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ABSTRACT

Most tumors maintain elevated levels of polyamines to support their growth and
survival. This study explores the anti-tumor effect of polyamine starvation via both
inhibiting polyamine biosynthesis and blocking the upregulated import of polyamines
into the tumor. We demonstrate that polyamine blockade therapy (PBT) co-treatment
with both DFMO and a novel polyamine transport inhibitor, Trimer PTI, significantly
inhibits tumor growth more than treatment with DFMO or the Trimer PTI alone. The
anti-tumor effect of PBT was lost in mice where CD4+ and CD8* T cells were antibody
depleted, implying that PBT stimulates an anti-tumor immune effect that is T-cell
dependent. The PBT anti-tumor effect was accompanied by an increase in granzyme
B*, IFN-y* CD8* T-cells and a decrease in immunosuppressive tumor infiltrating
cells including Gr-1+CD11b* myeloid derived suppressor cells (MDSCs), CD4+CD25+*
Tregs, and CD206*F4/80* M2 macrophages. Stimulation with tumor-specific peptides
elicited elevated antigen-specific IFN-y secretion in splenocytes from PBT-treated
mice, indicating that PBT treatment stimulates the activation of T-cells in a tumor-
specific manner. These data show that combined treatment with both DFMO and the
Trimer PTI not only deprives polyamine-addicted tumor cells of polyamines, but also
relieves polyamine-mediated immunosuppression in the tumor microenvironment,
thus allowing the activation of tumoricidal T-cells.

INTRODUCTION

Cancer cells develop many diverse and complex
mechanisms to evade the effects of chemotherapeutics,
particularly drugs that target a specific signaling pathway
[1]. This chemoresistance remains a significant obstacle
to successful cancer therapy. Given the heterogeneity and
plastic nature of most tumors, a better approach may be to
target tumor modifiers that support multiple components
of the tumor including both tumor epithelial cells as well
as stromal and infiltrating immune cells in the tumor
microenvironment [2—4]. Compared to normal cells,
tumor cells have been shown to contain elevated levels
of polyamines (putrescine, spermidine, and spermine)

[5-8]. Polyamines are amino acid-derived polycations
that have been implicated in a wide array of biological
processes, and they are essential for cellular proliferation,
differentiation, and cell death [8—16]. Intracellular
polyamine levels are maintained via tightly-regulated
biosynthetic, catabolic, and uptake and export pathways
[13]. Oncogenes such as MYC and RAS both upregulate
polyamine biosynthesis [17—19] and increase cellular
uptake of polyamines by inducing the polyamine transport
system (PTS) [20, 21]. In order to meet their huge
metabolic needs, most tumors have a greatly increased
need for polyamines compared to normal cells and,
consequently, polyamines are potent modifiers of tumor
development [22].
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Targeting polyamine metabolism has long been an
attractive approach to cancer chemotherapy. Ornithine
decarboxylase (ODC), the rate-limiting enzyme in
polyamine biosynthesis, is elevated in tumors and is an early
marker and promoter of tumorigenesis [8, 23-26]. Although
a~difluoromethylornithine (DFMO), an irreversible inhibitor
of ODC activity, showed promise as a chemotherapeutic
agent in vitro, it has had only moderate success in treating
cancer patients [8]. Subsequent studies discovered that its
effect on inhibiting polyamine biosynthesis was abrogated
in vivo with a compensatory increased activity of the PTS
in tumor cells with resulting increased uptake of polyamines
derived from the diet and gut flora into the tumor cells [22,
27]. Thus, to polyamine-starve a tumor, both polyamine
biosynthesis as well as polyamine transport must be
inhibited. Following the discovery that DFMO treatment
upregulates the PTS in tumors, work has focused on finding
drugs that can target the PTS.

To starve tumor cells of polyamines that are essential
for their growth and survival, we have developed a
new polyamine blockade therapy (PBT) that includes
a combination of 1) DFMO and 2) a novel polyamine
transport inhibitor (PTI). This approach exploits the
oncogene and DFMO-induced PTS activity in tumor cells
by inhibiting the PTS with a novel Trimer PTI [28, 29].
Both natural polyamines and polyamine-based drugs are
imported into tumors via this specific polyamine uptake
system. In contrast, normal cells are predicted to be
significantly less sensitive to the Trimer PTI due to their
low PTS activity [30]. In this report, we reveal for the first
time the anti-tumor efficacy of combination treatment with
DFMO and the Trimer PTI in two animal tumor models. We
show that this polyamine-targeted therapy provides a dual
attack on tumors by starving the tumors of the polyamine
growth factors needed for their proliferation and survival
and by activating an immune attack on these tumors.

RESULTS

PBT therapy reduces tumor growth and
progression

To evaluate the effect of polyamine blockade therapy
(PBT) we used the B16F10-sTAC melanoma model.
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Following subcutaneous injection of BI6F10-sTAC cells
expressing SIINFEKL peptide in C57/B16 mice, treatment
was initiated when tumors were between 50-100 mm?® in
size. Mice were administered Trimer PTI (i.p. injection 3
mg/kg daily), with or without 0.25% DFMO (w/v) in the
drinking water (Figure 1). Treatment with either DFMO or
Trimer PTI individually only modestly reduced B16F10-
STAC tumor growth compared to vehicle treatment (Figure
2A and 2B). However, there was a significant inhibitory
effect on tumor growth in mice treated with both DFMO
and the Trimer PTI with a 4-fold reduction in final tumor
weight compared to vehicle treated mice. Treatment with
Trimer PTI with or without DFMO had no significant
effect on spleen weight (Figure 2C). High-performance
liquid chromatography (HPLC) analysis of the polyamine
content in tumors showed that all polyamines, including
putrescine, spermidine, and spermine, were elevated in the
tumors compared to non-tumor bearing skin. Treatment
with DFMO alone reduced the levels of putrescine
compared to vehicle-treated mice, whereas treatment with
Trimer PTI alone had no discernible effect on polyamine
levels (Figure 2D). However, co-treatment with both
DFMO and the Trimer PTI significantly reduced the levels
of both putrescine and spermidine in the tumors compared
with vehicle treated mice (Figure 2D). Mass spectrometry
analysis demonstrated that the Trimer PTI accumulated
preferentially in the tumor (30 fold) of PBT- treated mice
compared to levels detected in surrounding non-tumor
bearing skin (Figure 2E).

The decreased tumor growth in mice treated with
DFMO and Trimer PTI was associated with a significant
increase in the number of IFN-y producing splenocytes
as measured by the ELISpot assay following ex vivo
stimulation with SIINFEKL peptide (Figure 3A) as well as
an increase in the number of F4/80 positive macrophages
in the tumor (Figure 3B). The increase in F4/80 positive
macrophages in the tumors of mice co-treated with DFMO
and Trimer PTI was also associated with movement of the
macrophages from the periphery of the tumor, as seen in
vehicle treated tumors to the interior (Figure 3C and 3D).
The increased tumor infiltration of macrophages correlated
with increased levels of proinflammatory cytokines
including monocyte chemoattractant protein-1 (MCP-1)
which is one of the key chemokines that regulate migration
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Figure 1: Structure of DFMO and Trimer PTI. Polyamine blockade therapy consists of combined treatment with
a-difluoromethylornithine (DFMO, an ODC inhibitor), and the Trimer PTI (N1, N1’, N1"-(benzene-1, 3, 5-triyltris(methylene))tris(N4-(4-
(methylamino)butyl)butane- 1, 4-diamine), an inhibitor of the polyamine transport system [29].
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and infiltration of monocytes/macrophages. Treatment with
DFMO or Trimer PTI individually did not significantly alter
cytokine levels compared to vehicle treated mice (Figure
4). However, co-treatment with both DFMO and Trimer
PTI significantly increased the levels of IL-10, IFN-y, and
MCP-1, i.e., cytokines associated with increased immune
activity in the tumor and tumor microenvironment.

Anti-tumor effects of PBT rely on host immune
processes

Because decreased tumor growth in mice co-treated
with DFMO and Trimer PTI was associated with increased
T-cell IFN-y production as measured by ELISpot assay
as well as increased levels of IL-10, MCP-1 and IFN-y,
we hypothesized that PBT anti-tumorigenic properties
may be dependent on host immune system competence.
To test this, mice with subcutaneous CT26.CL25 colon
carcinoma tumors were treated with anti-CD4 and anti-
CD8 antibodies to deplete CD4" and CD8" T-cells

-Trimer  ==>¢=Trimer + DFMO

before and during the treatment with PBT. As expected,
tumors in mice treated with anti-CD4/CD8 antibodies
grew at an accelerated rate compared to vehicle treated
mice (Figure 5SA). Whereas PBT treatment significantly
reduced CT26.CL25 tumor growth in mice possessing a
full complement of CD4" and CD8* T-cells (Figure SA and
5B), PBT treatment had no significant inhibitory effects
on tumor growth in mice that had received anti-CD4/CD§
antibodies (Figure 5A). The spleen weight of CT26.CL25
tumor bearing mice was significantly higher compared to
those on PBT treatment and mice without tumors (Figure
5C).

PBT treatment reduces specific subpopulations
of suppressor and pro-tumorigenic cells while
increasing T effector cell interferon-y and
granzyme B production

Subpopulations of immune cell infiltrates in CT26.
CL25 tumors were analyzed by flow cytometry following
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Figure 2: B16F10-sTAC tumor growth inhibition with DFMO and Trimer PTI. (A) Mice were subcutaneously injected with
5x10° B16F10-sTAC melanoma cells. When tumors were 50-100 mm? in size, treatment was initiated with either saline, 0.25% DFMO
(wW/v) in the drinking water, Trimer PTI (i.p., 3 mg/kg, once a day) or both DFMO and Trimer PTI. Graph shows B16F10-sTAC tumor
growth under different treatments (mean tumor volume + SEM). (B) Spleen weight was determined upon sacrifice (mean + SEM). (C) Upon
sacrifice, tumors were excised and weighed (mean + SEM). (D) Polyamine levels were determined in tumors by HPLC and normalized to
DNA levels in the tissue extracts (nmol/mg DNA). (E) Tumor and non-tumor bearing skin tissues were excised from PBT-treated mice,
flash frozen, finely pulverized in liquid nitrogen with mortar and pestle, homogenized in a solution of 33% water, 66% methanol and 1%
acetic acid, and then centrifuged at 5000 rpm for 10 min at 25°C. Trimer PTI levels were determined in tumor and skin supernatants by
mass spectrometry and normalized to tissue protein concentration (nmol/mg protein). n = 5-10 mice per group; *=p < 0.05 and # =p <

0.01 compared to vehicle-treated mice.
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isolation of tumor leukocytes using a discontinuous
Percoll gradient. Treatment with PBT significantly
decreased the populations of Gr1*CD11b* myeloid derived
suppresser cells (MDSC) and CD25°CD4" T regulatory
cells (Tregs), major immunosuppressive cell types found
in many different tumor types (Figure 6). PBT treatment
also significantly reduced the levels of F4/80"CD206" M2
macrophages that have been shown to support and promote
tumor growth in a broad range of tumors. Similar changes
were also noted in the FACS analyses of splenocytes
from vehicle and PBT treated mice. Treatment with PBT
significantly reduced M2 macrophages (F4/80*CD206"),
MDSCs (arginase’/Gr1*/CD11b") and Tregs (CD4*CD25%)
populations as well as overall arginase” CD45" leukocytes
(Supplementary Figure 1). While PBT treatment reduced
the levels of immunosuppressive and pro-tumorigenic
leukocytes that infiltrated the tumors, it also significantly
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increased the percentage of CD8* cytotoxic T-cells in the
tumors (Figure 6) which are immune cells responsible
for directly killing tumors cells. To further characterize
CD8* T effector cells infiltrating the tumors, we analyzed
the intracellular levels of [IFN-y and granzyme B, proteins
that are released from cytotoxic T-cells to stimulate the
immune system and to actively induce apoptosis in target
cells, respectively. Compared to vehicle-treated mice,
treatment with PBT significantly increased the percentage
of CD8* T-cells producing IFN-y from 1.3 +0.3% to 18.8 +
6.6% (Figure 7A and 7B), while increasing the percentage
of CD8" T-cells producing granzyme B to 15.2 = 5.4%
from 1.0 £+ 0.3% for vehicle treated mice (Figure 7A and
7C). Isolated infiltrating leukocytes from the tumors were
also assayed in an IFN-y ELISpot assay. Treatment with
PBT was associated with a significant increase in the
number of IFN-y producing isolated infiltrating leukocytes
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Figure 3: DFMO and Trimer PTI co-treatment increases cytotoxic T-cell activity and promotes macrophage infiltration
of the tumor. (A) The frequency of IFN-y producing T-cells was measured by the ELISpot assay as IFN-y spot forming units (SFU) per
million spleen cells. (B) The number of F4/80" cells per million B16F10-sTAC melanoma cells from either vehicle treated mice or mice co-
treated with DFMO and Trimer PTI. Representative images of B16F10-sTAC tumor sections from mice treated with vehicle (C) or DFMO
and Trimer PTI (D) and stained for F4/80° macrophages. n = 5-10 mice per group; *=p <0.05 and # = p < 0.01 compared to vehicle treated

mice.
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following ex vivo stimulation with the CT26.CL25 tumor-
specific LacZ peptide (Figure 7D).

Because treatment with PBT significantly reduced
MDSCs and Tregs, while increasing cytotoxic T-cell
activity, we hypothesized that PBT treatment was directly
effecting suppressor cell populations, which subsequently
lessened suppression of CD8* T-cells and increased T-cell
activity (as seen by the IFN-y ELISpot assays). To test
this hypothesis, MDSCs were isolated from CT26.CL25
tumor bearing mice that were vehicle control treated
or treated with PBT, and then MDSCs were adoptively
transferred to recipient CT26.CL25 tumor-bearing mice
treated with PBT, one week before they were sacrificed
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(Figure 8A). The single adoptive transfer of MDSCs
from vehicle treated mice into recipient tumor-bearing
mice treated with PBT blunted the PBT-induced increase
in antigen-specific T-cell IFN-y response (Figure 8B).
However, the adoptive transfer of MDSCs isolated from
tumor-bearing, PBT-treated mice into recipient tumor-
bearing mice treated with PBT resulted in no significant
reduction in tumor-specific T-cell IFN-y production
compared to that seen with PBT treated mice that did not
receive a MDSC adoptive transfer. These data suggest
that PBT treatment had modified or altered the MDSCs
making them less immunosuppressive. Overall these
results suggest that co-treatment with DFMO and Trimer
1
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Figure 4: DFMO and Trimer PTI co-treatment increases levels of pro-inflammatory cytokines in B16F10-sTAC
tumors. Upon sacrifice, tumors were excised, flash frozen in liquid nitrogen and then homogenized to produce tumor lysates which were
assayed for levels of TNF-a, IL-10, IFN-y, IL-6, MCP-1 and VEGF by Cytokine Bead Array or ELISA. n = 5-10 mice per group; *=p <

0.05 and #=p <0.01 compared to indicated group.
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PTI significantly inhibits tumor growth in multiple tumor
models by reversing the immunosuppressive tumor
microenvironment.

DISCUSSION

An increased need for polyamines is essential
for oncogenic activity in tumors, both in providing for
biomass via dramatic increases in protein translation
and in contributing to survival pathways for the tumor
cells. Elevated intracellular polyamine levels in tumors
are achieved by induction of polyamine biosynthesis
enzymes and import pathways. The development of
polyamine transport inhibitors is important since many
tumor types upregulate PTS activity in the presence of
polyamine biosynthesis inhibitors such as DFMO. We
show here that combination PBT treatment with DFMO
and the novel Trimer PTI significantly lowers intracellular
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tumor polyamine levels resulting in reduced tumor growth
in animals. Importantly, our results demonstrate that
PBT is an anti-metabolic treatment that reverts tumor-
induced immunosuppression by re-conditioning the
tumor microenvironment. Indeed, PBT reduction of tumor
myeloid suppressor cell populations and activation of
antitumor immune responses is critical for its anti-tumor
efficacy since it fails to decrease tumor growth in mice
lacking T cells.

Polyamines are important modulators of the immune
response, particularly in the tumor microenvironment
where they are found in high concentrations. Spermine
inhibits the production of IL-12, TNF-q, IL-1, IL-6, MIP-
la, and MIP-1b by in vitro-stimulated macrophages [31,
32] and protects against lethal sepsis by attenuating local
and systemic inflammatory response [33]. In vitro studies
have also shown that polyamines suppress lymphocyte
proliferation, decrease macrophage tumoricidal activity
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Figure 5: Depletion of CD4* and CD8" T-cells reverses PBT inhibition of tumor growth. (A) Mice were subcutaneously
injected with 5x10° CT26.CL25 colon carcinoma cells. When tumors were 50-100 mm? in size, treatment was initiated with either saline or
0.25% DFMO (w/v) in the drinking water plus Trimer PTI (i.p. 3 mg/kg, once a day). Mice in the anti-CD4/CD8 groups were i.p. injected
with 75 ng of anti-CD4 and anti-CDS antibodies every three days starting 3 days prior to the initiation of treatment with a total of four
doses. Graph shows CT26.CL25 tumor growth under different treatments (mean tumor volume + SEM). Upon sacrifice, tumors (B) and
spleens (C) were excised and weighed (mean = SEM). n = 5-10 mice per group; “=p <0.05 and # = p < 0.01 compared to indicated group.
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and neutrophil motility, and decrease 1L-12-dependent NK
cell activity [34—38]. We observed significantly elevated
IL-10 levels in tumors of PBT treated mice. IL-10 is a
highly pleiotropic cytokine that has been characterized
as both a tumor promoter and an inhibitor of tumor
progression depending on context. Multiple studies have
found a positive correlation between IL-10 levels and poor
prognosis in melanoma, likely due to immunosuppressive
properties of IL-10 [39]. However others have found
that IL-10 has potent anti-tumor effects. Emmerich et.al.
found that intravenous administration of IL-10 resulted
in the rejection of implanted tumors due to activation
and expansion of resident CD8" T-cells [40]. This study
also reported an increase in IFN-y and granzyme B
expression and a three-fold increase in tumor-infiltrating
cytotoxic leukocytes in mice receiving IL-10 [40]. We
found that treatment with DFMO alone or Trimer alone
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was not sufficient to significantly inhibit tumor growth.
However, blocking both polyamine biosynthesis and
polyamine cellular uptake with PBT not only decreased
tumor polyamine levels resulting in significantly reduced
tumor growth but also enhanced an anti-tumor immune
response. In mice with either BI6F10 or CT26.CL25
tumors, splenocytes from PBT-treated mice demonstrated
a significant increase in tumor-specific IFN-y expression
that was not present in tumor-bearing mice treated
with DFMO or Trimer alone. Our data shows that PBT
stimulates an anti-tumor immune effect that is T-cell
dependent since the anti-tumor effect of PBT was lost
in mice where CD4* and CD8* T cells were antibody-
depleted. PBT anti-tumor activity was accompanied by
an increase in activated CD8" T-cells and a decrease in
immunosuppressive tumor infiltrating cells including Gr-
1*CD11b" myeloid derived suppressor cells (MDSCs),
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Figure 6: DFMO and Trimer PTI co-treatment reduces the immunosuppressive and pro-tumorigenic cells populations.
Upon sacrifice, tumors were excised from CT26.CL25-tumor bearing mice and processed for analysis by flow cytometry. CD45" tumor
cells were analyzed for the percentage of the indicated cell subpopulations. n = 5-10 mice per group; = p < 0.05 and # = p < 0.01 compared

to indicated group.
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CD4'CD25" Tregs, and CD206'F4/80* M2 macrophages.
It is important to note that neither DFMO nor Trimer
PTI are cytotoxic drugs, but the anti-tumor activity of
PBT combination treatment deprives polyamine-addicted
tumors of polyamines that they need for survival and also
relieves polyamine-mediated immunosuppression in the
tumor microenvironment.

The Trimer PTI is a competitive inhibitor of the
PTS that out-competes native polyamines for binding
to the cell surface receptors (e.g. heparan sulfate
proteoglycans) of the PTS [30, 41]. Normal cells can
synthesize sufficient levels of polyamines and have very
low PTS activity compared to tumor cells that have a
much greater need for polyamines. Mass spec analysis
shows that the high PTS activity in tumor cells results in
higher accumulation of Trimer PTI in tumors compared
to normal tissue, thus reducing toxicity in non-tumor
tissues while more specifically reducing polyamine levels
in the tumor. Another polyamine-based PTI, AMXT1501,
has also been shown to have anti-tumor efficacy when
combined with DFMO [42]. However, the design of the

IFN-y

lipophilic linear palmitic acid-lysine-spermine structure
of AMXT1501 differs from the 1, 3, 5-trisubstituted
benzene of the Trimer PTI [29]. For example, the Trimer
PTI is more water-soluble, is orally available, and
presents three homospermidine ‘messages’ to the receptor
compared to the N'-acylated spermine motif presented by
AMXT1501 [29]. Since the N'-position in AMXT1501 is
N-acylated, this design converts the spermine headgroup
into a modified N-alkylated spermidine motif. We note
that the homospermidine motif in the Trimer PTI has
been shown in vitro to outperform the spermidine tail
available in AMXT1501 in terms of selectively targeting
cells with active polyamine transport [29, 43, 44]. While
both PTI approaches have their merits, we noted that
the N-methylation of the terminal primary amines of the
Trimer PTI provides additional metabolic stability to
amine oxidases [45], and blood and tissue analyses have
revealed that its metabolism via demethylation creates an
even more potent PTI [29]. In summary, the Trimer PTI
possesses a balance of properties that include low toxicity,
high potency, improved targeting, and metabolic stability.
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Figure 7: Co-treatment with DFMO and Trimer PTI increases the cytotoxic T-cell activity in the tumor. Upon sacrifice,
tumors were excised from CT26.CL25-tumor bearing mice and infiltrating leukocytes were isolated by discontinuous Percoll gradients.
CD8" T-cells were analyzed for the percentage of IFN-y* (A and B) and granzyme B* (A and C) cells by flow cytometry. (D) The frequency
of IFN-y producing T-cells was measured by the ELISpot assay as IFN-y spot forming units (SFU) per 5 x10° tumor infiltrating leukocytes.
n = 5-10 mice per group; *=p < 0.05 and # = p < 0.01 compared to indicated group.
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PBT-activation of a tumor immune response may be
due to a direct activating effect on T-cell tumor infiltrates
as well as indirect inhibitory effects on myeloid cell
subpopulations that suppress T-cell activation. A variety of
tumor-infiltrating immunosuppressive myeloid populations,
including MDSCs, M2 macrophages, and Treg populations,
have been shown to suppress cytotoxic T-cell activity.
Our data show that PBT decreases levels of multiple
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immunosuppressive myeloid cell populations that infiltrate
tumors. In contrast, another study reported that treatment
with higher doses of DFMO alone did not decrease MDSC
accumulation in tumor-bearing mice even though DFMO-
treatment of MDSCs in short-term culture inhibited their
suppression of T-cell proliferation in an arginase-dependent
manner [46]. Thus, it appears that polyamine depletion with
both DFMO and the Trimer PTI is necessary to decrease
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Figure 8: Co-treatment with DFMO and Trimer PTI decreases the immunosuppressive activity of MDSCs. (A) One
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MDSC accumulation in tumor-bearing animals. This is
further reinforced with our experimental data showing that
adoptive transfer of MDSCs reduced the tumor-specific T-cell
IFN-y production that was stimulated in PBT-treated tumor-
bearing mice. However, adoptive transfer of MDSCs from
PBT-treated mice did not significantly reduce this tumor-
specific T-cell IFN-y production, suggesting that blocking
both polyamine biosynthesis and transport is necessary in
vivo to impair the accumulation and immunosuppressive
function of MDSCs. Although the molecular basis for PBT-
mediated inhibitory effects on myeloid immunosuppressive
activity remains to be determined, previous studies have
shown that DFMO blocks IL-4 induction of arginase
activity in macrophages [42] as well as impairing the
immunosuppressive activity of MDSCs via reducing their
arginase activity [46]. PBT reduces arginase activity that
is induced in not only immunosuppressive myeloid cells
but also in tumor epithelial cells with elevated polyamine
levels [42]. Furthermore, a recent study has shown that
polyamines released by MDSCs can confer an indoleamine
2, 3-dioxygenase 1 (IDO1)-dependent, immunosuppressive
phenotype on dendritic cells [47]. Thus, it is likely that
PBT activates an anti-tumor immune response via multiple
mechanisms affecting the metabolism of both tumor
epithelial cells as well as immunosuppressive tumor-
associated cell populations.

These data show that combined treatment with
both DFMO and the Trimer PTI not only deprives
polyamine-addicted tumor cells of polyamines, but also
relieves polyamine-mediated immunosuppression in the
tumor microenvironment, thus allowing the activation
of tumoricidal T-cells. Tumor synthesis and release of
polyamines contributes to immune editing of tumors and
the selection of immunosuppressive cells in the tumor
microenvironment. This polyamine blocking therapy
offers exciting potential as adjunct cancer treatment
both with conventional chemotherapeutic agents and in
stimulating anti-tumor immune responses with tumor
immunotherapies.

MATERIALS AND METHODS

Animals

Female C57Bl16 or Balb/C mice were obtained from
Charles Rivers/NCI. Protocols for the use of animals
in these studies were reviewed and approved by the
Institutional Animal Care and Use Committee of the
Lankenau Institute for Medical Research in accordance
with current US Department of Agriculture, Department
of Health and Human Service regulations and standards.

Cell culture

B16F10-sTAC cells engineered to express
SIINFEKL peptide were cultured in DMEM supplemented

with 10% fetal bovine serum and 1X Penicillin/
Streptomycin. CT26.CL25 cells were cultured in
DMEM supplemented with 10% fetal bovine serum, 1X
Penicillin/Streptomycin and 0.8 mg/ml of G418 disulfate
(Fisher Scientific). CT26.CL25 (American Type Culture
Collection, Rockville, MD) is a subclone of CT26
colon carcinoma cells that have been transduced with
Escherichia coli p-gal gene, which have been shown to be
equally as lethal as the parental clone CT26.WT, in normal
mice.

In vivo tumor models

Tumor models were established by subcutaneous
injections of 5x10° B16F10-sTAC cells in C57BI16 mice
or 5x105 CT26.CL25 cells in Balb/c mice. Mice were
monitored twice a week for tumor growth. Treatment
with 0.25% (w/v) DFMO in the drinking water and the
Trimer PTI (3 mg/kg daily by intraperitoneal injection)
was initiated when tumors were palpable (50-100 mm?).
For adoptive transfers, spleens were excised and pressed
through a nylon filter to obtain a single cell suspension. The
resulting suspension was incubated with red cell lysis buffer
for 5 minutes to lyse red blood cells. Gr1* cells were stained
with a PE conjugated antibody and then isolated using anti-
PE microbeads (Miltenyi Biotec) as per the manufacturer’s
instructions. Grl* positive cells were injected into
the retro-orbital cavity. Tumor growth was assessed
morphometrically using calipers, and tumor volumes were
calculated using the formula V (mm?) = /6 x Ax B? (A is
the larger diameter and B is the smaller diameter).

Antigen-specific T-cell response detection by
IFN-y ELISpot

Upon sacrifice, splenocytes from B16F10-sTAC
tumor bearing mice and tumor cell suspensions from
CT26.CL25 tumor bearing mice were analyzed for IFN-y
producing cells by enzyme-linked immunosorbent spot
(ELISpot) assay. Multiscreen filtration plates (Millipore)
were coated with 0.5 pg/mL of purified anti-mouse IFN-y
capture antibody (Biolegend) overnight at 4 °C. Single-cell
suspensions of splenocytes or tumors were plated at 1X10°
and 5x10° per well respectively. For ELISpot assays with
splenocytes from B16F10-sTAC tumor bearing mice, cells
were stimulated with the SIINFEKL peptide (Anaspec) at
20 pg/mL. Cells from CT26.CL25 tumors were treated
with a known H-2D-restricted B-galactosidase peptide
(TPHPARIGL; ChemPep). After 16 hours of stimulation
at 37 °C, the cells were removed by washing and spots
were developed with a biotinylated anti-IFN-y detection
antibody and streptavidin-horseradish  peroxidase
conjugate followed by NITRO-blue tetrazolium chloride
and 5-bromo-4-chloro-3'-indoylphosphate p-toluidine salt
substrate (Sigma). Spot numbers were counted, and data
were reported as IFN-y-spot forming cells per 10° cells.
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Immunohistochemistry

Mouse tumor tissues were fixed in 4%
paraformaldehyde in PBS overnight and embedded in
paraffin. Sections were deparaffinized, hydrated, and
then heated in 0.01 mol/L sodium citrate buffer (pH 6.0)
in a steamer for 8 minutes. Sections were incubated with
the primary antibody (rat monoclonal anti-mouse F4/80
[BioRad MCA497GA]) for 2 hr at room temperature
followed by biotinylated secondary and then an avidin HRP
complex (Vectastain Elite ABC KIT, Vector Laboratories,
INC). Immunoreactive cells were localized by incubating
the sections with diaminobenzidine and peroxide and then
counterstaining with hematoxylin. Pictures were obtained
using a Zeiss Axiophot microscope (Carl Zeiss Inc.) with a
digital color camera and corresponding software.

Cytokine analysis

B16F10-sTAC tumors were flash frozen in liquid
nitrogen, ground and homogenized in PBS containing
0.5 puM dithiothreitol, 0.5 pM Pefabloc and 8 pg/
mL leupeptin. Samples were analyzed for monocyte
chemoattractant protein-1 (MCP-1), interleukin-6 (IL-
6). IL-10, tumor necrosis factor alpha (TNF-0) and
interferon gamma (IFN-y) using the Mouse Inflammation
Cytometric Bead Array reagents (BD Biosciences, San
Jose, CA) and flow cytometry as per the manufacturer’s
protocol. VEGF cytokine levels were analyzed using the
mouse VEGF Quantikine ELISA (R&D systems) as per
the manufacturer’s instructions.

Flow cytometry analysis of immune cell
infiltrates

Tumor tissue was digested in a 0.3% collagenase/0.1%
hyaluronidase solution, pressed through a nylon mesh filter
to obtain a single cell suspension and incubated in red
cell lysis buffer (0.17 M Tris-HCL, 0.16 M NH,CI) for 5
minutes. Cells were spun down and resuspended in a 40%
Percoll solution (GE Healthcare). The tumor cell suspension
was then underlaid with an 80% Percoll solution and spun
at 325 x g for 23 minutes. Cells at the interface between
the 40% and 80% Percoll solutions were removed, washed
and prepared for flow cytometric analysis. Equal numbers
of viable cells were stained with combinations of the
following: CD8a-PECy7, CD4-PE, F4/80-PECy7, CD206-
FITC, Gr1-APC, CD11b-PE, CD45-APC-Cy7, Granzyme
B-FITC and IFN-y-APC. Flow-cytometric data were
acquired on a BD FACSCanto II cytometer and analyzed
using FACSDiva software (BD Biosciences).

Statistical analysis

All in vitro experiments were performed at least
in triplicate, and data were compiled from two to three
separate experiments. Analyses were done using a 1-way

ANOVA with a Tukey test for statistical significance or
a Students t-test. /n vivo studies were carried out using
multiple animals (n = 5-10 per treatment group). Tumor
growth curves were analyzed with a Generalized Linear
model with fixed effects of treatment and time. Data were
examined for the interaction between treatment groups
and day of observations, testing whether the slopes of the
growth curves (tumor volume vs. day of observation) were
significantly different for the control and treatment groups.
In all cases, values of p < 0.05 were regarded as being
statistically significant.

Abbreviations

a-Difluoromethylornithine (DFMO), myeloid
derived suppressor cells (MDSC), ornithine decarboxylase
(ODC), polyamine blockade therapy (PBT), polyamine
transport inhibitor (PTI), polyamine transport system
(PTS).

Author contributions

ETA: Study conception and design, acquisition
of data, analysis and interpretation of data, drafting of
manuscript.

AM: acquisition of data.

MP: acquisition of data.

OP: Study conception and design, drafting of
manuscript.

SKG: Study conception and design, acquisition
of data, analysis and interpretation of data, drafting of
manuscript.

CONFLICTS OF INTEREST

Both the composition of matter and use of the
Trimer PTI with DFMO in the treatment of cancers have
been patented by UCF. As outlined in a collaborative
research agreement, both UCF and the Lankenau Institute
for Medical Research will equally share future royalties
related to commercialization of this intellectual property.
A patent application for the use of the Trimer PTI plus
DFMO as immunomodulatory therapy has been filed
jointly by LIMR and UCF.

FUNDING

This work was supported by National Cancer
Institute grant RO1 CA70739, the John B. Deaver
Foundation, and DOD grant CA150356.

REFERENCES

1. Rebucci M, Michiels C. Molecular aspects of cancer cell
resistance to chemotherapy. Biochem Pharmacol. 2013;
85:1219-26. https://doi.org/10.1016/j.bcp.2013.02.017.

www.impactjournals.com/oncotarget

84150

Oncotarget



10.

I1.

12.

13.

15.

Dobbelstein M, Moll U. Targeting tumour-supportive
cellular machineries in anticancer drug development. Nat
Rev Drug Discov. 2014; 13:179-96. https://doi.org/10.1038/
nrd4201.

Zhao J. Cancer stem cells and chemoresistance: the smartest
survives the raid. Pharmacol Ther. 2016; 160:145-58.
https://doi.org/10.1016/j.pharmthera.2016.02.008.

Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A.
Cancer-related inflammation, the seventh hallmark of
cancer: links to genetic instability. Carcinogenesis. 2009;
30:1073-81. https://doi.org/10.1093/carcin/bgp127.

Pegg AE. Polyamine metabolism and its importance in
neoplastic growth as a target for chemotherapy. Cancer Res.
1988; 48:759-74.

Tabor CW, Tabor H. Polyamines. Ann Rev Biochem.
1984; 53:749-90. https://doi.org/10.1146/annurev.
bi.53.070184.003533.

Pegg AE. Recent advances in the biochemistry of
polyamines in eukaryotes. Biochem J. 1986; 234:249-62.
Gerner EW, Meyskens FL Jr. Polyamines and cancer: old
molecules, new understanding. Nat Rev Cancer. 2004;
4:781-92. https://doi.org/10.1038/nrc1454.

Cufi S, Vazquez-Martin A, Oliveras-Ferraros C, Martin-
Castillo B, Vellon L, Menendez JA. Autophagy positively
regulates the CD44 (+) CD24 (-/low) breast cancer stem-
like phenotype. Cell Cycle. 2011; 10:3871-85. https://doi.
org/10.4161/cc.10.22.17976.

Mirzoeva OK, Hann B, Hom YK, Debnath J, Aftab D,
Shokat K, Korn WM. Autophagy suppression promotes
apoptotic cell death in response to inhibition of the
PI3K-mTOR pathway in pancreatic adenocarcinoma.
J Mol Med. 2011; 89:877-89. https://doi.org/10.1007/
s00109-011-0774-y.

Morselli E, Marino G, Bennetzen MV, Eisenberg T,
Megalou E, Schroeder S, Cabrera S, Benit P, Rustin P,
Criollo A, Kepp O, Galluzzi L, Shen S, et al. Spermidine
and resveratrol induce autophagy by distinct pathways
converging on the acetylproteome. J Cell Biol. 2011;
192:615-29. https://doi.org/10.1083/jcb.201008167.

Morselli E, Galluzzi L, Kepp O, Marino G, Michaud
M, Vitale I, Maiuri MC, Kroemer G. Oncosuppressive
functions of autophagy. Antioxid Redox Signal. 2011;
14:2251-69. https://doi.org/10.1089/ars.2010.3478.
Wallace HM, Fraser AV, Hughes A. A perspective of
polyamine metabolism. Biochem J. 2003; 376:1-14.
Thomas T, Thomas TJ. Polyamine metabolism and
cancer. J Cell Mol Med. 2003; 7:113-26. https://doi.
org/10.1111/5.1582-4934.2003.tb00210.x.

Wei G, Hobbs CA, Defeo K, Hayes CS, Gilmour SK.
Polyamine-mediated regulation of protein acetylation in
murine skin and tumors. Mol Carcinog. 2007; 46:611-7.
https://doi.org/10.1002/mc.20350.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Pegg AE. Mammalian polyamine metabolism and function.
IUBMB Life. 2009; 61:880-94. https://doi.org/10.1002/
iub.230.

Bello-Fernandez C, Packham G, Cleveland JL. The
ornithine decarboxylase gene is a transcriptional target of
c-Myec. Proc Natl Acad Sci U S A. 1993; 90:7804-8.

Forshell TP, Rimpi S, Nilsson JA. Chemoprevention
of B-cell lymphomas by inhibition of the Myc target
spermidine synthase. Cancer Prev Res. 2010; 3:140-7.
https://doi.org/10.1158/1940-6207.

Origanti S, Shantz LM. Ras transformation of RIE-1
cells activates cap-independent translation of ornithine
decarboxylase: regulation by the Raf/MEK/ERK and
phosphatidylinositol 3-kinase pathways. Cancer Res.
2007; 67:4834-42. https://doi.org/10.1158/0008-5472.
CAN-06-4627.

Bachrach U, Seiler N. Formation of acetylpolyamines and
putrescine from spermidine by normal and transformed
chick embryo fibroblasts. Cancer Res. 1981; 41:1205-8.

Chang BK, Libby PR, Bergeron RJ, Porter CW. Modulation
of polyamine biosynthesis and transport by oncogene
transfection. Biochem Biophys Res Commun. 1988;
157:264-70.

Seiler N, Delcros JG, Moulinoux JP. Polyamine transport
in mammalian cells. An update. Int J Biochem Cell Biol.
1996; 28:843-61.

O'Brien TG, Megosh LC, Gilliard G, Soler AP. Ornithine
decarboxylase overexpression is a sufficient condition
for tumor promotion in mouse skin. Cancer Res. 1997;
57:2630-7.

Lan L, Hayes CS, Laury-Kleintop L, Gilmour S.
Suprabasal induction of ornithine decarboxylase in
adult mouse skin is sufficient to activate keratinocytes.
J Invest Dermatol. 2005; 124:602-14. https://doi.
org/10.1111/.0022-202X.2005.23620.x.

Lan L, Trempus C, Gilmour SK. Inhibition of ornithine
decarboxylase (ODC) decreases tumor vascularization and
reverses spontaneous tumors in ODC/Ras transgenic mice.
Cancer Res. 2000; 60:5696-703.

Smith MK, Trempus CS, Gilmour SK. Co-operation
between follicular ornithine decarboxylase and v-Ha-ras
induces spontaneous papillomas and malignant conversion
in transgenic skin. Carcinogenesis. 1998; 19:1409-15.

Thomas T, Thomas TJ. Polyamines in cell growth and cell
death: molecular mechanisms and therapeutic applications.
Cell Mol Life Sci. 2001; 58:244-58. https://doi.org/10.1007/
PL00000852.

Muth A, Kamel J, Kaur N, Shicora AC, Ayene IS, Gilmour
SK, Phanstiel O. Development of polyamine transport
ligands with improved metabolic stability and selectivity
against specific human cancers. ] Med Chem. 2013;
56:5819-28. https://doi.org/10.1021/jm400496a.

Muth A, Madan M, Archer JJ, Ocampo N, Rodriguez
L, Phanstiel O. Polyamine transport inhibitors:

WWw

.impactjournals.com/oncotarget

84151

Oncotarget



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

design, synthesis, and combination therapies with
difluoromethylornithine. J Med Chem. 2014; 57:348-63.
https://doi.org/10.1021/jm401174a.

Phanstiel O, Kaur N, Delcros JG. Structure-activity
investigations of polyamine-anthracene conjugates and their
uptake via the polyamine transporter. Amino Acids. 2007,
33:305-13. https://doi.org/10.1007/s00726-007-0527-y.

Hasko G, Kuhel DG, Marton A, Nemeth ZH, Deitch EA,
Szabo C. Spermine differentially regulates the production
of interleukin-12 p40 and interleukin-10 and suppresses the
release of the T helper 1 cytokine interferon-gamma. Shock.
2000; 14:144-9.

Zhang M, Wang H, Tracey KJ. Regulation of macrophage
activation and inflammation by spermine: a new chapter in
an old story. Crit Care Med. 2000; 28:N60-6.

Zhu S, Ashok M, LiJ, Li W, Yang H, Wang P, Tracey KJ,
Sama AE, Wang H. Spermine protects mice against lethal
sepsis partly by attenuating surrogate inflammatory markers.
Mol Med. 2009; 15:275-82. https://doi.org/10.2119/
molmed.2009.00062.

Labib RS, Tomasi TB Jr. Enzymatic oxidation of
polyamines. Relationship to immunosuppressive properties.
Eur J Immunol. 1981; 11:266-9. https://doi.org/10.1002/
¢ji.1830110318.

Ferrante A, Maxwell GM, Rencis VO, Allison AC,
Morgan DM. Inhibition of the respiratory burst of human
neutrophils by the polyamine oxidase-polyamine system.
Int J Immunopharmacol. 1986; 8:411-7.

Chamaillard L, Catros-Quemener V, Delcros JG, Bansard
JY, Havouis R, Desury D, Commeurec A, Genetet N,
Moulinoux JP. Polyamine deprivation prevents the
development of tumour-induced immune suppression. Br J
Cancer. 1997; 76:365-70.

Chamaillard L, Quemener V, Havouis R, Moulinoux JP.
Polyamine deprivation stimulates natural killer cell activity
in cancerous mice. Anticancer Res. 1993; 13:1027-33.
Soda K. The mechanisms by which polyamines accelerate
tumor spread. J Exp Clin Cancer Res. 2011; 30:1-9.
Mannino MH, Zhu Z, Xiao H, Bai Q, Wakefield MR, Fang
Y. The paradoxical role of IL-10 in immunity and cancer.
Cancer Lett. 2015; 367:103-7. https://doi.org/10.1016/].
canlet.2015.07.009.

Emmerich J, Mumm JB, Chan IH, LaFace D, Truong H,
McClanahan T, Gorman DM, Oft M. IL-10 directly activates

41.

42.

43.

44,

45.

46.

47.

and expands tumor-resident CD8(+) T cells without de novo
infiltration from secondary lymphoid organs. Cancer Res.
2012; 72:3570-81. https://doi.org/10.1158/0008-5472.
can-12-0721.

Poulin R, Casero RA, Soulet D. Recent advances in the
molecular biology of metazoan polyamine transport.
Amino Acids. 2012; 42:711-23. https://doi.org/10.1007/
s00726-011-0987-y.

Hayes CS, Shicora AC, Keough MP, Snook AE, Burns
MR, Gilmour SK. Polyamine-blocking therapy reverses
immunosuppression in the tumor microenvironment.
Cancer Immunol Res. 2014; 2:274-85. https://doi.
org/10.1158/2326-6066.CIR-13-0120-T.

Wang C, Delcros JG, Biggerstaff J, Phanstiel O. Synthesis
and biological evaluation of N1-(anthracen-9-ylmethyl)
triamines as molecular recognition elements for the
polyamine transporter. ] Med Chem. 2003; 46:2663-71.
https://doi.org/10.1021/jm030028w.

Wang C, Delcros JG, Biggerstaff J, Phanstiel O. Molecular
requirements for targeting the polyamine transport
system. Synthesis and biological evaluation of polyamine-
anthracene conjugates. ] Med Chem. 2003; 46:2672-82.
https://doi.org/10.1021/jm020598g.

Kaur N, Delcros JG, Archer J, Weagraff NZ, Martin B,
Phanstiel O. Designing the polyamine pharmacophore:
influence of N-substituents on the transport behavior of
polyamine conjugates. J] Med Chem. 2008; 51:2551-60.
https://doi.org/10.1021/jm701341k.

Ye C, Geng Z, Dominguez D, Chen S, Fan J, Qin L, Long
A, Zhang Y, Kuzel TM, Zhang B. Targeting ornithine
decarboxylase by alpha-difluoromethylornithine inhibits
tumor growth by impairing myeloid-derived suppressor
cells. J Immunol. 2016; 196:915-23. https://doi.org/10.4049/
jimmunol.1500729.

Mondanelli G, Bianchi R, Pallotta MT, Orabona C,
Albini E, Iacono A, Belladonna ML, Vacca C, Fallarino
F, Macchiarulo A, Ugel S, Bronte V, Gevi F, et al. A relay
pathway between arginine and tryptophan metabolism
confers immunosuppressive properties on dendritic cells.
Immunity. 2017; 46:233-44. https://doi.org/10.1016/].
immuni.2017.01.005.

www.impactjournals.com/oncotarget

84152

Oncotarget



