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ABSTRACT OF THE DISSERTATION

Anatomy of the cell extrinsic effects of endoplasmic reticulum stress in tumor facilitation

by

Jeffrey James Rodvold

Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2017

Professor Maurizio Zanetti, Chair

The tumor microenvironment is harbor to a variety of insults that privilege tumor
cells to co-opt host immunity. Many of these insults, including nutrient deprivation and
hypoxia, create endoplasmic reticulum (ER) stress for resident tumor cells. Emerging
reports also suggest that ER stress in infiltrating myeloid cells leads to the immune
dysfunction, rendering these inept in the eliminating the tumor and instead facilitative of
tumor growth. We previously reported that this polarization may be mediated by factors
derived from tumor cells undergoing ER stress that target immune infiltrating cells to then

similarly undergo ER stress, termed transmissible ER stress (TERS).
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This dissertation advances the findings of TERS through three central aims. In
Chapter 2, | probe the role of TERS on cancer cells using a prostate cancer cell model.
My findings reveal that TERS experienced cancer cells gain cytoprotection over tumor
microenvironmental challenges as well as chemotherapies, which was centrally mediated
by the PERK arm of the UPR. Chapter 3 reports that myeloid cells infiltrating the tumor
microenvironment undergo a polarization consistent with those affected by TERS.
Chemical inhibition of IRE1a during TERS led to dramatic reduction in TERS driven
inflammation, immune-suppression, and angiogenesis. Finally, Chapter 4 elucidates the
identity of the molecules responsible for TERS. | found TERS activity is assignable to lipid
soluble molecules. Lipidomic analysis identified TERS contained enriched eicosanoids,
which could not cause ER stress but drive immune suppressive features. The ER stress
inducing factor behind TERS is a novel mono-unsaturated fatty acid that caused increases
in ER stress, pro-inflammation, and angiogenesis in myeloid cells as well as drove the
surface expression of CD86 and PD-L1.

These lines provide the elucidation of the novel factors tumor cells undergoing ER
stress secrete to promote immune evasion. These results identify potential novel
biomarkers of the tumor microenvironment as well as emphasize that targeting the UPR,
and specifically the IRE1a axis, may serve an important target to bolster anti-tumor

immunity.
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Chapter 1
INTRODUCTION

Since Rudolph Virchow’s pioneering observations that solid malignancy contains
hematopoietic and nontransformed cells, immunologists and oncologists alike have
attempted to explain the role immune cells have in determining tumor destruction and
tumor development. What followed is a century long quest to understand the role of the
immune system in cancer and more recently, the birth of immunotherapy to treat cancer.
While immunotherapy has the potential to fundamentally change how cancer is treated,
the current state of the art has shortcomings. In fact, responsiveness in susceptible cancer
types is around 20-40%. Therefore, there exists a wide gap between the promised
potential and current reality of immunotherapy. This difference may be explained through
a better understanding of the role of tumor microenvironment and its effects on immune
function.

In the 1960s, Australian virologist Macfarlane Burnet championed the theory of
immune surveillance, though German physician Paul Ehrlich nearly half a century prior
had already suggested the role of immunity in the control of cancer, noting that without
immunity, cancer would arise with “enormous frequency” (1). The immune surveillance
theory posits that T lymphocytes are not just the sentinels against foreign pathogens (non-
self) but are equally critical to fight malignant/transformed cells (self), which become
antigenically distinct from the cell of origin through DNA mutations. Burnet went on to
theorize that immune suppressive molecules of unknown origin can also restrain effector
anti-tumor immunity. Thus, our immune system is a guardian against malignancy yet can
be, and ultimately is, undermined by its target.

When first proposed, the immune surveillance hypothesis was criticized but in

more recent times, it has garnered wide acceptance and undergone substantial revision.


1


Robert Schreiber, Lloyd Old, and Mark Smyth proposed the cancer immunoediting model,
which represents the most significant amendment to Burnet's immune surveillance theory
(2). Cancer immunoediting posits thatimmune cells and tumor cells interact in a sequential
way and can be staged into three phases: elimination, equilibrium, and escape. Central to
the immunoediting theory is that the tumor not only progressively renders immunity unable
to kill malignant cells, but coerces it to facilitate tumor growth.

In this introductory section, | will present new views on immune surveillance and
posit that the tumor microenvironment disables anti-tumor immunity through the activation
of the unfolded protein response (UPR). My work allows me to conclude that the UPR can
be transmitted from tumor cells to neighboring cells, both cancer and immune cells, co-
opting them toward greater survival and the facilitation of immune escape and tumor

growth, respectively.

Immune surveillance and immunoediting

Understanding cancer still remains a formidable challenge, even in today’s
genomic era. Yet a connection with immunity is deeply rooted in the historical observations
of cancer. In the mid 19" century, German physician/pathologist Rudolph Virchow
proposed the theory of “chronic irritation” as an important determinant in the genesis of
cancer (3). Virchow based his theory on the microscopic observation that carcinomas
often contained infiltrating white blood cells. In modern terms, Virchow’s “chronic irritation”
is inflammation, whose role as a key factor in tumorigenesis has been recently
rediscovered. Whereas a causative link between inflammation and cancer is now widely
accepted, oddly some forms of chronic inflammation (e.g., arthritis and psoriasis) do not

lead to greater risk of cancer (4). However, infection by bacteria (H. pylori), viruses (HPV,

HBV, HCV, EBV, HHV-8, HTLV-1), and parasites (Schistosoma hematobium,



Opisthorchis viverrini) leads to tumor-promoting chronic inflammation. The WHO
estimates that 18% of all cancers are caused by microbial pathogens, a percentage that
rises to 25% in developing countries.

At the turn of the 20" century, German pathologist Georg Schone, working on
transplantable tumors in rodents, concluded that the immune system plays a significant
role in controlling tumor growth. His work led him to postulate that tumors are rejected
according to rules later recognized as those of the adaptive immune response, in which
degree of foreignness and the effect of prior sensitization of the host to the same tumor
cells (e.g., immunological memory) play a key role (In (5)).

In the aftermath of WWII, physician virologist/immunologist MacFarlane Burnet
proposed the immune surveillance theory, which postulates that T cells patrol the body to
identify transformed cells where significant amounts of new antigen is expressed,
eliminating these cells in essentially the same way as an allograft is destroyed (1).
Malignancy progresses, Burnet went on to theorize, because of a cancer cell’'s low
antigenicity, which could be the consequence of changes in the genome but also if
“intrinsic malignancy is such that it can establish immune paralysis at an early stage” (6).
The early iterations of immune surveillance viewed the immune system capable of
destroying altered somatic cells in an antigen-dependent manner. Malignant cells,
invariably, avoid this elimination by becoming non-antigenic and impeding the immune
response.

In the years to follow, new observations implicated immune cells not only as
bystanders that are incapable of destroying a tumor, but actually as actors of tumor
promotion. In a classical experiment, Richmond Prehn showed that splenocytes from
(immune) tumor-bearing mice stimulate, rather than prevent, tumor growth in vivo (7).

More recently, we have come to realize that the anti-tumor immune response can be



hampered, and tumor growth promoted, by soluble mediators such as the pro-
inflammatory cytokines IL-6 and IL-23 (8, 9), and by different types of immune cells. These
facilitators include CD4 and CD8 regulatory T cells (Tregs) (10, 11), B cells (12-14), and
myeloid cells (monocyte/macrophages and dendritic cells) (15, 16). Studies in mice that
develop sporadic cancer through the rare spontaneous activation of a dormant oncogene
show that these tumors are immunogenic and do not evade recognition by T cells but
rather actively induce tolerance associated with the expansion of non-functional T cells
(17). Thus, it appears as if adaptive anti-tumor T cell responses depend on a delicate
balance between activation of T cells specific for tumor antigens and mechanisms
controlling their state of activation and function, which may involve complex mechanisms
and diverse cell types.

These observations are consistent with the more recent proposal that immune
surveillance can be temporally staged, the core concept of “cancer immunoediting”.
Cancer immunoediting views immune surveillance as a three-step process in which there
is a sequence of dynamic interactions between tumor cells and the host immune system:
a phase of elimination of tumor cells by immune cells, a phase of equilibrium through which
a Darwinian selection-process tumor cell escape variants are generated, and an escape
phase, in which tumor cell variants selected in the equilibrium phase now can grow
unchecked in an immunologically incompetent environment (18). The evidence for an
elimination phase of cancer immunoediting has yet to be clinically demonstrated but a
variety of experimental models provide evidence for its existence. This phase is where
immune cells recognize and destroy transformed cells. Immunoediting posits this
destruction of potential malignancy requires coordination between the innate and adaptive
immune systems. For instance, Rag1” and Rag2” mice, who are deficient in B and T

lymphocytes, are more susceptible to chemically induced sarcomas than mice with an



intact immune system. Even more striking, the tumors that emerge for Rag-deficient mice
are more immunogenic such that when transplanted into immune competent mice, the
tumors are invariably rejected 40% of the time (19). This finding suggests lymphocytes
provide a selective pressure to eliminate transformed cells that when otherwise removed,
allow for more immunogenic clones to emerge. Eosinophil depleted mice also have
increased susceptibility to chemically induced sarcomas than immune competent mice
(20), suggesting a similar phenomenon occurs for innate immune cells as well.

During the equilibrium phase, there exists an impermanent draw between tumor
cell and immune cell whereby anti-tumor immunity is equally matched by immune
suppressive forces generated by tumor cells. This phase, which may be the longest of the
three, posits that a Darwinian selection occurs where heterogeneous tumor cells are either
destroyed or evade immune surveillance (21).

Finally, in the escape phase, the dual selective pressures of the tumor
microenvironment and host immunity generate tumor cell variants that are fit enough to
not only avoid immune destruction but are also effective in co-opting immunity to become
tumor promoting. This third phase of cancer immunoediting results in action taken by the
tumor cell to not only avoid existing immune detection but also subvert any future attempt
by infiltrating lymphocytes. Intrinsic cellular drivers for immune escape include the
decrease in antigen presentation through changes in the expression of a variety of genes
including tapasin (TAP1), a necessary cofactor for proper MHC | presentation to occur
(22). Similarly, the upregulation of the protein programmed death ligand 1 (PD-L1) is
known to inhibit T cell activation, which is partly why it has become a darling in the field of
immunotherapy (23). However, tumor cells go well beyond cell-intrinsic mechanisms to
secure their survival by establishing a tumor microenvironment that disables anti-tumor

immunity.



Tumors establish an immune suppressive environment through the production of
a variety of suppressive cytokines, sourced both by tumor cells and infiltrating immune
cells. Myeloid derived suppressor cells (MDSCs), which can be defined based on their
surface expression (CD11b", Granzyme 1 (Gr1)*, F480°), are known for their secretion of
various immune suppressive cytokines (15). However, MDSCs are not the only
suppressive immune cell within the tumor microenvironment. Evidence suggests that Gr1”
macrophages may in fact be more suppressive than their Gr1” counterparts in some
contexts (24). Patients with lung, breast, and head and neck cancers have reduced
peripheral blood dendritic cells (DCs) and those that infiltrate the tumor draining lymph
node are immature (25). Importantly, these immature myeloid cells inhibit the activation of
anti-tumor T cells, undermining a competent adaptive response (26). Innate immune cells
secrete a variety of immune suppressive soluble factors including IL-10, indoleamine-2,3-
dioxygenase (IDO), and transforming growth factor B (TGFB) (Reviewed in (27, 28)).
These cytokines favor a Th2 response. The cytokine vascular endothelial growth factor
(VEGF) is well recognized for its role in coordinating angiogenesis within the tumor
microenvironment but also impedes DC anti-tumor immunity (29). The production of
Arginase 1 by myeloid cells impedes T cell expansion to evade antigen-specific elimination
(30, 31). Antigen presenting cells, like dendritic cells, that infiltrate the tumor
microenvironment have aberrant lipid metabolism that yields poor antigen presentation
(32). Thus, various soluble mediators restrain CD8" T cells from exacting their toll on
transformed cells. Importantly, peripheral tolerance can promote T cell differentiation into

Tregs, allowing for further inhibition of anti-tumor immunity (33).

The coordination of the tumor microenvironment may not by exclusively immune
suppressive. The production of a host of pro-inflammatory cytokines like IL-23 also

promote tumor growth (34, 35). Mice deficient in IL-23 respond better to IL-2



immunotherapy as it suppresses natural killer (NK) cell mediated clearance of tumor cells
and metastases (36). Concordantly, a body of literature supports that various inflammatory
cytokines promote immune escape (37). IL-6 facilitates defective Th1 differentiation of
CD4" T cells, increasing tumor incidence and burden, while its chemical blockade or
genetic deletion improves CD8" T cell mediated tumor elimination (38). Tumor necrosis
factor-a (TNF-a) signaling reportedly has a role in both facilitating immune elimination (39)
while other studies found TNF-a” mice also appeared insensitive to chemically induced
skin melanoma approaches (40). These contradictory studies may be reconciled in a
recent report where in a mouse Ras model, tumor cells hijack TNF-a signaling to co-opt
immunity in a cell nonautonomous manner hence promoting immune escape (41).
Collectively, this new evidence shows that the tumor microenvironment creates an
environment that is both inflammatory and immune suppressive to coordinate its

successful immune escape.

These momentous ideas continue to influence our work while trying to understand
cancer development and, more importantly, generate rational strategies that can
ameliorate the prognosis and survival of cancer patients. They also reveal that the immune
system has in all likelihood antithetic effects on tumorigenesis, with inflammation playing

a tumorigenic role and adaptive T cell immunity a tumor-protecting role.

After decades of poor acceptance, if not outright refute, the concept of immune
surveillance has been rehabilitated and is no longer questioned thanks also to the clinical

success of adoptive T cell therapies (42) and immune checkpoint inhibitors (43).

The tumor microenvironment & endoplasmic reticulum (ER) stress



The escape phase of cancer immunoediting posits that tumor cells establish a local
environment that prevents effector immune cell activity while also recruiting regulatory and
innate immune cells to help evade surveillance by sustaining an immune suppressive, pro-
inflammatory environment. While no one doubts the contribution of genetic instability in
clonal selection of highly proliferative, non-antigenic cancer cells (tumor escape), the
distinct environment these cells establish appears to be of equal importance. The tumor
microenvironment (TME) harbors rapidly proliferating cells that are insensitive to cell death
signals and contact inhibition.

Cancer cells are consistently exposed to tumor microenvironmental endoplasmic
reticulum (ER) stress-inducing noxae; these include nutrient deprivation, due in part to a
chaotic vasculature and highly active nutrient (i.e. glucose) consumption, known as the
Warburg effect (44), as well as an imbalance between demand and supply of oxygen
(hypoxia), and the cell’s inability to readily detoxify reactive oxygen species (ROS),
contributing to oxidative stress. There also exist cancer cell-intrinsic conditions that induce
an ER stress such as malformed/misfolded proteins, undue demand of protein synthesis
due to aberrant growth, and defects in glycosylation (45). Collectively, the conditions of

the TME and the residents themselves are rife to experience aberrant protein folding.

The unfolded protein response (UPR)

Mammalian cells cope with ER stress by initiating the phylogenetically-conserved
signaling event called the unfolded protein response (UPR) (Fig. 1.1). The UPR is
mediated in eukaryotes by three initiator/sensor ER transmembrane molecules: inositol-
requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK), and activating transcription factor
6 (ATF®6). For cells not undergoing ER stress, these proteins are maintained in an inactive

state through association with 78 kDa glucose-regulated protein (GRP78) (46). When a



cell experiences a burden of mis/unfolded protein, GRP78 disassociates from each of the
three sensor molecules to preferentially bind to excess misfolded protein, derepressing
the three arms and allowing each to activate downstream signaling cascades, which
broadly serve to normalize protein folding and secretion. PERK phosphorylates eukaryotic
initiation factor 2a (elF2a), resulting in the selective inhibition of translation to effectively
reduce ER client protein load. During protracted ER stress, PERK activation leads to the
expression of activating transcription factor 4 (ATF4), which promotes the expression of
CCAAT-enhancer binding protein homologous protein (CHOP), which coordinates
apoptosis (47). There are two isomers of IRE1, IRE1a, which is ubiquitously expressed in
all tissue, and IRE1B, whose expression appears to be exclusive to the gut lining (48).
IRE1a oligomerizes and autophosphorylates, activating its endonuclease domain,
resulting in the cleavage of X-box binding protein 1 (XBP-1) mRNA to generate a spliced
isoform (XBP-1s). Spliced XBP-1 serves as a transcription factor for the production of
various ER chaperones to restore ER homeostasis. IRE1a oligomerization also leads to
kinase activation to target various proteins including JNK (c-JUN N-terminal kinase)
through TRAF2-ASK1 signaling (49). In addition, under prolonged ER stress or forced
autophosphorylation, IRE1a’s RNase domain can cause endonucleolytic decay of many
ER-localized mRNAs through a phenomenon termed regulated IRE1a-dependent decay
(RIDD) (50). ATF6 translocates to the Golgi, where it is cleaved into its functional form
and acts in parallel with XBP-1s to restore ER homeostasis, amongst other cellular targets
(51).

In the past decade, it has become increasingly apparent that the ER exerts quality
control on the proteins it makes, so that properly folded proteins are packaged into vesicles
destined to secretion, whereas those that are misfolded do not pass the quality control

checkpoints and instead are delivered to the proteasome for degradation. Because this



10

mechanism is present in cells of all tissue types, a dysregulation of ER homeostatic
function has consequence in a variety of diseases. These include metabolic diseases
(type 2 diabetes and non-alcoholic fatty liver disease), neurodegeneration, retinal
dystrophies, and cystic fibrosis (52-55). Because the UPR determines cellular adaptation
as well as cell fate (survival or death), it is decidedly involved in tumorigenesis in a variety

of neoplasias.

The UPR in cancer cells

Primary human tumor cells of several origins, including breast (56), lung (57), liver
(58), colon (59), prostate (60), and brain (61), have increased expression of the UPR.
Additionally, the abundant expression of the master regulator of the UPR, GRP78, within
and at the surface of cancer cells, predicts chemoresistance (62, 63) (64) (61).

A role for the ER stress response/UPR in tumorigenesis and cancer growth has
been reviewed recently (65, 66). In the mouse, the conditional deletion of Pten and Grp78
(cPten""Grp78™) in the prostate or endometrial epithelium prevents the development of
prostate adenocarcinoma and endometrioid adenocarcinoma, respectively, while those
carrying just the Pten deletion develop tumors (67, 68). Likewise, the inactivation of a
Grp78 allele in the MMTV-PyT murine model of breast cancer yields decreased tumor
survival and diminished tumor growth (69). The inhibition of XBP-1 in human fibrosarcoma
cells using siRNA decreases tumor growth and angiogenesis in a xenograft model,
whereas overexpression of XBP-1s in human fibrosarcoma cells expressing a dominant-
negative IRE1a mutant rescues growth and angiogenesis in xenografts (69, 70).
Additionally, human glioma cells expressing a dominant-negative IRE1a mutant have
decreased growth and impaired angiogenesis when orthotopically transplanted into

immunodeficient mice (71). Recently, it was shown that XBP-1 is activated in triple
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negative breast cancer (TNBC) and plays a pivotal role in tumorigenicity and cancer
progression (72). Depletion of XBP-1 inhibits tumor growth and tumor relapse, and
reduces CD44""CD24" cells, which reportedly identify circulating cancer
stem/progenitor cells (73, 74) and are associated with poor outcome in TNBC (75). A
meta-analysis of independent cohorts of TNBC patients defined 96 genes directly bound
and upregulated by XBP-1, which correlated highly with HIF1a and hypoxia-driven
signatures as well as with poor prognosis (72).

The inactivation of PERK results in less aggressive tumors, and transformed cells
in hypoxic areas of tumors in which PERK or IRE1a are inactive yield poor tumor growth
in vivo (70, 76). Thus, the tumor UPR is a central mechanism to initiate a cell-intrinsic
signaling program that promotes tumor cell adaptation to the tumor microenvironment with
enhanced tumor cell survival and proliferation.

The complexity of UPR signaling lends itself to some paradoxical considerations.
Earlier work concluded that IRE1a enhances cell viability during times of ER stress (77),
suggesting that it sustains tumor growth. Recently, however, it was found that IRE1q,
through XBP-1 independent signaling, can also serve as a cell death signal, which
appears to be mediated by RIDD (78). These findings are consistent with the notion that
prolonged RIDD activation increases apoptosis (79). RIDD activation and apoptosis may
involve the recruitment of TNF receptor-associated factor 2 (TRAF2) and JNK (reviewed
in (80)). However, tumor cells can also exploit the UPR to survive and avoid apoptosis
through microRNA regulation. For instance, PERK can induce miR-211, which in turn
attenuates stress-dependent expression of CHOP, facilitating cell survival by diminishing
apoptotic signaling (81). The apparent paradox that cancer cells survive in spite of CHOP
accumulation could be explained by a UPR-initiated feed-back regulation involving

microRNAs. Collectively, this suggests that not only is the UPR present in a variety of solid
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malignancies, but also that it enables successful tumor survival.

The UPR and immune surveillance

While there are numerous lines evidence that the UPR in cancer cells is tumor
promoting, does there exist a link between the UPR and immune surveillance? A series
of reports from the laboratory of Guido Kroemer suggested that such a relationship might
exist. The authors found that artificially-induced hyperploid cells undergo constitutive ER
stress, which was confirmed through detecting the phosphorylation of PERK and elF2a.
The protracted ER stress driven by hyperploidy led to the surface relocalization of the ER-
resident protein calreticulin (CRT) on polyploid cells. CRT relocalization serves as an “eat
me” signal to promote phagocytosis by infiltrating macrophages and DCs of polyploid cells,
leading to de novo activation/restimulation of tumor antigen in CRT" specific T cells.
Importantly, this response only selectively eliminated hyperploid tumor cells (82, 83).
Concordantly, CRT expression was found to be directly correlated with elF2a
phosphorylation in non-small cell lung carcinoma patients and predicted a more favorable
clinical outcome (84). These observations point to the tumor UPR as a mediator for
immune elimination.

This axis of ploidy based UPR to mediate immune elimination, however, is at odds
with several key clinical features. Most notably, 90% of solid malignancy have some level
of aneuploidy (85) and increased aneuploidy correlates with poor prognosis (86). Since
Kroemer’s proposed model posits that the T cell response set in motion by hyperploidy
eliminates only CRT" hyperploid cells, sparing CRT" semi-diploid tumor cells, one could
argue that if aneuploidy-driven UPR favors immune surveillance, it must do so in a very
limited way. The proposal that aneuploidy driven ER stress promotes immune elimination

is also at odds with recent evidence that aneuploidy corresponds with poor T cell infiltration
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and increased immune suppression in a variety of solid malignancies (87). This study
found that decreased aneuploidy correlates with favorable response to checkpoint
inhibitors in melanoma patients.

To reconcile this apparent conundrum, one needs to imagine that the UPR is
similar to Virchow’s smoldering inflammation (88), which is to say that the UPR may play
roles both in immune elimination and immune escape. Specifically, the immune
stimulatory functions of the UPR that are operative early in elimination transition to favor
escape due to immune- and tumor- selective pressures. Should this hypothesis be true, it
therefore would be important to demonstrate that the UPR in immune cells facilitates tumor

growth.

The UPR in tumor infiltrating immune cells

Based on the foregoing, it is possible that the UPR in immune infiltrate plays a
contributing role towards successful tumor growth. The most prominent feature linking the
UPR and immunity is in the production of pro-inflammatory mediators. Importantly, tumor
promoting inflammation is an emerging hallmark of cancer (89). However, there is
considerable evidence that the UPR in tumor associated immune cells extends beyond
just tumor promoting inflammation to enable immune escape. Hereunder, | discuss the
role of the UPR in immune associated pro-inflammation, antigen presentation, and other

generalizable tumor promoting functions in a variety of immune cells.

a. UPR regulation of inflammatory mediators in myeloid cells
Besides promoting cellular adaptation to increased mis/unfolded protein burden,
the UPR activates a pro-inflammatory cascade of soluble regulators and mediators with

tumor-promoting and cell survival effects. The UPR is directly linked to the production of
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the tumorigenic cytokines IL-6, IL-23, and TNF-a, which hamper anti-tumor immunity. A
microarray analysis of mouse lymphoma cells treated with thapsigargin, a sesquiterpene
lactone canonical ER stress inducer that inhibits SERCA (sarco/endoplasmic reticulum
calcium transport ATPase), results in the transcriptional upregulation of /I-6, /I-23p19 and
Tnf-a (90). Furthermore, Grp78 expression in murine prostate cancer cells grown in a
heterotopic transplant correlates with the levels of /I-6, 1I-23p19, and Tnf-a transcription
(91). Others have shown that CHOP is necessary for IL-23 production by dendritic cells
(92), and macrophage produced IL-6 and TNF-a (93).

Multiple lines of evidence indicate that the UPR activates NF-kB (94) through
apparently distinct mechanisms. PERK-mediated translational inhibition reduces the ratio
of the IkB to NF-kB, thus permitting the nuclear migration of NF-kB and transcription of
downstream inflammatory genes (95, 96). Upon auto-phosphorylation, IRE1a forms a
complex with TRAF2 at its cytosolic domain, and the subsequent complex mediates direct
IkKB phosphorylation via IkB kinase (IKK), leading to NF-kB activation (97). ATF6
participates in NF-kB activation in an AKT-dependent manner (98).

IRE1a and PERK signaling may play redundant roles in IL-6 and TNF-a production
in macrophages (93, 99). Upon nuclear translocation, XBP-1s binds to the /IL-6 and TNF-
a promoters, and in fact Xbp-71-deficient macrophages display impaired 1I-6 and Tnf-a
production in response to pharmacological ER stress and infectious TLR agonism (99).
The UPR also synergizes with TLR4 agonism in macrophages to increase IL-23
production (100).

Another component of the UPR, the ER resident chaperone molecule glucose-
regulated protein 94 (GRP94), also affects myeloid cell polarization. GRP94 is a paralog
of HSP90, and much like GRP78, is transcriptionally co-regulated with other chaperones

to increase the efficiency of protein folding in the ER (101). GRP94 distinguishes itself by
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preferentially targeting immunological client proteins including MHC I, immunoglobulin
heavy and light chain, and integrins (reviewed in (102)). Importantly, the ablation of
GRP94 in macrophages, while not affecting their differentiation, has a significant impact
on their pro-inflammatory cytokine response (inclusive of TNF-q, IL-6, IL-18 and IL-23) to
canonical agonists of TLR2, TLR4, TLR5, TLR7, and TLR9 (103). GRP94 serves as a
chaperone for multiple TLRs in a manner that is dependent on another ER luminal protein,
CNPY3. In fact, genetic disruption of gp96—CNPY3 interaction completely abolishes the
TLR chaperone function, suggesting that CNPY3 serves as a TLR-specific co-chaperone
for GRP94 (104). Thus, within the tumor microenvironment GRP94 may play a role in fine-
tuning the inflammatory response. Indeed, tumor-infiltrating macrophages lacking GRP94
produce significantly less inflammatory cytokines as their wild type counterparts in a colon
cancer model (105), and this phenotype is associated with reduced tumor incidence and
burden. GRP94 may also contribute to immune suppression. In fact, mice whose Fox3”
compartment was depleted of GRP94 die within 100 days of birth of severe inflammatory

syndrome due a lack of Tregs, in part through impaired production of TGF{ (106).

b. The UPR dysregulates antigen presentation

Successful T cell mediated anti-tumor immunity requires the presentation of tumor
antigens by professional antigen presenting cells, DCs and macrophages. This event is
restricted by Major Histocompatibility Complex (MHC) molecules, which collectively form
a highly polymorphic system that is species-specific. Similar to other membrane proteins,
antigens that undergo antigen processing depend on the functionality of the ER. Briefly,
8-9 amino acid-long peptides from enzymatically degraded endogenous protein assemble
with the MHC | molecule in the ER lumen, with other subunits including the proteins

tapasin and ERp57. During this assembly, the peptide is properly loaded onto MHC | to
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form a complex that is then trafficked through the Golgi and ultimately expressed at the
cell surface (Reviewed in (107)). Evidence suggests that the UPR can negatively affect
antigen presentation. For instance, B cells with enforced accumulation of protein in the ER
mount a UPR and upregulate MHC Class Il and costimulatory molecules but display fewer
high affinity peptide/MHC Class Il complexes (90). The overexpression of misfolded
proteins or the constitutive expression of active ATF6 or XBP-1s is associated with
decreased levels of MHC Class | in 293T cells (108). Similarly, ER stress induced by
palmitate or glucose deprivation decreases MHC Class | antigen presentation in mouse
thymoma cells (109). Interestingly, when the UPR is induced with thapsigargin or by
trichostatin A, a histone deacetylase inhibitor, tapasin, which is involved in quality control
of MHC |/peptide complexes in the ER (110), is transcriptionally downregulated. This
downregulation results in a decreased presentation of high affinity antigen peptides (90,
110). Furthermore, IRE1a signaling upregulates miR-346, which, in turn, downregulates
the protein transporter associated with antigen processing 1 (TAP1), decreasing MHC
Class l-associated antigen presentation (111). Most recently, it was shown that in CD8a”
dendritic cells, RIDD activity affects mMRNAs coding for components of the MHC Class |
presentation pathway, including tapasin, leading to dysfunctional cross presentation and
poor cross-priming of naive antigen-specific CD8" T cells (112). Collectively, antigen
presenting cells undergoing ER stress experience remodeling of the processing

machinery yielding decreased presentation of high affinity, immunodominant peptides.

Is the UPR operative in tumor infiltrating immune cells?
Tumor promoting inflammation and defective antigen presentation may be UPR-
dependent. These findings, though suggestive that the UPR enables immune escape, do

not adequately address whether tumor infiltrating immune cells themselves undergo ER



17

stress. Hereunder, | discuss evidence in support that the pro-tumor activity of immune

cells associates with UPR expression.

a) Macrophage/Monocytes

Tumor infiltrating macrophages (TAMs) and their lineage precursors, monocytes,
are well-recognized tumor infiltrates. TAMs strongly predict increased vascularization of
breast tumors and are associated with reduced relapse-free survival and poor overall
survival (113). Many of the cytokines recognized to be produced by TAMs are reported to
be the product of ER stress. Aside from IL-6, IL-23, and TNF-a, another product secreted
by TAMs is VEGF, which improves angiogenesis within the tumor microenvironment.
While there is scant evidence to directly implicate a causal link between ER stress and
TAM produced VEGF, various reports do find that the UPR stimulates VEGF production
in a variety of other cell types. Treatment of oxidized lipids led to robust VEGF secretion
in HUVECs in a ATF4 dependent manner (114). Concordantly, hypoxic stress leads to the
activation of ATF4, driving broad translational inhibition of protein production while
uniquely protecting VEGF transcription (115). UPR mediated production of VEGF may
also operate independently of ER stress (116). Using endothelial cells, Karali et al.
reported that the deletion of ATF6 or elF2a led to markedly reduced VEGF mediated
vascularization via the mTOR pathway during ER stress independent conditions (117).
There also exists a potential role for IRE1a mediated control of VEGF. Glioma cells with
dominant negative expression of IRE1a have markedly reduced vascularization and
decreased production of IL-6 and VEGF-A (118). Moreover, HIF1a activation may be
mediated by XBP-1s as it co-occupies several known HIF1a targets and the two co-
immunoprecipitate during hypoxic stress (72). Collectively, unique arms of the UPR all

seem to have a role in hypoxic signaling and the production of VEGF. Human
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macrophages treated with the supernatant of tumor ER stressed cancer cells undergo
their own ER stress and secrete large amounts of VEGF (119), while macrophages under
hypoxic conditions produce VEGF through SERCA 2 activation (120).

IL-1B8 produced by macrophages is reported to play a variety of tumorigenic
functions (121). Interestingly, ER stressed macrophages secrete IL-1p during TLR4
agonism (122) and /I-18 transcription is mediated by IRE1a-dependent GSK-3[3 activation
during times of ER stress (123). However, the inhibition of IRE1a endonuclease activity
has no effect in /I-18 transcription, while it did for Tnf-a. This finding suggests that
macrophage IRE1a mediated production of IL-13 may operate independently of XBP-1
signaling.

The first and only observation that TAMs undergo a UPR is from a 2004 study in
mice transgenic for the Grp78 promoter. Here, the authors demonstrated that
macrophages infiltrating tumor allografts had robust Grp78 promoter activity compared to
those in the peritoneum (124). A recent report probed the molecular phenotype of blood
monocytes of renal cell carcinoma (RCC) patients and healthy donors (125). The authors
found RCC patient derived monocytes were inflammatory and angiogenic, with increased
transcription for IL-18 and VEGF relative to healthy donor monocytes. Interestingly, the
expression of several UPR genes, including ERN1, which codes for IRE1a, were
increased in RCC monocytes relative to healthy donor monocytes. The implication of such
findings is that tumor infiltrating macrophages undergo ER stress and contribute to

remodeling the TME.

b) Myeloid derived suppressor cells (MDSCs)
MDSCs are a unique class of tumor infiltrating monocytes that are best defined for

their co-expression of the myeloid marker CD11b and the granulocyte marker Gr1 (16).
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This subset of myeloid cells inhibits effector function of anti-tumor cytotoxic T cells through
the secretion of T cell inhibiting factors, which interfere with a competent anti-tumor
response. Gabrilovich and colleagues reported that patient derived tumor infiltrating
MDSCs have increased expression of UPR genes, including GRP78, ATF4, CHOP, and
XBP-1, relative to splenic derived control neutrophils. MDSC survival, which was shorter
than other myeloid infiltrate including neutrophils, was linked to TRAIL-R expression, a
target of ER stress (126). Interestingly, the authors found that naive primary derived
MDSCs treated with tumor conditioned media undergo ER stress and upregulate TRAIL-
R expression, suggesting that yet-unidentified tumor-borne factors may drive TRAIL-R
expression in MDSCs. Perhaps more relevant, MDSC function may be dependent on
CHOP expression. Thevenot et al. found the deletion of Chop in MDSCs reduced II-6
production and led to increased T cell anti-tumor response (127). These findings provide
new insight into the role of Chop in MDSC mediated anti-tumor immune response. Since
these results could not be reproduced in independent studies (128), the role of UPR

signaling in MDSC function remains to be precisely determined.

c) Dendritic cells

The role of dendritic cells (DCs) in tumor development include their production of
tumor promoting cytokines and antigen presentation enabling anti-tumor T cell responses.
Monitoring spliced XBP-1 through the fluorescent protein, Venus, Osorio et al. found that
IRE1a plays a role in the development and maintenance of DCs. Loss of XBP-1in CD11¢”
DCs led to defects in phenotype, ER homeostasis, and antigen presentation by CD8a"
DCs, but notin CD11b* DCs (112). Specific to tumor infiltrating DCs, a recent study by the
Glimcher group reported that ovarian cancer infiltrating DCs had increased UPR gene

expression relative to their splenic counterparts, including increased XBP-1s, GRP78, and
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CHOP (129). Mice with an aggressive form of ovarian cancer survived better when
reconstituted with bone marrow DCs in which XBP-1 was deleted, suggesting that DCs
are tumor promoting in a XBP-1-dependent manner. These tumor infiltrating DCs had
dysregulated lipid metabolism and poor antigen presentation function. The conditional
silencing of Xbp-1 within DCs improved host survival in vivo and anti-tumor T cell immunity
in vitro. The source of ER stress in DCs appeared to have been induced by lipid
peroxidation. Two similar reports corroborate the fact that lipid peroxidation can lead to
DC dysfunction. An initial report showed that tumor derived oxidized lipids blocked cross-
presentation, leading to poor anti-tumor T cell immunity, though a UPR role was not
explicitly implicated (130). A follow-up study showed that the accumulation of lipids in
tumor infiltrating DCs prevented correct antigen processing, again leading to reduced anti-
tumor immunity (32). Together, it appears that tumor derived factors, likely lipid in nature,
co-opt tumor infiltrating DCs by triggering an IRE1a dependent phenotype to oppose

immune surveillance.

d) T lymphocytes

There has yet to be any definitive reports that tumor infiltrating lymphocytes (TILs)
undergo a UPR and if UPR activation in TILs contributes to tumor facilitation or rejection.
Consequently, any possible role of the UPR in T cells can only be inferred from studies in
unrelated experimental settings outside of tumor immunology. CD4" Th2 helper cells are
often found in tumor infiltrates where they can suppress anti-tumor immunity (131). In vitro,
CD4" T cells activated through TCR ligation undergo elF2a phosphorylation and increased
mRNA expression of the IL-4 and IFN-y genes. elF2a is dephosphorylated upon
lymphocyte restimulation, promoting the secretion of IL-4 and IFN-y. This suggests that

Th2 effector function utilizes UPR signaling (132). Using an acute infection model,
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Kamimura and colleagues found CD8" T cells undergo increased expression in unspliced
XBP-1 during IL-2 potentiation, followed by XBP-1 splicing during TCR ligation.
Interestingly, the deletion of XBP-1 led to the reduction of KLRG1" effector cells (133),
suggesting that IRE1a signaling is necessary for the differentiation of effector CD8" T cells.
The depletion of L-arginine, which can be mediated by myeloid cell produced Arginase |,
hampers T cell function and proliferation, and drives ER stress in peripheral mitogen
activated T-cells that ultimately lead to autophagy and apoptosis (134). Finally, Franco et
al. (135) studied the relationship between ER stress and /L-70 transcription in human CD4"
(134) and CD8" Treg clones. The induction of ER stress by thapsigargin enhanced /L-10
transcription while salubrinal, a small molecule inhibitor of elF2a dephosphporylation,
dramatically inhibited it. /L-70 transcription is also enhanced by exogenous TNF-a. This

study uncovered a possible role for ER stress in driving T cell plasticity.

The cell extrinsic effects of the tumor UPR

Collectively, the UPR in tumor infiltrating immune cells, including macrophages
and DCs, play a relevant, and possibly necessary, role in tumor outgrowth. These
phenotypes are consistent with those necessary for successful tumor escape (21). Absent
from this discussion thus far, however, is the source of the UPR in tumor infiltrating
immune cells responsible for this polarization. We hypothesized that stimuli native to the
tumor microenvironment may be responsible for initiating a UPR in myeloid cells.

Naive primary derived macrophages treated with the conditioned media of cancer
cells undergoing ER stress were shown to undergo a de novo UPR, which includes
transcriptional activation of Grp78, Chop, and Xbp-1s (136). We termed this phenomenon
transmissible ER stress, or TERS. TERS conditioned medium from unique cancer cell

lines also led macrophages to produce the pro-tumorigenic cytokines II-6, Tnf-a, and II-
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23, and the inflammatory chemokines Mip-1a and Mip-1B. Their production was
synergized by TLR4 agonism but independent of TLR2 or IL-6R. Others demonstrate that
TERS treated macrophages also produce Vegf (119). Dendritic cells treated with TERS
also undergo ER stress with increased production of pro-inflammatory cytokines (137).
Strikingly, TERS treated DCs also have increased expression of the immune suppressive
gene Arg1 and PD-L1 surface expression. Because of the role of Arginase 1 and PD-L1
in restraining T cell clonal activation, these findings suggest a new angle in the genesis of
local immune suppression.

The effects of TERS treated DCs in T cell activation are also quite dramatic. First,
we found that TERS treated DCs display an activated and mature phenotype with
upregulation of the costimulatory molecules CD80 and CD86, but are less efficient at
presenting antigen, i.e., fewer peptide/MHC complexes at their surface. Using an in vitro
model of CD8" T cell cross-priming, we found that naive CD8" T cells can be activated
(CD69 expression) but do not clonally expand, suggesting a state of anergy. Anergic CD8"
T cells induced by TERS treated DCs could not be resolved by supplementation with
exogenous IL-2, unlike classically anergic T cells. The defect could be overcome,
however, by adding the Arginase 1 inhibitor L-norvaline. T cells cross-primed by TERS
treated DCs had increased gene transcription of /-2, /I-10, upregulated FoxP3, and
decreased CD28 expression, suggesting a plastic differentiation into a regulatory T cell
fate. Because of these findings, tumor derived ER stress not only can co-opt infiltrating
innate immune cells, but may also have broad consequences on adaptive immunity that

disable immune surveillance and endue tumor escape.
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Conclusions

Unraveling the mechanisms behind poor immune surveillance is of paramount
importance to design rational ways to intervene against cancer. A wealth of reports
suggests that the UPR is facilitative in tumor development by affecting both resident tumor
cells and infiltrating immune cells. Reports from our lab demonstrate that transmissible ER
stress is a novel mechanism of immune hijacking mediated by tumor cells in a cell extrinsic
manner. However, the current understanding of the TERS phenomenon remains poorly
characterized.

Overlooked within this paradigm is what role TERS may have on cancer cells.
There are numerous reports that find that the UPR is tumor promoting due to cancer cell
intrinsic processes. What remains unaccounted is whether TERS-associated cell extrinsic
consequences, which alter host immunity, also effect receiver cancer cells.

When | began my PhD work, | identified three key questions that remained
unanswered: 1) Is there a role for transmissible ER stress amongst cancer cells? |
reasoned that if TERS exerts its pro-tumor effects on immune cells, it was highly probable
it could similarly exert effects on unstressed cancer cells that occupy the same space
within the TME; 2) Do myeloid cells resident in the tumor microenvironment — i.e. in the
natural setting of tumor growth — express TERS responsive genes, and if so, what is the
mechanism behind their polarization?; 3) Can the factor or factors responsible for ER
stress transmission and the mixed pro-inflammatory/immune suppressive phenotype of
myeloid cells be identified? This dissertation will present the work of five years that at
times was difficult but always rewarding, through which | was able to provide an answer

to all three questions.
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Chapter 1 of this dissertation is primarily composed from three presses: one from
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Immunology as: Rodvold, JJ, Hiramatsu N, Zanetti M, and Lin JH titled “The UPR and
tumor immunity”. The other two source materials are: “Ulmmune modulation by ER stress
and inflammation in the tumor microenvironment,” published in Cancer Letters and written
by J.J. Rodvold, N.R. Mahadevan, and M. Zanetti. The other text is in press is written by
J.J. Rodvold and M. Zanetti as “Insidious communication among cancer cells,” in the
journal Molecular & Cellular Oncology. The dissertation author is the primary author for all

sources.
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Figure 1.1: The unfolded protein response. Signaling pathways of the ER stress
response/UPR. The UPR is mediated by three initiator/sensor ER transmembrane
molecules: inositol-requiring enzyme 1 (IRE1a), PKR like ER kinase (PERK), and
activating transcription factor 6 (ATF6), which in the unstressed state are associated with
78 kDa glucose-regulated protein (GRP78). Upon ER stress, GRP78 dissociates from
each of the three sensor molecules to bind un/misfolded proteins, allowing each sensor to
activate downstream signaling cascades and ER stress responsive genes to normalize
protein folding and secretion. PERK phosphorylates elF2a, resulting in the selective
inhibition of translation, effectively reducing ER client protein load. elF2a also targets the
activating transcription factor 4 (ATF4), which is a transcription factor. IRE1a
autophosphorylates, activating its endonuclease domain, cleaving XBP-1 mRNA to
generate a spliced XBP-1 isoform (XBP-1s), which drives the production of various ER
chaperones to restore ER homeostasis. Under prolonged ER stress or forced
autophosphorylation, IRE1a RNase domain degrades many ER-localized mRNAs (IRE1a
-dependent decay or RIDD). ATF6 translocates to the Golgi where its active domain is
cleaved (ATF6n) serving as a transcription factor. If ER stress persists, compensatory
mechanisms fail and downstream signaling through the PERK ATF4 axis activates the
transcription factor CHOP (CCAAT/-enhancer binding protein homologous protein), which
initiates apoptosis.
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SPECIFIC AIMS

The focus of this dissertation is to better characterize the phenomenon first
described as transmissible ER stress (TERS). | hypothesize that there exist unique
molecules within tumor cell ER stressed conditioned medium that facilitate tumor
outgrowth by affecting UPR signaling in receiver myeloid cells and cancer cells. | will

examine this hypothesis through the following aims:

Aim 1: Describe the consequences of transmissible ER stress as it relates to cancer cells.
a. Investigate the existence of TERS between cancer cells.
b. Characterize the biologic effects TERS endows upon receiver cancer cells as
compared to unexperienced cells.
c. Determine the mechanism behind any differential phenotypes.
Aim 2: Demonstrate the existence of the TERS responsive genes in myeloid cells in vivo
and determine the UPR mechanism behind this polarization in vitro and in vivo.
a. Probe for the presence of TERS affected genes in tumor infiltrating myeloid
cells in vivo.
b. Demonstrate TLR4 dependence in vivo.
c. Elucidate the mechanism of TERS polarization in receiver myeloid cells in vitro
and in vivo.
Aim 3: Identify the molecule or molecules behind TERS signaling.
a. Elucidate the biomolecular features of the moieties involved in TERS.
b. Provide a partial, if not complete, identification of the molecules involved in
TERS.

c. Demonstrate the bioactivity of these molecules to reproduce TERS effects.
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PREFACE TO CHAPTER 2

Chapter 2 is a full manuscript that has been published in Science Signaling (138).
This work directly addresses Specific Aim 1 of my dissertation: the effects of TERS on
cancer cells. This work demonstrates that transmissible ER stress occurs between cancer
cells and provides cellular fitness over their inexperienced counterparts when challenge
in vitro or in vivo. This cytoprotection was PERK dependent. In addition, TERS promoted
Whnt signaling in receiver cells and the cytoplasmic relocalization of TERT. Together, these
results demonstrate that the effects of TERS are not constrained to affect the myeloid

compartment and have equally repercussive results on unstressed cancer cells.
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ABSTRACT

In the tumor microenvironment, various noxae induce endoplasmic reticulum (ER)
stress, which initiates the cellular response termed the unfolded protein response (UPR).
Previously, we reported that cancer cells mounting a UPR release factors that induce a
de novo UPR in bone marrow derived myeloid cells, macrophages and dendritic cells, that
facilitate pro-tumorigenic characteristics in vitro and tumor growth in vivo. Here, we sought
to determine whether this new type of inter-cellular signaling, which we have termed
transmissible ER stress (TERS), might also be operative between cancer cells and what
its functional consequences might be within the tumor. We found that TERS signaling
induced a UPR in recipient human prostate cancer cells that included the cell surface
expression of the chaperone GRP78. TERS also activated Wnt signaling in recipient
cancer cells and enhanced resistance to nutrient starvation and common chemotherapies,
namely the proteasome inhibitor bortezomib and the microtubule inhibitor paclitaxel. Using
chemical inhibitors, we found that TERS-induced activation of Wnt signaling required the
UPR protein IRE1. However, using KO MEFs and 293T cells, we determined that TERS-
enhanced cell survival was predominantly mediated by PERK signaling and reduction in
ATF4 protein, which prevented the activation of the transcription factor CHOP and
consequently the induction of apoptosis, resulting in increased cell survival. When
implanted in mice, TERS treated cancer cells gave rise to faster growing tumors than
vehicle treated cancer cells. Collectively, our data demonstrate that transmissible ER
stress is a mechanism of intercellular communication through which tumor cells can adapt

to stressful environments.



30

INTRODUCTION

Endoplasmic reticulum (ER) stress in solid tumors results from a dysregulation of
protein synthesis, folding, secretion, and aberrant glycosylation, which are heightened by
microenvironmental stimuli such as nutrient deprivation, hypoxia, oxidative stress, and
chronic viral infection (139, 140). To cope with ER stress, tumor cells initiate an
evolutionarily conserved signaling process known as the unfolded protein response
(UPR), which is coordinated by three ER transmembrane-bound sensors, inositol-
requiring transmembrane kinase/endoribonuclease 1 a (IRE1a), activating transcription
factor 6 (ATF6), and protein kinase R (PKR)-like ER kinase (PERK), which are maintained
inactive in unstressed cells through luminal association with the ER chaperone glucose-
regulated protein 78 [GRP78; also known as binding immunoglobulin protein (BiP)] (47).
Upon excessive client protein burden, GRP78 disassociates from these three sensor
proteins to preferentially bind unfolded or misfolded proteins, enabling each sensor to
activate downstream signaling cascades that attempt to normalize protein folding and
secretion. PERK phosphorylates eukaryotic initiation factor (elF2a), resulting in selective
inhibition of translation to reduce ER client protein load. IRE1a autophosphorylates,
oligomerizes, and activates its endoribonuclease function that generates a spliced isoform
of X-box binding protein 1 (XBP-1s), which drives the production of various ER
chaperones. ATF6 translocates to the Golgi where it is cleaved into its functional form and
acts in tandem with XBP-1s to restore ER homeostasis (141). Persistent ER stress
activates the transcription factor CCAAT-enhancer-binding protein homologous protein

(CHOP), which can initiate apoptosis (142).

The role of the UPR in tumorigenesis and cancer progression is typically
distinguished by cell-intrinsic functions that enhance cell fitness and survival, and cell-

extrinsic functions, which are mediated by soluble messenger molecules released by



31

cancer cells undergoing a UPR that coopt recipient cells (119, 136, 143-145). In support
of the former, conditional homozygous knockout of Grp78 in the prostate of mice with Pten
inactivation protects against cancer growth (146), whereas the inactivation of PERK or
expression of a dominant-negative PERK mutant in cancer cells yields smaller and less
aggressive tumors in mice (76). Human tumor cells have high amounts of GRP78 (64),
which confers resistance to chemotherapy (147). In addition, the translocation of GRP78
to the cell surface is proposed to serve as a signaling molecule that activates
phosphoinositide-3-kinase (PI3K) (148, 149), which promotes proliferation. As to cell-
extrinsic effects, we previously found that cancer cells undergoing a UPR can transmit ER
stress to bone marrow-derived myeloid cells, macrophages and dendritic cells (119, 136,
143-145), and impart these cells with a mixed pro-inflammatory/immune suppressive
phenotype (145) that is associated with defective activation of naive CD8" T cells (144).
The existence of a similar UPR-based cell-nonautonomous communication in C. elegans,
which promotes stress resistance and organismal longevity (150), suggests that this
phenomenon may be evolutionarily conserved (151). We propose it may also be leveraged

by the tumor to promote its survival and outgrowth.

The induction of the UPR in cancer cells triggers the release soluble factors per se
that are able to transmit ER stress to recipient myeloid cells (119, 136, 144). We termed
this phenomenon transmissible ER stress (TERS). Here, we investigated whether TERS
is operative amongst cancer cells and what the consequence of this phenomenon might
be in recipient cancer cells. Our findings reveal a hitherto unappreciated role for a UPR-
based intercellular signaling mechanism within tumors through which tumor cells gain
fitness and the capability to cope with metabolic, proteotoxic, or genotoxic stress.

Additionally, because spatial heterogeneity in UPR activation within a tumor correlates
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with tumor growth rates (152), the phenomenon may ultimately contribute to the clonal

heterogeneity and fitness of tumor cells in vivo.

RESULTS
Prostate cancer cells transmit ER stress to homologous and heterologous cancer
cells

We generated conditioned medium, herein called TERS-conditioned medium
(TERS CM), using the human prostate cancer cell line PC3 cultured with the
sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) inhibitor thapsigargin (Tg) as
previously described (136). Unstressed homologous PC3 cells (Fig. 2.1, A and B) or
heterologous DU145 cells (Fig. 2.1.C) were cultured in TERS CM or CM from vehicle-
treated (control) cells (Veh CM) for five days. These “recipient” cells were harvested on
days 1, 3 and 5, and analyzed by RT-gPCR for the expression of three key UPR genes:
GRP78, spliced XBP-1 (XBP-1s) and CHOP (Fig. 2.1, A and C). GRP78 protein
abundance was also analyzed by Western blot (Fig. 2.1.B). TERS CM treatment engaged
a global UPR in both cell lines throughout the five-day culture period as well as promoted
inflammation, as determined by gene expression for IL-6 (Fig. 2.1.D) in PC3 treated cells.
ER stress transmission was not limited to human prostate cancer cells; the same
phenomenon occurred in other human cancer cell lines, including breast and pancreatic
cancer cells. This suggests that transmissible ER stress, as a phenomenon, is not
restricted to only affect receiver myeloid cells and it is independent of the type of
transmitting and receiver cancer cells.

The ER-resident chaperone GRP78 plays numerous roles in the tumorigenesis of
various organs, including the prostate (20). GRP78 also translocates to the surface of

prostate cancer cells (148, 149, 153), where it serves as a signaling molecule for cell
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growth by activating phosphoinositide-3-kinase (PI3K) (148, 149). The two-day treatment
with TERS CM markedly increased cytoplasmic expression of GRP78 (Fig. 2.1.E). By
staining for the C-terminus of GRP78, which is surface exposed upon translocation to the
cell membrane (154), we found that TERS CM provided a progressive translocation of
surface GRP78 (sGRP78) that began on day 3 and persisted through day 5 (Fig. 2.1.F).
This suggests that TERS may be a stimulus to induce the translocation of GRP78 to the

cell surface.

TERS endows recipient tumor cells with a unique UPR

We reasoned that because TERS CM induced the progressive translocation of the
ER-resident chaperone GRP78 to the cell surface, a short-term exposure to TERS CM
could alter ER function and dynamics. Tumor cells in vivo may be subject to UPR-based
cell-nonautonomous effects in a transient and possibly iterative manner as a result of cell-
intrinsic or tumor microenvironment-borne perturbations (4, 143). To mimic the stochastic
way ER stress transmission amongst cancer cells may occur in vivo, naive PC3 cells were
treated with TERS CM or vehicle CM for two days followed by a two-day rest period in
standard growth medium to enable the resolution of ER stress (Fig. 2.2.A). At the end of
the rest period, we noted that PC3 cells had a substantial increase in sGRP78 expression
(Fig. 2.2.B). In light of previous reports which found that this translocation corresponds
with improved cytoprotection and chemoresistance (155-157), we provisionally conclude
that sGRP78 abundance in TERS CM-cultured cells was reflective of a functionally unique
population potentially better able to cope with a subsequent UPR. We termed these cells
“TERS-primed”, because this ER stress adaptation is reminiscent of earlier observations

that cells exposed to protracted mild ER stress undergo an adaptive UPR (158).
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To study the consequences of TERS priming on the response to physiological
tumor microenvironmental stressors, TERS-primed and vehicle-primed PC3 cells were
challenged by nutrient deprivation through culture in glucose- and serum protein-free
medium for 48 hours. TERS-primed cells had increased protein abundance of GRP78
compared with vehicle-primed cells both in normal as well as nutrient-deprived conditions
despite the fact that nutrient starvation markedly increased GRP78 in vehicle-primed cells
(Fig. 2.2.C). We, interestingly, also found reduced transcriptional activation of UPR genes
in the TERS-primed cells. The differential expression of GRP78 led us to investigate
whether PERK was also differentially affected between TERS- and vehicle-primed cells.
In nutrient (glucose and serum)-deprived conditions, we found a distinct decrease in the
amount of phosphorylated PERK and elF2a in TERS-primed cells relative to vehicle-
primed cells (Fig. 2.2.D). TERS-primed cells also displayed a marked reduction in the
abundance of ATF4 and the downstream protein CHOP during nutrient deprivation (Fig.
2.2.D). Of note, the PERK pathway in TERS-primed cells was repressed in standard cell
culture conditions as well relative to vehicle-primed cells. These findings suggested that
TERS priming differentially affects PERK pathway activation, providing protection from
CHOP-mediated apoptotic signaling due to diminished ATF4 activation. We quantified the
viability of vehicle- or TERS-primed PC3 cells cultured in glucose/serum-depleted or
glucose/serum-replete, by annexin V apoptosis staining and found that cell survival was
greater in TERS-primed cultures than in vehicle-primed cultures (Fig. 2.2.E). This
cytoprotection against nutrient starvation similarly occurred in TERS-primed DU145 and
LNCaP cells. These findings demonstrate that TERS signaling improves recipient cancer
cells’ ability to survive amidst nutrient starvation that is common in the tumor

microenvironment.
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TERS-primed cells are protected against proteasome inhibition-mediated toxicity
Bortezomib (Velcade) is a proteasome inhibitor used in the treatment of multiple
myeloma (159) and is also proposed for the treatment of solid tumors, including prostate
cancer (160, 161). Its mechanism of action involves the induction of unresolvable ER
stress, leading to apoptosis (162). We investigated whether TERS priming also impinges
on bortezomib-mediated cytotoxicity. The treatment of bortezomib increased total GRP78
levels in both vehicle- primed and TERS-primed PC3 cells. However, TERS-primed cells
maintained increased protein abundance throughout the titration of the drug (Fig. 2.3.A).
These results confirm that bortezomib induces a UPR and that TERS-primed cells display
a larger amount of GRP78 during bortezomib-induced stress. We found a similar trend in
relation to surface abundance of GRP78: bortezomib treatment increased sGRP78 in
vehicle-primed cells, albeit modestly, as well as in TERS-primed cells relative to
unstimulated conditions (Fig. 2.3.B). However, bortezomib treated TERS-primed cells
displayed a marked increase in sGRP78 over bortezomib treated vehicle primed cells (Fig.
2.3.B). The cytotoxicity of bortezomib is reportedly mediated through ATF4-dependent
activation, whereas IRE1a signaling is dispensable for its effects (163). We therefore
compared the relative PERK response between TERS-primed and vehicle-primed PC3
cells after bortezomib exposure. Whereas there appeared to be relatively comparable
amounts of phosphorylated PERK and elF2a in bortezomib-treated, TERS- or vehicle-CM
cultured cells, TERS-primed cells had substantially reduced abundance of ATF4 and
CHOP protein relative to vehicle-primed cells in response to bortezomib (Fig. 2.3.C).
Because GRP78 and ATF4 can play cytoprotective roles, we probed the viability of TERS-
or vehicle-primed PC3 cells in response to bortezomib. TERS-primed cells had improved
survival over vehicle-primed cells across a 2-log titration of bortezomib (Fig. 2. 3.D).

TERS-primed DU145 and LNCaP cells were similarly protected against bortezomib.
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We next probed the durability of TERS-induced cytoprotection in bortezomib
cytotoxicity. We reasoned that increased GRP78 abundance signaled the presence of an
adaptive UPR pursuant to TERS priming, providing cells with a greater ability to cope with
bortezomib cytotoxicity. Although GRP78 abundance decreased under both conditions in
the 5 days after cells were rested (meaning, returned to normal medium), GRP78 was
maintained at a greater abundance in TERS-primed cells than in vehicle-primed cells (Fig.

2.3.E). This correlated with persistent cytoprotection from bortezomib (Fig. 2.3.F).

TERS protects against non-UPR mediated cytotoxicity

Cytoprotection from UPR-inducing noxae prompted us to investigate if TERS-
primed cells are also protected against genotoxicity. Paclitaxel, a microtubule stabilizer
that is frequently used to treat patients with various types of solid tumors, including
prostate cancer, did not induce transcriptional activation of the UPR in either vehicle- or
TERS-primed PC3 cells, on the basis of UPR-related gene expression (Fig. 2.4.A) or
protein abundance (Fig. 2.4, B and C). Although this is at odds a previous report that found
paclitaxel initiates a UPR (164), cell- and tissue-specific differences may account for the
discrepancy. We then determined the effect of TERS priming on paclitaxel-mediated
cytotoxicity. Forty-eight hours after treatment, the percentage of apoptotic cells in vehicle-
primed PC3 cells was markedly higher than that in TERS-primed PC3 cells (Fig. 2.4.D).

Paclitaxel promotes apoptosis in part by causing cell cycle arrest in the form of a
mitotic block in early M phase or, for those cells progressing through aberrant mitosis, in
G1 (165, 166). Because TERS-mediated resistance to paclitaxel appeared to be
independent of ER stress induction, we explored the possibility that TERS priming affects
the cell cycle. A BrdU analysis revealed that unstimulated TERS-primed cells were twice

as enriched in the G2/M phase compared with vehicle-primed cells (Fig. 2.4.E), suggesting
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that the cytoprotective effect of TERS derives from preventing progression through the M
phase. Because the G2/M phase arrest enables DNA damage repair during the cell cycle
before mitotic entry in response to genotoxic stress (167), we also explored whether TERS
priming affects the DNA damage response caused by paclitaxel. Staining for y-H2AX, a
marker for double-stranded DNA breaks, was detected in response to paclitaxel in both
vehicle- and TERS-primed PC3 cells, but TERS-primed cells had fewer y-H2AX foci per
cell than did vehicle-primed cells (Fig. 2.4.F). Collectively, we infer that these findings
suggest that TERS protects cancer cells against DNA damage during chemotherapy-

induced genotoxicity.

TERS promotes -catenin-mediated Wnt signaling

One possible mechanism accounting for cytoprotection and an enrichment in the
G2/M phase could be the activation of Wnt signaling, given that it has already been

demonstrated that Wnt signaling is predominant during the G2/M phase (168).
Specifically, we thought that TERS could stabilize (3-catenin, a subunit of the cadherin

protein complex and an intracellular signal transducer of the Wnt pathway (169, 170). We
analyzed PC3 cells cultured in TERS CM over 5 days and monitored the transcriptional
activation of CTNNB1 and its negative regulator, AXIN2 (171). We found that TERS CM
modestly increased CTNNB1 transcription on day 1 which continued to increase on days
3 and 5. TERS CM also increased the transcription of AXINZ2 the latter days (Fig. 2.5.A).
As AXIN2 activation occurred on day 3, the delayed kinetics suggested that TERS
activation of the Wnt pathway is unlikely to involve a Wnt ligand. To better elucidate the
kinetics of TERS-mediated Wnt signaling, we transduced PC3 cells with the T-cell factor

(TCF) optimal promoter (TOP) reporter system, which expresses green fluorescent protein

(GFP) when TCF is transcriptionally activated by the nuclear translocation of (3-catenin
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(172-174). We observed reporter activation in these cells within 24 hours of treatment
with GSK-XV, a small molecule inhibitor of glycogen synthase kinase-3 (GSK-3), which
stimulates Wnt signaling (175). Progressive activation of the TOP reporter was observed
throughout TERS priming (Fig. 2.5.B). From these data thus far, we concluded that TERS
activates Wnt signaling and likely does so independently of a canonical Wnt ligand (176).
To elucidate whether Wnt signaling provides cytoprotection, we treated LNCaP cells with
human recombinant, soluble WNT3a protein (rWNT3a) for two days and then challenged
them with either nutrient deprivation, bortezomib, or paclitaxel. Wnt signaling provided
cytoprotection from nutrient deprivation but not from bortezomib or paclitaxel (Fig. 2.5.C).
Surprisingly, r’WNT3a provided no protection against paclitaxel but only against nutrient
starvation. This direct way to drive Wnt signaling perhaps provides adaptive responses in
cells, which do not entirely mimic TERS-mediated cytoprotection.

The observation that TERS initiates Wnt signaling is, to our knowledge, the first to
suggest a link between the UPR and Wnt signaling. To see whether UPR signaling is
necessary per se for TERS-mediated Wnt stimulation, PC3.TOP cells were cultured in
TERS CM for 48 hours in the absence or presence of either an IRE1a inhibitor [4u8C
(177)] or a PERK inhibitor [GSK2656157 (178)], and probed for Wnt signaling using the
TOP reporter system by flow cytometry. IRE1a inhibition prevented TOP expression
whereas PERK inhibition had no effect (Fig. 2.5, D and E). This finding suggested that
TERS induces Wnt signaling through IRE1a activation. To determine if ER stress is per
se sufficient to drive Wnt signaling we treated PC3.TOP cells with the canonical ER stress
inducer tunicamycin (5 pg/ml) for 48 hours with or without 4u8C or GSK2656157, and
analyzed TOP reporter expression. Tunicamycin did not induce TOP reporter expression
(Fig. 2.5.F), indicating that TERS-induced Wnt signaling may not occur through ER stress.

That IRE1a activity was necessary for TERS-mediated Wnt signaling led us to hypothesize
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that IRE1a’s role in TERS-induced Wnt induction was independent of its function in ER
stress signaling. To investigate this hypothesis, we incubated PC3.TOP cells with r'WWNT3a
and either 4u8C or GSK2656157 (Fig. 2.5.G). Unexpectedly, 4u8C inhibited TOP
expression whereas GSK2656157 had no apparent substantial effect. These findings
suggest that TERS-induced Wnt signaling in recipient cancer cells is not simply
attributable to pharmacologically induced ER stress, but is nevertheless dependent on
IRE1a signaling. The precise mechanism(s) and their influence in TERS-mediated

cytoprotection remains to be fully determined.
Because [-catenin can transcriptionally activate telomerase reverse transcriptase

(TERT) (179) and TERT is reportedly cytoprotective independent of the catalytic activity

of telomerase (180, 181), we hypothesized that the cytoprotective effects of TERS could
be due to activation of TERT, potentially via 3-catenin. To this end, we probed the effect

of TERS on TERT. We found no change in TERT transcription in PC3 cells cultured in
TERS CM for 48 hours (Fig. 2.5.H). To confirm this finding, we used a luciferase reporter
gene assay for the TERT promoter (182). In repeat experiments, transiently transfected
LNCaP cells cultured in TERS CM for 48 hours showed no evidence of TERT promoter
activation (Fig. 2.5.1). However, in parallel treatment conditions, cells transfected with a
luciferase reporter gene for the ATF6 promoter had robust activation (Fig. 2.5.1), ruling out
confounding effects associated with transfection or with the potency of TERS CM. In light
of these results, we then explored the possibility that the transmission of ER stress could
cause the redistribution of TERT inside the cells. Previous studies showed that during
oxidative stress (183) or after treatment with thapsigargin (181), TERT gradually
accumulates in the cytoplasm where it allegedly plays cytoprotective roles. Indeed, by
confocal microscopy, TERS CM-cultured PC3 cells showed a marked accumulation of the

TERT protein in the cytoplasm compared with vehicle CM-cultured cells (Fig. 2.5.J).
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Collectively, these findings show a correlation between TERS and cytoplasmic TERT

accumulation, which could not be established as a causal relationship between [-catenin

and TERT relocalization to the cytosol. Nor could we establish whether the [-

catenin/Wnt/TERT axis is the sole mechanism responsible for cytoprotection. Further

exploration will need to address this issue.

The PERK pathway mediates TERS-induced cytoprotective effects

Next, we sought to better understand the mechanism behind TERS-mediated
cytoprotection, which cannot be fully explained through the Wnt axis. In our initial
experiments, we had noted that the PERK pathway was differentially affected in TERS-
primed cells relative to control cells by there being a marked decrease in ATF4 and CHOP
protein, particularly during nutrient starvation and bortezomib stress conditions. These
findings may each explain cytoprotection by TERS, independent of Wnt signaling.
Concordantly, the PERK pathway, and its downstream effector ATF4, have been
implicated in pro-survival signaling during nutrient deprivation (184, 185), bortezomib
(163) and paclitaxel (186) cytotoxicities. We, therefore, hypothesized that the PERK
pathway is central to the facilitation of TERS induced cytoprotection. We leveraged mouse
embryonic fibroblasts (MEF) to first confirm that the TERS-induced cytoprotective effects
existed in non-transformed cells. Wild-type MEF cells were cultured in vehicle CM or
TERS CM generated from murine prostate cancer TRAMP C1 (TC1) cells and then
challenged for 48 hours by either nutrient starvation, bortezomib, or paclitaxel, and cell
viability was determined by 7AAD exclusion. TERS-primed MEF cells survived better than
their vehicle-primed counterpart in each stress condition (Fig. 2.6.A), confirming that

TERS is not restricted to cancer cells. We next challenged PERK KO MEFs using the
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same approach and found that the cytoprotection gains in wild-type cells was lost in each
instance (Fig. 2.6.B). This demonstrates that the PERK pathway is key to the cellular
adaptation induced by TERS, which leads to improved cell survival. On the other hand,
we found that the role of IRE1a and ATF6 was not as unambiguous, in that IRE71a and
ATF6 KO MEFs did not have complete loss of cytoprotection across the three challenge
conditions as it was in the case of PERK KO cells. We conclude that while IRE1a and
ATF6 likely play contributory roles towards cytoprotection, perhaps through cross-
communication amongst the arms of the UPR, PERK signaling is centrally involved in
mediating the cytoprotective effects of TERS priming. Our findings recognize PERK as the

central facilitator of TERS-mediated cytoprotection.

To further validate this finding, we leveraged CRISPR/Cas9 technology to target
ATF4, which we found to be downregulated during TERS priming (Fig. 2.2.D, 2.3.C). We
designed guides targeting exon 2 of the ATF4 gene using the px458 Cas9 plasmid (Fig.
2.6.C). Transfected 293XT cells were positively sorted on the basis of GFP positivity.
Selected clones were confirmed for deletion of the target exon by PCR blot analysis (Fig.
2.6.D). ATF4 deletion appeared to inhibit TERS-induced cytoprotection in recipient 293XT
cells versus their wild-type counterparts (Fig. 2.6, E and F). Together, these data
demonstrate that the UPR, and particularly the PERK-ATF4 axis, are necessary for TERS-

mediated cytoprotection.

TERS-primed cells are more tumorigenic in vivo

Because TERS enabled cells to better cope with various noxae in culture, we
hypothesized that TERS could provide cancer cells with growth advantage over naive
cancer cells in a co-culture system. To this end, we tagged murine TC1 cells through

stable transduction with a red fluorescence protein (RFP) gene driven by the CMV
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promoter. Tagged or untagged TC1 cells were then separately primed with TC1 vehicle
or TERS CM, respectively (Fig. 2.7.A). The cell populations were then admixed and
separately challenged with one of the following conditions: thapsigargin, 2 deoxy-D-
glucose, bortezomib, or paclitaxel. After a 24 hour challenge, we measured the relative
percentage of live cells among RFP positive vs. negative cell populations. TERS-primed
TC1 cells emerged as the prevalent cell population in each challenge condition (Fig.
2.7.B). To control for any confounding factors due to ectopic RFP expression, priming
conditions were reversed (meaning TC1.RFP were TERS-primed and TC1 were vehicle-
primed) and co-cultured with identical challenges. Thus, we conclude that TERS-primed
cancer cells have a survival advantage over control cells, a conclusion that could bear
considerable relevance to cell dynamics in the tumor microenvironment.

To test this possibility in vivo, we injected TERS-primed or vehicle-primed murine
TCA1 cells subcutaneously into C57BL/6 mice. To eliminate host variability, TERS-primed
and vehicle-primed cells were injected into opposite flanks of the same mouse. TERS-
primed tumors became palpable on day 8 while control tumors emerged only after 14 days
(Fig. 2.7.C). On day 19 post-injection, the average volume of TERS-primed tumors was
substantially larger than vehicle-primed tumors. At sacrifice (day 30), tumors derived from
TERS-primed cells were significantly greater in weight (Fig. 2.7.D) and size (Fig. 2.7.E)
than those derived from vehicle-primed cells. As TERS-primed cells had no proliferative
advantage over vehicle-primed cells, as reflected in lack of enrichment in G1 phase (Fig.
2.4.E), we conclude that the advantage of TERS-primed tumors over vehicle-primed

tumors was the consequence of acquired adaptive fitness.

DISCUSSION
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A UPR-based cell-nonautonomous regulation of tumorigenesis is an emerging
concept in tumor biology and immunobiology (143, 151). This new idea stems from the
observation that cancer cells experiencing a UPR release soluble factor(s) able to
reproducibly transmit ER stress and elicit a UPR in CD11b" macrophages and dendritic
cells (119, 136, 144, 187). Here, we demonstrate that a similar intercellular signaling event
confers a pro-survival phenotype and clonal fithess to cancer cells upon challenge with
microenvironmental and exogenous stressors.

One aspect of this TERS-induced phenotype was the initiation of Wnt signaling. 3-
catenin is a central effector of the Wnt pathway and is involved in diverse cellular
processes, including growth, differentiation, and transcription of Wnt responsive genes
(169, 170, 188), while driving the expression of several oncogenes, e.g., c-Myc, Cyclin D1
and Nos2 (189-191). TERS-mediated Wnt signaling activation required IRE1a. Since
canonical ER stress conditions did not mimic this effect, we conclude that TERS-mediated
Wnt signaling activation is unique. Although Wnt signaling driven by recombinant WNT
provided cytoprotective effects during nutrient starvation, this phenomenon may be
independent from, or unrelated to, TERS-mediated cytoprotection. The full interaction and
dynamics of the TERS/Wnt pathways remain to be fully elucidated. Interestingly, Wnt
signaling was recently shown to occur in circulating prostate cancer cells of patients with
antiandrogen resistance (192).

A salient finding of our study is the marked decrease in PERK-ATF4 activation in
TERS-primed cells. While unexpected this finding provided a possible clue into the
mechanism of cytoprotection. The activation of the PERK pathway leads to the
transcription and translation of ATF4, which itself coordinates the activation of the
downstream target CHOP to drive apoptosis (47). Here we show that in TERS-primed

cells, this classical cascade of events was substantially decreased since TERS-primed
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cells subject to nutrient deprivation or bortezomib treatment showed a pattern of ATF4
and downstream CHOP reduction. While it has been reported that ATF4 can be regulated
independently of the stress response (193), our data support a central role of the PERK-
ATF4 axis in TERS induced cellular fitness. In this context, we found that the pro-survival
adaptive response to TERS required the attenuation of PERK and ATF4 activation, an
effect lost through the deletion of the PERK or ATF4 genes. Arguably, TERS may fine
tune ATF4 to promote cytoprotection. In support of our conclusion mild ER stress
conditions were reported to promote the degradation of two downstream ATF4 targets,
CHOP and GADD34, and lead to cellular adaptation and survival (158). More importantly,
a slow translation of ATF4 was found to confer cytoprotection (194), presumably by
preventing the activation of CHOP. Thus, because ATF4 can exert opposing roles in
controlling cell fate (survival vs. apoptosis), depending on its state of activation and
abundance, we view ATF4 as a cellular rheostat able to gauge the effects of TERS in
receiver cancer cells.

Other effects may also contribute to cytoprotection in TERS-primed cells. One
possibility is the progressive increase in surface expression of GRP78 induced by TERS
priming. GRP78 is considered the master regulator of the UPR (65, 195) and has been
directly implicated in tumor progression in murine models of cancer (146, 196, 197). High
levels of GRP78 predict poor prognosis in a variety of carcinoma (198), the development
of therapy resistance, and cancer recurrence (60). GRP78 surface expression, while a
relatively less characterized phenomenon (155, 199), has been shown to mediate growth
signals for cancer cells through PI3K/AKT signaling and promote chemoresistance (148,
149, 200). Since surface relocalization of GRP78 was not associated with increased
transcription, it is possible that TERS signaling induces post-translational modifications of

GRP78 to improve its overall function and stability, for instance through AMPylation of
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threonine 518 (201). Interestingly, a mild adaptive UPR promotes GRP78 protein half-life
stability while not affecting its gene transcription (158). This demonstrates that some UPR
driven stimuli favor the stabilization of GRP78 as we observed in our durability
experiments (Fig. 2.3, E and F). The abundance of the GRP78 chaperone would allow
cells to better cope with subsequent pressures. Thus, a second possibility is that TERS-
induced adaptive fithess reflects a stable level of chaperones. A final alternative
mechanism to explain cytoprotection is TERT, which we found to accumulate in the
cytoplasm. Through its noncanonical functions (202), TERT protects cells from apoptosis,
enhances genomic stability and DNA repair (203), and attenuates ER stress induced cell
death (180). The mechanisms of TERS on receiver cells discussed above are summarized
in the model shown in Fig. 8.

The cell-extrinsic effects of the tumor UPR represent a novel mechanism through
which cancer cells adapt to tumor microenvironmental noxae (hypoxia, nutrient starvation,
biosynthetic errors, and viral infection) and apoptosis-inducing chemotherapeutic agents.
An unresolved aspect of our work concerns the exact chemical nature and identity of
TERS. Undergoing studies show that TERS is present at remarkably low abundance in
cancer cell conditioned medium, making it particularly arduous to isolate to purity. Recent
reports emphasized the role of byproducts of lipid oxidation (204, 205) as responsible
actors in phenomena closely related to TERS. However, we have verified that by mass
spectrometry and bioactivity assays TERS is not the products claimed in these reports,
but is instead a unique factor yet to be conclusively isolated. While work on the final
identification of TERS is continuing, the results of the present study show that a UPR-
based cell-nonautonomous regulation amongst cancer cells endows receiver cells with
cellular fitness by exerting a selective pressure. Because cytoprotection is relatively

durable, one can also predict that daughter cells of the initial receiver cells may also be
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protected, suggesting that transmissible ER stress may have epigenetic consequences
on target cells. In light of the unique regulation of both UPR- and Wnt-related genes, it is
likely that TERS affects other cellular processes, such as autophagy, which may also
bolster cell survival. Of note, TERS-primed cells did not have a proliferative advantage
over vehicle-primed cells but rather a fitness advantage. Therefore, the persistence of a
TERS-primed population within the tumor microenvironment may lay dormant until a new
selective pressure initiates the emergence of the fittest clones.

Our findings corroborate the conclusions of recent reports that showed that
individual tumor cells within a uniform genetic lineage can acquire functionally different
behaviors in vivo, implying that functional clonal diversity may in fact reflect the outgrowth
of cells with greater fithess and extended survival generated by cell-nonautonomous
signaling and processes (206, 207). Accordingly, future management of cancer should
take into consideration these new aspects of cancer cell dynamics within the tumor

microenvironment.



47

FIGURES

A B

GRP78 XBP-1s CHOP Day1 Day3 Day5
. o B Vvt

Il TERSCM
[ - = -~ a»| GRP78

[ ]| ACTIN

0 0= 2 0 =,
N o N o N6
SR PP PP (
GRP78  XBP-1s CHOP
. |n

[ vehCM
2 Il TERSCM

Day 1 Day 3 Day 5
vV T Vv T v T o=y
- XBP-1u o *

e -

- B-actin " NP N
> o ND o
SPP PP PP

IL-6 Veh CM TERS CM
100000: 1 Veh CM E
10000 Il TERSCM
1000
g 100
10
1
0.1
NS o
& P P
F Iy Day 1 Day 3 Day 5
] ] ] () vehcm
i [ TERS CM

% of Max

¥ 53

sGRP78

Figure 2.1. Prostate cancer cells undergoing ER stress can transmit a ER stress
response to recipient cells. (A) Expression of the indicated mRNA (RT-gPCR) in PC3
cells cultured for 1, 3 or 5 days in vehicle- or TERS-conditioned medium (Veh CM; TERS
CM) (n=2 per condition). Gene expression was normalized to Veh CM day 1 condition to
determine relative quantification (RQ).* P <0.05 ** P <0.01 *** P <0.001, paired two-
tailed Student’s t-test. Inset shows gel banding for unspliced (XBP-1u) and spliced (XBP-
1s) XBP-1. (B) Western blot analysis for GRP78 abundance in whole cell lysates from
PC3 cells cultured as described in (A). V, Veh CM; T, TERS CM. (C) RT-gPCR in DU145
cells as described in (A) treated with PC3 generated Veh or TERS CM (n=2 per condition).
Gene expression was normalized to Veh CM day 1 condition to determine relative
quantification (RQ). ** P <0.01 *** P < 0.001, paired two-tailed Student’s t-test. (D) RT-
gPCR analysis for IL-6 expression in PC3 cells cultured with Veh- or TERS-CM as
described in A. Values are normalized to Veh-CM day 1 (n=2 per condition). (E) Confocal
microscopy for GRP78 in PC3 Veh- or TERS-CM treated PC3 cells for 48 hours. Scale
bar, 25 uym. (F) Flow cytometric analysis of surface abundance of GRP78 (sGRP78) in
Veh- or TERS-CM-cultured, unpermeabilized PC3 cells. Error bars are representative of
SEM. Panels C-E are representative of two, and panels A, B, and F of three independent
experiments.
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Figure 2.2. TERS primed cancer cells display a unique UPR and are protected
against nutrient deprivation. (A) Treatment design of TERS priming: two-day culture in
Veh- or TERS CM followed by two-day rest period. Cells were then challenged and
analyzed as indicated. (B) Flow cytometric analysis for surface abundance of GRP78 in
Veh- or TERS-primed PC3 cells grown in standard growth media. (C) Western blot
analysis of GRP78 in Veh (V)- or TERS (T)-primed PC3 cells after 48 hours culture in
standard growth medium (cDMEM) or in nutrient deprived condition (-GIu/FBS). (D)
Western blot analysis of proteins of the PERK pathway in V or T primed PC3 cells after
48 hours culture in cDMEM or in -GIu/FBS. (E) Apoptosis analysis by flow cytometric
detection of annexin V in Veh- or TERS-primed PC3 cells after 48 hours culture in cDMEM
or in -GIu/FBS; (each plot represents at least 10,0000 events per condition). Panel D is
representative of two, and panels B,C,E of three or more independent experiments.



49

A C Bz 100 nM
Bz OnM  10nM  100nM 1000nM 0 _¢
- - vy TV T
V T VT Vv TV T — e perc
[ - | GRP7s
w s ~ P-elF2a
[—— — o ] ACTIN
- [ATF4

B ~ - - [CHOP

Veh-primed TERS-primed
= —— - HSP90
Bz *1 |
§ /\ Bz o] E Days post-priming
5 |, [ J 2 3 4 5
S N\ Eon ‘v iy VI VT ovT v
\ | L \ ] oJ AN\ ‘-.—--- amn —}- GRP78
gy > | e e o e ACTIN
D Bz 0nM Bz 10 nM Bz 100 nM Bz 1000 nM F
4 - s | *i148 393 . [ Veh Primed - EtOH I Veh Primed - Bz
2] - N 5 Il TERS Primed -EtOH Il TERS Primed - Bz
Veh- 100+
primed
. 80+
X
PI % 60
©
o
TERS- 249
primed 204
. )
W N Vv ™
- > & & & &
Annexin V

Figure 2.3. Proteasome inhibition mediated cytotoxicity is less effective in TERS
primed cells. (A) Western blot analysis of GRP78 in Veh (V)- or TERS (T)-primed PC3
cells after 24 hours culture with various concentrations of bortezomib (Bz). (B) Flow
cytometric analysis for the abundance of GRP78 (sGRP78) on the surface of Veh- or
TERS-primed PC3 cells 24 hours after EtOH control solution or bortezomib (Bz; 100 nM)
treatment. Data are shown individually and as an overlay for comparison. (C) Western blot
analysis of PERK pathway proteins of V or T primed PC3 cells 24 hours after addition of
Bz. (D) Apoptosis analysis by annexin V/PI staining in Veh- or TERS-primed PC3 cells 24
hours after addition of Bz (each plot represents at least 10,0000 events per condition). (E)
Western blot of GRP78 expression in V or T-primed PC3 cells cultured in cDMEM and
harvested at the specified post-priming day. (F) Percent live cells determined by flow
cytometric analysis of annexin V/PI apoptosis staining in Veh- or TERS-primed PC3 cells
treated with EtOH control solution or Bz (100 nM). Panels A, C,E are representative of
two, panels B,F of three, and panel D of five independent experiments.
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Figure 2.4. TERS primed cells are protected against genotoxic insults in the
absence of ER stress. (A) Vehicle (V) or TERS (T) primed PC3 cells treated with
increasing concentrations of paclitaxel and analyzed after 24 hours by RT-gPCR for
relative gene expression of UPR genes. Samples were normalized to 0 uM Veh primed
gene expression (n=2 per condition). (B) Western blot analysis of GRP78 in PC3 primed
cells treated with paclitaxel for 24 hours. (C) Western blot analysis of PERK signaling in
PC3 Veh or TERS primed cells treated with paclitaxel for 24 hours. PC3 cells treated with
thapsigargin (Tg; 300 nM) serve as positive control. (D) Annexin V apoptosis assay of
primed PC3 cells untreated or treated with paclitaxel for 48 hours (each plot represents at
least 10,0000 events per condition). (E) Cell cycle analysis as determined by BrdU
incorporation in Veh- or TERS-primed PC3 cells (each plot represents at least 10,0000
events per condition). (F) DNA double stranded breaks visualized through y-H2AX staining
(pink), and imaged by confocal microscopy in Veh- or TERS-primed PC3 cells after 24-
hour treatment with Paclitaxel (1 uM). Scale bar, 100 um. Panels B,C,F are representative
of two, and panels A,D, E of three or more independent experiments.
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Figure 2.5. TERS induces WNT signaling and cytoplasmic export of TERT. (A) RT-
gPCR analysis of the transcriptional activation of CTNNB1 and AXIN2 of Veh CM or TERS
CM treated PC3 cells throughout 5 days of culture with CM resupplementation every other
day. Relative quantification (RQ) of gene expression of samples is normalized to Veh CM
day 1 condition (n=2 per group). (B) TOP-GFP expression of PC3 cells during TERS
priming, determined by flow cytometry (at least 10,000 events were analyzed per
condition). (C) 7AAD-based analysis of viability of LNCaP cells cultured with vehicle (Veh)
or recombinant WNT3a (rWNT3a; 20 ng/ml for 2 days) and treated as indicated for an
additional 48 hours. Bz, bortezomib (100 nM); Tx, paclitaxel (1 uM); -Glu/FBS, nutrient-
deprived medium. PC3.TOP cells treated with Veh CM or TERS CM for 48 hours in the
absence or presence of (D) the IRE1 inhibitor 4u8C or (E) the PERK inhibitor
GSK2656157, and measured for mean fluorescence intensity (MFI). MFI expression was
then normalized to Veh CM uninhibited value (n= 2, at least 10,000 events were analyzed
per condition). (F) Normalized MFI expression of PC3.TOP cells treated with tunicamycin
(5ug/ml) for 48 hours during IRE1 or PERK inhibition (n= 2, at least 10,000 events were
analyzed per condition). (G) Normalized MFI expression of PC3.TOP stimulated for 48
hours with recombinant WNT3a (rWNT3a) (20ng/ml) during IRE1 or PERK inhibition (n=
2, at least 10,000 events were analyzed per condition). (H) A TERT RT-qPCR analysis of
48 hour Veh- or TERS-CM treated PC3 cells (n=3 per condition). (I) Relative firefly TERT
promoter-luciferase or ATF6 promoter-luciferase of dually transfected LNCaP cells. Cells
were treated to LNCaP Veh or TERS CM for 48 hours and normalized for expression by
Renilla-luciferase (n=3 per condition). ** P < 0.01 Student’s t test (paired two-tailed). (J)
Immunofluorescent staining for TERT in 48 hour treated PC3 cells. Scale bar, 25 ym. Error
bars represent SEM. Panels C,D,H are representative of two, and panels A,B,F,G,| of at
least three independent experiments.
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Figure 2.6. PERK signaling is necessary for TERS-mediated cytoprotection. (A)
Survival of (A) wild type (WT) or (B) PERK KO MEFs primed by TC1 Veh or TERS CM
and challenged for 48 hours as specified (Bz, bortezomib; Tx, Paclitaxel). Survival
determined by flow cytometric analysis via 7AAD exclusion. Percent (%) survival
calculated by normalizing the percent live (7AAD") population of the unstimulated condition
for each line (n=2 per group, at least 10,000 events analyzed per condition). (C)
CRISPR/Cas9 design of guide targets within the ATF4 gene. (D) PCR detection of ATF4
WT and ATF4 CRISPR 293XT cells. (E) WT 293XT and (F) ATF4 CRISPR 293XT cells
were primed with PC3 Veh or TERS CM, and survival measured by 7AAD exclusion after
48 hours of treatment as specified. (n=2 per condition, at least 10,000 events were
analyzed per condition). Error bars represent SEM. Panels A,B,D are representative of
two, and panels E,F of three independent experiments.
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Figure 2.7. TERS -primed murine prostate cancer cells have improved cellular
fitness in vitro and in vivo. (A) Cartoon of co-culture experimental design. Briefly, RFP-
tagged TC1 cells (TC1-RFP) are primed with homologous Veh CM while untagged TC1
cells are primed with TERS CM. After priming, cell populations are co-cultured overnight
and subsequently challenged. (B) Flow cytometric analysis to determine the percent RFP*
(Veh primed)and RFP" (TERS primed) TC1 cells 7AAD excluded after 24 hours treatment
with thapsigargin (Tg), 2-deoxyglucose (2DG), bortezomib (Bz) or Paclitaxel (Tx) (n=2 per
co-culture, at least 10,000 events were analyzed per condition). (C) Growth kinetics of
Veh- or TERS-primed TC1 cells subcutaneously injected into immune competent C57BL/6
mice (n=5 per group). (d) Weight of Veh- or TERS-primed tumors after 30 days. (E) Gross
visualization of excised tumors. ** P < 0.01 Student’s t-test (paired two-tailed). Error bars
are SEM. Data are representative of two independent experiments.
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Figure 2.8. Model of TERS mediated signaling in cancer cells. We propose a model
in which cancer cells exposed to TERS undergo an adaptive UPR that involves diverse
signaling events. One effect is the activation of Wnt signaling. TERS drives Wnt signaling
through the activation of the T-cell factor (TCF). This effect appears to be IRE1-dependent.
The other relevant event is cytoprotection. In this case, TERS engages PERK but also
leads to reduced ATF4 activation. Reduced levels of ATF4 are insufficient to drive a full
activation of apoptosis through the downstream CHOP target (red strikethrough). In this
respect ATF4 serves as a rheostat for cell survival. TERS also increases the amounts of
GRP78, both intracellularly and at the cell surface. Finally, TERS induces the export of
TERT to the cytoplasm. These effects, possibly in combination, promote cytoprotection
and, ultimately, cell fithess to endogenous (nutrient) and exogenous (chemotherapeutic)
stress.
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MATERIALS AND METHODS
Cell Lines and cell culture

PC3, LNCaP, DU145, and TC1 prostate cancer cells and 293XT cells were grown
in RPMI or DMEM (Corning) supplemented with 10% fetal bovine serum (FBS) (HyClone)
and 1% penicillin/streptomycin/L-glutamine, non-essential amino acids, sodium pyruvate,
HEPES (cDMEM). All cell lines were maintained at 37°C incubation with 5% O,. All cell
lines were mycoplasma free as determined PCR assay (Southern Biotech). Mouse
embryonic fibroblast (MEF) lines (the kind gift of Dr. Jonathan Lin) were previously derived
and described: PERK KO (208), IRE1 KO (49), and ATF6 KO (209). They were cultured

in standard cDMEM conditions.

TERS Conditioned Media (CM) Generation

Transmitting cells as specified in each experiment were induced to undergo ER
stress through treatment with thapsigargin (300 nM) (Tg; Enzo Life Sciences) for 2 hours.
Control cells were similarly treated with an equal volume of vehicle (0.02% ethanol). Cells
were washed twice with Dulbecco's PBS (Corning), and then incubated in fresh, standard
growth medium for 16 hours. Conditioned medium was then harvested, centrifuged for 10
min at 2,000 RPM, filtered through a 0.22-um filter (Millipore), and used to treat cells. For
TERS priming, conditioned medium was generated from homologous cells unless

otherwise specified.

Nutrient starvation studies
To create nutrient starvation conditions, cells were washed x2 with PBS and
cultured in  Glucose-free DMEM (Gibco) supplemented only with 1%

penicillin/streptomycin.
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RT-qPCR

RNA was harvested from cells using Nucleospin Il Kit (Machery-Nagel). The
concentration and purity of RNA were quantified on a NanoDrop (ND-1000)
spectrophotometer (Thermo Scientific), and analyzed with NanoDrop Software v3.8.0.
RNA was normalized between conditions and cDNA generated using the High Capacity
cDNA Synthesis kit (Life Technologies). RT-gPCR was performed on a ABI 7300 Real-
Time PCR system using TagMan reagents for 50 cycles under universal cycling conditions
according to the manufacturer's specifications (KAPA Biosystems). Target gene
expression was normalized to $-actin, and relative expression was determined using the
—AACt relative quantification method. Validated FAM-labeled Human HSPA5 (GRP78)
(Life  Technologies, Catalog # Hs00607129 gH), XBP-1s (F = 5-
CCGCAGCAGGTGCAGG-3’; R = 5-GAGTCAATACCGCCAGAATCCA-3)’(Integrated
DNA Technologies) DDIT3 (CHOP) (Life Technologies, Catalog # Hs00358796 _g1), IL-6
(Life Technologies, Catalog #H4s00985639 m1), CTNNB1 (B-catenin) (Life Technologies,
Catalog # Hs00355049 _m1), AXIN2 (Integrated DNA Technologies) (F = 5-GAC AGT
GAG ATATCC AGT GAT GC-3; R =5-GTT TCT TACTGC CCA CAC GAT A-3'), hTERT
(F = 5-CGGTTGAAGGTGAGACTGG-3; R = 5-GCACGGCTTTTGTTCAGATG -
3)’(Integrated DNA Technologies) (Integrated DNA Technologies) and VIC-labeled
Human B-actin TagMan primer/probe sets (Life Technologies, Catalog # 4326315E) were

used.

Flow Cytometry
Apoptosis assays were performed on single cell suspensions, stained with FITC-

conjugated annexin V and propidium iodide using the annexin V FITC Apoptosis Detection
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Kit (BD Biosciences). Data were acquired on a FACSCalibur flow cytometer (BD
Biosciences) and analyzed using CellQuest Pro (BD Biosciences) and FlowJo software
(Tree Star). For surface GRP78 detection, single cell suspensions were washed once with
PBS and then stained with goat polyclonal antibody to surface-expressed human GRP78
(Santa Cruz Biotechnology, Catalog #SC-1051). Cells were then washed with PBS and
counterstained with FITC-labeled donkey polyclonal antibody to goat immunoglobulin (lg)
(Santa Cruz Biotechnology). Stained cells were washed again with PBS and resuspended
in 7AAD staining buffer and analyzed by flow cytometry with 7AAD exclusion. Cell cycle

analysis was performed by BrdU per manufacturer’s protocol (BD Biosciences).

TOP reporter system

Lentiviral TOP-GFP construct was previously described (174), and was the kind
gift of Dr. Karl Willert. PC3 cells were transduced with lentivirus supplemented with
polybrene (4 ug/ml; Sigma) for 48 hours. After incubation, cells were cultured in standard
growth medium for 24 hours. Positively-transduced cells were selected under puromycin
(1 pg/ml) for 2 weeks. PC3.TOP cells were then treated as described and analyzed for
TOP activity using a FACSCalibur flow cytometer (Becton Dickinson) probing for GFP
expression on 7AAD negative cells. Stimulation of PC3.TOP cells with r'WNT3a (20 ng/ml)
(Humanzyme) was performed for 48 hours. UPR inhibitors 4u8C (Axon MedChem) and

GSK2656157 (Selleckchem) were used at the dose indicated in Fig. 5.

Promoter Activity Assay
The TERT core promoter luciferase construct was previously designed (182)
through the insertion of WT promoter sequence into the pGL4.10 (Promega) vector and

was the kind gift of Dr. Joseph Costello (UCSF). The ATF6 luciferase reporter construct
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was previously designed (82) and was provided by Dr. Jonathan Lin. Cells were transiently
transfected for 18 hours with Lipofectamine 3000 (Thermo Fisher) with either the TERT or
the ATF6 promoter construct. For normalization control, cells were concomitantly
transfected with a Renilla plasmid driven by the TK promoter (Promega). Transiently
transfected cells were washed, treated as specified in text, and subsequently analyzed for
luciferase and Renilla expression using the Dual-Luciferase Reporter Assay (Promega)

according to manufacturer’s protocol.

Confocal microscopy

Cells were plated on glass slides in a tissue culture plate and treated as specified
in Fig. 1, 4, and 5. After treatment, the medium was gently removed by aspiration. Cells
were then washed with cold PBS and fixed using 4% formaldehyde (Fisher Scientific) for
15 min. The formaldehyde solution was gently removed by aspiration and the cells were
washed 3x with PBS. The fixed cells were then blocked/permeabilized with 5% BSA
(Fisher Scientific) and 0.3% TritonX-100 (Fisher Scientific) in PBS for 1 hour. Cells were
washed 3x with PBS and then probed with antibodies to hTERT (Santa Cruz
Biotechnology, Catalog #SC7215), B-catenin (Cell Signaling Technology, Catalog
#8480P), or GRP78 (Santa Cruz Biotechnology, Catalog #SC-1050) by incubating at the
manufacturer’s recommended dilution in PBS-BSA at 4°C overnight. After incubation with
the primary antibody, cells were washed 3x with PBS and counterstained with a FITC-
conjugated antibody as follows: polyclonal donkey antibody to goat Ig (Santa Cruz
Biotechnology) for hnTERT, or polyclonal goat antibody to rabbit Ig (Biomeda) for 3-catenin
and GRP78, in the dark for 1 hour. Cells were then washed 3x with PBS and mounted
onto microscope slides using the ProLong Gold Antifade Reagent with DAPI (Invitrogen).

Once mounted, the slides were imaged using a BIOREVO BZ-9000 microscope or a Zeiss
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LSM510 Laser Scanning Confocal microscope at the UCSD Microscopy Core. Staining

for y-H2AX was performed according to (210).

Western Blot Analysis

After treatment, PC3, DU145, or LNCaP cells were washed with ice cold PBS and
suspended in RIPA Lysis Buffer: 1X RIPA buffer and cocktail of protease inhibitors (Santa
Cruz Biotechnology). Cell lysates were centrifuged at 16,000xg for 15 min and the
supernatants were collected. Protein concentration was determined using the Pierce BCA
Protein Assay Kit (Thermo Scientific). Samples were heat-denatured and equal
concentrations of protein were loaded onto a 4-20% Mini-PROTEAN TGX Precast Gels
(Bio-Rad), electrophoresed and transferred onto 0.2 ym PVDF membrane in Tris-Glycine
transfer buffer containing 20% methanol. The membranes were then blocked with 5% non-
fat milk in TBS containing 0.1% Tween-20 (TBS-T) for 1 hour at room temperature. The
membranes were then incubated with the specified primary antibodies overnight at 4°C.
Membranes were washed for 5 min at room temperature 3x by TBS-T, incubated with a
horse radish peroxidase (HRP)-labeled secondary antibody in 5 % non-fat milk for 1 hour
at room temperature, and washed for 5 min at room temperature 3x in TBS-T. Bound
antibodies were detected by chemiluminescence reaction using Pierce ECL Blotting
Substrate (Thermo Scientific). The following primary antibodies were used: mouse
monoclonal antibody to human GRP78 (BD Biosciences), rabbit monoclonal antibody to
human PERK (Cell Signaling Technology), rabbit monoclonal antibody to phospho-elF2a
(Ser®") (Cell Signaling Technology), rabbit polyclonal antibodies to human ATF4 (CREB-
2) (Santa Cruz Biotechnology), mouse monoclonal antibody to human CHOP (GADD153)
(Santa Cruz Biotechnology), rabbit polyclonal antibodies to human HSP90 (GeneTex),

and HRP-conjugated goat antibodies to B-actin (Santa Cruz Biotechnology). Secondary
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antibodies were HRP-conjugated anti-mouse IgG or anti-rabbit IgG (Santa Cruz

Biotechnology).

Cell tagging:

The tRFP cDNA was amplified from pTRIPZ plasmid (Open Biosystems) by PCR
using specific primer (F: 5’-ttggtaccgagctcggatccGCCACCATGAGCGAGCTG-3’ and R:
5’-ccctctagatgcatgetcgag TTATCTGTGCCCCAGTTTGC-3'). The amplified tRFP fragment
was purified by agarose gel, and assembled with pLPC-puro retrovirus vector digested
with Hindlll and Xhol using Gibson Assembly master mix (New England Biotechnology).
For retrovirus packaging, Phoenix ampho cells in 10 cm dish were transfected with 10 ug
of plasmid using PEI-Max (1 ug/ul: Polyscience Inc.), and the supernatant containing
retrovirus particles was collected at 48 and 72 hours after transfection. TC1 cells were
retrovirally transduced with tRFP using 8 ug/ml polybrene. Puromycin selection was
initiated 2 days after transduction, and cells were maintained in the presence of 5 ug/ml

Puromycin until use.

In vivo studies

TC1 cells were primed with vehicle or TERS CM. Cells were enzymatically
detached from plastic and resuspended in PBS at a final concentration of 5e6 cells/ml.
C57BL/6 mice were injected with 100 ul of vehicle cell suspension into the left flank and
100 pl of TERS primed cells in the contralateral right flank. Mice were initially monitored
for tumor take by palpation. When tumors became palpable, tumor size was determined
through two-dimensional caliper measurements every three days. Mice were sacrificed
when a tumor reached 20 mm in any one dimension, per UCSD animal welfare standards,

or after 30 days post implantation. Tumor volume was calculated using the ellipsoid
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formula: V = % (H x W?). Upon mouse sacrifice, tumors were resected. For histological
analysis, tumors were frozen in OCT compound and processed at the UCSD histology

core, staining for Ki67 or H&E.

CRISPR/CAS? studies

Two pairs of Cas9 guides were designed using the CHOPCHOP (211) software
(available at http://chopchop.cbu.uib.no/). The sequence for Guide 1 was (F)
caccgGCAACGTAAGCAGTGTAGTC and (R) aaacGACTACACTGCTTACGTTGCc; and
the sequence for Guide 2 was (F): caccgGGATTTGAAGGAGTTCGACT and (R)
aaacAGTCGAACTCCTTCAAATCCc (lower case indicates overhangs). Guides were
cloned into the SpCas9-2A-GFP (px458) backbone modified to contain an EIF1a promoter
(px458-ef1a) (212). Px458 was a gift of Dr. Feng Zhang (Addgene plasmid #48138).
Briefly, Cas9 guides were then purchased as oligonucleotides from Integrated DNA
Technologies. These oligonucleotide guide pairs were phosphorylated, annealed and
ligated into Bbs/-digested px458 backbone. The ligated plasmid was then transformed into
DH5a bacteria and grown on carbenicillin plates overnight at 37°C. Single colonies were
picked and cultured overnight, and the plasmids isolated by mini or midi-prep (Invitrogen),
and sequence validated. 293XT cells were grown in DMEM with 10% FBS. 24 hours
before transfection with the guide-containing px458-ef1a plasmids (using Lipofectamine
3000), 8x10* cells/cm? were seeded onto 6-well plates. Three days after transfection, cells
were sorted by FACS on the basis of GFP positivity. Cells were then cultured in DMEM
with 10% FBS for at least 1 week, validated, and used in TERS priming experiments. To
demonstrate Cas9 efficiency, genomic DNA (gDNA) was isolated and PCR amplified using
GoTaq (Promega) according to manufacturer instructions. The PCR product was then

resolved on a 0.8% agarose gel and imaged under ultraviolet light.
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PREFACE TO CHAPTER 3

Chapter 3 is a manuscript in preparation for submission to the journal Science
Immunology. The body of this chapter addresses Specific Aim 2 of this dissertation.
Specifically, this chapter sets out to identify if TERS-associated effects on myeloid cells
described in vitro exist in vivo and to further identify the mechanism behind this
phenomenon. | analyzed tumor infiltrating myeloid cells in two unique mouse models and
found that they are polarized in much the same way as those treated with TERS in vitro.
This polarization was partially dependent on TLR4 signaling and its deletion curbed tumor
development and prolonged host survival. Further investigation revealed that TERS
polarization of myeloid cells appeared to be IRE1a dependent. Further, IRE1a was also
partially responsible for TERS production while other arms of the UPR were dispensable.
These studies validate previous in vitro observations and shed light on the possible in vivo

mechanism behind the TERS phenomenon.
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ABSTRACT

Tumor infiltrating myeloid cells play critical roles in the establishment and
maintenance of a tumor microenvironment to favor occupant tumor cells and restrain anti-
tumor immunity. These efforts can be coordinated through the production of pro-
inflammatory and immune suppressive factors. We previously reported that primary
derived myeloid cells treated in vitro with the conditioned medium of cancer cells
undergoing endoplasmic reticulum (ER) stress undergo a polarization that is pro-
inflammatory and immune suppressive, all the while undergoing ER stress themselves.
Here, we report that tumor infiltrating myeloid cells display this same phenotype in unique
tumor types. Further, using in vivo and in vitro models, we demonstrate this polarization
of myeloid cells is mediated by TLR4 and IRE1a signaling. Stress induced expression of
PD-L1 was similarly dependent on IRE1a activity. Finally, using mouse embryonic
fibroblasts, we demonstrate the production of the transmissible factors behind this event
are dependent on IRE1a. Collectively, our results provide novel insight into the mechanism

behind the cell nonautonomous effects of tumor transmissible ER stress.
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INTRODUCTION

Contained within the tumor microenvironment (TME) are a variety of immune cells
that coordinate with resident tumor cells to create an environment that favors tumor
survival and progression. Bone marrow derived cells, including myeloid cells, are the most
common TME infiltrate. Tumor infiltrating stromal cells enhance tumorigenesis by affecting
a variety of features necessary for successful tumor outgrowth (213). The cooperation of
these nontransformed cells promotes tumor angiogenesis, immune suppression,
inflammation, and metastasis.

Also present within the TME are a variety of stimuli that can promote endoplasmic
reticulum (ER) stress. These insults include environmental ones, such as nutrient
deprivation and hypoxia, and cell-intrinsic defects, such as aneuploidy and viral infection,
all of which may lead to protein misfolding. Eukaryotic cells initiate the unfolded protein
response (UPR) to cope with ER stress. The UPR is coordinated by three transmembrane
proteins, IRE1a, PERK and ATF6, which are initiated upon excessive misfolded or
unfolded protein burden. Immune cells of various origin are potentiated by the UPR to
carry out their diverse function and have been implicated in a variety of processes
including infection (214), metabolic disorders (215), and tumor development (204).

Necessary to understand the impact of tumor-borne signaling cues sent to immune
infiltrate is the identification of the stimuli behind their polarization. We first reported that
cancer cells undergoing ER stress can transmit ER stress to naive bone marrow derived
macrophages (136) and dendritic cells (137). These cells, in addition to undergoing a
UPR, acquire pro-inflammatory and immune suppressive characteristics. This TERS
mediated “mixed” phenotype also leads to poor antigen presentation to CD8" T cells. The

cumulative consequences of such remodeling lead to a tumor promoting phenotype both
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in vitro and in vivo. Here we investigated whether this mixed phenotype is present in vivo

and elucidated the underlying signaling mechanism behind this phenomenon.

RESULTS
Tumor infiltrating myeloid cells display the TERS polarized genes in vivo

Recent reports find that both myeloid derived suppressor cells (MDSCs) (126) and
dendritic cells (DCs) (129) that infiltrate the tumor microenvironment upregulate the UPR
relative to the corresponding cells found outside of the tumor. Separately, we were the
first to report that macrophages and dendritic cells were targets of cancer cell borne ER
stress, a phenomenon termed transmissible ER stress (TERS) (216, 217). TERS
conditioned medium (CM) treated myeloid cells transcriptionally upregulate UPR
associated genes, as well as pro-inflammatory and immune suppressive genes. In light of
these findings, we posited that CD11b" myeloid cells which infiltrate the tumor
microenvironment undergo TERS polarization, and therefore express TERS responsive
genes, while myeloid cells localized in healthy tissue would not.

We first sought to demonstrate that myeloid cells infiltrating the tumor
microenvironment undergo ER stress. To that end, we implanted murine melanoma
B16.F10 cells s.c. into mice transgenic for the ER stress activated indicator (ERAI), which
express the fluorescent protein Venus upon Xbp-1 splicing (218). Three weeks after
implantation, palpable tumors were excised from tumor bearing ERAI mice, along with the
spleen and bone marrow from the tumor-proximal and tumor-distal femurs, to account for
any difference in extravasated myeloid cells in peripheral sites. We first determined the
relative percent of CD11b" cellular infiltrate at each of the three sites (Fig. 3.1.A) and found
that approximately 2-5% of the tumor infiltrate were CD11b". We then compared the Venus

expression of CD11b" cells derived from the tumor versus that of the bone marrow and
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spleen (Fig. 3.1, B and C). Strikingly, CD11b" cells within the tumor microenvironment had
undergone substantial Xbp-1 splicing activity relative to the myeloid cells resident in the
spleen and the bone marrow. Moreover, Venus expression of tumor-infiltrating myeloid
cells was normally distributed, suggesting that all CD11b" infiltrates had undergone ER
stress. These results provide evidence that tumor infiltrating myeloid cells undergo ER
stress while those resident in the spleen and bone marrow do not.

We next sought to determine if these same myeloid cells also preferentially
expressed other genes affected by TERS CM. To that end, we injected B16.F10 cells s.c.
into C57BL/6 mice, harvested tumors three weeks post implantation, and isolated the
CD11b* cells from the tumor, spleen, and bone marrow of tumor-bearing hosts.
Transcriptional analysis of isolated myeloid cells revealed that those infiltrating the tumor
microenvironment not only had an upregulation of Xbp7-s, confirming the Venus
expression results, but also of other related UPR related genes (Grp78 and Chop) (Fig.
3.2.A). Beside a UPR, tumor-infiltrating myeloid cells also had transcriptional increases in
pro-inflammatory (//-23p19) and immune suppression (Arg1) genes relative to spleen and
bone marrow resident myeloid cells (Fig. 3.2, A and B). These findings demonstrate that
the tumor microenvironment promotes infiltrating myeloid cells to undergo a UPR and
acquire a mixed pro-inflammatory/immune suppressive phenotype.

Encouraged by these findings, we next probed the expression of TERS-associated
genes in a more physiologic, less aggressive form of tumorigenesis. At about one month
of age, mice with mutations in the adenomatous polyposis coli (APC) gene develop
adenomas along the small intestine (219). We pooled the CD11b" infiltrate of adenomas
from APC mice (n=5) and probed their gene expression for TERS CM responsive genes
relative to splenic and bone marrow controls (Fig. 3.2, C and D). In accordance with the

B16.F10 results, adenoma infiltrating myeloid cells underwent a UPR and had increased
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gene transcription for //123p19 and Arg1. Collectively, these data suggest that myeloid cells
infiltrating the tumor microenvironment undergo ER stress and are influenced by the TME

to acquire pro-inflammatory and immune suppressive features.

TLR4™ myeloid infiltrate do not undergo TERS polarization

Previously, we reported that TLR4 facilitated TERS CM induced gene expression
in receiver macrophages in vitro, while TLR2 and IL6R were dispensable (216). As such,
we reasoned that tumor infiltrating myeloid cells deficient in TLR4 (TLR4™) would be less
responsive to tumor microenvironmental signals. To that end, we implanted B16.F10 cells
s.c. into TLR4™ or WT mice as a control. Isolated TLR4™ myeloid cells present in the tumor
had no significant upregulation in UPR genes (Fig. 3.3.A) or in pro-inflammation (Fig.
3.3.B), but, interestingly, were still immune suppressive (Fig. 3.3.C) relative to splenic
derived myeloid cells. These results led us to conclude that TLR4 signaling was partially
involved in TERS-responsive genes. Interestingly, B16.F10 tumors grew at slower rates
in TLR4™ hosts than in WT hosts (Fig. 3.3.D), and TLR4™ hosts had significantly improved
survival (Fig. 3.3.E). From this data, we conclude that TLR4 facilitates TERS responsive

genes in vivo but does not entirely mediate the TERS phenotype.

IRE1a, but not PERK, signaling is necessary for TERS CM polarization of myeloid
cells

In macrophages, TLR4 signaling is linked with UPR signaling through its activation
of IRE1a, and its downstream effector XBP-1, during infection (99) and in rheumatoid
arthritis (220). Based on these reports, we reasoned that IRE1a signaling could serve as
a bridge between the myeloid polarization caused by transmissible ER stress and the role

of TLR4 in vivo. We used the small molecule 4u8c, which inhibits IRE1a RNase activity
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by binding to the K907 residue of the protein at high specificity (221), to test the hypothesis
that IRE1a signaling is involved in TERS activity. We confirmed that 4u8c inhibited Xbp-1
splicing by measuring Venus expression in B16.F10 tumor cells transduced with the ERAI
construct (Fig. 3.4).

Next, we treated bone marrow derived macrophages (BMDM) with TERS CM in
the absence or presence of 4u8c, and analyzed the expression of TERS responsive
genes. Strikingly, the inhibition of IRE1a signaling in BMDM treated with TERS CM
substantially reduced UPR activation (Fig. 3.5.A) as well as the expression pro-
inflammatory (Fig. 3.5.B) and immune suppressive genes (Fig. 3.5.C). These results
suggest that polarization of myeloid cells driven by cues produced by ER stressed tumor
cells is IRE1a dependent. IRE1a dependence for the TERS phenotype was not limited to
the transcriptional profile because 4u8c also inhibited the surface expression of several
known TERS targets: CD80 and CD86 (Fig. 3.5.D).

We previously found that TERS promoted the surface expression of PD-L1 in bone
marrow derived dendritic cells (BMDC) (216). We postulated that PD-L1 was similarly
affected in TERS CM treated macrophages and that IRE1a signaling too mediates its
expression. The addition of 4u8c during TERS CM treatment substantially inhibited the
surface expression of PD-L1 in TERS CM treated BMDM (Fig. 3.5.E), effectively restoring
baseline expression. Collectively, these results demonstrate that the TERS mediated
effects on macrophages are dependent on IRE1a signaling.

We next sought to determine if beside IRE1q, other arms of the UPR were also
involved in promoting a pro-tumorigenic phenotype in myeloid cells. The small molecule
GSK2656157 prevents kinase activity of activated PERK signaling at very high affinity
(ICs0 ~1 nM) by occupying its kinase P loop domain near the V606 residue (222). We first

titrated GSK2656157 using B16.ERAI reporter cells to confirm that PERK inhibition did not
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affect IRE1a activity (Fig. 3.6.A). Interestingly, GSK2656157 concentrations greater than
10 nM inhibited Xbp-1 splicing activity, suggesting that saturating concentrations of the
molecule affected other UPR pathways. We confirmed that at 10 nM concentration,
GSK2656157 inhibited PERK signaling through the detection of phosphorylated PERK
(PPERK) in BMDM treated with thapsigargin for 24 hours (Fig. 3.6.B). Importantly, 4u8c
had no effect on pPERK. We then analyzed BMDM treated with TERS CM in the absence
or presence of the PERK inhibitor. GSK2656157 did not significantly inhibit increases in
UPR, pro-inflammation, or immune suppression gene transcription (Fig. 3.6.C).
GSK2656157 similarly had little to no effect on TERS CM driven surface expression of

CD86 and PD-L1 (Fig. 3.6.D).

The role of IRE1a in TERS generation

The IRE1a-dependent mechanism in TERS CM mediated polarization in receiver
myeloid cells led us to investigate if a specific arm of the UPR was responsible for
transmitting ER stress. To that end, we treated BMDC with TERS CM generated from
mouse embryonic fibroblasts (MEFs) carrying a deletion in the IRE1a (Fig. 3.7.A), PERK
(Fig. 3.7.B), or ATF6 (Fig. 3.7.C) genes. Strikingly, TERS CM generated in IRE1a KO
MEFs had less ER stress inducing activity than their respective wild-type (WT) MEF
control line. There was no loss in TERS induced ER stress activity in PERK or ATF6 KO
MEFs relative to their WT controls. In fact, ATF6 KO MEF TERS CM appeared to be more
active than their WT counterpart. Importantly, BMDC treated with IRE1a KO TERS CM
had less gene transcription for pro-inflammation than those treated with WT TERS CM
(Fig. 3.7.D).

We reasoned that if IRE1a was involved for the transmission of ER stress, myeloid

cells treated with the TERS conditioned medium of IRE1a KO MEFs would be less
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effective to facilitate tumor growth in vivo than their WT TERS CM treated counterparts.
To that end, we treated BMDC for 24 hours with Veh or TERS CM generated by WT or
IRE1a KO MEFs. BMDCs were then harvested, add mixed with B16.F10 tumor cells at a
1:3 ratio, and implanted s.c. into immunocompetent C57BL/6 mice (n=4). Mice implanted
with BMDC treated WT TERS CM grew tumors at markedly faster rates than those
implanted with just B16.F10 cells alone or those add-mixed with WT Veh CM, consistent
with an earlier observation (137). However, mice implanted with IRE1a KO TERS CM
treated BMDC grew tumors at reduced rates (Fig. 3.7.E). This suggests that the pro-
tumorigenic phenotype TERS imparts to myeloid cells is IRE1a-dependent.

The sum of these findings suggests that IRE1a may be involved both in the
transmission and receipt of TERS. To substantiate this hypothesis, we generated TERS
CM using WT and IRE1a KO MEFs. The resulting supernatants were then loaded onto
naive WT or IRE1a KO MEFs as receiver cells. Analysis of the UPR in receiver MEFs
confirmed that TERS generated in IRE1a KO MEFs was less active than WT TERS CM
in WT MEFs. However, WT TERS CM loaded onto receiver IRE1a KO MEFs had reduced
activity for both Grp78 and Chop gene expression (Fig. 3.8). These findings suggest that

IRE1a is involved in both the production and receipt of TERS.

DISCUSSION

Here, we report that tumor-borne signals originating in cancer cells undergoing ER
stress polarize receiver myeloid cells. We found that this polarization is dependent on
IRE1a. Strikingly, myeloid polarization for both pro-inflammation and immune suppression
was restricted to the tumor microenvironment in various tumor models. On further

dissection, we found that the pro-inflammatory effect was dependent on TLR4 signaling.
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Tumor-infiltrating myeloid cells are thought to play tumor facilitative roles by
triggering pro-inflammation, angiogenesis, and immune suppression. Such a mixed
phenotype suggests that the canonical clear-cut distinction of myeloid cells into M1 and
M2 types does not apply to myeloid cells treated with transmissible ER stress (223). Since
we first reported the occurrence of this phenotype, others have confirmed our findings.

That myeloid cells may not be of the classical M1, M2 type has revamped interest
in the field of immunology, prompting a search for ligands effective in driving a mixed
phenotype. For instance, human monocytes during sepsis become plastic and display a
mixed pro-inflammatory/immune suppressive phenotype (224). Interestingly, this
phenotype was found to be dependent on HIF1a, a known target of spliced XBP-1 (72).
However, our experiments performed using bone marrow derived macrophages from
HIF1a KO mice (225) failed to reveal any involvement on the part of HIF1a in the TERS
phenomenon (unpublished data).

Importantly, tumor infiltrating myeloid cells displaying a mixed phenotype also
experience increased expression of UPR associated genes. Previous reports showed that
a UPR could occur in tumor infiltrating dendritic cells (129) and MDSCs (126). In contrast,
our findings show that TERS can affect a broader range of host myeloid cells, suggesting
that TERS polarization does not favor a specific myeloid subpopulation. Further, we found
this profile to be consistently expressed in two independent tumor models, demonstrating
our findings are not constrained to a specific tissue. The tumor infiltrating myeloid mixed
expression of pro-inflammation and immune suppression was recently reported using an
LLC tumor model (226).

The role of TLR4 signaling in myeloid cells is intriguing. The loss of MyD88 leads
to a reduction in the number of induced skin papillomas by 7,12-

dimethylbenz[a]anthracene (DMBA)/12-O-tetradecanoylphorbol 13-acetate (TPA) as well
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as sarcomas induced by 3’-methylcholanthrene (MCA) (227). Intriguingly, those reports
demonstrated that TNF-a-deficient mice were more susceptible to papilloma and sarcoma
development, therefore emphasizing the role of host immunity and pro-inflammation in
tumorigenesis independent of TNF-a signaling. These results are consistent with our
findings that TLR4 facilitated ER stress and pro-inflammation in TERS CM treated
macrophages (136). Similarly, TLR4 mediated pro-inflammation enhances tumor burden
in colitis-associated models of cancer (228). The mechanism(s) behind TLR4-mediated
facilitation of tumorigenesis via stromal cells remains to be fully elucidated. However, our
findings emphasize its role in ER stress-mediated signaling.

The role of IRE1a in innate immunity during infection is well established, though
its contributions to tumor immunity remain less understood. To the best of our knowledge,
the involvement of IRE1a at the tumor-immune interface has only been reported once
(129). The authors of this report speculated the existence of a factor of unidentified origin
within the tumor microenvironment, but consistently emphasized the role of XBP-1
splicing. Through chemical inhibition of IRE1a during TERS CM induced activity, we
demonstrate the tumor promoting roles ofimmune suppression and pro-inflammation were
dependent on IRE1a mediated signaling. Importantly, PERK inhibition did not yield similar
results. The surface expression of TERS affected molecules like CD86 also appeared to
be dependent on IRE1a.

Our findings that IRE1a potentially facilitates PD-L1 surface expression is
important. The current wave of enthusiasm behind checkpoint inhibitors necessitates
further insight into the underlying mechanisms of action but also the regulation of the
inhibitor targets on myeloid and tumor cells. The expression of PD-L1 in plasma cells from
multiple myeloma patients is induced by IFN-y and TLR agonism (229). Importantly, this

report found that MyD88 inhibition prevents PD-L1 expression driven by the MEK/ERK
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pathway. Of note, the UPR is centrally involved in the oncogenic activation of the
MEK/ERK pathway (230, 231). Given our findings that TERS driven activity is dependent
on TLR4 and IRE1a, our results are consistent with the published reports but also are the
first to demonstrate that PD-L1 expression can be modulated by inhibiting the UPR,
specifically IRE1a.

A validation of the chemical inhibition studies presented herein using genetic
models, specifically the conditional deletion of IRE1a in myeloid cells, could not be done
in time to include into this dissertation. However, genetic crosses using ERN1 floxed and
XBP-1 floxed mice with lysozyme M-cre recombinase (LysM cre) mice have been done.
We expect that macrophages from mice in which IRE1a or XBP-1 have been conditionally
deleted will confirm the conclusions reached so far, which implicate the IRE1a pathway,
but will also distinguish the relative contribution of these two proteins. Current IRE1a
chemical inhibition studies could not differentiate between XBP-1 dependent or
independent activity of IRE1a as 4u8c also inhibits RIDD activity. Moreover, it was
previously reported that the siRNA targeting of IRE1a in tumor infiltrating dendritic cells
yielded significantly better survival in tumor bearing hosts than those similarly targeted for
XBP-1, suggesting that pro-tumorigenic myeloid cell function operates beyond the role of
IRE1a RNase activity (204). We anticipate that these mice will conclusively demonstrate
that IRE1a signaling is indispensable in the polarization of tumor infiltrating myeloid cells
and will better distinguish its role extends beyond its RNase functions. Importantly, this
will provide deeper insight in the design of chemical inhibitors for future treatment of
myeloid cell polarizations.

Our finding that IRE1a was responsible for TERS CM production is very interesting
as it suggests that targets affected in this pathway are responsible for the production of

molecules to hijack host immunity. A confounding piece of our analysis, however, is that
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these findings could not be reproduced using IRE1a KO MEFs generated from separate
target exons (232). This may suggest further specificity of the phenomenon or that the
manipulation of MEF during immortalization affects the targeted signaling pathways.
These results will require further investigation.

In sum, this report validates that the phenotype which transmissible ER stress
imparts to myeloid cells can be found using unique in vivo models. This polarization
appears to be TLR4 and IRE1a dependent but operate independently of PERK signaling.
Further elucidation into this pathway will provide deeper insights into innate immunity and

the role of IRE1a in the polarization of these cells.
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Figure 3.1. CD11b" myeloid cells undergo ER stress when occupying the tumor
microenvironment (A) Relative percent CD11b" population of specified tissue as
determined by flow cytometry. (B) Representative histogram and (C) Mean fluorescent
intensity (MFI) expression of ERAI expression as determined by abundance of Venus
fluorescent protein of CD11b" cells that occupy the tumor, spleen, and bone marrow both

distally and proximally located (n=4).
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Figure 3.2. Tumor infiltrating myeloid cells express TERS responsive genes. Gene
expression of myeloid cells contained within (A,B) B16.F10 tumors or (C,D) APC
adenomas, and respective splenic and bone marrow counterparts (n24 per group). RNA
isolated for myeloid cells were analyzed by RT-qPCR and probed for gene expression of
(A,C) UPR (Grp78, Xbp1-s, Chop) genes and (B,D) pro-inflammation (//-23p19)/immune
suppression (Arg1). Gene expression was arbitrarily normalized to one splenic sample
and values represent relative quantification (RQ) fold transcription expression.
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Figure 3.3. TLR4 partially mediates TERS myeloid polarization in vivo. Gene
expression for (A) UPR, (B) pro-inflammatory, and (C) immune suppressive associated
genes of myeloid cells contained within TLR4" hosts. (D) Tumor volume of B16.F10
tumors implanted into WT or TLR4™ host mice (n=4). (E) Survival of WT or TLR4" tumor
bearing hosts (n=4). *P<0.05, unpaired two-tailed t test. Error bars are representative of
SEM.
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Figure 3.4. Optimization of 4u8C to inhibit Xbp-1 splicing. Venus protein expression
as determined by flow cytometry of B16.ERAI cells treated with TERS CM with the addition
of 4u8C at specified concentration (n=2). Error bars are representative of SEM.
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Figure 3.5. IRE1a inhibition prevents TERS polarization in vitro. RT-qPCR detection
of TERS CM treated BMDM in the absence of presence of 4u8C (60 uM) for the expression
of (A) UPR (B) pro-inflammatory and (C) immune suppressive associated genes (n=2).
Relative quantification (RQ) was determined by arbitrarily normalizing gene expression to
a Veh CM condition. Error bars are representative of SEM. (D) and (E) Flow cytometry
analysis of the intracellular expression of Venus protein (ERAI) or surface expression of
CD86 or PD-L1 of BMDM treated with TERS CM in in the absence of presence of 4u8C.
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Figure 3.6. PERK signaling does not mediate TERS CM activity in BMDM. (A) Mean
fluorescence intensity of Venus protein in B16.ERAI cells treated with TERS CM in the
absence (white) or presence of a titration of GSK2656157 (n=2). (B) Western blot analysis
for phosphorylated PERK (pPERK) in whole-cell lysates from BMDM treated with
thapsigargin (Tg) in the absence (-) or presence of 4u8C (30 uM) or GSK2656156 (GSK,
10 nM). (C) Expression of indicated mRNA by RT-qPCR of BMDM treated with Veh CM
or TERS CM in the absence of presence of GSK2656157 (n=2). (D) Flow cytometry
analysis of specified surface protein of BMDM treated with Veh or TERS CM in the
absence or presence of GSK2656157 (GSK, 10 nM). Error bars are representative of
SEM.
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Figure 3.7. IRE1a, but not PERK or ATF6, is responsible for TERS generation on
BMDC. RT-qPCR analysis of UPR associated genes of BMDC (n=2) treated for 24 hours
with Veh or TERS CM generated by (A) IRE1a KO MEFs, (B) PERK KO MEFs, or (C)
ATF6 KO MEFs, or their respective WT control MEF. Relative gene expression was
normalized arbitrarily to a WT Veh CM condition. (D) Gene expression of pro-inflammatory
genes of BMDC treated with WT or IRE1a Veh or TERS CM (n=2). Relative gene
expression was normalized arbitrarily to a WT Veh CM condition. (E) Growth kinetics of
B16.F10 tumors add mixed with BMDC pretreated for 24 hours with specified CM (n=4).
*P<0.05, unpaired two-tailed t test. Error bars represent SEM.
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analysis of UPR associated gene expression in receiver WT MEFs (left) or IRE1a KO
MEFs (right) treated for 24 hours with the conditioned medium generated by WT or IRE1a
KO MEFs (n=2). Gene expression was normalized to WT KO MEF, Veh CM treated. Error

bars represent SEM.
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MATERIALS AND METHODS:
In vivo studies

For orthotropic tumor implantation model, B16.F10 cancer cells (n=4) were
detached from plastic, washed twice with cold PBS, and resuspended at a concentration
of 3e5cells/ml in PSB. Host C57BL/6 or transgenic ERAI mice (a kind gift from Dr. T.
Iwawaki (Gunma University)) were subcutaneously injected with 100 ul (3e4 cells) of cell
suspension into the right hind flank. After approximately 22 days, mice bearing tumors
greater than 1 cm were sacrificed. For tumor growth studies, B16.F10 were
subcutaneously injected in C57BL/6 (WT) or TLR4 KO mice (a kind gift from Dr. M. Corr
(UCSD)). Tumor establishment was first determined by palpation and size was then
measured in two dimensions using calipers. When tumors reached > 20 mm in any one
dimension or after 30 days post implantation, whichever came first, mice were sacrificed.

Tumor volume was calculated using the ellipsoid volume formula, V = % (H x W?).

Myeloid cell isolation:

For B16.F10 model: B16.F10 cancer cells (n=5) were subcutaneously injected
(3e4) into the right hind flank of C57BL/6 mice. After approximately 22 days, mice bearing
tumors greater than 1 cm were sacrificed. For APC model: APC mice were genotyped for
APC mutation to confirmed homozygosity of transgene. At approximately 12-15 weeks of
age, APC mice were sacrificed. The small intestine was removed from host and cut
longitudinally, running parallel to the intestinal lining. Adenomas lining the intestine were
excised using an open blade and pooled, respective to the host, in ice cold PBS
supplemented with 0.5% (w/v) bovine serum albumin (BSA). For both model systems:
once the tumor, spleen, and bone marrow were isolated from tumor bearing hosts, tissues

were dissociated through enzymatic digestion (TrypLE) at 37°C for 30 min on a rocker
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plate, followed by cell straining through a 22 um filter in ice cold PBS + 0.5% (w/v) BSA.
Cell suspensions were then stained for CD11b+ positivity using a CD11b-biotin
conjugated antibody (BD Biosciences) and incubated for 15 min at 4°C. Cells were then
washed twice with PBS + 0.5% BSA and positively selected by magnetic separation using

a biotin isolation kit (Stem Cell) according to manufacturer’s specifications.

RT-qPCR:

mRNA was isolated and purified from myeloid cells after isolation or culture
treatment using the RNA Il Nucleospin Kit (Macherey-Nagel). The concentration and purity
of RNA were determined by analysis on a NanoDrop spectrophotometer
(ThermoScientific). cDNA generation occurred using the High Capacity cDNA Synthesis
kit (Life Technologies/Applied Biosystems). RT-qPCR was performed on an ABI 7300
Real Time Real Time PCR machine using TagMan reagents (Kapa Biosystems) for 50
cycles using universal cycling conditions. Validated FAM- labeled mouse /I-23p19(a), II-6,
Ddit3 (Chop), Hspab (Grp78), Arg1, Vegf, and VIC-labeled mouse B-actin TagMan
primer/probe sets (Life Technologies/Applied Biosystems) were used. Target gene
expression was normalized to B-actin, and then calculated using the —AACT relative
quantification method. FAM-labeled qPCR probe/primer sets specific for the spliced form

of mouse Xbp-1 was obtained from Integrated DNA Technologies.

BMDM and BMDC generation:

Bone marrow derived cells were procured by isolating the femur and tibia of
specified host and flushing out the bone marrow using cold, unsupplemented RPMI growth
media (Corning) using a 27 gauge needle and syringe. Hemolysis was performed using

ACK Lysis buffer (Bio Whittaker). For macrophage differentiation, bone marrow cells were
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incubated one week in standard growth medium supplemented with 30% L929 conditioned
medium (LCM). For dendritic cell differentiation, standard growth medium was
supplemented with 10% mGM-CSF-producing hybridoma cells (GCM) as described in

(233) and resupplemented every two days throughout one week.

Cell lines and cell culture

Human cells lines colon carcinoma DLD1 and prostate PC3 and murine cell lines
prostate TC1 and melanoma B16.F10 cancer cells were grown in RPMI or DMEM
(Corning) supplemented with 10% FBS (HyClone) and 1% penicillin/streptomycin/L-
glutamine, NEAA, sodium pyruvate, HEPES. All cells were maintained at 37°C incubation
with 5% O,. All cell lines were mycoplasma free as determined PCR assay (Southern

Biotech).

ERAI activity assay

Cancer cell line reporter cells were transduced with the ERAI construct, originally
described (234). Briefly, the pCAX-F-XBP1ADBD-venus (a kind gift from Dr. lwawaki,
Gunma University) underwent PCR using following primers: F:
ctaccggactcagatctcgagccaccATGGACTACAAGGACGACG, R:
gaattatctagagtcgcggccgcTTACTTGTACAGCTCGTCC. PCR fragments were cloned into
pLVX-puro (Clontech) lentivirus vector with Gibson Assembly Mixture (NEB) according to
manufacturer’s instruction. Stbl3 competent cells were transformed to produce the plasmid
insert, whose presence was confirmed by sequencing. For production of lentivirus, 293FT
(Invitorgen) cells were seeded in 10 cm dish and transfected with a plasmid mixture of
ERAI plasmid and psPAX2 and pMD2G viral packaging plasmids. The supernatant of

virus—producing transfected cells was collected every 24 hrs for three days post
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transfection. Viral supernatant was concentrated by 10% PEG-8000 and pelleted with
2000 x g for 40 min at 4C and re-suspended PBS. Target cancer cells were transduced
with lentivirus by adding supplementing with polybrene (8 pg/mL) to virus containing
solution and loaded onto B16.F10 cancer cell line. Lines were transduced for 48 hours.
Following, cells were washed twice with PBS and positively selected for using puromycin
(2 pg/mL) for two weeks. In some instances, positively transduced cells were then
stimulated for Venus expression and were sorted by FACS (BD) to isolate high expressing

clones. Lines were maintained under puromycin.

Flow cytometry

Single cell suspensions of myeloid cells were separated and stained for CD80 (B7-
1) (BD Biosciences), PD-L1 (CD274) (BD Biosciences), and CD86 (BD Biosciences).
Viable cells were determined by 7AAD exclusion and data were acquired using a
FACScalibur flow cytometer (BD). Flow results were analyzed using CellQuest Pro (BD)

and Flow JO (Tree Star) software.

Western blotting

Cells were scraped using ice cold PBS, pooled, and lysed using RIPA lysis buffer
(Thermo) supplemented with Halt Protease Inhibitor Cocktail (Thermo). Protein was
quantified using BCA Protein Assay Kit (Pierce). Lysates were reduced with [3-
mercaptoethanol added to NuPage LDS sample buffer (Thermo) and denatured by
incubating for 15 minutes at 95°C. Samples were normalized by concentration and
separated using a 4-20% SDS-Page (BioRad) gel. Gels were transferred to blotting
membrane using Trans-Blot Turbo Transfer system (BioRad). Blots were blocked using

5% nonfat milk powder in Tris-buffer saline with Tween (TBST) for 30 minutes. Primary
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antibody incubation of phosphorylated PERK (Cell Signaling) occurred overnight at 4°C.
Stained blots were then washed twice with TBST to remove excess antibody and
subsequently stained for HRP conjugated antibody. Bands were visualized using

Chemidoc-It Imaging System (UVP).

MEF KO studies

Mouse embryonic fibroblast lines were derived from the respective papers PERK
KO (208), IRE1 KO (49), and ATF6 KO (209) and were cultured in standard DMEM
conditions. For in vivo studies, BMDC were exposed to Veh or TERS CM generated from
WT or IRE1a KO MEF for 24 hrs. B16.F10 tumor cells and treated BMDC were harvested,
washed twice with PBS, and admixed at a 3:1 ratio, specifically 3e5 B16.F10 cell:1e5
BMDC per mL. Admixed cell suspensions were implanted as previously described into
C57BL/6 hosts. Tumor size was determined as previously described. All in vivo studies
were carried out under strict accordance with recommendations from National Institutes
of Health under protocol No. S00023, as approved by the UCSD Institutional Animal Care

and Use Committee.
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PREFACE TO CHAPTER 4

Chapter 4 is a manuscript in preparation. The focus of the work featured in this
chapter relates to the third and final aim of this dissertation: To identify the molecule or
molecules responsible for transmissible ER stress. Here, we investigated the components
of TERS conditioned medium utilizing standard and advanced biologic and chemical
isolation techniques. These results reveal that the activity behind TERS can be ascribed
to a stress-dependent lipid compartment. Importantly, this body of work identifies a novel
monounsaturated fatty acid produced by tumor cells as the molecule responsible for the

initiation of a UPR in receiver cells.
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ABSTRACT

The role of endoplasmic reticulum (ER) stress in tumorigenesis is largely viewed
as gains in cell intrinsic features such as chemoresistance and cell survival. Recently, we
reported that ER stressed cancer cells can also transmit an unfolded protein response
(UPR) to recipient cancer cells and myeloid cells, which in turn further enhance
tumorigenic features. Here, we sought to identify the molecule responsible for this event,
termed transmissible ER stress (TERS). We report that TERS activity can be ascribed to
two unique lipid compartments: eicosanoids and a monounsaturated fatty acid. Compared
to vehicle conditioned medium, TERS conditioned medium contained increased
abundance of 30 eicosanoids that provided immune suppressive features to primary
derived myeloid cells. Separately, a molecule that remains to be fully characterized is a
monounsaturated fatty acid, which is responsible for transmitting ER stress to receiver
cells. This molecule also triggers the polarization of myeloid cells, promotes pro-
inflammation, and PD-L1 expression. This molecule is unique and distinct from other

signaling molecules already reported to have allegedly similar functions as TERS.
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INTRODUCTION

Cooperativity is key for successful tumorigenesis. While early theories posited that
tumor cells do not communicate with each other within the tumor microenvironment (TME)
(235), more recent reports demonstrated that tumor cells rely on intercellular cooperation
to facilitate tumor outgrowth (236). There is no single class of molecules responsible for
the multifaceted aspects of intratumoral signaling; molecules with signaling properties
include proteins, lipids, glycans, DNA, and microvesicles (237). All can potentially
contribute in some manner to tumor facilitation. Paracrine communication within the TME
facilitates angiogenesis, immune suppression, pro-inflammation, metastasis, and
chemoresistance, among other various pro-tumoral processes.

Signaling between neoplastic tumor cells and nontransformed cellular infiltrate is
of key importance at both the primary site and distal metastasis and has been discussed
previously at length (89). Because the signaling within the TME creates a type of
intercellular communication that ultimately facilitates tumor growth, there exists much
interest in understanding the nature of the overall consequences of this phenomenon.

Localized in the tumor microenvironment are a variety of noxae that can create
endoplasmic reticulum (ER) stress. These stimuli include TME endogenous insults like
hypoxia and scant access to nutrients. Within the cancer cell, insults like aberrant
metabolism, ploidy status, and viral infection too can create ER stress. To cope with the
accumulation of misfolded protein that creates ER stress, cells initiate the evolutionarily
conserved signaling pathway termed the unfolded protein response (UPR). The UPR is
coordinated by three ER transmembrane proteins that attempt to restore ER protein
homeostasis through a) the reduction of protein synthesis and b) the selective
upregulation of a variety of chaperone molecules. The UPR is incriminated as a

mechanism to enhance cellular survival as well as host of tumorigenic functions (66).
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We recently reported that cancer cells of various origin can transmit ER stress to
target cells such as macrophages (136), dendritic cells (137), and other cancer cells (138).
This event, termed transmissible ER stress (TERS), provides for tumor promotion via pro-
inflammation, angiogenesis, immune suppression, and cancer cell chemoresistance. Our
findings demonstrate that the creation of a UPR in receiver cells facilitates a pro-tumor
phenotype in vivo for myeloid and cancer cells. Here, we dissected TERS conditioned
medium to identify the molecule(s) responsible for ER stress signaling, the co-option of

immunity, and the acquisition of resistance to chemotherapy in cancer cells.

RESULTS
TERS is a lipophilic molecule

We first sought to establish a cell reporter system for the accurate and rapid
detection of UPR induction. To this end, murine TRAMP C1 (TC1) and B16.F10, and the
human DLD1 colon cancer lines were transduced with the ER stress activated-indicator
(ERAI) gene construct described in (218). ERAI reports ER stress via IRE1a mediated
endonuclease activity of the XBP-1 mRNA transcript, which occurs upon ER stress.
Specifically, the ERAI construct contains a Venus transcript after the stop-codon contained
in the spliced region of XBP-1, allowing translation of the fluorescent protein to only occur
when the XBP-1 mRNA is spliced by IRE1a endonuclease activity (Fig. 4.1.A). We first
confirmed that these reporter cell lines accurately reported ER stress when treated with
the sarco/endoplasmic reticulum calcium ATPase (SERCA) inhibitor thapsigargin over a
broad dose range or with TERS conditioned medium (CM) (Fig. 4.1.B).

To probe for the possibility that the factor responsible for ER stress transmission
was a protein, we generated TERS CM through our standard technique (138, 217).

Vehicle (Veh) conditioned medium served as control. The conditioned media were
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incubated in a 95°C water bath for 15 or 30 minutes. As a control, other Veh and TERS
CM was separately left at room temperature. Reporter ERAI cells were then treated with
the heat-inactivated solutions for 24 hours (Fig. 4.1.C). We found that heat-inactivated
TERS CM retained its ER stress-inducing activity, leading us to believe that the ER stress-
inducing molecule in TERS CM was not a protein, given its thermostability. To confirm this
conclusion, we performed an acidified acetone total protein extraction, precipitating all
proteins out of the CM solution. The protein pellet was then air dried, resolubilized in
standard growth medium, and loaded onto ERAI reporter cells. The protein enriched
material had no ER stress activity (Fig. 4.1.D). Because the protein enriched portion of
TERS CM lacked ER stress activity, we conclude that the responsible transmitted
molecule is not a protein.

Given the thermostable nature of TERS, we reasoned that the molecule behind its
activity could be lipophilic in nature. To that end, we added ethyl acetate to CM to separate
lipophilic (contained in the organic phase) and lipophobic (contained within the aqueous
phase) molecules. The TERS CM organic and aqueous partitions were separated,
evaporated, resolubilized in standard growth media, and treated on the ERAI reporter
cells. We found that ER stress activity resided exclusively in the organic phase of the
TERS CM while the aqueous phase had no ER stress activity (Fig. 4.1.E). These findings
indicated that TERS is a lipophilic molecule. Reproducibly, the use of an alternative
organic solvent, chloroform, always yielded similar results (Fig. 4.1.F). The conclusion of

these studies is that ER stress activity in TERS is assignable to a lipophilic molecule.

Eicosanoids are enriched in TERS
Our finding that TERS is likely a lipid led us to hypothesize that it could be an

arachidonic acid derivative. These products are broadly identified as eicosanoids,
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including prostaglandins, and have biologic activities very similar to that of TERS, namely
they can induce Arginase 1 (238) and facilitate chemoresistance (239). We probed for the
abundance of 154 known eicosanoids contained within generated TERS and Veh CM
using tandem mass spectroscopy (Lipid Maps). Of the probed analytes, 71 eicosanoids
were detected in both TERS and Veh CM. TERS CM contained 30 eicosanoids that were
at least 1.5 fold higher in concentration over Veh CM, while 35 eicosanoids were similarly
expressed and 6 were decreased (Fig. 4.2.A) (Complete data, Table 4.1 - 4.4). We noted
the most abundant eicosanoid present in TERS CM was PGE2 (~10 nM) while the
eicosanoid most increased relative to Veh CM was PGA2 (~25 fold).

We next wanted to see if any of these eicosanoids enriched in TERS CM could be
responsible for its ER stress activity. We defined six key eicosanoids as the most enriched
or dynamic in TERS CM (PGA2, PDG1, PGE2, 8-iso-15k PGF2b, PGJ2, 11-HETE) (Fig.
4.2.B) and formed a synthetic mixture of these moieties, termed prostaglandin cocktail
(PG cocktail). We treated reporter ERAI cells with artificially pooled PGA2, PDG1, PGE2,
8-iso-15k PGF2b, PGJ2, 11-HETE at various concentrations and found that the PG
cocktail did not cause ER stress even when tested at a concentration of 1 uM for each
eicosanoid (Fig. 4.2.C). These concentrations are at least 100 times greater than what is
detected in the TERS CM, suggesting that eicosanoids are not responsible for ER stress
transmission. To confirm this conclusion, we generated TERS CM in the presence of the
nonselective Cox inhibitor flurbiprofen. Cox inhibition did not diminish Venus expression
in transmitting TC1.ERAI cells nor in receiver bone marrow derived macorophages
(BMDM) ERAI cells (Fig. 4.2.D). The addition of flurbiprofen in TERS CM treated BMDM
did not have any effect on transcription for Grp78 (Fig. 4.2.E) but did decrease /I-23p19
transcription. The inhibition of //-23 was to be expected because flurbiprofen inhibits Cox

activation and its downstream inflammatory targets like IL-23. In essence flurbiprofen
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inhibited downstream signaling of activated UPR signaling. These findings demonstrate
that TERS driven ER stress is not dependent on eicosanoids.

Because the PG cocktail did not create ER stress, we next probed what effects, if
any, these eicosanoids imparted on receiver myeloid cells. We treated BMDM with the PG
cocktail, reconstituted at approximately the concentration detected in TERS CM, and
probed for BMDM transcriptional polarization 24 hours after later. The PG cocktail did not
cause any change in UPR or pro-inflammatory genes. However, it did promote increased
gene expression of the immune suppressive genes Arg?1 and Vegf (Fig. 4.3.A). These
enriched eicosanoids did not affect ERAI expression or CD86 expression in BMDM (Fig.
4.3.B). The conclusion of these studies is that TERS CM is enriched in eicosanoids, which

can promote immune suppression while not causing ER stress or driving pro-inflammation.

Tumor cells secrete a novel monounsaturated fatty acid to transmit ER stress
Because the enriched eicosanoid compartment of TERS CM could not account for
its UPR inducing features, we hypothesized the existence of a separate lipophilic moiety.
To that end, we used chromatographic techniques to fractionate the ER stress related
compartment of TERS starting from ethyl actetate extraction (Fig. 4.4.A). The separated
organic phase was then passed through a C18 HPLC column, yielding 6 retention time
fractions and one unique peak of absorption (Fig. 4.4.B). These fractions were loaded onto
B16.ERAI reporter cells where we found that one specific peak of fractionated TERS CM
caused robust ER stress activity, termed Peak 6 (P6) (Fig. 4.4.C). This peak was then
analyzed using NMR (Fig. 4.4.D). We recognized that the spectra of this molecule had
features consistent with that of a monounsaturated fatty acid and, therefore, compared its
spectra with that of a known monounsaturated fatty acid, erucic acid (22:1w9) (Fig. 4.4.E).

Strikingly, the two molecules share near identical '"H NMR spectra. However, further 13-C
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analysis revealed P6 has a &¢ of 176.8 ppm versus erucic acid’s value of 179.3 ppm (Fig.
4.4.F). This difference in absorption led us to conclude that P6 contains a modified
carboxylic acid moiety at its C1 position. We subsequently performed various chemical
techniques to identify a value consistent with P6 C1 chemical shift. Using this approach,
we eliminated the possibility that P6 contained anhydride dimers, peroxide dimers, and
amide groups. At the time this dissertation goes to press, the identity of P6 remains to be
conclusively resolved. What can be concluded, however, is that P6 is a monounsaturated
fatty acid with a double-bond at its center and most likely has a cis formation. Importantly,
P6 appears to be unique from other related molecules.

We then sought to demonstrate P6 biologic activity. BMDM treated with P6
underwent ER stress, pro-inflammation, and angiogenic transcriptional responses (Fig.
4.5.A). While the induction of Vegf was relatively similar to that caused by the PG cocktail,
Arg1 expression was only increased (~2 fold) by P6. Subsequently we went on to probe
whether P6 provided additional TERS-associated activity not accounted for by the PG
cocktail by analyzing the expression of ERAI, PD-L1, and CD86 in BMDM (Fig. 4.5.B). P6
caused macrophages to increase expression of all three targets (ERAI, PD-L1, and
CD86). These findings suggest that P6 is the complement of the eicosanoid compartment,
and that the two combined (P6 and PG cocktail) recapitulate the full TERS activity.

To probe whether the ER stress inducing activity was privileged to P6 versus
similar molecules, we tested a variety of other monounsaturated fatty acids for their ER
stress inducing capability. Specifically, ERAI cells were treated with increasing
concentrations of erucic acid (C22), oleic acid (C18), and their respective amide
analogues (erucamide and oleamide) (Fig. 4.6, A and B). None of these compounds tested
at a nanomolar to micromolar concentration generated a UPR in receiver ERAI cells.

These findings are consistent with other reports in the literature that find that
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monounsaturated fatty acids do not create ER stress (240). Unlike unsaturated fatty acids,
saturated fatty acids are known to cause ER stress (215). To that end, we treated reporter
ERAI cells with a series of standard saturated fatty acids, including stearic (C18), lauric
(C12), myristic (C14), and heptadecanoic (C17) acids. While ER stress activity could be
detected, it was only induced at high (~100 yM) concentrations (Fig. 4.7), which are far
greater than the estimated low nanomolar concentration of P6.

A previous report showed that lactic acid (LA) is allegedly responsible for the
immune suppressive characteristics of tumor infiltrating macrophages (241). In repeat
experiments, we found that lactic acid at published concentrations (30 mM) did not cause
ER stress in reporter ERAI cells (Fig. 4.8.A). LA similarly did not create ER stress or drive
CD86 expression in primary derived macrophages from ERAI mice (Fig. 4.8.B). However,
it did drive immune suppressive features, albeit reduced from TERS CM or the PG cocktail

(Fig. 4.8.C).

DISCUSSION

Here, we provide evidence that the biologic activity of TERS is assignable to two
lipid-associated molecules: eicosanoids and a novel monounsaturated fatty acid. We
demonstrate that eicosanoids drive immune suppression but not ER stress or pro-
inflammation in bone marrow derived myeloid cells. Separately, the novel
monounsaturated fatty acid provisionally termed Peak 6 (P6) initiates a UPR in receiver
cancer and myeloid cells, drives pro-inflammation and the surface expression of PD-L1
and costimulatory molecule CD86.

While the role of eicosanoids in cancer is established (Reviewed in (242)), the
stimuli responsible for their production remains unclear. Our finding that eicosanoids are

produced by tumor cells undergoing ER stress provides a possible explanation. Of the
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154 eicosanoids probed, 30 were increased in TERS CM. While the biologic significance
of each of these hits remains to be fully characterized, some are already established
contributors to tumor development, i.e. PGE2. Enhanced prostanoid production correlates
with poor prognosis in several malignancies including colon (243), breast (244), and lung
(245). Once produced, prostanoids, including PGE2, endow the tumor microenvironment
with a variety of functional gains. For example, increased endogenous PGE2 production
in APCM™* mice leads to increased carcinogenesis (246), while its deletion curbs tumor
development (247). Importantly, the immune infiltrate of APC mice display a TERS like
signature, as discussed in Chapter 3. Therefore, it is likely that PGE2 produced in
response to TME ER stress plays a vital role in polarizing infiltrating myeloid cells. PGE2
induced two key tumor developmental features in myeloid cells: immune suppression and
angiogenesis. Rodriquez et al. demonstrated that tumor cells constitutively express
cyclooxygenase 1 and 2 (COX-1 and COX-2) to produce high levels of PGE2, which
induces myeloid suppressor cells to produce Arginase 1 (248). The authors concluded
that tumor-derived PGE2 is responsible for immune suppression, yet were unable to
determine the stimulus driving its production. Importantly, the PGE2 concentration
detected in this model (< 28 nM) is comparably similar to that detected in TERS CM (~ 10
nM). PGE2 can drive the differentiation of cytotoxic T cells to become Tregs through the
promotion of FOXP3 expression (249). The inhibition of PGE2 secretion promotes anti-
tumor clearance by T cells by favoring IL-12 production over IL-10 (250). In addition to
restraining anti-tumor immunity, prostanoids promote angiogenesis. PGE2 promotes the
expression of CDCL1 in colorectal cancer cells, initiating endothelial cell migration and
vascularization of the TME both in vitro and in vivo (251). Concordantly, PGE2 drives the
expression of VEGF in various tumor models including breast (252) and prostate (253).

We too found that the TERS CM enriched eicosanoids drive Vegf expression in BMDM.
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Similarly, eicosanoids have profound effects on receiver cancer cells. For example, PGE2
promotes cellular proliferation by driving Ras-Erk signaling and GSK3B-B-catenin in
cancers of various origin (reviewed in (242)). Itis important to note that TERS CM provided
the stabilization of 3-catenin and promoted its nuclear translocation to drive Wnt signaling
in treated cancer cells (138). Separate reports find that PGE2 is produced by
chemotherapy-induced apoptotic cancer cells, stimulating the proliferation of surviving
cancer stem cells and leading to tumor repopulation (239). While TERS transmitting
cancer cells do not actively undergo apoptosis (136), it is reasonable to postulate that
dying cells experience considerable ER stress, thereby enhancing the production of
signaling molecules like prostanoids. These observations are not limited to colorectal and
bladder cancer. Myeloma cells that have RAS mutations also undergo increased COX-2
expression, leading to enhanced eicosanoid production and chemoresistance (254).
Stopping the production of eicosanoids through COX-2 blockade, for instance with the
inhibitor Celecoxib, has been shown to be therapeutically valuable in a variety of cancers
including breast, lung, and colon cancers (Reviewed in (255)). Moreover, aspirin use was
found to reduce the risk of colorectal cancer-specific mortality, particularly when tumors
overexpressed COX-2 (256). Contextually, our results provide insight into a mechanism
whereby eicosanoids are produced by tumor cells undergoing ER stress, thereby
promoting chemoresistance, angiogenesis, and immune suppression.

The second, and most elusive, molecular component of TERS CM was identified
as a monounsaturated fatty acid, provisionally termed Peak 6. P6 was found to be the
complement of the prostanoid compartment as it endows receiver cancer cells and
myeloid cells alike with ER stress and pro-inflammation. NMR analysis revealed that P6

has a very similar spectra to that of the monounsaturated fatty acid erucic acid. However,
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there exists no literature to suggest monounsaturated fatty acids cause ER stress
at any threshold. To the contrary, oleate resolves ER stress created by saturated fatty
acids like palmitate in diabetes models (257). Our findings are consistent with these
reports.

The significance of P6 must also be seen in the broader context of recent reports
suggesting that other molecules are responsible for “TERS-like” polarization of myeloid
cells. Most notably, 4-hydroxynonal (4-HNE) reportedly affects ovarian cancer infiltrating
dendritic cells by creating protein abducts, leading to increased ER stress. This ER stress
subsequently dysregulates lipid metabolism and enables poor antigen presentation,
thereby restraining adaptive anti-tumor immunity (204). The authors of this report found
that ovarian cancer ascites contains a factor or factors that generate 4-HNE-protein
abducts in dendritic cells. They speculate, without demonstrating so, that the responsible
factors are reactive oxygen species. 4-HNE was not detected in cell-free ascites, per se
arguing that 4-HNE is not involved in intercellular signaling within the TME. Interestingly,
the retention time of P6 and 4-HNE are different, suggesting that P6 is not 4-HNE.

Other reports suggested that tumor derived lactic acid is responsible for myeloid
cell dysfunction (241). This report found that macrophages are polarized to an immune
suppressive phenotype in a HIF1a dependent manner through tumor secreted lactic acid.
Our findings demonstrate that lactic acid does not account for the ER stress and pro-
inflammation in myeloid cells, though it induces immune suppressive activity. Finally,
oxidized lipids are known to create lipid dysfunction and lead to defective antigen
presentation in tumor infiltrating dendritic cells (32). Using oxidized LDL, we were able to
create ER stress in BMDM, but only if used at 50 yg/ml, a concentration far greater than

the effective concentration of P6 (< 0.0002 pg/ml).
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Our identification of P6 also excludes the potential that TERS, as a phenomenon,
is an artifact, e.g. due to thapsigargin carryover. Thapsigargin has several key
chromophores, such as aromatic rings and acetate esters. Importantly, these types of
chromophores are not present on P6, as determined by NMR analysis. Thapsigargin
metabolites, as identified using rat hepatocytes (258), include chromophores like ketones,
which again are absent from the P6 spectra. Therefore, we conclude that based off of our
mass spectrometry and NMR spectra analysis, the activity of TERS is not due to
thapsigargin carryover or to a known thapsigargin metabolite.

While we have almost resolved the chemical nature of TERS CM through the
identification of Peak 6, additional aspects surrounding this molecule remain to be
understood. Foremost, what is the mechanism behind its action at the level of the target
cell? Presently, it appears that there are no phosphate groups on P6, which would suggest
that P6 activity is unique and distinct from signaling molecules such as sphingosine 1
phosphate (S1P), which is not only produced by tumor cells undergoing ER stress (259),
but also evokes lymphoangiogenesis in receiver macrophages (260). Also, the relative
stability of P6 argues against the presence of a phosphate group. Should P6 not contain
a phosphate group, its activity might best be attributed to the presence of a reactive
aldehyde and/or hydroxyl group attached to its C1. This activity would be similar to that of
4-HNE, which is known to create reactive oxygen species (ROS) and drive ER stress. It
is interesting to consider P6 as a related compound to 4-HNE. 4-HNE is associated with
other stress related phenomenon including Rett syndrome (261) and ischemic stroke
(262). Should P6 be similarly secreted as 4-HNE, it may serve as a valuable biomarker
since P6 is bioactive at two logs lower concentration than 4-HNE.

Collectively, we identified the molecules responsible for the TERS activity as 1)

eicosanoids, which induce an immune suppressive phenotype and 2) a novel
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monounsaturated fatty acid, which triggers a UPR and activates pro-inflammatory genes.
The results of this work provide the basis for the interrogation of clinical biospecimens and
further studies to precisely identify the mechanisms responsible for the generation of P6

and its mode of action at the level of the target cell.
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Figure 4.1. TERS is a lipophilic molecule. (A) Model of the ERAI reporter system. (B)
Flow cytometric determination of mean fluorescence intensity (MFI) of Venus protein
expression in TC1.ERAI reporter cells treated for 24 hours with specified concentration of
thapsigargin (Tg) or TERS CM (n=2). (C) ERAI reporter activity TERS and Veh CM after
being kept at room temperature (parental) or being heat inactivated for specified time
(n=2). (D) Standard Veh or TERS CM (neat) or acidified acetone extracted protein material
from TERS and Veh CM loaded onto ERAI reporter cells (n=2). (E) ERAI activity of
TC1.ERAI cells treated with Veh CM or TERS CM before (neat) and after ethyl acetate
extraction to partition TERS CM into aqueous and organic phases (n=2). (F) ERAI activity
caused by standard Veh or TERS CM (neat) or from organic phase of chloroform extract
(n=2). Error bars represent SEM.
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Figure 4.2. TERS is enriched in eicosanoids. (A) Distribution of relative abundance of
probed eicosanoids in TERS CM to Veh CM eicosanoids. (B) Table of representative
eicosanoids enriched in TERS CM, composing prostaglandin (PG) cocktail. (C) Flow
cytometric analysis of ERAI reporter cells treated with PG cocktail at specified
concentrations for 24 hours (n=2). (D) Flow cytometric analysis of TERS CM transmitting
TC1.ERAI cells and receiver BMDM.ERAI cells (n=2) with or without flurbiprofen (10 uM).
(E) RT-gPCR detection of BMDM treated with TERS CM in the absence or presence of
flubiprofen (n=2). Relative quantification (RQ) was determined by arbitrarily normalizing
gene expression to Veh CM treated condition. Error bars represent SEM.
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Figure 4.3. TERS associated eicosanoids promote immunesuppression. (A) Gene
expression of BMDM treated with PG cocktail for 24 hours (n=2). Gene expression was
normalized to unstimulated (Unstim) condition. (B) Flow cytometric analysis of
BMDM.ERAI treated with PG cocktail or TERS CM for 24 hours detecting Venus
fluorescence expression and CD86 surface expression.
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Figure 4.4. TERS is a monounsaturated fatty acid. (A) Model of isolation technique of
TERS CM. (B) Chromatograph of ethyl acetate extract of TERS CM passed through C18
column. (C) Flow cytometric detection of Venus protein expression of B16.ERAI treated
with TERS CM or generated retention fractions (A1-A6) and isolated peak 6 (P6),
respective to chromatograph (n=2). (D) Partial HMBC spectra of P6. (E) Comparative 'H
NMR spectra of P6 and erucic acid. (F) Molecular structure of erucic acid and noted
spectra difference between it and P6.
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Figure 4.5. Peak 6 causes ER stress, pro-inflammation, and angiogenesis. (A) Gene
expression of BMDM treated with Peak 6 (P6) samples analyzed by RT-gPCR for UPR
status (Xbp-1s), pro-inflammation (//-23p19), and immune suppression (Arg1, Vegf) and
normalized to Veh condition to determine relative quantification (RQ) of gene expression
(n=2/condition). (B) Flow cytometric analysis of expression for Venus protein in
BMDM.ERAI and surface expression for PD-L1 and CD86.
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Figure 4.6. Monounsaturated fatty acids do not cause ER stress. Venus protein
expression evaluated by flow cytometry for ER stress activity of (A) Erucic acid and oleic
acid or (B) their amide analogues, erucamide and oleamide, treated onto reporter
B16.ERAI cells for 24 hours (n=2).
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Figure 4.7. Saturated fatty acids do not cause ER stress at low concentrations.
Venus protein expression evaluated by flow cytometry for ER stress activity of specified
saturated fatty acid treated onto B16.ERAI cells (n=2) at specified yM concentration for
24 hours. Error bars represent SEM.
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Figure 4.8. Lactic acid does not cause ER stress. (A) ER stress activity of B16.ERAI
cells (n=2) treated with thapsigargin (Tg) or specified concentration of lactic acid (LA). (B)
Flow cytometric analysis of Venus protein (ERAI) or surface expression of CD86 of
BMDM.ERAI treated with increasing concentrations of lactic acid. (C) RT-qPCR as
determined by the mean fluorescence intensity (MFI) of Venus protein expression.

Relative quantification (RQ) was normalized to unstimulated (unstim) condition. Error bars
represent SEM.



Table 4.1. Eicosanoids not detected in TERS or Veh CM.
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Prote 15t- 10S- 5-iso 8-iso 2,3
ctin Protec | Protect 8,15- PGF2 | PGF2a | dinor-6k | 11d- | 14,15-
D1 tin D1 in D1 diHETE a Vi 11 PGF1a | TXB2 EET
11b
11b dhk
PGF2 d17 6k PGF2
PGD2 a TXB1 PGF1a | TXB3 | PGF3a PGE3 | PGD3 a
dihom | dihom | dihom dihomo 6,15 dk- 15k
o o o 15d 6k ,dh- 15k PGF2 15k
PGE2 | PGD2 | PGJ2 PGD2 PGE1 | PGF1a | PGF1a a PGE2
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PGF2 | 190h 200h 11b 11b 15d 15d
a PGE2 | PGE2 PGF2a | PGFM | PGE2 PGK2 PGD2 | PGJ2
5,15-
diHET 6R- 6S- 15R- 15d Resol | Resol
E LXA4 LXA4 LXA4 LXA5 PGB2 PGA2 | vin E1 | vin D1
20coo0 5,6-
200h h diHET 12epi | 6t,12epi 120x0
LTB4 | LTB4 E 6tLTB4 | LTB4 LTB4 LTB4 LTC4 | LTD4
13- 15
HOTr 8- 14,15 14,15 14,15 12- oxoE 17k
E HEPE | LTC4 LTD4 LTE4 HXA3 oxoETE DE DPA
16(17
2,3 14(15) )
dinor 5,6- 8,9- 11,12- 11t 11t 11t EpET | EpDP
TXB2 EET EET EET LTE4 LTC4 LTD4 LTE4 E E
11,12
dh 9- 10- 7(R) | 17(18) -
15k PGF2 8-iso Nitrool | Nitroole | tetranor | Mares | EpET | diHET
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Table 4.2. Eicosanoids that are decreased in TERS CM over Veh CM.

Veh CM
TERS
CM

Ratio
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tetranor 12- 18- bicyclo dhk 18- dhk
HETE HETE PGE2 PGF2a HEPE PGD2
0.37 0.03 0.02 0.06 0.04 0.05
0.07 0.01 0.01 0.04 0.03 0.04
0.19 0.43 0.74 0.77 0.79 0.79
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Table 4.3. Eicosanoids not differentially expressed between Veh CM and TERS CM.

Veh
CM
TER

CM
Rati

Veh
CM
TER

CM
Rati

Veh
CM
TER

CM
Rati

Veh
CM
TER

CM
Rati

17 910 17- 9,10
16- 15- HDo  20- EpOM HET diHO
HETE HEPE 19-HETE HE HETE PGEM E E ME
048  0.04 1.46 035 542 0.17 0.05 002 0.02
0.39  0.04 1.23 030 473 0.15 0.04 002 0.2
0.81  0.84 0.84 0.84  0.87 0.91 094 097 097
11- 12,13 12,13 9-
HEP EpOM PGF diHOM 6k  HEP
E E TxB2 2a E PGFla PGF1a E  HXB3
0.02  0.04 1.43 098  0.02 0.39 014 006 0.20
0.02  0.04 1.54 1.06  0.02 0.43 016  0.07 0.24
1.07  1.08 1.08 1.09  1.10 1.10 113 114 147
5. 20 13- 12-
oxoE  HDoH HOD  12- 9- 190h HHT 8-
TE E PGE1 E HETE HOTrE PGF2a rE HETIE
0.01 017 0.06 013  4.53 0.00 438 071 007
0.01 023 0.08 017  6.07 0.00 617  1.04 0.1
127 1.29 1.32 132 1.34 1.38 141 145 150
15- 16 12- 14,15- 19,20
oxoE HDoH 2,3 dinor8- HEP 14  diHETr DiHDP LTB
TE E isoPGF2a E  HDoHE E A 4
0.03  0.13 0.73 015  0.34 0.01 0.02  0.05
0.03  0.16 0.91 020 0.34 0.01 0.02  0.05
121 1.3 1.25 127  1.00 1.01 102  1.04



Table 4.4. Eicosanoids increased in abundance in TERS CM over Veh CM.

Veh
CM
TERS
CM

Ratio

Veh
CM
TERS
CM

Ratio

Veh
CM
TERS
CM

Ratio

Veh
CM
TERS
CM

Ratio
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13- 13- 10

13 oxoOD 9- 1 HOTrE( HDoH

HDoHE 8-HETE E HODE HDoHE y) 8 HDoHE E
0.09 0.17 0.05 0.08 0.14 0.01 0.17 0.06
0.15 0.28 0.09 0.15 0.24 0.01 0.33 0.12
1.64 1.69 1.70 1.73 1.74 1.91 1.94 1.99

8,9- 5,6-

19(20) diHETr diHETr

EpDPE E LXB4 E 4 HDoHE 5-HEPE 11-HETE PGJ2
0.03 0.00 0.24 0.00 0.15 0.02 0.17 0.01
0.08 0.01 0.75 0.01 0.49 0.08 0.62 0.03
2.86 2.91 3.07 3.12 3.20 3.30 3.57 3.59
15- 15- 9- dhk 8-is0-15k

HETE HETrE HETE 5-HETE 5-HETrE PGE2 PGF2b PGE2
0.53 0.19 0.09 0.16 0.02 0.04 0.95 1.32
1.06 0.40 0.21 0.44 0.06 0.16 4.33 6.49
2.01 2.09 2.43 2.67 2.71 3.64 4.57 4.93

9-
20cooh o0xo0D 7 dihomo

PGA2 AA E HDoHE PGF2a PGD1

0.01 0.31 0.09 0.09 0.01 0.49

0.21 0.48 0.13 0.13 0.04 2.59

25.52 1.52 1.53 1.53 4.98 5.29
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METHODS
Cell lines and cell culture

Human cancer cells lines colon carcinoma DLD1 and prostate PC3 and murine
cancer cell lines prostate TC1 and melanoma B16.F10 cancer cells were grown in RPMI
or DMEM (Corning) supplemented with 10% FBS (HyClone) and 1%
penicillin/streptomycin/L-glutamine, NEAA, sodium pyruvate, HEPES. All cells were
maintained at 37°C incubation with 5% O,. All cell lines were mycoplasma free as

determined PCR assay (Southern Biotech).

Establishment of ERAI reporter cells

Cancer cell line reporter cells were transduced with the ERAI construct, originally
described (234). Briefly, the pCAX-F-XBP1ADBD-venus (a kind gift from Dr. lwawaki
(Gunma University)) underwent PCR using following primers: F:
ctaccggactcagatctcgagccaccATGGACTACAAGGACGACG, R:
gaattatctagagtcgcggccgcTTACTTGTACAGCTCGTCC. PCR fragments were cloned into
pLVX-puro (Clontech) lentivirus vector with Gibson Assembly Mixture (NEB) according to
manufacturer’s instruction. Stbl3 competent cells were transformed to produce the plasmid
insert, whose presence was confirmed by sequencing. For production of lentivirus, 293FT
(Invitrogen) cells were seeded in 10 cm dish and transfected with a plasmid mixture of
ERAI plasmid and psPAX2 and pMD2G viral packaging plasmids. The supernatant of
virus—producing transfected cells was collected every 24 hours for three days post
transfection. Viral supernatant was concentrated by 10% PEG-8000 and pelleted with
2000 x g for 40 min at 4°C and re-suspended PBS. Cancer cell lines were transduced with
lentivirus by adding concentrated virus solution, supplemented with polybrene (8 ug/mL).

Lines were transduced for 48 hours. Transduced cells were then washed twice with PBS
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and positively selected for using puromycin (2 pg/mL) for two weeks. In some instances,
positively transduced cells were then stimulated for Venus expression and were sorted by
FACS (BD) to isolate high expressing clones. Lines were grown under standard growth

medium supplemented with puromycin (2 pg/mL).

Flow cytometry

ERAI activity assays were performed on single cell suspensions. Briefly, treated
reporter cells were enzymatically detached for plastic, and washed twice with PBS
(Corning) supplemented with 0.5% BSA (w:v) and 0.05% NaNj (v:v). For surface staining,
BMDM/DC were stained with fluorphore conjugated anti-PD-L1- (BD Biosciences), anti-
CD80 (BD Biosceinces), or anti-CD96 (BD Biosciences). Data were acquired on a
FACSCalibur flow cytometer (Becton Dickinson) and analyzed using CellQuest Pro (BD
Biosciences) and FlowJo software (Tree Star). Analyzed cells were washed resuspended

in 7AAD staining buffer and analyzed via flow cytometry with 7AAD exclusion.

TERS conditioned media (CM) generation

DLD1 cancer cells were induced to undergo ER stress through treatment of 300
nM thapsigargin (Tg) (Enzo Life Sciences) for 2 hours. Control cells were similarly treated
with an equal volume of vehicle (0.02% ethanol). Cells were washed twice with Dulbecco's
PBS (Corning), and then incubated in fresh, standard growth medium for 16 hrs.
Conditioned medium was then harvested, centrifuged for 10 min at 2,000 RPM, filtered
through a 0.22-um filter (Millipore), and treated to cells, stored at -80°C until use, or used

for specified chemical techniques.

BMDM and BMDC generation:
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Bone marrow derived cells were procured by isolating the femur and tibia of
specified host and flushing out the bone marrow using cold, unsupplemented RPMI growth
media (Corning) using a 27 gauge needle and syringe. Hemolysis was performed using
ACK Lysis buffer (Bio Whittaker). For macrophage differentiation, bone marrow cells were
incubated one week in standard growth medium supplemented with 30% L929 conditioned
medium (LCM). For dendritic cell differentiation, standard growth medium was
supplemented with 10% mGM-CSF-producing hybridoma cells (GCM) as described in

(233) and resupplemented every two days throughout one week.

Lipid Maps eicosanoid analysis

TERS and Veh CM was generated plating PC3 cells at 5e5/well in a 6 well plate.
Conditioned medium was generated in 2 mL. Bioactive TERS CM was then provided to
Lipid Maps core (UCSD). Briefly, eicosanoids were removed from media by loading
methanol (MeOH) and 0.5% acetic acid to CM. The organic phase was then separated,
lyophilized, and resuspended in MeOH solvent and passed through a Synergi reverse-
phase C18 column. Abundances of eicosanoids were then determined using an ABI/SCiex
4000 QTRAP hybrid, triple quadrupole, linear ion trap mass spectrometer. Quantitation of
c.m. contained eicosanoids were then determined based off of established curves of
commercially purchased standards (Cayman). Detailed methods are described (263). For

PG cocktail, all synthetic eicosanoids and flurbiprofen were purchased through Cayman.

Acidified acetone total protein extraction
Acetone was supplemented with HCI to create a 1 mM solution. For every unit of
CM, four units of ice cold acidified acetone was added (v:v). Solutions were mixed and

kept on ice for 10 minutes. Following, precipitate was pelleted by centrifugation at 2,500 x
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g for 15 minutes at 4°C. Supernatant was then gently poured off and residual organic

solvent was evaporated by speed-vac. Dried pellet was resuspended with standard growth

medium at same starting volume of CM.

Ethyl acetate and chloroform extraction

Lipid soluble material was extracted from TERS CM by first adding equal parts
ethyl acetate or chloroform (v:v). After 2 hours of gentle stirring, carefully to avoid emersion
formation, the organic layer was isolated and dried under vacuum. Dried material was
solubilized into acetonitrile and ethyl acetate and transferred into a smaller vial. Solvents
were removed under nitrogen gas flow. Generally, 100 ml of TERS yielded 4 mg of extract
material. For studies probing aqueous phase of ethyl acetate extraction, aqueous phase

as lyophilized before resolubilized in standard growth medium.

HPLC isolation

Ethyl acetate extract of TERS CM was solubilized with 1 ml of acetonitrile. No other
filter or pretreatment method were used. Two Shimadzu LC-6AD pumps and SPD-M10A
diode array detectors were connected with SCL-10A controller module. Solvents were
degassed with DGU-14A degasser. Phenomenex Luna C18(2) 100 A 250 x 10 mm
reverse phased column was used. HPLC grade solvents, water and acetonitrile (Fisher
Scientific), were used. Tetrafluoroacetic (TFA) acid (Sigma Aldrich) was added at 0.05%
(v/v). Gradient run condition was ran at 2 mL/min solvent flow and used as follows; 80%
acetonitrile maintained for 3 minutes, acetonitrile concentration raised to 90% till 43

minute, 90% acetonitrile and maintained until minute 48.

HPLC fraction generation



121

Beginning at minute 5 minutes and ending at minute 45, retention fractions were
gathered every 5 minutes to generates fractions A1 to A6. Each fraction was separately
dried under air flow. Chromatograph were recorded using UV absorbance of 210, 224,

and 254 nm.

NMR equipment
NMR spectra were recorded on a Jeol 500 MHz NMR spectrometer (500 and 125
MHz for 'H and "*C NMR respectively), using the signals of the residual solvent protons

carbons as internal references (6y 7.24 and &¢ 77.0 ppm for CDClI3).

RT-qPCR

RNA was harvested from cells using Nucleospin Il Kit (Macherey-Nagel).
Concentration and purity of RNA was quantified the NanoDrop (ND-1000)
spectrophotometer (Thermo Scientific) and analyzed with NanoDrop Software v3.8.0.
RNA was normalized between conditions and cDNA generated using the High Capacity
cDNA Synthesis kit (Life Technologies). RT-qPCR was performed on ABI 7300 Real-Time
PCR system using TagMan reagents for 50 cycles using universal cycling conditions.
Cycling conditions followed manufacturer’s specifications (KAPA Biosystems). Target
gene expression was normalized to B-actin, and relative expression determined by using
the —AACt relative quantification method. Validated FAM-labeled mouse Hspa5, Ddit3, Il-
6, 1I-23p19, Arg1, Vegf, and VIC-labeled mouse B-actin TagMan primer/probe sets (Life
Technologies, Catalog # 4326315E) were used. FAM-labeled gPCR primer set specific

for the mouse Xbp-1 spliced isoform was generated from Integrated DNA Technologies.
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Chapter 5
CONCLUSION

This project was borne out of investigations to explain one of the most outstanding
questions in tumor immunology: “What cues produced by the tumor microenvironment are
necessary to coerce immune cells to abandon their role of tumor rejection and facilitate
tumor growth?” Investigation into this question has led to a wealth of new knowledge as
to how the tumor microenvironment operates in a cell non-autonomous manner to ensure
tumor outgrowth. The sum of these efforts, which includes several published reports, as
well as the yet-to-be published data contained within this dissertation, is presented in
Figure 5.1.

First | found that TERS affects cancer cells in a several ways. Recipient cancer
cells undergo a global ER stress response, and upregulate GRP78 both intracellularly and
translocate it to the cell surface. These activities are associated with chemoresistance,
tumor cell survival, and are predictors of poor prognosis in variety of malignancies. More
striking is that TERS experienced cancer cells have decreased expression of PERK
associated proteins while having increased expression of Wnt signaling, suggesting that
pathways known to be involved in tumorigenesis are targets of TERS mediated effects.
My findings reveal that this cell nonautonomous reprogramming enhances cytoprotection
against tumor microenvironmental (nutrient deprivation) and chemotherapeutic
(bortezomib and paclitaxel) insults. This protection primarily relies on PERK/ATF4
signaling. The gains in cellular fitness were shown in cell tagging experiments, where it
became evident that dominant TERS clones emerge only upon secondary challenge. This
suggests that the tumor microenvironment may harbor tumor cells in a latent state until
acquiring survival characteristics upon endogenous (nutrient starvation) or exogenous

(chemotherapy) stimuli. This new behavior represents a concern for therapeutic
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intervention as it is capable of driving functional tumor heterogeneity independent of
genomic alterations.

Second, consistent with our earlier reports that myeloid cells treated with TERS in
vitro acquire a ‘mixed’ pro-inflammatory/immune suppressive phenotype, | was able to
provide evidence that myeloid cells that accumulate in tumors in vivo in immunocompetent
mice are a faithful mimic to those generated in vitro. By analyzing two in vivo models of
tumorigenesis in the mouse, | found that tumor infiltrating myeloid cells undergo ER stress
and have increased gene expression for pro-inflammatory and immune suppressive genes
relative to myeloid cells in healthy tissue. This demonstrates that TERS mediated immune
gene expression is likely operative in vivo, is limited to the tumor microenvironment, and
is not tissue specific. The mechanism behind TERS polarization in myeloid cells appears
to be IRE1a dependent and PERK independent.

Third, | was able to determine that the characteristics of ER stress transmission
imparted on myeloid cells or tumor cells are owed to two molecular species: eicosanoids
and a monounsaturated fatty acid, provisionally termed Peak 6 (P6). The former endows
immune suppressive features on myeloid cells while the latter creates ER stress and
drives pro-inflammation. The isolation of P6 proved to be particularly vexing given its
chemistry and low abundance despite robust activity. To the best of our knowledge, P6 is
a novel molecule with unique chemistry.

A general consideration is that this new type of cell extrinsic signaling within the
tumor microenvironment is like many other signaling systems that cancer cells artfully
manipulate, coopting neighboring cells in a seemingly “altruistic’ manner that, as
demonstrated, only benefits tumor growth. If at all pertinent, a parallel can be drawn with
C. elegans where XBP-1 driven activity of neuronal cells provides stress resistance and

longevity to the organism in a cell nonautonomous manner (150, 264).



125

Where to go from here? A groundswell of research will be available once P6 is
completely identified, which is well within reach. Foremost, development of a mass
spectrometry bioassay will enable us to validate the presence of P6 in clinical specimens
as a biomarker indicative of a process taking place in the tumor microenvironment and
possibly as a predictor of clinical progression. At the biologic level, we can begin to
elucidate the exact mechanism behind P6 generation, transmission, and action at the level
of target cells.

Should ablating P6 curb tumor growth, it will be possible to contextualize its
contributions to clonal heterogeneity in the setting of those signaling pathways known to
be affected by TERS (Wnt, PERK, GRP78), and likewise determine the consequences on
the myeloid cell compartment. This may lead to new forms of therapy specifically targeting
the tumor microenvironment.

Two fertile areas of further inquiry in the field of TERS lay ahead. The first is to
explore the relationship between the dysfunction within the tumor microenvironment
resulting from ER stress transmission and T cell dysfunction. Does TERS affect T-
lymphocytes? Does TERS promote the differentiation of Tregs? As the interplay among T
cells and the TME is not only complex, but critical to the success of immunotherapy (e.g.
immune check point blockage), shedding light on this aspect of the tumor:immune
interface will prove incredibly informative.

The other is an inquiry into the relationship between aneuploidy and the ER stress
based cell nonautonomous phenomenon, the object of the studies presented this
dissertation. In Chapter 1 of this dissertation, | discussed Kroemer’s proposal that
aneuploidy induces ER stress and promotes anti-tumor T cell immunity (82). However,
this model is in direct contrast with TERS mediated effects in the tumor microenvironment.

Because the two theories are antithetic (265), | attempted to reconcile the two by predicting
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that aneuploidy creates ER stress in cancer cells and, in turn, these cancer cells signal to
myeloid cells via TERS. | obtained initial validation for this new idea in an experiment
where nearly diploid colon cancer DLD1 cells were treated for 24 hours with reversine to
induce aneuploidy (266). DLD1 cells underwent ER stress that lasted for one month (Fig.
5.2, A and B). The supernatant from these cells treated onto bone marrow derived
macrophages increased CD86 and PD-L1 (two hallmarks of TERS) (Fig. 5.2.C). The
implication of this study is that aneuploidy leads to ER stress and its cell nonautonomous
effects. This connection may represent a new dimension in the study of the interface
between cancer cell biology and immunity. This no doubt will have relevance for
immunotherapy and the response to immune checkpoint inhibitors (267).

There likely will never be a silver bullet against cancer, but treatment instead will
rely on a series of interventions targeting both cancer cells and the tumor
microenvironment. Beyond what currently is under development, | propose that the
phenomenon driving TERS is a worthy candidate of this consideration. This dissertation
provides three possible novel lines of therapeutic intervention: 1) Chemical inhibition of
IRE1a, which would impinge on TERS production (Fig. 3.8) as well as the polarization of
myeloid cells (Fig. 3.5); 2) Blocking P6 itself, for example through use of antibodies; 3)
Inhibit the production of immune suppressive prostaglandins produced by tumor cells
undergoing ER stress. Affecting the mechanism or molecules responsible for TERS would
disable a key mechanism of tumor escape and rescue anti-tumor immunity.

Certainly, research related to TERS and P6 is only in its infancy but ultimately,
validating this mechanism in cancer patients will make TERS/P6 as a new biomarker of
disease, and may open the path to novel forms of therapy that target the tumor

microenvironment. Arguably, the impact of our work on patient management could be
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huge, resulting in extending life for patients with aggressive or recurrent/progressive

cancer.
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Figure 5.1. Revised model of TERS and its mediated effects on tumor outgrowth. A
tumor cell undergoing ER stress produces transmissible ER stress, or TERS. TERS
consists two molecules: a monounsaturated fatty acid provisionally termed Peak 6 (P6)
and a variety of eicosanoids. Together, these molecules affect both recipient tumor cells
and myeloid cells. (Right) TERS experienced tumor cells increase expression in GRP78
and in Wnt signaling while decreasing expression of ATF4. This reprogramming provides
the tumor cell with chemoresistance, cellular fitness, and clonal heterogeneity. These
events appear to be PERK dependent. (Left) Recipient myeloid cells undergo a
polarization in a IRE1a dependent manner that lead to the production of pro-tumorigenic
cytokines that are inflammatory, angiogenic, and immune suppressive. These effects in
sum lead to successful tumor outgrowth.
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Figure 5.2. Induced aneuploidy leads to durable ER stress and production of factors
that polarize BMDM. (A) DLD1.ERAI cells were treated with (blue) or without (red) 1.0
MM reversine (Cayman) for 24 hours. Subsequently, cells were washed twice to remove
any excess molecule and cells were maintained under standard cell culture passaging
techniques. (B) At specified days, cells were analyzed by flow cytometry for Venus
expression. (C) For conditioned medium, parental DLD1.ERAI or reversine treated
DLD1.ERAI cells were plated at 5e5 cells/well in a six well plate for 48 hours. The resulting
conditioned medium was filtered and treated onto BMDM for 24 hours. Recipient BMDM
were analyzed by flow cytometry for surface expression of CD86 and PD-L1.
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