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    Chapter 18   
 Cell-Nonautonomous ER Stress-Mediated 
Dysregulation of Immunity by Cancer Cells 

             Jeffrey     J.     Rodvold    ,     Navin     R.     Mahadevan    , and     Maurizio     Zanetti    

    Abstract     The immune surveillance hypothesis posits that neoantigens presented 
by tumor cells are detected by the immune system and eliminated, keeping tumor 
formation and growth at bay. Operationally this requires that tumor cells be taken up 
by local sentinels of the immune system, myeloid antigen presenting cells, which 
then proceed to present tumor associated antigens to T cells, resulting in specifi c 
rejection of tumor cells. Yet, one of the central unsolved paradoxes of tumor 
 immunology is how the tumor escapes immune control which is refl ected in the lack 
of effective autochthonous or vaccine-induced anti-tumor T cell responses. 

 In this chapter we discuss the emerging new idea that the endoplasmic reticulum 
(ER) stress response/unfolded protein response (UPR) activated in response to tumor 
microenvironmental  noxae , acts not only as a key cell-intrinsic regulator of tumor 
growth and survival, but also as a central cell-extrinsic modulator of myeloid cell and 
T cell function. We will review the cellular and molecular basis of the  anti- tumor 
immune response and the polarization of myeloid cells and T cells and place these into 
a UPR-centered perspective. We will also present the UPR as a  cell- extrinsic regulator 
of anti-tumor immunity, effected by the newly-discovered “transmissible” ER stress.  

  Keywords     ATF6: Activating transcription factor 6   •   CHOP: CCAAT/-enhancer 
binding protein homologous protein   •   DC: Dendritic cell   •   ECM: Extracellular 
matrix   •   eIF2α: Eukaryotic translation initiation factor 2 alpha   •   EMT: Epithelial 
to mesenchymal transition   •   ER: Endoplasmic reticulum   •   FOXP3: Forkhead box 
3   •   GRP78: Glucose regulated protein 78   •   HSR: Heat shock response   •   IDO: 
Indoleamine 2,3-dioxygenase   •   IL-: Interleukin   •   iNOS: Inducible nitric oxide 
synthase   •   IRE1α: Inositol requiring enzyme 1 alpha   •   LAG3: Lymphocyte 
 activation gene 3   •   MDSC: Myeloid derived suppressor cell   •   MEF: Mouse 
embryonic fi broblast   •   MHC: Major histocompatibility complex   •   NF-κB: 
Nuclear factor kappa-light- chain-enhancer of activated B cells   •   OVA: 
Ovalbumin   •   PD-L1: Programmed cell death ligand 1   •   PERK: Protein kinase-
like  endoplasmic reticulum kinase   •   PGE2: Prostaglandin E2   •   TAM: Tumor 
associated macrophage   •   TCR: T-cell receptor   •   TERS: Transmissible  endoplasmic 
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reticulum stress   •   TGFβ: Transforming growth factor beta   •   TIDC: Tumor infi ltrating 
dendritic cell   •   TLR: Toll like receptor   •   UPR: Unfolded protein response  

18.1         Introduction 

 Modern tumor immunology takes its roots in Burnet’s immune surveillance 
 hypothesis, which posits that the immune system is able to recognize  tumor-associated 
antigens and act as a cell-extrinsic regulator of tumor growth (Burnet  1970 ). In 
humans, the immune surveillance hypothesis is supported by the detection of 
naturally- occurring T cell responses against self tumor antigens (Yotnda et al.  1998a , 
 b ; Molldrem et al.  2000 ; Nagorsen et al.  2003 ; Filaci et al.  2006 ), suggesting that 
central tolerance does not completely delete precursor T cells specifi c for a variety of 
self tumor antigens from the available repertoire. Studies in mice on  sporadic cancer 
initiated through the rare spontaneous activation of a dormant  oncogene showed that 
these tumors are in fact immunogenic and do not escape recognition by T cells but 
rather induce tolerance associated with the expansion of non- functional T cells 
(Willimsky and Blankenstein  2005 ). This is consistent with the observation that CD8 
T cells generated by vaccination in melanoma patients are functionally heteroge-
neous and have a predominantly quiescent phenotype (Monsurro et al.  2002 ,  2004 ), 
refl ecting perhaps a defective activation during  priming. Thus, the complex landscape 
of anti-tumor T cell response depends on a delicate balance between activation of the 
residual T cell repertoire specifi c for self tumor antigens and mechanisms controlling 
the state of activation and function of T cells against these antigens. 

 Recently, emphasis has been placed on loss of immune surveillance subsequent to 
the disruption of the equilibrium at the tumor/immune interface mediated by tumor 
infi ltrating myeloid cells (Balkwill and Mantovani  2001 ; Serafi ni et al.  2006 ). Virtually 
all solid tumors (carcinomas most notably) contain infi ltrates of diverse leukocyte 
subsets including both myeloid- and lymphoid-lineage cells (Tlsty and Coussens 
 2006 ). Tumor-infi ltrating leukocytes are rich in CD11b+ myeloid cells (Serafi ni et al. 
 2006 ), subsets of which produce factors that promote  tumorigenesis by acting on 
tumor cells and immune cells. These secreted molecules include infl ammatory cyto-
kines that promote tumor cell growth and survival  (IL-6, IL-23, and TNF-α, 
(Langowski et al.  2006 ; Kim et al.  2009 ) and for review see (Grivennikov et al.  2010 ; 
Mumm and Oft  2008 ), but also suppressive factors that inhibit T cell responses 
(e.g., IL-10, TGFβ, arginase – ( Arg1 ), and indoleamine 2–3 dioxygenase (IDO)) (for 
review see (Gabrilovich et al.  2012 )). Thus, tumor cells and the immune cells within 
the tumor microenvironment utilize  “pro- infl ammation” and “suppression” to exact a 
toll on adaptive T cell responses and facilitate tumor escape and growth (Van Ginderachter 
et al.  2006 ). However, the exact link between microenvironmental pro-infl ammation/
suppression and  impairment of T cell  function is not clearly understood. 

 Recent data from this laboratory provide a unifying view for this complex 
 interplay, linking tumor cells, their microenvironment, leukocyte infi ltration, 
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 infl ammation, and immune suppression. Our interpretative framework is based on 
the observation that the endoplasmic reticulum (ER) stress response in cancer cells 
causes the release of a factor(s) that itself recapitulates both ER stress in myeloid 
cells, macrophages and dendritic cells (DC), polarizing them to a pro-infl ammatory/
suppressive phenotype, ultimately impairing fundamental processes of the adaptive 
T cell response (Mahadevan et al.  2011a ,  2012 ). 

 The endoplasmic reticulum (ER) is the initial checkpoint for the folding and 
modifi cation of proteins that reside within the secretory pathway. The ER stress 
response, or unfolded protein response (UPR), is mediated by three initiator/ 
sensor transmembrane molecules, inositol-requiring enzyme 1α (IRE1α), PKR-
like ER kinase (PERK), and activating transcription factor 6 (ATF6), which, in the 
unstressed state, are maintained in an inactive state through association with 78 kDa 
glucose-regulated protein (GRP78) (Walter and Ron  2011 ). Upon ER stress induc-
tion, GRP78  disassociates from the three UPR sensors, de-repressing them and 
allowing  downstream signaling. Upon activation, PERK signals downstream effec-
tors such as the growth arrest and DNA damage gene (GADD34) and the C/EBP 
homologous protein (CHOP), a regulator of infl ammatory gene transcription and 
apoptotic cell machinery (Walter and Ron  2011 ). IRE1α is an endoribonuclease 
that, upon  activation, initiates the unconventional splicing of the mRNA encoding 
 X-box-binding protein 1 (XBP-1). Spliced XBP-1 is a potent transcriptional activator 
that increases expression of a subset of the UPR-related genes involved in effi cient 
protein folding, maturation, and degradation in the ER (Lee et al.  2003b ). ). In addi-
tion, under ER stress or forced autophosphorylation, IRE1α’s RNase can cause 
endonucleolytic decay of many ER-localized mRNAs through a phenomenon 
termed regulated IRE1-dependent decay (RIDD) (Walter and Ron  2011 )  . The 
transcription factor ATF6 activates UPR target genes that ameliorate the protein 
folding capacity of the ER (Walter and Ron  2011 ). 

 Cancer cells are consistently exposed to ER stress-inducing  noxae  within the tumor 
microenvironment. These include nutrient deprivation due in part to chaotic vascula-
ture and highly active nutrient (i.e. glucose) consumption (aerobic glycolysis) 
(Warburg  1956 ), an  imbalance between demand and supply of oxygen (hypoxia), an 
imbalance between the  production of reactive oxygen and the cell’s ability to readily 
detoxify the  reactive intermediates (oxidative stress), and aberrant glycosylation 
(Heazlewood et al.  2008 ). Chronic viral infections (He  2006 ) which account for 18 % 
of cases of cancer  world-wide (WHO International Agency for Cancer Research), als
o cause ER stress. 

 It is the objective of this chapter to draw attention to the emerging paradigm that 
the cell-extrinsic consequences of tumor-borne UPR infl uence the dynamic 
 equilibrium that exists at the tumor / immune interface. Specifi cally, we will discuss 
the anti-tumor immune response; its subversion via the co-existence of  infl ammation 
and suppression in the tumor microenvironment; the cell-intrinsic role of the UPR 
tumor adaptation and survival; cell-extrinsic mechanisms of tumor immune  evasion; 
the UPR-mediated cell-extrinsic dysregulation of myeloid cells with impairment of 
antigen presentation and CD8 T cell activation; and therapeutic approaches  targeting 
the tumor UPR.  
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18.2     The Anti-tumor Immune Response and Subversion 

 That immunity plays a protective role against spontaneous tumors dates back to 
1912 and the pioneering work of G. Schone (cited in (Silverstein  1989 )). In modern 
times this idea formed the basis of Burnet’s immune surveillance hypothesis (Burnet 
 1970 ,  1971 ). New experimental data have provided for a revision of the original 
immune surveillance hypothesis (Schreiber et al.  2011 ) suggesting that tumor cell 
variants may not be completely eliminated by the immune system but instead enter 
into an equilibrium phase during which T cells constrain clinically undetectable 
occult tumor cells and edit tumor cell antigenicity and immunogenicity (Koebel 
et al.  2007 ). The resulting edited tumor cells possess reduced immunogenicity and 
begin to grow in an immunologically unrestrained manner. 

18.2.1     The Anti-tumor Adaptive Immune Response 

 Adaptive anti-tumor T cell responses are based on the recognition of antigens 
expressed on the surface of tumor cells in association with molecules of the major 
histocompatibility complex (MHC). However, self tumor antigens use a variety of 
strategies to evade immune surveillance: tolerance/anergy, ignorance and active 
immunosuppression through soluble mediators. In addition, escape also occurs 
through immune suppression mediated by CD4 and CD8 regulatory T cells (Tregs) 
(Sakaguchi  2003 ; Sakaguchi et al.  2008 ), a class of cells increased in patients with 
malignancies and in tumor tissues (Zou  2006 ; Mougiakakos et al.  2010 ; Jacobs 
et al.  2012 ; Whiteside  2012 ). Studies in mice show that antigen specifi c tumor- 
infi ltrating CD8 T lymphocytes display an activated phenotype but little cytotoxic-
ity when transferred into tumor-bearing mice (Savage et al.  2008 ). Sporadic tumors 
in mice are immunogenic but  induce tolerance  associated with the expansion of 
non-functional T cells (Willimsky and Blankenstein  2005 ). T cells tolerant to self 
antigen return to a tolerant phenotype even after having resumed proliferation and 
function (Schietinger et al.  2012 ). This shows that tumor-initiated  active  regulation 
of the adaptive T cell response plays an important role in the lack of effectiveness of 
anti-tumor immunity.  

18.2.2     Tumorigenic Cytokines in the Tumor Microenvironment 

 Infl ammatory cytokines, often under the control of NF-κB, promote tumor cell sur-
vival, proliferation, and immune subversion. While oncogene activation in tumor 
cells can lead to cytokine production and secretion, the predominant source of 
tumorigenic infl ammatory mediators are tumor-infi ltrating myeloid cells 
(Grivennikov et al.  2010 ). For example, inhibition of NF−κB by ablation of IKKβ 
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in liver macrophages results in loss of TNF-α and IL-6 production, which in turn, 
impairs tumor growth (Pikarsky et al.  2004 ). Macrophage-specifi c deletion of IKKβ 
leads to decreased production of PGE 2  and IL-6, resulting in reduced incidence of 
colitis-associated colorectal tumors (Greten et al.  2004 ). Myeloid cells (macro-
phages and dendritic cells) of the lamina propria were found to be a key source of 
IL-6, which plays a crucial role in driving tumorigenesis in a mouse model of coli-
tis-associated cancer (Grivennikov et al.  2009 ). In a model of lung cancer, IL-6 and 
TNF-α produced by myeloid cells in response to tumor-derived versican (Kim et al. 
 2009 ) drive tumor growth and progression in a TLR2-dependent manner. IL-6 pro-
duction by hepatocellular carcinoma (HCC) progenitor cells and Kupffer cells in 
early dysplastic lesions in a model of carcinogen-driven liver carcinogenesis pro-
motes progression to HCC (Naugler and Karin  2008 ; Akers et al.  2013 ). 

 IL-23 produced by tumor associated macrophages (TAMs) blocks CD8 T cell 
infi ltration into skin tumors (Langowski et al.  2006 ) and upregulates T regulatory 
cell differentiation in the melanoma microenvironment (Kortylewski et al.  2009 ). In 
a mouse model of spontaneous colon cancer, bacterial TLR ligands penetrate the 
colonic mucosal barrier and promote IL-23 production by adenoma-infi ltrating 
myeloid cells, ultimately leading to tumor outgrowth likely via induction of down-
stream tumor-promoting cytokines, including IL-17 and IL-6 (Grivennikov et al. 
 2010 ). In addition, tumor-associated myeloid dendritic cells are a key source of 
IL-23 in a mouse model of lung cancer, and a neutralizing IL-23 antibody combined 
with agonistic CD40 antibodies reduces primary fi brosarcoma and metastatic mela-
noma tumor burden (von Scheidt et al.  2014 ). 

 The TGFβ family of cytokines, has different roles at different stages of tumori-
genesis within in the tumor microenvironment. The source of TGFβ can be tumor 
cells themselves, especially early in tumor growth; however infi ltrating myeloid 
cells are a major TGFβ source later during tumor progression (reviewed in (Massague 
 2008 )). Early during tumor growth, TGFβ restrains tumorigenesis via cell-intrinsic 
and cell-extrinsic mechanisms: (1) repression of the cell cycle and induction of 
cell cycle inhibitors, (2) promotion of cellular differentiation and senescence, 
(3) activation apoptotic machinery, (4) suppression of autocrine and paracrine 
mitogenic signaling in neighboring stromal fi broblasts, and (5) inhibition of innate 
and adaptive immune cell function and tumorigenic cytokine production (reviewed 
in (Massague  2008 ; Pickup et al.  2013 )). 

 During tumor progression, however, malignant cells inactivate TGFβ signaling 
and can co-opt other tumorigenic functions of TGFβ signaling, including extracel-
lular matrix (ECM) degradation via matrix metalloproteinase production, epithelial-
to- mesenchymal transition (EMT) (Chaffer and Weinberg  2011 ), and stimulation of 
angiogenesis. In this context, TGFβ can promote tumorigenic infl ammatory and 
immunosuppressive effects in invading immune cells. For instance, TGFβ and IL-6 
drive CD8 and CD4 T cell differentiation to the Tc17 and Th17 phenotypes, which 
promote tumor growth in the correct context via promotion of angiogenesis and 
tumor cell proliferation (reviewed in (Pickup et al.  2013 ). Inversely, TGFβ signaling 
directs polarization of tumor-associated myeloid cells to a suppressive phenotype, 
which inhibits T cell function  in vitro  and perhaps  in vivo  (reviewed in (Pickup et al. 
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 2013 ; Mao et al.  2014 )). In addition, TGFβ signaling in CD8+ T cells represses 
expression of the Natural killer group 2, member D (NKG2D) receptor and inhibits 
cytolytic activity (Friese et al.  2004 ; Thomas and Massague  2005 ). 

 It should be noted that, while the tumorigenic role of various infl ammatory 
 mediators, including NF-kB, IL-6, IL-23, and TGFβ, have been well illustrated, the 
tumor-mediated mechanism of their production in the tumor microenvironment, 
notably, by tumor-associated myeloid cells, remains less clear.  

18.2.3     Tumor-Associated Myeloid Cells 

 Virtually all solid tumors (carcinomas most notably) contain infi ltrates of diverse 
leukocyte subsets, mainly myeloid cells (Tlsty and Coussens  2006 ), which express 
the CD11b + surface marker (Serafi ni et al.  2006 ; Ruffell et al.  2012 ) and have been 
stratifi ed into tumor-associated macrophages (TAM) (F4/80 + /Gr1 + ), myeloid-
derived suppressor cells (MDSC) (Gr-1 + ) and tumor infi ltrating myeloid dendritic 
cells (CD11c + ). As a whole, myeloid cells that infi ltrate solid tumors are key players 
in the cell-extrinsic regulation of tumor growth, often producing a variety of pro-
tumorigenic factors that effectively modify the tumor/immune cell landscape. 
Because of their ability to inhibit T cell responses  in vitro  and  in vivo  (Kusmartsev 
et al.  2004 ; Huang et al.  2006 ), and the initial characterization of their phenotype as 
IL-10 + /IL-12 -  coupled with low levels of costimulatory molecules and antigen pre-
sentation machinery, it was proposed that tumor-associated CD11b+/Gr1+ myeloid 
cells possessed an anti-infl ammatory and suppressive (M2) phenotype (Mantovani 
et al.  2002 ). Tumor infi ltrating dendritic cells (TIDC) were fi rst characterized as 
having an immature phenotype characterized by low levels of MHC Class I and II, 
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 immature DC in non-tumor systems or in the peripheral blood of cancer patients 
(Chaux et al.  1997 ; Gabrilovich et al.  1997 ; Probst et al.  2003 ; Friese et al.  2004 ). 

 More recently, however, evidence has accumulated that suggests that the 
 tumorigenic phenotype of myeloid cells is concomitantly pro-infl ammatory and 
actively suppressive (for a extensive review on the topic, see (Ostrand-Rosenberg 
and Sinha  2009 )). 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 iNOS, an infl ammatory (M1) marker 
(Otsuji et al.  1996 ; Kusmartsev et al.  2004 ). Furthermore, tumor-derived myeloid 
cells produce infl ammatory cytokines that play key roles in tumor growth and in 
regulating anti- tumor immunity (Mumm and Oft  2008 ; Grivennikov et al.  2010 ). 
More recently, it has been found that TIDC in melanoma, lung carcinoma, ovarian 
cancer, and breast cancer express high levels of MHC Class I/II, CD80, and CD86, 
yet they still inhibit anti-tumor CD8 T cell responses  in vitro  and  in vivo  due to a 
combination of inadequate antigen presentation, arginase production, or PD-L1 
expression (Stoitzner et al.  2008 ; Liu et al.  2009 ; Norian et al.  2009 ; Engelhardt 
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et al.  2012 ; Scarlett et al.  2012 ). For example, in a murine model of ovarian 
carcinoma, as well as in human ovarian tumor samples, TIDC with a “regulatory” 
phenotype hallmarked by expression of MHC II, CD86, and DEC205, promote 
tumor outgrowth by suppressing T cell function within the tumor via IL-6 activity, 
PD-L1, Arginase I, respectively (Scarlett et al.  2012 ; Tesone et al.  2013 ). 

 Large cohort studies in breast cancer patients have shown that the presence of 
macrophages expressing CD68 correlates with poor prognostic features (Denardo 
et al.  2011 ), increased angiogenesis (Cavanagh et al.  2005 ) and decreased disease- 
free survival (Cairns et al.  2011 ). In addition, presence of increased numbers 
of CD68+ macrophages in tumor stroma in patients with non-small-cell lung 
carcinoma (NSCLC) correlated with poorer overall survival (Welsh et al.  2005 ; 
Kawai et al.  2008 ; Dai et al.  2010 ).   

18.3     Co-existence of Infl ammation and Suppression 
in the Tumor Microenvironment and the Cell-Intrinsic 
Contribution of the UPR to Tumor Progression 

 There is increasing evidence that the tumor/immune interplay is important in tumor 
growth and invasiveness (Hanahan and Weinberg  2011 ), and that local  infl ammation 
(Balkwill and Mantovani  2001 ; Balkwill et al.  2005 ; Grivennikov et al.  2010 ; Cou
ssens et al.  2013 ) plays a key role. The vast majority (95 %) of cancers display, and 
likely result from, somatic, as opposed to germline mutations (Vogelstein et al. 
 2013 ). Since infl ammation has been linked to genomic instability (Tili et al.  2011 ), 
infl ammation-promoting conditions (obesity, diet, stress, viruses) could serve as 
precondition to cancer growth and progression. In addition,  infi ltrating myeloid 
cells and T cells have the capacity to produce a variety of  pro-tumorigenic factors 
that effectively modify the tumor/immune cell landscape. For example,  tumorigenic 
effects have been associated with pro-infl ammatory cytokines (IL-6, IL-23, TNF-α 
and MIF), but, also with anti-infl ammatory  cytokines (IL-10, TGFβ) and mole-
cules with immune suppressive function  (arginase, peroxynitrite and indoleamine 
2–3 dioxygenase) (for review see (Gabrilovich et al.  2012 )). Furthermore, through 
the secretion of a variety of  cytokines, tumor-infi ltrating myeloid cells also con-
tribute to tumor angiogenesis (Shojaei et al.  2007 ; Kujawski et al.  2008 ; Chen and 
Bonaldo  2013 ). 

 How myeloid cells become causative for tumor growth and progression and what 
tumor-derived cues determine their polarization is still poorly understood. Even 
more perplexing is the apparent paradox that the tumor microenvironment is at once 
pro-infl ammatory and anti-infl ammatory, suggesting the possibility that myeloid 
cells may, at a certain point, possess a “mixed” pro-infl ammatory/suppressive 
 phenotype (Van Ginderachter et al.  2006 ). Hereunder we will present evidence for 
a unifying mechanistic interpretation of this paradox. 
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18.3.1     Cell-Intrinsic Role of UPR in Tumor 
Adaptation and Progression 

 The starting point of our new hypothesis is evidence implicating ER stress and the 
UPR in tumorigenesis, cancer growth, and progression. Primary human tumor 
cells of several origins, including breast (Fernandez et al.  2000 ), lung (Uramoto 
et al.  2005 ), liver (Shuda et al.  2003 ), colon (Xing et al.  2006 ), prostate 
(Daneshmand et al.  2007 ), and brain (Pyrko et al.  2007 ) have been shown to 
upregulate UPR  pathways, whereas peritumoral areas do not. Additionally, in 
 primary human  melanoma, liver, and breast cancer specimens, the level of GRP78 
positively  correlates with tumor progression (Fernandez et al.  2000 ; Shuda et al. 
 2003 ; Zhuang et al.  2009 ). GRP78 has also been detected on the surface of tumor 
cells of diverse histological origin (Arap et al.  2004 ; Davidson et al.  2005 ; 
Misra et al.  2006 ). 

 The conditional homozygous knockout of  Grp78  in the prostate of mice with 
 Pten  inactivation protects against cancer growth (Fu et al.  2008 ) and inactivation 
of a  Grp78  allele in the  MMTV - PyT  murine model of breast cancer yields 
 signifi cantly decreased breast tumor proliferation, survival, and angiogenesis 
compared to  Grp78 +/+,  PyT  mice (Dong et al.  2008 ). Lastly, proliferating and 
dormant cancer cells in which  Grp78  is upregulated are resistant to chemotherapy 
(Reddy et al.  2003 ; Ranganathan et al.  2006 ; Chang et al.  2007 ; Fu et al.  2007 ; 
Pyrko et al.  2007 ). 

 Transformed mouse fi broblasts defi cient in  Xbp1  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 fi ndings, mouse embryonic fi broblasts (MEFs) 
expressing a siRNA against  Xbp - 1  lead to tumors that are smaller and exhibit 
decreased angiogenesis as compared to tumors generated by control cells when 
injected into mice (Romero-Ramirez et al.  2004 ,  2009 ). Similarly, siRNA inhibition 
of  Xbp - 1  in human fi brosarcoma cells inhibits their growth and angiogenesis in a 
xenograft model, and overexpression of XBP-1s in human fi brosarcoma cells 
expressing a dominant-negative IRE1α mutant rescues xenograft angiogenesis 
(Romero-Ramirez et al.  2004 ,  2009 ). Additionally, human glioma cells expressing 
a dominant-negative IRE1α mutant display a decreased growth rate and impaired 
angiogenesis when orthotopically transplanted into immunodefi cient mice (Drogat 
et al.  2007 ). 

 The inactivation of PERK or a dominant-negative PERK in tumor cells, results 
in tumors that are smaller and less aggressive than their normal counterparts when 
implanted into mice (Bi et al.  2005 ). And fi nally, tumor cells cultured under 
hypoxic/anoxic conditions and transformed cells in hypoxic areas of tumors 
 activate ER stress. Inactivation of PERK results in impaired tumor cell survival 
under hypoxic conditions  in vitro , and decreased tumor growth and angiogenesis 
 in vivo  (Bi et al.  2005 ; Blais et al.  2006 ). Taken together, these results underscore 
the key contribution of UPR in the adaptation and progression of solid tumors of 
diverse origins.  
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18.3.2      UPR Involvement in Regulation of 
Infl ammatory Mediators 

 Besides promoting cellular adaptation to increased un/misfolded protein burden, the 
UPR activates a pro-infl ammatory cascade with tumor-promoting and cell-survival 
effects. One of the key infl ammatory regulators inducible by the UPR is the tran-
scription factor NF-κB (Bonizzi and Karin  2004 ). Each of the three UPR signaling 
pathways activates NF-κB translocation to the nucleus via distinct mechanisms. 
PERK-mediated translational inhibition reduces the ratio of the IκB to NF-κB thus 
permitting the nuclear migration of NF-κB and transcription of downstream infl am-
matory genes (Jiang et al.  2003 ; Deng et al.  2004 ). Upon auto-phosphorylation, 
IRE1α forms a complex with tumor-necrosis factor-α (TNF-α)-receptor-associated 
factor 2 (TRAF2) at its cytosolic domain, and the IRE1α-TRAF2 complex mediates 
direct IκB phosphorylation via IκB kinase (IKK), which leads to NF-κB activation 
(Hu et al.  2006 ). Lastly, ATF6 was shown to participate in NF-κB activation in an 
AKT-dependent manner (Yamazaki et al.  2009 ). 

 The UPR is linked to the production of several infl ammatory, tumorigenic cyto-
kines: IL-6, IL-23, and TNF-α. A microarray analysis of mouse lymphoma cells under 
 in vitro  pharmacological ER stress reveals transcriptional upregulation of multiple 
infl ammatory genes, including  Il - 6 ,  Il - 23p19 ,  Tnf - α ,  Tlr2 , and  Cebpb  (Wheeler et al. 
 2008 ). Furthermore the levels of  in vivo  ER stress, as measured by  Grp78  expression, 
correlate with  Il - 6 ,  Il - 23p19 , and  Tnf - α  transcription in murine prostate cancer cells 
growing in a heterotopic transplantation model (Mahadevan et al.  2010 ). 

 CHOP is necessary for IL-23 production by dendritic cells (Goodall et al.  2010 ), 
and IL-6 and TNF-α by macrophages (Chen et al.  2009 ). Redundant roles for IRE1α 
and PERK signaling in IL-6 and TNF-α production in macrophages have been reported 
(Chen et al.  2009 ; Martinon et al.  2010 ). ChIP analysis also reveals that XBP-1s binds 
to the promoters of the  Il - 6  and  Tnf - α ; congruently, Ire1α- or   Xbp1 - defi cient  macro-
phages display impaired IL-6 and TNF-α production in response to pharmacological 
ER stress and infectious TLR agonism (Martinon et al.  2010 ). The UPR also syner-
gizes with TLR4 agonism to result in robust IL-23 secretion by  macrophages (DeLay 
et al.  2009 ). Interestingly, murine tumor-associated macrophages defi cient in the UPR 
effector chaperone Grp94, have reduced infl ammatory cytokine (IL-1β, IL-6, IL-17A, 
IL-17F, IL-18, IL-22, IL-23, IFN-γ, and TNF-α) production, which correlates with 
decreased colitis-associated tumor burden (Morales et al.  2014 ). Thus, the UPR is a 
key regulator of the production of infl ammatory mediators.  

18.3.3      UPR-Mediated Dysregulation of Antigen Presentation 

 In addition, evidence suggests that UPR signaling in tumor cells and in 
 antigen- presenting cells can impinge upon antigen presentation. While B cells mount 
a UPR following accumulation of a KDEL-retained protein in the ER upregulate 
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MHC Class II and costimulatory molecules, they present decreased levels of high 
affi nity peptide complexed to MHC Class II (Wheeler et al.  2008 ). 293T cells over-
expressing an ER stress-inducing misfolded protein or constitutively active ATF6 or 
XBP-1s display decreased levels of MHC Class I (de Almeida et al.  2007 ). Similarly, 
mouse thymoma cells that undergo ER stress through palmitate treatment or glucose 
deprivation decrease antigen presentation on MHC Class I (Granados et al.  2009 ). 
Induction of UPR genes in lymphoma cells with thapsigargin or the histone deacety-
lase inhibitor, trichostatin A, is associated with the transcriptional downregulation of 
tapasin (Pellicciotta et al.  2008 ; Wheeler et al.  2008 ), a chaperone molecule involved 
in quality control of MHC I/peptide complexes in the ER (Howarth et al.  2004 ). 
Moreover, IRE1α-mediated signaling upregulates the expression of miR346, which 
in turn downregulates the protein transporter associated with antigen processing 1 
(TAP1), ostensibly decreasing MHC Class I-associated antigen presentation 
(Bartoszewski et al.  2011 ). Most recently, it was shown that in CD8α +  dendritic cells, 
IRE1α regulated dependent decay (RIDD) of mRNAs coding for components of the 
MHC Class I presentation pathway, including tapasin, leads to dysfunctional cross 
presentation and cross-priming of antigen-specifi c CD8+ T cells (Osorio et al.  2014 ). 
These fi ndings suggest that cancer cells and antigen presenting cells mounting a UPR 
undergo remodeling of the processing machinery yielding decreased presentation of 
high affi nity immunodominant peptides.   

18.4     Cell-Extrinsic Polarization of Myeloid 
Cells via the Tumor UPR 

 Recent reports have begun suggest that the UPR can regulate anti-tumor immunity 
via modulation of myeloid cell function. For instance, hyperploid cancer cells trans-
locate the ER chaperone, calreticulin, to the cell membrane in a UPR-dependent 
manner, promoting tumor cell phagocytosis by myeloid antigen presenting cells, 
ultimately possibly initiating a cellular immune response against hyperploid cancer 
cells (Senovilla et al.  2012 ). 

 On the other hand, we uncovered a previously unappreciated cell-extrinsic effect 
of the tumor UPR: its transmission to myeloid cells, i.e., macrophages and DC 
(Mahadevan et al.  2011b ,  2012 ), which culminates in subversion of anti-tumor 
immunity. This new phenomenon, “transmissible” ER stress (TERS), was discov-
ered while investigating the effects of conditioned medium from ER stressed murine 
tumor cells (e.g., prostate, melanoma, and lung carcinoma) on bone marrow-derived 
macrophages and dendritic cells (DC). In these experiments, cancer cells were 
stressed using thapsigargin, a   sesquiterpene lactone     canonical ER stress inducer that 
inhibits the sarco/endoplasmic reticulum   Ca 2+        ATPase    , or glucose starvation. We 
found that bone marrow-derived macrophages and DC both function as receivers of 
TERS. The changes imparted on receiver cells include (i) the induction of a global 
ER stress response (e.g., the transcriptional upregulation of  Grp78 ,  Xbp - 1s , and 
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 Chop ); (ii) the upregulation of pro-infl ammatory/pro-tumorigenic cytokines (i.e., 
 Il - 6 ,  Il - 23p19 , and  Tnf - α ); (iii) the increased secretion of other pro-tumorigenic 
cytokines/chemokines (TGFβ, MIP-1α, MIP-1β); and (iv) the upregulation of 
Arginase 1 (Mahadevan et al.  2011b ,  2012 ), an enzyme that suppresses T cell 
 function (Bronte and Zanovello  2005 ). TERS had no effect on IL-10 in myeloid 
cells. In addition, TERS-imprinted myeloid cells do not upregulate GR-1, 
 distinguishing their phenotype from that of classical MDSC (Gabrilovich et al. 
 2012 ). We found that PD-L1, the ligand for the T cell immune-inhibitory PD-1 
receptor (Freeman et al.  2000 ), is somewhat increased by TERS in myeloid DC 
(Mahadevan et al.  2012 ). TERS-imprinted myeloid DC rapidly change morphology, 
acquiring morphological characteristics of activated DC, including increased size 
and elongated dendrites. They also upregulate expression of MHC Class I and Class 
II, and the costimulatory molecules CD86, CD80 (classical markers of immune 
activation), and, to a lesser extent, CD40 (Mahadevan et al.  2012 ). (Cullen et al. 
 2013 ) confi rmed that TERS from breast cancer cells can remodel macrophage 
 phenotype similar to the pro-infl ammatory/suppressive one described above, and, in 
addition, demonstrated that TERS-imprinted macrophages secrete VEGF. The 
 general phenotypic features of CD11b +  cells, macrophages and DC, upon TERS 
imprinting are summarized in Fig.  18.1 . In addition, transmission of ER stress was 
reduced in TLR4KO macrophage receiver cells, suggesting that TLR4 senses, at 
least in part, the transmission of tumor borne stress.

   Taking into account the current evidence, the cell-extrinsic effects of the tumor 
UPR appear to be contrasting: on the one hand promoting immune surveillance of 

CD80 +
CD86 +
CD16/32 +
CD64 +
CD14 −
IL-6 +
IL-23 +
TNF-α +
IL-10 −
Arg1 −
VEGF −

CD80 −
CD86 −
CD16/32 −
CD64 −
CD14 +
IL-6 −
IL-23 −
TNF-α −
IL-10 +
Arg1 +
VEGF +

CD80 +
CD86 +
CD16/32 −
CD64 −
CD14 −
IL-6 +
IL-23 +
TNF-α- +
IL-10 −
Arg1 +
VEGF +

M1 TERS M2

  Fig. 18.1     The pro-infl ammatory/suppressive phenotype of TERS-imprinted myeloid cells . 
The characteristics of TERS-imprinted bone marrow-derived macrophages ( middle ) are compared 
with those of canonical characteristics of M1 ( left ) and M2 ( right ) macrophages (Adapted from 
Zanetti ( 2013 ))       
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hyperploid tumor cells via ER stress-enforced calreticulin expression (Senovilla 
et al.  2012 ), while, on the other, imprinting macrophages and dendritic cells with a 
pro-infl ammatory/suppressive, mature phenotype with functional abnormalities 
with respect to antigen processing and presentation to T cells, as will be discussed 
below. To reconcile these seemingly contrasting effects, we suggested (Mahadevan 
et al.  2013 ) that the tumor UPR response may fulfi ll both functions, perhaps pro-
moting cellular immunity against hyperploid cells on the one hand early during 
tumorigenesis, while ultimately undermining the immune response against cancer 
cells. That clinical tumors samples exhibit heterogeneous ploidy (Ohyama et al. 
 1990 ), and tetraploidy is key event in the progression of diverse histological sub-
types (Davoli and de Lange  2011 ), suggest that this might indeed be the case. The 
seemingly Janus-faced cell-extrinsic role of the tumor UPR is shown in Fig.  18.2  
(adapted from (Mahadevan et al.  2013 )).

18.5        TERS Inhibits Antigen Presentation and CD8 T Cell 
Priming by Bone Marrow-Derived DC 

 In a series of experiments, we demonstrated that TERS impacts adversely upon 
myeloid DC cross-presentation and cross-priming (Mahadevan et al.  2012 ), two 
events associated with the induction of CD8 T cell-mediated immunity. 

  Fig. 18.2     Janus-faced effects of the tumor UPR on anti-tumor T cell immunity . ( Left and left 
inset ) Hyperploid cancer cells induce a UPR-dependent translocation of calreticulin to the cell sur-
face where it serves as a “eat-me”    signal for phagocytic cells (macrophages and dendritic cells). 
These take up tumor cell debris and apoptotic bodies, and present tumor antigens to T cells, inducing 
an anti-tumor immune response, which leads to the selective elimination of hyperploid cancer cells 
(Senovilla et al.  2012 ). ( Right panel and right inset ) The tumor UPR polarizes infi ltrating myeloid 
cells to a pro-infl ammatory/suppressive phenotype characterized by ineffi cient antigen presentation 
and CD8 T cell cross-priming, ultimately derailing anti-tumor T cell immunity, leading to tumor 
growth facilitation (Mahadevan et al.  2012 ) (From Mahadevan et al.  (  2013  )  with permission)       
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18.5.1     Effects on Cross-Presentation 

 To study cross-presentation we used a system in which the ovalbumin (OVA) 
SIINFEKL peptide bound to the H2-K b  molecule can be detected by fl ow cytometry 
using a monoclonal antibody. Reproducibly, OVA-fed, TERS-imprinted DC have 
reduced display of the SIINFEKL/H2-K b  complex at the cell surface, while the 
expression of MHC Class I molecules remains constant or even increased over that 
of OVA-fed control DC. Thus, TERS down-regulates cross-presentation.  

18.5.2     Effects on Cross-Priming/T Cell Activation 

 To study cross-priming we used CD8 T cells from OT-I mice whose T cell receptor 
(TCR) is specifi c for the SIINFEKL/H2-K b  complex. In this model, OVA-fed bone 
marrow-derived DC effi ciently induce both the activation and proliferation of OT-I 
CD8 T cells. When OT-I CD8 T cells are co-cultured with OVA-fed TERS-imprinted 
bone marrow-derived DC, however, while being activated, they proliferate poorly. 
On average, the majority (>70 %) of CD8 T cells are activated/non-dividing T cells. 
PD-1, a marker of “exhausted” T cells, is not upregulated. Importantly,  antigen- specifi c 
CD8 T cells activated by TERS-imprinted myeloid DC show decreased ability to kill 
target cells [our unpublished data]. 

 Importantly, we found that TERS-imprinted bone marrow-derived DC could 
exert dominant suppression over cross-priming by normal bystander antigen 
 presenting cells. When TERS-imprinted bone marrow-derived DC, with or without 
antigen, are added to co-cultures naïve CD8 T cells and antigen-fed control bone 
marrow-derived DC, the proliferation of CD8 T cells is suppressed.  

18.5.3     Mechanisms of Cross-Priming Defect 

 Efforts to restore the proliferative defect showed the following. (i) The addition of 
excess SIINFEKL antigen (1 μg/mL), rescued proliferation in OT-I T cells 
 cross- primed by TERS-imprinted bone marrow-derived DC. (ii) The addition of 
exogenous IL-2 during cross-priming failed to rescue OT-I T cell proliferation, rul-
ing out the possibility of classical anergy (Beverly et al.  1992 ). (iii) Removal from 
the co- culture containing TERS-imprinted bone marrow-derived DC partially 
restored T cell proliferation, although with fewer cell divisions, suggesting the 
importance of cell-cell contact. (iv) Whereas the addition of exogenous L-arginine to 
the co- culture did not improve T cell proliferation, the addition of L-norvaline, a 
competitive inhibitor of arginase, rescued it in great part (80 %). Taken together, 
these results suggest that tumor UPR-mediated myeloid cell-derived arginase  activity 
and impaired cross-presentation together contribute to the T cell proliferative defect 
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observed. Interestingly, however, addition of L-norvaline did not rescue T cell prolif-
eration caused by dominant suppression.  

18.5.4     TERS-Imprinted Myeloid DC in Context 

 Modeling the cell-extrinsic infl uence of the tumor UPR showed that TERS- 
imprinted BMDC are phenotypically mature, upregulate costimulatory molecules, 
have diminished cross-presentation capacity, and exert suppressive activity over 
CD8 T cells and bystander DC. Tolerogenic DC have been described in various 
systems (Steinman et al.  2003 ), and were initially defi ned in the periphery as steady- 
state, immature cells able to present antigen that suppress T cell activity because 
of inadequate co-stimulatory capacity (Gabrilovich et al.  1997 ; Steinman and 
Nussenzweig  2002 ). In the microenvironment of solid tumors of several histologi-
cal types, infi ltrating dendritic cells can be identifi ed that display an immature phe-
notype with decreased MHC Class II, CD80, CD86, and CD83 expression, with 
presumed passive T cell inhibitory activity (Chaux et al.  1997 ; Bell et al.  1999 ; 
Pinzon-Charry et al.  2005 ; Tesone et al.  2013 ). 

 However, evidence has begun to accumulate ascribing active immunosuppres-
sive activity via several mechanisms (e.g. arginase, IDO, and PD-L1 activity; for 
review, see (Tesone et al.  2013 )) to phenotypically mature, so-called “regulatory” 
dendritic cells (Tesone et al.  2013 ). TERS-imprinted myeloid DC recapitulate  ab 
initio  several characteristics of these cells, including increased CD80, CD86, 
PD-L1, MHC Class II, and arginase activity with decreased antigen presentation 
capacity (Stoitzner et al.  2008 ; Liu et al.  2009 ; Norian et al.  2009 ; Scarlett et al. 
 2012 ; Engelhardt et al.  2012 ; Tesone et al.  2013 ). Given that regulatory dendritic 
cells have been isolated from epithelial cancers prone to a microenvironmental 
UPR, it is possible that the tumor UPR is a key modulator of myeloid antigen 
presenting cell, and ultimately, T cell function. A comparison of TERS-imprinted 
myeloid-derived dendritic cells with TIDC in different murine experimental systems 
and human patients is presented in Table  18.1 .

18.6         Implications of TERS-Directed Cross-Priming 
on Fate Determination of CD8 T Cells 

 Initial lineage analysis of CD8 +  T cells cross-primed by TERS-imprinted bone mar-
row derived DC showed transcriptional upregulation of the cytokines  Il - 10  and 
 Tnf - α     but not  Il - 17 , upregulation of  Foxp3 , and downregulation of the costimulatory 
molecule CD28. LAG3, a negative costimulatory molecule (Huard et al.  1994 ) 
found on tumor-infi ltrating T cells (Grosso et al.  2007 ), was slightly up-regulated. 
When we analyzed the 96-h TERS-imprinted myeloid DC:T cell co-culture 
 supernatant, we observed increased secretion of IL-2 but no elevation of IL-10, 
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IL-17, IFN-γ or TNF-α compared to control (Fig.  18.3 ). A provisional conclusion is 
that CD8 T cells cross-primed by TERS-imprinted bone marrow-derived DC 
display an uncommitted phenotype with potential suppressive characteristics (CD28 
downregulation and  Il - 10  upregulation) (Filaci et al.  2007 ). Surprisingly, CD8 +  T 
cells cross-primed by TERS-imprinted BMDC also demonstrated disproportion-
ately high splicing of  Xbp - 1  compared to only modest upregulation of other UPR 
elements, the signifi cance of which remains unknown.

   In sum, the phenotype of CD8+ T cells cross-primed by TERS-imprinted myeloid 
DC appears similar to that of CD8 + /CD28 -  regulatory T cells secreting IL-10 and 
TNF-α, and expressing FOXP3, which have been found to infi ltrate a variety of 
human tumors (Becker et al.  2000 ; Kruger et al.  2001 ; Filaci et al.  2007 ; Mahic 
et al.  2008 ). It still remains to be seen whether, like human CD8 suppressor T cells, 
TERS-directed CD8 T cells have suppressor functions effected by surface ecto- 
ATPases (e.g. CD39) and/or soluble mediators (e.g. IL-10). A comparison of the 
CD8+ T cell phenotype derived from TERS-imprinted APC with CD8+T cells infi l-
trating human tumors is presented in Table  18.2 .

18.7        The Effect of TERS  In Vivo  and Mechanism 
of Generation 

 Several lines of evidence suggest that TERS is operational  in vivo . First C57BL/6 
mice injected intra-peritoneally with TERS develop an ER stress response in liver 
cells characterized by the up-regulation of  Grp78 ,  Chop  and spliced  Xbp - 1 . This 
suggests that a tissue that is sensitive to ER stress induction, the liver, readily 
becomes a target of TERS administered systemically. 

TERS cross-primed
CD8 T cell

FoxP3 

Xbp-1s

IL-2 ++

IFN-γ +

Il-10

CD28low

CD25hi

CD62Llow

CD44hi

LAG3 ±

PD1 −

Transcription factors Surface markers

Cytokines Immune modulatory
molecules

TGFβ +

  Fig. 18.3    Synopsis of 
phenotypic characteristics of 
murine CD8 T cells cross 
primed by TERS-imprinted 
myeloid DC       
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18.7.1     TERS-Imprinted Myeloid Cells Promote 
Tumor Progression  In Vivo  

 The effect of TERS on tumor growth was examined in C57BL/6 mice inoculated 
subcutaneously with B16.F10 tumor cells admixed with TERS-imprinted bone 
marrow- derived DC according to Prehn ( 1972 ). Under these conditions, we noted 
an earlier tumor initiation, accelerated tumor growth, and decreased survival when 
compared to mice receiving B16.F10 tumor cells admixed with control bone 
marrow- derived DC, or tumor cells alone (Mahadevan et al.  2012 ). Thus, bone 
marrow- derived DC polarized by ER-stressed tumor cells facilitate tumor growth  in 
vivo . B16.F10 tumors seeded with TERS-imprinted bone marrow-derived DC 
 contained about half the percentage of tumor infi ltrating CD8 +  T cells as compared 
with control B16.F10 tumors. Interestingly, while we found a decreased number of 
CD8 T cells in tumors, we found no difference in the draining lymph nodes,  implying 
the local nature of this phenomenon. 

 TERS-imprinted bone marrow-derived DC also function to dysregulate 
 anti- tumor T cell immunity, allowing immune escape. For instance, TC1.OVA 
 prostate cancer cells that constitutively express OVA, which functions as a tumor 
rejection antigen (Redmond et al.  2007 ), do not form tumors in mice refl ecting their 
immunogenic status. However, when inoculated admixed with TERS-imprinted 
bone marrow-derived DC, they form transient tumors 6–10 days post-injection 
(Mahadevan et al.  2012 ).  

   Table 18.2    Comparison of tumor-associated CD8 regulatory T cells   

 Immune 
phenotype  Species 

 Mechanism of 
Origin 

 Inhibitory 
Effects 

 Mechanism 
of Action  Ref. 

 CD8+/
CD28-/
CD45RA+/
CCR7-/
FOXP3-/CD56- 

 Human  Soluble factors 
(IL-2, IL-10, 
TGF-b, GM-CSF) 

 Suppression of 
allogeneic CD8 
and CD4 T cell 
expansion 

 CD39  (Fenoglio et al. 
 2008 ; Filaci 
et al.  2007 ; 
Parodi et al. 
 2013 ) 

 Agnon-specifi c  in 
vitro  

 IL-10 

 CD8+/
CD45RO+/
CCR7+/
IL-10+ 

 Human  Tumor- associated 
plasmacytoid DC 

 Suppression of 
Ag-specifi c 
and allogeneic 
T cell 
activation 

 IL-10?  (Wei et al. 
 2005 ) 

 CD8+/
CD28-/
FOXP3+ 

 Mouse  TERS- imprinted 
myeloid DC 
(arginase- 
dependent) 

 Impaired CTL 
 a function 

 ND b   (Mahadevan 
et al.  2012 ) 

   a  CTL  cytotoxic T lymphocytes 
  b  ND  not determined  
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18.7.2     TERS Is Produced  In Vivo  During Tumor Formation 

 New evidence shows that tumor-infi ltrating myeloid cells  in vivo  display TERS 
 characteristics. CD11b +  myeloid cells isolated from B16.F10 tumors implanted in 
C57BL/6 mice, or from spontaneous intestinal adenomas in  adenomatous polyposis 
coli  ( APC ) mice, display both an upregulation of the UPR and the mixed 
 pro- infl ammatory/suppressive phenotype typical of the TERS signature compared 
with bone marrow- or spleen-derived myeloid cells from tumor-bearing mice 
(Rodvold et al.  2014b ).  

18.7.3     TERS Requires Ire1α Signaling in Transmitter Cells 

 Because the ER stress response is under the control of three main sensors (IRE1α, 
PERK, ATF6), we began to deconvolute their precise role in the generation of 
TERS. Using MEFs each defi cient in a single arm of the UPR, we found that com-
pared with wild type MEFs the production of TERS was greatly diminished in  
IRE1α KO MEFs but not in PERK KO or ATF6 KO MEFs, providing the fi rst 
indication that TERS generation may be mainly due to  IRE1α signaling (Rodvold 
et al.  2014b ). A hypothetical model of the signaling events involved in the generation 
of TERS is illustrated in Fig.  18.4 .

  Fig. 18.4     Hypothetical model for the generation of TERS in transmitter cells . The model 
predicts that of the three main UPR sensors (PERK, ATF6 and IRE1α), Ire1α is responsible for the 
generation/release of the TERS factor(s) from stressed transmitter cancer cells. Myeloid cells 
(macrophages and dendritic cells) receive TERS factor(s), which is sensed in part by TLR4, and 
are polarized to a phenotype characterized by activation of the UPR (fl ame) and a pro- infl ammatory/
suppressive phenotype that facilitates tumor growth (see text for details)       
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18.8         Therapeutic Approaches Targeting the Tumor UPR 

 In the previous sections we discussed the cell-intrinsic role of the UPR in tumor 
adaptation and survival, as well as its putative cell-extrinsic role in polarizing 
myeloid antigen presenting cells to a phenotype that facilitates tumor outgrowth via 
T cell-dependent and independent mechanisms. Considering this dual role,  targeting 
the UPR in the tumor microenvironment will likely have a dual benefi t: impairing 
tumor cell microenvironmental adaptation and survival, and disabling a mechanism 
of host immune subversion. Based on our current understanding, the cellular  targets, 
of any such intervention would be the tumor cell, myeloid antigen presenting cells, 
and CD8+ T cells (Fig.  18.5a ). It remains to be seen whether CD4 T cell immunity 
is also adversely affected by the cell-extrinsic effects of the UPR.

   The UPR is tumor microenvironment-specifi c as demonstrated by studies show-
ing that peritumoral areas do not express UPR genes and that a constitutive UPR 
takes place within spontaneously growing tumors, though heterogeneously within a 
tumor mass (Spiotto et al.  2010 ). In addition, several lines of evidence indicate that 
UPR inhibitors selectively target tumor cells, as discussed below. 

 As the UPR represents an adaptive mechanism to cope with ER stress, targeting 
the UPR will likely take the following forms: (1) inhibition of the UPR in tumor cells 
with high levels of basal ER stress (eg. microenvironment-driven: hypoxia, glucose 
deprivation; tumor-intrinsic: secretory tumors, like myeloma), or (2)  exacerbation of 
ER stress and consequent induction of cytotoxic/apoptotic effects. While each of 
these approaches will individually exploit tumor microenvironmental ER stress, 
either by its induction  or  by targeting its adaptive response (the UPR), they alone 
may not be suffi cient to control the UPR within the complex and  heterogeneous 
tumor microenvironment. For instance, exacerbating ER stress alone may exhibit 
cytotoxicity, especially in hypoxic/nutrient deprived areas; however, tumor cells 
mounting a UPR that leads to survival will have a UPR-mediated  adaptive advan-
tage, including resistance to chemotherapy (Pyrko et al.  2007 ) and host immunity. 
On the other hand, only inhibiting the UPR will target tumor cells with increased 
basal ER stress due to heterogenous microenvironmental  noxae , sparing cells in 
more vascularized areas. We propose that optimal targeting of the UPR should take 
the form of inducing ER stress in tumor cells (fueling the fi re) while concomitantly 
inhibiting the UPR (locking up the extinguisher) (Fig.  18.5b ). In sum, this combina-
torial mechanism will simultaneously take advantage of the cytotoxic potential of 
ER stress while inhibiting the response mechanism needed to adapt. 

 These strategies have already gained some experimental support. Bortezomib, a 
proteasome inhibitor that induces accumulation of proteins thus exacerbating ER 
stress, causes signifi cantly higher cytotoxicity in hypoxic HeLa and human colorec-
tal cancer cells than in normoxic cells, an effect dependent on ER protein load and 
consequent ER stress (Fels et al.  2008 ). Similarly, the induction of ER stress with a 
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TME noxae Stress transmission

Cell survival

UPR inhibition
Abrogation of

stress transmission

ER Stress
exacerbation

Cell death

Tumor
cells

Myeloid
cells

T cells

Block UPR
signaling to

prevent TERS
release

a

b

Identify new cell
markers of

dysfunctional
activation

Ameliorate TERS mediated
tumorigenic functions,

including defective antigen
presenting functions

Block TERS
moiety(ies)

1 2 3 4

  Fig. 18.5     Targeting the cell-extrinsic effects of the UPR in the tumor microenvironment. 
(a)  Points of therapeutic intervention against the tumor-promoting effects of TERS.  (b)  Strategies 
for pharmacological control of the UPR in the context of cancer. ( upper panel ) Before any 
 intervention, cancer cells exhibit a basal level of unfolded proteins (fl ames) compensated by the 
UPR (fi re extinguisher). A combinatorial approach should involve tuning down the UPR ( middle 
panel ) with simultaneous exacerbation of ER stress ( lower panel ), hence inducing cell death in 
cells unable to cope with ER stress, as well as inhibiting the negative cell-extrinsic effects of the 
tumor UPR       
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targeted thapsigargin pro-drug, celecoxib, or bortezomib, induces glioblastoma 
cell death, especially in hypoxic areas of the tumor (Johnson et al.  2002 ; Denmeade 
et al.  2012 ; Schonthal  2013 ). Combination of the ER stress inducers bortezomib and 
celecoxib, or its non-coxib analogue, 2,5-dimethyl-celecoxib (DMC), causes severe 
ER stress and apoptosis in murine glioblastoma cells  in vitro  and  in vivo  (Kardosh 
et al.  2008 ). 

 Inhibition of  Xbp - 1  splicing in multiple myeloma with the IRE1α endoribonucle-
ase small molecule inhibitor, STF-083010, results in tumor cell-specifi c death  in 
vitro  and  in vivo  (Papandreou et al.  2011 ). Similarly, irestatin, a small molecule 
inhibitor of IRE1α endoribonuclease activity, inhibits hypoxic human myeloma and 
colon cancer cell survival and colony formation  in vitro , as well as  in vivo  tumori-
genesis in a heterotopic xenograft model (Papandreou et al.  2011 ). Targeting cell 
surface GRP78 in colon and lung cancer in mice with a monoclonal antibody 
(mAb159) causes tumor regression in vivo (Liu et al. 2013). Lastly, inhibition of 
GRP78 activation with active compounds present within the herbal medicine Ponciri 
fructis or the pyrone-type polyketide, verrucosidin, exhibits selective cytotoxicity in 
human pancreatic cancer cells or colon cancer cells undergoing glucose depriva-
tion-induced ER stress (Park et al.  2007 ; Cha et al.  2009 ). 

 Inducing ER stress while concomitantly inhibiting the adaptive UPR has also 
begun to fi nd experimental support. For instance, it has been shown that the 
 mechanism of bortezomib’s cytotoxic activity in myeloma cells is its ability to inhibit 
 Xbp1  splicing via stabilization of unspliced XBP-1, which acts as a dominant nega-
tive suppressor of XBP1-s, while inducing ER stress via proteasome inhibition (Lee 
et al.  2003a ). Congruently, the induction of ER stress with bortezomib or 17-AAG in 
myeloma cells was shown to synergize with the activity of transgenic or small mole-
cule-mediated inhibition of  Xbp - 1  splicing resulting in the induction of greater and 
irreparable cytotoxicity than either agent alone  in vitro  and  in vivo  (Lee et al.  2003a ; 
Mimura et al.  2012 ). In human pancreatic cancer cells, bortezomib reduces GRP78 
and CHOP expression under ER stress conditions and sensitizes them to ER stress-
inducing compounds, including thapsigargin, tunicamycin, and cisplatin, yielding 
synergistic cytotoxicity  in vitro  and  in vivo  (Nawrocki et al.  2005 ). GSK2606414, a 
small molecule inhibitor of PERK autophophorylation and downstream eIF2α phos-
phorylation, cooperates with ER stress induced by hypoxia or thapsigargin, causing 
greater inhibition of  in vitro  clonogenic survival of pancreatic and colon cancer cells 
than either PERK inhibition or ER stress induction alone (Axten et al.  2012 ; Cojocari 
et al.  2013 ). Epigallocatechin gallate, which inhibits GRP78 by targeting its ATP-
binding domain, sensitizes human glioma cells to ER stress induced by the chemo-
therapeutic agent, temozolomide, resulting in synergistic cyotoxicity, greater than 
either agent alone (Pyrko et al.  2007 ). There are several chemical UPR inhibitors that 
have displayed effi cacy against tumor growth  in vitro  and  in vivo  (reviewed in (Li 
et al.  2011 ) and (Schonthal  2013 )) these are presented in    Tables  18.3  and  18.4 .

    While there has been recent interest in developing UPR inhibitors active against 
tumor cells, there has been little or no investigation the effect of tumor UPR inhibi-
tion on the host anti-tumor immune response. A link between the tumor UPR and the 
immune response was originally suggested by the fi nding that silencing of  Grp78  in 
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   Table 18.3    Tumor cell active ER stress/UPR modulators   

 Compound  Mechanism of action  Tumor cell type  Reference 

 Thapsigargin, 
celecoxib 

 ER stress induction via 
SERCA inhibition 

 Breast, prostate  (Denmeade et al.  2012 ; 
Johnson et al.  2002 ; 
Schonthal  2013 ) 

 Biguanides, 
versipelostatin, 
pyruvinium pamoate 

 Inhibition of GRP78, 
ATF6, Xbp1 response to 
glucose deprivation 

 Fibrosarcoma, 
HeLa 

 (Saito et al.  2009 ) 

 Verrucosidin, 
Epigallocatechin, 
 Ponciri fructis  active 
compound 

 Inhibition of GRP78  Breast, 
glioblastoma 

 (Cha et al.  2009 ; Park 
et al.  2007 ; Pyrko et al. 
 2007 ) 

 STF-083010, 
MKC-3946 

 IRE1 endoribonuclease 
inhibition 

 Multiple myeloma  (Papandreou et al. 
 2011 ); (Mimura et al. 
 2012 ) 

 Irestatin  IRE1 endoribonuclease 
inhibition 

 Multiple 
myeloma, colon 

 (Papandreou et al. 
 2011 ) 

 Bortezomib  IRE1 dominant negative 
inhibition 

 Multiple myeloma  (Lee et al.  2003a ; 
Mimura et al.  2012 ) 

 ER stress induction via 
proteasome inhibition 

 GSK2606414  PERK kinase inhibition  Pancreas, 
colorectal 

 (Axten et al.  2012 ; 
Cojocari et al.  2013 ) 

   Table 18.4    Cell-nonautonomous control of cellular stress responses   

 Stress 
response 
system  Organism 

 Transmitter 
(effectors)  Receiver (sensors) 

 Soluble 
mediators  Reference 

 HSR  C. elegans  Thermosensory 
neuron (ND) 

 Muscle cell (ND)  ND (unc31- 
mediated) 

 (Prahlad and 
Morimoto 
 2011 ) 

 HSR  C. elegans  Motor neuron 
(NT) 

 Muscle cell 
(postsynaptic NT 
receptor) 

 ACh, GABA  (Garcia 
et al.  2007 ) 

 HSR  C. elegans  Muscle, 
intestinal cell 
(pha-4) 

 intestinal, 
pharyngeal, excretory 
cells (pha-4) 

 ND (unc31/
unc13- 
independent) 

 (van 
Oosten- Hawle 
et al.  2013 ) 

 UPR MT   C. elegans  Neuron (ND)  Intestinal cell (ND)  ND  (Durieux 
et al.   2011 ) 

 UPR ER   C. elegans  Neuron (ND)  Multiple somatic 
tissues (ND) 

 ND  (Sun 
et al.  2012 ) 

 UPR ER   C. elegans  Neuron (xbp1)  Intestinal cell (xbp1)  ND (unc13- 
mediated) 

 (Taylor and 
Dillin  2013 ) 

 UPR ER   Mouse  Epithelial 
tumor cell 
(IRE1) 

 Macrophage  ND  (Mahadevan 
et al.  2012 ; 
Mahadevan 
et al.  2011b ; 
Rodvold et al. 
 2014a ) 

 Human  Myeloid dendritic cell 
 Tumor cell (TLR4, 
IRE1) 
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mouse fi brosarcoma cells inhibited growth in an  in vivo  syngeneic transplantation 
model due, in part, to increased tumor cell-specifi c memory T cell generation 
(Jamora et al.  1996 ). In addition, overexpression of GRP78 in murine insulinoma 
cells leads to impaired CD8 T cell priming and inhibition of killing, when GRP78-
overexpressing tumor cells were used to prime cytotoxic T cell lines, as targets, 
respectively (Wang et al.  2007 ). Discovery and characterization of the effect of 
TERS on host immunity has continued this line of inquiry (Zanetti  2013 ). 

 Based on our fi ndings on transmissible ER stress, it appears that a fruitful avenue 
for therapeutic development will be to develop decoy systems (antibodies, aptam-
ers, etc.) to intercept the TERS factor(s) in the extracellular space (Fig.  18.5a ). In 
this scenario neutralization of TERS would also inhibit the polarization of myeloid 
cells to a pro-infl ammatory/suppressive phenotype, and in turn prevent and unfetter 
the untoward effects on T cell-mediated immunity, perhaps permitting more effec-
tive autochthonous or vaccine-induced anti-tumor immune responses. In addition, 
TERS may induce tumor-infi ltrating myeloid cells to produce tumorigenic cytokines 
and adversely affects antigen presentation (see Sects.  3.2  and  3.3  for discussion). 
Lastly, as the downstream effects of TERS on T cell priming are elucidated 
(i.e. polarization toward a suppressive phenotype), new targets for therapy will come 
to light (e.g., ecto-ATPases, immune checkpoint molecules, UPR signaling compo-
nents). Targeting the tumor-infi ltrating myeloid cell UPR, the tumor cell UPR, and 
ultimately suppressive T cells, will reset the multifaceted dysregulation of the tumor 
microenvironment that hinders anti-tumor immunity.  

18.9     Conclusions and Perspectives 

 During their growth, tumor cells are subjected to  noxae  that exist in the tumor 
microenvironment and are able to induce the ER stress response that, as discussed, 
leads to multifaceted dyregulation. Some of them are cell-intrinsic in nature and 
promote tumor cell adaptation and survival. Others are cell-extrinsic and affect the 
function of neighboring cells—immune cells, cancer cell themselves (Rodvold 
et al.  2014a ), and stromal cells in a signifi cant way. The intent of this chapter was to 
bring attention to effects on immune cells. 

 A hitherto unappreciated phenomenon, transmissible ER stress (TERS), seems 
to link together tumor cells and immune cells. Receiver myeloid cells, macrophages 
and dendritic cells become polarized, via ER stress transmission, to a mixed, 
 pro- infl ammatory/suppressive phenotype. The pro-infl ammatory component, an 
exquisite innate immune trait, is per se suffi cient to fuel tumor growth through a 
variety of mechanisms including perhaps increasing tumor cell proliferation, 
 survival, and the mutational rate (Grivennikov et al.  2010 ; Tili et al.  2011 ). 
Importantly, however, we found that a mixed, pro-infl ammatory/suppressive 
 phenotype also hampers essential immunological functions of dendritic cells, i.e., 
antigen presentation and T cell priming, hence disabling the adaptive T cell response 
(Mahadevan and Zanetti  2011 ; Zanetti  2013 ). Combined, these effects favor faster 
tumor growth (Fig.  18.6 ).
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   That ER stress can be transmitted from tumor cells to myeloid cells is a new 
facet in the complex intercellular interplay of the tumor microenvironment. A group 
of cancer cells (those experiencing a ER stress response) infl uencing the commu-
nity of neighboring cells is reminiscent of  quorum sensing  in bacteria (Miller and 
Bassler  2001 ). Similar to the growth advantage conferred to bacteria by  quorum 
sensing , the transmission of ER stress empowers a group of cancer cells to control 
the tumor microenvironment and initiate a cascade of pro-tumorigenic events. 
This new mechanism of immune subversion could explain, at least in part, why 
autochthonous or vaccine-induced anti-cancer T cell responses are ineffective at 
controlling tumor growth. 

 Cell non-autonomous control of several protein-folding homeostatic systems has 
been recently identifi ed. These include the heat shock response (HSR), the mitochondrial 
UPR (UPR mt ), and the endoplasmic UPR (UPR ER ) in the nematode,  Caenorhabditis 
elegans . In each of these systems, proteotoxic stress adaptation signaling in one 
cell (e.g. neuron, muscle cell) is sensed in a distal cell (e.g. intestinal cell), which 
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Aberrant glycosylation
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ER Stress

Myeloid
Cell
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ER stressPro-survival
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Tumor
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Cytotoxic function

T cell priming

Adaptive Response 
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  Fig. 18.6     Cell non-autonomous regulation of immunity within the tumor microenvironment 
via transmissible ER stress . Various  noxae  in the tumor microenvironment ( TME ) perturb tumor 
cells inducing a UPR. Under the umbrella of the UPR response ( blue shade ) there occur multiple 
events, which ultimately infl uence neighboring myeloid cells and T cells. In this framework, the 
tumor UPR acts as a cell-intrinsic tumor pro-survival factor ( circular arrow ). ER-stressed tumor 
cells also release many factors (cytokines, chemokines metalloproteinases etc.) among which is a 
factor(s) able to polarize myeloid cells by transmitting ER stress to them ( second hand stress ). As 
a result receiver myeloid cells undergo a UPR, and acquire an infl ammatory/suppressive pheno-
type that facilitates tumor growth directly (innate response) and/or via dysregulation of T cell 
immunity (adaptive response). Together, these T cell-independent and –dependent effects ( merg-
ing arrows ) favor tumor growth (Adapted from Mahadevan and Zanetti ( 2011 ))       
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upregulates its own proteotoxic stress adaptation machinery, leading to cellular 
adaptation, resistance to death, and in some cases, organismal longevity. No soluble 
factors mediating this cell non-autonomous stress signaling have yet been identifi ed, 
though it is suggested that neuron-derived vesicular traffi cking is involved in some, 
but not all, systems of cell non-autonomous control of proteotoxic stress (reviewed 
in (Taylor and Dillin  2013 )). It is possible that TERS-based tumor-myeloid cell 
communication is an evolutionary descendant of these more ancient intercellular 
communication networks, and implies that other cellular stress-based signaling may 
occur in humans, especially in disease states characterized by pathogenic proteostasis 
and infl ammation (e.g. Type I diabetes and neurodegenerative disease). 

 In conclusion, the cell extrinsic effects of the tumor UPR represent a new variable 
in the complex and still poorly-understood interplay between cancer and the immune 
system. We have presented some general principles for interfering with the UPR 
within the tumor microenvironment. In our opinion, two important practical consid-
erations can be made. One is that by interfering with the UPR in cancer cells one 
may succeed in causing cell death and also prevent the initiation of transmissible 
ER stress. The other is to intercept the transmissible ER stress factor(s) or block 
the effects of transmissible ER stress on receiver myeloid cells. Overall, controlling 
the UPR within the tumor microenvironment may represent an opportunity to 
complement conventional therapies and immunotherapy in the future.     
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