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Abstract of the Dissertation
A study of cell death pathways and innate immunity in cancer chemotherapy
by
Jennifer Lynn Guerriero
Doctor of Philosophy
in
Molecular and Cellular Biology
(Immunology and Pathology)
Stony Brook University
2010

Dysregulation of apoptosis is associated with the development of human cancer and
resistance to anti-cancer therapy. The ultimate goal of cancer treatment is to selectively
induce cancer cell death and to overcome drug resistance. A deeper understanding of
how chemotherapy affects tumor cell death is needed in order to develop strategically
designed anti-cancer agents. An athymic mouse xenograft tumor system was established
utilizing genetically defined cells that are deficient in apoptosis to examine the
involvement of multiple forms of cell death induced by a DNA alkylating agent
commonly used in chemotherapy. In response to DNA alkylating damage, although
apoptosis facilitates a more rapid tumor regression, it is dispensable for complete tumor
regression as other forms of cell death such as sporadic necrosis, senescence, autophagy,
and mitotic catastrophe are activated. Of these, sporadic necrosis plays a fundamental
role in tumor clearance by stimulating the innate immune response in a manner that is
dependent upon the high mobility group box 1 (HMGB1) protein. HMGBI is released
from necrotic cells and once outside the cell, it acts as a damage-associated molecular
pattern (DAMP) molecule to alert the host of damage by triggering immune responses.
Interestingly, while DNA alkylating therapy leads to complete tumor regression in this
mouse model, tumors deficient in HMGBI fail to fully regress. The HMGBI1-deficient
tumors have an attenuated ability to recruit innate immune cells including macrophages,
neutrophils, and natural killer (NK) cells into the treated tumor tissue. Cytokine array
analysis reveals that while DNA alkylating treatment leads to suppression of pro-tumor
cytokines such as IL-4, IL-10, and IL-13, loss of HMGBI1 leads to elevated levels of
these cytokines upon treatment. Suppression of innate immunity and HMGB1 using
neutralizing antibodies leads to a failure in tumor regression. Taken together, these
results indicate that DNA alkylating therapy can induce multiple forms of cell death and
extracellular release of cellular contents such as HMGBI1, which in turn leads to the
activation of innate immunity and tumor regression.
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I. Introduction



Cell death plays a fundamental role in all stages of development, viral and
bacterial infection, degenerative disease, inflammation, and injury. Programmed cell
death (PCD) is an important mechanism in both development and homeostasis in adult
tissues for the removal of superfluous, infected, transformed or damaged cells by
activation of an intrinsic suicide program, apoptosis. When a cell becomes damaged or
transformed the cell triggers apoptosis so that the potentially harmful cell is eliminated.
When apoptosis is impaired, the cell may continue to proliferate and divide resulting in
tumorigenesis. In fact, the ability of a cell to evade normal apoptotic signaling is
considered to be a crucial step in the development of cancer [1-4]. It is widely accepted
that most, if not all, human cancer cells harbor defective apoptotic machinery due to
mutations in p53 [5-6], deregulation of the Bcl-2 family of proteins [5, 7], oncogenic
signaling [8], and/or is acquired from drug resistance during anti-cancer treatment [9].

Despite evidence that apoptosis is blocked in tumor cells, apoptosis has been
intensively described to account for chemotherapy-induced cancer cell death and,
therefore, anti-cancer agents have been developed to maximize apoptosis. More recently,
researchers aiming to circumvent this paradoxical situation have found accumulating
evidence that apoptosis may not be the sole mediator of cancer cell death in response to
chemotherapy. Other types of cytocidal and cytostatic mechanisms that have gained
attention include necrosis, autophagy, senescence, and mitotic catastrophe [4, 7, 10-11].
Among these, necrosis has clinically been reported to occur in numerous cancers
following chemotherapy and radiation therapy and has been used as one of the best
prognostic factors for a positive outcome [12-15]. The complexities of cell death
pathways have been amplified in cancer cells and how much each of these forms of cell
death contributes to the anti-cancer activity and how they may interplay remains largely
unknown.

An important biological consequence of cell death is the activation of the immune
response. A fundamental difference between apoptosis and necrosis is their influence on
the immune response. Apoptosis is often characterized by an anti-inflammatory response
that is essential during development and for homeostasis in adult organisms to prevent
chronic inflammation and autoimmune diseases. In contrast, necrotic cells undergo a
rapid loss of membrane integrity that allows the release of intracellular constituents into
the extracellular environment producing a pro-inflammatory response. The role of the
immune response during cancer progression and anti-cancer therapy is controversial. The
immune response has been shown to correlate with both tumor progression and
regression. Therefore, it is necessary to utilize simple in vivo models, such as the one
presented here, to address how cancer cells die in response to anti-cancer therapy. In
vitro cell death analysis provides a fundamental evaluation of cell death, but to evaluate
how tumor cells die in response to chemotherapy, an in vivo model is essential. In vivo
models allow analysis of the complexities of a tumor microenvironment such as cell-to-
cell interaction, survival factors, hypoxia, and vasculature, all of which are lacking in an
in vitro analysis [16]. Additionally, the role of the immune system during chemotherapy
can be unveiled. The in vivo model described here opens the door for future discovery in
the field of tumor cell death. The ability to look at the effects and contributions of anti-
cancer therapy on the activation of both non-apoptotic cell pathways and the immune
response may reveal novel therapeutic targets.



A. Cell Death Pathways
1. Apoptosis

Apoptosis is an essential process required for maintenance of tissue homeostasis
and plays a crucial role in the clearance of cells that have potentially harmful genetic
mutations [3]. Apoptosis is the best defined cell death pathway, both molecularly and
morphologically. Apoptotic cells undergo a non-inflammatory process that is dependent
on ATP and is characterized by blebbing of the cell membrane, reduction of cell size,
condensation of chromatin, and fragmentation of the nucleus. The apoptotic pathway
often utilizes caspases that have a cysteine residue capable of cleaving aspartic acid-
containing motifs and subsequently breaking down cellular organelles and constituents.
The activation of caspases in a chain-like fashion results in apoptosis [17-18].

Apoptosis is a delicately regulated process whose deregulation is a hallmark for
tumorigenesis [1-2, 19]. A tumor cell’s deficiency in apoptosis is often a result of
oncogene activation that either directly promotes cell survival signaling pathways or
activates aberrant cell cycle and proliferation that impose a selective pressure for anti-
apoptotic mutations. Different oncogenes are involved with tumor initiation, progression,
and resistance to chemotherapy. Most relevant to the study presented here are K-Ras and
ETA (12S). Mutations in one of the three ras genes at codon 12, 13, or 61 converts H-
ras, K-Ras, and N-ras into active oncogenes. Ras is the most commonly activated
oncogene, found in 20-30% of all human cancers [20-21]. Ras mutations occur through
point mutations and lead to unregulated proliferation and differentiation [22]. The
adenovirus EIA produces two mRNA products, 13S and 12S, through differential
splicing. These mRNA products encode two proteins, 289 and 243 amino acids long,
respectively. Both of these proteins provide transcriptional regulatory properties for
cells, can immortalize primary cells, can cooperate with the activated ras gene in primary
cell transformations, and can induce host cell proliferation [23]. The major effect of E1A
is to force Go/G; cells to S phase and subsequently to mitosis, making it a potent
oncogene [24].

A number of genes that directly regulate apoptosis have been found mutated or
dysfunctional in human cancers [3, 7, 18, 25-28]. These include the Bcl-2 family of
proteins [1], apoptotic peptidase activating factor 1 (APAF1) [9], caspases [29-31],
caspase inhibitors such as the inhibitor of apoptosis (IAP) [32], survivin [33-35], and the
X-linked inhibitor of apoptosis protein (XIAP) [36-38], death receptor related proteins
cellular caspase-8 (FLICE)-like inhibitory protein c-FLIP [39] and Fas [40-42], as well as
p53, the most commonly mutated gene in human cancer [43-46]. The vast number of
apoptotic mutations found in cancer cells not only attribute to cancer progression but also
resistance to chemotherapy.

a. p53

In 1979, p53 was first identified in complex with the large T antigen of SV40 by
DeLeo et.al. [47]. It was later discovered that p53 functions as a tumor suppressor by
inducing apoptosis in cells that may be potentially harmful. The fundamental role of p53
is to induce cell death in response to DNA damage, hypoxia, oncogenic activation, and



other stress signals. It regulates the cell cycle and, therefore, functions as a tumor
suppressor that is involved in preventing cancer. Interestingly, p53 is directly inhibited in
more than 50% of all human cancers, making it the most commonly mutated gene in
cancer. Additionally, in many other cancers, p53 is inhibited due to elevation of p53
inhibitors such as Mdm2 and the E6 protein of HPV, or due to the silencing of the key
p53 co-activator ARF [5-6].

b. Bcl-2 family

In 1984, Bcl-2 was identified in follicular lymphoma cells when a gene
translocation from chromosome 18 was found at the immunoglobin heavy chain locus.
The t(14:18) chromosome translocation results in elevated levels of Bcl-2 [48]. The Bcl-
2 family of proteins regulates the efflux of apoptotic factors from the mitochondria. The
family contains 1 - 4 Bcl-2 homology (BH) domains. The number and combination of
BH domains dictate whether the protein is anti-apoptotic or pro-apoptotic [49]. The anti-
apoptotic proteins contain all four BH domains and include proteins such as Bcl-2 and
Bcel-xL. The pro-apoptotic family is further divided into BH-3 only members and BH1-3
members such as Bax and Bak. Additionally, more than 25 members of the Bcl-2 family
have been identified [18]. Deregulation in the balance between pro-apoptotic and anti-
apoptotic proteins within a cell leads to disruption of the balance between cell
proliferation and cell death, which can lead to cancer [18, 28]. It has been reported that
the t(14:18) chromosomal translocation of Bcl-2 is found in 80-90% of human follicular
lymphoma cases. Additionally, Bcl-2 and Bcel-xL are upregulated in other types of
hematopoietic and non-hematopoietic malignancies [46, 50]. Other reports show more
than 50% of human microsatellite mutator phenotype colon adenocarcinomas [51] and
21% of human hematopoietic malignancies possess mutations of the pro-apoptotic
protein Bax [52]. These studies indicate deregulation of the Bcl-2 family of proteins can
attribute to the development of human malignancies.

c. Reactivating defective apoptotic machinery for cancer therapy

To circumvent apoptotic mutations in cancer cells, strategies have been
implemented to reactivate dysfunctional apoptotic machinery. Some examples include
somatic gene transfer to replace lost or inactive p53 [53], pharmacological restoration of
p53 [54-57], a p53 peptide that is highly selective for tumors that have high levels of
mutant p53 [58], BH3-peptides that act as agonists for Bax and Bak or as inhibitors of
anti-apoptotic Bcl-2 family members [59-62], gene transfer of antisense cDNA or RNA
interference of the Bcl-2 family of proteins [63], as well as SMAC mimetics to
antagonize the apoptosis inhibitory activities of the IAP proteins [64-67].

In addition to targeted therapeutic strategies to restore apoptosis in cancer cells,
other cell death pathways have been explored to bypass the mutated apoptotic molecules.
Necrosis [68-71], autophagy [72-74], senescence [75-77], and mitotic catastrophe [3, 76,
78-80] are among the best described in their morphological and/or molecular definition.
Among these, necrosis, an ancient term formerly used to describe all types of cell death,
has been gaining attention owing to the recent advances in its molecular regulation and
physiological implication.



2. Necrosis

While apoptosis is well defined at the molecular level, necrosis has long been
referred to as a form of cell death that is uncontrolled and pathological. It is short of a
molecular signature and is often described morphologically as lacking typical features of
apoptosis. However, in vitro necrosis has some defining characteristics that include
bioenergetic failure, damage to membrane lipids, and loss of function of homeostatic ion
pumps/channels, which result in the loss of plasma membrane integrity, swelling of
cellular organelles, and the release of cellular constituents into the extracellular
environment [81-86]. Necrosis is thought to be a non-programmed cell death pathway
that occurs in response to massive cellular insult, is energy independent, and induces an
inflammatory response.

a.  Necrosis is observed following anti-cancer therapy

Although apoptosis has taken the center stage in the study of cancer cell death,
necrosis is also largely associated with human cancer. In solid tumors, necrosis is often
observed in areas where vascularization lags behind tumor tissue growth. In clinical
settings, due to the lack of molecular definition, characterization of necrosis has mostly
relied on morphological features of dead cells or tissue. To determine the extent of
chemotherapy induced tumor necrosis, surgically resected tumors are assessed by
pathologists. ~ Necrotic tumor tissue is characterized by tumor cell shrinkage,
disappearance of cell membranes, fragmented nuclei, and hemorrhage as identified by an
increase in red blood cells.

In addition to necrosis resulting from tumor ischemia, chemo- and radio-therapy-
induced necrosis has also been observed in many human cancers such as prostate cancer
[87], head and neck cancer [88], breast cancer [89], osteosarcoma [14, 90], Kaposi’s
sarcoma [91-92], soft tissue sarcoma [93], and retinoblastoma [94]. Importantly,
favorable clinical outcomes to chemotherapy have been found to correlate with the
induction of necrosis. For example, osteosarcoma patients typically receive a combined
treatment of preoperative chemotherapy such as doxorubicin, cisplatin, high dose
methotrexate, etoposide, cyclophosphamide, or ifosfamide followed by surgery. Analysis
of resected osteosarcomas shows that 45% of patients achieve more than 90% tumor
necrosis. Patients who achieve levels of 90% or higher of tumor cell necrosis during
preoperative chemotherapy have a better prognosis than those whose tumor cells do not
respond as favorably [90, 93].

Noninvasive techniques to monitor tumor response to chemotherapy such as
determining the percentage of cells undergoing apoptosis versus necrosis using molecular
markers found in patient serum are emerging [90-91, 93]. One such molecule is
cytokeratin-18 (CK-18). CK-18 is cleaved by caspases 3, 6, 7, and 9 during apoptosis,
however during necrosis it remains intact [12, 95-96]. This feature can be used to assess
the extent of apoptosis versus necrosis in patients by measuring serum levels of cleaved
versus full length CK-18, respectively. In a study where breast cancer patients were
treated with cyclophosphamide/epirubicin/5-fluorouracil (CEF) therapy, more necrosis
than apoptosis was observed as assessed by the high levels of the full length form of CK-
18 in patient serum. Interestingly, the necrotic response correlated with better survival



[89]. In another study, the cleaved form of CK-18 was only a small percentage of the
total CK-18 that was found in the serum from prostate cancer patients treated with
estamustine and vinorelbine or docetaxel, indicating that apoptosis was not the
dominating mode of tumor cell death [97]. These studies provide evidence that necrosis
is activated in response to chemotherapy and may in fact mediate tumor regression.

b. Therapeutic approaches for inducing tumor cell necrosis

Targeting necrosis in cancer therapy has lead to the development of vasculature
disrupting agents (VDAs). VDAs are a large group of agents that target already
established tumor vasculature. Solid tumors must develop a vasculature network to
ensure oxygen and other nutrients are delivered into tumor tissue, otherwise tumor cell
necrosis may occur in response to ischemic conditions. Tumor vasculature is different
than that of normal vessels because tumor vasculature develops rapidly and is
characterized by a high rate of endothelial proliferation, absence of pericytes,
abnormalities of the basement membrane, and increased vascular permeability.
Additionally, tumor vasculature is disorganized, thin-walled, and has long lengths
between branches [98]. All of these features make tumor vasculature more susceptible
than normal vessels to VDAs. Disruption of tumor vasculature inhibits oxygen and
nutrient supply to the tumor and subsequently induces tumor cell necrosis [69, 99-100].
VDAs have been used in combination with other chemotherapeutic agents and have not
only led to improvements in cancer treatment, but have also highlighted the importance
of tumor cell necrosis.

Necrotic responses have also been shown with radiofrequency ablation (RFA) and
photodynamic therapy (PDT). RFA is a procedure that involves nonsurgical, localized
induction of radiofrequency energy that produces heat, leading to tumor cell necrosis
[101]. RFA is the primary treatment for patients with hepatoceullular carcinoma (HCC)
and disease-free survival has been reported [102-104]. RFA has also been used to induce
tumor cell necrosis in patients with unresectable intrahepatic cholangiocellular
carcinoma, prostate cancer, head and neck cancer, primitive and metastatic lymphomas,
breast cancer, and symptom palliation of bone metastasis [101]. PDT relies on the use of
photosensitizing drugs that are pharmacologically inactive until they are exposed to light
in the presence of oxygen. The photosensitizers are administered either orally or
intravenously and accumulate in the tumor. A low-power laser, guided by ultrasound,
delivers light directly into the tumor site. The now activated drug forms singlet oxygen
and other reactive oxygen species that induce tumor necrosis and subsequently elicits an
immune response [87, 105]. PDT has been used in the treatment of skin cancer, head and
neck cancer, pancreatic cancer, and prostate cancer [87].

Importantly, the naturally occurring compound shikonin has been shown to
induce necrosis in apoptosis deficient tumor cells. Shikonin induces necrosis in both
MCF-7 and HEK293 cells and cell death can be blocked pharmacologically with
necrostatin-1 (Nec-1; an allosteric inhibitor of receptor interacting protein (RIP)-1, which
has been shown to inhibit necrosis [106]), but not overexpression of the P-glycoprotein,
Bcl-2 or Bel-xL [107]. This provides evidence that shikonin induces a programmed form
of necrosis, termed necroptosis as described by Degterev et. al., because it is sensitive to
nec-1 and proceeds independent of the apoptotic pathway [108]. The mechanism of



shikonin induced necrosis is not well understood, however down regulation of
procaspase-8 upon shikonin treatment was identified by western blot and may imply
divergence from the apoptotic pathway to necroptosis.

c. Molecular necrotic pathways involved in chemotherapy

Despite the evidence that necrosis takes place in clinical oncology, it remains
largely illusive as to what molecular pathways, if any, are involved in necrosis induction
in cancer patients and during therapy. Unlike apoptosis, where the Bcl-2 family of
proteins and caspases play key roles in the molecular regulation, necrosis is often induced
by bioenergetic failure and does not involve the Bcl-2 family of proteins or caspase
activation. However, several classes of molecules have been recently described to
regulate necrosis and are implicated in cancer development and therapy.

1. Death receptor pathway

The most widely studied programmed necrotic pathway is death receptor (DR)
mediated necrosis. Fas, tumor necrosis factor receptor 1 (TNFR1) and TNF-related
apoptosis-inducing ligand receptor (TRAIL-R) are death receptors well characterized in
the activation of the extrinsic apoptotic pathway that leads to the activation of the caspase
cascade. However, when caspases are inhibited, necrosis is elicited in a manner that is
dependent on the serine/threonine kinase RIP1 [109]. RIP1 is a death-domain-containing
kinase recruited to the death-inducing signaling complex. Activation of RIP1 can
mediate various effects, including activation of both apoptosis and necrosis.
Interestingly, RIP1 is dispensable for the induction of death-receptor mediated apoptosis
but is required for activation of necrosis through death receptors in apoptotic-deficient
conditions [109]. This suggests that the death receptors are capable of acting through two
separate cell death pathways: 1.) apoptosis, which involves caspase-8 and, 2.) necrosis,
which involves the kinase activity of RIP1 [110-111]. RIP1 can be manipulated with
genetic knock out and knock down technology or pharmacologically inhibited with
necrostatin-1 [106], all of which inhibit necrosis. This provides evidence that necrosis is
regulated at a molecular level. Additionally, genetically defined cell systems have been
used to show that other molecules such as TNFR-associated factor 2 (TRAF2) and FADD
play an essential role in the execution of death-receptor mediated necrosis [109, 112-
117].

RIP1 has been shown to regulate necrosis in a variety of ways. When the
myelomonocytic U937 and THP-1 cell lines are treated with TNF and apoptosis is
blocked with the caspase inhibitor z-VAD, necrosis proceeds in a manner that involves
RIP1-dependent suppression of adenine nucleotide translocase (ANT) activity. RIP1 was
shown to inhibit ANT-conducted transport of ADP into mitochondria resulting in reduced
ATP and cellular necrosis. Inhibiting ANT—conducted ADP/ATP exchange across the
mitochondria membrane occurred together with the loss of interaction between ANT and
cyclophilin D, a member of the mitochondria permeability transition pore complex
(PTPC), and the inability of ANT to adopt the cytosolic conformational state, which
prevented cytochrome c¢ release [116]. Additionally, it has been shown that RIP1 is
required for the accumulation of pro-necrotic ceramides. Ceramides are one of the major
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components in the lipid bilayer and can act as a signaling molecule that regulates
differentiation, proliferation, and programmed cell death. Ceramides accumulate in
response to apoptotic stimuli and are thought to play a role upstream of the mitochondria,
but their exact mechanisms are unknown. To support the role of ceramide in necrosis, it
has been shown that TNF induces necrosis in 1.929 fibrosacroma cells, NIH3T3
fibroblasts, human leukemic Jurkat T cells, and lung fibroblasts in a manner that is
dependent on RIP1 and ceramide accumulation in the cell [118]. Therefore, RIP1 may
induce necrosis by intermediate generation of ceramides, through direct inhibition of
mitochondrial respiration and ROS formation, and/or indirectly by promoting an increase
in calcium resulting in a calcium overload for the mitochondria [119].

In three recent papers, RIP3 was identified in complex with RIP1 and was shown
to be required for the induction of death receptor mediated necrosis [120-122]. Zhang et.
al. identify a role for RIP3 in activating key enzymes of the metabolic pathway that
regulates TNF-induced ROS production and promotes necrosis in NIH3T3 cells [122].
He et.al. reveal that in addition to RIP1, RIP3 forms a necrotic complex with FADD and
caspase-8 in HT-29 cells treated with TNF, a Smac mimetic, and z-VAD; and Nec-1
prevents this interaction and subsequently prevents necrosis [121]. Cho et.al. also
identify RIP3 as an essential activator of TNF-induced necrosis. They show that RIP3
forms a complex with RIP1 that is essential to activate their pro-necrotic kinase activity
and trigger downstream ROS production to induce necrosis [120].

ii.  Poly (ADP-ribose) polymerase (PARP) pathway

DNA alkylating agents are an attractive chemotherapeutic strategy and are one of
the most commonly used chemotherapeutics in clinic. Despite the broad usage of DNA
alkylating agents in medical oncology, the molecular mechanisms for their anti-tumor
activities remain largely elusive. Interestingly, it has been shown that DNA alkylating
agents induce necrosis in cells with and without functional apoptosis machinery in vitro
[86] and in vivo [70]. DNA alkylating agents are an attractive strategy for chemotherapy
because it has been shown that DNA alkylating agents activate PARP1, which results in
cellular ATP and NAD" depletion and subsequently necrosis. Since tumor cells are
dependent on aerobic glycolysis, they are more susceptible than normal cells to NAD"
and ATP depletion [86]. Additionally, DNA damage has been shown to increase the
expression of Fas and TRAIL receptors on the tumor cells, which make them susceptible
to cell death by Fas Ligand, TRAIL therapy, or immune cells [123].

PARPI is an abundant nuclear protein that is involved in the repair of damaged
DNA [124]. Upon DNA damage, PARP-1 facilitates the addition of poly(ADP-ribose)
(PAR) chains on acceptor proteins such as histones, DNA polymerases, topoisomerases,
DNA ligase-2, high mobility group proteins, and a number of transcription factors.
Under homeostatic conditions, PARP1 is capable of facilitating DNA damage repair.
However, in some circumstances such as massive DNA damage, excessive PARP
activation can cause bioenergetic catastrophe and cellular necrosis. This is due to the
depletion of NAD", which is essential for glycolysis but is used up by PARPI as a
substrate to facilitate the covalent addition of PAR to accepting proteins to facilitate
DNA repair [86]. PARP1 is activated in MEFs in response to the DNA alkylating agent
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) or H,O, treatment and this PARP1



activation mediates reactive oxygen species-induced injury leading to massive
consumption of NAD" and necrosis [125].

In addition to NAD" consumption and energy failure, PARP has been shown to
regulate necrosis in a c-Jun N-terminal kinase 1 (JNK1)-dependent manner that also
requires RIP1 and TRAF2. MEFs deficient in RIP1 or TRAF2 were resistant to PARP1
mediated cell death in response to MNNG [112]. These findings point to a converging
role of PARP in regulating necrosis triggered by DNA damage and death receptors.

iii.  Non-caspase proteases

The use of caspase inhibitors have revealed non-caspase proteases such as
calpains (calcium-dependent, non-lysosomal cysteine proteases), cathepsins (both
cysteine and aspartate proteases), and serine proteases that are capable of inducing
caspase-independent apoptotic and necrotic cell death, with the amount of stress dictating
the mode of cell death [126]. Under low stress where a limited amount of lysosomal
contents are released into the cell, apoptosis proceeds; whereas, under high intensity
stress, where the lysosome ruptures, necrosis proceeds. Caplain activation has been
linked to ROS formation, which induces necrosis that is independent of PARP [119].
There is evidence that non-caspase proteases are involved in a regulated necrotic cell
death pathway that is dependent on p53, cathepsin Q, and ROS [127]. In response to
DNA damage induced by etoposide treatment, bax’bak” MEFs undergo necrosis that
correlates with the upregulation of the lysosomal cysteine protease cathepsins. Further
investigation reveals that cathepsins cooperate with ROS to induce programmed necrosis
[127].

Due to the identification of common molecular regulators of both necrosis and
apoptosis it has been suggested that necrosis is an ancestral form of cell death that has
been overridden by apoptosis [119] or that necrosis is not due to one cell death pathway,
but instead an interplay between multiple pathways [128]. Regardless, with the new
findings that necrosis is observed following anti-cancer therapy, there are specific
molecular players of necrosis, and pharmacological and/or genetic inhibition of
cyclophilin D, AIF, PARP-1, calpains, and cathepsins exhibit cytoprotection in several
models of acute cell loss [85], we need to decipher which molecular regulators of
necrosis can be targeted to enhance cytotoxicity in apoptotic-deficient cancer cells.



3. Autophagy

Unlike apoptosis and necrosis, autophagy is not synonymous with cell death. It is
an adaptive process that cells rely on during differentiation, in response to developmental
triggers, and as a means of survival during nutrient starvation. Although autophagy
promotes cell adaptation and survival, when excessively activated it can promote cell
damage and cell death. Under normal physiologic conditions, autophagy occurs at basal
levels in most tissues, contributing to the routine turnover of cytoplasmic components
[11, 129-130]. Under metabolic stress, autophagy is utilized to provide energy for the
cell [131]. During autophagy, portions of the cytoplasm are encapsulated in a double-
membrane structure referred to as an autophagosome. The autophagosome then fuses
with lysosomes where the contents are delivered, resulting in their degradation by
lysosomal hydrolases. The degraded constituents can be recycled within the cell or
utilized for energy [132]. A number of genes that regulate autophagy have been
identified in yeast, referred to as autophagy related genes (atg) [133], many of which
have mammalian homologues [134].

Autophagy has been implicated in many different human diseases, including
cancer [131]. Its role in cancer is controversial, as it may play a role in both tumor
progression and tumor prevention. Induction of autophagy can favor tumor growth
because as a tumor grows, it may rely on autophagy to survive nutrient poor internal
regions, especially where there is poor vascularization [135]. Additionally, autophagy
may degrade depolarized mitochondria that would normally initiate cell death [136].
This adaptive process may provide a means of survival during trivial stresses, but under
more harsh or prolonged stress, cell death can be induced.

a. Autophagy in cancer

The precise role of autophagy in tumorigenesis is not well characterized, although
Yue et. al. have shed light on autophagy genes involved in cancer progression.
Previously, beclin 1 (atg 6), has been identified as an autophagy gene that can restore
autophagy in yeast cells that are autophagy-defective [137]. Yue et. al. generated
beclin 17" and beclin 17" mutant mice. The group showed that beclin 17~ mice die during
embryongenesis and the beclin 1™~ mice have a high incidence of spontaneous tumors.
Thus, they show beclin 1 is essential in development and is a haploinsufficient tumor
suppressor [138]. Further work on the beclin 1 gene shows it is located in a tumor
susceptibility locus on human chromosome 17q21, where BRCALI is found frequently
mutated in breast and ovarian carcinoma [139].  Due to the proximity of beclin 1 to
BRCAL, Aita et. al. performed a screen on 22 human breast carcinoma cell lines utilizing
a probe specific for Beclin 1 to identify deletions of the autophagic gene. The group
identified 9 of the 22 breast cancer cell lines had deletions of one or more alleles of
beclin 1. The group also showed that beclin 1 is ubiquitously expressed at high levels in
normal breast epithelia but has decreased levels in human breast carcinomas, which
provides further evidence for beclin 1 as a tumor suppressor [139]. Liang et. al. also
found that beclin 1 is down regulated in human breast cancers cells. The group also
concluded that beclin 1 is a tumor suppressor and decreased expression may contribute to
the development of breast cancer and other human malignancies [137]. In contrast to the
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down regulation of beclin 1 observed by Aita et. al. and Liang et. al., Ahn et. al. reported
an increased expression of beclin 1 in gastric and colorectal cancers compared to normal
cells [140].

Alva et. al show that autophagy is activated during anti-cancer therapy. The
group utilized surgical resection specimens examined by transmission electron
microscopy to show 7 of 12 primary human tumors studied show evidence of autophagic
structures characterized by double- and multi-membrane vacuoles that enclose
cytoplasmic content and organelles. The positive tumors include a variety of cancers
such as: breast cancer, lung cancer, pancreatic adenocarcinoma, pancreatic islet cell
tumor, ganglioneuroma, and pituitary gland cancer [141]. The group concluded that due
to their small sample size, it would be reasonable to expect that autophagy occurs in
many tumors.

A review by Kondo and Kondo describe various chemotherapeutic agents have
been shown to induce autophagy in a variety of different human tumor cells in vitro [72].
For example, when tamoxifen is used to induce cell death in MCF-7 cells, the cells
succumb to cell death. When autophagy is blocked with addition of the autophagy
inhibitor, 3-methyladenine (3-MA), the MCF-7 cells remain viable, providing additional
evidence that autophagy is a cell death mechanism [142]. Additionally, DNA alkylating
agents have been shown to induce autophagy in malignant gliomas [73] and ionizing
radiation has been shown to induce autophagy in breast cancer, prostate cancer, colon
cancer, and malignant gliomas [74]. This provides evidence that autophagy is functional
in cancer cells and is a plausible target for chemotherapy.

b. Models to assess autophagy induction following chemotherapy

Models to assess tumor cell autophagy in vivo are lacking. Currently, the gold
standard to assess autophagy in tumors is through electron microscopy to identify
autophagosome structures. Recently, the use of the autophagosome-associated protein
microtubule-associated protein 1 (MAP1) light chain 3 (LC3 I) has been described as a
marker for autophagy. LC3 I is localized homogeneously in the cytoplasm of normal
cells. Upon induction of autophagy, LC3 I is converted to LC3 II and localizes to the
membrane of autophagosomes. Tumor cells transfected with LC3 fused with the green
fluorescent protein (GFP) are often utilized to visualize the formation of
autophagosomes. Using fluorescent microscopy, it is evident by the green punctate
pattern if there is induction of autophagy. Another model has been described by
Mizushima et. al. to understand where and when autophagy occurs in vivo. The group
generated a transgenic mouse systemically expressing GFP fused to LC3 [143]. Utilizing
current in vivo models, we can continue to study the effect of autophagy during tumor
growth, treatment, resistance to treatment, and regression.

11



4. Senescence

Replicative senescence is a cytostatic process that occurs from the gradual
shortening of telomeres during subsequent cell divisions. Additionally, accelerated
senescence is used to describe a type of cell death in the context of cancer therapy.
Accelerated senescence induces an irreversible mechanism of cell death in tumor cells
with activated oncogenes such as Ras or following DNA damage [144]. These cells
appear enlarged, flat, and have increased granularity. Biochemically, there is a metabolic
change within the cell that leads to the induction of senescence-associated B-
galactosidase (SA B-gal) activity as a result of increased lysosomal mass within the
senescent cell [3]. It has been reported that cancer cells that undergo senescence in
response to DNA alkylating damage undergo permanent growth arrest, but remain
metabolically active and are able to secrete proteins [76].

a. Senescence in cancer

Chang et. al. measures SA B-gal activity in 14 solid human cancer cell lines in
response to doxorubicin in vitro. They found 11 of the 14 cell lines underwent
senescence. Under moderate doses of doxorubicin, the human cancer cell lines
predominantly underwent senescence and mitotic catastrophe, but not apoptosis;
however, the induction of senescence and mitotic catastrophe were independent
responses. The group suggests that senescence, unlike mitotic catastrophe, is dependent
on p53 because in all three tumor cell lines harboring a p53 mutation, senescence was not
observed [80]. Another study by Collado et. al. shows senescence is associated with
premalignant tumors but not malignant tumors in vivo. The group suggests that oncogene
induced senescence may help to restrict tumor progression but malignant tumors are
unable to do this due to the loss of the oncogene-induced senescence inducer, p53 [145].
There is evidence that senescence plays a role in tumor regression but little is known
about its role in cancer therapy. Successful treatment of cancer must take into account
the possible tumor promoting effects of senescent cells and the ability of cancer cells to
undergo senescence in response to chemotherapy and, therefore, further analysis in this
field may offer novel therapeutic strategies.
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5. Mitotic Catastrophe

During mitosis cell cycle checkpoints regulate proper cell cycle progression.
Activation of cell cycle checkpoints or improper segregation of chromosomes activate
cell death through mitotic catastrophe. Mitotic catastrophe occurs as a defense
mechanism and is essential to ensure fidelity of daughter cells. Cell death through
mitotic catastrophe is characterized by the formation of large cells with multiple
micronuclei. The multiple micronuclei arise through the formation of nuclear envelopes
around clusters of chromosomes or chromosome fragments during a catastrophic mitosis.
Further, faulty mitotic checkpoints can lead to uncontrolled cell proliferation leading to
the development of cancer cells.

a. Mitotic catastrophe in cancer

In vitro studies utilizing human cancer cell lines have shown mitotic catastrophe
to be the dominant form of cell death in response to ionizing radiation and
chemotherapeutic agents such as etoposide, paclitaxel, docetaxel, and cisplatin [3, 76, 78-
79]. Morse et. al. show in vitro that the human breast cancer cell line MCF-7, when
treated with docetaxel, undergoes mitotic catastrophe as observed by cytology and
transmission electron microscopy. The group suggests that chemotherapeutic agents that
target mitotic spindles, such as taxanes, may be the most efficient method to kill
apoptotic-resistant tumor cells [146]. Falkvoll et. al. uses quantitative histology of
tumors taken from a human melanoma xenograft mouse model treated with irradiation to
show aberrant mitosis and micronucleation occur, indicating that mitotic catastrophe is
the major form of cell death in response to irradiation in vivo [75]. Chang et. al. tests the
effects of y-irradiation and seven different chemotherapeutic agents including
doxorubicin, cisplatin, etoposide, and taxol on the fibrosarcoma cell line HT1080. The
group shows that all seven therapies induce mitotic catastrophe at a high fraction. In the
same study, they test doxorubicin on 14 different solid human cancer cell lines and reveal
12 out of the 14 cell lines underwent mitotic catastrophe as measured by fluorescence in
situ hybridization (FISH) with chromosome specific probes that showed fragmented
nuclei that contained an increased number of chromosomes [80]. The previously
mentioned examples suggest mitotic catastrophe may be involved in tumor cell death but
its role is still undefined. Mitotic catastrophe may play an important role in regulating
cancer cell death or it may provide a mechanism of drug resistance and, therefore, further
examination is needed.
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B. Cell death and innate immunity

A fundamental difference between apoptosis and necrosis is that apoptotic cells
die in an ordered fashion and are engulfed and cleared by phagocytes or neighboring cells
in vivo, whereas necrotic cells lose their membrane integrity and release their intracellular
content into the extracellular environment. While dead cells are quietly removed during
apoptosis so that normal organismal functions are not disturbed, necrosis triggers an
inflammatory response to defend against the insult. Suppression of the immune system
that arises from apoptotic cells during development and homeostasis is essential to
preventing chronic inflammation and autoimmune diseases. Conversely, activation of the
immune system by necrosis induced by viral and pathogen infection plays a critical role
to warn the host of insult [85, 147-152]. Therefore, proper regulation of apoptosis and
necrosis is essential during development and to ensure homeostasis.

Innate immune cells can recognize both apoptotic and necrotic cells through a
number of different bridging molecules and receptors that facilitate engulfment of the cell
or cell debris [153]. Engulfment of apoptotic cells has been considered to be an anti-
inflammatory process because upon engulfment, phagocytes secrete anti-inflammatory
cytokines such as IL-10, TGF-f, prostaglandin E2, and platelet activating factor [153-
159], and suppress the synthesis and secretion of pro-inflammatory cytokines such as
macrophage inflammatory protein-2 (Mip-2), MIP-1a, and IL-12 [148, 160]. The
production of anti-inflammatory cytokines and the suppression of pro-inflammatory
cytokines ensure apoptotic cell phagocytosis without activation of the immune system.
In contrast to apoptotic cells, necrotic cells release many intracellular substances that
stimulate a pro-inflammatory response [149, 161]. These include mRNA, genomic DNA,
nucleotides, and nucleosides that induce transient activation of the immune system [162].
A number of other, more stable molecules have been identified that elicit a potent
immune response. These include S100 family molecules [163], HMGBI1 [164], purine
metabolites [165], uric acid [166], and heat shock proteins [149, 167].
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1. Innate immunity in cancer therapy

Innate immune cells make up one component of the immune system that protects
the host against infectious organisms and other invaders. Innate immune cells such as
macrophages, neutrophils, natural killer (NK) cells, and dendritic cells (DC) use receptors
termed pattern recognition receptors (PRR) to identify potentially dangerous organisms
by pathogen-associated molecular patterns (PAMPs) that are unique to bacteria, viruses,
or other invaders. Innate immune cells can also identify pre-cancerous cells by ectopic or
mutated molecules on the cell surface that are acquired during transformation, referred to
as tumor-associated antigens (TAAs). In addition to expression of TAAs on the cell
membrane, TAAs can be secreted by transformed cells due to cellular stress [168]. The
body is on constant surveillance for TAAs to identify and destroy cells that have the
potential to become tumorogenic [169-170]. The role the immune system plays in the
elimination of potentially harmful cells is crucial to prevent tumorigenesis [19, 171]. In
fact, it has been shown that immunodeficient patients, such as transplant recipients,
develop tumors more frequently than immunocompetent patients, validating the essential
role of the immune system in cancer prevention [172].

In addition to the role of innate immune cells in immunosurvalience, they have
also been shown to play an important role in cancer biology [173-174]. However, their
physiological consequence in cancer biology remains unclear and controversial. For
example, the innate immune response has been found to be activated in response to
chemotherapy-induced tumor cell death and may be involved with tumor cell clearance
leading to tumor regression [70, 175]. In contrast, involvement of the innate immune
system in cancer may facilitate tissue repair and remodeling and further promote tumor
growth [176]. Additionally, chronic inflammation has been shown to promote cancer cell
survival and growth [177-178] and spontaneous tumor necrosis has been found to
correlate with accelerated tumorigenesis [179].

Clinically, innate immune cells have been shown to infiltrate into both mouse and
human cancers [180-184] and to have anti-tumor activity [70, 175]. Specifically, it has
been shown that NK cells themselves can kill tumor cells, and infiltration of NK cells
into human gastric or colorectal cancers is also associated with better prognosis [177,
185-186]. Additionally, other innate immune cells such as neutrophils have been shown
to be highly cytolytic and cytostatic against tumor cells [187-191]. Conversely, there
have been reports that infiltration of neutrophils, macrophages, and mast cells have been
shown to promote tumor development by facilitating tissue repair and remodeling [173,
176-177, 192-195]. Clinically, it has been reported that increased infiltration of
macrophages in breast tumors and increased number of infiltrating mast cells in lung
adenocarcinoma and melanoma are associated with unfavorable clinical prognosis [196-
198]. Yet, it remains to be determined whether conventional chemotherapy can induce
immune-stimulating cell death in vivo, and if so, how the pro-inflammatory response can
affect the outcome of the anti-cancer treatment.
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2. Activation of the pro-inflammatory response during cancer therapy

The immune response can be activated in response to tumor cell necrosis because
not only is the tumor mass destroyed, but intracellular molecules are released from the
necrotic tumor cell. For example, it has been shown that during RFA, pro-inflammatory
molecules such as IL-1, IL-6, TNF-a, and Hsp are released from necrotic tumor cells and
help activate an anti-tumor immune response. Other experimental anti-cancer therapies
with the potential to be immunomodulatory are microwave coagulation [199], laser, high
frequency ultrasonic hyperthermia [200], and magnetic embolization hyperthermia [101].

Tumor cell induction of apoptosis or necrosis stimulates the recruitment of innate
immune cells towards dying cells [201-203]. Therefore, the pro- versus anti-tumor
effects of the immune response depends on the type of therapy administered and the type
of cell death triggered by the therapy (apoptotic versus necrotic). For example, in vitro,
when macrophages are subjected to necrotic tumor cells, they exert anti-tumor properties
whereas exposure of macrophages to apoptotic cells does not results in anti-tumor effects
and, interestingly, stimulates re-growth of the tumor cells that are not committed to cell
death [204]. This provides evidence that different chemotherapeutic agents have
different effects on the immune system and the response may be determined by the type
of cell death, suggesting the consequences of cell death may be more important than the
actual mode of cell death. Activation of the innate immune system may be a sustainable
resource that is capable of being harnessed for anti-cancer treatment. Therefore, further
characterization of the role necrosis and the molecules associated with inflammation is
warranted in cancer therapeutics.

3. Adaptive immune response

Another type of cell death induced anti-tumor activity is due to the convergence
of innate to adaptive immunity. Indeed, innate immune cells such as macrophages, DC,
and neutrophils are the first line of defense against an insult. They react to tissue injury
rapidly without memory of a previous insult and play an essential role in initiation and
regulation of the immune response. When innate immune cells remove dying tumor cells
through phagocytosis, they are subsequently capable of presenting antigens to T cells,
which induces an immunogenic response [205-207]. The T cell response is dependent
upon additional signals such as co-stimulatory molecules and cytokines [208-210]. For
example, DC can efficiently phagocytose both apoptotic and necrotic cells, however only
late apoptotic and necrotic cells induce DC maturation, which includes up regulation of
chemokine receptors and co-stimulatory molecules. Immunogenic activation of T cells
and activation of the adaptive immune response has been shown to promote long term
tumor surveillance and immunity [149, 167, 211-213]. For example, when animals are
immunized with the high mobility group box 1 protein (HMGB1) released from tumor
cells killed in vitro, they become resistant to the formation of newly inoculated xenograft
tumors [214-215]. Therefore, chemotherapy induced tumor cell necrosis may be an
optimal strategy for the activation of an anti-tumor immune response.
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C. The high mobility group box 1 protein (HMGB1)

HMGBI is one of the most abundant proteins in the nucleus whose functions
include binding and bending DNA to facilitate transcription factor binding and the
assembly of site-specific DNA binding proteins including p53, stabilizing nucleosomes,
and facilitating DNA repair processes [216-217]. HMGBI1 binds loosely to chromatin in
living cells [218], however during apoptosis histones H3 and H4 are deacetylated and,
due to this generalized underacetylation, HMGBI1 binds firmly to chromatin [218-219].
In contrast, during necrosis HMGBI1 is mobilized from chromatin and, due to the
breakdown of the cell membrane, can escape from the cell into the extracellular milieu.

HMGBI can be released from cells by at least two distinct pathways including
necrotic and damaged cells with compromised plasma membranes or through active
secretion by stimulated immune cells such as macrophages, monocytes, NK cells,
dendritic cells, endothelial cells, and platelets [220-224]. Monocytes may have adapted
the use of HMGBI1 secretion as a danger signal to “talk” with nearby immune cells. In
activated immune cells, HMGBI1 secretion is a regulated event and begins with the post-
translational modification of HMGBI1.  Acetlyation and phosphorylation induce
translocation of HMGB1 from the nucleus to the cytoplasm and increase HMGBI
secretion from macrophages [218, 225]. In neutrophils, post-translational methylation of
HMGBI causes its translocation to the cytosol [226]. This modification changes
HMGB1’s charge, which reduces its interaction with chromatin and causes translocation
into the cytoplasm. Once in the cytoplasm, HMGBI1 is taken up by specialized vesicles
called endolysosomes and brought to the plasma membrane for secretion [225, 227-231].
Additionally, calcium and ROS-dependent mechanisms have also been shown to induce
HMGBI release [232-233]. Interestingly, another post-translational modification, its
redox status, has been shown to be important for its immunological potential outside the
cell [234].

Outside the cell, HMGBI1 acts as a damage-associated molecular pattern (DAMP)
molecule to alert the host of damage by triggering immune responses. It binds with high
affinity to at least eight separate receptors including receptor for advanced glycation end
products (RAGE), toll-like receptor (TLR) 2, TLR4, and TLR9 [235-236], which are
expressed on a wide variety of cells including immune cells and endothelial cells.
HMGBI binding to its receptors induces a pro-inflammatory response that results in the
recruitment of inflammatory cells, stem cell migration, angiogenesis, and dendritic cell
maturation [237-240].

In necrotic, damaged, or dying cells, HMGBI1 can dissociate from chromatin and
be released into the extracellular environment due to loss of plasma membrane integrity
[218]. Generally, this is considered a passive process, but it has also been shown to be
regulated by the activation of PARP. PARP is a nuclear enzyme that catalyzes the
transfer of ADP-ribose moieties from NAD" to itself and other acceptor proteins in
response to DNA damage [241]. In parp"' cells, HMGBI1 remains nuclear upon
treatment with the DNA alkylating agent MNNG, whereas HMGBI is released from WT
cells with the same treatment. It was shown that displacement of HMGBI from the
nucleus following PARP activation requires the presence of its C-terminus because it is
required to destabilize HMGB1 with the chromatin [164]. This demonstrates an active
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mechanism of PARP-dependent nuclear-to-cytoplasmic translocation of HMGBI1 in cells
that have sustained DNA damage.

1. HMGBI1 in cancer

HMGBI1 plays a complex role in cancer. The observed overexpression of
HMGBI1 in tumors, particularly in conjunction with its receptor RAGE, has been
associated with the proliferation and metastasis of many tumor types [237-238].
Blockade of RAGE-HMGBI signaling has been shown to inhibit tumor growth and
metastasis in both xenograft and endogenously formed tumors [242]. Conversely, when
animals are immunized with HMGBI released from cells killed in vitro, they become
resistant to the formation of newly inoculated xenograft tumors [214-215]. HMGBI1
released by dying tumor cells can stimulate antigen presentation on dendritic cells
through its interaction with TLR2 or TLR4, which subsequently activates an adaptive
anti-cancer immune response [215, 243].

Showing an anti-tumor role for HMGBI, breast cancer patients that harbor the
loss-of-function TLR4 Asp299Gly polymorphism relapse more quickly after
anthracycline-based therapy [215, 244]. Tumors implanted into tlr4” mice do not
respond to therapy, whereas the same tumors implanted in wild-type mice respond to
therapy [215, 245]. The anti-tumor role of HMGBI1 is further supported by work that
reveals when apoptotic cells are injected into mice, they are poorly immunogenic.
However, when apoptotic cells mixed together with necrotic wild-type cells, but not
necrotic hmgbl'/' cells, are injected into mice, the mice become resistant to the formation
of newly inoculated xenograft tumors [214]. These studies point to an anti-tumor role for
therapy-induced HMGBI release and the activation of the adaptive immune system.
However, it remains to be determined whether conventional chemotherapy can induce
immune-stimulating cell death in vivo, and if the innate immune system plays a role in
tumor regression.
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II. Results
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1. DNA alkylating agents induce tumor regression in vivo independent of key apoptosis
regulators.

Despite the fact that human cancers are defective in their apoptotic pathways,
DNA alkylating agents remain among the most effective chemotherapeutic agents used
clinically [246], suggesting that alternative cell death pathways are activated. Presently,
most mechanistic studies of the anti-cancer activities of DNA alkylating agents have been
conducted using cultured cells and, therefore, a comprehensive understanding of tumor
cell death has been lacking. Due to the complexity of a tumor’s response to
chemotherapy, it is important to use an in Vivo system to evaluate the contribution of the
alternative cell death pathways in anti-cancer therapy. Therefore, for the study presented
here, an in vivo animal tumor model was developed to study non-apoptotic tumor cell
death in response to DNA alkylating therapy.

ETA and K-Ras oncoproteins were used to transform genetically defined mouse
embryonic fibroblasts (MEFs) isolated from wild-type, bax’bak”, and p53” mice.
Stable tumor cell lines were generated from these MEFs, which maintained their
respective /genotypes (Fig. 1A) and grew at similar rates in cell culture (Fig. 1B). The
stable bax”bak™ tumor cells were injected into nude mice to test for their response to
doxorubicin and ortataxol, two agents commonly prescribed in the clinic. The bax”bak™
tumors were resistant to both treatments (Fig. 2). Since previous results showed that
bax’ bak’ cells were sensitive to DNA alkylating damage [86], the wild-type, bax”bak™,
and p53 tumor cells were tested for the in vivo sensitivity to the DNA alkylating agent,
cyclophosphamide (CP). CP is a clinically prescribed pro-drug that is converted into an
active DNA alkylating agent in the liver. Tumors developed from all three cell lines (Fig.
3A). Nine days after tumor implantation, CP was injected into the tumor-bearing mice
intraperitoneally (IP) at 170 mg/kg every 5 days. In response to CP, tumors derived from
all three MEF tumor lines stopped growing and progressively regressed, indicating that in
vivo, DNA alkylating damage possesses anti-tumor activity independent of key apoptosis
regulators Bax, Bak, and p53 (Fig 3A and 3B).

In order to compare the response of apoptosis-proficient and -deficient tumors to
CP treatment in the same environment, the wild-type and bax”bak” tumor cells were
labeled with GFP and RFP, respectively, and injected bilaterally into the same animal.
When tumors formed, the mice were either left untreated or treated w1th 170 mg/kg of CP
by IP injections every five days. The treated wild-type and bax”bak” tumors both grew
for an add1t10nal 3 to 4 days after the first CP treatment, then began to regress. The
treated bax”bak” tumors showed an initial delay in response to CP compared to the wild-
type tumors, but most of these tumors eventually resolved to undetectable limits by both
caliper measurement (Fig. 4A) and by a fluorescence imaging (Fig. 4B). Overall, in two
separate experlments 92% (11 out of 12) of the wild-type tumors and 50% (6 out of 12)
of the bax’bak” tumors regressed to a size that was not detectable by caliper or
fluorescence imaging. The 6 remaining treated bax”"bak” tumors were still detectable by
caliper measurement and RFP fluorescence at the end of the study (after day 50) but had
progressively decreased from their peak Volume Importantly, when CP was
discontinued on 3 mice whose wild-type and bax”bak” tumors regressed to a non-
detectable limit, these mice remained tumor free for 5 months before they died due to
natural causes at one year of age (data not shown).
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Clinically, in addition to p53 mutations found in human cancers, overexpression
of anti-apoptotic proteins is also responsible for disabling cellular apoptotic machinery.
Therefore, the anti-apoptotic protein, Bcl-xL was expressed in the transformed wild-type
MEF tumor cells. The Bcl-xLL overexpressing tumor cells show resistance to apoptotic
inducers such as staurosporine (STS) and etoposide (Eto) in vitro, indicating apoptosis is
sufficiently inhibited in these tumor cells (Fig. 5A). Wild-type (vector) and Bcl-xL
overexpressing tumor cells were injected into athymic nude animals. When tumors
formed, the mice were either left untreated or treated with 170 mg/kg of CP every 5 days,
as indicated by the arrows (Fig. 5B). Both tumors regressed in response to CP treatment
(Fig. 5A and 5B). These results demonstrate that: 1.) Bax/Bak-mediated apoptosis
contributes to a more rapid tumor regression, as the bax”bak™ tumors showed a delay in
response (Fig. 4A and 4B); and, that 2.) the apoptosis machinery may be dispensable for
tumor regression in response to DNA alkylating agents, as the bax”bak™, p53” and Bcl-
xL overexpressing tumors still regressed despite their defect in the apoptotic pathway.

2. Apoptosis is not the sole mediator for cyclophosphamide-induced tumor regression.

To demonstrate that apoptosis was not responsible for tumor regression in
apoptosis-deficient tumor cells following CP treatment, paraffin embedded tumor
sections were subjected to immunohistochemistry (IHC) analysis for cleaved caspase 3
and terminal transferase dUTP end labeling (TUNEL) assay, both hallmarks for caspase-
dependent apoptosis. The treated wild-type tumor cells disPIayed positive staining for
cleaved caspase 3 and TUNEL, whereas the treated bax’bak” tumor cells showed
virtually no positive staining (Fig. 6A-C). The same effect was observed by immunoblot
analysis for cleaved caspase 3 using tumor lysates prepared from the excised tumor
tissues (Fig. 6D). An antibody against phosphorylated H2A.X (yH2A.X) revealed that
both wild-type and bax”bak™ tumors incurred a similar extent of DNA damage following
CP treatment (Fig. 6D). Taken together, these results indicate that while apoptosis
contributes to CP-induced tumor regression in apoptosis-proficient tumors, tumor cells
deficient in apoptosis do not undergo apoptosis and, therefore, must rely on alternative
forms of cell death.

3. Senescence and autophagy may contribute to tumor regression when apoptosis is not
functional.

In addition to apoptosis and necrosis, several other cytocidal and cytostatic
mechanisms have been implicated in the anti-tumor activity of chemotherapy including
necrosis, autophagy, senescence, and mitotic catastrophe [4, 7, 10-11, 114]. To evaluate
the involvement of these anti-cancer activities in response to CP, transmission electron
microscopy (TEM) analysis was performed to examine morphological features of CP-
treated tumor cells (Fig. 7). After CP treatment, both apoptotic cells (indicated by
condensed chromatin) and necrotic cells at various stages (indicated by disruption of cell
structure, lack of chromatin condensation, and formation of a large amount of vacuoles)
were observed in the wild-type tumors. In bax’bak” tumors, no apoptotic cells were
apparent, while necrotic cells were commonly observed in CP-treated tumors. Some
nuclei in the treated cells appeared to be larger and pleomorphic, indicative of senescence
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and/or mitotic catastrophe [247]. In both wild-type and bax”bak™ tumors treated with
CP, leukocytes, characterized by an electron dense cell body and high nucleus/cytoplasm
ratio [248], were also observed (Fig. 7). Additionally, hematoxylin and eosin (H & E)
staining revealed that both wild-type and bax”’bak” tumor tissues treated with CP
displayed a significant morphological difference compared to the untreated tumor tissues.
The majority of cells in the treated tumors had larger nuclei than the cells in the untreated
tumors (Fig. 8A). This suggests that alternative cell death pathways such as mitotic
catastrophe or senescence, which are often characterized by a “giant cell” or large nuclei
phenomenon, may also be triggered in response to CP therapy. To characterize the
mitotic capabilities of the treated tumor cells, the untreated and treated tumor tissues were
subjected to IHC for Ki67, a molecular marker that identifies actively proliferating cells.
In both the untreated wild-type and bax”bak” tumors, the majority of the cells stained
positive for Ki67. Following CP treatment, both wild-type and bax”bak” tumors showed
a decreased level of Ki67 staining, indicating that CP treatment can arrest cell
proliferation (Fig. 8B and 8C).

Other possible forms of cell death in response to chemotherapy are senescence
and autophagy. TEM analysis suggested that both may be occurring in the treated tumor
tissue (data not shown). Frozen tumor sections from untreated and treated mice were
assessed for senescence-associated B-galactosidase (SA-B-gal) activity. SA-B-gal activity
was observed in the bax’bak” tumor tissue and increased significantly upon CP
treatment (Fig. 9A). Surprisingly, neither the untreated nor the treated wild-type tumor
tissue showed SA-B-gal activity. To evaluate whether autophagy is involved in CP-
induced tumor response, GFP-tagged microtubule-associated protein 1 (MAP1) light
chain 3 (LC3) was retrovirally introduced into the wild-type and bax”bak” tumors. The
induction of autophagy can be revealed by the conversion of the cytosolic form of LC3
(LC3-]) to an autophagosomal membrane-bound form (LC3-II) [249]. In unstressed cells
LC3 diffusely distributes throughout the cytoplasm, as indicated by diffuse green
fluorescence observed in the untreated tumor tissue cells. Cells undergoing autophagy
display a punctate GFP-LC3 pattern because LC3 translocates to auto/phagosomes. Upon
CP-treatment, autophagy is induced in both wild-type and bax”bak™ tumors, indicating
that autophagy may also play a role in CP-induced tumor response (Fig. 9B).
Interestingly, the amount of autophagic cells increased progressively in bax”"bak™ tumors
upon subsequent rounds of treatment with CP. In contrast, the number of autophagic
cells were much fewer in wild-type tumors, and did not seem to further increase upon
longer CP treatment (Fig. 9B and 9D). This phenomenon is similar to that observed in
SA-B-gal staining, where senescent cells were preferentially observed in bax”bak™ cells
(Fig. 9A and 9C). These results indicate that either the molecular signaling pathways
leading to senescence (such as p53 and pl19Arf) and autophagy (such as Atg proteins)
have been impaired in wild-type cells or enhanced in bax”bak” cells or, more likely,
apoptosis is the preferred cell fate when cells are subjected to irresolvable stress or
damage. However, when the apoptosis machinery is impaired, cells must rely on
alternative forms of cell death such as senescence and/or autophagy. Whether senescence
and autophagy act as active death mechanisms under these circumstances remains to be
determined.
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4. DNA alkylating damage triggers sporadic necrosis in vivo.

TEM analysis indicated that necrosis may occur in CP-treated tumors (Fig. 7). To
further examine this, IHC was performed on CP-treated tumor tissues using an antibody
against the high mobility group box 1 (HMGBI) protein. HMGBI is a nuclear protein
that binds tightly to chromatin in apoptotic cells, whereas during necrosis it is released
into the extracellular environment [218]. IHC analysis revealed nuclear staining of
HMGBI in untreated tumor tissues. In contrast, extracellular HMGBI1 staining was
observed in both wild-type and bax”bak” CP-treated tumor tissues (Fig. 10), indicating
that necrosis occurs in response to CP in both apoptosis-proficient and -deficient tumors.
It is interesting to note that this CP-induced necrosis is different from necrosis that is
often observed in solid tumors with overgrowth. The latter constitutes the “necrotic
centers” comprised of large amounts of necrotic cells resulting from limited oxygen and
nutrient supplies due to tumor overgrowth and lack of vascularization. CP-induced
necrotic cells were scattered and evenly distributed throughout the tumor mass, as judged
by both TEM and HMGBI staining (Fig. 7 and 10), thus is referred to as “sporadic
necrosis”.

To further confirm that CP can induce necrosis, a biologically active metabolite of
CP, mafosfamide (MAF) [250], was used for in vitro cell culture studies. Treatment of
wild-type, Bel-xL-expressing, and bax”bak™ tumor cells with MAF induced cell death in
all three cell lines (Fig. 11A). Microscopic analysis revealed that the dead cells displayed
features of necrosis such as plasma membrane dilation and disruption in all three cell
lines (Fig. 11B). Wild-type cells were more sensitive than Bcl-xL-expressing cells,
which were more sensitive than bax”bak” cells, indicating that Bax/Bak deficiency
suppresses apoptosis more efficiently than Bcl-xL overexpression (Fig. 11A and 11B).
Similar to CP in vivo, MAF induced DNA damage was indicated by the increase of
yH2A.X (Fig. 11C). This was also indicated by the levels of caspase 3 cleavage, which
correlated to a cell’s ability to die by apoptosis (Fig. 11D). While apoptosis was virtually
blocked in bax”bak™ cells, Bel-xL only shifts the balance between the anti- and pro-
apoptotic Bcl-2 proteins and, therefore, did not completely block apoptosis (Fig. 11D).
Additionally, HMGB1 was found in the cell culture medium from both MAF-treated
apoptosis-proficient and -deficient cells, indicative of necrosis (Fig. 11D). The more
rapid release of HMGBI in wild-type cells is probably due to “secondary necrosis”, since
apoptotic cells are not engulfed and cleared as they are in vivo.

5. CP-induced cell death activates the innate immune response.

A fundamental feature of apoptosis is that apoptotic cells are quickly engulfed as
an intact corpse in vivo and, thus, do not trigger pro-inflammatory responses. In contrast,
cells dying by necrosis release intracellular contents into the extracellular environment
and cause pro-inflammatory responses. In TEM analysis, the presence of leukocytes in
both wild-type and bax”bak™ CP-treated tumors was observed, suggesting infiltration of
innate immune cells (Fig. 7). To confirm that this is the case, IHC was performed using
an antibody against F4/80, a pan macrophage marker, and an antibody against an
allotypic marker of neutrophils on untreated and treated tumor tissue. The untreated
tumor tissue showed minimal positive staining for either macrophages (Fig. 12A) or
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neutrophils (Fig. 13A). However, the treated tumor tissue showed significantly increased
amounts of both macrophages (Fig. 12A) and neutrophils (Fig. 13A). To demonstrate
this effect more quantitatively, single cell suspensions were prepared from the tumor
tissues. The cell suspensions were stained for Mac-1 and F4/80 to identify macrophages
or a neutrophil specific marker and subjected to flow cytometry analysis (12B and 13B).
Both wild-type and bax”bak” treated tumor tissues showed a significant increase of both
macrophages and neutrophils over the untreated tumor tissues (Fig. 12B and 13B).
Taken together, these results indicate that infiltration of innate immune cells occurs in
response to chemotherapy, regardless of the tumors cell’s ability to die by apoptosis.

Both apoptotic and necrotic cells can attract phagocytes. However, it is generally
accepted that phagocytes, such as macrophages, secrete immune-suppressive cytokines
upon engulfing apoptotic cells, whereas those encountering necrotic cells secrete pro-
inflammatory cytokines [155, 251]. To examine this issue, it was determined whether
the leukocytes recruited to the tumor tissue produced pro-inflammatory cytokines. In
both wild-type and bax’bak™ tumor tissues, CP treatment increased the number of
interleukin-1p (IL-1p) positive cells and the levels of both IL-1p and TNFa (Fig. 14A-C).
This suggests a critical role of the innate immunity in DNA alkylating damage-induced
tumor clearance. Taken together, these results strongly indicate that CP-induced tumor
cell death is not exclusively apoptotic, but includes necrosis and can activate a pro-
inflammatory response.

6. HMGBI plays an essential role in tumor regression in response to chemotherapy in
Vivo.

DNA alkylating therapy induced tumor regression in athymic nude mice that lack
an adaptive immune response. This tumor regression is associated with sporadic tumor
cell necrosis, HMGBI1 release, and infiltration of innate immune cells into the treated
tumor tissue [70]. To determine the role of HMGB1 in tumor response to chemotherapy,
hmgbl'/ " MEFs [252] were transformed with E1A and K-Ras oncoproteins. To ensure a
fair comparison of cells with an isogenic background, Flag-tagged HMGBI1 was
introduced into the hmgb1” MEFs to restore HMGBI at comparable levels to the wild-
type cells (Fig. 15A). Bcl-xL was expressed in both the Flag-HMGB1 and hmgbl'/'
E1A/K-Ras transformed cells to suppress apoptosis to mimic apoptosis-deficient human
cancers (Fig. 15A). The cells were injected into athymic nude mice. After tumors
formed, the tumors were taken out of the mice and tumor cells were recovered and
cultured as stable tumor cell lines. The Flag-HMGB1 and hmgb1” tumor cells grew in
culture at similar rates (Fig. 15B) and had comparable sensitivity to treatment with the
DNA alkylating agent mafosfamide (MAF; Fig. 16A and 16B). Upon MAF treatment,
the Flag-HMGBI1 tumor cells released HMGBI1 into the culture media in a dose-
dependent manner (Fig. 16C). Additionally, time lapse video imaging was performed to
capture the release of HMGB1 from cells during necrosis. GFP-tagged HMGB1 was
introduced into hmgbl'/ " MEFs and treated with MAF in the presence of propidium iodide
(PI) and a live cell permeant DNA dye Hoechst 33342. Simultaneous decrease of cellular
GFP-HMGBI and loss of plasma membrane integrity indicated by PI positive staining
was observed. Representative images are shown in Figure 17. This is consistent with
previous reports that DNA alkylating damage can induce tumor cell necrosis [70, 86] and
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that HMGBI is released from necrotic cells [86, 164, 218]. Hence, a transformed MEF
tumor cell line was established to study the role of HMGBI in response to chemotherapy.

To study the effect of HMGBI in response to chemotherapy in vivo the green
fluorescent protein (GFP) was expressed in the Flag-HMGBI and hmgbl‘/ " tumor cells.
The Flag-HMGBI1 and hmgb1” tumor cells were then injected bilaterally into the left
side and right side, respectively, of 20 athymic nude mice. Both cell lines formed tumors
that grew at similar rates (Fig. 18A and 18B). Fourteen of these animals were then
compared side-by-side for their susceptibility to cyclophosphamide (CP), a DNA
alkylating agent that is commonly prescribed in the clinic. All 14 tumors with restored
HMGBI showed a virtually complete regression in response to CP treatment by day 22,
as they were no longer detectable by either caliper measurement or fluorescence imaging
(Fig. 18A and 18B). In sharp contrast, while hmgbl'/‘ tumors initially responded to
treatment, all 14 tumors failed to regress to non-detectable means. Instead, around day
30 these tumors began to increase in size. Further, at day 35, 3 of the 14 mice were taken
off of CP. While the tumors with reconstituted HMGB1 remained undetectable, the
hmgbl‘/ " tumors recurred to form large tumors (Fig. 18A red lines and Fig. 18B bottom
panel). Taken together, these results indicate that HMGBI1 plays an essential role in
tumor regression induced by DNA alkylating therapy.

7. HMGBI released from chemotherapy-induced necrotic tumor cells is a
chemoattractant.

CP treatment induces sporadic tumor cell necrosis and HMGBI1 extracellular
release in vivo [70]. To determine if Flag-HMGBI1 changed subcellular localization in
response to CP treatment, tumors were extracted from untreated and CP-treated mice and
subjected to immunohistochemistry (IHC) using an antibody against Flag. The hmgbl'/'
tumors showed no positive staining for HMGBI1. In tumors with restored HMGBI, the
untreated tumor cells showed nuclear HMGBI localization and the CP-treated tumors
showed extracellular localization, indicating Flag-HMGBI1 1is released into the
extracellular environment upon tumor cell necrosis in response to CP-treatment (Fig.
19A).

A prominent hallmark associated with HMGBI released from damaged tissue or
from immune cells in response to endotoxin exposure is leukocyte recruitment [227]. As
HMGBI1 was released upon CP-treatment, it was next determined if leukocytes were
recruited to CP-treated tumors. An increase in macrophage infiltration was observed in
CP-treated Flag-HMGB1 tumors, while the increased infiltration of macrophages upon
CP treatment was significantly lower in hmgb1” tumors shown by both IHC using an
antibody against Mac-2 (Fig. 19A) and flow cytometry using antibodies against CD11b
and F4/80 (Fig. 19B). The percentage of macrophages in the CP-treated Flag-HMGBI
tumors is seemingly high, reaching over 60% of the total cell population. The difference
between the IHC and flow cytometery results may be due to antibody specificity. Mac-1
and F4/80 have been found to label other immune cells besides macrophages.
Additionally, while generating a single cell suspension from treated tumor tissue,
immune cells may be more easily dislodged then the tumor cells, generating an immune
cell rich population for analysis. Hematoxylin and eosin (H &E) staining reveals the
presence of immune cells within the treated tumor tissue although quantitation is difficult
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based solely on H & E staining (data not shown). Strikingly, Flag-HMGBI1 but not
hmgbl‘/' tumors had a significant infiltration of neutrophils detected by an antibody
against an allotypic marker of neutrophils (Fig. 19A), despite a reduced number of
neutrophils in the peripheral blood upon CP treatment as previously reported (Fig. 19C)
[253]. Similar to macrophages and neutrophils, an anti-natural killer (NK) cell antibody
(NKp46) revealed that while CP treatment induced a drastic infiltration of NK cells, the
levels were markedly reduced in the CP-treated hmgb1” tumors compared to the
HMGBI restored tumors (Fig. 19A).

A molecular marker for activated NK cells is granzymes, which mediate NK cell
killing activities via its delivery into the target cell through perforin (PFRN) [254]. The
presence of Granzyme B (GrB) and PFRN was assessed by IHC. Upon CP treatment,
there was a significant increase of both GrB and PFRN in the Flag-HMGBI1 tumors,
whereas both markers were virtually absent in hmgbl'/' tumors (Fig. 20A and 20B). The
enhanced GrB and PFRN levels were associated with increased caspase 3 cleavage (Fig.
20B), which has been shown to be activated through proteolytic cleavage by GrB,
independent of the mitochondrial apoptosis pathway [254-255]. Taken together, these
results indicate that HMGBI1 released during chemotherapy can act as a chemoattractant
to activate the innate immune system including macrophages, neutrophils, and NK cells,
and that granzyme-mediated cell killing may be a mechanism for tumor clearance.

8. Activation of innate immunity plays an anti-tumor role in chemotherapy.

It has been shown that the activation of innate immunity contributes to tumor
regression mediated by activation of p53 [175]. As compromised infiltration of
macrophages, neutrophils, and NK cells were observed in hmgb1” CP-treated tumors
(Fig. 19), the role of innate immune cells in anti-cancer therapy was assessed. To further
investigate if macrophage activation contributes to tumor clearance, gadolinium chloride
(GdCl;3) was used to deplete macrophages. GdCl; has been shown to deplete peripheral
blood macrophages, most of the liver Kupffer cells, and some spleen macrophages in
mice [256-257]. The effect of GdCl; was tested on E1A/K-Ras transformed Bcl-xL-
expressing tumor cells expressing endogenous HMGBI1. Animals bearing these tumors
were treated with CP only or in combination with GdCl; every 3 days by intravenous
(IV) injection. A significant level of macrophage depletion in the peripheral blood was
achieved in animals treated with GdCl; (Fig. 21A). Around day 25, the tumors in mice
treated with both CP and GdCl; began to increase in size (Fig. 21B). Similarly, to
determine the effects of neutrophils, an anti-neutrophil antibody (Ly-6G) was used to
deplete neutrophils. Successful depletion was achieved, as indicated by lower counts of
neutrophils in peripheral blood (Fig. 22A). Animals bearing tumors were treated with CP
only or CP in combination with intraperitoneal (IP) injections of the anti-neutrophil
depletion antibody. While tumors in mice receiving only CP showed complete regression
by day 40, those in mice receiving CP along with the anti-neutrophil depletion antibody
initially exhibited tumor regression, but then became resistant to the treatment (Fig. 22B).
Similarly, to study the effect of NK cells during tumor response to CP, an anti-NK cell
antibody (anti-Asialo GM1) was administered to tumor bearing mice. Successful
depletion was achieved, as indicated by lower counts of NK cells in peripheral blood
(Fig. 23A). Tumor bearing mice were treated with CP-only or CP plus intravenous (IV)
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injections of the anti-NK depletion antibody. Similar to the neutrophil and macrophage
depletion studies, mice with NK cell depletion could not achieve complete tumor
regression and their tumors continued to grow after an initial delay of growth (Fig. 23B).

9. HMGBI suppresses an M2 immune response.

Circulating immature monocytes are attracted by tumor-derived chemokines to
migrate from the blood into the tumor tissue and differentiate into macrophages. Once
inside the tumor, differentiation and polarization of the monocytes into activated (M1) or
alternatively activated (M2) cells depend on the cytokines present in the tumor
microenvironment [258]. Recently it has been suggested that tumor-associated
macrophages (TAMs) are generally characterized by the M2 type cytokine profile and
facilitate tissue repair and remodeling, and tumor progression, whereas the M1 type is
usually associated with anti-tumor activity [259-260]. Therefore, switching TAMs from
M2 to M1 may have significant therapeutic value. Since macrophage infiltration was
enhanced in both Flag-HMGB1 and hmgbl‘/' tumors upon CP treatment (Fig. 19), and
hmgb1™ tumors failed to activate an anti-tumor immune response (Fig. 18), the effect of
HMGBI1 on M1/M2 polarization was tested. Indeed, IHC revealed that production of the
pro-inflammatory cytokine IL-1f3, an M1 cytokine, was stimulated by CP treatment in
Flag-HMGBI1 tumors but not in hmgbl'/' tumors (Fig. 24A). Tissue cytokine array and
immunoblot analysis revealed that the production of M2-type immune tolerant cytokines
such as IL-4, IL-10, and IL-13 was enhanced in hmgbl™ tumors upon CP treatment.
Strikingly, expression of Flag-HMGBI1 resulted in decreased levels of these immune
tolerant cytokines (Fig. 24B and 24C; Fig. 25A and 25B). This is consistent with
previous reports showing that HMGBI can activate innate immune cells to produce a
number of pro-inflammatory cytokines but not anti-inflammatory cytokines [222, 261].
These results indicate that HMGBI1 may facilitate tumor regression in response to
chemotherapy by suppressing the production of the pro-tumor M2 cytokines in the tumor
tissue.

10. HMGBI is essential for activation of innate immunity and tumor regression.

To further confirm the importance of HMGBI1 during chemotherapy-induced
activation of the innate immune system and subsequent tumor regression, an HMGB1
neutralizing antibody [221, 262] was used to block HMGBI activity. Flag-HMGB1 and
hmgbl'/' tumor cells were injected bilaterally into the left and right side of athymic nude
mice, respectively. When tumors formed, mice were divided into two groups. One group
received CP-treatment alone and the other received both CP and the HMGBI1 neutralizing
antibody. As anticipated, hmgbl'/‘ tumors failed to regress in response to both treatment
regimens (Fig. 26A). The Flag-HMGBI tumors initially responded to both treatments.
However, the tumors in mice receiving CP in combination with the HMGB1 neutralizing
antibody started to grow around day 35 (Fig. 26A and 26B). IHC analysis showed that
the HMGB1 neutralizing antibody suppressed Mac-2 positive macrophages and GrB
positive NK cells in CP-treated Flag-HMGB1 tumors to similar levels as in hmgb1”
tumors (Fig. 27A and 27B).
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HMGBI1 was knocked down in the human breast cancer cell line, MDA-MB-231,
to test if HMGBI-mediated tumor regression was limited to the mouse embryonic
fibroblast cell line. MDA-MB-231 cells with and without HMGBI1 expression (Fig. 28A)
were injected into athymic nude animals. When tumors formed, the mice were treated
with CP. Tumors that lacked HMGB1 were resistant to treatment (Fig. 28B and 28C),
similar to the results obtained with the hmgb1”™ MEFs (Fig. 18) and wild-type MEFs in
which HMGB1 was blocked with an antibody (Fig. 26). Further analysis on the effect of
the innate immune response using MDA-MB-231 cells is warranted. Taken together,
these results demonstrate that HMGBI1 plays an essential role in activation of innate
immunity and tumor regression during chemotherapy.
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II1. Discussion
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The enormous efforts spent investigating basic signaling mechanisms involved in
cell death pathways will ultimately allow us to design strategically targeted cancer
therapies. A greater understanding of how tumor cells die in response to chemotherapy
and subsequently activate the immune response is likely to reveal new approaches to
induce tumor regression while possibly providing greater protection to normal cells. A
xenograft mouse tumor model was generated using apoptosis-proficient and -deficient
tumor cells to examine the contribution of the known forms of cell death in tumor
regression induced by cyclophosphamide, a DNA alkylating agent and one of the most
commonly prescribed chemotherapeutic drugs. Interestingly, while apoptosis facilitates a
more rapid tumor regression, it is dispensable for complete tumor regression. Other
forms of cell death, including necrosis, autophagy, senescence, and mitotic catastrophe
are all initiated in response to CP treatment. Specifically, sporadic necrosis played a
critical role in stimulating the innate immune system that contributes substantially to
tumor regression. The activation of the innate immune system required the release of
HMGBI from chemotherapy-induced necrotic tumor cells. The use of the in vivo animal
system provided evidence, for the first time, that necrosis and the innate immune
response were necessary for tumor regression.

1. Chemotherapy induces sporadic necrosis in both apoptosis-proficient and -deficient
tumor cells.

Necrosis is often observed in solid tumor areas where vascularization lags behind
tumor tissue growth. Necrosis has been reported to occur in numerous cancers following
chemotherapy and radiation therapy, and has been used as one of the best prognostic
factors for a positive outcome [12-15, 88, 92, 94, 263-265]. However, these occasional
reports have been overwhelmed by the amount of literature suggesting that apoptosis is
the main death mechanism in response to radiation treatment or chemotherapy. It is
unclear whether necrosis in human tumors is: 1.) the result of a “secondary necrosis”
where apoptotic cells are not efficiently removed and begin to show necrotic qualities; 2.)
a mechanism of cell death apparent only when apoptosis becomes unavailable; or, 3.) an
active, independent form of cell death. Tumor cells derived from bax”bak™, p53'/ ", and
Bcel-xL overexpressing cells, provided evidence that necrotic death is an active response
to chemotherapy and is apoptosis-independent. Tumor cells undergo necrosis, shown by
TEM morphology (Fig. 7), HMGBI extracellular release (Fig. 10), and activation innate
immune cells in the treated tumor tissue (Fig. 14). Importantly, the features of necrosis
are present in both apoptosis-deficient and -proficient tumor cells. Despite clear signs of
apoptosis, necrotic cells were also observed in CP-treated wild-type tumor cells. Thus,
necrosis is not merely a death mechanism observed in the absence of apoptosis. Rather,
it may play an important physiological role even in apoptosis-proficient cells by directly
inducing tumor cell death and by triggering a pro-inflammatory response.

Several molecular pathways have been described to induce necrosis under
physiological settings. These include RIP1-mediated necrosis in response to death
receptor ligation, generation of reactive oxygen species (ROS), Ca**-dependent activation
of non-caspase proteases, and hyperactivation of PARP [84-86, 151, 266]. These
pathways are not mutually exclusive. Although cell culture results indicate that DNA
alkylation-induced necrosis is a tumor cell autonomous response (Fig. 11), the increased
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levels of TNFa and IL-1p (Fig. 14) and the recruitment of innate immune cells (Fig. 12
and 13) that can lead to higher ROS production may all contribute to CP-induced necrosis
in vivo, singly or jointly.

2. Crosstalk among multiple cell death pathways.

While these findings demonstrate that necrosis plays a critical role, apoptosis was
also found to be vital in CP-induced tumor regression. While apoptosis-deficient bax”
bak” and Bcl-xL-expressing cells do not survive long term treatment of mafosfamide in
cell culture (Fig. 11), the deficiency in Bax and Bak results in delayed tumor regression
and remission in nearly 50% of the animals treated with CP (Fig. 4). This is consistent
with previous studies using an Ep-myc lymphoma model expressing Bcl-2 treated with
CP [267], indicating that deficiency in apoptosis can contribute to chemoresistance.
Interestingly, CP-resistance was not observed in Bcl-xL-overexpressing tumors (Fig. 5B).
It is possible that in fibrosarcomas generated from MEFs the threshold for apoptosis
inhibition reﬂuired for the resistance to CP treatment is higher than that in the lymphoma
system. bax”bak” cells displayed better resistance than the Bel-xL-expressing cells to
DNA alkylating damage in vitro (Fig. 11) and in vivo (Fig. 4 compared to Fig. 5B). Thus
it is likely that there exists a critical threshold in a cell’s ability to die by apoptosis in
order to acquire chemoresistance in vivo, and this threshold may vary depending on the
types of cancer and the nature of the chemotherapeutic agents.

In addition to apoptosis and necrosis, treated tumor cells showed evidence of cell
cycle arrest (Fig. 8B), autophagy (Fig. 9B), premature senescence (Fig. 9A), and mitotic
catastrophe (Fig. 8A). Unlike necrosis and cell cycle arrest, which occurred at similar
levels in apoptosis-proficient and -deficient cells, premature senescence and autophagy
were more commonly observed in apoptosis-deficient cells. This suggests two possible
scenarios: 1.) either these events are alternative active cell death mechanisms that are
amplified in apoptosis-deficient cells or, 2.) they are cellular defense mechanisms against
stress imposed by chemotherapy whose existence is more easily visualized in the absence
of apoptosis. Literature exists supporting both possibilities. In an Ep-myc lymphoma
mouse model where Bcl-2 was over expressed, senescence was the main form of tumor
response to the DNA alkylating agent, CP [71]. Conversely, although a senescent cell
cannot divide even if stimulated by mitogens, it remains metabolically active and able to
secrete proteins with potential tumor-promoting activities [76-77]. Finally, various
chemotherapeutic agents have been shown to induce autophagy in a variety of different
human tumor cells in vitro [72]. DNA damaging agents induce autophagy in numerous
cancer lines [73]. Autophagy has been described to be either a death mechanism or a
survival mechanism in response to chemotherapy [74, 268-272]. The outcome of
autophagy induction or inhibition in cancer cells may depend on the cell’s ability to
resolve the stressing condition and/or to die by apoptosis, which vary depending on the
nature of the insults and the cancer type [268, 273-274].
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3. Therapy-induced tumor cell necrosis induces innate immune cell recruitment and
activation.

Apoptotic cells are generally thought to be recognized and cleared by phagocytes and
neighboring cells, avoiding activation of immune cells, whereas necrotic cells are pro-
inflammatory [275-276]. Phagocytes recruited by apoptotic cells often express immune-
suppressive cytokines [154-155]. In contrast, inflammation-associated macrophages
secrete pro-inflammatory cytokines [177]. Due to the difficulty in characterizing non-
apoptotic forms of cell death in vivo and the lack of animal models that can separate
different forms of cell death, how chemotherapy-induced cell death may modulate the
immune response remained largely unclear. Shown here, CP treatment can induce
recruitment of innate immune cells into the treated tumor tissue, as indicated by
macrophage and neutrophil infiltration (Fig. 12 and 13). The ability of cells to die by
apoptosis does not seem to have a significant influence on this effect, as the infiltration of
innate immune cells was observed in both wild-type and bax”bak™ tumors. Since innate
immune cells respond to both apoptotic and necrotic tumor cells, it was necessary to
characterize the status of the response as either anti-inflammatory or pro-inflammatory,
respectively. Interestingly, the pro-inflammatory cytokines IL-1p and TNFa were up
regulated in both CP-treated apoptosis-proficient and -deficient tumors (Fig. 14). These
findings strongly suggest that: 1.) cell death occurring by a non-apoptotic mechanism is
the trigger for the immune cell infiltration; and, 2.) immune cell infiltration is not just a
phenomenon observed in apoptosis-deficient cells, but may have important physiological
relevance even in apoptosis-proficient cells.

Of the potential alternative cell death mechanisms that might trigger the pro-
inflammatory response in CP-treated tumors, necrosis plays a major role due to the
release of intracellular constituents. p53-mediated senescence has also been recently
shown to trigger tumor clearance by activating the innate immune response [175].
Consistent with this, there were increased senescent cells (SA-B-gal positive) in bax™
bak”" tumors upon CP treatment (Fig. 9A), thus the possibility that the macrophage and
neutrophil infiltration is mediated by premature senescence in bax”bak™ cells cannot be
ruled out. However, a similar amount of immune cell infiltration was observed in wild-
type tumors (Fig. 12 and 13), where SA-B-gal positive cells were not present (Fig. 9A).
Thus, CP-induced immune-stimulation does not seem to require senescence. Further
analysis reveals that chemotherapy-induced necrosis not only causes the recruitment of
innate immune cells into the tumor tissue (Fig. 12 and 13), but does so in a manner that
stimulates a pro-inflammatory response (Fig. 14). This is consistent with other reports
that show necrotic cell death activates the pro-inflammatory response, whereas other cell
death types such as apoptosis or autophagy do not [85, 147-152, 214, 227, 251, 275, 277].

Immune responses play an important role in cancer development and therapy.
While chronic inflammation has been shown to promote tumor growth, inflammation
under certain circumstances has been shown to promote tumor clearance [177]. Chronic
inflammation has been found to be induced by necrosis resulting from tumor overgrowth,
and is associated with accelerated tumor growth [179]. On the other hand, therapy-
induced immune responses may act as an anti-tumor mechanism. Activation of the innate
immune system facilitates tumor clearance in a xenograft model where senescence is
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induced by p53 reactivation in p53 null tumors [175]. Boosting the innate immune
response may be a promising approach for adjuvant treatment of cancer.

4. Activation of the innate immune response is mediated by HMGBI.

Induction of necrosis is associated with the release of the pro-inflammatory
molecule HMGBI. It has previously been reported that HMGBI1 plays an important role
in the tumor microenvironment. HMGB1 has been shown to mediate inflammation, cell
migration, metastasis, activate macrophages and DC, and promote neutrophil recruitment
[227, 278-281]. Therefore, in an effort to link tumor cell necrosis with the activation of
the innate immune response and tumor regression, HMGBI1-defecient tumors were
generated using the in vivo animal model presented here. While tumor cells generated
from HMGB1-defecient MEFs did not have survival advantages in response to DNA
alkylating treatment in cell culture (Fig. 16), they were surprisingly resistant to
chemotherapy in vivo (Fig. 18). This resistance correlated with impaired innate
immunity, indicated by lower levels of macrophage, neutrophil, and NK cell infiltration
into the HMGB1-deficient tumor tissues upon CP-treatment (Fig. 19A). Showing for the
first time that a protein not directly involved in the execution of cell death plays an
essential role in vivo for tumor response to chemotherapy.

While chemotherapy has long been known to induce cancer cell death, it is
becoming appreciated that tumor response to chemotherapy is not simply cytotoxic or
cytostatic [282]. Both innate and adaptive immune responses can be activated by dying
cells, pointing to an important question as to whether the immune response also plays a
significant role in therapy. In this study, macrophages, neutrophils, and NK cells were
individually found to be required for tumor regression (Fig. 21-23). These findings point
to an important role of the innate immune response in therapy-induced tumor clearance.
It has been shown that cells killed by chemotherapeutic agents in vitro can immunize
animals against newly inoculated tumors via antigen cross-presentation to activate
cytolytic T cells in an HMGB1/TLR4-dependent manner [215]. Here by using immune-
compromised athymic nude mice, it was demonstrated that the innate immune response
can also play a major role in tumor clearance in response to chemotherapy. This is
consistent with a previous report showing that innate immunity is essential for tumor
clearance in a p53 restoration mouse model [175]. In the clinic, CP has been shown to
affect both the T cell and B cell compartments, and to block antibody production [283-
284]. The findings presented here provide an explanation for why CP, which is often
used as an immune suppressant, works efficiently in cancer treatment by blocking
humoral immunity and allowing cellular tumor immunity to predominate.

The mechanism by which the innate immune system kills cancer cells remains to
be determined. The leukocyte depletion results indicate that macrophages, neutrophils,
and NK cells play an anti-tumor role (Fig. 21, 22, and 23) [70, 175]. However, it remains
to be determined whether there exists a cross dependence of these innate immune cells to
be recruited or activated. In addition, consistent with impaired NK cell recruitment,
markedly lower levels of perforin and granzyme B were detected in hmgb1™” tumors,
suggesting that perforin/granzyme-mediated cytotoxicity may contribute to tumor cell
death (Fig. 20). This can also explain why tumor cells deficient in mitochondrial
apoptosis are susceptible to alkylating chemotherapy in vivo, as perforin and granzymes
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have been shown to mediate cell death independent of the mitochondrial apoptotic
pathway [254-255].

5. HMGBI induces monocyte polarization.

The results presented here suggest that HMGB1 may contribute to tumor
regression by regulating monocyte polarization. Macrophages have been shown to
facilitate both tumor cell death and growth. Macrophages that mediate these opposing
functions have been classified as M1 (anti-tumor) and M2 (pro-tumor). While M1
macrophages are characterized by classic cytotoxic cytokines, the pro-tumor M2
macrophages are classified by elevated production of cytokines including IL-4, IL-10,
and IL-13. Interestingly, the cytokine array analysis revealed that while CP treatment
stimulated the production of certain cytokines such as MIP-1a and RANTES (Fig. 24 and
25), levels of the M2 cytokines IL-4, IL-10, and IL-13 are higher in CP-treated hmgb1”
tumors but are markedly suppressed in the presence of HMGB1 (Fig. 24 and 25). The
elevated levels of M2 cytokines correlate with the tumor regrowth observed in hmgb1”
tumors (Fig. 18A and 18B). Hence, HMGBI released by dying tumor cells may suppress
M2 polarization of macrophages and prevent tumor regrowth and resistance to treatment.
Modalities aimed at inducing tumor cell necrosis may likely result in final eradication of
tumors as a consequence of nonspecific activation of the innate immune system. While
elevated levels of HMGBI1 have been detected in various types of cancers [237, 285-
286], boosting the innate immune response by inducing necrotic release of HMGB1 may
be a promising approach for adjuvant treatment of cancer.

In the fight against cancer, cell death pathways that remain active in cancer cells
have great therapeutic potential. The work presented here utilizing the in vivo animal
system demonstrates that DNA alkylating damage induces a complex cell death response,
and that sporadic tumor cell necrosis plays a critical role in tumor regression. HMGB1
released from chemotherapy-induced necrotic tumor cells was found to be necessary not
only for recruitment of innate immune cells into the treated tumor tissue but also for
complete tumor regression. Therefore, necrosis is an attractive strategy for cancer
therapy because not only does it induce tumor cell death, but it also activates the innate
immune response to induce subsequent tumor cell clearance. Additionally, HMGBI1 was
found to be an important mediator of the pro- versus anti-tumor effect mediated by the
innate immune response (Fig. 29). In genetically heterogeneous human tumors, cells that
are apoptosis-competent will regress quickly in response to conventional chemotherapy,
leaving behind apoptosis-resistant populations. The finding represented here suggest that
if we can design therapies to deliberately induce necrosis early in cancer therapy, we will
effectively target apoptosis-competent and -resistant cells equally and will avoid selecting
for more aggressive tumor cell populations, increasing the chances for a positive outcome
of therapy. Further characterization of the molecular players in necrosis and the immune
response will create new opportunities for chemotherapeutic targets.
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IV. Current and Future Perspectives
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The mechanism of how chemotherapy induces tumor cell death in vivo remains a
controversial issue despite many years of research. The work presented here provides
evidence as to how chemotherapy may work in the clinic. First, cyclophosphamide (CP),
which has been described to suppress both B and T cells in the clinic, induced tumor
regression in immunodeficient animals. Interestingly, this study shows that CP-induced
tumor regression was dependent on activation of the innate immune response. This
provides evidence as to how chemotherapy may work in the clinic when chemotherapy
suppresses the adaptive immune response. Second, this study provides evidence that
HMGBI is important in activating the innate immune response and facilitating tumor
clearance. This study is the first to show that HMGBI1, a protein not directly involved in
the execution of cell death per se, mediates the tumor clearance. Third, there is evidence
that multiple forms of cell death are activated in response to chemotherapy in apoptosis
deficient tumor cells. Interestingly, necrosis is activated in both apoptotic-proficient and
deficient tumor systems indicating necrosis may be a general cell death mechanism in
response to chemotherapy.

Research like this is necessary to work towards strategically targeted therapy.
The results presented here indicate that boosting the innate immune response by inducing
necrotic release of HMGB1 may be a promising approach for adjuvant treatment of
cancer. However, some remaining questions include: 1.) the post-translational
modification status of HMGBI1. Recent reports have shown that its modification status
can change the way it activates the immune response. 2.) Whether NK cells directly
induce tumor cell killing and through which mechanisms. 3.) How HMGBI1 would
mediate tumor regression in an immunocompetent animal. 4.) How an orthotopic tumor
animal model would change the outcome of tumor regression mediated by HMGBI1. It is
interesting to speculate that the immune response would be altered in different
organs/tumor locations. 5.) The status of the immune cells that have infiltrated into the
tumor tissue. Specific markers have been characterized for M1 versus M2 macrophages
which could be used on single cell suspensions of the treated tumor tissue for flow
cytometry. 6.) Which innate immune cells are making cytokines such as IL-4, IL-10, and
IL-13 that are involved in the pro-tumor response in the hmgbl'/' CP-treated tumor tissue.
7.) How IL-4, IL-10, and IL-13 are suppressed in the presence of HMGBI.
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V. Figures
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Figure 1. Mouse embryonic fibroblasts derived from bax”bak™ and p53” mice do not
have proliferation defects.

Mouse embryonic fibroblasts (MEFs) were obtained from wild-type, bax’bak”, and
p53”" mice. (A) Cell lysates were made and probed for Bax, Bak, and p53 by
immunoblotting analysis. N.S., a non-specific band to verify equal loading. (B) Wild-
type, bax’bak™, and p53’- MEFs were plated and the cell number was determined on the
indicated days. Data shown are the averages of four independent countings = S.E.M.
(error bars are too small to be seen).
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Figure 2. Apoptosis-proficient and -deficient tumors are resistant to chemotherapy.

Mouse embryonic fibroblasts (MEFs) were obtained from wild-type and bax”bak™
mice, transformed with E1A and K-Ras, and injected into athymic nude mice. The
tumors were excised from the mice to generate stable tumor cell cultures. One million
of the established tumor cells were injected subcutaneously into nude mice. When
tumors formed, mice were treated with IV injections of either 5 mg/kg of doxorubicin
or 50 mg/kg of ortataxol, every 5 days, as indicated by the arrows. The tumor volume
was calculated based on caliper measurement and plotted. Note that the tumors are
resistant to treatment by common chemotherapeutic agents.
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Figure 3. Apoptosis is dispensable in response to chemotherapy.

Mouse embryonic fibroblasts (MEFs) were obtained from wild-type, bax”bak”, and
p53” mice, transformed with E1A and K-Ras, and injected into athymic nude mice.
The tumors were excised from the mice to generate stable tumor cell cultures. One
million of the established tumor cells were injected subcutaneously into nude mice.
When tumors formed, mice were treated with 170 mg/kg of cyclophosphamide (CP)
every 5 days, as indicated by the arrows (B). (A) Representative untreated and
CP-treated mice are shown. (B) Tumor volume was calculated based on caliper
measurement and plotted. Note that tumors of all three genotypes regressed after CP
treatment, regardless of their ability to die by apoptosis.
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Figure 4. Bilateral comparison of wild-type and bax”bak” tumors.

One million of the established wild-type and bax”bak™ tumor cells were injected
subcutaneously into the left and right side, respectively, of athymic nude mice. (A)
Mice were either left untreated (n = 5) or treated (n = 12) with 170 mg/kg of CP every
5 days, as indicated by the arrows. Tumor volume was calculated based on caliper
measurement and plotted. Note that tumors of both genotypes regressed after CP
treatment, regardless of their ability to die by apoptosis. (B) E1A and K-Ras-
transformed wild-type and bax”bak™ tumor cells were transfected with GFP and RFP,
respectively. Tumors were visualized by the Maestro small animal imaging system.
Representative mice are shown.
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Figure 5. Bcl-xL overexpression does not inhibit tumor regression in response to CP.

(A) Bcel-xL was expressed in the wild-type E1A and K-Ras-transformed MEFs.
Lysates from vector control and Bcl-xL expressing cells were probed for Bcel-xL.
Tom40 was used as a loading control. Wild-type and Bcl-xL-expressing cells were
treated with staurosporine (STS, 0.5 uM) or etoposide (Eto, 25 uM) for 24 hours. Cell
viability was measured by trypan blue exclusion. Data shown are the averages of
three independent experiments + S.E.M. (B) Vector and Bcl-xL-expressing tumor
cells were injected bilaterally into nude mice. The mice were treated with 170 mg/kg
of CP every 5 days, as shown by the arrows, or left untreated. Note that both tumors
regressed after CP treatment regardless of their ability to die by apoptosis.
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Figure 6. CP treatment does not induce apoptosis in bax”bak” tumors.

Animals bearing wild-type and bax”bak” tumors were either left untreated or treated
with 170 mg/kg of CP every 5 days. Tumors were obtained from the untreated and
treated animals and subjected to immunohistochemistry (A-C) and immunoblot analysis
(D). (A) Sections from tumors untreated or treated with CP were assayed for cleaved
caspase 3, and for apoptotic DNA fragmentation using a TUNEL assay. The dark brown
staining indicates apoptotic cells. Representative pictures of untreated tumors and tumors
treated with CP for 1 day are shown. Similar results were obtained from tumors treated
with CP 2, 3, 4, and 5 times and are not shown. Quantitation was performed by counting
positive cells under a microscope in randomly selected areas for (B) caspase 3 cleavage
and (C) DNA fragmentation. Data shown represents averages of 5 independent countings
+ S.E.M. (D) Tumor lysates from one untreated and two independent CP-treated animals
(each received one treatment) were prepared and subjected to immunoblotting analysis
for cleaved caspase 3 and phosphorylated H2A.X (yH2A.X) to compare the extent of
DNA damage. HMGBI1 was probed as a control for equal loading.
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Figure 7. Morphological analysis of untreated and CP-treated tumors.

ElA and K-Ras-transformed wild-type and bax’bak” tumor cells were injected into
athymic nude mice to allow tumors to form. When palpable tumors formed, the mice
were either left untreated or treated with 170 mg/kg of CP every 5 days. Tumors were
obtained at various time points after CP treatment and subjected to transmission electron
microscopic (TEM) analysis. Representative pictures are shown (A, apoptotic cells; L,
leukocytes; N, necrotic cells). Note that cells with large and pleomorphic nuclei
indicative of senescence or mitotic catastrophe are also present in the CP-treated tumors.
Scale bar represents 2 um.
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Figure 8. Evaluation of mitosis in apoptosis-proficient and -deficient tumors in
response to CP-treatment.

Animals bearing wild-type and bax”bak” tumors were left untreated or treated with
CP one time. Paraffin-embedded sections were made and subjected to IHC. (A)
Hematoxylin and eosin (H & E) staining of paraffin-embedded sections; (B) Ki67
staining of paraffin-embedded sections. Scale bar represents 100 um. (C) Ki67
positive cells were counted per 100 cells in 5 randomly selected fields.
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Figure 9. Evaluation of senescence and autophagy in apoptosis-proficient and
-deficient tumors in response to CP treatment.

Animals bearing wild-type and bax”bak™ tumors were left untreated or treated with
170 mg/kg of CP one time. Frozen sections were made. (A) Sections were subjected
to senescence associated P-galactosidase (SA-B-gal) analysis at pH 6.0 and were
counterstained with eosin. Scale bar represents 100 um. Senescent cells were
quantitated by counting SA-B-gal positive cells (blue cells) in 5 randomly selected
fields (C). (B) GFP-LC3 was expressed in both wild-type and bax”bak™ tumor cells.
Mice bearing tumors derived from these cells were treated with CP (170 mg/kg) every
5 days once (1X) or twice (2X). Cryosections of the tumors were visualized under a
fluorescent microscope. Induction of autophagy is revealed by the formation of the
bright and punctate GFP signal. Scale bar represents 50 pm and 10 pm in the inset.
Cells were considered autophagic if they had more than 5 GFP-LC3 puncta. The
percentage of cells undergoing autophagy were determined by counting the total
number of autophagic cells compared to the total number of cells in 10 random fields

(D).
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Figure 10. CP treatment induces sporadic tumor cell necrosis.

Animals bearing wild-type and bax”bak”™ tumors were left untreated or treated with
170 mg/kg of CP every 5 days for two treatments. Paraffin-embedded sections were
made and assessed by IHC using an anti-HMGBI1 antibody. Nuclear staining is
present in the untreated tissue whereas cytoplasmic and extranuclear staining of
HMGBI is found in the tumor tissue treated twice with CP, indicative of necrosis.
Similar results were obtained from tumors treated with CP 1, 3, 4, and 5 times and are
not shown. Scale bar represents 100 um.
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Figure 11. HMGBI is released from tumor cells in response to DNA alkylating damage.

(A) Wild-type, Bel-xL-expressing, and bax”bak™ tumor cells were treated for 24 hours
with increasing concentrations of mafosfamide (MAF). Cell death was measured by
trypan blue staining and expressed as average of 2 independent experiments = S.E.M.
(B) Wild-type, Bel-xL-expressing, and bax”bak” tumor cells were treated with 12.5
pg/mL of MAF for the indicated days. Cells were /photographed under a phase-contrast
filter. (C) Wild-type, Bel-xL-expressing, and bax™ b bak™ tumor cells were treated with
12.5 pg/mL of MAF for the indicated hours. Cell lysates were made and immunoblotting
was performed using an anti-yH2A.X antlbody to determine the extent of DNA damage.
(D) Wild-type, Bel-xL-expressing, and bax”bak” tumor cells were treated with 12.5

ug/mL of MAF for the indicated days. The cells and the cell culture media were
collected separately and subjected to immunoblot analysis using an anti-HMGBI1
antibody. Note that HMGBI is retained inside untreated cells, whereas it is found in the
cell culture media of treated cells. The cell lysates were also probed with an antibody
recognizing both pro-and cleaved caspase 3.
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Figure 12. CP-induced sporadic tumor cell necrosis induces macrophage infiltration.

Wild-type and bax”bak” untreated and CP-treated tumor tissue was assessed for innate
immune cell infiltration. THC and flow cytometry were used to detect the infiltration of
macrophages. (A) IHC was performed using an antibody against F4/80 to assess
macrophage infiltration in the tumor tissue. Tissue sections from animals that received 1,
2, 3, 4, or 5 CP-treatments were assessed for macrophage infiltration. Similar results
were obtained at the various treatment points. Photographs of tissues from untreated or
CP-treated (twice) mice are shown. Scale bar represents 100 um. (B) Single tumor cell
suspensions were obtained from the untreated and treated tumors and subjected to ﬂow
cytometry analysis. Due to the expression of GFP and RFP in the wild-type and bax”
bak” tumors, respectively, PE-conjugated Mac 1 Was used for the wild-type, and Alexa-
488-conjugated Mac-1 was used for the bax”bak™ tumor cells. Both samples were co-
stained with APC-conjugated F4/80.
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Figure 13. CP-induced sporadic tumor cell necrosis induces neutrophil infiltration.

Wild-type and bax”bak” untreated and CP-treated tumor tissue was assessed for innate
immune cell infiltration. IHC and flow cytometry were used to detect the infiltration of
neutrophils. (A) IHC was performed using an antibody against an allotypic marker of
neutrophils to detect neutrophils in the tumor tissue. Tissue sections from animals that
received 1, 2, 3, 4, or 5 CP-treatments were assessed for neutrophil infiltration. Similar
results were obtained at the various treatment points. Photographs of tissues from
untreated or CP-treated (twice) mice are shown. Scale bar represents 100 um. (B) Single
tumor cell suspensions were obtained from the untreated and treated tumors and
subjected to ﬂow cytometry analysis. Due to the expression of GFP and RFP in the wild-
type and bax”bak” tumors, respectively, PE- conjugated Gr 1 was used for the wild-type,
and Alexa-488-conjugated Gr-1 was used for the bax”bak” tumor cells.
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Figure 14. CP-induced tumor cell necrosis activates a pro-inflammatory response.

Wild-type and bax’bak” untreated and CP-treated tumor tissue was assessed for
activation of innate immune cells. (A) IHC was performed using an anti-IL-18
antibody to detect activated leukocytes in the tumor tissue. Scale bar represents 100
um. (B-C) Tissue lysates were made from both wild-type and bax”bak” tumors that
were left untreated or treated once (1x) or twice (2x) with CP. One-hundred pg of
tumor lysates were run on an enzyme-linked immuno sorbent assay (ELISA) to
determine the levels of IL-1B (B) and tumor necrosis factor o (TNFa) (C). The
amount of IL-18 and TNFa in tumor tissues were calculated and expressed as
picogram per milligram of tumor protein. Each data point represents tumors isolated
from two independent mice and each sample was run in duplicate. Shown is the
average + S.E.M.
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Figure 15. Restoration of HMGBI in hmgbl” tumor cells does not affect cell
proliferation in vitro.

Wild-type and hmgbl” mouse embryonic fibroblasts (MEFs) were transformed into
apoptosis-deficient tumor cells using E1A, K-Ras, and Bcl-xL. Subsequently a pool
of these cells was transfected with Flag-tagged HMGBI1 to restore HMGBI in
hmgbl‘/' cells. These cells were injected into athymic nude animals. When tumors
formed, they were extracted from the animals and used to generate stable tumor cell
lines. (A) Cell lysates were subjected to immunoblot analysis using antibodies against
HMGBI, Flag, Bel-xL, and B-tubulin. (B) The Flag-HMGB1 and hmgb1” tumor cells
were plated and cell number was determined on the indicated days. Data shown are
the average of four independent counts = S.E.M. (S.E.M. is narrower than symbols to
be seen).
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Figure 16. Restoration of HMGBI in hmgbl'/' tumor cells does not affect cell
sensitivity to chemotherapy in vitro.

The Flag-HMGBI1 and hmgh1™” tumor cells were treated with the DNA alkylating
agent mafosfamide (MAF) at the indicated concentrations for 24 h. (A) Cells were
photographed under a phase-contrast filter and representative images are shown. (B)
Cell death was measured by propidium iodide (PI) exclusion and expressed as an
average of 3 independent experiments + S.EIM. (C) Cell culture medium was
collected from the untreated and treated cells and assessed for HMGBI1 by
immunoblot analysis using antibodies against HMGB1 and Flag. Note that HMGB1
is found in the cell culture media from Flag-HMGB1 but not hmgbl cells.
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Figure 17. HMGBI is released from dying cells after DNA alkylating treatment in
vitro.

hmgbl‘/' MEFs were transfected with GFP-HMGBI1 and treated with MAF in the
presence of PI and the live cell permeant DNA dye Hoechst 33342. Live cell imaging
was performed and representative pictures are shown for GFP-HMGBI1, propidum
iodide (PI) for plasma membrane integrity, merged images with GFP-HMGBI1 and PI,
and Hoechst 33342 for nuclear staining. Note the simultaneous decrease of cellular
GFP-HMGBI1 and loss of plasma membrane integrity indicated by PI positive
staining.
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Figure 18. HMGBI mediates tumor regression upon CP treatment in vivo.

Both Flag-HMGBI1 and hmgbl™ tumor cells were labeled with GFP and injected
bilaterally into the same mouse to allow tumors to form. When palpable tumors
formed, the mice were left untreated or treated with 170 mg/kg of CP every 5 days as
indicated by arrows. Thirty days after the initial CP treatment, CP was discontinued
on 3 mice (red symbols). (A) Tumor volume was determined by caliper measurement
and the average tumor volume was plotted with S.E.M. (B) Tumors were monitored
by in vivo imaging and representative images are shown.
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Figure 19. HMGBI induces innate immune cell infiltration following CP treatment
regardless of CP’s ability to deplete peripheral neutrophils.

Mice bearing Flag-HMGB1 or hmgb1™ tumors were either left untreated or treated
twice with IP injections of 170 mg/kg of CP. Tumors were excised. (A) Tumors were
embedded in paraffin, sectioned, and subjected to IHC. Cellular localization of
HMGBI1 was assessed using a Flag antibody and infiltration of macrophages,
neutrophils, and NK cells was assessed using antibodies against Mac-2, an allotypic
marker of neutrophils, and NKp46, respectively. (B) Single cell suspensions were
prepared from untreated and treated tumor tissues and subjected to flow cytometry
using anti-CD11b and anti-F4/80 antibodies to quantitate macrophage infiltration (*,
p<0.05; ** p<0.005). (C) Peripheral blood was collected and subjected to flow
cytometry analysis using anti-Gr-1 or an allotypic anti-neutrophil antibody.
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Figure 20. HMGBI activates NK cells following CP treatment.

Mice bearing Flag-HMGB1 or hmgb1™ tumors were either left untreated or treated
twice with IP injections with 170 mg/kg of CP. Tumors were excised. (A) Tumors
were embedded in paraffin, sectioned, and subjected to IHC. Activation of NK cells
were examined using antibodies against granzyme B (GrB) or perforin (PFRN). (B)
Immunoblot analysis was performed for GrB, caspase 3, cleaved caspase 3, and Flag
on three independent Flag-HMGBI1 and hmgbl'/' untreated tumors and two
independent Flag-HMGB1 and hmgh1™ CP-treated tumors.
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Figure 21. Neutralization of macrophages leads to tumor resistance to CP treatment.

E1A and K-Ras transformed Bcl-xL-expressing tumor cells with endogenous HMGB1
were injected into 6 mice. When palpable tumors formed, mice were either left
untreated, treated with IP injections of 170 mg/kg of CP every 5 days (black arrows)
with or without IV injections of 10 mg/kg of GdCl; to deplete macrophages (red
arrows). (A) Peripheral blood from mice that were left untreated or treated with 10
mg/kg of GdCl; for 5 days was collected and subjected to flow cytometry using
antibodies against Mac-1 and F4/80 to confirm macrophage depletion. (B) Tumor
volumes were measured by caliper and graphed. Tumors were measured by caliper
and the average volume of tumors with S.E.M was plotted.
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Figure 22. Neutralization of neutrophils leads to tumor resistance to chemotherapy.

E1A and K-Ras transformed Bcl-xL-expressing tumor cells with endogenous HMGB1
were injected into athymic nude mice. (A) Mice were left untreated or treated with
one IP injection of 150 pg of the anti-Gr-1 neutrophil depleting antibody for 3 days.
Peripheral blood was collected and analyzed by flow cytometry using indicated
antibodies. Shown on the right are the averages from three animals in each group +
S.E.M. (**, p<0.005; *** p<0.0005). (B) Mice were treated by IP injections with 170
mg/kg of CP every 5 days (black arrows) alone, or in combination with IP injections
with 150 pg of the anti-Gr-1 neutrophil depleting antibody in combination with the
first four CP treatments (red arrows). Tumors were measured by caliper and the
average volume of tumors with S.E.M was plotted.
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Figure 23. Neutralization of NK cells leads to tumor resistance to chemotherapy.

E1A and K-Ras transformed Bcl-xL-expressing tumor cells with endogenous HMGB1
were injected into athymic nude mice. (A) Mice were left untreated or treated with IV
injections of 25 pL of the anti-Asialo GM1 NK depleting antibody for 6 days.
Peripheral blood was collected and analyzed by flow cytometry using indicated
antibodies. Shown on the right are the averages from three animals in each group
+ S.E.M. (¥, p<0.05). (B) Mice were treated by IP injections with 170 mg/kg of CP
every 5 days (black arrows) alone, or in combination with IV injections with 25 pL of
the NK cell depleting antibody every 3 days (red arrows). Tumors were measured by
caliper and the average volume of tumors with S.E.M was plotted.
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Figure 24. HMGBI released during chemotherapy treatment mediates a pro-
inflammatory response.

Mice bearing Flag-HMGBI1 or hmgbl‘/' tumors were either left untreated or treated
with IP injections of 170 mg/kg of CP five days apart. (A) Tumor tissue sections were
subjected to IHC using an anti-IL-1p antibody. (B and C) Tumors were excised at
indicated time points and made into lysates. (B) The induction of cytokines was
assessed with a mouse cytokine array panel in lysates from tumor in mice left
untreated or treated 1x or 2x with CP. Results are shown as optical density
normalized to values for each cytokine in untreated tumor tissue. The dashed line
represents the untreated tumor value set to one. (C) Immunoblotting of IL.-4 and IL-10
was used to confirm the cytokine array results in tumor cell lysates. Three
independent Flag-HMGB1 and hmgb1™ untreated tumors, three independent hmgh1™
CP-treated tumors and two Flag-HMGB1 CP-treated were used.
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Figure 25. HMGBI1 suppresses the expression of anti-inflammatory cytokines in
tumor tissue following chemotherapy.

(A-B) Mice bearing Flag-HMGBI1 or hmgbl” tumors were either left untreated or
treated with two IP injections of 170 mg/kg of CP five days apart. Tumors were
removed from mice at indicated time points and lysed for tissue cytokine array
analysis. (A) The cytokine array blots and (B) raw OD readings are shown for
selected cytokines. Numbered rectangles highlight the duplicate spots of anti-
inflammatory cytokines (solid lines) and pro-inflammatory cytokines (dashed lines)
that are altered by the status of HMGBI presence, as summarized in the table.
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Figure 26. HMGBI is required for tumor regression in response to chemotherapy.

Mice bearing Flag-HMGBI1 or hmgbl'/‘ tumors were treated with IP injection of 170
mg/kg of CP every 5 days (black arrows) alone, or with 50 mg of an HMGBI1
neutralizing antibody twice a week (red arrows). (A) Tumors were monitored by in
Vivo imaging and representative images of the animals from each group are shown.
(B) Mice bearing tumors with endogenous HMGB1 were treated with CP alone or
together with anti-HMGB1. Tumors were measured by caliper and the average tumor
volume was plotted with S.E.M.
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Figure 27. HMGBI is required for activation of the innate immune response in
response to chemotherapy.

Mice bearing Flag-HMGBI1 or hmgbl'/‘ tumors were treated with IP injection of 170
mg/kg of CP every 5 days alone, or with 50 mg of an HMGBI neutralizing antibody
twice a week. (A) CP-treated tumors were excised and embedded in paraffin.
Sections were made and subjected to IHC using an antibody against Mac-2 to assess
the level of macrophage infiltration, and an antibody against granzyme B (GrB) to
assess the level of activated NK cells. Note that similar to hmgh1™ tumors, CP-treated
tumors subjected to HMGBI depletion (a-HMGBI) had reduced levels of
macrophage and activated NK cell infiltration, compared to the Flag-HMGB1 CP-
treated tumors. (B) Ten randomly selected microscope fields were counted for GrB
positive cells. Data shown are average + S.E.M. (*, p<0.05).
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Figure 28. HMGBI1 knockdown compromises the anti-tumoral activity of CP.

The anti-apoptotic protein Bcl-xL was expressed in the human breast cancer cells,
MDA-MB-231. Subsequently a pool of these cells was transfected with a shRNA
vector control or a construct targeted against HMGB1. (A) Cell lysates were
subjected to immunoblot analysis using antibodies against HMGBI, Bcl-xL, and (-
tubulin. (B) Fourteen athymic nude mice were injected with the Bcl-xL expressing
MDA-MB-231 cells with shRNA vector control. When tumors formed mice were
divided into two groups; untreated (n=7) and those treated every 5 days with 170
mg/kg of the DNA alkylating agent cyclophosphamide as indicated by the arrows
(n=7). Tumor volume was determined by caliper measurement and the average tumor
volume was plotted with S.E.M. (C) Fourteen athymic nude mice were injected with
the Bcl-xL expressing MDA-MB-231 tumor cells that have HMGB1 knockdown.
When tumors formed mice were divided into two groups; untreated (n=7) and those
treated every 5 days with 170 mg/kg of the DNA alkylating agent cyclophosphamide
as indicated by the arrows (n=7). Tumor volume was determined by caliper
measurement and the average tumor volume was plotted with S.E.M.
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Figure 29. Proposed model for chemotherapy induced tumor regression.

Chemotherapy induces tumor cell necrosis which is associated with the release of
HMGBI1 from the necrotic tumor cells. HMGBI1 is essential for recruiting innate
immune cells into the treated tumor tissue. Activation of innate immune cells in the
treated tumor tissue are essential for tumor regression. In the presence of HMGBI,
the pro-tumor immune response is suppressed and the anti-tumor immune response
predominates, leading to tumor regression.
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V. Materials and Methods

67



1. Plasmids

Retroviral vectors for E1A (LPC-12S) and K-Ras (pBabe-Ras) were gifts of Dr.
Scott Lowe. The Bcl-xL construct was generated in Dr. Craig Thompson’s laboratory.
The retroviral GFP-LC3 construct was generated using the EGFP-tagged LC3 excised
from the pEGFP-C1-LC3 expression vector, a gift from Dr. Tamotsu Yoshimori
(National Institute of Genetics, Japan). pBabeMN-IRES-GFP (Gary Nolan, Stanford
University) was used for GFP expression, and RFP was used to replace GFP to generate
the RFP retroviral construct. Flag-tagged HMGB1 was cloned into the LPC vector using
a pEF6-Flag-HMGBI1 construct as previously described [164]. shRNA contructs were
obtained from Sigma (SHGLY-NM_002128).

2. Cell lines

Immortalized wild-type, bax’bak”, and p53” murine embryonic fibroblasts
(MEFs) were generated as previously described [287]. Immortalized hmgbl‘/' MEFs
were a kind gift from Dr. Marco Bianchi (San Raffaele Scientific Institute, Milano, Italy).

3. Cell culture and tumor cell preparation

All cell lines were retrovirally transformed with E1IA and K-Ras using 293T
packaging cells via a calcium phosphate precipitation method in the presence of 10
pg/mL of polybrene (Sigma). When generating Bcl-xL-expressing tumors, a retroviral
Bcl-xL construct was used together with E1A and K-Ras plasmids. The cells were
subcutaneously injected into the back of 6-8 week old male athymic nude mice (Taconic
Farms, New York). When tumors formed they were excised from the mice, minced, and
digested with Trypsin-EDTA (0.05%) and collagenase A (10 pg/mL in trypsin) for 21
minutes at 37°C with brief vortexing every 7 minutes. The tumor cells were then strained
through a 70 pm nylon filter to obtain a single cell suspension. The 293T, MDA-MB-
231 and MEFs were maintained in Dulbecco’s modified Eagle’s medium (D-MEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamine, 100 units/mL of
penicillin and 100 pg/mL of streptomycin at 37°C with 5.5% CO..

4. Immunoblotting

Cells were lysed in RIPA buffer (1% sodium deoxycholine, 0.1% SDS, 1% Triton
X-100, 10 mM Tris at pH 8.0, 0.14 M NaCl) with protease inhibitor cocktail (G-
Biosciences) plus EDTA. Sample concentration was determined by bicinchonic acid
(BCA) protein analysis. To determine HMGBI release from treated tumor cells, cell
culture supernatant was collected from cells at indicated treatment points, centrifuged at
low speed, and stored at -20°C. Twenty pg of protein or 20 pL of culture supernatant
was resolved by SDS-PAGE, transferred to a nitrocellulose membrane, blocked for 1
hour at room temperature with 5% milk in PBS containing 0.05% Tween-20, and probed
overnight at 4°C with primary antibodies diluted 1:1,000, unless otherwise noted, in the
blocking solution. Blots were washed with PBS containing 0.05% Tween-20 and
membranes were probed with the appropriate secondary antibodies diluted in block
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solution for 1 hour at room temperature. The following primary antibodies were used:
Bax (Santa Cruz Biotechnology, N-20), Bak (Upstate Biotechnology), p53 (Novocastra
Laboratories, CM5), Tom40 (Santa Cruz Biotechnology, sc-11414), Bcl-xL (BD
Pharmingen, 556361), cleaved Caspase 3 (Cell Signaling, 9661), yH2A.X (Cell
Signaling, 2577), HMGB1 (Abcam, ab18256), B-tubulin (Sigma T4026), and Caspase 3
(Transducation Laboratories, C76920), Flag (Sigma F3165), Bcl-xL (BD Pharmingen
556361), IL-4 (BD Pharmingen 554386, 1:100), IL-10 (BD Pharmingen 551215, 1:100),
and granzyme B (R&D systems AF1865, 1:100).

5. Xenograft mouse tumor experiments

Male nude mice, aged 6-8 weeks were obtained from Taconic Farms, Inc. (New
York). Mice were housed and monitored at the Division of Laboratory Animal
Resources (DLAR) at Stony Brook University. All experimental procedures and
protocols were approved by the Institutional Animal Care and Use Committee. Tumors
were established by resuspending 1x10° tumor cells in 100 uL of PBS and injecting the
cells into the mid flanks of mice using a 26 gauge needle. When palpable tumors formed
(approximately 100 mm’ in size), mice were placed randomly into treatment groups.
Mice were treated via intraperitoneal injections of 170 mg/kg of cyclophosphamide
monohydrate (CP) (Sigma-Aldrich, C0768). CP was made fresh for each treatment in
sterile 0.9% sodium chloride every 5 days. Mice were treated via intravenous injections
of 50 mg/kg of ortataxol every 5 days. Ortataxel was made to a concentration of 30
mg/mL in Tween 80 and ethanol at a 1:1 ratio, then diluted in sterile 0.9% sodium
chloride for each treatment. Mice were treated via intravenous injections of 5 mg/kg of
doxorubicin every 5 days. Doxorubicin was stored at 2 mg/mL and diluted in sterile
0.9% sodium chloride for each treatment. For each tumor, the tumor length (1) and width
(w) was measured every 4-5 days with electronic calipers. Tumor volume (v), in mm’,
was calculated using the formula: v = (Ixw”)/2. The mice were imaged using the Maestro
small animal imaging system (CRi). The animals bearing untreated tumors were
sacrificed around day 30 post tumor inoculation, when tumors reached 2 cm’ in size, in
accordance with the Institutional Animal Care and Use Committee guidelines (IACUC).

6. Measurement of cell death

After treating cells for the indicated times, cells were collected, harvested, and
trypan blue staining and propidium iodide (PI) exclusion were used to measure of cell
death. Cells were stained with trypan blue (0.2%) and counted under a phase contrast
light microscope, or resuspended in DMEM with PI (1 pg/mL) and cell viability was
determined by flow cytometry using a FACSCalibur (BD Biosciences). Pictures of
untreated and treated cells were taken with a Zeiss Axiovert S100 microscope using a 20x
objective. Images were captured using an Infinity 3 camera (Lumenera Corporation) and
analyzed with Infinity Analyze software.
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7. Immunohistochemistry

Immunohistochemistry was performed according to standard protocol unless
otherwise noted. Briefly, for paraffin-embedded sections, tissue was fixed in 10% neutral
buffered formalin overnight, dehydrated in gradually increasing concentrations of
ethanol, perfused overnight at 60°C with paraffin, and embedded in paraffin the next day.
For cryosections, the tissue was embedded directly in O.C.T. media and stored at -80°C.
Tissue was sectioned into 6 um sections and paraffin tissue was dewaxed and rehydrated
in decreasing concentrations of ethanol solutions. Following rehydration of tissue
sections, antigen retrieval was performed using Citrate Buffer at pH 6.0. Frozen sections
were warmed to room temperature for 15 minutes and then fixed in 4%
paraformaldehyde. For both paraffin and frozen sections, endogenous peroxidase
quenching was performed using 3% H,O,. Slides were blocked in 5% serum and the
tissue was incubated with primary antibody overnight at 4°C. The following antibodies
were used on paraffin embedded tissue: cleaved Caspase 3 (Cell Signaling Technology,
9661, 1:50), Ki67 (Dako, M7249, 1:50), HMGB1 (Abcam, ab18256, 1:100), IL-1B (R&D
systems, AF-401-NA, 2 pg/mL), Flag (Sigma F3165, 1:100), Mac-2 (Cedarlane
Laboratories 1:2000), Neutrophil allotypic marker (AbD Serotec MCA771G, 1:50), and
granzyme B (R&D systems AF1865, 1:10). The following antibodies were used on
frozen sections: F4/80 (AbD Serotec, MCA497GA, 1:100), Neutrophil (AbD Serotec,
allotypic marker, MCA771G, 1:100), and perforin (Santa Cruz Biotechnology sc-58643,
1:500). Biotinylated secondary antibodies were used at a concentration of 1:1,000 for 1
hour at room temperature. Following a wash series, tissue was incubated with
avidin/biotinylated HRP (ABC Elite kit from Vector Labs) according to manufacturer’s
instructions. Slides were submerged in diaminobenzidine (DAB)/H,0, substrate solution
until the desired staining intensity was obtained and slides were counterstained with
hematoxylin. Natural killer cell marker NKp46 (BioLegend 137601, 1:37) was used on
paraffin embedded sections and IHC analysis was performed by an automated processor
(Discovery XT, Ventanna, Tuscon, AZ) using an alkaline protease antigen retrieval
method. TUNEL staining was performed on paraffin embedded tissue according to
manufacturer’s instructions (Chemicon International, S7101). Quantitation of positive
cells per field or percentage of positive cells was performed as indicated in the figure
legends.

8. Electron Microscopy

Upon tumor extraction, the samples for TEM were collected immediately after
sacrificing the mouse to ensure tissue integrity. Briefly, tissue was fixed with 4%
paraformaldehyde and 2.5% EM grade glutaraldehyde in PBS. After fixation, samples
were placed in 2% osmium tetroxide in PBS, dehydrated in a graded series of ethyl
alcohol, and embedded in Durcupan resin. Ultrathin sections of 80 nm were cut with a
Reichert-Jung UltracutE ultramicrotome and placed on formvar coated slot copper grids.
Sections were then counterstained with uranyl acetate and lead citrate and viewed with a
FEI Tecnail2 BioTwinG® electron microscope. Digital images were acquired with an
AMT XR-60 CCD Digital Camera System.
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9. Senescence and autophagy detection

For autophagy, frozen sections were examined with the Zeiss Axiovert
Fluorescence microscope, using both 10x and the 63x oil objectives with tumors that
expressed the GFP-LC3 construct. To quantify the percentage of autophagic cells, cells
containing more than 3 green puncta were considered autophagic and expressed as a
percentage of the total cells counted. For senescence, SA-B-gal detection was performed
as previously described [288]. Briefly, frozen tumor sections were fixed for 1 minute in
1% formalin in PBS at room temperature, washed briefly in PBS and incubated with SA-
B-gal color solution (1 mg of 5-bromo-4-chloro-3-indolyl B-D-galactosidase (X-gal) per
mL, 40 mM citric acid, sodium phosphate pH 6.0, 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, and 150 mM NaCl, 2 mM MgCl,) overnight in a humidified
chamber at 37°C.

10. Preparation of samples for flow cytometry

Tumors were excised from mice and minced into small pieces. Tumor pieces
were put in a microcentrifuge tube and digested with Trypsin-EDTA (0.05%) and
collagenase A (10 pg/mL in trypsin) for 21 minutes at 37°C with brief vortexing every 7
minutes. Trypsin was stopped using normal cell culture media and the tumor cells were
centrifuged. The media was removed and the red blood cells were lysed using a buffered
ammonium chloride (ACK) solution (0.15 M NH4Cl, 1.0 mM KHCOs;, 0.1 mM
NaEDTA, pH 7.2-7.4). The tube was briefly vortexed and centrifuged at 1,000 rpm for
5 minutes. Lysing of the red blood cells was continued until the tumor cells were visibly
clear of red blood cells. The cells were washed two times with PBS. After the last wash
the microcentrifuge tube was allowed to sit at room temperature for 5 minutes so that the
large pieces of tumor tissue would descend to the bottom of the tube. The cell suspension
was collected and used for flow cytometry. To confirm macrophages, neutrophil, and
NK cell depletion, blood was collected from mice via eye bleeds, red blood cells were
lysed with ACK solution, washed twice with PBS plus 5% FBS, and subjected to flow
cytometry.

11. Flow cytometry

Flow cytometry was performed using a FACSCalibur (BD Biosciences). The
following antibodies were used to detect macrophages: Phycoerythrin (PE)-conjugated
anti-mouse CD11b (Mac-1, BD Biosciences 553311), Alexa 488-conjugated anti-CD11b
(Mac-1) (BD Biosciences 557672), and Allophycocyanin (APC)-conjugated anti-mouse
F4/80, (BMS8, eBiosciences 17-4801); neutrophils: PE-conjugated anti-Gr-1 (BD
Biosciences 553128), Alexa 488-conjugated anti-mouse Gr-1 (Serotec MCA771A647T);
and natural killer cells: fluorescein isothiocyanate (FITC)-conjugated anti-mouse NKI1.1
(BD Biosciences 553164).
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12. ELISA

One-hundred pg of tumor lysates were run on an enzyme-linked immuno sorbent
assay (ELISA) to determine the levels of IL-1p and TNFa, using ELISA kits (R&D
Systems).

13. Live cell imaging

hmgb1™ MEFs were transfected with GFP-HMGBI and treated with 100 pug/mL
MAF in the presence of 0.5 pg/mL PI and 0.5 pg/mL Hoschst 33342. Live cell imaging
was captured with a Zeiss LSM 510 META NLO Two-Photon Laser Scanning Confocal
Microscope System using the time series function and processed using Zeiss Confocal
microscope imaging software.

14. Depletion experiments

For macrophage depletion, IV injections of 10 mg/kg of gadolinium chloride
(GdCl;) (Alfa Aesar) were started at day 8 post tumor inoculation and occurred every day
for two additional consecutive days (day 9, day 10) and then every 3 days (day 13, 16,
19, etc.). CP treatment was started on day 9 post tumor inoculation when tumor size was
approximately 100 mm’. GdCl; was dissolved in saline and stored in 100 mg/mL stocks.
For neutrophil depletion, a neutrophil neutralizing antibody (Ly-6G, eBioscience 14-
5931) was injected IP at a concentration of 150 pg/mouse/injection starting with the first
CP treatment and continuing for the next 3 CP treatments for a total of 4 anti-neutrophil
injections. For NK cell depletion, 25 uL of a NK neutralizing antibody (anti-Asialo
GMI1, Wako 98-1000) was diluted in 75 pL saline and injected IV with the first CP
treatment and continued twice a week for a total of 6 treatments. To deplete circulating
HMGBI1in mice, an HMGBI neutralizing antibody [221, 262] was injected 3 times a
week for the first two weeks, starting 2 days before the first CP treatment, and two times
a week thereafter at a concentration of 50 pg/mouse/injection.

15. Cytokine array

Tumors were extracted from untreated and treated animals and minced into small
pieces. Tissue lysate was made with a glass tissue homogenizer and protein
concentration was determined by BCA assay. A mouse cytokine array from R&D
Systems (ARY006) was used to assess anti- and pro-inflammatory cytokines in the tumor
tissue. All procedures were performed following manufacturer’s instructions. The array
blot was developed using enhanced chemiluminescent detection reagent and the density
of each cytokine spot was analyzed using Image] Software (NIH). The amount of
cytokines in the treated tumor was normalized to the untreated tumor and graphed.
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16. Statistical analysis
Data were analyzed with Microsoft Excel and are represented as mean = S.E.M.

(standard error of the mean). Statistical analysis to generate p values was performed
using Graph Pad Prism with Anova.
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