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INTRODUCTION:

I recently found that androgen ablation therapy triggers an inflammatory response that is likely to be
caused by the death of androgen-dependent CaP cells (Ammirante et al., 2010). The inflammatory response
results in infiltration in the tumor remnant with a variety of lymphocytes, including B cells that express
lymphotoxin (LT), a member of the TNF family. LT producing B cells lead to the activation of IKKa and
STAT3 in surviving CaP cells and thereby enhance the ability to survive and continue to proliferate in the
absence of androgens. An unknown component of the mechanism that promotes the emergence of CR-CaP is
the cell type that produces the proinflammatory chemokine CXCL13 in response to androgen ablation. CXCL13
is the chemokine that leads to the recruitment of LT-producing B cells into the tumor remnant, a process that is
critical for IKKa and STAT3 activation in CaP cells and the emergence of CR-CaP. Once the CXCL13-
producing cells will be identified their role in emergence of CR-CaP will be examined. This research will result
in identification of new therapeutic targets for prevention of CR-CaP. For instance, we may be able to delay the
emergence of CR-CaP by inhibiting the induction of CXCL13. These approaches may also be useful for
inhibition of metastatic progression of CaP.

BODY:

Using the Myc-CaP transplantable model of androgen-dependent mouse PC (Watson et al., 2005) we
examined how androgen ablation leads to induction of CXCL13 expression, which is critical for recruitment of
B cells into the tumor remnants and accelerated evolution of CRPC (Ammirante et al., 2010). Myc-CaP cells
were inoculated subcutaneously (s.c.) into 6 weeks old FVB/N males and when the tumors had reached 1 cm’ in
size the mice were castrated to deprive the tumors of androgens. Following castration, we found that many
myofibroblasts positive for smooth muscle actin (SMA) were present within the tumors remnants and that
expression of CXCL13 mRNA was strongly elevated (Fig 1A). To identify which cells express CXCL13 we
isolated different cell types from the androgen-deprived tumors using cell fractionation. Expression of CXCL13
and fibroblast activation protein (FAP), an enzyme that serves as another myofibroblast marker (Chen et al.,
2009), were detected only in the fibroblast fraction and not in the epithelial fraction prepared 1 week after
castration (Fig 2A). The CD11b" and CD11c" fractions of the tumors were also negative for expression of
CXCL13 and FAP (Fig 2B). To deplete the myofibroblasts in the androgen-deprived tumor stroma we orally
administered a DNA vaccine encoding FAP that is specifically delivered to secondary lymphoid tissues by a
non-infectious, attenuated, live Salmonella typhimurium vector (Loeffler et al., 2006). This vaccine strategy was
shown to induce a strong cytotoxic T cell response that results in specific killing of fibroblasts within the tumor
stroma of mammary cancer (Loeffler et al., 2006). Ablation of FAP-expressing cells using this vaccine also
resulted in the disappearance of myofibroblasts that are positive for CXCL13 in the stroma of androgen-
deprived Myc-CaP tumors (Fig 1B). Importantly, the immune-mediated ablation of FAP-positive cells was as
effective as the genetic or antibody-mediated ablation of B cells (Ammirante et al., 2010) in retarding the
evolution of CRPC after castration (Fig 1C). In addition, the ablation of FAP-expressing cells led to a marked
reduction in the infiltration of T, B and dendritic cells into the tumor remnants after castration, but had a little
effect on the infiltration of macrophages (Fig 2C). FAP vaccination also reduced the expression of several other
chemokines in addition to CXCL13 (Fig 2D). Consistent with its ability to block B cell infiltration into the
androgen-deprived tumors, the FAP vaccine also prevented the nuclear translocation of IKKa in cancer cells
(Fig 1D). These results suggest that after castration CXCL13 is mainly expressed by activated myofibroblasts
in the tumor microenvironment.

We also found that androgen ablation led to increased expression of TGFf family members in the tumor
remnants, that peaked at 4 days after castration (Fig 3A). Since TGFp is involved in fibroblast activation
(Gabbiani, 2003), we blocked TGFf signaling with a specific inhibitor of the TGF} type I receptor (TGF[ RI)
also known as activin receptor-like kinases ALKS and ALK4 and ALK7, SB-431542 (Inman et al., 2002).
Inhibition of TGFf RI signaling prevented activation of myofibroblasts (Fig 4A) as well as nuclear
translocation of SMAD2/3 (Fig 3B), infiltration of B cells (Fig 3C), induction of CXCLI13-expressing
myofibroblasts (Fig 3C,D) and nuclear translocation of IKKa (Fig 3E). SB-431542 treatment also delayed the
re-growth of CRPC (Fig 3F). In addition, SB-431542 treatment reduced the expression of several other
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chemokine mRNAs within the tumors (Fig 4B) and inhibited the recruitment of B, T, NK, dendritic cells and
macrophages (Fig 4C). After castration, FAP expression peaked at day 4, whereas CXCL13 induction and B
recruitment started peaking at day 6; all of these events were inhibited by SB-431542 (Fig 4D). SB-431542 also
inhibited castration-induced myofibroblast activation in the normal prostate, the only other tissue in which
androgen ablation led to myofibroblast activation (Fig 4E).

The main source of TGFf} in Myc-CaP androgen-deprived tumors is also the fibroblast fraction, rather
then the epithelial or the myeloid CD11b" or CD11c" cell populations (Fig 5A,B). After castration there is also
an increase in the expression of mRNAs coding for the 38 kDa glycoprotein (GP38), another myofibroblast
marker (Roozendaal and Mebius, 2011), connective tissue growth factor (CTGF) and insulin-like growth factor
1 (IGF-1), particularly at 4 days after castration for GP38 and CTGF mRNAs (Fig 6A). Ablation of FAP" cells
with the FAP vaccine significantly reduced the castration-elicited induction of IGF-1, CTGF and TGFf (Fig
5C), confirming that three growth factors are expressed by FAP" myofibroblasts. Previous studies have shown
that one function of CTGF is to potentiate TGF[} signaling (Grotendorst, 1997). Stimulation of inactive
fibroblasts isolated from Myc-CaP tumors of sham operated mice with CTGF plus TGFf led to induction of
FAP, a-SMA and CXCL13 mRNAs, but treatment of these cells with TGFf3, or CTGF alone was ineffective
(Fig 7A). Fibroblasts that were isolated from Myc-Cap tumors 1 week after castration showed as expected
elevated expression of FAP and a-SMA, but these cells did not retain CXCL13 expression after isolation (Fig
7A). Nonetheless, in these cells TGF[, alone was sufficient to induce CXCL13 mRNA expression. FAP and a-
SMA but not CXCL13 were also induced in fibroblasts isolated from sham mice upon treatment with either
IGF-1 alone or IGF-1 plus CTGF but not CTGF alone (Fig 6B). In fibroblasts isolated from androgen-deprived
tumors, which already expressed FAP and a-SMA mRNAs, CXCL13 mRNA expression was also induced upon
IGF-1 treatment. However, IGF-1 is unlikely to have a critical role in CXCL13 induction in androgen-deprived
tumors because its expression is increased only at 7 days after castration whereas myofibroblasts are already
activated after 4 days (Fig 6A) and CXCL13 is expressed at maximal levels at 6 days post-castration (Fig 4D).

Since castration results in injury of androgen-dependent tissues, and after tissue injury the ensuing tissue
hypoxia is thought to be one of the main factors that triggers wound healing (Guo and Dipietro, 2010), we
decided to study the role of hypoxia in fibroblast activation and CXCL13 induction. The culturing of inactive
fibroblasts isolated from Myc-CaP tumors of non-castrated mice under hypoxic conditions converted the
fibroblasts into myofibroblasts, as judged by FAP and a-SMA expression and led to induction of CXCL13
CTGF, IGF-1 and TGFp3 mRNAs (Fig 7B). Hypoxia also led to induction of CTGF, IGF-1, TGFf3 and CXCL13
mRNAs in fibroblasts isolated from Myc-CaP tumors from castrated mice, although these fibroblasts were
already activated as indicated by FAP and a-SMA expression (Fig 7B).

Importantly 2 days after surgical castration, hypoxic areas appeared within the tumors along with nuclear
translocation of HIF-1a in both cancer cells and stromal cells (Fig 7C). The hypoxic response may be caused by
disruption of tumoral blood vessels, which starts the hypoxic response at 2 days after castration, based on
staining with a CD34 antibody (Fig 8A). Curiously, CD-34 expressing cells re-appear 8 days after castration, a
time point that precedes tumor regrowth and follows the infiltration of the androgen-deprived tumors with
immune and inflammatory cells (Ammirante et al., 2010). Notably, the CD34" cells that re-appear at 8 days
after castration are not as tightly organized as the CD34" cells that reside within the tumors prior to castration (
Fig 8A). Deletion of HIF-la in fibroblasts isolated from Hif-Ia™" mice induced by expression of Cre
recombinase (Ryan et al., 1998) prevented their hypoxia-induced conversion into myofibroblasts (Fig 8B).
Induction of CTGF, IGF-1 and TGFp mRNAs under hypoxic conditions was also dependent on HIF-1a ( Fig
8C). CTGF and TGFf,, TGFp, and TGF[, were previously described as HIF-1a regulated genes (Basu et al.,
2011; Higgins et al., 2004; Schaffer et al., 2003; Zhang et al., 2003).

Similarly to its effects in s.c. Myc-CaP tumors, castration also led to induction of inflammatory cytokines,
including LTa, LTP and IL-6, CXCL13, TGFf, immune infiltration and myofibroblast activation in the normal
prostate, which is an androgen-dependent organ (Fig 9A-C). Similar findings were obtained in the SV40 T
antigen-induced PC model, the TRAMP mouse (Greenberg et al., 1995). In particular, we observed induction of
CXCL13, LTa, LTP and TGFf mRNAs, myofibroblast activation and B cell infiltration at 7 weeks after
castration of TRAMP mice (Fig 9D.E). The effect of myofibroblast ablation using the FAP vaccine in TRAMP
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mice was even more striking then in the Myc-CaP model. Almost no tumor tissue remained at 7 weeks after
castration in TRAMP mice that were vaccinated with the FAP vector (Fig 9F). In addition to almost complete
myofibroblast ablation (Fig 10A,B), FAP-vaccinated TRAMP mice exhibited more apoptotic cell death within
the prostate tumors after castration relative to castrated mice that received the control TOPO vaccine (Fig 10C).

We also examined whether the human PC microenvironment contains fibroblasts that express CXCL13.
Using specimens of different types of human prostate tissue we found that nuclear SMAD?2/3 and FAP,
CXCL13 and FAP and nuclear HIF-1a and FAP were co-localized in malignant prostate tissue, but not in
normal prostate tissue or benign prostatic hyperplasia (Fig 11A-C). We also found that CXCL13 and FAP are
co-localized in a transplant model in which primary human PC cells were xenotransplanted into mice along with
human tumor stroma (Fig 11C).

KEY RESEARCH ACCOMPLISHMENTS
hypoxia activates myofibroblasts, TGF-f§ activates myofibrobasts, CXCLI13 is expressed by
myofibroblasts.

REPORTABLE OUTCOMES
AACR meeting: Tumor Immunology (Dec 2-5 2012, Miami) presentation:
Mpyofibroblasts activated upon tissue injury and hypoxia promote development of castration-resistant
prostate cancer
Manuscript: in preparation

CONCLUSION

The results obtained suggest that CAFs may serve as therapeutic targets whose ablation or inhibition
may improve the outcome of androgen ablation therapy. Using a previously described vaccine that leads to T
cell-mediated elimination of myofibroblasts that express FAP (Loeffler et al., 2006) we have succeeded in
preventing CXCL13 expression and B cell recruitment into s.c. Myc-Cap tumors subjected to androgen
ablation. This resulted in a substantial 3 weeks delay in the emergence of CRPC. An even greater effect was
seen in FAP vaccinated TRAMP mice in which CRPC development appears to have been totally blocked.
However, while the FAP vaccine underscored the importance of targeting CAF as a way to improve the
outcome of more conventional cancer therapies, including genotoxic chemotherapy (Sun et al., 2012), it is
unlikely to be practical due to several reasons. Fist and foremost, activated FAP" myofibroblasts play an
essential role in wound healing response, being responsible for collagen production, ECM deposition and
formation of scar tissue (Li and Wang, 2011) Second, FAP ablation experiments have demonstrated that FAP*
cells have important tissue protecting function because they either suppress the production of TNF-a and IFN-v,
or they attenuate cellular responses to these cytokines (Kraman et al., 2010). Third, FAP* myofibroblasts are
closely related to lymphoid tissue stromal cells which are important for proper immune functions (Peduto et al.,
2009). Thus a more practical approach would entail the specific and selective targeting of CAFs without
elimination of all myofibroblasts. An even better approach would be to target the production of CAF-produced
factors such as CXCL13 (Ammirante et al., 2010) and WNT16B (Sun et al., 2012) which mediated some of the
CAF generated effects on tumor recurrence and resistance to therapy. The results obtained also show that
fibroblasts are activated by castration-induced hypoxia in an autocrine way through the production of TGF-f3,
which induces the expression of CXCL13. The inhibition of TGFp or the development or the use of neutralizing
antibodies against CXCL13 could be used as another possible therapy to delay the emergence of CR-CaP.
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Legend to the Figures

Figure 1: A. Six weeks old FVB/N male mice (n=10) were s.c. inoculated with Myc-CaP
cells. When the tumors reached 1000 mm’, mice were castrated or sham operated.
Tumors were analyzed one week later for presence of a-SMA by immunohistochemistry
(IHC) and for expression of CXCLI13 mRNA by in situ hybridization (ISH)
(Magnification: 200X). B. Six-weeks old male FVB/N mice (n=10 per group) were
vaccinated three times with 10° CFU of TOPO or FAP vaccines every 5 days. Myc-CaP
tumors were established as above. Three days before castration the mice received another
dose of either vaccine. One week after castration tumors were collected, paraffin-
embedded, sectioned and analyzed by IHC with a-SMA and CXCL13 antibodies
(Magnification: 200X). C. FVB/N males (n=10 per group) were vaccinated and Myc-CaP
tumors were established as described above. Tumor volume was measured every 2-3 days
after castration. Results are expressed as means + s.e.m.. D. Tumors collected 1 week
after castration as in B, were analyzed for nuclear IKKa by IHC (Magnification: 200X).

Figure 2: A, B. FVB/N mice (n=10 per group) bearing Myc-CaP tumors were castrated
or sham operated and sacrificed 1 week later. Tumors were removed, digested and the
fibroblast (Fib), epithelial (Epi) (A), CD11b* and CD11c" cell fractions (B) were isolated,
total RNA was extracted and CXCL13 and FAP (A) or CXL13 (B) mRNAs were
quantitated by Q-PCR and normalized to cyclophilin A mRNA. Results are averages +
s.d.. C-D. FVB/N mice were vaccinated with TOPO and FAP vaccines and Myc-CaP
tumors were established as described in Fig. 1B. One week after castration tumors were
collected, total RNA was isolated and expression of the indicated mRNAs was
quantitated by Q-PCR as above. Results are averages + s.d..

Figure 3: A. Myc-CaP tumors (n=10) were established as in Fig. 1A and tumors were
collected either after sham operation (7 days) or at the indicated days after castration (C).
Total RNA was isolated and TGFf31, TGFf2 and TGFP33 mRNAs were quantitated by Q-
PCR and normalized to the amount of cyclophilin A mRNA. Results are averages + s.d..
B-E. FVB/N mice bearing Myc-CaP tumors were castrated. Starting one day before
castration, the mice (n=10 per group) were injected daily with vehicle or SB-431542 (0.2
mg/mouse; 10 mg/kg), a TGFP RI (ALKS) inhibitor. Tumors were collected 1 week after
castration and analyzed by IHC for a-SMA and nuclear SMAD?2/3 (B, Magnification:
400X), a-SMA and CXCL13 (D, Magnification: 200X) and IKKa (E, Magnification:
200X) or subjected to RNA extraction and Q-PCR analysis of the indicated mRNAs (C,
results are averages + s.d.). F. Tumors were established and the mice were treated with
SB-431542 or vehicle as above. Tumor volume was measured every 2-3 days. Results are
expressed as means + s.e.m.. P values >0.05 were considered non-significant (ns), 0.01 to
0.05 were considered significant (*), 0.001 to 0.01 were considered very significant (**)
and < 0.001 were considered highly significant (**%*).

Figure 4: FVB/N mice (n=10 per experiment) bearing Myc-CaP tumors were castrated or
sham operated and i.p. injected with SB-431542 or vehicle as described in Figure 3B. A.
Tumors were collected 1 week after the operation, paraffin-embedded, sectioned and
analyzed for a-SMA expression by IHC (Magnification: 200X). B, C. Tumors were



collected 1 week after castration, RNA was extracted and expression of the indicated
mRNAs was quantitated by Q-PCR as above. Results are averages + s.d.. D. Tumors
were collected at the indicated time points and the expression of the indicated mRNAs
was quantitated as above. Results are averages + s.d.. E. Tumors, liver, lungs, kidneys
and prostates were collected from FVB/N mice treated as above, total RNA was isolated
one week after castration and a-SMA mRNA expression was quantitated as above.
Results are averages + s.d..

Figure 5: A, B. FVB/N mice (n=10) bearing Myc-CaP tumors were sham operated or
castrated and tumors were collected 1 week later. Fibroblasts (Fib), epithelial (Epi),
CD11b" and CDI11c* cells were isolated from the tumors, total RNA was extracted and
TGFp1, TGFP2 and TGFPB3 mRNAs were quantitated by Q-PCR and normalized to
cyclophilin A mRNA. Results are averages + s.d.. C. FVB/N mice were vaccinated with
TOPO or FAP vaccines as in Fig. 1B and Myc-CaP tumors were established. One week
after castration tumors were collected, total RNA was isolated and expression of the
indicated mRNAs was quantitated and normalized to that of cyclophilin A mRNA.
Results are averages + s.d..

Figure 6: Myc-CaP tumors (n=10) were established in 6 weeks old FVB/N males that
were castrated or sham operated. A. Tumors were collected at the indicated time points
after operation, total RNA was isolated and expression of the indicated mRNAs was
quantitated and normalized to that of cyclophilin A mRNA. Results are averages + s.d..
B. Fibroblasts isolated from tumors of sham operated or castrated mice were cultured for
4 days and incubated for 6 hrs with either CTGF (50 ng/ml) or IGF-1 (10 ng/ml) alone or
with CTGF plus IGF-1. FAP and a-SMA mRNA expression was quantitated as above.
Results are averages + s.d..

Figure 7: A. Fibroblasts were purified from Myc-CaP tumors 1 week after sham
operation or castration (n=10 per group). The isolated cells were plated and stimulated for
24 hrs with TGFf, (10 ng/ml), CTGF (50 ng/ml) or TGFp, plus CTGF. RNA was
isolated and expression of the indicated genes was analyzed as above. Results are
averages + s.d.. B. Fibroblasts were isolated as above from Myc-CaP tumors 1 week after
castration or sham operation. The cells were cultured either in a standard incubator or a
hypoxic chamber for 24 hrs. Total RNA was isolated and expression of the indicated
mRNAs was quantitated. Results are averages + s.d.. C. FVB/N mice bearing Myc-CaP
tumors were castrated and tumors were collected at the indicated times after castration.
For hypoxia analysis mice were i.p. injected 90 min before sacrifice with 60 mg/kg of
pimonidazole hydrochloride (Hypoxiprobe-1). Tumors were removed, fixed, paraffin
embedded, sectioned and subjected to IHC with hypoxiprobe or HIF-1o antibodies
(Magnification: 200X). The arrows indicate hypoxic areas and cells with nuclear HIF-1a.

Figure 8: A. FVB/N mice bearing Myc-CaP tumors were castrated or sham operated and
tumors were collected at the indicated time points after operation and stained for CD34
by IHC (Magnification: 200X). B. Tumor associated fibroblasts were purified from Hif-
1a"" mice bearing Myc-CaP tumors, plated and infected with Adenovirus-Cre (Ad-Cre)
or Adenovirus-GFP (Ad-GFP) and incubated in either a normal cell incubator or an



hypoxic chamber for 24 hrs. Total RNA was isolated and expression of the indicated
mRNAs was quantitated and normalized to that of cyclophilin A. Results are averages +
s.d. (n=6). C. Tumor associated fibroblasts were isolated from Hif-I1a"" mice bearing
Myc-CaP tumors, plated, infected with Ad-Cre or Ad-GFP viruses and cultured under
normoxic or hypoxic conditions for 24 hrs. Expression of the indicated mRNAs was
quantitated as above. Results are averages + s.d. (n=0).

Figure 9: A, B. Six weeks old FVB/N male mice (n=10 per group) were castrated or
sham operated and their prostates were collected 1 week after surgery. Expression of the
indicated inflammatory cytokines, chemokines and cell marker mRNAs was quantitated
by Q-PCR and normalized to that of cyclophilin A mRNA. Results are averages + s.d.. C.
Six weeks old FVB/N male mice (n=10) were castrated and after 1 week their prostates
were collected and stained with CXCL13, B220 and a-SMA antibodies and examined by
indirect immunofluorescence (Magnification: 200X). D, E. Twelve weeks old TRAMP
mice (n=10) were castrated or sham operated and their tumors were collected at the
indicated times after castration. Total RNA was extracted and expression of the indicated
mRNAs was quantified by Q-PCR and normalized to that of cyclophilin A mRNA
Results are averages + s.d.. (D). Tumors were fixed, paraffin embedded, sectioned and
analyzed for a-SMA expression by IHC (Magnification: 200X) (E). F. Six weeks old
TRAMP males (n=10 per group) were vaccinated three times with 10° CFU of TOPO or
FAP vaccines every 5 days, followed by a booster shot every 30 days. Mice were
castrated when 12 weeks old and tumor weight was measured after 7 weeks. Results are
averages + s.d..

Figure 10: A. TRAMP mice (n=10 per group) were vaccinated with TOPO or FAP
vaccines as described in Figure 9F, sham operated or castrated when 12 weeks old and
tumors were collected 7 weeks later and analyzed for a-SMA expression by Q-PCR.
Results are averages + s.d.. B. Tumors were established, collected and processed as in A
and analyzed for a-SMA expression by IHC at C7 (Magnification: 200x). C. The same
tumors collected in B were also analyzed by TUNEL staining (Magnification: 200x).

Figure 11: A-C. Paraffin embedded human prostate tissues (normal, benign hyperplasia
and malignant) were sectioned and stained for FAP and SMAD2/3 (A), FAP and
CXCL13 (B) and FAP and HIF-1a (C) by IHC (Magnification: 200X). Higher
magnification images (400X) are also included. D. Frozen sections were from sub-
cutaneous xenograft tumors that arose from a primary patient surgical bone metastasis PC
specimen. The primary patient tumor was minced to 1 mm pieces, mixed 1:1 in matrigel
and 0.1 ml vol/vol implanted sub-cutaneously into 6 weeks old Rag2”;yc” male mice.
Tumors were harvested after 11 weeks. Frozen sections were stained for CXCL13 and
FAP by IHC (Magnification: 200X).
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Figure 10
A B

a-SMA, C 7 weeks

ok OTOPO C 7weeks

5
M FAP C 7weeks
sk

relative mRNA

1 K3k e
NN N

FAP SMA
C

TOPO FAP



Figure 11
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