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Abstract: Neuroblastoma is a childhood tumor in which MYC oncogenes are commonly activated to drive 
tumor progression. Survival for children with high-risk neuroblastoma remains poor despite treatment that 
incorporates high-dose chemotherapy, stem cell support, surgery, radiation therapy and immunotherapy. 
More effective and less toxic treatments are sought and one approach under clinical development involves 
re-purposing the anti-protozoan drug difluoromethylornithine (DFMO; Eflornithine) as a neuroblastoma 
therapeutic. DFMO is an irreversible inhibitor of ornithine decarboxylase (Odc), a MYC target gene, bona 
fide oncogene, and the rate-limiting enzyme in polyamine synthesis. DFMO is approved for the treatment of 
Trypanosoma brucei gambiense encephalitis (“African sleeping sickness”) since polyamines are essential for the 
proliferation of these protozoa. However, polyamines are also critical for mammalian cell proliferation and 
the finding that MYC coordinately regulates all aspects of polyamine metabolism suggests polyamines may 
be required to support cancer promotion by MYC. Pre-emptive blockade of polyamine synthesis is sufficient 
to block tumor initiation in an otherwise fully penetrant transgenic mouse model of neuroblastoma driven by 
MYCN, underscoring the necessity of polyamines in this process. Moreover, polyamine depletion regimens 
exert potent anti-tumor activity in pre-clinical models of established neuroblastoma as well, in combination 
with numerous chemotherapeutic agents and even in tumors with unfavorable genetic features such as 
MYCN, ALK or TP53 mutation. This has led to the testing of DFMO in clinical trials for children with 
neuroblastoma. Current trial designs include testing lower dose DFMO alone (2,000 mg/m2/day) starting at 
the completion of standard therapy, or higher doses combined with chemotherapy (up to 9,000 mg/m2/day) 
for patients with relapsed disease that has progressed. In this review we will discuss important considerations 
for the future design of DFMO-based clinical trials for neuroblastoma, focusing on the need to better define 
the principal mechanisms of anti-tumor activity for polyamine depletion regimens. Putative DFMO activities 
that are both cancer cell intrinsic (targeting the principal oncogenic driver, MYC) and cancer cell extrinsic 

Editor’s note:
Cancer has been called a metabolic disease for some time. To address the significance of metabolic alterations in cancer, this column on 
“Metabolism of Childhood Cancer” is launched with Dr. Dinesh Rakheja (Departments of Pathology and Pediatrics, University of Texas 
Southwestern Medical Center) serving as the column editor. More featured articles are expected to be published in the column.



227Translational Pediatrics, Vol 4, No 3 July 2015

© Translational Pediatrics. All rights reserved. Transl Pediatr 2015;4(3):226-238www.thetp.org

Introduction

Cancer remains the leading cause of death by disease in 
children, and neuroblastoma contributes substantially to 
this mortality. While intensified conventional treatments 
using high-dose chemotherapy with stem cell support, 
r ad io therapy  and  immunotherapy  have  reduced 
mortality (1), overall survival remains at less than 50% and 
comes at the cost of significant life-long morbidities (2). 
Despite having entered the era of precision medicine few 
new drug targets have been identified for neuroblastoma (3). 
Genomic studies of hundreds of tumors have shown that 
the most common event driving aggressive neuroblastoma 
is deregulation of MYC family genes, as amplification of 
the MYCN  oncogene (4) or deregulation of MYC 
signaling (5) occurs in the majority of high-risk tumors. 
That MYC genes are bona fide drivers of neuroblastoma has 
been confirmed in the TH-MYCN transgenic mouse model, 
in which targeted overexpression of MYCN to the murine 
neural crest (the tissue of origin for neuroblastoma) leads 
to a lethal tumor that recapitulates the hallmark features of 
human neuroblastoma (6). Still, despite 30 years of study no 
MYC-targeted therapy has reached the clinic.

Direct pharmacologic inhibition of Myc proteins 
themselves has proven difficult, yet many of the cancer 
activities promoted by Myc require abundant polyamines. 
Polyamines are essential cationic chaperones that support 
many Myc functions, and the genes involved in generating 
polyamines such as ornithine decarboxylase (Odc) are 
coordinately regulated to promote polyamine sufficiency 
in MYC-driven cancers like neuroblastoma (7). This has 
led to the hypothesis that polyamine metabolism provides 
a druggable signaling module downstream of Myc, and 
indeed drugs such as difluoromethylornithine (DFMO; 
Eflornithine) that inhibit Odc activity can antagonize 
polyamine synthesis, deplete tumors of polyamines, and 
inhibit the growth of MYC-deregulated tumors (8,9). 
Effective pre-emptive blockade of polyamine synthesis 

can prevent neuroblastoma formation in the transgenic 
TH-MYCN model supporting that polyamines are indeed 
required for the full oncogenic potential of activated 
MYC genes. Similar findings from additional models 
of cancer initiation has led to the study of DFMO as a 
chemopreventive agent in numerous clinical settings (10). 
More importantly, however, is the demonstration that MYC-
driven tumors appear to remain dependent on polyamines. 
In both mouse and human neuroblastoma models the 
depletion of polyamines from progressing tumors renders 
them substantially more sensitive to chemotherapy and 
contributes to durable tumor regression (8).

Extensive pre-clinical data credentialing polyamine 
depletion as a therapeutic strategy in neuroblastoma have 
led to multiple early phase clinical trials testing DFMO 
in children. These studies encompass a range of DFMO 
doses and clinical settings including treatment of tumors 
that have relapsed after high-risk therapy, or treatment 
initiated at the completion of therapy at a time of potential 
minimal residual disease. To fully leverage the clinical 
activity of DFMO-based therapies it is imperative that a 
more detailed understanding of the mechanisms by which 
polyamine depletion contributes to cancer cell killing 
be developed. In this review we first discuss the putative 
cancer cell-directed mechanisms of polyamine depletion 
activity. Identifying the key mechanism linked to activity 
provides an opportunity to develop biomarkers predictive 
of treatment response that can then be used prospectively. 
Second, we review available evidence that polyamine 
depletion alters the tumor microenvironment to change 
it from one that is tumor-permissive through repression 
of immune system effectors, to one that promotes anti-
tumor immunity. This is an important consideration given 
that an immunotherapy regimen consisting of anti-GD2 
targeted antibody with GM-CSF and IL-2 has been shown 
to improve survival in neuroblastoma (11), and begs the 
question of whether DFMO exposures that target the 

(altering the tumor microenvironment to support anti-tumor immunity) will be discussed. Understanding 
the mechanisms of DFMO activity are critical in determining how it might be best leveraged in upcoming 
clinical trials. This mechanistic approach also provides a platform by which iterative pre-clinical testing using 
translational tumor models may complement our clinical approaches.
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tumor microenvironment (and immune effectors) could 
cooperate with immunotherapy to improve outcomes. We 
will outline current thinking regarding these putative cancer 
cell-intrinsic and -extrinsic activities, approaches to address 
them using pre-clinical models, and the relevance that such 
findings may have for subsequent drug development efforts 
focused on DFMO use for neuroblastoma.

Connecting MYC oncogenes, polyamines and 
tumor progression

Integrative genomic studies including whole genome 
sequencing have identified a limited number of driver genes 
for neuroblastoma, including MYCN (4), ALK (12,13), 
ATRX (14) and ARID1A and ARID1B (15). Of these, MYC 
genes are by far the most prevalent, with deregulation 
of MYCN by genomic amplification occurring in ~40% 
of high-risk tumors. MYCN amplification independently 
correlates with advanced stage disease and poor outcome 
and is used worldwide to identify higher-risk patients for 
more aggressive treatments (4,16). In high-risk tumors 
without MYCN amplification, gene expression analyses 
identify MYCN (17) or MYC (5,18) gene signatures 
indicating that augmented “MYC-signaling” may be 
essential for aggressive tumor behavior. MYC genes 
are transcription factors that regulate up to 15% of all 
human genes (19) yet those necessary for tumorigenesis 
remain elusive. Myc redirects metabolism and orchestrates 
enhanced synthesis of DNA, RNA, protein, lipid and 
polyamine precursors to provide for the energy and 
biomass needs of proliferating cells. Polyamines themselves 
feed forward to support Myc functions through ionic and 
covalent interactions, specifically promoting protein 
translation and ribogenesis (20). Reduced polyamines are 
seen in non-proliferating cells, while elevated polyamines 
accompany both normal and oncogenic proliferation (21,22). 
The intracellular polyamines (putrescine, spermidine, 
and spermine) are maintained through highly regulated 
synthetic ,  catabolic ,  uptake and export  pathways 
(Figure 1) (23). The Odc enzyme, encoded by ODC1, 
decarboxylates ornithine from the urea cycle to create 
putrescine, from which the higher order polyamines 
are synthesized. The activities of Odc and the enzyme 
S-adenosylmethionine decarboxylase (Amd, encoded by the 
AMD1 gene) are rate-limiting in polyamine biosynthesis, 
and both are highly regulated with the shortest half-lives 
(10-30 minutes) of any mammalian enzyme. In addition, 
Odc is degraded through a process regulated by Odc 

antizymes (24), while antizyme inhibitors compete to 
neutralize these (25). Such multiple levels of hierarchical 
control underscores the importance of tightly regulating 
Odc activity and polyamine homeostasis to ensure cellular 
fitness.

In neuroblastomas, polyamine metabolism is coordinately 
deregulated to drive polyamine pool expansion (8). 
Expression of ODC1 is significantly higher and expression of 
its negative-regulator OAZ2 lower in essentially all high-risk 
tumors, coordinately enhancing Odc activity and polyamine 
synthesis. Survival for patients with high tumor ODC1 
expression is inferior to those with low ODC1 even when 
stratified by MYCN status, suggesting ODC1 is not merely 
a surrogate for MYCN amplification (8). Moreover, the 
expression of all polyamine synthetic enzymes are upregulated 
while catabolic enzymes are downregulated in tumors with 
MYCN amplification, consistent with the heightened MYC 
signaling in this subset (8). Indeed, in a study of over 650 
tumors, high expression of every polyamine synthetic gene 
(ODC1, AMD1, SRM, SMS, AZIN1), and low expression 
of every catabolic gene (SAT1, PAOX, OAZ1, OAZ2, 
OAZ3), correlated with inferior outcome. In multivariable 
analyses, most of these polyamine genes retain independent 
prognostic significance when adjusted for patient age, tumor 
stage and MYCN gene status. Finally, it has been shown that 
the ODC1 gene, which maps within 5 Mb of MYCN on the 
short arm of chromosome 2, is co-amplified with MYCN 
in 15-20% of MYCN amplified tumors, or ~8% of all high-
risk tumors (8,15). ODC1 is markedly overexpressed in such 
tumors, establishing the first example of co-amplification 
of an oncogenic transcription factor (MYCN) with its 
oncogenic target gene (ODC1). A similar oncogene-target 
gene co-amplification event has since been identified in 
lung carcinoma with PRKC1 and SOX2 driving Hedgehog 
signalling (26). While the clinical significance of MYCN-
ODC1 co-amplification has not been clarified, this subset is 
predicted to have the highest polyamine metabolic flux and 
potential dependency.

A functional role for polyamines in supporting 
neuroblastoma progression has been obtained using 
complementary pre-clinical mouse models. DFMO is 
an irreversible inhibitor of Odc and is FDA-approved 
for the treatment of Trypanosomic encephalitis. It has 
also been studied as an anti-cancer agent based on its 
selective Odc inactivation resulting in the reduction of 
cellular polyamines. The contribution of Odc activity to 
MYC-induced oncogenesis was first demonstrated using 
the Eμ-MYC murine lymphoma model in which Odc 
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inhibition using DFMO (or genetic ODC1 deletion) leads 
to inhibition of lymphomagenesis. This work was the first 
to suggest a synthetic-lethal interaction between cancer 
cells with deregulated Myc and polyamine deprivation (9). 
A similar Myc-dependence on Odc activity and polyamine 
sufficiency has since been shown using the transgenic TH-
MYCN neuroblastoma model (8,27). TH-MYCN mice 
develop peripheral neural tumors comparable to human 
neuroblastoma at the genetic (28,29), histologic (30) and 
ultrastructural level (6). The model is highly aggressive with 
complete lethal tumor penetrance in transgene homozygous 
mice (31). Importantly, both polyamine gene expression and 
metabolite studies confirm this mouse model recapitulates 
the tumoral polyamine expansion seen in human tumors. 

Treatment of TH-MYCN homozygous mice prior to the 
time of tumor onset with DFMO extends survival but all 
animals eventually die of tumor progression. SAM486 (an 
Amd inhibitor) is more potent, extending survival while 
also reducing tumor penetrance. Remarkably, inhibition of 
both rate-limiting enzymes in polyamine synthesis via the 
combination of DFMO and SAM486 protects 40% of mice 
from developing neuroblastoma at all. These data strongly 
support that polyamine sufficiency is required downstream 
of MYCN in tumor initiation (8).

A more clinically relevant question is whether established 
tumors remain dependent on polyamines. It has been 
shown that the addition of DFMO to chemotherapy 
extends survival of TH-MYCN mice treated at the time of 

Figure 1 Polyamine homeostasis schema. Genes that support polyamine biosynthesis are shown in green, while those that antagonize 
synthesis or drive catabolism of polyamines are shown in red. ODC1 drives the conversion of ornithine (derived from the urea cycle) to 
putrescine, a diamine and first order polyamine. An aminopropyl group can be transferred to derive the higher order polyamines, spermidine 
(a triamine) and spermine (a tetramine), respectively. The aminopropyl donor is provided through AMD1 mediated decarboxylation of 
S-adenosylmethionine, and the respective transfers are mediated by SRM and SMS enzyme activity. ODC1 and AMD1 are rate limiting 
in this process, and are highly regulated with among the shortest half-lives of any mammalian enzyme. For example, ODC1 activity is 
regulated not only transcriptionally by MYC genes, but through a family of inhibitory OAZ antizymes, and these antizymes themselves 
are negatively regulated by antizyme inhibitors like AZIN1. Polyamine catabolism is achieved via acetylation and export mediated by 
SAT1 activity, although interconversion among polyamine moieties is also possible through the activities of the polyamine (PAOX) and/or 
spermidine (SMOX) oxidases. Polyamine import is functionally relevant but as yet poorly characterized mechanistically. The possibility that 
cellular polyamines act as paracrine signaling molecules on neighboring cells has been suggested but not definitively shown. ARG1, arginase 
1; MYCN, oncogenic Myc-family transcription factor; ODC1, ornithine decarboxylase; AMD1, S-adenosylmethionine decarboxylase; 
SRM, spermidine synthase; SMS, spermine synthase; OAZs, ODC antizymes; AZIN1, antizyme inhibitor 1; SAT1, spermidine/sperimine 
N-acetyltransferase 1; PAOX, polyamine oxidase; SMOX, spermidine oxidase.
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tumor progression (8). Similar beneficial activity is seen 
using xenograft models of neuroblastomas with diverse 
genomic lesions that correlate with poor prognosis, such as 
MYCN amplification (16), ALK mutation (32), and TP53 
mutation with multidrug resistance (33). Collectively, 
these complementary models have been used to test 
numerous polyamine antagonist regimens in combination 
with diverse classes of cytotoxics used to treat human 
neuroblastoma. Such broad pre-clinical data are critical 
for prioritizing agents for clinical investigation since 
agents with more limited pre-clinical testing often fail to 
demonstrate meaningful activity in human trials (34). To date, 
the most effective combination for treating established 
tumors includes both DFMO and celecoxib. Celecoxib 
was tested since cyclo-oxygenase inhibitors can induce 
Sat1 activity leading to increased acetylation and export 
of polyamines from cells (Figure 1). This is proposed to 
offset the compensatory increase in polyamine uptake 
that follows DFMO-mediated depletion of intracellular 
polyamines. However, cyclo-oxygenase enzymes play 
pleiotropic roles in cancer, including anti-inflammatory 
roles, and the synergistic activity in these models has not 
been conclusively linked to polyamine metabolism. Still, a 
strong clinical signal for synergistic activity between DFMO 
and cyclo-oxygenase inhibitors, in this case sulindac, 
has already been demonstrated in a large randomized, 
placebo-controlled trial in patients at risk for recurrence of 
colorectal adenomas (35), another tumor classically linked 
to MYC hyperactivity. DFMO and sulindac reduced the 
overall incidence of adenoma recurrence by >70%, and the 
incidence of multiple or advanced adenoma by >90% in 
the absence of clinically significant toxicity, an important 
consideration in the chemoprevention setting.

Potential neuroblast intrinsic anti-tumor 
activities of polyamine deprivation

Short-term in vitro treatment of neuroblastoma cell 
lines with DFMO at concentrations >1,000 μM leads to 
proliferative arrest, and at concentrations from 150-500 μM 
to reduced colony formation capacity (8,36). The polyamine 
synthesis arrest from DFMO-mediated Odc inhibition leads 
to a measurable compensatory increase in polyamine uptake 
from the environment through selective transporters. A 
large proportion of DFMO’s inhibitory effects can be 
rescued by the provision of supplemental polyamines to the 
culture media, or exacerbated by concomitant exposure to a 
polyamine transporter inhibitor (37), supporting that these 

activities are on target and mediated through depletion of 
polyamines from the tumor cells themselves. Moreover, 
the degree of inhibition using these read-outs parallels the 
MYC-signal or polyamine-signal as defined using gene 
expression signatures across diverse neuroblastoma cell 
lines (8), supporting these cancer cell-intrinsic activities are 
linked to polyamine metabolism. Current evidence supports 
two principal candidate mechanisms for the cell-intrinsic 
activities of DFMO-based therapies: (I) inhibition of 
protein translation that prevents Myc from driving protein 
synthesis sufficient to meet the increased biomass needs of 
proliferating tumor cells; and (II) depletion of thymidine 
pools that results from Amd1 hyperactivity in response to 
reduced intracellular polyamines.

The most conserved set of Myc and MycN target genes 
function in ribosome biogenesis and protein metabolism 
to support cell proliferation (19,38). Myc genes act at a 
signaling node linking the cell cycle machinery to such 
pathways to ensure daughter cells have increased their 
biomass prior to cytokinesis. Myc drives a dramatic increase 
in protein synthesis capacity (39) that is evolutionarily 
conserved and critical to Myc oncogenesis. Inhibition 
of protein synthesis capacity, whether through targeted 
deletion of ribosome genes (40) or pharmacologic inhibition 
of protein synthesis regulators (41), has synthetic-lethal 
consequences in Myc-driven cancer models. As discussed, 
polyamine genes also constitute a core Myc expression 
program and support protein metabolism (42). Polyamines are 
required for activation of eIF5A (Figure 2A), an important 
protein translation factor and the only mammalian protein 
activated by hypusination, a post-translational modification 
requiring the polyamine spermidine (47). Intriguingly 
with respect to neuroblastoma, this polyamine-modified 
translation initiation factor is essential for neuronal growth 
and survival (48). Polyamine depletion not only leads to 
loss of active hypusinated-eIF5A but also impedes protein 
translation through eIF5A-independent pathways by 
modulating PERK, eIF2 and 4EBP1, providing further 
links between the regulation of protein translation by Myc 
and by polyamines (41,49). Finally, profound polyamine 
depletion that is experimentally induced by hyperactivation 
of Sat1 leads to a complete arrest of protein translation in 
mammalian cells, further supporting this mechanism of 
activity (50). For these reasons, characterizing the effect 
of various polyamine depletion regimens on the “Myc-
polyamine-protein translation axis”, and correlating this 
with anti-tumor activity, may provide candidate biomarkers 
to predict therapeutic activity.
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Figure 2 Putative anti-tumor activities mediated by polyamine depletion in cancer cells and in the tumor microenvironment. (A) 
Depriving tumor cells of polyamines can induce cancer cell-intrinsic stress that leads to anti-tumor activity. Principal mechanisms may 
include the induction of protein translation stress (A) and/or thymidine depletion stress (B), as further outlined in the text; the drugs N1-
guanyl-1, 7-diaminoheptane (GC7) and Ciclopirox (CPX) are respective inhibitors of deoxyhypusine synthase (DHS) and deoxyhypusine 
hydroxylase (DOHH). Cyclo-oxygenase inhibitors (Coxi) inactivate hypusinated-eIF5A through acetylation; (B) methotrexate (MTX) and 
5-Fluorouracil (5-FU) are chemotherapeutics that act via inhibition of enzymes involved in folate metabolism. Dihydrofolate reductase 
(DHFR), thymidylate synthase (TH), methylenetetrahydrofolate reductase (MTHFR), S-adenosylmethionine decarboxylase 1 (AMD1). (C) 
and (D) Depletion of polyamines from the tumor microenvironment (TME) also can contribute to anti-tumor activities. Neuroblastomas 
(middle panel) adopt a tumor-permissive TME through recruitment of immune inhibitory cell types such as regulatory T cells (Treg), tumor-
associated macrophages activated toward an M2 phenotype (M2-TAMs), and myeloid-derived suppressor cells (MDSCs) among others. 
These cooperatively act to antagonize cytotoxic anti-tumor effectors such as CD4 or CD8+ T cells and NK cells; (D), M2-TAMs are pro-
tumorigenic and are recruited to neuroblastomas to contribute to a pro-polyamine milieu. Therapeutics like DFMO that deplete tumor 
cells, immune effectors, and the TME of polyamines can contribute to restoring host anti-tumor immunity in multiple ways (43-46).

D. Effects of Polyamine depletion on the TME

T cells and NK cells: Ref:
Effector T cell and NK cell Function 43-45
Th1 Response 43
CD8 and NK Cytotoxicity 46
Production of IL-2
TREGS Recruitment and Induction
Tumor Antigen Presentation by DCs to T cells

?
?

?

TAMs and MDSCS:
M1 TAMs (promotes Th1 response) 43,44  
MDSC Differentiation 43
Suppression of Effector T cells
Suppression of NK cells
Th1 Cytokines (drives anti-tumor immunity)
Tumor Promotion 43,44

?
?
?
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A more recent model hypothesizes that polyamine 
depletion leads to anti-tumor activity through concomitant 
depletion of thymidine pools (51). Unbiased metabolic 
profiling of human colon cancer cells and tumors from 
mouse models of colon cancer showed DFMO exposure 
depletes folate-dependent metabolites ,  including 
S-adenosylmethionine (SAM), thymidine pools and 
pathway intermediates (51). This is a consequence of the 
metabolic link between polyamine synthetic pathways and 
tetrahydrofolate (THF)-dependent one-carbon transfer 
reactions, as both require SAM (Figure 2B). Odc inhibition 
by DFMO reduces putrescine, causing a compensatory 
hyperactivation of Amd1, which has also been verified 
in neuroblastoma cells (36). This futile Amd1 cycling 
depletes SAM, an allosteric inhibitor of MTHFR, driving 
dTMP precursors toward methionine synthesis and SAM 
replacement, and away from dTMP synthetic pathways. 
Depletion of thymidine, in turn, leads to apoptosis due to 
uridine misincorporation into DNA. Of interest, this cell 
death mechanism mimics that induced by 5-fluorouracil 
chemotherapy, commonly used to treat colon cancer, as 
this agent inhibits thymidylate synthase (TS) to deplete 
thymidine. Importantly, repletion of DFMO treated colon 
cancer cells with thymidine rescued cell survival despite 
persistent polyamine depletion. This again provides an 
opportunity to correlate the relative impact of various 
polyamine depletion therapeutics on cell survival and 
thymidine and folate pools (52). If thymidine depletion 
were the major mechanism of polyamine depletion activity, 
one would predict that combining DFMO with SAM486 (an 
Amd1 inhibitor) might be antagonistic in treating tumors 
since SAM486 would inhibit the Amd1 hyperactivation that 
leads to thymidine depletion.

Such basic mechanistic studies may guide how polyamine 
depletion regimens can be optimized to promote tumor cell 
stress. If a specific drug effect is credentialed as a dominant 
contributor to anti-tumor activity then appropriate 
pharmacodynamic studies can be designed. Drug exposures 
can be adapted to maximize the desirable biological activity 
rather than used at a maximal tolerated dose as has been 
typically done for cancer therapeutics. This may also 
provide additional opportunities for therapeutic synergy 
through rational drug combinations (Figure 2A,B). For 
example, the activation of the essential translation factor 
eIF5A requires hypusination (spermidine conjugation), a 
unique protein modification which requires two enzymatic 
steps catalysed by the deoxyhypusine synthase (DHS) and 
deoxyhypusine hydroxylase (DOHH) enzymes. If reduced 

eIF5A activity is directly linked to polyamine depletion 
activity, then combination with DHS or DOHH inhibitors 
(such as ciclopirox) might augment this activity. If protein 
translation arrest, but not eIF5A modification, correlates 
with polyamine depletion activity then synergy with 
eIF5A-independent protein synthesis stressors such as 
mTorc1 inhibitors (e.g., rapamycin) or homoharringtonine 
(omecetaxine, FDA-approved for CML) may be anticipated. 
Similarly, if the contribution of thymidine pool depletion 
predominates, the combination of DFMO with TS and/or 
folate metabolism inhibitors could be tested for synergy in 
pre-clinical models of neuroblastoma. Many such inhibitors 
are credentialed chemotherapeutics (5-fluorouracil, 
methotrexate, pemetrexed), and while none are currently 
used to treat neuroblastoma their anti-tumor activity 
may be restricted to the setting of provoked polyamine 
depletion stress.

Defining the key cancer cell-intrinsic mechanisms of 
activity may also facilitate the development of predictive 
biomarkers and responder hypotheses aimed at defining 
the tumor characteristics that predict response to these 
therapies. These predictions can then be validated in the 
pre-clinical and clinical setting, facilitating study designs 
that enrich for patients with a higher probability of 
deriving benefit. For example, scores of neuroblastoma cell 
lines have been characterized for genomic alternations, 
including MYCN and ODC gene copy number. Cell 
lines with co-amplified ODC1 and MYCN genes, MYCN 
amplification alone, or no amplification of either gene 
have been identified and these classes constitute ~8%, 
32% and 60% of high-risk tumors, respectively. These can 
be employed to investigate differential dependencies on 
cellular polyamines and to identify appropriate biomarkers 
of polyamine deprivation activity. A biomarker driven pre-
clinical program has greater efficiency for combinatorial 
testing across diverse tumors, and can help prioritize the 
more resource intensive in vivo drug testing in pre-clinical 
models that use survival end-points. Although not discussed 
further, there are other polyamine depletion anti-tumor 
mechanisms that may be relevant, such as the alteration 
of global methylation through SAM depletion or selective 
inhibition of cancer stem-cell functions.

Potential neuroblast extrinsic anti-tumor 
activities of polyamine deprivation

While substantial data exists that the depletion of 
polyamines from tumor cells  contributes to anti-
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tumor activity, the contribution of cancer cell-extrinsic 
activities has recently been highlighted (43). Indeed, 
findings from neuroblastoma pre-clinical models suggest 
these extrinsic mechanisms may play a prominent role. 
In vivo, DFMO dosing regimens resulting in serum 
concentrations from 150-300 μM leads to robust anti-
tumor activity in complementary murine models. Yet 
these same concentrations only display moderate potency 
in standard in vitro cytotoxicity and clonogenicity assays 
against the same cell lines where potent anti-tumor activity 
is demonstrated in vivo. Further, apparent “pseudo-
progression” followed by regression, reminiscent of an 
immunologic mechanism, is seen both in the TH-MYCN 
model and in tumors xenografted into T cell defective NK 
cell-intact nude mice treated with DFMO and celecoxib. 
In these mice, tumor progression approaching the size 
necessitating humane culling was followed by complete 
sustained durable regression in the absence of additional 
therapy. Pseudo-progression is the term adopted to describe 
transient tumor growth followed by regression in the 
setting of effective immunotherapy (53) as these delayed 
effects may result from the unharnessing of a latent immune 
response. Given these data we propose it is important that 
potential effects of polyamine depletion on the solid tumor 
immunoenvironment be investigated. This is particularly 
germane as our understanding of the contributions of the 
tumor microenvironment (TME) to cancer promotion is 
expanding, and novel therapeutics targeting many of these 
cancer supportive pathways are under development. As 
with cancer cell-intrinsic activities, exploring the role of 
polyamines in this context provides additional opportunities 
to identify synergistic interactions and potential non-tumor-
cell biomarkers, and can inform the extent of polyamine 
depletion required for these effects. 

The development and progression of cancer is promoted 
by myriad soluble and contact-derived signals obtained from 
the TME, which consists of tumor cells, tumor-infiltrating 
leukocytes (TILs), and stromal cells that communicate in a 
dynamic, bidirectional manner to influence tumor growth, 
invasion, and metastasis [reviewed in (54)]. These processes 
depend on the number and function of recruited TILs, 
which consist of NK cells and effector T cells [such as 
helper (TH), cytolytic (CTL), and natural killer T (NKT) 
cells] that mediate anti-tumor immunosurveillance. While 
neuroblastomas themselves actively engage immune escape 
pathways through downregulation of HLA class I antigen 
processing machinery and expression of soluble factors that 
inhibit immune responses (55), the anti-tumor activity of 

TILs are also counter-balanced by the collective activities of 
regulatory T cells (Treg), regulatory B cells (Breg), myeloid-
derived suppressor cells (MDSCs) and tumor-associated 
macrophages (TAMs) (56-58). Once recruited to the tumor 
additional complexities act to regulate TIL functions, for 
example, the differentiation of Treg has been shown to be 
CD8+ T cell dependent (59) through a process that may 
involve CCL22. In addition to the control exerted by Treg, 
MDSCs and TAMs can modulate the activity of cytolytic 
TILs by upregulation of inhibitory ligands (e.g., CTLA4 or 
PD-L1), downregulation of the expression of MHC and/or 
co-stimulatory molecules, or production of soluble factors 
that inhibit effector cell functions.

When compared to lower risk tumors, aggressive 
neuroblastomas are infiltrated by markedly more inhibitory 
TAMs polarized to the pro-tumor M2 phenotype (60). 
Furthermore, a validated poor prognosis signature is 
enriched for TAM expressed-genes underscoring the 
functional relevance of this infiltration (61). In addition 
to TAMs, high-risk neuroblastomas also demonstrate 
increased inhibitory MDSCs relative to lower risk 
tumors (62), and the frequency of circulating suppressive 
Treg are increased (63). In experimental models of 
neuroblastoma, depletion of these Treg populations results 
in enhanced anti-tumor immunity (64,65). Collectively, 
these tumor-promoting cell types may limit the ability 
of cytotoxic effector (T or NK) cells to control tumor 
growth, and may induce T cell exhaustion. In an era where 
the effectiveness of immunotherapeutic approaches to 
neuroblastoma has been demonstrated, modifying this 
tumor-permissive TME provides an additional opportunity.

Once recruited to the TME, immune cell activity is 
further modulated through the actions of soluble mediators 
(e.g., TGFβ or IL-10) and small molecule metabolites. The 
latter not only includes polyamines, but also the polyamine 
precursor amino acid, L-arginine (Figure 2C). Tissue levels 
of polyamines are determined by the contributions of 
polyamines from the diet and from the local microbiota, 
along with polyamines exported from tumor cells as a 
consequence of enhanced metabolic flux. L-arginine levels 
in the TME also reflect its abundance in the diet, and the 
extent of its metabolism towards either polyamines or 
other nitrogen-containing compounds. Importantly, these 
two L-arginine-consuming metabolic pathways are in 
competition and act to cross-repress one another, with the 
predominant pathway strongly influenced by the phenotype 
of infiltrating tissue macrophages. Classically activated 
macrophages (the M1 phenotype, typically activated by 
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IFN-γ) preferentially release inducible NO synthase (iNOS). 
In turn iNOS upregulation results in release of NO which 
nitrosylates Odc, a modification that inhibits this rate-
limiting enzyme in polyamine synthesis and creates an 
inflammatory and immunosupportive TME. In contrast, 
alternatively activated macrophages (M2 phenotype) such 
as the TAMs that predominate in high-risk neuroblastomas 
preferentially release arginase 1 to shunt L-arginine 
metabolism towards polyamine synthesis. Since Odc activity 
in neuroblastomas is high, the L-ornithine liberated by 
arginase 1 cleavage of L-arginine is converted by Odc into 
polyamines. Continued Odc-mediated consumption of 
L-ornithine prevents it from exerting its negative feedback 
on arginase 1 activity, while polyamines themselves in turn 
inhibit iNOS (66). This perpetuates an immunosuppressive 
TME with inhibition of T cell effectors (CD8+ more so 
than CD4+ cells) via L-arginine depletion and increased 
polyamines under the direction of M2 polarized TAMs 
(44,67).

This depletion of arginine and abundance of polyamines 
has myriad influences on immune cell activities, many 
but not all of which are predicted to inhibit anti-tumor 
immunity. Polyamines, particularly spermine, decrease 
the ability of monocytes to release pro-inflammatory 
cytokines (68), thereby modifying the local anti-tumor 
responsiveness of TILs, and also inhibit IL-2-dependent 
NK cell activity (69). Consistent with this notion, the 
cytolytic function of NK cells in a murine carcinoma model 
were found to be significantly reduced, but this functional 
deficit was completely restored after therapeutic depletion 
of polyamines (46). Spermine also induces time and dose-
dependent decreases in the adhesion molecule LFA-1 
(CD11a and CD18) in peripheral blood lymphocytes, but 
not monocytes, suggesting that migration of lymphocytes 
may be selectively altered as well (70). A number of studies 
suggest that the immune suppressive activity of polyamines 
to reduce lymphocyte proliferation and IL-2 production, 
macrophage-mediated tumoricidal activity, neutrophil 
locomotion, and IL-2-dependent NK cell activity, may 
all be reversed through the pharmacological depletion of 
polyamines (45,46,69,71-73). Interestingly, neoadjuvant 
polyamine depletion prior to tumor resection has at least 
in one model induced resistance to subsequent tumor 
re-challenge, suggesting that the effects of this therapy 
may induce long-lasting effects that could prevent tumor 
recrudescence (43).

In T cells, L-arginine depletion results in formation 
of  ROS (especia l ly  H2O 2)  and induces  decreased 

functionality (74). This includes downregulation of the 
CD3ζ chain that is essential for transmittal of activating 
signals derived from engagement of the T cell receptor, 
thereby reducing T cell antigen-specific reactivity (67). 
The CD3ζ chain also associates with CD16, the Fc receptor 
chain expressed on NK cells, and with the activation 
receptors NKp30 and NKp46 (75). Since the activation of 
NK cells depends on the balance of signals imparted via the 
engagement of surface activating and inhibitory receptors, 
reductions in expression of the activating receptors may 
effectively reduce NK-based anti-tumor immunity. Indeed, 
L-arginine depletion has been shown to reduce NK cell 
cytotoxicity, cytokine production, and proliferation. 
Conversely, L-arginine supplementation reduces the 
expression of certain matrix metalloproteases and increases 
tumor NO levels, which could, in turn, increase NK cell 
cytotoxic activity (76).

It is possible that systemic DFMO therapy exerts an 
anti-tumor effect by depleting polyamines in the TME 
through the inhibition of Odc activity in both tumor 
and non-tumor cells, counteracting to some degree the 
tumor permissive milieu that polyamines have helped to 
establish (Figure 2D). It is tempting to speculate that the 
depletion of polyamines in pre-malignant tissues and the 
preservation of host anti-tumor surveillance serves as the 
predominant mechanism of chemoprevention of tumors 
by DFMO. Given the complexity of the immune system 
in intact animals, and the importance of testing tumors in 
their autochthonous sites, the TH-MYCN neuroblastoma 
model provides a more faithful pre-clinical platform 
for such tests. In a transplantable TH-MYCN model of 
neuroblastoma (in the C57Bl/6 background) the absence 
of NK cells but not T cells results in acceleration of 
tumor growth (77), supporting NK cells as prominent in 
mediating natural anti-tumor responses in this model. The 
immune environment of the TH-MYCN model has begun 
to be characterized with respect to the recruitment and 
activity of TILs that accompany tumor progression, and 
these align with those identified in human tumors (78). At 
inception, tumors are infiltrated with immune effectors of 
the adaptive immune system like CD8+ T cells but these 
become proportionately fewer as the tumors progress. 
In contrast, the proportions of inhibitory M2 TAMs, 
MDSCs and inhibitory DCs increases 5-fold during tumor 
progression, leading to a tumor milieu that promotes 
immune escape. Proof of principle that targeting the tumor 
immune environment can alter tumor growth kinetics was 
provided by treating animals with the anti-inflammatory 
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aspirin (acetylsalicylic acid). Low dose aspirin therapy 
given for ten days around the time of tumor onset and 
progression led to a significant reduction inhibitory cells 
of the innate immune system, namely, TAMs, MDSCs and 
DCs, and reduced tumor volumes at sacrifice (78). It is 
possible that cyclo-oxygenease inhibitors such as celecoxib 
or sulindac synergize with DFMO activity through similar 
interactions on the TME.

Future directions in the development of 
DFMO and polyamine antagonist regimens for 
neuroblastoma

The observation that polyamines are required to support 
cellular proliferation has led to the development of drugs 
that antagonize polyamine homeostasis for use as anti-
tumor agents. While DFMO has shown activity as a 
single agent against hematolymphoid tumors (79,80) 
and in combination with chemotherapy for select 
CNS neoplasms (81), these studies were agnostic to 
tumor genotype or oncogenic driver. Substantial pre-
clinical data now strongly support that DFMO-based 
therapies may have enhanced activity against tumors with 
deregulated Myc signaling, such as neuroblastoma. That 
polyamine depletion therapeutics may target the principal 
oncogenic driver in neuroblastoma cells while enhancing 
host anti-tumor immunity by antagonizing the tumor 
permissive microenvironment makes this therapeutic 
approach attractive for further development. Current 
high-risk therapy for neuroblastoma includes induction, 
consolidation and maintenance phases. The induction 
phase includes chemotherapy and surgery with the goal 
of rapidly reducing tumor burden; consolidation therapy 
includes myeloablative chemoradiotherapy with autologous 
stem cell support to overcome de novo and acquired therapy 
resistant tumor cells; and maintenance therapy consists of 
retinoid-based biotherapy and anti-tumor immunotherapy 
to target minimal residual disease. In this context, DFMO 
is currently being developed both as a tumor-targeted 
agent to synergize with chemotherapy in induction or 
consolidation therapy, as well as an immune-modulatory 
agent that may improve host anti-tumor immunity in the 
maintenance phase, either concurrent with, or following, 
immunotherapy. Both approaches are biologically 
plausible and not necessarily mutually exclusive. However, 
we propose that available pre-clinical models can inform 
the design of upcoming pivotal Phase 2 and 3 trials by 
providing a better understanding of the mechanisms of 

anti-tumor activity for these agents. Further, this approach 
can facilitate the development of appropriate biomarkers, 
responder hypotheses, target drug exposures and rational 
combination therapies that can then be tested in the clinic.
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