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Aggressive regrowth of recurrent tumors following
treatment-induced dormancy represents a major clini-
cal challenge for treatment of malignant disease. We
reported previously that recurrent prostate tumors,
which underwent complete macroscopic regression fol-
lowed by aggressive regrowth, could be cured with a
vesicular stomatitis virus (VSV)-expressed cDNA library
derived from recurrent tumor cells. By screening the
protective, recurrence-derived VSV-cDNA library, here
we identify topoisomerase-lloc (TOPO-llo)) as a recur-
rence-specific tumor antigen against which tolerance
can be broken. Tumor recurrences, in two different
types of tumor (prostate and melanoma), which had
evaded two different frontline treatments (immuno-
therapy or chemotherapy), significantly overexpressed
TOPO-llo. compared with their primary tumor counter-
parts, which conferred a novel sensitivity to doxorubicin
(DOX) chemotherapy upon the recurrent tumors. This
was exploited in vivo using combination therapies to
cure mice, which would otherwise have relapsed, after
suboptimal primary therapy in both models. Our data
show that recurrent tumors—across histologies and pri-
mary treatments—express distinct antigens compared
with the primary tumor which can be identified using
the VSV-cDNA library technology. These results suggest
that it may be possible to design a few common second-
line therapies against a variety of tumor recurrences, in
some cases using agents with no obvious activity against
the primary tumor.
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INTRODUCTION

Potentially fatal, aggressive tumor recurrence, following a period
of tumor dormancy induced by apparently effective frontline
therapies, represents a major clinical challenge for successful
treatment of malignant disease."* Escape from frontline therapy

is common, in part because of the heterogeneity of tumor popula-
tions, which include treatment-resistant subpopulations of tumor
cells.> In this respect, effective immunotherapies for cancer must
target a broad repertoire of tumor-associated antigens to mini-
mize the chances that highly plastic tumor cells can evolve novel
phenotypes which escape the frontline immune pressure.”” As
self-antigens on normal tissues can serve as rejection antigens on
associated tumors,'*'? we hypothesized that expression of a cONA
library of a normal tissue, from a vesicular stomatitis virus (VSV)
platform,"** would allow the immune system to sample a wide
range of self-antigens, some of which may serve as tumor-asso-
ciated antigens against a tumor of the same histological type'®*
in a highly immune stimulatory environment provided by the
viral infection.?>* This would, in theory, prime T-cell responses
to those antigens against which tolerance could be broken and,
although T-cell responses against each self-antigen may be indi-
vidually relatively weak, cuamulatively they would impose a strong
selective pressure against immune escape.”?°

Using human prostate cDNA for vaccination against murine
prostate tumors to exploit the immunogenicity of altered-self epi-
topes,*** we generated an Altered-Self Epitope Library (ASEL)
expressed in VSV.2 The Thl7 response to prostate antigens
induced by nine intravenous injections of the ASEL-cured-estab-
lished TC2 tumors. However, six injections induced complete
macroscopic tumor regressions, a period in which no palpable
tumor could be detected, followed by rapid regrowth of aggres-
sive recurrent tumors (TC2R). These recurrent tumors expressed
a new profile of gene expression,?>?-*! suggesting that they had
evolved away from the broad antigenic profile targeted by the
ASEL-induced Th17 response. Therefore, we constructed a second
VSV-cDNA library (Immune Escape Epitope Library, IEEL) using
cDNA from TC2R tumors.”> ASEL-treated mice, vaccinated with
the IEEL rejected TC2R tumors, dependent upon early treatment
with the IEEL during recurrence. Significantly, the ASEL-primed
response was Th17 associated, CD4 dependent, TC2/prostate
specific, and blind to TC2R tumors/cells. In contrast, the IEEL-
primed response was IFN-y associated, CD8 dependent, TC2R
specific, and blind to TC2 cells/tumors.
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In the current report, by screening the IEEL for VSV-cDNA
viruses encoding antigens targeted by the IFN-y CD8" T-cell
response that clears TC2R tumors, we identified topoisomerase-
Ia (TOPO-IIa) as a tumor-associated antigens associated with
escape variants of both prostate cancer and melanoma. In addi-
tion, we show that a subset of TOPO-IIa™ cells within tumor cell
cultures can respond to frontline selective pressure and repopu-
late the tumor with escape variants which allowed recovery of
cultures subjected to an otherwise sub-lethal immune pressure.
Recurrence-specific overexpression of TOPO-IIa also conferred
a novel sensitivity to doxorubicin (DOX),*>** which we exploited
in vivo to generate combination therapies to cure up to 100% of
mice which would otherwise have relapsed.

RESULTS

The TC2-TC2R transition is induced by immune
selective pressure

Nine i.v. ASEL injections cured 80-100% of mice of TC2 tumors
(Figure la—c). Six injections typically induced complete macro-
scopic regressions early after treatment followed, in many mice,
by aggressive tumor recurrences (TC2R) (Figure 1b), which had
significantly different histologies compared with parental TC2
tumors.” Freshly explanted TC2R cells also displayed markedly
different profiles of gene expression compared with TC2 tumors
with increased expression of N-cadherin, a gene often associated
with an epithelial-mesenchymal transition,?>*~*! as well as differ-
ent growth properties and morphology with higher frequency of
large multi-nucleated syncytia and spindle-shaped cells (Figure
1d,g). The TC2-TC2R transition was also induced in vitro by high
E:T ratio coculture of TC2 cells with splenocytes and lymph node
(LN) cells from mice cured of TC2 tumors by multiple i.v. ASEL
injections (Figure 1d-f).

Rejection antigens from recurrent TC2R tumors

TC2R recurrences were effectively treated by a second VSV-
cDNA library (IEEL) derived from the pooled cDNA of three dif-
ferent TC2R tumors. Splenocytes/LN from mice cured of TC2R
recurrences by the IEEL secreted IFN-y (but not IL-17) follow-
ing restimulation with the IEEL and TC2R lysates, but not IEEL
and TC2 lysates.”? In contrast, TC2 tumor-bearing mice vac-
cinated with the IEEL, as opposed to the ASEL, were not pro-
tected against continued growth of TC2 primary tumors (data
not shown). Therefore, the antigenic repertoire which protected
against TC2R recurrences (in the IEEL) differed significantly from
that which protected against TC2 tumors (in the ASEL). We used
an in vitro assay® to screen for individual viruses within the IEEL
which induced TC2R-specific IFN-y recall responses (Figure 1h).
Of multiple viruses recovered from this screen, nine encoded 5’
sequences of the murine TOPO-IIa gene (#NM011623) and five
encoded the 5" end of the murine CD44 gene (#NMO009851).
VSV-GFP was unable to induce IFN-y following restimulation of
splenocyte/LN cultures from IEEL-vaccinated mice, even at high
MOI (Figure 2a). Restimulation of splenocytes/LN from IEEL-
treated mice with either VSV-TOPO-IIa clone#2 or VSV-CD44
clone#17 alone induced very low, but reproducibly above back-
ground (20 pg/ml), levels of IFN-y. However, a combination of
VSV-TOPO-IIa#2 and VSV-CD44#17 induced levels of IFN-y up

1508

© The American Society of Gene & Cell Therapy

to 1 log higher (>1,000 pg/ml) than either virus alone (but always
lower than levels induced by restimulation with TC2R cell lysates)
(Figure 2a) confirming the combination of TOPO-IIa and CD44
as potential tumor antigens in TC2R tumors. The ability of VSV-
cDNA viruses to induce IFN-y in combination depended on the
nature of the cDNA insert because combining either alone with
VSV-GFP did not induce IFN-y.

TC2R tumors overexpress TOPO-llo

Although TOPO-IIa was expressed in TC2 tumors freshly
explanted from untreated mice, an approximately three log
higher level of TOPO-IIla mRNA was expressed in freshly
explanted TC2R tumors (Figure 2b-d). Similarly, freshly
explanted TC2R tumors displayed higher levels of TOPO-
Ila enzyme activity compared with TC2 tumors (Figure 2e).
Consistent with Figure 1d-g, the TOPO-IIa™ to TOPO-IIa™
TC2-TC2R transition could be induced in vitro by high E:T ratio
coculture of TC2 cells with splenocytes/LN from ASEL-cured
mice (cycle threshold (CT) for detection of GAPDH minus CT
for TOPO-Ila increased from —13 to 0) (Figure 2f,g). However,
after extended culture, levels of both mRNA (Figure 2f-i) and
enzyme activity (data not shown) returned to those expressed
in TC2 cells whether the TC2R transition had been induced in
vitro (Figure 2f,g) or in vivo (Figure 2h,i) (no difference in ACT
GAPDH-TOPO-IIa).

ASEL-induced novel chemosensitivity

High levels of TOPO-Ila are associated with sensitivity to DOX.*>*
Consistent with this, although TOPO-IIa TC2 cells were poorly
sensitive to DOX, about 80% of freshly explanted TOPO-IIa™
TC2R cells were killed within 48 hours by DOX (Figure 3a). In
contrast, and consistent with use of taxanes against prostate can-
cer, paclitaxel (PAC) was significantly more toxic to TC2 than
TC2R cells.

Survival of DOX-treated TC2 cells was not significantly differ-
ent from that of untreated TC2 (Figure 3a). However, pretreatment
with DOX completely prevented the TOPO-Ila**~TOPO-IIa™
transition following coculture with splenocytes/LN from ASEL-
treated mice (Figure 3b,c). In contrast, pretreatment with PAC
did not prevent induction of the TOPO-IIa' TC2R phenotype.

A DOX-sensitive subpopulation responds to immune
pressure

We tested the hypothesis that a DOX-sensitive, pre-existing sub-
set of TOPO-IIa" TC2 cells responds to immune pressure. TC2
cells cultures, separately transduced with lentiviral vectors encod-
ing different fluorescent marker genes, were combined to gener-
ate a mixed culture (TC2 Rainbow) (Figure 4a-i). Following in
vitro coculture with splenocytes/LN from C57BL/6 mice, the
relative proportions of each colored population was consistently
unchanged across several such experiments (Figure 4b,i). In con-
trast, coculture with splenocytes/LN from ASEL-treated mice
invariably resulted in the emergence of a population in which a
single color predominated, although the same single color did not
always emerge across experiments (Figure 4c,d,i). Pretreatment
with PAC did not alter the ability of TC2 Rainbow cultures
to become repopulated by a predominant color population in
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Figure 1 Selective pressure drives TC2R recurrent phenotype evolution. (a-c) Mice bearing 7-day—established TC2 tumors were injected
intravenously with either (a) VSV-GFP (5 x 108 pfu, days 7, 9, 11, 14, and 16) or (b) with ASEL (107 pfu) six times (days 7, 9, 11, 14, 16, and
18) or (c) nine times (days 7, 9, 11, 14, 16, 18, 21, 23, and 25). Three representative animals for each group, from which tumor cell lines were
derived and used in following experiments, are shown. (d) Parental TC2 cells were cocultured (E:T ratio of 10:1) with pooled splenocytes/
LN from (e) untreated C57BL/6 mice or from (f) 6xASEL-treated mice which had been restimulated as described in Materials and Methods.
Five days after the last addition of splenocytes/LN, cultures were examined by microscopy and cDNA was screened by PCR for expression
of E-cadherin and N-cadherin. (g) Early passage culture (5 days post-explant) of a tumor from a 6xASEL-treated mouse. Scale bar = 50 pm.
(h) Functional cloning of viruses encoding tumor rejection antigens for recurrent prostate tumors. LN/splenocyte cultures (104/well) from mice
cured of TC2 and TC2R tumors by vaccination with a combination of ASEL and IEEL? were screened for secretion of IFN-y induced by infection
with aliquots of ~10* pfu of the parental IEEL virus stock in the presence of recombinant hsp70.2 Aliquots which contained virus competent for
inducing the IFN-y recall response were pooled and expanded in BHK cells (24-36 hours). New LN/splenocyte cultures from IEEL-vaccinated
mice were infected with serial dilutions of this expanded stock in the presence of recombinant hsp70, and assayed for IFN-y production. The
highest dilution of the virus stock which induced IFN-y at levels significantly above background was amplified by passaging through BHK cells
for 24-36 hours. Serial dilutions of this expanded stock were screened for their ability to induce IFN-y. A 10 pl aliquots of the highest dilution
of the virus which induced IFN-y were used as the starting point for limiting dilution cloning on BHK cells to identify the dilution at which a
single virus particle generated cytopathic effect (+). ASEL, Altered-Self Epitope Library; IEEL, Immune Escape Epitope Library; LN, lymph node;
S, syncytia; VSV, vesicular stomatitis virus.
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Figure 2 Topoisomerase-llo is a tumor antigen for recurrent prostate tumors. (a) Splenocyte/LN cultures from IEEL-vaccinated mice were screened
for IFN-y secretion following no infection, stimulation with lysates (TC2, TC2R1, and TC2R2 cells), infection with VSV-GFP (107 pfu), or infection/restimula-
tion with VSV-cDNA#2 (CD44), VSV-cDNA#17 (TOPO-llor) or a combination (5x10° pfu/each) of VSV-cDNA#2 and #17, VSV-cDNA#2 and VSV-GFP, or
VSV-cDNA#17 and VSV-GFP. (b) cDNA from freshly explanted TC2.1-3, TC2R1-3 (Figure 1b), or TC2R4 tumor from a separate experiment were screened
by PCR (15 cycles), or (c,d) quantitative real-time PCR for expression of murine TOPO-llo.. *Samples positive for TOPO-llo. after 30 cycles. Relative quanti-
ties of TOPO-lloo mRNA were determined using GAPDH as calibrator gene (*P < 0.05). (d) Ampilification curves from a representative quantitative real-time
PCR experiment using cDNA (1:100) from TC2.1 and TC2R1 are shown. (e) Nuclear extracts (107 cells, 1:100) from two freshly explanted TC2 or TC2R
tumors, or from TC2-cultured cells were incubated with kDNA to test TOPO-Ila. activity. (f,g) TC2 cells (10°/well) were either left untreated or cocultured
with pooled LN/splenocytes (10¢/well) from untreated mice, or from 6xASEL-treated mice, all of which previously restimulated as described in Materials
and Methods. cDNA were screened by (f) PCR (15 cycles) or (g) three independent quantitative real-time PCR experiments for expression of TOPO-llo.
at different time points following the coculture initiation. (h) cDNA from a freshly explanted TC2 tumor, TC2 cells cocultured with ASEL-restimulated
LN/splenocytes from a C57BL/6 mouse, a TC2R explanted tumor at different time points post-explant, or TC2 cells cocultured for 1 week or T month
with ASEL-restimulated LN/splenocytes were screened for expression of TOPO-lla.. (i) cDNA were prepared from freshly explanted TC2 or TC2R tumors
at different time points following explant and screened by quantitative real-time PCR for expression of TOPO-llc.. ASEL, Altered-Self Epitope Library;
IEEL, Immune Escape Epitope Library; LN, lymph node; VSV, vesicular stomatitis virus.

cells to respond to the immune pressure by selecting a predomi-
nant color population of TOPO-IIa' cells (Figure 4g-i).

response to immune pressure (Figure 4e,i)—although PAC did
not alter the proportions if no immune pressure was applied

(Figure 4f,i). In contrast, and consistent with Figure 3b,c, DOX
pretreatment completely inhibited the ability of TC2 Rainbow
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Within 72 hours of coculture of TC2 cells with prostate-specific
splenocytes/LN from ASEL-treated mice, significant numbers of
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Figure 3 Immune escape variants acquire a novel chemosensitivity. (a) TC2 parental cells or freshly explanted TC2R tumor cells were treated
in vitro with different concentrations of PAC or DOX as indicated. After 48 hours, cell viability was assessed using an MTT assay (mean * SD).
*P < 0.05; ***P < 0.001. (b,c) TC2 cells were left untreated or were treated for 48 hours with DOX (0.1 mg/ml) or PAC (10 nmol/l). Cells were then
cocultured with ASEL-restimulated LN/splenocytes as described in Materials and Methods or with LN/splenocytes from an untreated C57BL/6 mouse.
Twenty-four hours following washing, cDNA were screened for expression of TOPO-llo. by (b) PCR (15 cycles) or (€) quantitative real-time PCR. mRNA
relative quantities were determined using GAPDH as calibrator gene (*P < 0.05). ASEL, Altered-Self Epitope Library; LN, lymph node; PAC, paclitaxel.

cells were killed (Figure 4j), although the remaining population
could recover, and was expanding, 1 week later. Coculture with
splenocytes/LN from ASMEL-treated mice (melanoma-derived
VSV-cDNA library)* was not cytotoxic to TC2 cells. Treatment
with DOX alone had no significant effects either 72 hours or 1
week after exposure. TC2 cell survival following a 48 hours pre-
treatment with DOX, followed by prostate-specific splenocyte/LN
coculture, was equivalent to the coculture alone (no DOX) at 72
hours but, significantly, prevented long-term recovery of the cul-
tures by nearly three logs. Treatment of TC2 cells with PAC led to
significant tumor cell killing in the short term, but the cultures
were able to recover over 7 days either with, or without, subse-
quent splenocyte/LN coculture.

Consistent with TOPO-IIa'! cells having stem cell-like prop-
erties, early explanted TC2 tumors contained colony-forming
cells at a significantly lower frequency (~1/100 cells) than TC2R
tumors (~1/5 cells) (Table 1). Those cells which developed into
colonies, from both TC2 and TC2R tumors, expressed high levels
of TOPO-IIa mRNA, as shown by a CT at about 12-13 cycles/5,000
cells. Forty-eight hours in vitro purging with DOX before plat-
ing significantly reduced the frequency of these colony-forming
cells in both TC2 (to ~5/10,000 cells) and TC2R (to ~1/500 cells)
explants as seen by both the absolute number of viable colony-
forming units and by an increased CT (quantitative real-time
PCR). Finally, explants from more well-established TC2R tumors
had a significantly lower frequency of colony-forming cells (~1/50

Molecular Therapy vol. 21 no. 8 aug. 2013

cells) than from early explants (~1/5 cells), although those cells
had similarly high levels of TOPO-IIa expression as from the early
explants.

Immune escape variants are highly sensitive to DOX
in vivo

In vitro, TC2 cells alone, or cocultured with splenocytes/LN from
either control mice or mice vaccinated with the melanoma-spe-
cific, ASMEL VSV-cDNA library,” were all sensitive to PAC but
insensitive to DOX (Figure 5a). However, TC2 cells pretreated
with splenocytes from ASEL-cured mice, or freshly explanted
TC2R tumor cells, were significantly less sensitive to PAC but
were highly sensitive to DOX. This sensitivity to DOX was lost
if TC2R cells were kept for more than 3 weeks in culture (data
not shown). Consistent with these results, TC2 tumors were sensi-
tive to PAC (P < 0.001 compared with phosphate-buffered saline
(PBS)) in vivo but completely insensitive to DOX (no significant
difference with PBS) (Figure 5b). As before (Figure 1), six iv.
ASEL injections delayed tumor growth significantly compared
with PBS or even PAC (P = 0.01) but generated no cures. However,
when chemotherapy was administered as a second-line treatment
for recurrent disease at the time of tumor recurrence, DOX cured
100% of TC2R bearing mice (tumor-free >60 days) (Figure 5¢). In
contrast, all mice with recurring TC2R tumors died of tumor with
second-line PAC (P < 0.0001). If DOX or PAC therapy was started
when the recurrences were greater than 0.5cm in diameter, no
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Figure 4 A doxorubicin (DOX)-sensitive subpopulation senses immune selective pressure. (a-d) TC2 cells were separately infected with three
lentiviral vectors encoding fluorescent marker genes (GFP/mCherry/YFP) and mixed with unmarked TC2 cells at approximately 1:1:1:1. The resulting
TC2 Rainbow population contained a stable level of cells of each lineage over long-term (>2 weeks) culture. TC2 Rainbow cells (10°/well) were either
(a) left alone or (b-d) cocultured with (b) pooled LN/splenocytes (10¢/well) from untreated or (c¢,d) 6xASEL-treated mice, which had been restimu-
lated as described above. Populations were analyzed by flow cytometry for fluorescent markers expression. Percentages of mCherry* cells are shown.
(e—f) The experiment was repeated as above and TC2 Rainbow cultures were treated (48 hours) with either (e,f) PAC (10 nmol/l) or (g,h) DOX
(0.1 mg/ml) before being washed and cocultured with ASEL-restimulated LN/splenocytes from (e,g) ASEL-treated or (f,h) untreated mice. (i) The
percentages of cells expressing the fluorescent markers following treatment (described in a—h) are shown. (j) TC2 cells were left untreated, or were
cocultured with LN/splenocytes from prostate-specific ASEL-, or melanoma-specific ASMEL-treated mice. Alternatively, TC2 cells were treated with
DOX or PAC with or without subsequent coculture with LN/splenocytes from ASEL-treated mice as described in e-h. MTT assays were carried out on

surviving cell populations 72 hours or 1 week after coculture. ASEL, Altered-Self Epitope Library; LN, lymph node; PAC, paclitaxel.

significant therapy was achieved with either drug—consistent with
the TOPO-IIa™ phenotype being lost, or diluted out, with time.
Characteristic of treatment with the ASEL, all ASEL/DOX sur-
vivors developed an IL-17 response to TC2 cells (IL-17 secretion
above background levels of 50 pg/ml), which was not observed
in response to TC2R cells (IL-17 <50 pg/ml from all mice tested)
(Figure 5d). However, in contrast to survivors of the ASEL/IEEL
combination immunotherapy (Figure 2a), splenocytes of survi-
vors of ASEL/DOX did not secrete IFN-y in response to either
TC2 or TC2R cells (Figure 5e).

We also investigated the relevance of these findings in a different
tumor type and with a different frontline selective pressure. When
B16 murine melanoma cells expressing the Herpes Simplex Virus
thymidine-kinase (HSVtk) gene were treated with ganciclovir (GCV)
for 5 days in vitro, most of the cells were killed (Figure 6a). However,
with time, the surviving cells repopulated the cultures (Figure 6b).
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Pretreatment with DOX before GCV did not increase overall cell
killing over the 5 days of GCV (Figure 6a) but significantly inhib-
ited the ability of the population to recover 1 week later (Figure 6b).
Bl6tk cells which survived GCV chemotherapy expressed higher
levels of TOPO-Ila enzyme activity (Figure 6¢) and mRNA (data
not shown), but pretreatment with DOX before GCV prevented
selection of these TOPO-IIa™ cells. Finally, although treatment of
B16tk tumors in C57BL/6 mice with DOX had no significant thera-
peutic effect compared with PBS alone (Figure 6d), it largely pre-
vented the emergence of GCV-resistant recurrent tumors following
GCV therapy in vivo compared with mice treated with GCV alone
(P<0.01).

DISCUSSION

We show here that, when exposed to suboptimal frontline immu-
notherapy, prostate tumors evolved a highly reproducible escape

www.moleculartherapy.org vol. 21 no. 8 aug. 2013
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Table 1 TOPO-lla™ cells have high colony-forming capacity in vitro

Targeting Tumor Recurrence-associated Antigens

# Cycles
Number of colonies (TOPO-llar)
# Input cells 0 10 100 1,000 10,000 100,000 5,000
TC2 explant #1 0/0/0 0/0/0 0/0/0 5/0/2 31/7/58 >200/78/62 13
TC2 explant #2 0/0/0 0/0/0 1/0/0 15/3/8 45/61/13 >200/117/>200 13
Early TC2R explant #1 0/0/0 5/0/0 19/28/22 125/158/74 >200/>200/>200  >200/>200/>200 12
Early TC2R explant #2 0/0/0 12/0/7 45/17/33 >200/90/>200 >200/>200/>200  >200/>200/>200 13
TC2 explant #1 + DOX 0/0/0 0/0/0 0/0/0 0/0/0 0/0/5 67/43/91 23
TC2 explant #2 + DOX 0/0/0 0/0/0 0/0/0 0/0/0 7/8/0 47/5/63 25
Early TC2R explant #1 + DOX 0/0/0 0/0/0 0/0/0 7/9/0 15/29/19 179/>200/80 23
Early TC2R explant #2 + DOX 0/0/0 0/0/0 0/0/0 0/0/0 0/14/0 55/13/27 25
Late TC2R explant #1 0/0/0 0/0/0 0/0/17 28/14/32 30/53/67 >200/>200/>200 13

TC2 or TC2R tumors were explanted from mice when they were either just palpable (<0.2cm) (early explant) or well established (>0.4 cm) (late explant). Tumor cells
were dissociated and plated either with, or without doxorubicin (DOX), for 48 hours. Cells were then counted and plated at the numbers shown per well (# input
cells). After 1 week, the number of discrete colonies were counted. Cells from wells plated with 10,000 cells each were trypsinized and pooled. cDNA prepared from
5,000 cells was screened by quantitative real-time PCR for expression of TOPO-Ila.. The threshold number of cycles/5,000 cells in 1:100 diluted samples of each cDNA

required for detection of TOPO-lla: is shown.

phenotype radically different from the primary tumors, suggest-
ing that escape was only possible by acquisition of one, or a few,
different antigenic profiles.?>*-*! Relapsing mice could be treated
with a VSV-cDNA library prepared from the TC2R tumors (IEEL)
to attack the antigenic profile that TC2R tumors acquired to evade
the ASEL-mediated immune pressure. By cloning individual
viruses from the IEEL, we identified TOPO-IIa and CD44 as
potential antigens, which, in combination, were important for vac-
cination against recurrent prostate tumors which escaped initial
immunotherapy. Consistent with this, TOPO-IIa was expressed
at significantly higher levels in freshly explanted recurrent TC2R,
compared with TC2, tumors, a phenotype which could be recapit-
ulated in vitro, at least transiently, by coculture of TC2 cells with
ASEL-restimulated splenocytes/LN.

To investigate the immune-induced TC2(TOPO-IIa)-
TC2R(TOPO-IIa™) transition, we exploited the ability of DOX
to target TOPO-IIa.**>*® DOX had no significant cytotoxicity
against bulk populations of TC2 cells (Figure 3). However, DOX
pretreatment prevented induction of the TOPO-IIa™ phenotype.
Moreover, the ability of the TC2 population to react to immune
pressure with the evolution of a TOPO-IIa™, predominantly
clonally-derived, population was completely inhibited by pre-
treatment with DOX, which also prevented the recovery of the
TC2 population as a whole from initial splenocyte/LN killing.
Therefore, the data of Figure 4, combined with our ongoing stud-
ies, suggest a model in which an immune pressure applied to the
overall tumor population (by T cells or natural killer cells) leads to
high levels of killing of the majority of the tumor cells. However,
a pre-existing, minority population of cells, by virtue of their high
level expression of TOPO-IIa and other proteins associated with
control of DNA replication and cell cycle progression, have the
ability to generate rapidly a pool of potential escape variants, one,
or a few of which, are successful in evading the primary immune
pressure. Once selected, these cells rapidly proliferate and expand
as the nascent recurrent tumor.

These data suggest that a minority population of DOX-
sensitive, TOPO-IIa TC2 cells represent a stem cell-like

Molecular Therapy vol. 21 no. 8 aug. 2013

population which can directly respond to, and deviate pheno-
typically away from, applied immune pressure.”>*-*' However,
DOX purging did not affect the long-term viability of TC2 cul-
tures as a whole, suggesting that these TOPO-IIa'" plastic cells are
not responsible for repopulating/maintaining the entire tumor.
Nonetheless, DOX-sensitive, TOPO-IIa' cells were present at
significantly increased frequency in TC2R, as opposed to TC2,
cultures, associated with a greater colony-forming capacity in
vitro, similar to the conventional properties of stem cells. It is pos-
sible, therefore, that these cells represent a plastic/stem cell-like
cell type, which responds to strong selective pressures but is not
necessarily, or exclusively, the cancer stem cell per se.?**
Consistent with a model in which these plastic/stem cell-like,
DOX-sensitive, TOPO-IIa™ cells drove the evolution of recurrent
tumors capable of escaping ASEL-mediated immune pressure,
TC2R tumors showed a de novo vulnerability to DOX chemother-
apy (Figures 3 and 5). Significantly, we used this recurrence-spe-
cific property of the escape tumors to design a rational combination
therapy in which 100% of mice were cured of tumors if they were
administered DOX at the time of tumor recurrence. Studies are
underway to investigate whether combined initial vaccination with
both the ASEL (protective against TC2 primary tumors) and the
IEEL (protective against recurrent TC2R tumors following ASEL
immunotherapy) can eliminate the TOPO-IIo'® cells in the pri-
mary tumor population to prevent aggressive tumor recurrence.
Despite the possible immunogenic effects of chemotherapy,®
DOX-mediated clearance of TC2R tumors did not prime the same
IFN-y-based immune responses as IEEL vaccination. In addition,
we showed that this strategy has relevance across different tumor
models (prostate and melanoma) and can be independent of the
nature of the initial selective therapeutic pressure (immunotherapy
or chemotherapy). Thus, we were also able to cure mice of B16 mel-
anoma recurrences with a combination therapy of GCV and DOX
chemotherapies. These data with the B16 melanoma are, therefore,
also consistent with a model in which a subpopulation of TOPO-
ITa™ cells exists within a tumor population, which can respond to
frontline selective pressure to drive tumor escape and which can
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Figure 5 TC2R recurrences are cured by early treatment with doxorubicin (DOX). (a) TC2 and TC2R cells were either left alone or cocultured
with pooled LN/splenocytes from 6xASEL-treated, untreated C57BL/6, or 6xASMEL-treated mice. All LN/splenocyte cultures had been restimulated
as described in Materials and Methods. Two days after the last addition of LN/splenocytes, cocultures were washed three times and then cultured
in medium containing no drug (Dulbecco’s Modified Eagle’s Medium, DMEM), PAC (10 nmol/l), or DOX (0.1 mg/ml) for 5 days. Surviving cells
were visualized by crystal violet staining. (b) C57BL/6 mice (n = 7/group) bearing 4-day-established TC2 tumors were treated with i.v. PBS, PAC
(10mg/kg), DOX (10 mg/kg), or ASEL (107 pfu) on days 4, 6, 8, 11, 13, and 15. Survival with time is shown. (¢) C57BL/6 mice (n = 6/group) bear-
ing 4-day-established TC2 tumors were treated with i.v. ASEL (107 pfu) on days -14, =12, -10, -7, -5, and -3. Mice were then treated with either
PAC or DOX on days 0, 2, 4, 7,9, and 11 (six mice/group). (d,e) Splenocytes/LN from four of the mice which survived the sequential treatment of
ASEL followed by DOX in ¢ above were cocultured with either nothing (control) or with lysates of B16 murine melanoma cells, TC2 murine prostate
cells or TC2R cells every 24 hours for 3 days. After 48 hours, supernatants were assayed for (d) IL-17 or (e) IFN-y secretion. *P < 0.05; ***P < 0.001.
ASEL, Altered-Self Epitope Library; LN, lymph node; PBS, phosphate-buffered saline; PAC, paclitaxel.

be purged by pretreatment with DOX. Most importantly, DOX had
no detectable cytotoxic activity against either TC2 or B16 paren-

immunological-based screens of the type described here. Moreover,
the agents identified as being effective against recurrences in this

tal cells in vitro or in vivo and so would not be selected as a viable
candidate drug for the treatment of these types of tumors using
classical screens. Nonetheless, its efficacy to target a recurrence-
specific antigen across tumor, and frontline treatment, types shows
that antigenic profiling of recurrent tumors using the VSV-cDNA
technology can identify common therapy-induced phenotypic
changes necessary for tumors to escape from a variety of differ-
ent initial selective pressures. These findings suggest that it may be
possible to design one, or a few, rational, carefully timed, second-
line therapies against a variety of types of tumor recurrences using

1514

way may well have no obvious activity against the primary tumor.
In summary, we show here that VSV-cDNA libraries can
be used to identify recurrence-specific tumor antigens, shared
across tumor types and overexpressed in recurrent tumors escap-
ing from different frontline treatments. Moreover, our data show
that, even if a potent frontline immuno- or chemotherapy is not
completely effective, it can still enforce the evolution of a repro-
ducible recurrent tumor phenotype, which is highly sensitive to
a conventional chemotherapy. Importantly, this effective second-
line chemotherapy may be one which is not normally associated

www.moleculartherapy.org vol. 21 no. 8 aug. 2013



© The American Society of Gene & Cell Therapy

Targeting Tumor Recurrence-associated Antigens

a 5 days of GOV b 7 days
10,000,000 - ays o _ after cessation of GOV
@ 1,000,000
3
o
(=)
c
S 100,000 |
>
5
[z
o 10,000 - |
[
Qo
£
=]
z 1,000 i | |
100 i
PBS>PBS PBS>GCV DOX>GCV DOX>PBS PAC>PBS PAC>GCV PBS >GCV DOX>GCV PAC>GCV
¢ 1 2 3 d 100 .
i L
o A -.-- . - 80 4 DOX > GCV
—— PN — Catenated ]
B — = 60
3 — ] ek
2 * [ —
s 15 p—
[ A ‘1 Decatenated & 40 7 i |pOX>PB
jo)
[ N—) _— @
20 = PBS > PBS PBS > GCV
0 T —— - )
PBS >PBS PBS>GCV  DOX>GCV 0 10 20 80 40 50

Days

Figure 6 Doxorubicin (DOX)-sensitive, TOPO-lla"" melanoma cells drive escape from chemotherapy. (a,b) B16tk cells were treated with PBS,
DOX (0.1 mg/ml), or PAC (10 nmol/I) for 48 hours before being treated with ganciclovir (GCV, 5 ug/ml) for 5 days. Surviving cells were (a) counted
(mean * SD) at the end of GCV treatment or were (b) harvested and replated at 500 cells/well and grown in normal medium for 7 days before being
counted. Statistical significance is shown for comparisons of the same treatments between a and b. (c) B16tk cells were treated with PBS or DOX for 48
hours before being treated with GCV for 3 days. After 24 hours, cells were harvested and TOPO-llo. activity was assessed. (d) C57BI/6 mice (n = 8/
group) bearing 5-day—established B16tk tumors were treated daily with PBS or DOX (10mg/kg) on days 6-10 and then daily with PBS or GCV (50mg/
kg) on days 13-17 and 20-24. Tumor survival with time is shown. GCV, ganciclovir; NS, not significant; PBS, phosphate-buffered saline; PAC, paclitaxel.

with the treatment of the parental tumor type. These results raise
the intriguing possibility of pretreating patients with chemo- or
immunotherapies which have minimal obvious activity against
the primary tumor population, but which purge those tumors of
critical, treatment-evading, cells which will eventually drive emer-
gence of aggressive tumor recurrences.

MATERIALS AND METHODS

Cells and viruses. TRAMP-C2 (TC2) cells are derived from a prostate
tumor that arose in a TRAMP mouse (H-2k") and were characterized by
Esteban Celis. TC2 cells grow in an androgen-independent manner and
are routinely grown as tumors in C57BL/6 male mice."” B16tk cells are B16
murine melanoma cells (H-2k") stably transfected with the HSVtk gene
which confers sensitivity to the prodrug GCV.***

VSV-cDNA libraries (ASEL/IEEL) were constructed as described
in ref. 22, containing cDNA from normal human prostate (Biochain,
Hayward, CA) or from three-pooled TC2R recurrent tumors respectively.
VSV-cDNA libraries were generated from baby hamster kidney (BHK)
cells by cotransfection of pVSV-XN2-cDNA library DNA along with
plasmids encoding viral genes.*” Virus was expanded by a single round
of infection of BHK cells and purified by sucrose gradient centrifugation.
VSV-GFP was generated by cloning GFP ¢cDNA into the plasmid pVSV-
XN2.% Titers were measured by standard plaque assays on BHK-21 cells.

Animal studies. All procedures were approved by the Mayo Foundation
Institutional Animal Care and Use Committee. C57BL/6 mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME) at 6-8 weeks of age.
To establish subcutaneous tumors, 2x 10° TC2 cells in 100 pl of PBS were
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injected into the flank of mice. Intravenous injections of virus were admin-
istered in 100 pl volumes. Freshly explanted tumors were kept in culture
for a single passage from explant before in vitro experiments. For survival
studies, tumor diameter in two dimensions was measured three times
weekly using calipers and mice were killed when tumor size was approxi-
mately 1.0x 1.0 cm in two perpendicular directions.

Induction of the TC2-TC2R transition. LN/splenocytes from either control
C57BL/6 mice, or C57BL/6 mice previously treated with at least six injec-
tions of the ASEL, were restimulated in vitro by infection with ASEL (MOI
of ~10) or at a lower MOI (1.0) with added recombinant hsp70 (10 pg/ml).
After 48 hours, TC2 cells (10°/well) were cocultured with restimulated LN/
splenocytes at an E:T ratio of 10:1. After 24 hours, cultures were replen-
ished with an additional 10° ASEL-restimulated LN/splenocytes. After 2
days, cocultures were washed three times. Thereafter, tumor cells were cul-
tured for 48 hours in serum-free medium before cDNA preparation.

Quantitative real-time PCR. Cells were cultured for 48 hours in serum-
free medium. RNA was then prepared with the QTAGEN-RNeasy-MiniKit
(QIAGEN, Valencia, CA). A 1 ug total RNA was reverse-transcribed in
a 20 pl volume using oligo-(dT) primers. A ¢cDNA equivalent of 1ng
RNA was amplified by PCR with gene-specific primers using GAPDH as
loading control. Expression of the murine TOPO-ITa gene was detected
using the forward 5-GAGCCAAAAATGTCTTGTATTAG-3" and reverse
5-GAGATGTCTGCCCTTAGAAG-3’ primers.

Quantitative real-time PCR was carried out using a LightCycler480
SYBRGreenI Master kit and a LightCycler480 instrument (Roche, Basel,
Switzerland) according to the manufacturer’s instructions. Typically, RNA
was prepared from equal numbers of cells from each sample (usually
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5,000 cells) and reverse-transcribed as described above. PCR (primers at
0.5 pmol/l, annealing = 58 °C) was run with diluted cDNA samples (neat,
1:10, 1:100, 1:1,000). GAPDH amplification was used as a control for equal
loading of target cDNAs. The threshold cycle (Ct) at which amplification
of the target sequence was detected was used to compare the relative levels
of mRNA between samples. Relative quantities of TOPO-IIa mRNA were
normalized with Ct of GAPDH amplification.

TOPO-llo. activity. The enzymatic activity of DNA TOPO-IIa was assayed
from nuclei of cells using the TOPO-II Assay kit (Topogen, Port Orange,
FL) according to the manufacturer’s instructions. Briefly, 107 cells grown
for 48 hours in serum-free medium were used to prepare nuclear extracts,
were diluted (neat, 1:10, 1:100) and incubated (37 °C, 60 minutes) with
kinetoplast DNA (kDNA). TOPO-IIa activity in the nuclear extracts corre-
sponds to increasing KDNA decatenation/relaxation which can be detected
by gel electrophoresis as a clearly defined band migrating out of the well.

Cytokine secretion. Supernatants were harvested from 10° LN/splenocytes
previously stimulated with virus stocks as described in the text and/or with
freeze thaw lysates from tumor cells in triplicate, every 24 hours for 3 days.
After 48 hours, cell-free supernatants were collected and tested by ELISA
for IL-17 (R&D Systems, Minneapolis, MN) or IFN-y (BD Biosciences,
San Jose, CA).

Phase contrast microscopy. Pictures were acquired using an Olympus-IX70
microscope (UplanF1 4x/0.13PhL), a SPOT Insight-1810 digital camera
and SPOT Software v4.6 (Sterling Heights, MI).

Statistics. Survival data from the animal studies were analyzed using the
log-rank test, and the Mann-Whitney U-test, one-way analysis of variance
and two-way analysis of variance were applied for in vitro assays as appro-
priate. Statistical significance was determined at the level of P < 0.05.
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