Oncolmmunology 3, €28222; April 2014; © 2014 Landes Bioscience

The Heat Shock Protein-CD91 pathway
A molecular description of tumor immunosurveillance
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Tumor immunosurveillance can be readily observed in mice and humans. Here, we examine how T-cell responses are
primed during tumorigenesis, a condition in which immunostimulatory antigens are extraordinarily scarce. We recently
demonstrated that the HSP-CD91 pathway is indispensable for antigen cross-presentation, and thus immunosurveil-

lance, in cancer.

Immunosurveillance of cancer requires
innate and adaptive immune cells and
their corresponding effector molecules to
eliminate aberrant neoplastic cells.! Since
the 1990s, experiments have shown that
there is a higher incidence of tumors in
immunodeficient mice, such as those
lacking V(D)J recombination activating
gene (rag), perforin, interferon-y receptor
(IFNYR), or IL-12, as compared with wild
type mice."? This phenomenon has been
shown to manifest in chemically-induced
murine cancers' as well, as in mice geneti-
cally predisposed to developing sponta-
neous tumors.” Increased susceptibility
to cancer naturally occurs in immuno-
deficient people also> A well-known
consequence of immunosurveillance is
the presence of tumor-specific T cells in
cancer patients. Cancer immunoediting
in the absence of a normally functioning
immune system is reduced relative to that
generated in immunocompetent animals.!
T cells, the major contributors to immu-
nosurveillance, are primed by antigen pre-
senting cells (APCs) following recognition
of tumor antigens in the context of co-
stimulation. Conventional mechanisms
of antigen cross-presentation and co-stim-
ulation that have been primarily derived
from our understanding of immune
responses to pathogens require re-exami-
nation for 2 reasons. First, most tumors,

being of self-origin, lack classical patho-
gen-associated molecular patterns that are
recognized by corresponding pattern rec-
ognition receptors (PRRs). PRRs initiate
intracellular signaling pathways leading to
upregulation of co-stimulatory molecules
and release of cytokines. What are the ori-
gins of these signals during tumorigenesis?
Second, the amount of (mutated) tumor
antigen present in the first few aberrant
cells during tumorigenesis cannot be
more than a picogram, even for abundant
proteins.® Clearly, antigen transfer and
cross-presentation as studied in numer-
ous systems in vitro and during immu-
nologic responses to viral pathogenesis do
not apply because such systems introduce
micro- to milligram quantities of antigen.
Tumors generally lack sufficient native

56 However,

antigen for cross-priming.
it is clear that the amount of tumor cell-
associated antigen in vivo is sufficient
for cross-priming.’ What is the nature
of the tumor cell-associated antigen, and
how is this cross-presented by APCs suf-
ficient for efficacious T-cell priming? In
our recent manuscript, we demonstrated
that heat shock proteins (HSPs), together
with their chaperoned tumor antigens,
are the singular entity that satisfies these
2 conundrums.” We further showed that
tumor-derived HSP-peptide complexes
and their receptor CD91 presented on the
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surface of APCs are essential for tumor
immunosurveillance. These observations
are supported by additional experimen-
tal evidence accumulated over the past 3
decades.

The HSPs, gp96, hsp70, hsp90, cal-
reticulin, hsp110, and grpl70 are immu-
nogenic.® These HSPs share 2 essential
properties that allow them to elicit specific
immune responses (Fig. 1). First, HSPs
are chaperones of peptides which repre-
sent the entire complement of the cellu-
lar proteome. HSP-chaperoned peptides
include antigenic peptides produced by a
particular cell. Thus, HSPs purified from
tumor cells harbor the entire antigenicity
of that tumor encompassed by the chaper-
oned peptides. Structural crystallography
has identified peptide binding sites on at
least 4 HSPs. Cross-presentation of HSP-
chaperoned peptides has been examined
in great detail in vivo and in vitro. HSP-
chaperoned peptides can be presented via
MHC class I or MHC class II molecules.
Most relevant to this review is that HSP-
mediated cross-presentation of chaper-
oned peptides satisfies the quantitative
issue. A microgram of total immunogenic
HSPs (the amount that will be present
in 10 000 cells), typically chaperones
about a nanogram of a specific antigenic/
mutated peptide, but this HSP-peptide

complex is sufficient for cross priming.
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HSPs within cancer cells
chaperone self and cancer
specific (mutated) peptides

Tumor-derived HSPs are exposed
to the extracellular environment by
a variety of mechanisms including
necrosis, active secretion, surface
expression (plasma membrane,
exosome membranes etc)

Exposed HSPs are acquired
by specific APCs through the
receptor CD91

p38 MAPK

| CD91 directs cross presentation
of HSP chaperoned peptides
and signaling leading to
provision of co-stimulation

CD8 T cell

T cell responses are
primed that are
responsible for
elimination of tumor
cells

Figure 1. A mechanism for antigen transfer, cross-presentation, and priming of T-cell responses to cancer antigens. Extracellular HSP-peptide complexes
engage CD91 on the surface of APCs. CD91 allows for cross-presentation of the chaperoned antigens and promotes downstream signaling cascades
culminating in co-stimulation of T cells. APC, antigen-presenting cell; HSP, heat-shock protein.

Second, HSPs are capable of binding to
receptors expressed on APCs. We first
identified CD91 as a receptor for gp96,
hsp70, hsp90, and calreticulin.® CDI1 has
been shown to be the endocytic receptor
necessary for cross-presentation of HSP-
chaperoned peptides. CD91-dependent
cross-presentation greatly augments and
apparently fosters the efficiency of the
process. Recently CD91 was also shown to
be a signaling receptor for HSPs, capable
of directing multiple downstream path-
ways in APCs.” The engagement of HSP
dictates the pattern of phosphorylation of
CDO1 cytosolic tyrosines, thus eliciting
distinct cytokine profiles and the display
of co-stimulatory molecules by the stimu-
lated APC. These 2 properties underlie the
ability of tumor-derived HSPs to prime
specific anticancer immune responses.
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HSP-peptide complexes are prime can-
didates accounting for the generation of
tumor-specific immune responses during
immunosurveillance. In our recent work,
we created mice lacking CDI91 expres-
sion in CD11c*APCs and tested whether
HSPs were required to elicit anticancer
immune responses using transplantable
tumors. CD91”~ mice harboring tumors
failed to mount immune responses, even
though the mice were still capable of
mounting efficient responses to CD91-
independent immunogens.” This was due
to a deficiency in cross-presentation of
HSP-chaperoned peptides, an observation
recapitulated using endogenous CDI1
inhibitors in wild-type mice. The trans-
plantable tumor model allowed for a care-
ful titration of antigen abundance in the
system. Only under conditions in which
antigen quantity was limiting was the
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HSP-CD91 pathway found to be essential.
The opposite appeared to be true—CD91
was dispensable when tumor antigen was
abundant, presumably due to alternative
modes of antigen transfer. In our sys-
tem the elicitation of tumor-associated
immunity was unperturbed by in vitro
However,

experimental manipulation.

several outstanding questions regarding
the HSP-CD91 pathway remain. The role
of CDI91 in the induction of tumors de
novo needs to be empirically tested. We
anticipate that tumors elicited in CD91-
deficient animals will be less immunoed-
ited than those from wild-type mice.
Consistent with this premise, CDI1 is
dispensable at higher antigen quantities.
Although the role of HSPs under these
conditions has not been tested, alterna-
tive mechanisms may be utilized by HSPs.
The APCs essential for HSP-mediated

Volume 3

Do not distribute.

I0Science.

©2014 Landes B



immunogenicity have recently been
characterized" and these findings will
elucidate receptor utilization. Lastly, the
contribution of alternative CD91 ligands
such as o -macroglobulin to the overall
co-stimulatory environment remains to
be examined, given that HSPs are capable
of priming helper T cells, including Thl,
Th2, Th17, and regulatory T cells.
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