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Abstract

Conventional cytotoxic cancer chemotherapy is often immunosuppressive and associated with
drug resistance and tumor regrowth after a short period of tumor shrinkage or growth stasis.
However, certain cytotoxic cancer chemotherapeutic drugs, including doxorubicin, mitoxantrone,
and cyclophosphamide, can kill tumor cells by an immunogenic cell death pathway, which
activates robust innate and adaptive anti-tumor immune responses and has the potential to greatly
increase the efficacy of chemotherapy. Here, we review studies on chemotherapeutic drug-induced
immunogenic cell death, focusing on how the choice of a conventional cytotoxic agent and its dose
and schedule impact anti-tumor immune responses. We propose a strategy for effective
immunogenic chemotherapy that employs a modified metronomic schedule for drug delivery,
which we term medium-dose intermittent chemotherapy (MEDIC). Striking responses have been
seen in preclinical cancer models using MEDIC, where an immunogenic cancer chemotherapeutic
agent is administered intermittently and at an intermediate dose, designed to impart strong and
repeated cytotoxic damage to tumors, and on a schedule compatible with activation of a sustained
anti-tumor immune response, thereby maximizing anti-cancer activity. We also discuss strategies
for combination chemo-immunotherapy, and we outline approaches to identify new immunogenic
chemotherapeutic agents for drug development.
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Introduction

Cancer is a disease of malignant cells that interact with and co-opt their environment in
complex ways, stimulating tumor growth, angiogenesis, invasion and metastasis and
fostering an immune suppressive environment that counters the tumoricidal effects of many
cytotoxic anti-cancer agents [1]. To be most effective, anti-cancer therapies need to take into
account drug effects on the tumor microenvironment. This environment is dynamic and can
be remodeled through interventions that alter the interactions between tumor cells and
stromal cells, creating new therapeutic opportunities [2]. Certain conventional tumor cell
cytotoxic and cytostatic cancer chemotherapeutic drugs have the potential to increase tumor
cell immunogenicity by activating immunogenic cell death (ICD), an immunostimulatory
form of cell death that activates innate immune responses and also elicits a tumor-specific
adaptive immune response [3-5], with an increase in overall anti-tumor efficacy compared to
tumor cell cytotoxicity alone [3,6]. In practice, however, the toxicity of these and many other
cancer chemotherapeutic drugs to T cells, natural killer (NK) cells and dendritic cells (DCs)
limits the extent of immune stimulation and can lead to immunosuppression [7,8]. Here we
review studies on the actions of drugs that induce ICD, focusing on the dose and schedule
dependence of conventional chemotherapy-activated immune responses and on
combinations with immunotherapy, both in mouse models and in the clinic. We propose that
anti-cancer chemo-immunotherapeutic responses to drugs that induce ICD can be optimized
by using a modified metronomic schedule for drug delivery, which we term MEDIC,
medium-dose intermittent chemotherapy. Finally, we outline approaches to identify novel
lead immunogenic chemotherapeutic agents for drug development.

Chemotherapy-induced ICD

Doxorubicin, cyclophosphamide and several other cancer chemotherapeutic drugs have the
capacity to induce ICD. Key events in this cell death pathway include: early translocation to
the tumor cell surface of the endoplasmic reticulum chaperone protein calreticulin, which
generates an essential “eat-me” signal for DC engulfment and tumor antigen uptake [9,10];
secretion of ATP from lysosomal stores, which stimulates macrophage recruitment and
maturation [11], induces NK cell proliferation, and stimulates IFNy production [12]; and
post-apoptotic release of the nuclear chromatin binding protein HMGB1, which activates
toll-like receptor 4 (TLR4) and mediates nucleic acid-activation of TLRs 3, 7 and 9 [13,14].
Certain ICD drugs can also activate type-1 interferon signaling pathways in tumor cells,
which may contribute to the downstream activation of host antitumor immunity [15].

ICD-induced translocation of HMGB1 from the nucleus to the cytoplasm is followed by
HMGB1 release into the extracellular matrix of dying tumor cells. This release enables
HMGB1 to interact with TLR4 expressed on DCs, thereby stimulating antigen presentation
by DCs as well as DC production of IL1[, which activates CD8" T cells [16,17]. ATP
secreted from dying tumor cells can act on DC purinergic P2RX7 receptors to activate CD8*
T cells [16,18]. The importance of chemotherapy-induced ICD is highlighted by the low
efficacy of chemotherapy in cells with loss-of-function alleles of TLR4 and P2RX7
[7,17,18]. Tumor cell surface molecules that present “don’t eat me” signals for DCs,
including CD31, CD46, and CD47, are down regulated during ICD, allowing the eat-me
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signals to prevail and phagocytosis of apoptotic corpses to occur [19]. Molecular chaperones
such as HSP90 appear on the tumor cell surface, enhancing DC-tumor cell adhesion and
stimulating DC maturation [20]. Factors that inhibit ICD include: CD39/ENTPD1, which
hydrolyzes extracellular ATP [21]; CD73/NT5E, which converts AMP into adenosine and is
highly immunosuppressive of macrophages, NK cells and T cells [12]; and CD47, which
counters the phagocytic signal of surface-expressed calreticulin [22].

Chemotherapy can also increase tumor cell immunogenicity by inducing expression of
MHC-I molecules and tumor-specific antigens on the tumor cell surface [23].
Chemotherapy-induced stress may also activate NK cells by inducing expression of NK cell
stimulatory ligands, such as NKG2D activating ligands [24,25] and by decreasing tumor cell
surface levels of NK cell inhibitory ligands [26,27]. Death receptors present on the tumor
cell surface, such as TRAIL receptor and mannose-6-phosphate receptor, can also be
induced by chemotherapy, rendering tumor cells susceptible to immune cell attack [28,29].

Some of the stimulatory immune responses to cytotoxic anti-cancer drug treatment may
result from the transient lymphopenia that many of these drugs induce, as seen in both
animal models and in the clinic [30,31]. Lymphopenia is associated with up regulation of
host danger-sensing and repair mechanisms, which lead to a “storm” of cytokines and
chemokines, DC differentiation, maturation and homeostatic proliferation, T cell activation,
and anti-tumor immune cell recruitment into tumors [32,33]. Depletion of chemotherapy-
sensitive immune suppressive cells, such as myeloid-derived suppressor cells and circulating
Tregs [34], can lead to restoration of NK cell effector function and T cell proliferation in
patients [35] and contribute to the immune stimulatory effects of chemotherapy.

Dependence of ICD on choice of chemotherapeutic drug and tumor model

Anticancer drugs that induce ICD include cyclophosphamide, doxorubicin, epirubicin,
idarubicin, mitoxantrone, and oxaliplatin [36—39]. The impact of ICD can be seen when
immune competent mice are injected with tumor cells treated ex vivo with mitoxantrone,
doxorubicin or idarubicin, which confers immunity against live tumor cell challenge on the
opposite flank. Thus, the ICD drug-treated tumor cells immunize the host to the tumor and
thus serve as an anti-cancer vaccine [9]. Other DNA-damaging agents, such as etoposide and
mitomycin C, are non-immunogenic, and show little such vaccine activity when tested in the
same experimental setting [9]. However, the immunogenicity of etoposide and mitomycin C
becomes apparent when calreticulin is overexpressed or when protein phosphatase-1/
GADD34 complex, a negative regulator of calreticulin exposure, is inhibited [9]. Poor
calreticulin exposure is thus a critical determinant of the inability of these two drugs to
induce ICD. While oxaliplatin and cisplatin both trigger HMGBL1 release in colon cancer
cells, oxaliplatin, but not cisplatin, stimulates calreticulin exposure and induces anticancer
immunity in mice /n vivo [40]. In other studies, the ICD drugs doxorubicin and idarubicin,
but not the non-1CD drugs gemcitabine and etoposide, activate markers of ICD and stimulate
various immune responses, including tumor cell uptake by DCs, DC maturation, and T cell
activation [41]. Thus, non-1CD chemotherapeutic drugs may be non-immune stimulatory
because of their inability to activate one or more of the cellular responses required to elicit
ICD. Cell-based assays for the classic features of ICD (calreticulin exposure, HMGB1
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release, etc.) can therefore be very useful, both from a mechanistic perspective and for their
utility in screening for candidate ICD drugs (see below). However, evidence for a functional
immunogenic response /in vivo is ultimately required, for instance, by testing for the ability
of ex vivodrug treated tumor cells, when injected on one flank of a mouse, to induce the
rejection of live tumor cells injected on the opposite flank (vaccine activity assay) [9]. Such
an assay can distinguish drugs (or drug-tumor cell combinations; see below) that show one
or more hallmarks of ICD (e.g., calreticulin translocation or HMGBL release) from those
that additionally show a bona fide ICD response.

Cyclophosphamide, when given on a 6-day repeating schedule, induces robust innate anti-
tumor immune responses leading to major tumor regression in glioma-bearing scid
immunodeficient mice [42-45]. Tumor regression is abolished in NSG mice, where NK cells
are absent and macrophages are dysfunctional, highlighting the essential role of the innate
immune system in the overall anti-tumor response [42]. KM12 colon cancer xenografts
given the same cyclophosphamide regimen do not show these responses, despite the intrinsic
chemo-sensitivity of KM12 tumor cells to activated cyclophosphamide [46]. In C57BL/6
mice, which are fully immune competent, the every 6-day cyclophosphamide schedule cures
GL261 gliomas by an NK cell- and CD8* T cell-dependent mechanism. In contrast, the
same treatment regimen effects only modest growth delay and little or no immune responses
in LLC lung carcinoma and B16F10 melanoma models, despite their intrinsic sensitivity to
cyclophosphamide cytotoxicity [47]. Thus, immune effects of an ICD drug, such as
cyclophosphamide, can differ dramatically between tumor models and/or tumor types, and
most likely, between individual cancer patients as well. Tumors unresponsive to the
immunogenic actions of cyclophosphamide may be deficient in factors essential for ICD,
such as stress ligands like MHC class | [23], or may express factors that confer resistance to
ICD, such as PD-L1 [48]. Tumor mutational burden and the presence of neo-antigens [49]
may also be a factor in the responsiveness of a tumor to an ICD drug. Tumor vascularity
may also be a factor, as poorly perfused tumors could present a barrier to drug access and/or
immune cell infiltration [50]. Given this tumor model dependence of ICD, it is important to
identify biomarkers that distinguish ICD immune responsive from non-responsive tumors
and patients [47].

Cancer chemotherapeutic agents characterized as non-immunogenic in one setting may
nevertheless exert immune stimulatory functions in another context. For example, cisplatin,
a non-1CD drug [40], can eliminate myeloid-derived suppressor cells and thereby relieve
tumor immune suppression and augment the homing ability of exogenous and endogenous
immune effector cells, as seen in B16 mouse melanoma [51]. Similarly, the non-1CD drug
etoposide [9] can facilitate DC maturation [52]. Thus, it is likely that more drugs are capable
of inducing anti-tumor immune responses, including ICD, than is currently recognized.
Further, as discussed in the following section, a bona fice ICD drug may fail to elicit
significant ICD or immune responses when given at a suboptimal dose or schedule.

Impact of chemotherapeutic drug dose and schedule

Cytotoxic cancer chemotherapeutic drugs are typically administered on a maximum
tolerated dose (MTD) schedule, which may induce high host toxicity and can lead to tumor
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vasculature regrowth and selection of drug-resistant cell populations during the prolonged
drug-free breaks required to recover from host toxicity [53]. In contrast, metronomic
treatment schedules [54-57] deliver chemotherapeutic drugs at a lower dose than traditional
MTD chemotherapy, but on a more frequent, or even a continuous (daily) schedule with less
overall toxicity to the host. Several preclinical studies have investigated the impact of these
and other treatment schedules on the strength and duration of immune anti-tumor responses.

Cyclophosphamide, which is employed in a large fraction (>40%) of clinical trials
evaluating metronomic chemotherapy [39,58], elicits immune modulatory responses that are
often dose and schedule dependent. In mouse glioma models, cyclophosphamide delivered
on an MTD schedule induces transient innate immune responses, whereas that same drug
given on an intermittent, 6-day repeating metronomic schedule stimulates sustained immune
responses and a prolonged period of tumor regression [42—44]. The every 6-day metronomic
schedule was also more effective in activating anti-tumor innate immune responses than
when cyclophosphamide was delivered on an exposure dose-equivalent daily low-dose
metronomic schedule [43]. The 6-day cyclophosphamide schedule induced a potent CD8+ T
cell response leading to tumor ablation and acquisition of immune memory when tested in a
fully immunocompetent, syngeneic glioma model [59]. When cyclophosphamide treatment
was halted after two 6-day cyclophosphamide treatment cycles, there was a significant
increase in Treg cells marked by Foxp3 in the tumor compartment and decreased expression
of perforin, a cytotoxic immune effector [59]. Thus, in these experimental glioma models, a
cyclophosphamide schedule with a drug-free break longer than 6 days leads to immune
suppression.

In autochthonous mouse prostate tumors, a single injection of cyclophosphamide at 50 to
100 mg/kg induces tumor-specific T cell infiltration, while doses > 200 mg/kg are highly
toxic to circulating CD4* T, CD8* T and CD19* B cells [60]. In other studies, tumor-
specific T cells were increased in tumor draining lymph nodes when cyclophosphamide was
given at a dose of 100 mg/kg every 8 days, but were suppressed when the same total
cyclophosphamide dose was delivered at a dose of 50 mg/kg every 4 days [61]. Metronomic
cyclophosphamide treatments at either 10 mg/kg per day or 50 mg/kg per week synergize
with tumor vaccines to induce tumor regression in an HPV tumor-bearing C57BL/6 mouse
model, however, tumor-specific CD8* T cell responses were reduced with the daily
cyclophosphamide schedule as compared to the weekly schedule [62]. Similarly, when
cyclophosphamide was combined with 1L12 gene therapy in CT26 colorectal carcinoma-
bearing BALB/c mice, a single injection of cyclophosphamide at 50 mg/kg induced a
superior anti-tumor response compared to when cyclophosphamide was given three times
per week at a dose of 25 mg/kg [63]. Thus, immune responses can be expected to be
suboptimal when drug treatment is too frequent, as in low-dose daily metronomic
chemotherapy, or when the break between treatments is too long, as in many MTD treatment
schedules. Overall, these findings establish the principle that chemotherapy dose and
schedule are both critically important determinants of the immune outcome, and that the
optimal dose and precise schedule vary between tumor models.
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Combination of chemotherapy with immunotherapy

Despite the strong, beneficial anti-tumor immune responses that can sometimes be achieved
with ICD-inducing chemotherapy alone, initial anti-tumor responses are often followed by
tumor regrowth [64]. One attractive approach to this problem is combination with
immunotherapy, whereby the patient’s own immune system is stimulated to unleash its
intrinsic anti-tumor potential. Immunotherapy is increasingly used for cancer treatment
[65,66] and can be synergistic with chemotherapy. It may involve diverse treatments,
ranging from use of tumor vaccines, TLR agonists, cytokines, and agents that counter of
immunosuppression, including checkpoint inhibitors.

Immunotherapy may be synergistic with chemotherapy

Immunotherapy can be implemented using tumor vaccines that prime and stimulate anti-
tumor T cell responses, either with or without co-administration of antigen-presenting DCs
[67]. Adoptive transfer to the host of anti-tumor immune cells that are activated and
expanded ex vivois another approach [68]. T cells engineered to express T cell receptors or
chimeric antigen receptors that recognize specific tumor antigens are often used in immune
cell adoptive transfer studies [69]. Immune-stimulatory cytokines, such as GM-CSF, IFN-a,
IL2, and IL12, can further improve the efficacy of immunotherapy [70,71]. Tumor vaccines
and adoptive transfer are both subject to multiple tumor-derived immune suppressive
mechanisms, including anergy and apoptosis of anti-tumor immune cells [72]. In some
cases, peripheral immune cells cannot access the tumor [73]. Combination chemotherapy
can address these issues by depleting or inhibiting immune suppressive cells, by producing
immune-stimulatory cytokines and immune cell-recruiting chemokines, and/or by increasing
the exposure of tumor antigen to immune cells [16], which may increase the responses of
therapy-resistant cells [74].

Several new and clinically effective immunotherapies target immune checkpoints molecules,
notably CTLA-4 and PD-1, which are inhibitory receptors expressed on T cells and other
immune cells [75]. Antagonist antibodies used to block these inhibitory receptors allow for
activation of anti-tumor immune responses that would otherwise be strongly suppressed.
Cytotoxic drugs may be particularly effective when administered in the context of
checkpoint blockade, when the tumor cells are already under T cell attack and may be more
susceptible to drug toxicity [76]. Cytotoxic drugs administered at this point may also Kill
tumor cells that escape T cell attack, and may block the increases in Tregs and other immune
suppressive cells that often follow immune stimulation. Checkpoint blockade applied
following a cycle of chemotherapy is also expected to be effective, in particular for drugs
that induce ICD: as chemotherapy-induced tumor cell cytotoxicity and anti-tumor immune
responses wane and pro-tumor immune responses rebound, the checkpoint inhibitors may
suppress the pro-tumor immune responses and thereby prolong, and perhaps augment
immune responses activated by the immunogenic chemotherapy. Agents used to enhance
NK cell cytotoxicity, such as anti-killer-cell immunoglobulin-like receptor [77], and anti-
TGF-p [78], to inhibit immune suppression, can be expected to synergize with ICD-active
chemotherapeutic drugs in a similar manner.
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Tumor cells may be sensitized to chemotherapy by treatment with TLR agonists [79], such
as CpG oligonucleotides, which can induce de novo immunity or boost chemotherapy-
stimulated immunity by providing an alternative or complementary route to innate immune
cell activation [80]. TLRs are prominently expressed by many immune cells; they recognize
pathogen-associated molecular pattern molecules, such as unmethylated CpG
oligonucleotides (TLR9 agonists), bacterial lipopolysaccharide (LPS, a TLR4 agonist) and
viral-derived dsRNA (e.g., TLR3 agonist poly(l:C)) [81-83]. TLRs also recognize
endogenous signals released by stressed and dying tumor cells, such as HMGB1, an
activator of TLR4 discussed above [84]. Studies from this laboratory exemplify this
approach using CpG-1826, a class B CpG oligonucleotide [85], which induces strong anti-
tumor immune responses, complementing and enhancing the immune stimulatory actions of
low dose, metronomic cyclophosphamide treatment in a syngeneic mouse glioma model
[86]. While CpG-1826 treatment alone increased tumor-infiltrating macrophages markedly,
an apparently synergistic increase in CD8+ cytotoxic T cells was achieved when CpG-1826
was combined with cyclophosphamide, resulting in long-term tumor ablation and resistance
to tumor rechallenge, indicative of immune memory [86].

Combination of chemotherapy with immunotherapy in mouse models

Chemotherapeutic agents capable of eliminating or modulating immune suppressive cells in
the tumor microenvironment are good candidates as preconditioning agents for
immunotherapy [37,38,87]. Cyclophosphamide and paclitaxel can inhibit or eliminate Treg
cells [38], while gemcitabine and 5-flurouracil are effective at depleting myeloid-derived
suppressor cells [88]. Doxorubicin (5 mg/kg) boosts anti-tumor responses when given 7 days
after vaccination in neu-transgenic FVB/n female mice, in part by polarizing macrophages to
an anti-tumor M1 activation status [89]. Of note, chemotherapeutic drug dose and schedule
can have a large effect on immunomodulatory activity. For example, cyclophosphamide can
deplete Treg cells when administered at a low dose on a daily schedule (10-20 mg/kg per
day in mice; 50 mg/day, orally, in humans) or at a higher dose given as a single injection
(50-100 mg/kg ip in mice; 200-300 mg/m? iv in humans) [37,87]. However, the high-dose
cyclophosphamide treatment may limit tumor-reactive T cell responses [62,87]. Likewise, in
a rat glioma model, temozolomide decreases the Treg/CD4" T cell ratio when given at a low
dose (0.5 or 2 mg/kg per day, 5 days/week for 3 weeks), but not at a high dose (30
mg/kg/day for 5 days, or 10 mg/kg/day, 5 days/week for 3 weeks). This is most likely due to
the non-selective toxicity of high doses of temozolomide to lymphocyte populations [90].

Cyclophosphamide-induced Treg cell depletion is often transient [60,62], which necessitates
repeated cyclophosphamide treatment or direct follow-up with an active immunotherapy
regimen. In an autochthonous prostate cancer mouse model, a single injection of
cyclophosphamide at 50 mg/kg induced transient depletion of Treg cells in the prostate
tumor draining lymph nodes [60]. Interestingly, when a GM-CSF-secreting tumor vaccine
was given one day after cyclophosphamide, Treg deletion was prolonged compared to when
cyclophosphamide was given in the absence of vaccine [60]. Two cycles of
cyclophosphamide then vaccine combination therapy, spaced one week apart, stimulated
much stronger tumor-specific CD8* T cell responses compared to a single cycle [60].
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Low-dose cyclophosphamide can also stimulate host danger-sensing and repair mechanisms,
which generate immune-stimulatory cytokines and chemokines that facilitate DC
maturation, anti-tumor T cell proliferation and tumor infiltration by cytotoxic immune cells
[32,87]. Therefore, the administration of immunotherapy needs to be optimally timed to take
advantage of the “space” previously occupied by tumor tolerant or pro-tumor immune cells,
as well as dynamic production of cytokines and chemokines generated by chemotherapy
[32,33]. Adoptive immunotherapy given either 5 hours or one day after a single injection of
cyclophosphamide (83 mg/kg) showed maximum anti-tumor activity in 3CI-8 Friend
leukemia-bearing DBA/2 mice, whereas splenocytes derived from tumor-immunized mice
transferred at least 3 days after cyclophosphamide treatment showed no anti-tumor activity
[32]. In other studies, vaccines given one day after a single injection of cyclophosphamide at
50 mg/kg induced the highest level of tumor-specific CD8* T cells in an autochthonous
prostate cancer mouse model [60].

Higher doses of chemotherapy may induce different immune modulatory effects, as
exemplified by cyclophosphamide. For example, immature DCs that rebound and peak 12
days after a single lymphodepleting dose of cyclophosphamide (160 mg/kg) are functional
and can mediate enhanced prime-boost vaccination anti-tumor responses when stimulated at
the 12-day time point with a TLR3 agonist in a tolerogenic pmel-1 TCR transgenic C57BL/6
mouse model [91]. This suggests that the restoration phase (days 5 to 18) following the early
lymphopenia phase (days 1 to 4) has a distinct immune stimulation value, which should be
considered when designing combination chemo-immunotherapy. A single low-dose injection
of cyclophosphamide (100 mg/kg) can also spare bone marrow DC precursors and stimulate
DC differentiation and activation beginning 3 days after cyclophosphamide injection [10]. In
contrast, cyclophosphamide given at a myeloablative dose (200 mg/kg) depletes bone
marrow DC precursors [92]. Thus, the immune perturbation function of cyclophosphamide
is highly dose-dependent and the timing of combinational immunotherapy needs to take into
consideration the chemotherapeutic drug dose.

Combination of chemotherapy with immunotherapy in clinical trials

Many clinical trials have explored the immune stimulatory potential of chemotherapy.
Consistent with findings in mouse models, low-dose cyclophosphamide was found to be
immunostimulatory in several human clinical trials. For example, low-dose metronomic
cyclophosphamide treatment of end-stage cancer patients (50 mg orally, b.i.d., 1 week on,
and 1 week off, for 1 month or more) strongly curtailed immunosuppressive Treg cells,
leading to a restoration of peripheral T cell proliferation and innate immune cell killing
activities [35]. Several successful clinical trials have examined low-dose metronomic
chemotherapy as part of an immune induction regimen. In a prospective, randomized trial,
patients with advanced, unresectable pancreatic adenocarcinoma, non-small cell lung cancer,
or prostate cancer were given either standard chemotherapy (control group) or were
additionally given low-dose metronomic cyclophosphamide (50 mg/day, orally) combined
with G-CSF, a sulfhydryl donor, a Cox2 inhibitor, and a preparation of autologous tumor
antigens (experimental group). The experimental group displayed higher anti-tumor
immunity after three months and a significantly longer mean survival time [93]. In another
study, 28 progressive metastatic melanoma patients were treated with low-dose metronomic
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cyclophosphamide (50 mg/twice daily, orally; 1 week on, and 1 week off) together with
celecoxib (200 mg daily), followed by vaccination with DCs [94]. A general increase in
immune responses was seen, including induction of antigen-specific immune responses. The
number of patients with stable disease more than doubled and 6-month survival was
increased significantly compared to a previous trial without cyclophosphamide and
celecoxib [94].

In several clinical trials, low-dose cancer chemotherapeutic agents were used as
preconditioning agents for immunotherapy. In a study combining chemotherapy with HER2-
positive, allogeneic, GM-SCF-secreting tumor vaccine in 28 metastatic breast cancer
patients, HER2-specific antibody responses were enhanced by 200 mg/m?
cyclophosphamide (given 1 day prior to vaccination) and 35 mg/m?2 doxorubicin (given 7
days after vaccination), but were suppressed by higher cyclophosphamide doses (250 or 350
mg/m?) [95]. In another study, a cohort of patients with advanced pancreatic cancer was
treated with cyclophosphamide at 250 mg/m? one day before treatment with a GM-CSF-
secreting tumor vaccine [96]. This combination regimen induced tumor-specific CD8* T
cells and led to longer median survival (4.3 months vs. 2.3 months in patients treated by the
tumor vaccine alone) [96].

In other cases, however, low-dose cyclophosphamide in combination with immunotherapy
did not induce objective responses. For example, cyclophosphamide (300 mg/m2, on day 1)
plus escalating doses of an IL2 conjugate with antibody to the cell surface adhesion
molecule EpCAM, on days 2, 3, 4 of each 21-day cycle, was used to treat EpCAM-positive
advanced solid tumors. Ten of 26 patients (38%) treated for up to 6 cycles had stable disease
as the best response, but in only 3 patients did this response last longer than 4 treatment
cycles [97]. In a randomized phase Il trial of early stage melanoma patients, four mixed
modified HLA-class | tumor vaccines were given in combination with cyclophosphamide
(300 mg/m?2) and low-dose IL2. While vaccination induced a rapid and persistent increase in
specific effector memory CD8™ T cells, cross-recognition of native vaccine and reaction to
melanoma cells was limited [98]. Finally, a phase Il trial of advanced hepatocellular
carcinoma patients treated with cyclophosphamide (300 mg/m2, on day -3) in combination
with GM-CSF and a telomerase peptide vaccine, GV101, on days 1, 3, 5, 8, 15, 22, and 36,
followed by 4 weekly injections, did not induce complete or partial responses in any
patients, and no GV101-specific immune responses were detected after vaccination [99].

While different reasons might account for each failed clinical trial, the immune-based effects
and overall performance of low-dose chemotherapy, either given as a single injection or in a
metronomic manner, is best described as moderate, even though statistically significant
increases in immune responses were found in some cases. A systematic review of low-dose
metronomic chemotherapy based on 80 published clinical trials up to 2012 (65% involving
combination therapy) found that the mean response rate was only 26%, with a median
progression-free survival of only 4.6 months [58]. Since in many cases low-dose
metronomic chemotherapeutic agents are used as “maintenance” or “consolidation”
treatment for elderly and frail patients because of their ease of administration and
comparatively low-degree of toxicity [100], randomized phase Il trials are needed to
definitively assess the immune modulation function of low-dose chemotherapy. However,
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based on available results, we do not expect that current low-dose chemotherapy-based
treatments will generally result in substantial immune-based improvements in cancer
treatment. These findings indicate a need for new treatment strategies and regimens.

Medium-dose Intermittent Chemotherapy (MEDIC)

A key goal of ICD-based chemotherapy is to take advantage of the synergistic effects of
combining tumor cell cytotoxicity with ICD-induced activation of the patient’s immune
system in order to eliminate tumor cells, in particular, tumor cells that may be resistant to
conventional chemotherapy. Ideally, this would be achieved in a way that activates both the
innate and the adaptive immune system and leads to tumor ablation with long-term anti-
tumor immune memory [59]. To achieve this, we propose to combine immunotherapy with a
modified metronomic schedule, termed MEDIC (medium-dose intermittent chemotherapy;
Fig. 1; red), which uses an immunogenic cancer chemotherapeutic agent given at a dose
between that of a low dose daily regimen (Fig. 1; blue) and an MTD dose (Fig. 1; green).
Thus, MEDIC employs an intermediate or medium drug dose given on a schedule with an
intermediate-length drug-free break. A MEDIC regimen is designed to achieve two
important goals: 1) to impart strong and repeated cytotoxic damage to tumors, in order to
kill a substantial fraction of tumor cells; and 2) to activate a sustained anti-tumor immune
response. In addition, a MEDIC regimen with its expected low host toxicity compared to
MTD chemotherapy may allow for prolonged treatments with improve patient quality of life,
and thus have wider application in the clinic. The key features of MEDIC are its dose and
schedule, which are interrelated; indeed, the total amount of drug delivered on a MEDIC
schedule need not be all that different from that of a ‘low dose daily’ metronomic schedule,
or from that of an MTD schedule, e.g., for cyclophosphamide in mouse models: 20-25
mg/kg for low dose daily, 140 mg/kg every 6 days for medium dose intermittent (MEDIC),
and 150-170 mg/kg x 2 or 3 consecutive days, every 21 days, for MTD dosing [43].

To achieve a robust anti-tumor response, it is important to select a chemotherapeutic drug
capable of inducing ICD and/or depleting immune suppressive cells, and to administer it at a
dose that can eradicate a large fraction of tumor cells [90]. In the absence of ICD-stimulated
immune responses, the effectiveness of single agent chemotherapy is often limited by a
failure to substantially reduce the tumor burden and by the emergence of tumor cell-evolved
drug resistance (Fig. 1; yellow). Some chemotherapy regimens, when given at a dose too low
to inhibit tumor growth (even when given on a daily schedule), might be able to kill some
tumor cells via an anti-angiogenic mechanism [56] or perturb immune cell populations in a
beneficial manner, e.g., by decreasing the Treg/CD4* T cell ratio, but do not activate a robust
anti-tumor immune response [90] (Fig. 1; blue). Thus, low-dose daily regimens may not
effectively reduce tumor volume significantly [56]. Tumor burden often shows a negative
correlation with the potency of immunotherapy, presumably because immune suppressive
signals derived from a large and expanding tumor mass are sufficiently strong to override the
stimulatory effects of immunotherapy [101]. Therefore, non-immunogenic regimens of
chemotherapy, or immunogenic chemotherapy regimens that are given at a dose too low to
inhibit tumor growth, are not ideal candidates to combine with immunotherapy.
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For chemo-immunotherapy to be effective, the dose of chemotherapy needs to be lower than
the threshold dose that induces severe myeloablation and host toxicity; doses higher than
this would necessitate a prolonged drug-free break, such as the break required in a classical
MTD drug schedule, which could allow for the development of immune suppression,
overriding any transient anti-tumor immune responses [42] and enabling drug-resistant
tumor cell clones to emerge [102] (Fig. 1; green). Once drug-resistant tumor cells expand to
form a significant tumor mass, the growing tumor cells may evolve additional mechanisms
to subvert or escape the immune system and undermine the effectiveness of immunotherapy.

The length of the drug-free break needs to be properly timed to achieve the right balance
between cytotoxicity to tumor cells and a sustained immune response (Fig. 2). Typically, a
single injection of a cancer chemotherapeutic drug may induce multiple responses, including
a reduction of tumor-tolerant immune cells (Fig. 2A, black line) and an increase in drug
cytotoxicity (Fig. 2B, brown cone) to tumor cells and immune cells, e.g., lymphopenia (Fig.
2C, blue line), and immune-stimulatory signals (Fig. 2D, pink line). The immune stimulation
signals activate anti-tumor immune responses (Fig. 2E, red line), which are followed by
increased immune suppression and drug resistance (Fig. 2F, green line). An optimal drug-
free break will allow for rebound of endogenous tumor-reactive immune cells and give
sufficient time to expand the immunotherapy-activated immune response (Fig. 2B). A drug-
free break that is too long (e.g., = 9-days in intermittent cyclophosphamide treatment
regimens [44,59,103]) may lead to immune suppression and drug resistance (Fig. 2C), while
a drug-free break that is too short (e.g., < 3—4-days on those same cyclophosphamide
regimens [43,59,61-63]), will ablate responding anti-tumor immune cells (Fig. 2D). We thus
propose to employ an intermediate-length drug-free break, such as the 6-day MEDIC
schedule that is highly effective in glioma models [42,43,45,47,59]. Multiple cycles of
combination treatment will likely be needed to eradicate sufficient numbers of tumor cells
and to achieve strong, sustained anti-tumor immune responses, while preventing the
development of immune suppression and the emergence of drug resistant tumor cell
populations.

An intermittent, every 6-day repeating medium-dose cyclophosphamide schedule (6-day
MEDIC regimen) at 90 to 140 mg/kg per injection can activate robust and sustained innate
and adaptive immune responses following an initial transient lymphopenia (Fig. 1; red) [59].
These mouse doses correspond to an adult human dose range of 7.3-11.4 mg
cyclophosphamide/kg body weight (270-420 mg/m?) based on a species-adjusted per body
surface area dose conversion [104]. The 6-day MEDIC cyclophosphamide regimen is well
tolerated in the mouse model with no need for special palliative care, indicating its low
toxicity. The total dose of cyclophosphamide on the 6-day MEDIC schedule, when
calculated on a per day basis, is similar to that used in MTD cyclophosphamide schedules in
mouse models [42,105]. The essential difference is that the length of the drug-free break is
substantially shorter on the MEDIC schedule. Whereas MTD schedules of
cyclophosphamide induce transient immune responses associated with substantial tumor
growth rebound [42], the 6-day cyclophosphamide schedule provides a good balance
between maximizing tumor cell toxicity and minimizing the frequency of immune cell
ablation [59]. Thus, the preclinical studies from our laboratory and by others support the use
of MEDIC schedules [42-44,61,62]. Further work is needed to extend these studies to other
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tumor types and a broader range of tumor models, including orthotopic tumors and
genetically engineered mouse models. Such studies may include PDX (patient-derived
xenograft) models grown in scid (adaptive immune-deficient) mice [106,107], insofar as a
significant component of the immune response to the 6-day cyclophosphamide MEDIC
regimen involves the innate immune system, which is sufficient to induce major immune-
based tumor regression, even in the absence of the adaptive immune system [42].

It will be challenging to finding the right balance between a chemotherapy treatment interval
that is not ‘too short’ and one that is not ‘too long’ for effective MEDIC, as it will be to
identify the optimal MEDIC dose when targeting different tumor types with different
chemotherapeutics. In this regard, the discovery of predictive biomarkers of responsiveness
may be critical for clinical translation. It will also be important to ascertain whether MEDIC
schedules show superior efficacy compared to other doses and schedules in the clinic, either
alone or when combined with immunotherapy. To investigate this question, we reviewed all
clinical trials from 12/01/2012 to 01/15/2014, as cited by Vacchelli [39], to identify trials
that employed cyclophosphamide and monitored an immunogenic response. We also
examined 264 other clinical trials involving cyclophosphamide registered at the NIH clinical
trial website (clinicaltrials.gov) for the subsequent 2-year period. We found only 12 clinical
trials where cyclophosphamide was used on a MEDIC-type schedule, most of which were
based on a 7-day drug-free break (Supplementary Table 1). Unfortunately, none of these
trials compared MEDIC schedules with other cyclophosphamide schedules (e.g., low dose
daily metronomic or traditional MTD schedules), and none determined whether the
cyclophosphamide-based treatments activated an immune response. Further, in all 12 trials,
cyclophosphamide was given together with dexamethasone, a glucocorticoid anti-emetic
with immune suppressive activity [108], including CD4* and CD8" T cell depletion and
Treg activation [109], which may compromise MEDIC-activated anti-tumor immune
responses. These findings, together with the moderate performance of many low-dose
metronomic chemotherapy trials, summarized above, indicate a critical need for suitably
designed clinical trials to properly evaluate the therapeutic utility of MEDIC schedules and
their efficacy, both alone and in combination with immunotherapy and other co-medications
used in cancer patients.

Dual chemotherapy-based chemo-immunotherapy

Immunotherapy combined with two cytotoxic cancer chemotherapeutic drugs might be more
effective than a single chemotherapeutic drug-based regimen, for the following reasons (Fig.
3). First, inclusion of a second cytotoxic agent may minimize the selection of drug-resistant
tumor cell clones (Fig. 3A). Second, different cancer chemotherapeutic drugs may stimulate
different anti-tumor immune populations (Fig. 3B). For example, cyclophosphamide and
paclitaxel can each boost tumor vaccine-mediated T cell responses when given at
lymphodepleting doses one day prior to vaccination, whereas doxorubicin can spare T cells
and activate macrophages when given 7 days after vaccine injection [89]. Third, one
chemotherapeutic drug may be used to inhibit tumor growth by an anti-angiogenic
mechanism or reduce tumor burden by its intrinsic tumor cell cytotoxicity, while a second
drug may complement the first drug by activating ICD (Fig. 3C). However, caution should
be exercised when using such a strategy, since VEGFR2-targeting anti-angiogenesis agents
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can block the strong immune cell recruitment stimulated by a 6-day cyclophosphamide
MEDIC schedule [42,45]. Finally, to address the leakiness of the tumor vasculature, which
results in a high interstitial pressure and a low rate of drug penetration [110], it may be
beneficial to use one drug to normalize the tumor vasculature, and thereby improve the
uptake of a second chemotherapeutic drug, resulting in more effective tumor cell killing and
altering the tumor microenvironment in a way that favors anti-tumor immune responses (Fig.
3D).

In terms of drug schedule, the same principles that we discussed for MEDIC using a single
chemotherapeutic agent will apply when two or more chemotherapeutic drugs are combined
with immunotherapy. However, special consideration will need to be given to dose and
schedule optimization, as well as drug sequencing, all of which can be expected to
complicate MEDIC trial design and clinical evaluation.

Implications for drug development

In vitro tumor cell cytotoxicity assays are commonly used to screen for novel anti-tumor
drugs [111,112]. While this approach can be used to identify novel cytotoxic agents, it is not
an effective way to identify novel inducers of ICD. It is thus important to incorporate new
criteria, such as ICD or immune modulation, when screening for anti-cancer drugs. The
clinical efficacy of imatinib mesylate (Gleevec) in treating gastrointestinal stromal tumors
(GIST) that lack the activating mutations in KIT and PDGFRA, normally targeted by
imatinib, is a good example that supports this approach [113]. These GIST cells do not
respond to imatinib /n vitro due to their lack of an imatinib target. In this case, imatinib
blocks KIT signaling in host DCs, which leads to DC-mediated NK cell activation and
inhibition of tumor cell growth [113]. Further, in the case of some KIT-expressing GIST
tumors, imatinib functions in a non-cell autonomous manner by restoring the anti-tumor
functions of CD8"* T cells and NK cells by inhibiting the KIT-ETV4-IDO-Treg axis between
tumor cells and Treg cells [114]. In both cases, key stromal cell components are required for
any cell culture-based detection of imatinib activity.

There are several ways to assess the capacity of chemotherapeutic agents to modulate
immune cell function and induce immunogenic tumor cell death. One way is to engineer a
fluorescent marker to track the expression of immunogenic tumor cell death. For example,
U20S cells that stably express a calreticulin-GFP fusion protein has been used to monitor
the cellular location of calreticulin protein [115]. This system was used to ascertain that
cisplatin, which does not induce ICD, failed to induce translocation of calreticulin from the
endoplasmic reticulum to the cell surface, in contrast to the translocation activity seen with
the ICD drugs oxaliplatin and mitoxantrone [116]. This assay was used to screen a broad
range of compounds and led to the discovery that thapsigargin, an inducer of endoplasmic
reticulum stress, can synergize with cisplatin to induce translocation of calreticulin to the
plasma membrane and activate ICD [116]. Reporters for HMGBL release can also be used
for immunogenic anticancer drug screening and development.

Assays for chemotherapy-mediated immune cell modulation can readily be implemented in
a high throughput /in vitro screen format. In one example, an engineered IL1 promoter was
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used to drive the expression of a fluorescent reporter protein in a murine DC cell line, and
served as a surrogate marker for DC maturation in a screen for immune stimulatory
chemotherapeutic drugs [52]. DC function can be affected by many non-cell autonomous
factors, including eat-me signals coming from immunogenic tumor cell death and cytokines
secreted by tumor cells or other stromal cells [10]. Therefore, the utility of such a screen
might be greatly improved by adding tumor cell-conditioned medium or tumor cells, and/or
stromal cells, to mimic the /n vivo composition of a specific tumor type. By incorporating
tumor cells into the assay, tumor cell ICD may be indirectly read out using the high-
throughput reporter for DC activation. Mixed tumor cell populations designed to mimic the
/n vivo tumor composition may also be used to screen for other immune modulatory features
of cancer chemotherapeutic drugs. These include the ability to induce critical immune
stimulatory cytokines or chemokines, activate NK cell or T cell effectors, deplete immune
suppressive cells, or increase death receptor expression on tumor cells. Gene expression
profiles of untreated tumors that reflect the immunogenicity of tumor cells, the composition
of stromal cells, and the immune cell activation status [117-120] may also help identify
targets of immunotherapy and design suitable /in vitro screens for new and effective
chemotherapeutic drugs.

Conclusion

We have reviewed the dependence of ICD on the choice of chemotherapeutic drug and
tumor model and the impact of chemotherapeutic drug dose and schedule on the ability to
achieve robust anti-tumor immune responses. We have proposed a modified metronomic
schedule, termed MEDIC, for effective immunogenic chemotherapy and for combination
chemo-immunotherapy. MEDIC schedules offer several advantages over conventional MTD
and low-dose daily (metronomic) schedules; these include lower host toxicity compared to
MTD schedules, higher peak drug levels and greater cytotoxicity to tumor cells than low-
dose daily metronomic schedules, and a drug-free break that is designed to maximize anti-
tumor immune responses. The ultimate clinical utility and effectiveness of MEDIC
scheduling in unknown and awaits rigorous testing in clinical trials. The discovery of
biomarkers of immune responsiveness may facilitate clinical translation by helping to
address the challenge of finding an optimal dosing schedule and the right dose for each
MEDIC regimen, tumor type and chemotherapeutic — immunotherapeutic combination.
Finally, immune activation-based assays can be expected to stimulate the discovery of novel
immunogenic anti-cancer drugs that spur the development of novel and more effective
cancer treatments.
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Highlights

Chemotherapy-induced anti-tumor immunity is highly dependent on dose and
schedule

Combination therapies need to balance cytotoxicity to tumor cells vs. immune
cells

Medium-dose intermittent chemotherapy can greatly enhance anti-tumor immune
responses

Strategies to identify new immunogenic chemotherapeutics are identified
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Fig. 1. Cancer chemotherapy: Immune effects of low-dose, medium-dose, high-dose options
Cancer chemotherapeutic drugs may be non-immunogenic (yellow rectangles) or

immunogenic; the latter may be further divided into three categories based on the dose and
schedule: Low-dose daily metronomic chemotherapy (blue), medium-dose and intermediate-
length intermittent chemotherapy schedule (MEDIC, a modified form of metronomic
chemotherapy, red), and high-dose with long drug-free break schedule (MTD, green). The
impact of each treatment regimen on tumor cell killing and immune responses is shown.
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1 Chemotherapy treatment
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Fig. 2. Chemo-immunotherapy schedules
(A) A single injection of a cancer chemotherapeutic drug may induce multiple events,

including changes in the number of tumor-tolerant immune cells (a, black line),
chemotherapy treatment-induced drug cytotoxicity (b, brown cone), which is often followed
by lymphopenia (c, blue line) and immune-stimulatory signals (d, pink line). The immune
stimulatory signals activate anti-tumor immune responses (e, red line), which are followed
by increased immune suppression and drug resistance (f, green line). (B) An optimal drug-
free break allows for an overall increase in anti-tumor immune response. A second treatment
with chemotherapy may have greater effect than the first treatment due to synergism with the
anti-tumor immune responses activated by the first drug treatment, and can circumvent or
interrupt the emergence of immune suppression. (C) A drug-free break that is too long may
enable the development of immune suppression and the emergence of drug resistance,
thereby countering the effectiveness of the second drug treatment; (D) A drug-free break that
is too short ablates anti-tumor immune responses prematurely, thereby reducing the efficacy
of subsequent treatments with chemotherapy.
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Fig. 3. Four strategies for cancer chemotherapeutic drug combinations
(A) Drug A synergizes with Drug B by minimizing the survival of drug-resistant tumor cell

clones. (B) Drug A and Drug B can each stimulate or induce different anti-tumor immune
populations. (C) Drug A inhibits tumor growth by its intrinsic anti-tumor cytotoxicity or by
an anti-angiogenic mechanism, while Drug B complements Drug A by activating ICD. (D)
Drug A normalizes the tumor vasculature and thereby improves the uptake of Drug B, which
activates ICD.
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