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Abstract

The mevalonate pathway is an attractive target to override multidrug resistance (MDR) and restore
immunogenic cell death (ICD) in tumor cells. Recent data indicate that aminobisphosphonates are
better tools than statins to manipulate the Mev pathway since they have synergistic effects on tumor

cells and host immunity.

Manuscript

The final products of the mevalonate (Mev) pathway are cholesterol and isoprenoids, such as
isopentenyl pyrophosphate (IPP), farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate
(GGPP). Isoprenoids are critical for the post-translational modification of proteins that are essential
in cell growth and differentiation such as the small GTP-binding proteins Ras and RhoA.
Increasing evidences indicate that the Mev pathway is also important in multidrug resistance
(MDR), a major challenge to durable tumor cell eradication by chemotherapy. The membrane
transporter P-glycoprotein (Pgp) plays a key role in MDR by promoting the efflux from tumor cells
of drugs such as doxorubicin (Doxo). Pgp activity in tumor cells is fostered by an accelerated Mev
pathway via several mechanisms including: 1) high levels of cholesterol in the plasma membrane;'
2) a decreased synthesis of the endogenous Pgp-inhibitor nitric oxide mediated by GGPP-induced
RhoA activation; > 3) enhanced HIF-1o-induced Pgp transcription induced by the activation of the
RhoA/RhoA kinase and Ras/ERK1/2 signalling pathways.’

Interestingly, Pgp overexpression also impairs calreticulin (CRT) activity. * CRT translocation on
the cell surface is an hallmark of immunogenic cell death (ICD), a peculiar type of cell death
triggered by drugs such as doxorubicin (Doxo) which kill tumor cells and concurrently induce
antitumor immune responses. CRT expression is sensed by dendritic cells (DCs) as an “‘eat me”’
signal, promoting tumor cell phagocytosis and cytotoxic T-cell activation.’

These data suggest that tumor cells that are resistant to direct chemotherapy-induced cytotoxicity

also have a tendency to escape chemotherapy-induced ICD. We have recently tested this hypothesis



and showed that an accelerated Mev pathway is a common denominator bridging MDR and ICD in
tumor cells.” Thus, inhibition of the Mev pathway is an attractive strategy to override MDR and
reinstate ICD in tumor cells.

The Mev pathway can be inhibited with statins or aminobisphosphonates (NBPs). The former are
specific inhibitors of B-hydroxy- B-methylglutaryl coenzyme A reductase (HMGCoAR), the rate
limiting enzyme in the Mev pathway, while NBPs are specific inhibitors of FPP synthase (FPPS).
NBPs are used to inhibit osteoclast activity in cancer patients and osteoporosis with zoledronic acid
(ZA) being the most potent NBP currently available for clinical use.

The Mev pathway is not unique to tumor cells, and other cells with an accelerated Mev pathway
activity, such as monocytes and dendritic cells (DCs), are targeted by statins such as simvastatin
(Sim) or ZA eventually delivered in association with chemotherapy drugs.

Figure 1 illustrates the different scenarios that Mev pathway inhibition in tumor cells and DCs with
ZA or Sim can trigger in association with Doxo. Both agents cause intracellular FPP and GGPP
deprivation, downregulate Ras and RhoA activation, and decrease cholesterol production, but ZA
only, by targeting FPPS downstream to HMGCoAR, increases intracellular IPP levels and induces
extracellular IPP release.® Interestingly, IPP is very similar to the natural ligands of Vy9V&2 T
cells, a unique subset of unconventional T cells deeply involved in innate immune responses against
microbes, stressed cells and tumor cells.” Several groups have shown that ZA-induced IPP
accumulation in tumor cells or antigen-presenting cells (APC) such as monocytes and DCs can be
exploited to intentionally activate Vy9OVo2 T cells and trigger immune responses against tumor
cells.”

In MDR+ tumor cells (panel A, left), ZA interrupts Ras- and RhoA-dependent downstream
signalling pathways, abrogates HIF-1a-driven Pgp expression, induces intracellular Doxo
accumulation, promotes CRT exposure and restores ICD, as documented by the ability of DCs to
phagocytise MDR+ cells treated with ZA and Doxo (ICD afferent arm), and to recruit anti-tumor

cytotoxic CD8+ T lymphocytes (ICD efferent arm).> Moreover, the ZA-induced intracellular



accumulation and extracellular release of IPP facilitate the activation and immune recognition of
MDR+ cancer cells by Vy9Va2 T cells.’

In DCs (panel A, right), ZA-induced isoprenoid deprivation leads to caspase-1 activation, IL-18 and
IL-1P production, and NK-cell activation.’ ZA-treated DCs also accumulate and release high
amounts of IPP leading to the concurrent Vy9V&2 T-cell activation.® Vy9V82 T-cell activation is
not detrimental to NK cells whose immune performances are improved upon interaction with
activated Vy9V82 T cells.'” Lastly, Vy9V82 T cells activated by ZA-treated DCs and tumor cells
can act as cellular adjuvants and boost the afferent and efferent ICD arms. Antitumor immune
responses mediated by MHC-restricted CD8+ a3 T cells are amplified by the concurrent activation
of VY9V82 T cells induced by autologous DC copulsed with ZA and tumor-associated antigens.’ In
conclusion, ZA-induced Mev pathway inhibition in tumor cells and DC can override MDR and
promote the immune recognition of cancer cells by innate and adaptive immune effector cells.

The same favourable scenario is not induced by Sim (panel B) which is unable to downregulate Pgp
expression.' Thus, Doxo accumulation in Sim-treated tumor cells is suboptimal to induce CRT
exposure and ICD. Moreover, Sim does not induce any IPP accumulation in tumor cells and/or
DCs, and therefore does not recruit any other immune effector cells besides NK cells. These data
and the discrepancy between the doses used in vitro and in vivo may explain why statins have failed
in clinical trials as chemosensitizer agents.

In conclusion, current data tip the balance in favour of Mev pathway inhibition with ZA rather than
statins as the most promising strategy to override MDR, restore ICD, and promote tumor cell
killing by innate and adaptive immune effector cells.
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Figure legend.

Figure 1. Consequences of Mev pathway inhibition in tumor cells and DCs with zoledronic acid
(ZA) (A) or simvastatin (Sim) (B).

A) In tumor cells, ZA-induced FPPS inhibition results in decreased HIF-1a activity, lower Pgp
expression, increased Doxo accumulation, and CRT exposure. Dying tumor cells are sensed by
DCs (ICD afferent arm) and antitumor cytotoxic T cells are recruited (ICD efferent arm). ZA also
induces IPP accumulation and release, leading to the activation of VyY9Vo2 T cells and increased
recognition of tumor cells by Vy9V2 T cells.

In DCs, ZA-induced isoprenoid deprivation induces IL-18 and IL-13 production, caspase-1
activation and NK cell activation. ZA-treated DCs also accumulate and release IPP and further
activate VY9Vo2 T cells, which are potent adjuvants of the MHC-restricted af CD8+ T cells and
NK cells. Thus, the afferent and efferent arms of ICD are boosted by the concurrent activation of
VyOVa2 T cells.

B) Sim-induced HMGCoAR inhibition in tumor cells leads to decreased cholesterol synthesis,
decreased Pgp activity and increased Doxo accumulation. However, these effects are not potent
enough to significantly decrease Pgp expression, induce CRT and promote ICD. Moreover, Sim
does not induce any IPP accumulation and/or release and therefore there is no recruitment of

Vy9Vo62 T cells.



Abbreviations: CoA: coenzyme A; HMGCoA: 3-hydroxy-3-methyl-glutaryl- coenzyme A;
HMGCoAR: HMGCoA reductase; IPP, isopentenyl pyrophosphate; FPP, farnesyl pyrophosphate;
GGPP, geranylgeranyl pyrophosphate; FPPS: FPP synthase; HIF-1a, hypoxia inducible factor-1a;
Pgp, P-glycoprotein; Doxo: doxorubicin; CRT: calreticulin; ICD: immunogenic cell death; NK,

natural killer; IL, interleukin; ZA, zoledronic acid.
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