extracted using the RNeasy
Micro and Mini kit (Qiagen). cDNA was obtained by using the
Moloney Murine Leukemia Virus (M-MLV) reverse transcrip-
tase (Promega). The abundance of B actin-coding cDNAs was
used to normalize PCR data. The conditions for the PCR were
as follows: 94°C for 30 sec, annealing temperature (optimized
for each primer set) for 1 min, 72°C for 2 min, 40 cycles. The
following primers (Primm) were used: Tag (FWD: CTT GTC
AGT GAG GTC CAG ATA CCT ACA G, REV: AGG CAT
TCC ACC ACT GCT CCC ATT CAT C, annealing tempera-
ture 58°C); PSCA (FWD: TTC TCC TGC TGG CCA CCT
AC, REV: GCA GCT CAT CCC TTC ACA AT, annealing
temperature 58°C), STEAP (FWD: GGT GGC TGA AGC
CGT ACT AT, REV: GGA TGA TAT GAT GGC AGC GAC,
annealing temperature 58°C), BCRP (FWD: AAA TGG AGC

€24520-9



ACC TCA ACC TG, REV: CCC ATC ACA ACG TCA TCT
TG, annealing temperature 58°C), PAP (FWD: TCT GGA
GAA GTT TGC GGA CGT ACT GGA, REV: TCA GTT
CTG CTA CCC AGC GCG TTC TAA C, annealing tempera-
ture 54°C). PCR products were visualized upon separation on
a 1.5% or 2.5% agarose gel stained with Sybr-safe (Invitrogen).
Real-Time PCR was performed in a total volume of 20 L using
the SYBR Green PCR Master Mix (Applied Biosystems) and 3
L of cDNA. Specific primers for Tag (FWD: ATG GAA GAC
TCA GGG CAT GAA, REV: TCT ACA AAT GTG GTATGG
CTG ATT ATG), PSCA (FWD: TCA TCT GTG CTG TGC
ATG AAT, REV: GCT CAC TGC AAC CAT GAA GA) and
STEAP (FWD: GTC ACT GAT CTC CAT GAC TGC T,
REV: GTG GGA CTG GGA GTC CGT) were obtained from
Primm. The cycler was set as follow: 10 min at 95°C, followed
by 40 cycles at 95°C for 15 sec and 60°C for 1 min. To normalize
mRNA expression data, L-19 was amplified as a house-keeping
gene (FWD: CTG AAG GTC AAA GGG AAT GTG, REV:
GGA CAG AGT CTT GTG ATC TCQ).

Immunocytochemistry (ICC). Prostate CSC lines were
seeded for 48 h at a density of 25,000 cells/cm? onto Matrigel ™.-
coated (BD-Biosciences) glass coverslips (@ 12 mm). ICC was
performed as previously described.”® Anti-mouse STEAP and
PSCA antibodies were from Santa Cruz Biotech, anti-Tag anti-
bodies were from BD-Biosciences. Sections were examined under
an Axioscope 40FL microscope (Carl Zeiss).

Immunization protocols and in vivo experiments. DCs were
prepared as described elsewhere®® culturing bone marrow precur-
sors for 7 d with 5 ng/mL interleukin-4 (IL-4) and 25 ng/mL gran-
ulocyte macrophage colony-stimulating factor (GM-CSF) (R&D
Systems). At day 6, DCs were pulsed overnight at a 1:3 ratio with
irradiated PAC- or PNE-SCs (50 Gy) or TRAMP-CI (100 Gy), or
left unpulsed, matured in the last 8 h with 1 pug/mL LPS (Sigma),
washed and suspended at 2.5 x 10/mL in PBS. 5 x 10> DCs were
injected i.d. into WT or TRAMP mice. Alternatively, on day 7
of culture, LPS-matured DCs were pulsed for 1 h with 2 pg/mL
Tag-1V,, ,.,” PSCA,, #or STEAP . * peptidesand injected
i.d. into mice. Mice were sacrificed one week later, and their sple-
nocytes were re-stimulated in vitro for 5 d in the presence of irradi-
ated PAC- or PNE-SCs (10:1 ratio), or of Tag-1V, , , (1 wg/mL),
PSCA,, ,, (4 pg/mL) or STEAP . . peptides (4 pg/mL), and
then tested for IFN7y production and cytotoxic activity as pre-
viously described.’** For preventive vaccination experiments,
mice were challenged with 2.5 x 10 TRAMP-CI cells s.c. one
week after immunization with DC+PAC-SCs, DC+PNE-SCs,
DC+TRAMP-C1 or unpulsed DCs. Mice were monitored twice
a week and tumor size was measured by two perpendicular diam-
eters and major thickness with a caliper. Animals were killed when
the tumor reached a volume > 550 mm?. In the therapeutic vac-
cination setting, DC+PAC-SCs or unpulsed DCs were injected in
C57BL/6 mice that had been challenged with 2 x 10° PAC-SCs
diluted 1:1 in Matrigel™ High Concentration (BD-Biosciences;
354248) s.c. two weeks before. Mice were killed 80 d later, and
their tumors were measured as described above.

€24520-10

Oncolmmunology

In vitro cytotoxicity assay. Five days upon in vitro restimula-
tion, splenocytes were tested for their cytolytic activity in a stan-
dard 4 h >'Cr release assay.* °'Cr release of target cells alone was
always < 25% of maximal >'Cr release (target cells in 0.25 M
SDS). Lytic units (LUs) were determined as the number of effec-
tor cells capable to kill 30% of target cells, and were expressed as
10°. NK cells were isolated from the spleen of WT or Rag/™"~ mice
with anti-DX5 magnetic beads” (Miltenyi Biotec). LAK cells
were induced by culturing WT splenocytes with 1600 IU/mL
IL-2 (R&D Systems) for 7 d. Both cell types were used as effec-
tor cells for in vitro standard 4 h 5'Cr release assay, as described
for T-cell blasts.

Hematopoietic stem cell transplantation and tumor specific
vaccination. Sixteen week-old TRAMP mice were sub-lethally
irradiated (600 rad) and, the day after, they received 1 x 107
viable bone marrow cells i.v. A DLI consisting of 6 x 107 sple-
nocytes was provided 2 weeks later. The following day, mice
were immunized with DC+PAC-SCs, unpulsed DCs or DCs
pulsed with the STEAP . .. peptide as described above. Mice
received a boost 3 weeks later and were sacrificed after one
additional week. Their UGA were embedded in paraffin, pro-
cessed for immunohistochemistry and scored on coded samples
in a blind manner by a pathologist, as previously described.**4
Briefly, a score of 0 was given to prostates showing CR. A score
of 4, corresponding to non-responding tumors, was attributed
to lesions characterized by (1) acinar enlargement due to the
proliferation of neoplastic cells exhibiting increased nuclear to
cytoplasm ratio, (2) nuclear hyperchromasia, (3) cribriform
structures invading the lumen and (4) marked proliferation of
smooth muscle stromal cells with penetration of malignant Tag*
cells through the basement membrane of the glands into the
surrounding stroma. Prostates with areas of CR scattered among
acini affected by adenocarcinoma were considered as partially
responding.

Statistical analyses. Statistical analyses were performed
using the Log-rank, Student’s 7, x?, ANOVA and Tukey’s tests.
Statistical significance was defined as: *p < 0.05, **p < 0.01,
#*%p < 0.001.
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