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Enhancing the Anticancer Effects of 5-Fluorouracil: Current
Challenges and Future Perspectives

Francois Ghiringhelli'**, Lionel Apetoh'*?

5-Flurouracil (5-FU), a pyrimidine analog, was originally designed
to prevent tumor cell growth. However, since the identification
of its tumor inhibitory activity in 1957, substantial evidence has
demonstrated that 5-FU could also harness the host immune system
to prevent cancer progression. 5-FU sensitizes tumor cells to
Natural Killer (NK) and CDS8 T cell-driven cytotoxicity. We have
also recently shown that 5-FU could selectively eliminate Myeloid
Derived Suppressor Cells (MDSCs), which accumulate during cancer
progression and compromise anticancer immune responses. The
ability of 5-FU to trigger direct tumor cell death, enhance immune
effector cell activation and eliminate immunosuppressive MDSCs
explains its capacity to relieve tumor-induced immunosuppression
and restore anticancer immune responses. Combination therapies

Dr. Lionel Apetoh

using 5-FU with other chemotherapeutic agents, immunomodulators, or vaccines have further
enhanced the clinical benefit of 5-FU. Here, we discuss how the increased understanding of the
immune-driven effects of 5-FU prompts the design of relevant cancer chemoimmunotherapy strategies.

(Biomed J 2015;38:111-116)
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he fluoropyrimidine 5-fluorouracil (5-FU) is an an-

timetabolite drug that prevents DNA and RNA syn-
thesis and thus drives cell death. The rationale to design
and use 5-FU as an anticancer agent stemmed from results
obtained by Rutman et al. in 1954.""! They had previously
noted that administration of uracil to rats receiving the
carcinogen 2-acetylaminofluorene increased hepatoma
formation. Following up on this observation, they found us-
ing radioactive-labeled uracil that this pyrimidine was used
preferentially for nucleic acid biosynthesis in rat hepatoma
compared to normal rat liver.’ These observations suggested
that targeting the uracil metabolism would be effective in
triggering tumor cell death. Heidelberger subsequently
synthetized 5-fluoropyrimidine derivatives and unraveled
the anticancer activity of the antimetabolite 5-FU.™' The
mechanisms explaining the direct cytotoxic effects of
5-FU have been studied. 5-FU first enters cancer cells in
a comparable manner to uracil and is transformed into the

active metabolites such as fluorodeoxyuridine monophos-
phate, fluorodeoxyuridine triphosphate, and fluorouridine
triphosphate.®! This series of events competitively blocks
the enzymatic activity of thymidylate synthase, which is
involved in the synthesis of thymine nucleotides and inhibits
DNA synthesis. The cytotoxicity of 5-FU also relies on the
ability of its metabolites to incorporate into DNA and RNA.

5-FU is still currently widely used for the treatment of
breast and digestive cancers. It is routinely combined with
other chemotherapies such as irinotecan and oxaliplatin
to treat metastatic colon cancer as 5-FU-based combina-
tion therapies such as FOLFOX, FOLFIRI, or FOLFIRI-
NOX (5-FU, oxaliplatin, irinotecan, and leucovorin), which
could substantially improve patients’ survival compared to
monotherapy.® FOLFIRINOX therapy has also recently
demonstrated superior anticancer efficacy compared to
gemcitabine (Gem) in metastatic pancreatic cancer patients."!
Nevertheless, a substantial research effort is still needed to
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enhance the patients’ response rate to 5-FU-based chemo-
therapy. Over the last 10 years, we and others have shown
that anticancer immune responses are essential for the suc-
cess of some chemotherapies in mice and humans.l*'% In
this regard, it has become clear that 5-FU has an ability to
profoundly affect the host’s immune system and anticancer
immune responses, which have been shown to make a crucial
contribution to the efficacy of some anticancer chemothera-
pies such as doxorubicin or oxaliplatin. 5-FU was shown to
sensitize cancer cells to killing by effector CD8 T cells and to
reduce the frequency of immunosuppressive myeloid-derived
suppressor cells (MDSCs), suggesting that 5-FU could be
used to design successful chemoimmunotherapeutic strate-
gies. However, we have recently shown that 5-FU treatment
could trigger the release of interleukin (IL)-1p from MDSCs,
thereby favoring tumor progression.!'! Thus, understanding
the immune-mediated effects of 5-FU is necessary to design
effective combination therapies with 5-FU and immunomod-
ulation. Here, we discuss how the knowledge gained from
preclinical studies on the immune-based effects of 5-FU can
be translated into successful therapeutic strategies combining
chemotherapy and immunomodulation.

5-FU activates immune effectors and eliminates
immunosuppressive cells

Contrary to the presiding view that chemotherapeutic
agents trigger immunosuppression, we and others have
shown that several anticancer drugs could instead promote
the activation of immune effectors (reviewed in Refs !'213]),
5-FU has also been shown to sensitize tumor cells to CD8
T-cell-dependent cytotoxicity [Figure 1]. Treatment of gastric
cancer cells with 5-FU induced the expression of inducible

Heat Shock Protein 70 and favored tumor uptake by dendritic
cells (DCs)." In addition, DCs that had captured 5-FU—treat-
ed tumor cells featured enhanced IL-12 secretion and gastric
carcinoma—associated antigen presentation capacity, resulting
in increased interferon-gamma (IFNy) release and cytotoxic
activity from autologous CD8 T cells.!'¥ Bergmann-Leitner
and Abrams reached similar conclusions using human cancer
colon cell lines. They found that 5-FU induced Intercellular
Adhesion Molecule 1 (ICAM-1) and Fas expression in
SW480 colon cancer cells, thereby driving their elimination
through antigen-specific CD8 T cell-dependent killing.!'> In-
terestingly, in colorectal cancer patients, 5-FU was also shown
to induce Fas receptor expression, suggesting that 5-FU could
trigger tumor cell death by promoting the engagement of the
Fas/FasL pathway [Figure 1]1.'! It has also been proposed
that 5-FU could switch the polarization of peripheral blood
mononuclear cells (PBMC) from healthy volunteers to a Th1
cytokine secretion profile, but the relevance of these results
in patients remains to be determined.!'”

While the aforementioned observations clearly indi-
cated that 5-FU was able to promote immune activation, its
effect on tumor-induced immunosuppression was elusive.
Regulatory T cells (Tregs) and MDSCs are the major immu-
noregulatory cells involved in immune tolerance.!"*'”! These
cells have been shown to expand in the blood, lymphoid
organs, and in the tumor of cancer-bearing hosts. They have
been shown to suppress both innate and adaptive immune
responses and compromise anticancer immune responses. It
has been already reported that conventional chemotherapies
can target Tregs and MDSCs. Low-dose cyclophosphamide
has been described to selectively target Tregs, thereby
restoring natural killer (NK) cell and T cell activation in
cancer patients.?” Similarly, Gem has been reported to
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Figure 1: Therapeutic strategies designed to enhance 5-fluorouracil (5-FU) anticancer activity. 5-FU sensitizes the tumor cells to killing by NK
and CD8 T cells through the upregulation of NKG2D ligands and Fas, respectively. 5-FU also eliminates MDSCs, thereby partially restoring
CDS8 T cell activation. However, 5-FU-induced MDSC cell death leads to release of IL-1f, which enhances Th17 cell polarization, IL-17
secretion, and tumor angiogenesis. Combination therapies with 5-FU and immunomodulators such as IL-1Ra, anti—IL-17, or T-cell-activating

cytokines could be beneficial to enhance 5-FU anticancer effects.
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eliminate MDSCs in mice.? We have examined the ability
of 5-FU to affect the biology of immunosuppressive cells
in tumor-bearing mice. For this, we first administered 5-FU
and Gem, paclitaxel, oxaliplatin, doxorubicin, and cyclo-
phosphamide to mice bearing large ELL4 thymoma tumors.
Five days after treatment, we noted that only Gem and 5-FU
reduced the frequency of circulating and tumor-infiltrating
MDSCs.?2 Additional immune monitoring revealed that
5-FU failed to alter the levels of circulating B, T, and NK
cells, suggesting that the effect of 5-FU on MDSC:s is selec-
tive.?” These findings were recently confirmed by Qu et al.,
who reported using a mouse model of B16 melanoma cancer
cells growing intraperitoneally that Gem or 5-FU decreased
MDSC numbers in the peritoneal cavity of tumor-bearing
mice without altering the anticancer functions of mouse
macrophages.™*

We searched for the mechanism accounting for the
activity of 5-FU on MDSCs and found that 5-FU directly
triggered MDSC cell death in vitro and in vivo. By testing the
presence of activated caspases in 5-FU-treated MDSC mu-
rine cell lines, we found that 5-FU drove MDSC apoptosis
in vitro, as illustrated by the presence of activated caspases
3 and 7 in 5-FU-treated MDSCs.*? Similarly, caspase acti-
vation was detected in MDSCs, but not in other immune cells
of 5-FU—treated tumor-bearing mice. In an attempt to explain
the high sensitivity of MDSCs to 5-FU, we compared the
expression levels of thymidylate synthase, the target enzyme
of 5-FU metabolites as discussed above, between MDSCs,
tumor cells, and splenocytes and noted that MDSCs exhibit
low levels of this enzyme.? This suggests that the selective
apoptosis-inducing effect of 5-FU on MDSC:s is due to their
low expression of thymidylate synthase.

We and others have previously documented that oxali-
platin and doxorubicin could trigger cancer cell death that
results in immune activation and the induction of anticancer
immune responses.!®”! This concept of an immunogenic
form of the cell death has been reviewed elsewhere.**
The first two signals that are required for the induction of
immunogenic cell death are the cell surface expression of
calreticulin, an endoplasmic reticulum protein driving tumor
phagocytosis, and the cytoplasmic release of the nuclear
protein high mobility group box 1 (HMGB1), which is
responsible for the Toll-like receptor 4 (TLR4)-dependent
cross-presentation of tumor antigens by DCs.*”! Immuno-
genic chemotherapies have been proposed to “reset” the
immune system and restore anticancer immunity. We tested
whether the possible induction of immunogenic cell death by
5-FU could contribute to its ability to prevent tumor-induced
immunosuppression. However, in contrast to doxorubicin,
5-FU failed to induce calreticulin expression on EL4 tumor
cells. Interestingly, 5-FU conserved its anticancer proper-
ties in TLR4-deficient tumor-bearing mice, further under-
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scoring that the anticancer activity of 5-FU is not related to
the induction of immunogenic cell death. We also monitored
the levels of Tregs in 5-FU—treated tumor-bearing mice. In
contrast to cyclophosphamide administration that resulted
in reduced frequency of splenic Tregs in vivo, 5S-FU—treated
tumor-bearing mice featured comparable Tregs levels to
untreated controls, suggesting that 5-FU anticancer effects
are driven by MDSC targeting.® These findings are in line
with the results indicating that the induction of Tregs from
human PBMC is not affected by 5-FU.™! In vivo, elimina-
tion of MDSCs triggered by 5-FU promoted IFNYy secretion
by tumor-specific CD8 T cells. This was relevant as we
noted that 5-FU was unable to control tumor progression
in T-cell-deficient nude mice, underscoring that T cells are
essential for the anticancer effects of 5-FU.??! Overall, our
results suggest that the anticancer effects of 5-FU can be
explained by its ability to target MDSCs and restore T cell
anticancer immune responses.

Therapeutic strategies enhancing in vivo
anticancer effects of 5-FU

Thus, 5-FU not only has the ability to induce direct
cancer cell death but also can promote CD8 T cell activation
and MDSC elimination. Nevertheless, despite its ability to
trigger immunomodulatory effects in vivo, the anticancer
effect of 5-FU remains limited. This has prompted scientists
to combine 5-FU with other immunomodulating agents to
enhance its anticancer effect in vivo. In a murine model of
leukemia, Gol et al. have tested the efficacy of a combi-
nation of 5-FU with IL-12.%% Treatment of mice bearing
L1210 leukemia with IL-12 or 5-FU alone triggered limited
anticancer effects. Importantly, combined therapy with both
agents markedly increased mouse survival and led to com-
plete elimination of tumor cells in more than 70% of treated
mice.?% The authors noted that the therapeutic efficacy of
the combined therapy relied on T-cell-dependent adaptive
immunity since the success of the combined treatment was
absent in T-cell-deficient mice or mice treated with neutral-
izing antibodies against CD3-, CD4-, or CD8-positive cells.
Upon testing the putative contribution of innate immune
responses in the anticancer response mediated by 5-FU and
IL-12, the authors found that peritoneal macrophages, but
not NK cells, were essential for the success of the combined
therapy.”® The benefit of combining immunomodulatory
cytokines with 5-FU has also been investigated in rats bear-
ing transplantable colon carcinoma. IL-2 failed to signifi-
cantly enhance 5-FU anticancer activity, but increased its
toxicity.?”! In contrast, combining IL-15 with 5-FU greatly
enhanced its anticancer effect and limited 5-FU-driven
gastrointestinal toxicity,’?”! thus supporting the combination
of 5-FU and IL-15 [Figure 1].
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Therapeutic strategies designed to trigger innate immune
cell activation have also been tested in combination with
5-FU. Using an adenoviral vector driving the expression of
mouse FIt3L, a cytokine that induces DC accumulation, Hou
et al. found that adenoviral-mediated intratumoral expression
of FIt3L combined with 5-FU therapy cured the established
hepatomas and colon cancers in mice. Interestingly, such
combination therapy elicited tumor-specific immunity and
stimulated proliferation of lymphocytes, DCs, and NK cells.™!
In an orthotopic model of pancreatic cancer, it was found that
combining 5-FU with interferon-alpha (IFNa) led to tumor
cell infiltration by NK cells and resulted in enhanced 5-FU
anticancer activity. This therapeutic effect was dependent on
the presence of DCs, NK cells, and CD8 T cells. The com-
bined treatment also augmented the expression of NKG2D
ligands on cancer cells, possibly explaining enhanced NK
cell cytotoxicity against cancer cells in this tumor model
[Figure 1]1.%” The potential of NK cells in promoting tumor re-
gression in the context of 5-FU—-based chemoimmunotherapy
was further underscored by a recent study investigating the
molecular bases explaining the efficacy of a combination
therapy between 5-FU and o-galactosylceramide (a-GalCer).
Upon testing the efficacy of this combined therapy against
liver tumors of MC38 colon cancer cells, Aketa et al. unrav-
eled that aGalCer induced liver NK cell activation while
5-FU augmented expression of NKG2D activating ligands
on tumor cells. The combined action of these agents resulted
in NK cell-dependent anticancer effects against tumor cells
in vivo.*% NK cells were similarly found to be critical media-
tors of the anticancer efficacy of a combined therapy using
DC vaccine and 5-FU.B"

5-FU-based combination therapies can also result in
the activation of T cells that prevent cancer cell growth.
Low-dose chemotherapy using 5-FU and cisplatin, followed
by intratumoral injection of DCs was indeed found to drive
CDS8 T cell cytotoxicity, leading to the rejection of murine
MC38 colon tumors.?? Correale et al. found that 5-FU was
also able to enhance the ability of a peptide-based vac-
cine to induce anticancer CD8 T cell responses in mice.??
Low-dose 5-FU administration combined with therapeutic
adenoviral vaccination featured synergistic anticancer ef-
fects in tumor-bearing mice. 5-FU increased the levels of
CDS8-specific T cells in the spleens and draining lymph
nodes of vaccinated mice.?* We also attempted to develop
therapeutic strategies designed to augment the anticancer
effect of 5-FU. Given that 5-FU reduces MDSC frequen-
cies but fails to affect Treg cells, we tested the potential
benefit of combining 5-FU with cyclophosphamide, a Treg
depleting agent, to restore anticancer immune responses. We
observed that this combination therapy was highly effective
at controlling tumor growth in immunocompetent mice.*?!
Interestingly, T-cell-deficient nude mice were unresponsive
to this combined therapy, underscoring the crucial role of
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T-cell-dependent immune responses for the success of the
combined therapy with cyclophosphamide and 5-FU.?%
More recently, we gained further insight into the molecular
immune mechanisms accounting for the anticancer effects
of 5-FU. We observed that 5-FU induced early caspase-1
activation in MDSCs before triggering the death of MDSCs.
This activation was dependent on the activation of NLRP3
inflammasome, a macromolecular complex involved in the
activation of caspase-1.""" We searched for the molecular
mechanisms accounting for the ability of 5-FU to activate
NLRP3. Unlike classical NLRP3 activators that induce
intracellular radical oxygen species (ROS) or potassium
efflux, 5-FU triggers NLRP3 activation by driving lysosome
permeabilization and the subsequent release of cathepsin
B. This lysosomal rupture was due to the ability of 5-FU to
drive BAX activation. BAX indeed promotes apoptosis and
mitochondrial and lysosomal permeabilization. Accordingly,
genetic prevention of BAX expression in MDSCs prevented
5-FU—driven lysosome permeabilization. We further found
that cathepsin B binds to NLRP3 and we speculate that this
event induces a change in NLRP3 conformation that leads
to its activation. It is noteworthy that caspase-1 activation
in MDSCs occurred 12 h after the administration of 5-FU.
This was unexpected as this delay is longer compared to
classical NLRP3 activators and is possibly due to the time
required for 5-FU to affect nucleic acid synthesis in MDSCs.
Whether caspase-1 is also directly involved in the death of
MDSCs upon 5-FU treatment remains to be determined.
Administration of 5-FU to tumor-bearing mice thus sets
off a series of events that results in the secretion of low levels
of IL-1 from MDSCs. We further found that MDSC-driven
IL-1P release was responsible for the induction of IL-17—
secreting CD4 T cells (Th17 cells). Since IL-17a has been
shown to promote tumor angiogenesis,*>*® we tested the
efficacy of 5-FU in IL-17a—deficient mice and found that the
absence of this cytokine reinforced the anticancer activity of
5-FU.M Similarly, enhanced efficacy of 5-FU was noted in
caspase-1—, NLRP3-, or IL-1R—deficient mice, underscoring
that the NLRP3 — caspase-1 — IL-1p — IL-1R1 — IL-17a
signaling pathway compromises the effect of 5-FU in vivo.
Accordingly, combined therapy using 5-FU with IL-1 recep-
tor antagonist, which is used for the treatment of rheumatoid
arthritis,®” boosted 5-FU chemotherapeutic activity. In meta-
static colorectal cancer patients receiving 5-FU-based che-
motherapy, we found that IL-1f3 serum concentrations were
augmented in 9 out of 12 patients 24 h after 5-FU treatment.
In line with our studies on mouse, we also noted that 5-FU
drove cathepsin B activity in MDSCs in most patients.!'!) In
addition, we further found that 5-FU also drove caspase-1
activation in MDSC and augmented IL-17 secretion from
PBMLC. Collectively, these results indicate that 5-FU features
ambivalent immunological effects.*® 5-FU kills MDSCs,
thus restoring potent immune anticancer responses. How-



ever, the 5-FU—driven caspase-1 activation in MDSCs leads
to the promotion of tumor growth. While these results are
clearly relevant for the design of future immunotherapeutic
strategies using 5-FU, they might not apply to other classical
chemotherapies used in a clinical setting. We had indeed pre-
viously reported that the anticancer effect of anthracyclines
and oxaliplatin was dependent on the release of IL-1f3 from
DCs and the subsequent activation of CD8 T-cell-dependent
anticancer immunity.” This means that depending on the
environmental context, acute inflammation triggered by
chemotherapy can actually be beneficial to the host. We think
that our current observations with 5-FU do not contradict
these previous findings because 5-FU does not actually re-
store CD8 T cell functions by inducing immunogenic tumor
cell death, but rather by eliminating MDSCs.!""! 5-FU does
not, therefore, activate CD8+ T cells through DC-mediated
IL-1P release. Accordingly, our results indicate that MDSCs
release only little IL-1p upon 5-FU treatment in contrast to
DCs exposed to TLR4 inducers like HMGB1. Overall, these
results are compatible with a scenario where high IL-1f3
concentrations favor CD8 T cell activation, but low IL-1f3
concentrations rather promote Th17 cell differentiation. Our
mouse and human observations collectively provide strong
impetus to combine 5-FU with immumomodulators aimed at
blocking IL-1 and/or IL-17 activity. Based on our preclinical
results, we have initiated a phase II clinical trial assessing the
potential benefit of the addition of IL-1 receptor antagonist
to 5-FU-based chemotherapy in metastatic colon cancer
patients. This study will provide us with valuable informa-
tion regarding the ability of 5-FU-based chemotherapy to
enhance IL-17 production by human T cells and the impact
of IL-1 blockade on IL-17—driven tumor angiogenesis in a
clinical setting.

Concluding remarks

While 5-FU was originally designed to selectively
prevent cancer cell proliferation, it has now become clear
that this drug exhibits several immunomodulatory effects.
Initial observations indicating that immune responses con-
tributed to 5-FU anticancer effect have raised enthusiasm
among scientists working in the field, but 5-FU given alone
fails to eliminate established cancers, underscoring the need
to combine 5-FU with other chemotherapeutic drugs and
immunomodulators. Several studies have indeed shown
that combinations of 5-FU with other chemotherapy drugs,
cytokines, or DC vaccines could enhance 5-FU antican-
cer efficacy. To date, however, no study has assessed the
therapeutic benefit of combining 5-FU with blockade of
molecules negatively regulating T cell activation, such as
Programmed cell death protein 1 ( PD-1), despite a report in-
dicating that 5-FU drives human breast cancer cell resistance
by promoting Programmed cell death 1 ligand 1 (PD-L1)
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surface expression in tumor cells.® Whether the blockade
of immune checkpoint molecules in addition to 5-FU ad-
ministration can result in potent anticancer responses thus
remains to be investigated [Figure 1]. Understanding the
molecular mechanisms explaining the efficacy of combined
5-FU-based treatments will be essential to identify the bio-
markers indicative of its therapeutic efficacy.
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