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ABSTRACT OF THE DISSERTATION

Cell-extrinsic effects of tumor endoplasmic reticulum stress on myeloid cells

by
Navin R. Mahadevan
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego

Professor Maurizio Zanetti, Chair

The unfolded protein response (UPR) is an evolutionarily-conserved group of
signaling pathways that eukaryotic cells use to adapt to periods of perturbed endoplasmic
reticulum (ER) function caused by the accumulation of un/misfolded proteins the ER
lumen. Tumor cells undergo a constitutive UPR to survive the ER stress-inducing noxae
within their microenvironment, such as hypoxia and nutrient deprivation. Elements of the
tumor UPR have been shown to be key cell-intrinsic mechanisms of tumor survival but
only few reports have considered the cell-extrinsic influence of the tumor UPR. Tumor-
infiltrating myeloid cells, such as macrophages and dendritic cells, are key players in the
cell-extrinsic regulation of tumor growth. Upon entering the tumor microenvironment,
however, these cells are polarized to an inflammatory/suppressive phenotype that

exacerbate the pro-inflammatory nature of the tumor microenvironment while
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concomitantly suppressing cell-mediated anti-tumor immune responses. However, the
tumor-derived signals driving this mixed inflammatory/suppressive phenotype have yet
to be elucidated.

Herein, we show that the tumor cell UPR can function in a cell-extrinsic manner
by transmitting ER stress to myeloid cells that infiltrate the tumor microenvironment, a
phenomenon we have termed TERS (transmissible ER stress). TERS-imprinted myeloid
cells upregulate production of tumorigenic, inflammatory cytokines but also upregulate
immunosuppressive markers, culminating in a pro-inflammatory/suppressive phenotype.
In macrophages, TERS is sensed, in part, by TLR4. Furthermore, TERS-imprinted
myeloid cells display a unique functional phenotype, upregulating costimulatory
molecule expression, antigen-presentation machinery, while downregulating effective
high-affinity antigen cross-presentation. We demonstrate that TERS-imprinted BMDC do
not effectively prime CD8" T cells, causing activation without proliferation, in part due to
increased arginase activity. CD8" T cells cross-primed by TERS-imprinted BMDC
display a regulatory phenotype and abnormally highly splicing of Xbp-1. We also show
that TERS-imprinted BMDC can also dominantly suppress the proper cross-priming
function of normal bystander BMDC. Lastly, TERS-imprinted BMDC facilitate tumor
growth in vivo, even promoting the transient escape of highly immunogenic tumor cells.
Taken together, we demonstrate the ab initio generation of tumor-imprinted myeloid cells
that have many of the inflammatory/suppressive characteristics of previously-described
tumor-infiltrating myeloid cells and bring to the forefront the tumor UPR as a

fundamental driver of myeloid cell polarization.
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INTRODUCTION

As early as the mid-1800s, histological examination of neoplastic tissues revealed
infiltration by inflammatory cells, suggesting a close association between tumor
development and inflammatory processes (1). Recent studies have added molecular detail
to these early observations, highlighting the role of tumor- and leukocyte-derived
inflammation in promoting tumor growth. Master regulators of inflammation, such as
NF-xB and STAT3, have been shown to be crucial for tumor growth and the tumorigenic
roles of some of their downstream effectors including cytokines, chemokines, and growth
factors have been elucidated. It is now appreciated that the immune landscape of the
tumor microenvironment undergoes continuous dynamic remodeling, and successful
tumor outgrowth is contingent upon subversion and escape from cell-extrinsic immune
control (2). In addition to directly facilitating tumor growth, inflammatory signals in the
tumor microenvironment can subvert the local immune response against cancer cells by
inhibiting antigen presenting cell and CD8" T cell function, promoting T regulatory cell
(Treg) differentiation, and hampering the development of T cell memory (3, 4). While
much work has focused on the genetic underpinnings of tumor-derived inflammation, less
consideration has been given to microenvironmental and metabolic factors that could
initiate and sustain inflammation in the tumor microenvironment. Recent evidence
suggests that pathophysiologic conditions unigque to the tumor microenvironment initiate
tumor cell stress signals which converge upon the endoplasmic reticulum (ER), resulting
in a condition termed ER stress (5). Here, we will discuss the ER stress response, its
determinants in the tumor microenvironment, its newly appreciated role in tumorigenesis

and new links between tumor cell ER stress and immune cells.



ER stress and the unfolded protein response

The ER is the initial checkpoint for the biosynthesis, folding, assembly, and
modification of membrane-bound and secreted proteins in eukaryotic cells. Increase in
physiological demand for protein folding or stimuli that disrupt the ability of proteins to
fold cause the accumulation of un/misfolded proteins in the ER lumen, resulting in a
condition known as ER stress. This activates intracellular signaling pathways known
collectively as the unfolded protein response (UPR), which facilitates cellular adaptation
to ER stress (6). In mammalian cells, the UPR is initiated by three ER membrane-bound
sensors, IREla, ATF6, and PERK, which in unstressed cells, are maintained in an
inactive state through luminal association with the ER chaperone molecule GRP78 (78
kDa glucose-regulated protein) (7). When a cell experiences ER stress, GRP78
disassociates from each of the three sensor molecules to preferentially bind un/misfolded
proteins, allowing each sensor to activate downstream signaling cascades, which act to
normalize protein folding and secretion (8).

Upon disassociation from GRP78, IRE1a autophosphorylates, thereby activating
its endonuclease function to remove a 26 bp-segment from the Xbp-1 mRNA transcript.
Translation of the shortened transcript yields an Xbp-1 isoform (Xbp-1s) (9) that acts as a
powerful driver of the production of various ER chaperone proteins which function to
restore ER homeostasis by promoting proper protein folding, maturation, secretion, and
degradation. Xbp-1s also promotes the transcription of GRP78, XBP-1, thus establishing
a positive feedback loop (10). Activated ATF6 translocates to the Golgi where it is
cleaved into its functional form, which acts in parallel with XBP-1s to restore ER

homeostasis (11). Upon release from GRP78, PERK phosphorylates elF2a., resulting in



the selective inhibition of translation (12), effectively reducing ER client protein load. If
ER stress persists, downstream signaling from PERK via ATF4 can also activate the
transcription factor, CHOP, which can initiate apoptosis (13). A schematic of the UPR is

shown in Figure 1.

The tumor microenvironment harbors stimuli that elicit the UPR in tumor cells

The tumor microenvironment differs markedly from that of normal tissues. Most
notably, tumors lack a well-developed blood supply, which, coupled with the rapid
proliferation of tumor cells, leads to hypoxia, decreased glucose and amino acid supply,
and low extracellular pH (5). These microenvironmental stressors all elicit UPR
activation, which is well documented in solid tumor cells of diverse histological origin.
Compounding these extrinsic noxae are tumor-intrinsic stressors, such as errors in the
biosynthesis of glycoproteins and lipids (14, 15), and viruses (16), which collectively

induce ER stress.

Hypoxia

Several lines of evidence indicate that hypoxia activates the UPR in tumor cells.
Microarray analysis of ras and c-myc transformed mouse fibroblasts exposed to severe
hypoxia in vitro reveal that multiple elements of the UPR, including Chop, Grp78, Xbp-1,
and Atf4, are significantly upregulated compared to normoxic cells. Human fibrosarcoma
and lung carcinoma cells upregulate GRP78 and increase XBP-1 splicing under hypoxic
conditions in vitro (17, 18). Transgenic mice with spontaneous mammary carcinogenesis

in which Xbp-1 splicing is marked by luciferase expression, showed that Xbp-1s



bioluminescence correlates strongly with increasing tumor hypoxia and colocalizes with
CA-9, a marker of hypoxia. In human colon cancer cells, hypoxia induces PERK-

dependent elF2a phosphorylation and ATF4 production (19).

Glucose Deprivation

Tumors grow in glucose-poor environments although tumor cells rapidly take up
and utilize glucose. Thus, while PET measurements of 2-fluorodeoxyglucose (2-FDG)
uptake in various human cancer cell lines, human xenograft models, and patient tumors in
vivo, indicate that glucose entry (20-23), poor vascularization and the high rate of tumor
cell glycolysis combine to severely limit the glucose available to tumor cells (24-26). It
has been long known that glucose deprivation activates cellular stress responses. The
GRP protein family, including GRP78, was originally discovered because of its
upregulation in response to glucose deprivation (27). Further experiments in human colon
cancer, fibrosarcoma, and lung carcinoma cell lines have shown that glucose deprivation
and/or treatment with 2-deoxyglucose (2-DG), which mimics glucose deprivation,
induces GRP78, and truncation of ATF6 and XBP-1 to their active forms (17, 28, 29).
Treatment of human colon cancer and renal carcinoma cell lines with 2-DG also induces
elF2a phosphorylation, ATF4, and ATF6/XBP1 activation (29). elF2a. phosphorylation
and ATF4 activation are impaired in PERK ™ cells deprived of glucose (30), indicating
that PERK induces downstream effectors in response to glucose deprivation. In their in
vivo model of microenvironment-driven tumor cell ER stress, Spiotto et al. (31)
demonstrated that Xbpl-luciferase activity in spontaneous mammary tumors significantly

increased when tumor-bearing mice were treated with 2-DG, and that glucose deprivation



of tumor cells ex vivo caused a dramatic increase in Xbpl-luciferase expression. Taken
together, these findings suggest that the low glucose in the tumor microenvironment,
which arises as a result of poor vascularization and the high glycolytic rate of tumors, and

hypoxia, are physiologically relevant inducers of ER stress in tumors in vivo.

The UPR is activated in tumors and is essential for tumorigenesis

Accumulating evidence demonstrates UPR activation in tumor cells and its
critical role in solid tumor growth and progression. Primary human tumor cells of several
origins, including breast (32), lung (33), liver (34), colon (35), prostate (36), and brain
(37) have been shown to upregulate UPR pathways, including GRP78, ATF6, and XBP-1
splicing, whereas peritumoral areas do not. Additionally, in primary human melanoma,
liver, and breast cancer specimens, the level of GRP78 positively correlates with tumor
progression (32, 34, 38).

The functional link between the UPR and tumorigenesis was initially suggested
by the finding that silencing of Grp78 in mouse fibrosarcoma cells inhibited growth in an
in vivo syngeneic transplantation model due, in part, to increased tumor cell-specific T
memory cell generation (39). Additionally, human glioma cells expressing a SiRNA
against GRP78 display decreased growth rate in vitro (37). The essential role of GRP78
in tumorigenesis was confirmed when it was shown that Grp78 hemizygous mice crossed
with MMTV-PyT heterozygous transgenic mice display significantly decreased breast
tumor proliferation, survival, and angiogenesis compared to Grp78+/+, PyT mice (40).
Similarly, the conditional homozygous knockout of Grp78 in the prostates of mice with

Pten inactivation protects against prostate cancer growth (41).



More recent work has demonstrated that UPR signaling pathways downstream of
Grp78 facilitate tumor growth. Human glioma cells expressing a dominant-negative
IREla mutant display a decreased growth rate and impaired angiogenesis compared to
cells transfected with empty vector when orthotopically transplanted into
immunodeficient mice (17). Mouse fibroblasts deficient in Xbpl are more sensitive to
hypoxic stress in vitro than wild type cells, and do not grow as tumors when injected into
SCID mice. Consistent with these findings, fibroblasts expressing a SIRNA against Xbp-1
show a significant delay in tumor growth, are smaller than wild-type tumors, and exhibit
decreased angiogenesis as compared to cells expressing non-specific control sSiRNAs or
empty vector (18, 42). The importance of the IRE1a-XBP-1 signaling pathway to tumor
growth has been confirmed in human tumor cells. siRNA inhibition of Xbp-1 in human
fibrosarcoma cells also inhibits their growth and angiogenesis in a xenograft model.
Overexpression of XBP-1s in human fibrosarcoma cells expressing a dominant-negative
IREla mutant rescues xenograft angiogenesis and XBP-1s expression positively
correlates the endothelial cell marker, CD31, in human pancreatic adenocarcinoma
specimens (42), PERK signaling also supports tumor growth during conditions of ER
stress. The inactivation of ER stress signaling by mutations of PERK, or by the
introduction of a dominant-negative PERK, in mouse fibroblasts and human colon cancer
cells, results in tumors that are smaller, grow less rapidly, and display impaired
angiogenic ability, as compared to their normal counterparts when grafted into
immunodeficient mice. (19, 43) Taken together, these results underscore the key

contribution of UPR in the growth and progression of solid tumors of diverse origins.



Notably, the fact that the UPR is specifically upregulated in most many tumors is
driving the rational development of new anti-cancer therapies. Their mechanism involves
inhibiting ER stress response pathways, which prevents tumor cells from coping with
endogenous, constitutive ER stress due to microenvironmental stimuli (e.g. most solid
tumors) or to high basal ER stress due to high ER protein load (e.g. myeloma, pancreatic
cancer), leading to cell death. These therapies can be combined with drugs that further
induce ER stress; together, these strategies aim to overload the ER while simultaneously
limiting the tumor cell’s ability to adapt via the UPR, leading to tumor regression (44,

45).

The UPR intersects with cellular pro-inflammation

In addition to coping with an increased un/misfolded protein load in the ER, the
UPR activates a pro-inflammatory cascade with tumor-promoting and cell-survival
properties. One of the key inflammatory regulators inducible by the UPR is NF-«xB (46).
Each of the three UPR signaling pathways activates NF-kB translocation to the nucleus
via distinct mechanisms and consequent inflammatory gene transcription. PERK leads to
NF-kB activation via a unique mechanism in which translational inhibition reduces the
ratio of the IxB to NF-«xB thus permitting the nuclear migration of NF-kxB and
transcription of downstream inflammatory genes (47, 48). Upon autophosphorylation,
IRE1a forms a complex with tumor-necrosis factor-a. (TNF-o)-receptor-associated factor
2 (TRAF2) at its cytosolic domain, and the IRE1a-TRAF2 complex mediates direct 1B

phosphorylation via IxB kinase (IKK), which leads to NF-«B activation. Irela-deficient



mouse fibroblasts under ER stress display reduced NF-kB activation and downstream
TNF-a production (49). Most recently, ATF6 was shown to participate in NF-kB
activation in an AKT-dependent manner (50). That the UPR activates NF-kB via three
independent mechanisms suggests that the ER stress response is a key regulator of
cellular inflammation.

The UPR can also activate the INK-AP-1 pathway of inflammation. The IREla-
TRAF2 complex, aided by ASK and AIP (51), can recruit JINK, which phosphorylates the
transcription factor, AP-1, leading to inflammatory gene expression. Supporting this
model, IREla- or AlP-deficient fibroblasts under ER stress fail activate JINK and
downstream inflammatory responses (51, 52).

Crosstalk between the UPR and inflammatory pathways is not unidirectional.
Inflammatory cytokines and reactive cell metabolites can themselves induce the UPR.
For instance, TNF-a activates IRE1la, ATF6, and PERK in mouse fibrosarcoma cells by
inducing the accumulation of reactive oxygen species (ROS) (53). Additionally, IL-6, IL-
18, and LPS activate the UPR in the liver in vivo (54). Furthermore, the UPR can cause
the accumulation of, and be induced by, ROS, which have been shown to induce
phosphorylation of IxB in T cell lymphoma and cervical cancer cells, permitting NF-«xB-
dependent gene transcription (55). Though the UPR has antioxidant function via
PERK/ATF4/NRF2 signaling (56), prolonged ER stress can cause the accumulation of
ROS via several mechanisms: 1) accumulation of misfolded proteins causes Ca®* leak
from the ER which stimulates mitochondrial ROS production, which itself can increase

ER Ca”* depletion, 2) depletion of ATP to fuel protein folding induces mitochondrial



respiration, whose byproducts include ROS, and 3) formation of ROS as the consequence
of formation and breakage of disulfide bond and during normal protein folding (57).
Notably, limiting ROS accumulation in vivo using an antioxidant attenuates ER stress

(58), indicating that ROS themselves also elicit the UPR.

The phenotype and immunosuppressive effects of tumor-infiltrating myeloid cells

Tumor-infiltrating myeloid cells can account for up to 30% of leukocytes in
tumors (59) and are key players in the cell-extrinsic regulation of tumor growth. Because
of their crucial role in priming adaptive immunity, their subversion by tumor cells
represents one of the key mechanisms by which tumors escape immune control. The
tumor-infiltrating myeloid population was initially characterized as heterogenous,
comprising CD11b*/Gr1* myeloid-derived suppressor cells (MDSC), which contain, and
may be precursors to (60), subpopulations of CD11b*/Gr1*/F480" tumor-associated
macrophages (TAM) and CD11b*/CD11c" tumor-infiltrating dendritic cells (TIDC) (61).
Because of their ability to inhibit T cell responses in vitro and in vivo (62, 63), and the
initial characterization of their phenotype as 1L-10"/IL-12" coupled with low levels of
costimulatory molecules and antigen presentation machinery, it was proposed that tumor-
associated CD11b+/Gr1+ myeloid cells possessed an anti-inflammatory and suppressive
(M2) phenotype (59). TIDC were first characterized as having an immature phenotype
characterized by low levels of MHC Class | and Il, and co-stimulatory molecule
(CD86/CD80) expression, which was assumed to be responsible for the dysfunctional T

cell priming and induction of anergy observed by these cells (64).
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Evidence has accumulated that implicates tumor- and host-derived inflammatory
processes in the accumulation and activity of MDSC (for a extensive review on the topic,
see (65)). The inflammation-associated, pro-angiogenic factor VEGF stimulates the
generation of MDSC in a paracrine and autocrine manner (66, 67). Tumor- and host-
derived IL-1p and IL-6 cause increased MDSC burden, and increased MDSC suppressive
activity and tumor outgrowth is associated with tumor-derived IL-1f (68, 69). COX-2-
derived PGE; secreted by tumor cells polarize myeloid cells to a suppressive phenotype
(70, 71). Collectively, these data may also explain recent findings that myeloid cells
within the tumor microenvironment can have an inflammatory/activated phenotype while
concurrently inhibiting anti-tumor immune responses and aiding tumor growth. For
instance, in tumor-associated myeloid cells, generation of reactive oxygen species crucial
for the inhibition of T cell responses can occur via arginase, a classical M2 marker, but
also via iINOS, an inflammatory (M1) marker (62, 72). Furthermore, as discussed below,
tumor-derived myeloid cells produce inflammatory cytokines such as IL-6, 1L-23, and
TNF-a that play key roles in tumor growth and in regulating anti-tumor immunity (3).
More recently, it has been found that TIDC in melanoma (73), lung carcinoma (74), and
breast cancer (75) express high levels of MHC Class I/11, CD80, and CD86, yet they still
inhibit anti-tumor CD8" T cell responses in vitro and in vivo due to inadequate antigen
presentation and arginase production (74-76). Taken together, these results underscore a
heretofore-unappreciated phenotype of tumor-associated myeloid cells as both
inflammatory and suppressive (77). The tumor-derived signals driving this mixed

inflammatory/suppressive phenotype have yet to be elucidated.
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Whereas only few studies have investigated antigen processing and presentation
in tumor-associated myeloid cells, studies have shown that inhibition of TCR engagement
of specific peptide/MHC complexes by tumor-associated myeloid cells can occur via
ROS-mediated nitration (62, 78). Antigen-independent mechanisms of myeloid cell-
mediated inhibition of T cell function include local depletion of L-arginine via arginase
upregulation or ROS production, release of immunomodulatory cytokines such as TGF-3
(60, 75), local cysteine depletion (79), and induction of L-selectin downregulation on T

cells (80).

UPR involvement in antigen presentation

Jamora et al. (39) first showed that Grp78-deficient fibrosarcoma cells evoke a
more robust T memory cell response resulting in rejection of tumor cells with low
immunogenicity. This finding suggested the intriguing, but little-explored, possibility that
UPR signaling in tumor cells can impinge upon tumor antigen presentation and the host
anti-tumor immune response. We have shown that while B cells mounting an UPR
following accumulation of a KDEL-retained protein in the ER upregulate MHC Class 11
and costimulatory molecules (81), they present decreased levels of high affinity peptide
complexed to MHC Class Il. Similarly, mouse thymoma cells under palmitate or glucose
deprivation-induced ER stress decrease transgenic ovalbumin antigen presentation on
MHC Class | (82). These findings begin to suggest that antigen presenting cells under ER
stress undergo remodeling of the processing machinery yielding decreased presentation
of high affinity immunodominant peptides and increased presentation of subdominant or

low affinity peptides. This was the conclusion of a study in human cancer cells treated
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with the histone deacetylase inhibitor trichostatin A, which also upregulates ER stress
response genes while diminishing tapasin (83), a chaperone molecule involved in quality
control of MHC I/peptide complexes in the ER (84). The relationship between ER stress
and tapasin is underscored by findings demonstrating that specific induction of the UPR
using thapsigargin, a highly potent inducer of ER stress, causes downregulation of tapasin
transcription in lymphoma cells (81). Thus, a UPR response in tumor cells and in antigen
presenting cells may have the effect of rearranging the hierarchy of the

immunopeptidome.

UPR-linked effects on immunorequlatory signals

The UPR is linked to the production of several inflammatory, tumorigenic
cytokines: IL-6, IL-23, and TNF-a.. A microarray analysis of mouse lymphoma cells
under in vitro pharmacological ER stress reveals transcriptional upregulation of multiple
inflammatory genes, including 11-6, 11-23p19, Tnf-«, TIr2, and Cebpb (81). Furthermore
the levels of in vivo ER stress, as measured by Grp78 expression, correlate with 11-6, 1l-
23p19, and Tnf-« transcription in murine prostate cancer cells growing in a heterotopic
transplantation model (85).

CHOP is necessary for IL-23 production by dendritic cells (86), and IL-6 and
TNF-a by macrophages (87). Redundant roles for IRE1a and PERK signaling in IL-6
and TNF-a production in macrophages have been reported (87, 88). ChIP analysis also
reveals that XBP-1s binds to the promoters of the 11-6 and Tnf-¢«; congruently, Irela- or

Xbp1-deficient macrophages display impaired IL-6 and TNF-a production in response to
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pharmacological ER stress and infectious TLR agonism (88). The UPR also synergizes
with TLR4 agonism to result in robust 1L-23 secretion by macrophages (89).
Interestingly, the UPR in cancer cells also upregulates Lipocalin 2 (Lcn2) (90), an innate
immune inflammatory molecule whose first described function is the prevention of iron
scavenging by bacterial siderophores (91). Notably, spontaneous breast cancer in mice
showed a decreased rate of progression in Lcn2-deficient mice (92, 93).

UPR-linked pro-inflammatory mediators (94) in the tumor microenvironment
facilitate tumor growth and regulate immune function (3). For example, inhibition of the
NF—«B by ablation of IKKf in liver macrophages results in loss of TNF-o and IL-6
production, which in turn, impairs tumor growth (95). Macrophage-specific deletion of
IKK leads to decreased production of PGE; and IL-6, resulting in reduced incidence of
colitis-associated colorectal tumors (96). In a model of lung cancer, IL-6 and TNF-a.
produced by myeloid cells in response to tumor-derived versican (97) drive tumor growth
and progression in a TLR2-dependent manner. 1L-23 produced by TAM blocks CD8" T
cell infiltration into tumors (98) and upregulates T regulatory cell differentiation in the

tumor microenvironment (99).

Possible cell-extrinsic effects of the UPR on tumor-infiltrating immune cells

The UPR has thus far mostly been studied in the context of tumor-intrinsic
signaling that sustains survival and proliferation. The new paradigm of an UPR signaling
umbrella under which pro-inflammation in the tumor microenvironment originates,
together with the key role of inflammation in determining the phenotypic and functional

complexity of TAM and TIDC, raises the intriguing possibility that the tumor UPR may
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impair host immune function in the tumor microenvironment in a cell-extrinsic manner.

As a first step to investigate this hypothesis, we have modeled the interaction
between ER-stressed tumor cells and macrophages in the tumor microenvironment by
culturing macrophages in the conditioned medium of murine cancer cells experiencing
pharmacological or physiological ER stress in vitro. Surprisingly, J774 macrophages
treated in this manner upregulate UPR signaling as well as production of pro-
inflammatory molecules, including 11-6, 11-23, Tnf-a, CD86, Mip-1a, and Mip-1f (see
Initial Studies). Given the tumorigenic nature of several of these cytokines, notably IL-6
and IL-23 (98, 100), as well as recent reports demonstrating that Xbp-1s and Chop are
necessary for 11-6, 11-23, and Tnf-a production in macrophages, and that the Irel-Xbpl
pathway synergizes with TLR2/4 signaling in macrophages (86, 88, 89), it is tempting to
suggest that microenvironment-induced ER stress in tumor cells can be propagated to
infiltrating myeloid cells, which may result in the sustained production of pro-
inflammatory, tumorigenic cytokines thus molding the tumor microenvironment to favor
tumor progression.

The consequences of tumor UPR-mediated derangement of antigen presenting
cells, such as macrophages and dendritic cells, in the tumor microenvironment remain
unknown. It is possible that via its cell-extrinsic cues, the tumor UPR may ultimately
manifest its consequences in defective T cell priming. As noted above, one consequence
of ER stress in antigen presenting cells is impaired peptide presentation in the presence of
adequate costimulatory molecule expression. T cell dysfunction could also occur via
antigen-independent mechanisms as the tumor UPR affects the cytokine and metabolic

profile of the APC.
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Concluding Remarks

The UPR is a stress-adaptation mechanism that functions to maintain ER
homeostasis. The tumor microenvironment harbors multiple ER stress-evoking stimuli,
including hypoxia and low glucose, and, as such, the tumor ER stress response has thus
far been studied mostly in its capacity to aid tumorigenesis via cell-intrinsic mechanisms.
Emerging evidence suggests that the ER stress response is a major modulator of cellular
inflammation as it regulates NF-xB and the production of several tumorigenic,
immunoregulatory cytokines. Furthermore, it has been found that the UPR may a role in
myeloid cell antigen presentation. These findings together with evidence from this lab
and others suggest that the tumor UPR may influence infiltrating myeloid cells in a cell-
extrinsic manner, possibly resulting in immune subversion and tumor outgrowth.

The hypothesis of this dissertation is that tumor cells under ER stress can polarize
myeloid cells via a cell-extrinsic mechanism to a phenotype that can promote tumor
progression through CD8" T cell-independent and dependent mechanisms. This concept
is founded upon data from our lab demonstrating that J774 macrophages cultured in
medium conditioned by tumor cells under pharmacological and physiological ER stress
mount an ER stress response (a phenomenon we term “transmissible” ER stress [TERS]),
and activate production of tumorigenic, pro-inflammatory cytokines (see Initial Studies).

In this dissertation, we further extend this work by evaluating the effect of TERS
on bone marrow-derived macrophages, testing candidate BMDM receptors that may
sense TERS, examining the consequences of TERS on dendritic cells, evaluating the

antigen-presentation and subsequent CD8"™ T cell priming capacity of TERS-imprinted
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dendritic cells, and testing the functional effect of TERS-primed dendritic cells on tumor
growth in vivo.

The Introduction, in part, has been published in the manuscript: Mahadevan, N.R.
and Zanetti, M. Tumor stress inside out: Cell-extrinsic effects of the unfolded protein
response in tumor cells modulate the immunological landscape of the tumor
microenvironment. J Immunol 187(9):4403-9, 2011. The dissertation author was the

primary author of this paper.
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Figure 1. Organization of the ER stress response elements (ERSE) and UPR. BiP/Grp78 disassociation
from IRE1, ATF6, and PERK activates their downstream signaling cascades. For more detail, refer to text.



INITIAL STUDIES. Development of models with which to study the cell-extrinsic
influence of tumor ER stress on myeloid cells

The studies outlined here form the theoretical and experimental basis for the
program of research described in this thesis. Briefly, they summarize the development of
model systems used to study the cell-extrinsic consequences of tumor ER stress,
discovery of “transmissible” ER stress (TERS) and concomitant pro-inflammation to

macrophages, and demonstration of TERS in vivo.

1) Development of model systems in which to study the cell-extrinsic effects of tumor
cell ER stress on macrophages.

To investigate the possible non-cognate influence of tumor cell ER stress on
macrophages, we first developed an in vitro system of tumor ER stress using the
canonical ER stress inducer, thapsigargin (Tg). Tg is a sesquiterpene lactone that
specifically induces ER stress by inhibiting the sarco/endoplasmic reticulum Ca?*
ATPase (SERCA) (101). SERCA inhibition leads to the depletion of the ER Ca*" store,
resulting decreased chaperone function and accumulation of un/misfolded proteins, thus
inducing ER stress. We found that the capacity of Tg to induce ER stress is comparable
whether murine prostate cancer, TRAMP-C1 (TC1) cells are treated for 18 hrs
continuously or for 2 hrs, washed and then cultured in fresh medium for an additional 16
hrs, suggesting that Tg needs not be continuously present in the medium to induce an ER
stress response (Fig. 2). Thus, we used the 16 hr ER stress conditioned medium to

explore possible non-cognate influences of ER stressed tumor cells on myeloid cells in a

18
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model system in which cell-free ER stress conditioned medium is transferred to
macrophages.

We also modeled a physiological tumor cell ER stressor glucose deprivation by
culturing tumor cells in glucose-free medium containing 10% dialyzed fetal bovine serum
(10000 MCWO), penicillin, streptomycin, and glutamine for 24 h before transfer to
macrophages. Such treatment in three mouse tumor lines representative of prostate
(TC1), melanoma (B16.F10), and lung carcinoma (Lewis Lung Carcinoma) resulted in a
robust UPR as evinced by upregulation of Grp78, Chop, and Xbp-1 as compared to cells

grown in normoglycemic medium (Fig. 3).

2) Tumor cells transmit ER stress to macrophages, which concomitantly upregulate
production of inflammatory, tumorigenic cytokines.

To investigate the possible non-cognate cell-extrinsic effects of tumor cells on
immune cells in the tumor micronvironment, we cultured J774 macrophages in
conditioned medium from Tg-treated TRAMP-C1 (TC1) murine prostate cancer cells.
We found that J774 cells exposed to tumor ER stress conditioned medium (Tg c.m.)
experienced ER stress, as indicated by upregulated transcription of UPR genes and a
concomitant transcriptional upregulation of the tumorigenic inflammatory cytokines, 11-6
and 11-23p19 (Fig. 4A-C), whose increased secretion could be detected when TERS-
primed macrophages were costimulated through TLR4 (Fig. 4E). Exposure to the ER
stress conditioned medium also promoted the upregulation of the costimulatory molecule

CD86, indicating macrophage activation.
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To exclude the trivial explanation of Tg carryover, we analyzed the ER stress
conditioned medium by mass spectroscopy and found it to contain no Tg within the limit
of detection (< 1 ng/mL) (Fig. 5). Cell death was also ruled out as a contributing factor
since Annexin V positivity in Tg-treated TC1 cells was comparable to that of vehicle-
treated TC1 cells (Fig. 6A). Furthermore, J774 macrophages cultured in medium from
TC1 cells treated with staurosporine to cause equivalent levels of cell death, failed to
upregulate either the ER stress response or the pro-inflammatory cytokine genes (Fig.
6B). Finally, the effects could not be attributed to mycoplasma-induced activation
because TC1 cells tested repeatedly negative for this pathogen (data not shown). These
data suggest that the transmission of ER stress and pro-inflammation from tumor cells to
macrophages is not due to Tg carryover, death, or contamination of TC1 “transmitter”
cells.

Communication of ER stress and an attendant pro-inflammatory transcriptional
response was also evident in macrophages cultured in the conditioned medium from other
ER stressed tumor cell lines, B16.F10 (melanoma) and LLC (lung carcinoma) (Fig. 7).
Thus, we concluded that tumor cell ER stress mediates a cell-extrinsic mechanism of
influencing macrophages, causing them to mount an ER stress response and produce

tumorigenic, pro-inflammatory cytokines.

3) A physiological model of tumor ER stress recapitulates TERS and attendant pro-
inflammatory transcription in macrophages.
To verify that a physiological ER stressor found in the tumor microenvironment

could evoke an ER stress response and pro-inflammatory cytokine transcription in
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macrophages, we developed a model of in vitro ER stress based on glucose deprivation as
shown in Fig. 3. Macrophages cultured for 24 h in glucose-deprived tumor (TC1,
B16.F10, or LLC) supernatant displayed greater UPR and transcriptional inflammatory
cytokine induction than macrophages grown in glucose-deprived medium alone (Fig. 8),
confirming that a physiological microenvironmental tumor ER stressor can induce TERS

and tumorigenic, pro-inflammation in macrophages.

4) Conditioned medium from ER-stressed tumor cells can induce ER stress in vivo.
To demonstrate that TERS could occur in vivo, we injected medium conditioned
by Tg-treated tumor cells (TC1, B16.F10, or LLC) intraperitoneally into mice and
assayed liver cells for an ER stress response 8 h later. We found that tumor ER stress
conditioned medium induced a robust UPR in liver cells whereas vehicle conditioned
medium and cell culture medium alone had no effect (Fig. 9) confirming that tumor cells

under ER stress release factor(s) that can evoke an UPR in surrounding cells.

Summary

These studies uncovered a novel non-cognate, cell-extrinsic mechanism by which
tumor cells can influence macrophages, one that is initiated by tumor cell ER stress. We
demonstrate that the medium conditioned by tumor cells under pharmacological and
physiological ER stress is able to evoke an ER stress response in J774 macrophages,
which is accompanied by upregulation of tumorigenic, pro-inflammatory cytokines.
Finally, we demonstrate that tumor ER stress conditioned medium can transmit ER stress

to cells in vivo. Taken together, the results suggest that the constitutive ER stress
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response observed in tumor cells in vivo not only functions to promote cell-intrinsic
tumor adaptation but could also polarize infiltrating myeloid cells to a pro-tumorigenic
phenotype. The further work detailed in this dissertation explores this notion.

The section Initial Studies, in part, has been published in the manuscript:
Mahadevan, N.R., Rodvold, J., Sepulveda, H., Rossi, S., Drew, A., and Zanetti, M.
Transmission of ER stress and pro-inflammation from tumor cells to myeloid cells. Proc
Natl Acad Sci USA, 108(16):6561-6, 2011. The dissertation author was the primary
investigator and author of this paper and the other authors helped perform the research

and write the manuscript
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Figure 2. Modeling the non-cognate influence of tumor cell ER stress on macrophages. TC1 cells were
treated with Tg (300 nM) for 2 h, washed, and cultured in fresh media for 16 h (Tg ¢.m.) or continuously
for 18 hrs with Tg. RNA was isolated and analyzed by RT-qPCR for the UPR. Data columns indicate the
fold difference in transcript level (RQ) between cells treated with Tg or an equal volume of vehicle control
(100% ethanol) only. Error bars represent SEM of 2 biological replicates representative of 3 independent

experiments.
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Figure 3. Glucose deprivation evokes an ER stress response in tumor cells. TRAMP-C1, B16.F10, and
LLC tumor cells were cultured in growth medium lacking glucose (No Glu) or normoglycemic medium
(Glu) for 24 h after which RNA was isolated and the ER stress response interrogated by RT-gPCR.
Columns indicate the fold increase in transcript level (RQ) of each treatment group. The value of a
normoglycemic control was set arbitrarily to 1 for each tumor cell line. Error bars represent SEM of 2
biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired, two-tailed t test.
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Figure 4. Macrophages experience “transmissible” ER stress and pro-inflammatory cytokine gene
production. (A-B) J774 macrophages were cultured in conditioned medium of ER stressed TC1 cells (TC1
Tg c.m.), control TC1 cells (TC1 Veh c.m.), or culture medium alone (Unstim) for 24 or 48 hrs. RNA was
isolated and analyzed by RT-gPCR for UPR activation and pro-inflammatory cytokine gene transcription.
Columns indicate the fold increase in transcript level (RQ) of each treatment group. The value of
unstimulated controls was set arbitrarily to 1. Error bars represent SEM of 2-5 independent experiments. *
P <0.05, **P < 0.01, ***P < 0.001, unpaired, two-tailed t test. (C) J774 supernatants from the 24 and 48
hr timepoints were analyzed by the multiplex cytometric bead assay for presence of IL-6. **P <0.01,
unpaired, two-tailed t test. (D) Flow cytometry analysis of J774 macrophages treated for48 h. Results are
representative of 3 independent experiments. (E) J774 macrophages were cultured in conditioned medium
of ER-stressed TC1 cells (TC1 Tg c.m.), control TC1 cells (TC1 Veh c.m.), or culture medium alone, with
LPS (100 ng/mL) for 18 hrs. Macrophages cultured in medium containing Tg (300 nM) plus LPS serves as
a control. Macrophage supernatants were analyzed by cytometric bead array assay for presence of
cytokines. **P < 0.01, ***P < 0.001, unpaired, two-tailed t test.
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Figure 5. ER stress tumor conditioned media does not contain carryover thapsigargin. Samples of
TC1, B16.F10, and LLC Tg c¢.m. medium were analyzed for presence of Tg (identified by cumulative
product ions [m/z 513, 573, 612] from the protonated molecular ion parent [m/z 674]) by mass
spectroscopy and compared against complete culture medium (RPMI or DMEM) spiked or not with 10
ng/mL Tg. Volumes analyzed were all 300 mL. (A) lon-chromatograms of blank media (complete RPMI
and DMEM) as well as blank media to which a known amount of Tg was added as positive control
(equivalent to 10 ng/mL) (B) ion-chromatograms of TC1, B16.F10, and LLC Tg c.m.as annotated. The
limit of detection was < 1 ng/mL.
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Figure 6. Cell death in Tg-treated TC1 cells does not account for “transmissible” ER stress and
associated pro-inflammation in macrophages. (A) TC1 cells were treated with 300 nM Tg, 100 nM
staurosporine (Stspn), or equal volumes of vehicle (100% EtOH and DMSO, respectively) and treated as
indicated in Fig. 2, and analyzed for Annexin V positivity by flow cytometry. Error bars represent SEM of
triplicate wells. ns = nonsignificant (P > 0.05, unpaired, two-tailed t test). (B) J774 macrophages were
cultured in c.m. derived from TC1 treated with Tg (TC1 Tg c.m.), Stspn (TC1 Stspn ¢.m.), vehicles (100%
EtOH or DMSO) only, or culture medium alone (Unstim) for 24 hrs. RNA was isolated and analyzed by
RT-(q)PCR for UPR activation and pro-inflammatory cytokine transcription. Columns indicate the fold
increase in transcript level (RQ) of each treatment group. The value of unstimulated controls was set
arbitrarily to 1. Data shown is representative of two independent experiments.
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Figure 7. ER stressed conditioned medium from B16.F10 and LL.C tumor cells also mediates
transmissible ER stress and attendant pro-inflammation in macrophages. J774 macrophages were
cultured in conditioned medium of ER stressed B16.F10 or LLC cells (B16.F10, LLC Tg ¢.m.), control
cells (B16.F10, LLC Veh c.m.), or culture medium alone (Unstim) for 24 h. RNA was isolated and
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analyzed by RT-(q)PCR for UPR activation and pro-inflammatory cytokine gene transcription. Columns

indicate the fold increase in transcript level (RQ) of each treatment group. The value of an unstimulated
control was set arbitrarily to 1. Error bars represent SEM of 2-4 biological replicates. *P < 0.05, **P <
0.01, ***P < 0.001, unpaired, two-tailed t test. Abbreviations: u = unspliced; s = spliced.
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Figure 8. Medium conditioned by tumor cells under physiological ER stress transmits ER stress and
pro-inflammation to macrophages. J774 macrophages were cultured in conditioned medium of glucose-
deprived tumor cells (TC1, B16.F10, LLC (-) c.m.), or culture medium with [RPMI (+)] or without
[RPMI(-)] glucose for 24 hrs. RNA was isolated and analyzed by RT-(q)PCR for UPR activation and pro-
inflammatory cytokine gene transcription. Columns indicate the fold increase in transcript level (RQ) of
each treatment group. The value of a RPMI (+) control was set arbitrarily to 1. Error bars represent SEM of
2 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired, two-tailed t test. Test samples’ gene
expression was compared to the gene expression of RPMI (-) cells.
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Figure 9. Tumor ER stress conditioned medium elicits an ER stress response in vivo. 10X conditioned
medium of ER stressed (Tumor Tg c.m.) or control (Tumor Veh ¢.m.) tumor cells in 1 mL was injected i.p
into C57BL/6 mice. Tunicamycin-treated (Tun, 2 mg/kg) and untreated (Unt) mice served as controls. Two

mice were given TC1 Tg c.m. or B16.F10 Tg c.m., respectively and one received LLC Tg c.m. Control
conditioned medium derived from each cell line was injected into one mouse each (three). Livers were

harvested 8 h after injection. RNA was isolated and analyzed by RT-(q)PCR for UPR activation. Columns
indicate the fold increase in transcript level (RQ) of each treatment group. The value of a single untreated

control was set arbitrarily to 1. *P < 0.05, ***P < 0.001, unpaired, two-tailed t test. Abbreviations: u =

unspliced; s = spliced.



CHAPTER 1. Exploring the cell-extrinsic influence of ER-stressed tumor cells on

bone marrow-derived macrophages (BMDM)

Rationale

We have previously shown that tumor ER stress conditioned media (TERS®")
polarizes J774 macrophages to undergo “transmissible ER stress” (TERS) and upregulate
pro-inflammatory cytokine production. Here, we aimed to determine whether BMDM, a
physiological model of tumor-infiltrating macrophages, are subject to transmissible ER

stress and associated pro-inflammatory cytokine production.

Results

We determined that bone marrow-derived macrophages (BMDM) are also
susceptible to “transmissible ER stress” using the Tg-induced ER stress and the
supernatant transfer system already described. Similar to J774 macrophages, CD11b"
BMDM cultured in TERS®™ experienced ER stress, and 11-6, 11-23p19, tumor necrosis
TNF-a transcriptional up-regulation (Fig. 10A), as well as CD86 activation (Fig. 10B).
BMDM cultured in tumor ER stress-conditioned medium also secreted large amounts of
two inflammatory chemokines, macrophage inflammatory protein-1a. (MIP-1a) and MIP-
1B (see Ch. 2, Fig. 13D), which themselves are known to induce the synthesis and release
of IL-6 and TNF-a (102). Taken together, the results show that ER-stressed tumor cells
release a soluble factor (or factors) that activates macrophages and initiates an ER stress
response along with transcriptional activation and secretion of proinflammatory cytokines

and chemokines.
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In an attempt to distinguish TERS“"-imprinted BMDM into M1 (pro-
inflammatory) or M2 (anti-inflammatory/suppressive) cells (59), we found that they up-
regulate CD86 (Fig. 10B, Fig. 11A), but fail to modulate CD64, CD16/32, or CD14
expression (Fig. 11A). Additionally, they do not up-regulate transcription of 11-10 (Fig.
11B). Confirming their identity as tumor-associated macrophages, receiver macrophages
up-regulate arginase transcription (although variably) (Fig. 11C), indicating they may
have a mixed pro-inflammatory/suppressive phenotype, which is summarized in Figure
12.

Chapter 1, in part, has been published in the manuscript: Mahadevan, N.R.,
Rodvold, J., Sepulveda, H., Rossi, S., Drew, A., and Zanetti, M. Transmission of ER
stress and pro-inflammation from tumor cells to myeloid cells. Proc Natl Acad Sci USA,
108(16):6561-6, 2011. The dissertation author was the primary investigator and author of

this paper and the other authors helped perform the research and write the manuscript.
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Figure 10. BMDM experience transmissible ER stress and proinflammatory cytokine gene
transcription. BMDM were cultured in conditioned medium of ER stressed TC1 cells (TC1 Tg c.m.),
control TC1 cells (TC1 Veh c¢.m.), or culture medium alone (Unstim) for 24 or 48 h. (A) RNA was isolated
and analyzed by RT-qgPCRfor UPR activation and proinflammatory cytokine gene transcription. Columns
indicate fold increase in transcript level (RQ) of each treatment group. The value of unstimulated controls
was set arbitrarily to 1. Error bars represent SEM of two to five independent experiments. *P < 0.05, **P <
0.01, ***P < 0.001, unpaired, two-tailed t test. (B) Flow cytometry analysis of BMDM treated as indicated
for 48 h. Results are representative of three independent experiments.
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Figure 11. Conditioned medium from ER-stressed tumor cells polarizes macrophages toward an
inflammatory/suppressive, tumor-associated macrophage phenotype. BMDM were cultured in
conditioned medium of ER-stressed tumor cells (TC1, B16.F10, LLC Tg c.m.), control tumor cells (Veh
c.m.), or culture medium with (Tg) or without (Unstim) Tg (300 nM) for 24 h. BMDM primed with IFN-y
(250 U/mL) and activated with LPS (100 ng/mL) (M1) or treated with IL-4 (50 ng/mL) (M2) served as
controls. (A) Flow cytometry analysis of BMDM treated as indicated for macrophage cell surface
phenotype markers. Results are of representative of three independent experiments. (B) 11-10 transcription
was quantified in BMDM treated for 24 or 48 h with conditioned medium of ER-stressed TC1 cells (TC1
Tg c.m.), control TC1 cells (TC1 Veh c.m.) by RT-qPCR. Columns indicate fold increase in transcript level
(RQ) of each treatment group. The value of unstimulated controls was set arbitrarily to 1. Error bars
represent SEM of two to three independent experiments. ns, Not significant (P > 0.05, unpaired, two-tailed t
test). (C) Relative quantification of Argl transcription of BMDM by RT-gPCR. Columns indicate fold
increase in transcript level (RQ) of each treatment group. The value of an unstimulated control was set
arbitrarily to 1. Error bars represent SEM of two biological replicates.
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Figure 12. TERS™-imprinted BMDM (M"57%) phenotype along the M1/M2 spectrum.




CHAPTER 2. Characterizing the sensors of TERS and pro-inflammation on

BMDM.

Rationale

To delineate the mechanism by which transmission of ER stress and associated
pro-inflammation may occur in “receiver” macrophages, we used BMDM from mice
deficient in candidate receptors prospectively involved in tumor-myeloid cell
communication and pro-inflammation: TLR2, IL-6R, and TLR4.

We reasoned that a role for TLR2 is plausible because TLR2 (i) is selectively
upregulated under ER stress (81), (ii) is induced in dendritic cells and monocytes under
hypoxic conditions (103), and (iii) mediates macrophage activation and IL-6 and TNF-a
production in myeloid cells ligated by tumor cell-derived versican (97). IL-6R may be
involved based on the fact that (i) both cancer cells and macrophages secrete IL-6, a
proliferative anti-apoptotic pro-inflammatory cytokine, (ii) IL-6 production can be
amplified by autocrine / paracrine mechanisms via IL-6 receptor (IL-6R) signaling (104),
and (iii) the supernatant of serum-deprived LLC cells upregulates IL-6 production in
myeloid cells (97). Finally TLR4 is a candidate as TLR4 signaling has been shown to
synergize with UPR signaling (88, 89) and is involved in propagating inflammation in the

tumor microenvironment (104).

Results

BMDM from TLR2 KO mice treated with TC1 ER stress-conditioned medium

did not down-regulate either the ER stress or the proinflammatory cytokine responses

36
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(Fig. 13A-B). Of note, we found that TLR2 KO BMDM secreted increased amounts of
MIP-10, MIP-1p, and monocyte chemoattractant protein-1 (MCP-1) in response to the
TERS " relative to WT BMDM, suggesting that TLR2 may normally function as a
negative regulator in response to proinflammatory stimuli (105, 106). As shown in Fig.
13A-B, IL-6R KO BMDM exposed to TERS®" showed no decrease in the ER stress
response and proinflammatory cytokine transcription compared with WT BMDM in
response to TERS™. Collectively, these results argue that neither TLR2 nor IL-6R is
involved in sensing transmissible ER stress.

In contrast, TLR4 KO BMDM treated with TC1 ER stress-conditioned medium
showed decreased activation of the ER stress response and proinflammatory cytokine
transcription compared with WT BMDM controls (Fig. 13A-C). In addition, TLR4 KO
BMDM secreted lower amounts of MIP-1a and MIP-1P (53% and 61%, respectively)
(Fig. 13D). Of note, this diminished effect was not due to an intrinsic defect in the ability
of TLR4 KO BMDM to mount a UPR, as these cells respond to Tg treatment comparably
to WT BMDM (Fig. 14).

We additionally probed the positive role of TLR4 agonism in TERS as it was
recently demonstrated that, in macrophages, the ER stress response and TLR4 signaling
synergize to cause IL-6 and IL-23 production at levels greater than those observed after
either signaling event alone (88, 89). Thus, we reasoned that receiver macrophages
undergoing transmissible ER stress would experience a more rapid or greater ER stress
and proinflammatory cytokine response if concomitantly stimulated with LPS. TERS"
from TCL1 cells plus LPS (0.1 pg/mL) caused accelerated up-regulation of the ER stress

response genes Grp78, Gadd34, and Chop, as well as proinflammatory cytokine genes,
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which peaked at 6 h, compared with the ER stress conditioned medium alone (Fig. 15A),

whose maximal effect on transcription occurs at 24 h (Fig. 10A). Likewise, macrophages

secreted increased amounts of IL-6 and IL-23 (Fig. 15B). Thus, it appears that TLR4 may
be involved both in sensing and potentiating transmissible ER stress in receiver

macrophages.

Discussion

The phenomenon of transmissible ER stress described in these first two chapters
(and Initial Studies) links tumor cells and macrophages in a new functional interplay that
underscores the tumor cell’s effort to seize control of myeloid cells in the tumor
microenvironment, ostensibly leading to tumor growth and progression. We demonstrate
that cancer cells under pharmacological or physiological ER stress (transmitters) can
condition macrophages (receivers) to mirror the behavior of cancer cells (i.e., ER stress
and transcriptional up-regulation of a tumorigenic, proinflammatory response).
Instructive models in biological systems such as “quorum sensing” in bacteria (107) and
“infectious” transplantation tolerance in mice (108), both of which have effects on gene
expression and cell regulation via wireless cell-to-cell communication, constitute
precedents to our observation. Further support is provided by the observation that tumor
cells under ER stress can secrete Par-4, which induces an ER stress response in
neighboring tumor cells upon binding to surface Grp78 (109). Further, there is evidence
that cell surface Grp78 is a promiscuous binder of many molecules and can mediate a

downstream UPR upon ligation (110, 111).
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Of note, we found that the transmissible factor(s) released by ER-stressed tumor
cells is sensed by TLR4 and is also amplified through concomitant TLR4 signaling by
LPS. This suggests that endogenous TLR4 ligands (oxidized phospholipids, tenascin-C,
-defensin, heat shock proteins, etc. (112)) or infection by Gram-negative bacteria, could
be cofactors in the tumorigenic effects of ER stress-initiated inflammation in the tumor
microenvironment.

That transmissible ER stress conditions macrophages to a proinflammatory
phenotype is relevant to a better understanding of the tumor—microenvironment interplay,
and adds further complexity to the apparent paradox on the coexistence of
proinflammation and anti-inflammation in the tumor microenvironment, which includes
myeloid cells recruited to the tumor site that are believed to be prevalently anti-
inflammatory/suppressive cells (113). However, as discussed earlier, tumor-associated
macrophages can secrete inflammatory factors such as cytokines, chemokines, and
metalloproteinases that promote tumorigenesis (6), and can be polarized by inflammatory
mediators to a suppressive phenotype (65). Interestingly, while TERS“"-polarized
BMDM do produce inflammatory cytokines, especially with synergistic TLR4 agonism,
they also up-regulate arginase transcription, suggesting a mixed pro-
inflammatory/suppressive phenotype, a myeloid phenotype increasingly observed in the
tumor microenvironment (77, 114).

Chapter 2, in part, has been published in the manuscript: Mahadevan, N.R.,
Rodvold, J., Sepulveda, H., Rossi, S., Drew, A., and Zanetti, M. Transmission of ER

stress and pro-inflammation from tumor cells to myeloid cells. Proc Natl Acad Sci USA,
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108(16):6561-6, 2011. The dissertation author was the primary investigator and author of

this paper and the other authors helped perform the research and write the manuscript.
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Figure 13. TLR4 senses transmissible ER stress, whereas TLR2 and IL6R do not. BMDM generated
from WT (WT) C57BL/6 mice, TLR2 KO mice, IL6RKO, or TLR4 KO mice were cultured in ER-stressed
conditioned medium from TC1 cells (TC1 Tg c.m.), control TC1 cells (TC1 Veh c.m.), or culture medium
with or without (Unstim) LPS for 24 h. RNA was isolated from macrophages and analyzed by RT-gPCR
for (A) UPR activation and (B) proinflammatory cytokine gene transcription. Columns indicate fold
increase in transcript level (RQ) of each treatment group. For each genotype, the value of an unstimulated
control was set arbitrarily to 1. Error bars represent SEM of two to four biological replicates. *P < 0.05,
**P < 0.01, ***P < 0.001, unpaired, two-tailed t test. (C) Xbp-1 activation and splicing. u, Unspliced; s,
spliced. (D) BMDM supernatants were tested for presence of chemokines using the Multiplex cytometric
bead assay. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired, two-tailed t test.
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Figure 14. TLR4 KO BMDM mount UPR comparable to WT BMDM. TLR4 KO and WT BMDM
were treated with Tg (300 nM) for 24 h. RNA was isolated and analyzed by RT-qPCR for UPR activation
and proinflammatory cytokine gene transcription. Columns indicate fold increase in transcript level (RQ) of
each treatment group. The value of an unstimulated control was set arbitrarily to 1. Error bars represent
SEM of two biological replicates. Values for WT and KO gene expression were not statistically different. P

> 0.05, unpaired, two-tailed t test. u, unspliced; s, spliced.
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Figure 15. TLR4 signaling potentiates the effect of transmissible ER stress on macrophages.
Macrophages were cultured in either conditioned medium of ER-stressed TC1 cells (TC1 Tg c.m.) or
control TC1 cells (TC1 Veh c¢.m.), with or without LPS (100 ng/mL), culture medium containing LPS or
thapsigargin (Tg, 300 nM), or culture medium alone (Unstim) for 6 h. Macrophages cultured in medium
containing Tg (300 nM) plus LPS serve as a positive control. (A) RNA was isolated from macrophages and
analyzed by RT-qPCR for UPR activation and proinflammatory cytokine gene transcription. Columns
indicate fold increase in transcript level (RQ) of each treatment group. LPS-treated control was set
arbitrarily to 1. Error bars represent SEM of two to four biological replicates. *P < 0.05, ***P < 0.001,
unpaired, two-tailed t test. u, Unspliced; s, spliced. (B) Supernatants from macrophages in A were analyzed
by multiplex cytometric bead array for presence of IL-6 and IL-23. n.d., Not detectable. ***P < 0.001,
unpaired, two-tailed t test.



CHAPTER 3. Determining the phenotype of bone marrow derived dendritic cells

(BMDC) exposed to TERS®™

Rationale

Solid tumors are infiltrated by host immune cells, including cells of myeloid
origin such as macrophages and dendritic cells (DC), which serve as a link between
innate and adaptive immunity. Under the influence of tumor-derived signals, these cells
reportedly polarize to a phenotype that facilitates tumor growth through both inefficient
priming of anti-tumor T cell responses and T cell-independent mechanisms such as
promotion of angiogenesis and release of tumorigenic cytokines (65). Tumor-infiltrating
dendritic cells have been shown to be present in tumors of several histological origins
(e.g. melanocyte (73), lung (74), breast (75)) and facilitate tumor growth by inhibiting
anti-tumor CD8" T cell function and perhaps by direct promotion of tumor growth and
angiogenesis (75). Moreover, although equipped with signals necessary for efficient T
cell priming, i.e., MHC Class I and costimulatory molecules, tumor-infiltrating DC
instead inhibit T cell proliferation and induce T cell anergy due to inadequate peptide
presentation and increased arginase activity (74, 75). However, the nature of the tumor-
derived signals driving myeloid DC dysregulation, which ultimately affects the
establishment of anti-tumor CD8+ T cell immunity, has yet to be elucidated.
Unquestionably, identifying tumor-imparted signals that subvert anti-tumor immunity
would represent a crucial new step in understanding the relationship between tumors and

immunity.
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Although discovered in macrophages, we reasoned that BMDC could be the target
of tumor UPR-borne cell-extrinsic effects, dysregulating their function, and ultimately
facilitating tumor escape and growth. In chapters 3 and 4, we extend our original findings
on TERS“"-imprinted BMDM by examining the transcriptional and functional
consequences of TERS on BMDC, hypothesizing that TERS“"-activated BMDC may

resemble TIDC phenotypically and functionally.

Results

First, the cell-extrinsic effects of tumor UPR were assessed by culturing bone
marrow-derived dendritic cells (BMDC) in the conditioned medium (c.m.) from ER-
stressed murine tumor cells (prostate, TRAMP-C1 [TC1]; melanoma, B16.F10; and
Lewis lung carcinoma, LLC). Under these conditions, BMDC mounted a global ER stress
response, as evinced by the transcriptional upregulation of Grp78, and two downstream
UPR effector molecules, Xbp-1s, and Chop (Fig. 16A), of the IRE1a and PERK
pathways, respectively. TERS®"-imprinted BMDC also upregulated the transcription of
the pro-inflammatory, pro-tumorigenic cytokines, 11-6, 11-23p19, and, in two of the three
cell lines tested, Tnf-a (Fig. 16A). Congruently, we detected increased secretion of I1L-6,
IL-23, TNF-a, and in addition the chemokines/cytokines MIP-1a, MIP-13, MCP-1, and
IL-1B (Fig. 16B). We did not detect IL-10 (Fig. 16C). Importantly, TERS“"-imprinted
BMDC also upregulated transcription of Argl (Fig. 16A), which codes for arginase, a
known suppressor of T cell function (115). Taken together, these findings suggest that,
similar to macrophages (116), BMDC are a susceptible target of TERS, through which

they assume a pro-inflammatory/suppressive phenotype.
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Within 24 h of culture in TERS®", BMDC changed morphology, acquiring
characteristics of activated, mature DC, including increased cell size and the development
of elongated dendrites (Fig. 17). We confirmed that TERS-imprinted BMDC undergo
activation and maturation, as they upregulate expression of MHC Class | and Class I,
and the costimulatory molecules, CD86, CD80, and, to a lesser extent, CD40 (Fig. 18).
These cells were CD8a.” (Fig. 19), confirming their myeloid origin. GR-1, which is
expressed at low levels in immature BMDC, was not upregulated by exposure to TERS®"
(Fig. 19). This distinguishes the phenotype of TERS®"-imprinted BMDC from that of
myeloid-derived suppressor cells, a class of myeloid cells that accumulate in the tumor
microenvironment, where they suppress anti-tumor T cell immunity (70, 75).
Additionally, TERS®"-imprinted BMDC only slightly increased PDL-1 expression above
constitutive levels (Fig. 19).

Chapter 3, in part, has been submitted to Science under the title, “Cell-extrinsic
effects of tumor ER stress imprint myeloid dendritic cells and impair CD8" T cell
priming,” authored by, Navin R. Mahadevan, Veronika Anufreichik, Jeffrey Rodvold,
Homero Sepulveda, and Maurizio Zanetti. The dissertation author was the primary
investigator and author of this paper and the other authors helped perform the research

and write the manuscript.
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Figure 16. TERS " -imprinted BMDC upregulate UPR elements and produce pro-inflammatory
cytokines. BMDC were cultured for 24 h in TERS®™ or Veh®™ from the tumor cell lines indicated, or media
alone (Unstim). (A) RNA was isolated from BMDC and analyzed by RT-gPCR for UPR activation and
proinflammatory cytokine gene transcription. Columns indicate fold increase in transcript level (RQ) of
each treatment group. An Unstim control was set arbitrarily to 1. Error bars represent SEM of two
biological replicates and are representative of six independent experiments. *P < 0.05, **P < 0.01, ***P <
0.001, unpaired, two-tailed t test. (B) Supernatants from BMDC in (A) were analyzed by cytometric bead
array for presence of the cytokines indicated. . *P < 0.05, **P < 0.01, ***P < 0.001, unpaired, two-tailed t
test. (C) RNA was isolated from BMDC and analyzed by RT-gPCR for 1I-10 transcription. Columns
indicate fold increase in transcript level (RQ) of each treatment group. An Unstim control was set
arbitrarily to 1. Error bars represent SEM of four biological replicates pooled from two independent
experiments. BMDC supernatants were interrogated for 1L-10; dotted line indicates threshold of detection.
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Figure 17. TERS"-imprinted BMDC exhibit an activated, mature morphology. BMDC were cultured
for 24 h in TERS®™ or Veh®" from the tumor cell lines indicated and photographed under 20X objective.
Results are representative of at least three independent experiments.
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Figure 18. TERS™-imprinted BMDC polarize to an activated, mature immunophenotype. BMDC
were cultured for 24 h in TERS™ or Veh®" from the tumor cell lines indicated, or media alone (Unstim),
and interrogated for the cell surface markers indicated by flow cytometry. Results are representative of at
least three independent experiments.
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Figure 19. TERS"-imprinted BMDC are myeloid cells distinct from MDSC. BMDC were cultured for
24 h in TERS®™ or Veh®" from the tumor cell lines indicated, or media alone (Unstim), and interrogated for
the cell surface markers indicated by flow cytometry. Results are representative of three independent
experiments.



CHAPTER 4. Examining cross-presentation by TERS®"-imprinted BMDC, and

subsequent CD8" T cell activation

Rationale

We have shown that tumor cells under ER stress can influence BMDM and
BMDC to undergo ER stress and polarize them to release tumorigenic, pro-inflammatory
cytokines, suggesting a T cell-independent mechanism of promoting tumor growth.
However, as BMDC are also powerful regulators of cellular immunity, it is prudent to
examine the effect of TERS®" on the antigen presentation and T cell priming ability of
BMDC. We focused on cross-presentation, a mode of exogenous antigen presentation on
MHC Class I, as this is likely how exogenous tumor antigens are presented to T cells in
the tumor microenvironment. We examined the activation of transgenic, antigen-specific
CD8" T cells in response to TERS®™-imprinted myeloid cell cross presentation, as CD8"

T cells have been shown to be mainly responsible for immune rejection of tumors.

Results

To this end, we used soluble ovalbumin (OVA) as a model exogenous antigen and
the monoclonal antibody, 25.D1.16, to specifically recognize the MHC Class I-restricted
OVA 257-264 SIINFEKL peptide bound to the H2-K" molecule on BMDC (Fig. 20A).
We found that TERS"-imprinted BMDC display a reduced capacity to cross-present the
SIINFEKL peptide as compared to control BMDC (Fig. 20B), notwithstanding the fact
that the surface expression of MHC Class | molecules remained similar to or actually

increased over that of untreated OVA-fed BMDC (Fig. 21).

o1
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We then investigated the ability of TERS“"-imprinted BMDC to cross-prime
naive CD8" T cells from transgenic OT-I mice, whose TCR recognizes SIINFEKL/H2-K"
complex, in an in vitro co-culture assay. When provided with exogenous OVA, control
unstimulated BMDC or BMDC treated with conditioned medium from unstressed tumor
cells (Veh") efficiently induced antigen-specific OT-1 T cell activation and proliferation,
as demonstrated by conversion to an activated CD69/CD25"/CD62L'/CD44" phenotype
(Fig. 22A) and by 5-(and-6)-Carboxyfluorescein Diacetate, Succinimidyl Ester (CFDA-
SE) dilution (Fig. 22B), respectively. In contrast, OT-1 CD8" T cells co-cultured with
OVA-fed, TERS""-imprinted BMDC, while activated, proliferated poorly, resulting in a
decreased percentage of activated, dividing T cells (Fig. 22B), suggestive of a
proliferation-refractory status. As expected, coculture of OT-1 T cells with untreated or
TERS“-imprinted BMDC without antigen did not result in activation or proliferation
(Fig 22A and Fig. 23). The proliferation defect was not associated with PD-1
upregulation on T cells (Fig. 24). Addition of excess exogenous antigen (1 ug/mL)
rescued T cell proliferation only at a high dose (Fig. 25A and Fig. 26). Because a
proliferation-refractory phenotype could reflect T cell anergy a defect that can be rescued
by exogenous IL-2 as shown in CD4" T cells (117), we interrogated the effect of
exogenous administration of this cytokine during initial cross-priming and subsequent
restimulation by antigen. Exogenous administration of IL-2 during cross-priming failed
to rescue OT-I T cell proliferation (Fig. 25B). Restimulation with antigen again
underscored a proliferative defect that could not be corrected with exogenous IL-2 (Fig.
25B). Thus, we argue that proliferation-refractory CD8" T cells arising from interaction

with TERS"-imprinted BMDC does not fulfill the classical criteria of anergy.
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We reasoned that the proliferative defect of OT-1 T cells co-cultured with
TERS“™-imprinted BMDC could be that of T cells that have undergone cell cycle arrest
due to arginine deprivation (75). Indeed, we detected a significant population of OT-I
cells in GO after cross-priming by TERS ™-imprinted BMDC (Fig. 27). Because TERS®"
upregulates arginase (Argl) expression in BMDC, we probed the contribution of this
metabolic pathway to the T cell priming defect. The addition of exogenous L-arginine to
the co-culture medium did not improve T cell proliferation. In contrast, the addition of L-
norvaline, an arginine analogue and competitive inhibitor of arginase, rescued in great
part (80 %) T cell proliferation (Fig. 25C). Taken together, these results suggest that
downstream effects of tumor UPR-mediated arginase activity in BMDC contribute to the
inhibition of proliferation of T cells. Based on the fact that TERS“"-imprinted BMDC can
also inhibit T cell proliferation in this antigen-independent manner, we further
hypothesized that TERS“"-imprinted BMDC could exert a dominant suppressive effect
on the ability of normal BMDC to cross-prime CD8" T cells. When TERS®™-imprinted
BMDC, with or without antigen, were added to cocultures of OT-I T cells and normal
BMDC or BMDC previously cultured in unstressed tumor cell supernatant, antigen-
specific T cell proliferation was again suppressed (Fig. 25D). Surprisingly, the addition
of L-norvaline to these cocultures did not significantly rescue T cell proliferation (Fig.
28). Thus, TERS“-imprinted BMDC can suppress the T cell cross-priming capacity of
normal BMDC in an antigen-independent, arginase-independent manner.

To initially characterize the lineage of T cells cross-primed by TERS“™-imprinted
BMDC, we measured the expression of genes relevant to T cell fate determination by

RT-gPCR and cytokine secretion using a multiplex cytometric assay. Regulatory CD8™ T
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cells have been isolated from human tumors and have been found to secrete 1L-10, TNF-
o, and IFN-y, express FOXP3 and low levels of the costimulatory molecule CD28, and
suppress the proliferation of CD8" effector T cells (118, 119). CD8" T cells cross-primed
by TERS“"-imprinted BMDC showed transcriptional upregulation of the cytokines, 11-10
and Tnf-« (Fig. 25E). The transcriptional upregulation of Foxp3 and downregulation of
the costimulatory molecule CD28 (Fig. 25E and F) was also observed, suggesting that
these cells may be undergoing plastic differentiation to a T regulatory cell phenotype.
OT-I cells cross-primed by TERS“"-imprinted BMDC did not increase the transcription
of 11-17a (Fig, 25E). Surprisingly, these T cells also demonstrated dramatic splicing of
Xbp-1 with only marginal upregulation of other elements of the UPR signaling pathways
(Fig. 25E). Further investigation is required to elucidate the role, if any, of XBP-1s in the
proliferation of CD8" T cells and their cell fate.

Chapter 4, in part, has been submitted to Science under the title, “Cell-extrinsic
effects of tumor ER stress imprint myeloid dendritic cells and impair CD8" T cell
priming,” authored by, Navin R. Mahadevan, Veronika Anufreichik, Jeffrey Rodvold,
Homero Sepulveda, and Maurizio Zanetti. The dissertation author was the primary
investigator and author of this paper and the other authors helped perform the research

and write the manuscript.
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Figure 20. TERS""-imprinted BMDC do not efficiently cross-present exogenous antigen. (A) BMDC
were cultured in TERS®™ or Veh®" from the tumor cell lines indicated, or media alone (Unstim) for 8 hours
after which ovalbumin (1 mg/mL) was added directly to cultures for a further 16 h. (B) BMDC presentation

of the SIINFEKL/H2-Kb complex was monitored using the 25.D1.16 antibody using flow cytometry.
Results are representative of three independent experiments.
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Figure 21. Ovalbumin-fed TERS*"-imprinted BMDC do not decrease global MHC Class | molecule
expression. BMDC were cultured in TERS®™ or Veh®" from the tumor cell lines indicated, or media alone
(Unstim) for 8 hours after which ovalbumin (1 mg/mL) was added directly to cultures for a further 16 h.
H2-K" expression was then measured by flow cytometry. Results are representative of four independent

experiments.
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Figure 22. CD8" T cells cross-primed by TERS"™-imprinted BMDC become activated but do not
proliferate. BMDC were cultured in TERS® or Veh®" from B16.F10 tumor cells, or media alone
(Unstim) for 8 hours after which ovalbumin (1 mg/mL) was added directly to cultures for a further 16 h.
Unstim BMDC not fed OVA (Ag naive) were used as a control. BMDC were co-cultured with CFDA-SE-
labeled CD8" OT-I transgenic T cells. After 96 h co-culture, CD8" T cells were interrogated for (A)
expression of the activation markers indicated and (B) proliferation (CFDA-SE dilution) by flow
cytometry. Results are representative of eight independent experiments.
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Figure 23. CD8" T cells cross-primed by TERS“"-imprinted BMDC without antigen do not
proliferate or become activated. BMDC were cultured in TERS®" or Veh®" from B16.F10 tumor cells, or
media alone (Unstim) for 8 hours after which ovalbumin (1 mg/mL) was (+OVA) or was not (-OVA) added
directly to cultures for a further 16 h. BMDC were then co-cultured with CFDA-SE-labeled CD8" OT-I
transgenic T cells. After 96 h co-culture, CD8" T cells were interrogated for (A) proliferation (CFDA-SE
dilution) and (B) expression of the indicated activation markers, by flow cytometry. Results are

representative of two experiments.
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Figure 24. CD8+ T cells cross-primed by TERS“"-imprinted BMDC do not upregulate PD-1
expression. BMDC were cultured in TERS®™ or Veh®" from B16.F10 tumor cells, or media alone (Unstim)
for 8 hours after which ovalbumin (1 mg/mL) was added directly to cultures for a further 16 h. BMDC
were then co-cultured with CFDA-SE-labeled CD8" OT-I transgenic T cells. After 96 h co-culture, CD8" T
cells were interrogated for CFDA-SE dilution and PD-1 expression by flow cytometry. Results are
representative of three experiments.



60

A*w B 1o E Grp78 Xbp-1s Chop
= . 5 B 600, T 5 rél'_,'
P =] 4
2 2 gz 200- o
f . J 1 1
e e e 3 ol o
nf-
TERSe™ [] TERse™Lnor [ ] TERS™+L-arg = Tmo TE e
+SIINFEKL 15 3
TERSe™ O rerse O rersen w . =
5- 2- s
. 0 0- 0
= D R
1117, Tof- N
* N = % ,QL, R
g‘"’ —— A
s 2
g 2
! 1
B Unstim I Unstim ;\,\f\,}\,\ "@\,\f\,\f\,\
cm cm & & & & E
Veh Veh L < 3 <«
O unstim+erse cova) ] unstim+TERs®™ (+OVA) EF o ™
[] veh cm+TERS®™ (-0vA) [ Vehem+TERS®™ (+OVA) )
D 804 1\ D Unstim
. | O ver
S 60 |
5 ) O verse
] i~ R 40 |
20 \
) 0 TN
. Unstim . Uristifi 100 10! CBJZB 108 10t
] TERSe" ] TERSCm

(] TERS®™ + IL-2 (30 U/mL)

O rerse+ 12
[ rersem + 12 (100 umL)

Figure 25. CD8" T cells cross-primed TERS* -imprinted BMDC display an arginase-dependent
proliferation-refractory phenotype and are regulatory/suppressive. BMDC were cultured in TERS" or
Veh®" from B16.F10 tumor cells, or media alone (Unstim) for 8 hours after which ovalbumin (1 mg/mL)
was (+OVA) or was not (-OVA) added directly to cultures for a further 16 h. BMDC were then co-cultured
with CFDA-SE-labeled or unlabeled CD8" OT-I transgenic T cells for 96 h. (A) CD8" OT-1 T cells were
additionally co-cultured with SIINFEKL-pulsed TERS"-imprinted BMDC and CD8" T cell proliferation
was measured by CFDA-SE dilution. Results are representative of three independent experiments. (B) L-
norvaline (L-nor, 10 mM) or L-arginine (L-arg, 2 mM) was added to the indicated co-cultures and CD8" T
cell proliferation was measured by CFDA-SE dilution. Results are representative of three independent
experiments. (C) BMDC with(+) and without (-) OVA were cocultured with CFDA-SE-labeled CD8* OT-I
T cellsat a 1:1:2.5 ratio as above and T cell proliferation was measured by CFDA-SE dilution. Results are
representative of three independent experiments. (D) (left panel) Recombinant mouse IL-2 was added at the
indicated concentrations to the indicated co-cultures and CD8" T cell proliferation was measured by
CFDA-SE dilution. Results are representative of two independent experiments. (right panel) After 4-day
co-culture, CFDA-SE-labeled T cells were isolated and rested for 2 days before restimulation with
SIINFEKL-pulsed BMDC in the presence or not of recombinant mouse 1L-2 (30 U/mL). CD8" T cell
proliferation was measured by CFDA-SE dilution. Results are representative of two independent
experiments. (E) After 96 h co-culture, CFDA-SE-labeled T cells were purified. RNA was isolated and
analyzed by RT-gPCR for transcription levels of the indicated genes. Columns indicate fold increase in
transcript level (RQ) of each treatment group. An Unstim (+) control was set arbitrarily to 1. Error bars
represent SEM of two biological replicates and are representative of four independent experiments. *P <
0.05, **P < 0.01, ***P < 0.001, ns = not significant, unpaired, two-tailed t test. (F) After 4-day coculture
with the indicated BMDC populations, unlabeled CD8" T cells were interrogated for CD28 expression by
flow cytometry. Results are representative of two independent experiments.
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Figure 26. Moderate amounts of exogenous antigen do not rescue proliferation of CD8" T cell cross-
primed by TERS™-imprinted BMDC. BMDC were cultured in TERS®" from B16.F10 tumor cells for 8
hours after which ovalbumin (1 mg/mL) was added directly to cultures for a further 16 h. BMDC were then
pulsed with the indicated concentrations of the SIINFEKL peptide for 4 h and co-cultured with CFDA-SE-
labeled CD8" OT-I transgenic T cells. After 96 h co-culture, CD8" T cells were interrogated for
proliferation (CFDA-SE dilution) by flow cytometry. Results are representative of two independent

experiments.
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Figure 27. CD8" T cells cross-primed by TERS“™-imprinted BMDC undergo cell cycle arrest. BMDC
were cultured in TERS®™ or Veh®" from B16.F10 tumor cells, or media alone (Unstim) for 8 hours after
which ovalbumin (1 mg/mL) was (+OVA) or was not (-OVA) added directly to cultures for a further 16 h.
BMDC were then co-cultured with CFDA-SE-labeled CD8" OT-I transgenic T cells.. After 96 h co-culture,
T cell cycle status was interrogated using 7-AAD staining as determined by flow cytometry. Results are

representative of two independent experiments.
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Figure 28. The dominant suppressive activity of TERS®"-imprinted BMDC is not responsive to
arginase inhibition. BMDC were cultured in TERS®" or Veh®™ from B16.F10 tumor cells, or media alone
(Unstim) for 8 hours after which ovalbumin (1 mg/mL) was (+OVA) or was not (-OVA) added directly to
cultures for a further 16 h. OVA-fed Unstim BMDC were cocultured with TERS"-imprinted BMDC with
or without antigen and CFDA-SE-labeled CD8" OT-I transgenic T cells in the presence or not of L-
norvaline (L-nor, 10 mM). After 96 h co-culture, CD8" T cells were interrogated for proliferation (CFDA-
SE dilution) by flow cytometry. Results are representative of two independent experiments.



CHAPTER 5. Investigating the functional role of TERS“™-imprinted BMDC in the

facilitation of tumor growth in vivo.

Rationale

In the previous four chapters, we have established that the tumor ER stress
response can, in a cell-extrinsic manner, influence myeloid cells by modulating their T
cell-independent and —dependent functions. We hypothesized that defective “°®* T cell
priming by TERS“"-imprinted BMDC may result in facilitation of tumor outgrowth due

to local suppression and evasion of immunosurveillance.

Results

To test this in vivo, we first utilized an orthotopic tumor model in which C57/BL6
mice are inoculated subcutaneously with murine melanoma B16.F10 tumor cells admixed
with TERS"-imprinted BMDC. Mice injected with this cell mixture displayed
accelerated tumor outgrowth, earlier tumor initiation, and decreased survival as compared
to mice receiving B16.F10 tumor cells admixed with control BMDC, or tumor cells alone
(Fig. 29A), suggesting that TERS polarization of BMDC yields tumor facilitation in vivo.
To specifically implicate dysfunctional anti-tumor T cell immunity as a mechanism of
immune escape, we utilized TRAMP-C1.0VA (TC1.0VA) murine prostate cancer cells
that constitutively express OVA, which functions as a strong rejection antigen (120).
Whereas no tumors grew in mice receiving TC1.OVA cells alone, transient tumor growth
occurred in mice inoculated with TC1.OVA admixed with TERS"-imprinted BMDC

(Fig. 29B). These results indicate that TERS“"-imprinted BMDC inhibit T cell immunity
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in vivo, thus promoting tumor growth and even facilitating the take of highly

immunogenic tumor cells.

Discussion

The last three previous chapters place into context emerging evidence
demonstrating that phenotypically-mature tumor-infiltrating myeloid DC do not
efficiently prime T cells despite an activated phenotype, and promote tumor growth via
immune evasion. Here, we show that the cell-extrinsic signals deriving from the tumor
cell UPR can recapitulate ab initio the activated/suppressive phenotype observed in
tumor-infiltrating myeloid cells in several in vivo systems (74, 75), corroborating the
proposal that many of the immune defects observed in the tumor microenvironment may
indeed fall under the umbrella of the tumor UPR (121), as implied by an early study
showing that silencing Grp78 in immunogenic mouse fibrosarcoma cells attenuated
tumor growth while increasing tumor cell-specific memory CD8" T cell generation (39).

The tolerogenic ability of DC has been reported in various systems (122). Here
we provide evidence for the ab initio generation of tolerogenic myeloid DC as a
consequence of the cell-extrinsic effects of the tumor UPR. “Classical” tolerogenic DC
have been reported to be steady-state immature cells (i.e., cells lacking the expression of
costimulatory molecules) able to present antigen, whereas the tolerogenic TERS"-
imprinted BMDC described here are phenotypically mature (i.e., express high levels of
costimulatory molecules together with antigen presenting molecules) but possess
diminished cross-presentation capacity. This paradox can be reconciled by considering

that, whereas the basis of “classical” DC tolerogenicity is inadequate maturation resulting
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in a costimulatory deficit, TERS"-imprinted BMDC tolerize CD8" T cells via expression
of arginase. Considering the data presented here, the emerging scenario is that, in the
context of tumor growth, cell death and antigen release, the occurrence of a tumor UPR
remodels the immune microenvironment, creating the conditions for peripheral T cell
tolerance which is different from classical low or high antigen dose tolerance, and also
tolerance due to defective DC maturation (122). As noted, the effect of TERS on
myeloid DC may further direct CD8" T cells to a regulatory (suppressive) cell fate, hence
contributing to the overall pro-tumorigenic characteristic of immune cells in the
microenvironment. Thus, the cell-extrinsic effects of the tumor ER stress response
constitute a new way through which myeloid DC can hinder CD8" T cell responses and
initiate peripheral T cell tolerance. As the tumor UPR s also a crucial cell-intrinsic
mechanism of tumor survival in vivo, new forms of therapy targeting its signaling
pathways will not only serve to retard tumor cell growth and adaptation, but also
diminish tumor-induced immune suppression and peripheral tolerance, which are
potential barriers to tumor immunotherapy, providing for a better control of tumor growth
by autochthonous or induced anti-tumor T cell responses.

Chapter 5, in part, has been submitted to Science under the title, “Cell-extrinsic
effects of tumor ER stress imprint myeloid dendritic cells and impair CD8™ T cell
priming,” authored by, Navin R. Mahadevan, Veronika Anufreichik, Jeffrey Rodvold,
Homero Sepulveda, and Maurizio Zanetti. The dissertation author was the primary
investigator and author of this paper and the other authors helped perform the research

and write the manuscript.
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Figure 29. TERS""-imprinted BMDC promote tumor growth in vivo. (A) BMDC were cultured in
TERS®™ or Veh" from B16.F10 tumor cells for 24 hours and admixed with B16.F10 cells at a 1:3 ratio
(1e4 BMDC:3e4 B16.F10). Admixtures or B16.F10 cells alone (3e4) were injected s.c. into the flanks of
C57/BL6 mice and growth monitored by caliper measurement. Tumor size was expressed as volume (mm?®)
using the ellipsoid volume formula, V = % (H x W?). Error bars represent SEM of tumor size measurements
pooled from all animals in the indicated experimental group. Statistical comparison was made between
Tumor+TERS®™ BMDC and Tumor alone (top symbols) or Tumor+Veh®" BMDC (bottom symbols) groups
on day 19. All other indicated comparisons were made between Tumor+TERS®” BMDC and
Tumor+Veh®" BMDC groups. *P < 0.05, **P < 0.01, unpaired, two-tailed t test. (B) BMDC were cultured
in TERS®™ from TC1 tumor cells for 24 hours and admixed with TC1.OVA cells at a 1:3 ratio (1e6
BMDC:3e6 TC1.0VA). Admixtures or TC1.OVA cells alone (3e6) were injected s.c. into the flanks of
male C57/BL6 mice and growth monitored by caliper measurement for 22 days.



CONCLUSIONS

The unfolded protein response (UPR) is an adaptive cell signaling pathway that
aids eukaryotic cells in coping with conditions in which the protein folding capacity of
the endoplasmic reticulum (ER) is saturated or diminished. The tumor microenvironment
harbors multiple metabolic ER stressors including low glucose concentrations and
hypoxia that induce an ER stress response in tumor cells, which is critical for tumor cell
survival, proliferation, and has been correlated with progression. Based on this evidence,
the tumor UPR has been most studied as a cell-intrinsic mechanism by which tumor cells
survive.

We have found evidence suggesting that the tumor cell UPR can function in a
cell-extrinsic manner by transmitting ER stress to myeloid cells that infiltrate the tumor
microenvironment, a phenomenon we have termed TERS (transmissible ER stress).
TERS-imprinted myeloid cells upregulate production of tumorigenic, inflammatory
cytokines but also upregulate immunosuppressive markers, culminating in a pro-
inflammatory/suppressive phenotype. Furthermore, these cells display a unique
functional phenotype, upregulating costimulatory molecule expression, antigen-
presentation machinery, while downregulating effective high-affinity antigen cross-
presentation.

Importantly, TERS-imprinted BMDC do not effectively prime CD8" T cells,
causing activation without proliferation, in part due to increased arginase activity.
Additionally, CD8" T cells cross-primed by TERS-imprinted BMDC display a regulatory
phenotype and abnormally highly splicing of Xbp-1. We also show that TERS-imprinted

BMDC can also dominantly suppress the proper cross-priming function of normal
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bystander BMDC. Lastly, TERS-imprinted BMDC facilitate tumor growth in vivo, even
promoting the transient escape of highly immunogenic tumor cells.

Taken together, we demonstrate for the first time the ab initio generation of
tumor-imprinted myeloid cells that have many of the characteristics of previously-
described tumor-infiltrating myeloid cells and bring to the forefront the tumor UPR as a
fundamental driver of this polarization. A schematic of the current understanding of the
interaction between tumor cells and the immune system, as well as the proposed TERS-
mediated tumor-myeloid cell interaction and its consequences on anti-tumor immunity is
diagrammed in Figure 30.

In the clinical setting, autochthonous and vaccine-induced T cell responses
against cancer are locally hampered by the immunosuppressive microenvironment
enforced by the tumor. The results here described indicate that through its cell-extrinsic
effects on myeloid cells, and consequently, T cells, the tumor UPR could be a key
mediator in the establishment of such an environment. Looking forward, effective
therapy and immunotherapy against tumors will need to incorporate agents that help
remodel the immune landscape of the tumor microenvironment in favor of immunity;
disabling the tumor UPR would be one such mechanism. Anti-tumor UPR therapy would
have two added benefits: 1) reducing the tumorigenic, proinflammatory signaling
intimately associated with the UPR, and, 2) as the tumor UPR is a key cell-intrinsic
regulator of tumor cell survival, its inhibition would also curb tumor adaptation and
survival to microenvironmental noxae.

The Conclusions section, in part, has been published in the manuscript:

Mahadevan, N.R. and Zanetti, M. Tumor stress inside out: Cell-extrinsic effects of the



unfolded protein response in tumor cells modulate the immunological landscape of the
tumor microenvironment. J Immunol 187(9):4403-9, 2011. The dissertation author was

the primary author of this paper.
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Figure 30. Relationships linking various ER stressors, the UPR, tumor cells, and immune cells in the
microenvironment. The umbrella (green shading) represents the multifaceted influence of tumor ER
stress/UPR on myeloid cells and elements of the adaptive T cell response. In this new framework, the UPR
acts as a cell-intrinsic tumor prosurvival factor (circular arrow). ER-stressed tumor cells also may secrete
cytokines and other factors that harness myeloid cells in the tumor microenvironment, imprinting them with
an inflammatory/suppressive phenotype (see text for description) that facilitates tumor growth via T cell-
dependent and -independent mechanisms (merging arrows).



APPENDIX. MATERIALS AND METHODS

Mice, Preparation of BMDM/BMDC, and Cell Culture Procedures

C57BL/6 mice were purchased from Charles River and housed at the Moore’s
Cancer Center Animal Facility. TLR2 KO and TLR4 KO mice were the kind gift of Drs.
M. Karin and M. Corr, respectively (University of California, San Diego) with
permission from Dr. S. Akira. All mice were handled in accordance with University of
California, San Diego Animal Subjects Program Guidelines. Femurs, tibias, and fibulas
from IL6R™" mice (123) were contributed by Dr. A Drew (University of Cincinnati).
Bone marrow cells were flushed from the femurs and cultured for 7 days in 30% L929
cell-conditioned medium (124) to obtain bone marrow-derived macrophages (BMDM).
The yield of CD11b* macrophages was >95%. To obtain BMDC, bone marrow cells
from C57/BL6 mice were flushed from femurs and tibias in cold, unsupplemented RPMI
1640. After RBC lysis, bone marrow cells were cultured for 6 days in complete RPMI
medium containing 10% v/v supernatant from mGMCSF-producing hybridoma cells
(GCM, courtesy R. Steinman). Every two days, cells were washed and resupplemented
with complete RPMI containing 10% GCM, yielding >85% immature CD11b*/CD11c"
myeloid BMDC on day 6.

TRAMP-C1, B16.F10, and LLC cells were originally obtained from Drs. A.
Weinberg (Providence Portland Medical Center, OR), D. Carson, and J. Varner
(University of California, San Diego), respectively. J774 cells were a kind gift from Drs.
A. Timmer and V. Nizet (University of California, San Diego). All lines were grown

under standard conditions in RPMI medium 1640 or DMEM (Mediatech) supplemented
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with HEPES buffer, L-glutamine, sodium pyruvate, MEM non-essential amino acids
(Gibco), Penicillin/Streptomycin, 2-mercaptoethanol and 10% FBS (Hyclone: Lot No.
KSJ30470 with an LPS content < 0.06 EU/mL by LAL test) at 37°C in 5% CO;
atmosphere, except for addition of conditioned media. All cells were routinely tested for
mycoplasma using the luminescence-based MycoAlert kit (Lonza), and confirmed to be

mycoplasma free.

Conditioned Media

ER stress conditioned medium was generated as follows. Briefly, tumor cells
were induced to undergo ER stress by culture in thapsigargin (Tg) (Enzo Life Sciences; >
99% pure by HPLC) (300 nM) for 2 hrs. Control cells were similarly treated with an
equal volume of vehicle (100% ethanol). Cells were washed 2x with Dulbecco’s
phosphate-buffered saline (Mediatech), and then incubated in fresh medium for 16 hrs.
Conditioned medium was centrifuged for 10 minutes at 2,000 rpm and then filtered
through a 0.22 um filter (Millipore). Conditioned medium from apoptotic or control cells
was generated from TCL1 cells treated with 100 nM staurosporine (Sigma) or vehicle
(DMSO), respectively. To generate glucose-deprived tumor conditioned medium, tumor
cells were cultured for 24 h in basal RPMI 1640 or DMEM lacking glucose supplemented
with 10% dialyzed FBS (10000 MWCO, HyClone), L-glutamine, and
penicillin/streptomycin. Conditioned medium was harvested, centrifuged at 2000 rpm for
10 minutes, and passed through a 0.22 um syringe filter (Millipore) before use. J774
macrophages and BMDM were incubated in the appropriate conditioned and control

media for the times indicated. For experiments in which we probed synergy between ER
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stress conditioned medium and TLR4 signaling, macrophages were incubated in ER
stress or vehicle control conditioned medium with or without bacterial lipopolysaccharide
(LPS) (Sigma Cat. # L2654) at a final concentration of 100 ng/mL. For heat inactivation
experiments, basal medium and tumor cell conditioned media were heated to 37 °C, 56
°C, or 95 °C for 30 minutes. Before addition to macrophages, heated media were briefly

cooled on ice to room temperature.

Mass Spectroscopy

Thapsigargin in culture media was quantified by LC/MS/MS after sample clean-
up by solid phase extraction (Supelco 52611-U, DSC-18T, 100mg). Tg was isolated by
reversed-phase C-18 HPLC using gradient elution with up to 95% methanol:5% 0.1%
formic acid in water. Quantitation was based on peak area generated by scanning for
cumulative product ions (m/z 513, 573, 612) from the protonated molecular ion parent
(m/z 674). External standardization was employed, utilizing Excalibur Version 2.0
Software, interfaced with a Thermo-Finnigan LCQ DUO mass spectrometer and Thermo-

Fisher Surveyor P5000 HPLC and Autosampler modules.

Injection of Tumor ER Stress Conditioned Media In Vivo

10 mL of Tg conditioned medium or EtOH vehicle control medium from TC1,
B16.F10, and LLC tumor cells, were concentrated by lyophilization for 24-36 hrs,
resuspended in 1 mL sterile, DNA/RNA-free water (Mediatech), centrifuged for 5
minutes at 13000 rpm, and the supernatant aspirated in a 1 mL sterile syringe. 14-18

week old C57BL/6 mice were injected i.p. with (i) 10x tumor ER stress conditioned



75

medium, (ii) 10x vehicle control medium or (iii) tunicamycin (2 mg/kg) in a final volume
of 1 mL dPBS. Eight hrs later, mice were euthanized, livers surgically removed and
passed through a 40 pum cell strainer. Liver samples were washed once in dPBS,
aliquoted for RNA isolation, and gene expression quantified by qPCR as described

below.

BMDC Cross Presentation and T Cell Coculture

BMDC were first exposed to tumor ER-stressed c.m. or control media for 8 h
after which heat-treated ovalbumin (1 mg/mL) (Sigma) was added to cultures for a
further 16 h. CD8" T cells were negatively selected (StemCell Tech) from a spleen/lymph
nodes cell suspension from OT-1/Rag” mice (graciously provided by Dr. S. Schoenberger
and Dr. J Chang) and the yield of transgenic cells was determined by enumeration of
Va2'/CD8" cells by flow cytometry, which was >90%. 2.5E5 Va2*/CD8" T cells were
then co-cultured with 1E5 BMDC for 96 h. In some cases, negatively selected CD8" cells
were labeled with 0.5 uM CFDA-SE (Invitrogen) before co-culture. For exogenous

antigen rescue experiments, TERS-treated BMDC were pulsed with indicated

concentrations of SIINFEKL peptide for 4 hours at 37 °C prior to co-culture. For

arginase inhibition experiments, 2 mM L-arginine (EMD Chemicals) or 10 mM L-
norvaline (EMD Chemicals) were added to cell culture medium prior to addition of
BMDC and T cells. For anergy experiments, indicated concentrations of recombinant
mouse IL-2 (R&D Systems) were added to cell culture medium prior to addition of

BMDC and T cells.
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Quantitative RT-PCR (gPCR)

RNA was isolated from cells using the RNeasy (Qiagen), RNeasy Plus (Qiagen),
or Nucleospin Il kits (Macherey-Nagel). Concentration and purity of RNA was
determined by analysis on a NanoDrop spectrophotometer (Thermo Scientific). cDNA
was obtained using the High Capacity cDNA Synthesis kit (Life Technologies/Applied
Biosystems) and quantitative PCR was performed on an ABI StepOne system using
TagMan reagents for 50 cycles using universal cycling conditions. Target gene
expression was normalized to B-actin, and analyzed using the —AACt relative
quantification method. Validated FAM-labeled mouse 11-23p19(a), 11-6, Tnf, 11-17a, Il-
10, Tof-p, FoxP3, Ddit3 (Chop), Myd116 (Gadd34), Hspa5 (Grp78), Argl and VIC-
labeled mouse B-actin TagMan primer/probe sets (Life Technologies/Applied
Biosystems) were used. For macrophage experiments, mouse Xbp-1 FAM-labeled gPCR
probe/primer sets was obtained from Integrated DNA Technologies. For gel-based PCR,
Xbp-1 amplicons were amplified using the following cycling conditions: 96°C for 2 min.,
followed by 30 cycles of 96°C for 30 s, 60°C for 30 s, 72°C for 30 s. and a 1 min 72°C
extension, resolved on a 2.5% agarose gel, and imaged using a BioRad GelDoc system.
The list of primers is shown below. For dendritic cell experiments, FAM-labeled gPCR

probe/primer sets specific for mouse Xbp-1s (IDT Technologies) were used

mXbp-1 Forward | 5’-ACACGCTTGGGAATGGACAC-3’

Reverse | 5’-CCATGGGAAGATGTTCTGGG-3’
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mGapdh Forward | 5’-ACGGATTTGGTCGTATTGGGC-3’

Reverse | 5’-TTGACGGTGCCATGGAATTTG-3’

mXbp-1 1 5’-ACCAGGAGTTAAGAACACGC-3’

(gPCR)

2 5’-CAACAGTGTCAGAGTCCATGG-3’

Probe 5’-AGGTGCAGGCCCAGTTGTCA-3’

Flow Cytometry

Single cell suspensions were stained with fluorochrome-labeled anti-CD86 (BD
Pharmingen, clone GL1), anti-CD80 (BD Pharmingen, clone 16-10-Al), anti-CD40 (BD
Pharmingen, clone 3/23), anti-CD64 (BD Biosciences, clone X54-5/7.1), anti-CD16/32
(BD Biosciences, clone 2.4G2), anti-CD14 (BD Biosciences, clone rmC5-3), anti-CD11b
(eBioscience, clone M1/70), anti-CD11c (eBioscience, clone N418), anti-H2k” (BD
Pharmingen, clone AF6-88.5), anti-IA® (BD Pharmingen, clone AF6-120.1), anti-K"-
SIINFEKL (eBioscience, clone ebio25.D1.16), anti-PDL-1 (BD Pharmingen, clone
MIH5), anti-CD8a (eBioscience, clone Ly-2), anti-Va2 (BD Pharmingen, clone B20.1),
anti-CD69 (BD Pharmingen, clone H12F3), anti-CD25 (BD Pharmingen, clone PC61.5),
anti-CD62L (BD Pharmingen, clone MEL14), anti-CD44 (BD Pharmingen, clone IM7),
anti-IFN-y (BD Pharmingen, clone XMG1.2), anti-PD-1 (BD Pharmingen, clone RMP1-
30), anti-CD28 (BD Pharmingen, clone 37.51) and Annexin V (BD Pharmingen)
antibodies, or appropriate isotype controls. Viability was determined by 7-AAD
(CalBiochem) exclusion. For cell cyle analysis, CD8" cells were fixed in 70% ice-cold

ethanol for one hour and then for 24 hours at -20 °C. Cells were incubated in 7-AAD (25



78

ng/mL) and RNase A (100 pg/mL) for 30 minutes at 37 °C. A FACSCalibur cytometer
(Becton&Dickinson) was used for acquisition of data, and CellQuest Pro (BD

Biosciences) and FlowJo software (Tree Star) were used for data analysis.

Multiplex Cytometric Bead Assay

BD™ CBA Flex set assays were used to measure mouse IL-6, IL-23, TNF-a, IL-
10, MIP-1a, MIP-1p, and MCP-1 (BD Pharmingen). Briefly, each capture bead is a
single population with distinct fluorescence intensity and is coated with a capture
antibody specific for each of the soluble proteins. The bead population is resolvable in
the NIR and Red channels of a BD FACSArray™ bioanalyzer flow cytometer. Each bead
population is given an alphanumeric position designation indicating its position relative
to other beads in the BD CBA Flex Set system. Beads with different positions can be
combined in assays to create a multiplex assay. In a BD CBA Flex Set assay the capture
bead, PE-conjugated detection reagent, and standard or test samples are incubated
together to form sandwich complexes. Following acquisition of sample data using the
flow cytometer, the sample results are generated in graphical and tabular formats using

the FCAP Array™ Software.

In vivo Tumor Studies

BMDC were exposed to ER-stressed tumor c.m. or unstressed tumor c.m. for 24
h. Tumor cells and BMDC were harvested and washed twice with dPBS-. Tumor cells
were admixed with BMDC at a 3:1 ratio (3e4 B16.F10:1e4 BMDC or 3e6 TC1.OVA:1le6

BMDC) and injected s.c. into 6-10 week-old C57/BL6 mice. Experiments using
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TC1.0VA cells were conducted using male mice only. Tumor growth was measured by

taking two-dimensional caliper measurements starting 4 days after injection until tumors
reached >20 mm in one dimension, at which time the mice were sacrificed in accordance
with UCSD animal welfare standards. Tumor size was expressed as volume (mm®) using

the ellipsoid volume formula, V = ¥ (H x W?).
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