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Antigen uptake and presentation to B cells in Lymph node versus Spleen



Immune regulation by B cells



Immune regulation by B cells: Bregs



T cell lifestyles and sites of Ag encounter



The challenge for T lymphocytes

• Very few lymphocytes in the body are specific for any one microbe (or antigen)

– Specificity and diversity of antigen receptors: the immune system recognizes and 
distinguishes between 106-109 antigens

– The body contains ~1012 lymphocytes; 

– Therefore, few lymphocytes (~1,000) can recognize any one antigen

– They need to find that antigen (within the 3 weeks of their lifespan)

The answer: Dendritic Cell APCs



Antigen capture

Sites of antigen entry

Sites of
initial antigen capture

Sites of antigen
collection and capture



Functions of APCs

• Capture antigens and take them to the “correct” anatomic site
– Antigens are concentrated in peripheral lymphoid organs, through which naïve lymphocytes circulate

• Display antigens in a form that can be recognized by specific 
lymphocytes
– For T cells: MHC-associated peptides (cytosolic peptides to class I, vesicular peptides to class II)
– For B cells: native antigens

• Provide “second signals” for T cell activation



Why are dendritic cells the most efficient APCs 
for initiating immune responses?

• Location: at sites of microbe entry (epithelia), tissues

• Receptors for capturing and reacting to microbes: Toll-like receptors, 
mannose receptors, others

• Migration to T cell zones of lymphoid organs

– Role of CCR7

– Co-localize with naïve T cells

• Maturation during migration: Conversion from cells for antigen 
capture into cells for antigen presentation and T cell activation

• Practical application: dendritic cell-based  vaccines for cancer 
immunotherapy



Sites of microbe entry: skin, GI tract, airways
(organs with continuous epithelia, populated
with dendritic cells). Less often -- colonized
tissues, blood

Sites of lymphocyte activation: peripheral
lymphoid organs (lymph nodes, spleen),
mucosal and cutaneous lymphoid tissues)

Antigens and naïve T cells come together in lymphoid organs 

Capture and presentation of antigens by dendritic cells





Sources of antigen for MHC I presentation: Sources of antigen for MHC II presentation:

Trombetta and Mellman, Annual Reviews of Immunology, 23:975, 2005

Q: If this is true, how is are CD8+ T cell responses to cancer generated? 



The class I MHC pathway of processing of endogenous cytosolic protein antigens

Cytoplasmic peptides are transported into the ER where class I MHC molecules are available to bind them



The class II MHC pathway of processing of internalized protein antigens

Endocytosed proteins are cleaved into peptides in vesicles
Class II MHC molecules are available to bind the peptides in the same vesicles 



Ag trafficking in cross-presentation



Ag trafficking in cross-presentation



Modes of presentation for peptide/MHC complexes



Pathways of enhancing tumor Ag presentation: radio-immunotherapy



Pathways of enhancing tumor Ag presentation: oncolytic virotherapy



Pathways of APC-mediated immune suppression





Pathways of APC-mediated immune suppression: Adenosine



Pathways of APC-mediated immune suppression: Arginase



Pathways of APC-mediated immune suppression: IDO



Pathways of APC-mediated immune suppression: IDO



Pathways of APC-mediated immune suppression: Macrophage polarization



Pathways of APC-mediated immune suppression: Macrophage polarization



Pathways of APC-mediated immune suppression: Macrophage polarization



Tumors have it rough:

Hypoxia, oxidative stress, nutrient deprivation, etc cause “ER stress’  

However, oncogene expression does not always induce ER
stress. In contrast to c-Myc transgene-driven B cell lymphoma
(Hart et al., 2012), high MYC expression insulated a large panel
of human cancer cell lines from ER stress upon exogenous pro-
line depletion (Sahu et al., 2016 ). Similarly, Ras-transformed,
Mychigh cells exhibited low basal ER stress but activated the
UPR upon Ras inhibition, suggesting that additional layers of
regulation coordinate MYC expression with ER homeostasis
(Yaari-Stark et al., 2010). Furthermore, exogenous desaturated
lipids protected TSC2!/! mouse embryonic fibroblasts (MEFs)
from ER stress (Young et al., 2013 ). Recently transformed cells
may initially undergo ER stress in response to the higher replica-
tive and metabolic demands but can adapt by enhancing
steady-state ER protein-folding capacity (Huber et al., 2013 ).
However, de novo genetic mutations and other cell-intrinsic
and cell-extrinsic stresses likely contribute to the active UPR
observed in most major cancer types (Wang and Kaufman,
2014 ). Fundamental differences in the experimental approaches
used, such as overexpression versus endogenous expression,
primary cells versus cell lines, and in vivo versus in vitro models,
may have also contributed to these discrepant findings. Future
work should address how protein-translation rates and related
processes, such as copy number alterations, epigenetic modifi-
cations, and microRNA-mediated regulatory mechanisms, influ-
ence the prevalence and intensity of ER stress responses in hu-
man tumors. Furthermore, identifying genetic defects and cell
biological changes that influence the saturated:unsaturated ER
phospholipid ratio will help distinguish protein misfolding from
lipotoxic sources of ER stress.

Nonsynonymous mutations can also directly destabilize
intrinsic protein folding, triggering the UPR by overwhelming

Figure 1. Tumor Microenvironmental Fac-
tors and Conditions Perturbing ER Homeo-
stasis
Malignant transformation mediated by oncogene
activation and loss of tumor suppressor function
places intense biosynthetic and bioenergetic de-
mands on available cellular resources, triggering
initial ER stress. Cancer cells may eventually adapt
to these early challenges, yet as tumors expand,
they encounter a host of new environmental
stresses, including oxygen and nutrient depriva-
tion, lactic acidosis, and multiple forms of clinical
intervention. These stimuli can disrupt ER protein
folding by limiting crucial reaction intermediates
(i.e., O2 and N-acetylglucosamine) or by directly
disrupting chaperone function via ROS-mediated
lipid peroxidation and covalent adduct formation.

ER-resident chaperone capacity. Consis-
tent with this, overexpressing certain
destabilized smoothened (SMO) mutants
induces robust ER stress in Drosophila
in vivo (Marada et al., 2013 ). Solid tumors
possess dozens of nonsynonymous
mutations, with certain cancers, such as
melanoma and lung cancers, harboring
upward of 200 mutations (Vogelstein
et al., 2013 ). Identifying the spectrum of

protein-destabilizing mutations that can trigger ER stress will
help clarify the physiological relevance of this mechanism.
Microenvironmental Sources
The tumor microenvironment (TME) predominantly fuels ER
stress via oxygen and nutrient deprivation and acidic waste
accumulation, though hypernutrition can also contribute during
obesity (Nakagawa et al., 2014 ). Whereas normal cells primarily
rely on oxidative phosphorylation or anaerobic glycolysis to
generate ATP, cancer cells often favor aerobic glycolysis in a
phenomenon known as the Warburg effect. Consequently,
rapidly dividing cancer cells aggressively consume glucose
and release large quantities of lactic acid waste regardless of
local oxygen concentration, which lowers local extracellular
pH. Tumors initially rely on resident tissue microvasculature to
supply key nutrients and oxygen but eventually must generate
their own local neovasculature to sustain growth. Though normal
tissues possess highly ordered and efficient vasculature, tumor-
generated neovasculature is generally leaky and torturous with
slow, inconsistent blood flow. Such intermittent circulation limits
nutrient accessibility, oxygen delivery, and waste drainage,
thereby driving sporadic, acute hypoxia and lactic acidosis (Vau-
pel et al., 1989).
Each of these extracellular conditions can induce ER stress,

though responsiveness varies depending on cell type. Low oxy-
gen tension activates complex III of the mitochondrial electron
transport chain to increase cytosolic ROS production, required
for stabilizing the key hypoxia response transcription factor
HIF1a (Guzy et al., 2005). ROS can also generate highly reactive
peroxidized lipid byproducts, which form destructive covalent
adducts with various ER chaperones (Cubillos-Ruiz et al.,
2015; Vladykovskaya et al., 2012). Furthermore, both ER
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ER Stress and the Unfolder Protein Response in cancer cells 

disulphide bond formation and lipid desaturation require molec-
ular oxygen. Nutrient deprivation, particularly of glucose and
glutamine, limits metabolic intermediates required for the hexos-
amine biosynthetic pathway (HBP). The HBP generates sub-
strates for N-linked protein glycosylation, which is required for
successful ER protein folding (Huber et al., 2013). Proline starva-
tion can also induce ER stress, potentially by inducing excessive
ROS accumulation (Sahu et al., 2016). Lastly, extracellular
acidosis can induce ER stress in a ROS-dependent manner,
possibly by driving lipid peroxidation-mediated chaperone
dysfunction (Xie et al., 2015). Whether acid-sensing G-protein-
coupled-receptors (GPCRs) can trigger ER-stress-inducing
calcium fluxes and ROS generation in the TME remains to be
determined.
Clinical Sources
Multiple anticancer drugs induce potent ER stress responses
in vitro, and ER stress can facilitate anticancer drug efficacy or
the development of chemoresistance, depending on context
and tumor type. Paclitaxel, doxorubicin, the BRAF (V600E) inhib-
itor vemurafenib, and the epidermal growth factor receptor
(EGFR) inhibitor cetuximab potently induce eIF2a phosphoryla-
tion and downstream signaling, though the involvement of
PERK in some cases remains unclear (Jeon et al., 2015; Ma
et al., 2014; Pozzi et al., 2016). Several anthracyclines can also
trigger lethal ER stress by enhancing ROS levels and depleting
ER calcium stores, leading to PERK-dependent immunogenic
cell death (ICD) (Kepp et al., 2013). Additionally, the proteasome
inhibitor bortezomib induces ER stress and CHOP expression
but paradoxically reduces XBP1 protein accumulation by dimin-
ishing IRE1a-mediated XBP1 mRNA splicing and stabilizing the
dominant-negative unspliced XBP1 protein (Lee et al., 2003).

Critically, bortezomib-resistant multiple myelomas partially de-
differentiate to XBP1low, providing clinical evidence that bortezo-
mib efficacy likely relies on UPR inhibition (Leung-Hagesteijn
et al., 2013). Thus, interactions between anticancer drugs and
ER stress signaling can significantly alter disease progression.
Whether additional anticancer drugs induce intratumoral ER
stress in vivo remains to be determined. If they do, intratumoral
ER stress may be a valuable biomarker for determining whether
to use UPR-activating or inhibiting compounds. However, as ER
stress is also highly immunosuppressive in many leukocyte pop-
ulations (described below), ER-stress-inducing drug dosages
must be carefully optimized to enable selective cancer killing
without compromising anti-tumor immune responses.

Mechanisms of ER-Stress-Mediated Tumor Progression
Irremediable ER protein-folding defects are often lethal, yet
tolerable levels of ER stress paradoxically facilitate multiple
mechanisms of tumor development. These include bolstering
viability under hypoxia and nutrient deprivation, enhancing met-
astatic spread by supporting EMT, tumor cell dormancy, and tu-
mor-initiating cell (TIC) function and stimulating angiogenesis
(Figure 2). Many of these beneficial adaptations arise from inti-
mate links between the ER stress response and fundamental
cell biological processes, such as autophagy and ER-mitochon-
drial crosstalk (Wang and Kaufman, 2014). As ER stress is a
common feature of aggressive cancers, understanding how
the UPR modulates disease is critical for identifying promising
new clinical strategies.
Cell Survival
ER stress dictates cell fate depending on context and signal
strength. Prolonged and severe pharmacological ER stress
can trigger caspase-mediated cell death through several
IRE1a- and PERK-dependent mechanisms. IRE1a-mediated
JNK activation represses anti-apoptotic BCL2 activity and en-
hances pro-apoptotic BIM function, thereby favoring cell death
(Wang and Kaufman, 2014). In parallel, RIDD de-represses pro-
apoptotic caspase-2 and Txnip expression in MEFs and pancre-
atic b cells, respectively, by specifically cleaving microRNAs
miR-17,miR-34a,miR-96, andmiR-125b (Lerner et al., 2012;Up-
ton et al., 2012). ATF4 and CHOP accelerate protein synthesis by
upregulating tRNA synthetase expression, which elevates ROS
production from ER oxidative protein folding. Importantly, the
anti-oxidant butylated hydroxyanisole and silencing RPL24
significantly reduced cell death by reducing ROS and protein-
translation rates (Han et al., 2013). Excessive intratumoral ER
stress can also indirectly induce cancer cell death by enhancing
immunosurveillance (Kepp et al., 2013). Chromosomal tetra-
ploidy enhances protein translation rates and induces ER-
stress-dependent calreticulin translocation to the plasma mem-
brane, which serves as a phagocyte ‘‘eat me’’ signal to facilitate
ICD. Therefore, immunosurveillance selects against cancer cells
undergoing intense ER stress (Senovilla et al., 2012) and sug-
gests that selectively exacerbating cancer cell ER stress could
enhance cell-intrinsic and immune-mediated tumor regression.
Mammalian cells have evolved multiple adaptive mechanisms

to limit pro-apoptotic UPR outputs. MEFs exposed to persistent
low-grade pharmacological ER stress resist subsequent ER in-
sults, likely due to higher pro-survival Hspa5 mRNA stability

Figure 2. Consequences of ER Stress in Cancer Cells
Sublethal UPR activation and signaling via IRE1a, PERK, and ATF6a sustain
multiple cell-intrinsic and cell-extrinsic mechanisms of tumor progression.
ER-stress-mediated activation of central signaling hubs, such as HIF1a,
STAT3, NRF2, and NFkB, facilitates cell survival under harsh microenviron-
mental conditions and preserves tumor-initiating cell function. Cytokine-driven
angiogenesis delivers much-needed oxygen and nutrients into the tumor bed,
though IRE1a-deficient cells can also utilize vessel co-option. Intrinsic cancer
cell apoptotic resistance is likely crucial for harnessing ER stress to enhance
tumor growth.
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technical limitations, targeting its upstream activator, IRE1a, rep-
resents a viable strategy. Indeed, the dual enzyme IRE1a is
amenable to small-molecule targeting, and two classes of direct
inhibitors have been identified. The first group of compounds
directly targets the IRE1a endoribonuclease domain, and some
examples of this class include toyocamycin (Ri et al., 2012),
STF-083010 (Papandreou et al., 2011), 4m8C (Cross et al., 2012),
MKC-3946 (Mimura et al., 2012), and B-I09 (Tang et al., 2014;
Figure 4). Notably, these direct IRE1a endonuclease inhibitors
were capable of blocking Xbp1 splicing without affecting IRE1a
phosphorylation or the PERK and ATF6a arms of the UPR. STF-
083010, MKC-3946, and toyocamycin have demonstrated thera-
peutic efficacy in multiple myeloma xenograft models, and B-I09
has been shown to control the aggressiveness of chronic lympho-
cytic leukemia cells in vivo (Tang et al., 2014). Importantly, daily
intraperitoneal administration of 4m8C substantially decreased
pathological joint swelling in the KBxN serum transfer murine
model of rheumatoid arthritis (Qiu et al., 2013). This suggests
that this class of inhibitors could be also used in cancer hosts to
modulate the function of intratumoral myeloid cells.

The second group of inhibitors targets the IRE1a kinase
domain in order to allosterically disrupt its endoribonuclease
function (Figure 4). A recent compound in this category is
KIRA6 (Ghosh et al., 2014), which reduced plasma glucose levels
and improved glucose tolerance in Ins2+/Akita mice that exhibit
chronic ER stress in pancreatic b cells (Ghosh et al., 2014).More-
over, intravitreal KIRA6 injection in the P23H transgenic rat

model of retinitis pigmentosa preserved photoreceptor viability
and function (Ghosh et al., 2014). Nevertheless, it has not been
determined whether treatment with IRE1a inhibitors fully recapit-
ulates the biological effects of IRE1a genetic ablation. Devel-
oping novel IRE1a inhibitors with potent in vivo efficacy in the
tumor microenvironment could therefore be useful to directly
restrain cancer cell survival, metastasis, and chemoresistance
while eliciting protective anti-tumor immune responses via
myeloid cell reprogramming.
Because targeting CHOP in the nucleus using small-molecule

inhibitors would also involve major technical challenges,
restraining the activity of its upstream activators, PERK or
eIF2a, may represent a more practical approach (Figure 4).
GSK2606414 was the first reported PERK inhibitor (Axten
et al., 2012) and was found to be neuroprotective in mouse
models of prion disease (Moreno et al., 2013). Another ATP-
competitive inhibitor of PERK enzymatic activity, GSK2656157,
was shown to impede ER-stress-induced PERK autophosphor-
ylation, eIF2a phosphorylation, and subsequent overexpression
of ATF4 and CHOP in multiple cell lines (Atkins et al., 2013). Oral
administration of GSK2656157 to mice impaired PERK auto-
phosphorylation in the pancreas and compromised xenograft tu-
mor growth in immunodeficient hosts (Atkins et al., 2013). How-
ever, further studies indicate that inhibition of PERK activity by
GSK2656157 does not always correlate with reduced eIF2a
phosphorylation and that this inhibitor fails to recreate the bio-
logical effects of PERK genetic inactivation (Krishnamoorthy

Figure 3. Effects of ER Stress in Cancer-Associated Myeloid Cells
IRE1a-XBP1 overactivation in tDCs is driven by lipid peroxidation byproducts like 4-HNE. This process disrupts their lipid metabolic homeostasis and cripples
antigen presentation to T cells, thereby impeding the development of protective immune responses. Neutrophils and MDSCs use IRE1a-XBP1 and CHOP,
respectively, to express factors, such as arginase, that actively suppress T cell function. It is unknown whether IRE1a-XBP1 activation is required for the
development of MDSCs in cancer hosts. IL-4 and IL-6 signaling triggers cathepsin expression in macrophages via IRE1a-XBP1 activation to promote cancer cell
invasion. It is plausible to speculate that other tumor-associated myeloid cells, besides macrophages, could use the ER stress response to secrete factors that
promote cancer cell survival and aggressiveness. Whether macrophages and/or cancer cells also use ER stress response factors to directly inhibit T cell function
within tumor masses is unknown.
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ER stress in tumor-associated myeloid cells leads to immunosuppression



Concluding remarks

1. Antigen presentation is crucial for adaptive immune responses to tumors and is
therefore a superb control point for limiting them.

2. Professional APC exist in distinct functional states (promoting versus resolving
inflammation), and tumors seek to leverage this

3. B cells can assume a regulatory role (like T cells)

4. Metabolites constitute a point of immune control leveraged by tumors

5. ER stress-mediated suppression appears to be transmissible.


