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Introduction and History

Heat shock proteins (HSPs) were discovered in 1962 [1], and, in the intervening
56 years, much of the work has focused on the role these proteins play in protecting
cells from stress. Currently we know HSPs are a highly conserved class of proteins
present in all species from bacteria to humans [2]. While some HSPs are constitu-
tively expressed, others are present only upon induction. The expression of HSPs is
upregulated in cells in response to various forms of stress, including deviations from
physiological temperature, and deficiencies in nutrients and oxygen. To perform their
role as protectors of cellular stress, many HSPs serve as chaperones, and their clients
range from unfolded proteins, short peptides, and fatty acids to nucleic acids. This
function is notably conserved throughout evolution [2]. In Part I, HSP-substrate inter-
actions will be discussed. In particular, substrate binding to Hsp70 will be highlighted
by Matthias Mayer. In addition, altering ligand binding through the use of molecular
inhibitors and their use in treating human disease will be discussed by Len Neckers.

The properties of HSPs, including conservation through evolution, cellular
ubiquity, ability to function as chaperones, and acute intracellular distribution,
make them uniquely qualified to initiate and influence immune responses [3].
When HSPs gain access to the extracellular space, they are capable of initiating de
novo immune responses or influencing ongoing immunity. The mechanisms by
which HSPs become extracellular are the topic of Part IT and will be discussed by
Antonio De Maio.

The role of HSPs in the immune system was first demonstrated in a seminal
paper by Srivastava and colleagues in 1986 [4]. HSPs were shown to prime antigen-
specific immunity capable of rejecting tumors. Part III is dedicated to examining
the role of HSPs in adaptive and innate immune responses. In the extracellular
space, HSPs with their chaperoned clients provide an efficient mechanism of anti-
gen transfer to antigen-presenting cells through a cell surface receptor. HSPs can
initiate antigen cross-priming, and in addition to antigen presentation on classical
MHC Ia molecules, HSPs can direct antigen presentation to nonclassical MHC Ib
molecules [5]. Jacques Roberts illuminates another level of evolutionary conserved
functions among HSPs by highlighting the role of HSPs in nonclassical MHC anti-
gen presentation in the Xenopus model.
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Endocytosis of HSPs by antigen-presenting cells is mediated through the recep-
tor CD91 which has been identified as both a signaling and an endocytic receptor
for gp96, Hsp70, calreticulin, and Hsp90 [6]. The role of CD91 in tumor immuno-
surveillance is discussed by Robert Binder. Given their ability to induce antitumor
immunity, HSPs, including gp96, have been in development as immunotherapies for
cancer and other diseases [7-9]. Natasa Strbo illustrates the potential uses for gp96-
Ig, a novel immunotherapeutic strategy composed of a secreted form of gp96 chap-
eroning an antigen of choice.

In conjunction with antigen presentation, HSPs induce the maturation of antigen-
presenting cells [12], and these two functions collectively result in priming of
antigen-specific T cells. T cell responses are influenced by both the identity and
quantity of the HSP present, with higher doses of HSPs leading to immune suppres-
sive responses [10-12]. Songdong Meng discusses the potential for differential T
cell activation by HSPs, with a particular focus on T cell responses following infec-
tion. In addition to cells of the immune system, HSPs also influence immunity by
regulating noncellular components such as the extracellular matrix as discussed by
Adrienne Edkins.

While extracellular HSPs are critical for developing antitumor immunity, grow-
ing tumors upregulate HSP expression as a result of intratumoral stress. These intra-
cellular HSPs facilitate tumor cell survival and thus are tumor promoting. Hence,
HSP inhibitors are being investigated for use in antitumor therapy [13]. Walter
Storkus discusses the benefits and risks of using HSP inhibitors in conjunction with
antitumor immunotherapies where the effects of these inhibitors may be unclear.

The mechanisms and pathways described here and discovered over the past years
have led to HSPs being labeled as danger-associated molecular patterns (DAMPs)
and alarmins and are implicated in phenomena such as immunogenic cell death.
Collectively, our understanding of the roles of HSPs in immunity is becoming
increasingly clear, and this will help to shape the development of immunotherapies
for various diseases.

Abigail L. Sedlacek
Department of Immunology
University of Pittsburgh
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Chapter 1
Hsp70-Substrate Interactions

Roman Kityk and Matthias P. Mayer

Abstract The highly abundant and evolutionary conserved Hsp70 chaperones are
central components of the cellular protein quality control system, surveilling the
folding status of cellular proteins from birth at the ribosome to death through deg-
radation. To no other chaperone families, more different functions have been
assigned, and it is not surprising that Hsp70s are implicated in many developmental
processes and pathological conditions. This versatility is due to the fact that Hsp70s
bind tweezer-like degenerate motifs present in virtually all proteins, generally found
in the hydrophobic core of the native conformation but exposed in the nascent state
at the ribosome or translocation pores or upon stress-induced denaturation and
aggregation. Recent years have seen much progress in understanding the molecular
mechanism of this chaperone family. In this chapter, we review the current knowl-
edge on structure, different conformational states, allostery, and regulation by co-
chaperones in the context of Hsp70-substrate interaction.

Keywords Chaperones - Hsp70 - Hsp90 - Protein folding - Protein degradation -
Protein-protein interactions - Quality control - Stress response

Abbreviations

ER Endoplasmic reticulum

Hsp Heat shock protein

JDP J-domain protein, also called DnaJ proteins or Hsp40
NBD  Nucleotide-binding domain

NEF Nucleotide exchange factor

SBD Substrate-binding domain

SBDa  a-Helical lid subdomain of the SBD

SBDB  p-Sandwich subdomain of the SBD

UPR Unfolded protein response
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1.1 Introduction

The 70 kDa heat shock proteins (Hsp70s) are conserved throughout all domains of
life—from bacteria to humans. As integral elements of the chaperone network in the
cell, Hsp70s perform many functions, both under stress and normal conditions [1].
Hsp70s accompany proteins from “cradle to grave” as they are often among the first
proteins, outside the ribosomal exit tunnel, emerging polypeptides encounter, and
they are also among the last proteins before proteolytic degradation in the proteasome
or lysosome [2-9] (Fig. 1.1). Nascent polypeptide chains expose hydrophobic regions
which are prone to unproductive intermolecular interactions. Thus, binding of Hsp70s
to newly synthesized polypeptide chains prevents aggregation and assists in de novo
folding of proteins. If required, partially folded substrates can be transferred to the
Hsp60 or Hsp90 systems for maturation [11-13]. Hsp70s also assist in protein trans-
location across membranes into endoplasmic reticulum (ER), mitochondria, and
plastids [14—-16]. Thereby, Hsp70s act on both sides of the membranes: cytosolic
Hsp70 escorts proteins targeted for organelles in a translocation-competent state, and
organellar Hsp70s (e.g. BiP in the ER, mtHsp70 in mitochondria) bind the emerging
substrates at the translocation pore and promote the transport into the lumen of the
organelle [16-19]. Stress conditions and macromolecular crowding in the cell pro-
mote protein aggregation, which can be prevented or counteracted by disaggregation
activity of Hsp70s in cooperation with other chaperone families [20-22].

nascent W] (W ’gﬁgiilocatmg
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Fig. 1.1 Multiple functions of Hsp70 chaperones in the cell. The cartoon illustrates the different
types of substrates and protein conformations encountered by Hsp70s, including extended confor-
mations in de novo folding and translocation; partially folded, molten globule-like and misfolded
conformations; native proteins; protein assemblies; and amorphous and amyloidic aggregates (fig-
ure from [10])
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Given the wide range of tasks performed by Hsp70s in the cell, it is not surpris-
ing that a number of diseases are linked to the activity of this chaperone family,
including cancer and neurodegenerative disorders to give just two examples. It was
reported that Hsp70 levels in cancer cells are elevated, increasing their viability and
drug resistance [23-28]. Hsp70 controls the activity of wild-type and mutant tumour
suppressor p53, thereby counteracting the induction of apoptosis [29-31]. On the
other side, overexpression of Hsp70 can overcome negative symptoms of neurode-
generative diseases [32-34]. Such an involvement of Hsp70 in oncogenesis and
neurodegeneration processes highlights the importance of understanding the molec-
ular mechanisms which govern the functioning of Hsp70.

1.2 Hsp70 Functional Cycle

Hsp70s consist of a 45 kDa N-terminal nucleotide-binding domain (NBD), which
possesses low intrinsic ATPase activity, and a 25 kDa C-terminal substrate-binding
domain (SBD), connected via a conserved hydrophobic linker. At the heart of
Hsp70s’ chaperone activity is the ATPase cycle, in which they oscillate between two
distinct functional states (Fig. 1.2). The ATP state is characterized by low affinity
and high exchange rates for polypeptide substrates, while in the ADP-bound state,
Hsp70s have high affinity and low on- and off-rates for substrates [35, 36]. During
their chaperone cycle, Hsp70s are aided by co-chaperones—J-domain proteins
(JDPs), some of which also interact with substrates—and nucleotide exchange fac-
tors (NEFs).

NEF — @

Fig. 1.2 Functional cycle of Hsp70 proteins. Hsp70s cycle between two states—the ATP-bound
state with low affinity for substrates (S) and the ADP-bound state with high affinity for substrates.
The cycle is controlled by internal allostery of the protein and modulated by co-chaperones.
J-domain proteins (JDPs) facilitate the transfer of the substrate onto Hsp70 and couple substrate
binding with ATP hydrolysis, resulting in efficient trapping of the substrate. Nucleotide exchange
factors (NEFs) catalyse ADP release, accelerating rebinding of ATP and leading to a conforma-
tional change of the chaperone and release of the substrate

aS
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The chaperone cycle starts with a rapid and transient association of Hsp70-ATP
with the substrate. JDPs catalyse this step by stimulating the low intrinsic ATPase
activity of Hsp70s in synergism with the substrate some 100—1000-fold, resulting in
trapping of the substrate [37-39]. The release of the substrate requires the exchange
of ADP for ATP, as this becomes the rate-limiting step of the ATPase cycle in the
presence of JDPs. NEFs accelerate ADP release [40—43], and subsequent binding of
ATP displaces the NEF and converts Hsp70 into the low affinity state, leading to
substrate release and the reset of the cycle.

1.3 Structural Basis for Hsp70-Substrate Interactions

The Hsp70s’ capability to perform diverse tasks relies on their ability to bind in an
ATP-dependent manner short degenerative peptide motifs enriched in hydrophobic
and positively charged residues, which can be found on average every 3040 resi-
dues within virtually all proteins, except for intrinsically disordered proteins [44].
Most of the structural information about the SBD-substrate interactions is based on
the X-ray structure of the SBD from E. coli Hsp70 homolog DnaK co-crystalized
with a model substrate peptide [45]. The substrate-binding domain consists of a
B-sandwich subdomain (SBDf), harbouring two fB-sheets with four strands each,
and an a-helical subdomain (SBDa) containing five helices—A, B, C, D, and E
(Fig. 1.3b). The substrate-binding pocket is formed by the two twisted p-sheets and
two sets of loops—L;, and L; —which form a cradle for the substrate backbone,
stabilized by a second layer of loops, L, s and Ls,. Helices A and B pack against and
stabilize L,s and L,,, and the distal part of helix B forms a salt bridge and two
hydrogen bonds with L;, and Ls, and thus acts like a lid and a latch, which closes
over a bound peptide substrate [46]. Whether helices C, D and, E have an additional
function other than stabilizing the distal part of helix B is unclear. The last 31 resi-
dues at the C terminus were cleaved off prior to crystallization due to the high
degree of flexibility in this region. In E. coli, the C terminus of the SBD was sug-
gested to be involved in interactions with substrates [47]. In eukaryotic organisms,
the C terminus of cytosolic Hsp70 homologs ends in the EEVD motif, enabling
interactions of Hsp70s with TPR domain containing co-chaperones [48].

The crystal structure reveals that peptides bind to the SBD in an extended con-
formation. Five amino acids are engaged in two main types of interaction with
DnaK. First, hydrogen bonds are formed between the substrate and loops L;, and
L; 4, in particular involving the backbone of the substrate, explaining the preference
for natural peptides made of L-amino acids over peptides made of D-amino acids
[49]. The second type of interactions between peptide and DnaK are van de Waals
interactions, between hydrophobic side chains of the substrate and hydrophobic
residues lining the substrate-binding cavity. Additionally, the surface surrounding of
the substrate-binding cleft is negatively charged, which explains why DnaK prefers
substrates containing a central core of hydrophobic amino acids, flanked by posi-
tively charged residues [44].
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o-helical lid
(SBDo) B

substrate

B-sandwich subdomain
(SBDB)

Fig. 1.3 Secondary structure representation of the SBD from E. coli DnaK in the substrate-bound
state (PDB code, 1DKX). The SBD consists of a f-sandwich subdomain and an a-helical lid which
closes over it. The lid in the closed state is stabilized by the electrostatic latch formed between
helix B and loops L;, and Lse. Peptide substrate is bound in an extended conformation and is
enclosed in the substrate-binding cleft by the hydrophobic arch formed by the inner loops L;, and
L; , and stabilized by the outer loops L, s and Ls 4

Efficient substrate release from the Hsp70-SBD is achieved via ATP binding by
the Hsp70-NBD. Crystal structures of a two-domain construct of DnaK-ATP pro-
vided the molecular basis for the low substrate affinity and for interdomain com-
munication within Hsp70s [50, 51]. ATP binding induces a rotation of NBD
subdomains as compared to the ADP state and in the SBD SBDf and a-helical lid
detach from each other and dock to different parts of the NBD. Thus, the lid does
not cover the substrate-binding channel anymore, and the SBDp is stabilized in a
wide open conformation with L; , and L, s shifted towards the NBD, consistent with
low affinity and high dissociation rates for the substrate in the ATP state (Fig. 1.4).
In addition, the hydrophobic pocket in the SBD, which binds the central hydropho-
bic residue of the substrate in the structure of the SBD-substrate peptide complex,
is diminished in width in the ATP-bound state. All of these ATP-induced structural
rearrangements result in efficient substrate release. The interface between NBD and
SBD contains an extensive H-bond network, which was shown to be the heart of
the allosteric mechanism in Hsp70s [52, 53].

1.4 Mechanism of Action of Hsp70 Chaperones

Different models have been proposed to explain the effects of Hsp70s on sub-
strate proteins. In the “kinetic partitioning” model, the chaperone does not affect
the conformation of unfolded or misfolded substrates but only binds transiently
to their exposed hydrophobic polypeptide stretches, preventing intermolecular
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ATP-state

substrate-binding channel

L N2y

SBDB SBDB
ADP-state ATP-state

Fig. 1.4 Structural basis for the ATP-induced substrate release from the Hsp70s. (a) Binding of
ATP leads to dramatic structural changes in DnaK. On the left—NMR structure of DnaK-ADP
(PDB code, 2KHO), which demonstrates that in the ADP-bound state, NBD and SBD are in dis-
joined conformation; on the right, structure of DnaK-ATP (PDB code, 4B9Q), in which the SBD
(both SBDa and SBDp) is docked onto NBD and stabilized in the open conformation. (b) Filled
space representations of the substrate-bound SBDf (PDB code, 1DKX; represents the ADP state)
and SBDf in the DnaK-ATP structure (PDB code, 4B9Q); in the ATP state, loops L;, and L;, do
not enclose the substrate-binding pocket leaving the substrate-binding channel widely open, which
results in low affinity and high exchange rates for the substrate

homotypic association of these hydrophobic sites, thereby decreasing the pool
of the free, aggregation-prone species in solution. In contrast to folding, protein
aggregation is a concentration-dependent process, and thus, “kinetic partition-
ing” would facilitate the folding pathway by decreasing the rates of aggregation.
Such a mechanism explains how Hsp70s may prevent protein aggregation and
promote de novo folding of nascent polypeptides, but does not seem to be opera-
tive for refolding of proteins which are trapped in a non-native conformation.
An alternative model suggests that Hsp70s can induce unfolding of misfolded
substrates through binding-release cycles, allowing them to refold subsequently.
Evidence was provided that the DnaK system unfolds a misfolded model sub-
strate, a variant of firefly luciferase, prior to refolding [54]. Evidence was also
provided that DnaK induces local unfolding in a native protein [55]. A different
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study suggested that Hsp70s can provide the surface on which the bound sub-
strates can sample different conformations [56].

For protein translocation across membranes, a model called “entropic pulling”
was proposed [57, 58]. Briefly, as the polypeptide chain emerges from the translo-
con, it interacts with Hsp70 targeted by membrane-bound JDPs. Due to the excluded
volume effects (because of the close proximity to membrane), the number of pos-
sible conformations of the polypeptide bound to Hsp70 is rather limited. However,
as the number of translocated residues increases, the distance between Hsp70 and
the membrane becomes larger, thereby increasing the conformational freedom of
the translocating peptide and the total entropy of the system. This increase in entropy
generates a force which drives the translocation across the membrane. Since Hsp70-
binding motifs are found in proteins on average every 30—40 amino acids, the
“entropic pulling” mechanism would ensure that long polypeptide chains are effi-
ciently translocated across the membrane. A similar mechanism could be also appli-
cable for the disaggregation function of Hsp70s in particular for the extraction of
polypeptide chains from aggregates.

1.5 Interactions of Hsp70 Chaperones with Protein
Substrates

In the cell, Hsp70s encounter mainly protein substrates. Model peptide substrates
are useful tools for investigation of the molecular mechanism of Hsp70-substrate
interactions; however, there are certain differences in Hsp70s’ interaction with pep-
tide and protein substrates. First, peptide substrates stimulate the ATPase activity of
Hsp70s much less efficiently than protein substrates, and synergism with JDPs is
not observed [38]. Second, biochemical data suggests that the SBD of Hsp70s
adopts different conformations when interacting with peptide and protein substrates.
The a-helical lid is closed completely when Hsp70s interact with peptide substrates,
while it does not close completely over protein substrates [10, 59]. Thus, Hsp70s do
not necessarily interact only with extended conformations of protein substrates, in
contrast to what was suggested from the crystal structure of the SBD with a sub-
strate peptide. This mode of interaction may be crucial for protein disaggregation
and interaction with native proteins.

During stress conditions (e.g. heat stress), proteins can misfold and aggregate,
which can have detrimental consequences for the cell. In prokaryotes, organelles of
prokaryotic origin, as well as yeast and plants, Hsp70s can disassemble protein
aggregates in collaboration with Hsp100s, which are toroidal hexameric AAA+ pro-
teins. In this case, Hsp70 acts both upstream and downstream of Hsp100, helping to
extract single polypeptide chains from the aggregate, and then promotes their
refolding after being unfolded by Hspl00 [60-62]. In metazoans, which lack
Hsp100s, protein disaggregation is performed by Hsp70 in cooperation with Hsp110
chaperones, which are relatives of Hsp70s and act as NEFs for Hsp70s [63-65].
Recently, the human Hsp70-Hsp40-Hsp110 system was demonstrated to dissolve
Parkinson’s-related a-synuclein amyloid fibres [66]. In this case, the Hsp70 machin-
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ery is able to fragment the fibres and thereby generates new free ends, which seem
to be the preferential sites for Hsp70 action in a-synuclein fibrils, resulting in accel-
eration of fibril depolymerization.

Hsp70s can interact not only with unfolded or misfolded polypeptides but also
with natively folded or near-native proteins, performing regulatory functions in the
cell. The best studied example is the interaction of DnaK with the heat shock tran-
scription factor 6¥ in E. coli [55, 67]. Based on the homology models of 6¥ to
other o factors, it was suggested that ¥ exists in a compact and an extended con-
formation which are in equilibrium with each other, with the latter preferentially
interacting with DnaK. It was suggested that the conformational change of ¢°? is
the rate-limiting step for DnaK binding and that binding of DnaK shifts the con-
formational equilibrium of 6* towards the extended conformation. DnaK binding
results in unfolding in a defined region of 62, which was proposed to facilitate the
degradation of 6°? by the protease FtsH [55]. Upon heat shock, DnaK gets titrated
away from o°? by other misfolded proteins, resulting in stabilization of ¢** and
expression of the heat shock genes, thereby providing the foundations for the regu-
lation of the heat shock response in E. coli. In eukaryotes, Hsp70 is also involved
in the regulation of heat shock response in the nuclear-cytoplasmic compartment,
since it was found to interact with heat shock factor 1 (HSF1) during the attenua-
tion phase of the heat shock response [68, 69]. Similarly, the ER Hsp70 homolog
BiP was proposed to be the regulator of the unfolded protein response (UPR).
Initiation of the UPR through two out of three known pathways involves homodi-
merization of ER membrane-embedded receptors—IREl and PERK. Although
the UPR activation mechanism is still under debate, it was suggested that BiP can
bind to IRE1 and PERK and prevent their homodimerization, thereby supressing
the UPR [70]. Under stress conditions, the increasing amount of the unfolded pro-
teins in the ER outcompetes IRE1 and PERK for BiP binding, allowing the UPR
receptors to dimerize. Dimerization of the IREI results in the activation of its
RNase activity, required for the noncanonical splicing of the mRNA coding for
XBP1, a transcription factor which drives the expression of the genes encoding the
proteins (e.g. chaperones and BiP itself) that counteract the ER stress. Dimerized
PERK phosphorylates elF2a, globally decreasing translation levels and protein
influx into the ER.

Additional examples of native proteins interacting with the E. coli Hsp70 system
are DNA replication initiator proteins like AP [71], RepA [72], and RepE [73].
Thereby, the Hsp70 system disassembles homodimers (RepA and RepE) or a het-
eromeric complex (AP-DnaB) to activate DNA replication. There are many more
examples of Hsp70s interacting with native or near-native proteins in eukaryotic
cells in addition to the above-mentioned examples. Thereby, Hsp70s often cooper-
ate with Hsp90 chaperones. These so-called clients of the Hsp70-Hsp90 chaperone
machinery include many transcription factors, e.g. steroid hormone receptors and
P53, many kinases, and many other proteins important for a large variety of cellular
functions [74, 75]. For some of these clients, the interaction with Hsp70 and Hsp90
seem to be restricted to folding and maturation, but others appear to require chaper-
one assistance throughout their entire lifespan. Hsp70 and Hsp90 are thereby
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involved in coupling environmental conditions to cellular and developmental sig-
nals controlling cell homeostasis, proliferation, differentiation, and cell death.

In addition to interactions with folded proteins, Hsp70s can also disassemble
protein complexes as mentioned above. A classic example for this aspect of Hsp70
function is the disassembly of clathrin from clathrin-coated endocytic vesicles by
the constitutive cytosolic Hsc70 [76]. The clathrin triskelia undergo conformational
fluctuations exposing Hsc70-interacting motifs. Hsc70 binding stabilizes triskelia in
a conformation that induces a strain in the clathrin baskets. Binding of multiple
Hsc70 molecules to triskelia increases the conformational strain to a critical level
ultimately leading to the cooperative disassembly of the clathrin coat [77, 78].

Hsp70s play also an important role at different stages of viral infections, from
cell membrane penetration to capsid assembly [79]. Although it is not completely
understood how Hsp70s reach the cell exterior, there is evidence that some viruses
require surface-exposed Hsp70s in order to enter the host cell, including rotavirus,
coxsackievirus A9 (CAV-9), dengue virus, and human T cell lymphotropic virus
type 1 (HTLV-1) [80-84]. Additionally, Hsp70s were shown to be involved in the
disassembly of the viral coats of polyomaviruses, papillomaviruses, and reoviruses
[85, 86]. Hsp70s were also demonstrated to regulate the DNA replication process of
viruses. As mentioned above, the E. coli DnaK system releases the helicase DnaB
from the complex with AP, which is required for the initiation of DNA replication of
bacteriophage A [87, 88]. There are also reports that Hsp70 system remodels repli-
cation pre-initiation complexes of eukaryotic viruses [89-92]. Lastly, the Hsp70
system plays an important role in virion assembly of some viruses, not only during
folding of the capsid proteins [93-95].

1.6 Role of Co-Chaperones

Hsp70s usually do not act on their own but are supported by a number of co-
chaperones. In the simplest case, the set of required co-chaperones includes a
JDP and a NEF, which stimulate ATP hydrolysis and ADP-to-ATP exchange,
respectively.

JDPs are proposed to be targeting factors for Hsp70s, which bind substrates
themselves and transfer them to Hsp70 or are located in close proximity where
Hsp70 substrates emerge like at the ribosome or translocon. Cells express a wide
spectrum of JDPs, which have diverse architecture and functions and are divided
into three classes, A, B, and C, according to their domain composition [96]. All of
them possess a J-domain with the conserved HPD motif, critical for the interaction
with Hsp70s. Interestingly, the number of different JDPs in cells is generally much
higher than the number of Hsp70s. For example, humans in total possess 11 Hsp70s
but 47 JDPs, or rather 53, if all splice variants are counted separately. Taking into
account the diversity of JDPs, it is not surprising that besides their basic function of
substrate delivery and coupling it with ATP hydrolysis, they play an important role
in determining and shaping many Hsp70 functions in the cell. As mentioned above,
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JDPs can also target Hsp70 to locations where its activity is required. In eukaryotes,
JDPs (e.g. zuotin in yeast, MPP11 in human cells) are one of the components of the
ribosome-associated complex (RAC), targeting cytosolic Hsp70s to the ribosome
for early steps of de novo folding during protein synthesis [4, 97-99]. The J-domain-
containing Pam16-Pam18 complex targets the mitochondrial Hsp70 to the translo-
con in the inner membrane of mitochondria thereby supporting protein import into
the mitochondrial matrix [19, 100]. Similarly, Sec63, which is a transmembrane
JDP in the endoplasmic reticulum (ER) membrane with the J-domain in the ER
lumen, targets BiP to the translocon and facilitates protein transport into the ER. It
is also known that JDPs are involved in ER-associated degradation (ERAD; e.g.
ERdj4 and ERdj5) [101-103] or can possess ubiquitin-interacting domains, provid-
ing a link between the Hsp70 system and the protein degradation machinery in the
cell [104]. Recently, JDPs of different classes were shown to synergistically activate
the disaggregation function of the metazoan Hsp70 system [64]. This study revealed
that JDPs from classes A and B recognize protein aggregates of different sizes,
allowing efficient Hsp70 targeting to aggregates on different stages of the disaggre-
gation process to compensate for the heterogeneity of aggregates. The JDPs from
classes A and B also form transient complexes in vitro and in vivo, and this complex
formation is necessary for synergistic disaggregation. If such complexes are more
common, the already large number of JDPs will be potentiated through combinato-
rial complex formation, most likely enlarging the substrate spectrum of Hsp70s.

There are several structurally unrelated groups of NEFs. The first NEF to be
discovered was GrpE from E. coli. In eukaryotes, however, GrpE homologs can
only be found in mitochondria and chloroplasts. In other compartments, it is
replaced by NEFs from the structurally unrelated BAG, HspBP1, and Hsp110/
Hsp170 families [105-108]. Hsp110s and BAG proteins are particularly interesting,
because they have additional roles apart from accelerating nucleotide exchange,
which shape the functional landscape of the Hsp70 system in the cell.

BAG (Bcl-2-associated athanogene) proteins are very diverse, modular, cytosolic
proteins that are characterized by the presence of one or several so-called BAG
domains, a three-helix bundle, which is essential for interaction with Hsp70s and
provides the NEF function [109]. Some Bag proteins have been proposed to divert
Hsp70 substrates to degradation. Bagl contains a ubiquitin-like domain and is, in
addition, ubiquitinated by the E3 ligase and Hsp70 co-chaperone CHIP, both of
which promote binding to the proteasome, suggesting a role in linking the Hsp70
system to the proteasome degradation system [110]. Bag3 facilitates the interaction
of ubiquitinated and non-ubiquitinated Hsp70 substrates with the p62 (or NRB1)
adaptor protein on the phagophore membrane, providing a connection of the Hsp70
system towards autophagy [111-113]. Bag6/Bat3/Scythe interacts with pro-
apoptotic factors, enhancing polyubiquitination and promoting their proteasomal
degradation [114-117]. BAG proteins are also involved in other functions, includ-
ing prevention of protein aggregation and protein folding [109, 117].

Hsp110/Hsp170 proteins, which act as Hsp70 NEFs in the nuclear-cytoplasmic
compartment (Hsp110) and in the ER (Hsp170), are Hsp70 homologs themselves,
also consisting of a nucleotide-binding domain, a f-sandwich subdomain, and an
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a-helical domain, which were crystalized in a conformation highly similar to the
ATP-bound open conformation of Hsp70s [118—122]. Hsp110s also were shown to
interact with peptide and protein substrates [66, 123, 124]. Whether they are also
able to undergo similar conformational changes as Hsp70s is not clear. Hsp110
proteins of higher eukaryotes are involved in protein disaggregation and a-synuclein
fibril fragmentation together with Hsp70 [63-66].

There is also an anti-NEF called Hip (Hsp70-interacting protein) which binds to
the NBD of Hsp70 at a location that overlaps with the binding sites for NEFs but
does not accelerate nucleotide exchange [125]. Since nucleotide exchange is rate-
limiting for substrate release, NEFs and anti-NEF regulate the lifetime of the Hsp70-
substrate complex, which is likely to be important for efficient folding or transfer to
other chaperone systems or the degradation system.

As mentioned above, the C terminus of eukaryotic cytosolic Hsp70s possesses an
EEVD motif which is the interaction site for TPR domain containing co-chaperones.
One of such co-chaperones is Hop (Hsp70-Hsp90-organizing protein; Stil in yeast).
Hop contains three TPR domains and can simultaneously interact with the GTIEEVD
motif of Hsp70 and the MEEVD motif of Hsp90, resulting in a ternary complex.
Thus, it is suggested that Hop couples the functional cycles of Hsp70 and Hsp90
and facilitates loading of certain partially folded intermediates from Hsp70 onto the
Hsp90 machinery [126, 127]. Such a coupling of both cycles was demonstrated to
be critical for the maturation of steroid hormone receptors. Folding of the ligand-
binding domain of glucocorticoid receptor was shown to require a handover from
the Hsp70 onto the Hsp90 system and was dependent on the presence of Hop [128,
129]. Based on the study of the interaction between Hsp90 and Alzheimer-linked
protein Tau, a mechanism of the Hsp70-Hsp90 cooperation was proposed [130].
Hsp70 was suggested to bind early to nascent polypeptide chains which still expose
larger hydrophobic stretches constituting high-affinity Hsp70-binding motifs. As
polypeptide folding progresses, Hsp70-binding sites become buried and inaccessi-
ble for further interaction with Hsp70, leaving, however, scattered hydrophobic
residues exposed. The latter are recognized by the extended substrate-binding sur-
face of Hsp90, which facilitates the late stages of the folding process, resulting in
the maturation of the substrate protein.

Another co-chaperone that interacts with Hsp70 via the C-terminal EEVD motif
is CHIP (C terminus of Hsc70-interacting protein), which possesses E3 ligase activ-
ity [131-133]. According to the current view, CHIP stochastically promotes ubiqui-
tination of substrates that are in complex with Hsp70, preferentially targeting such
misfolded proteins to the proteasome which spend longer time bound to the chaper-
one (i.e. undergo more binding-release cycles) and presumably are difficult to fold
or stuck in a non-refoldable misfolded state [134]. Thereby, substrates which can be
folded/refolded within a short time frame by Hsp70 have decreased likelihood of
being targeted for degradation. Taken together, the interplay between Hsp70 and the
plethora of its co-chaperones is at the core of the triage decision determining the
fate of its substrates: refolding to the native state, transferring to Hsp90, and target-
ing for degradation by the proteasome or through autophagy.
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1.7 Concluding Remarks

Hsp70s interact with a large number of substrate proteins in vivo. For E. coli DnaK,
more than 700 in vivo substrates were identified [135]. Some of these proteins are
transferred onto the Hsp60 machinery for further folding steps, while the conforma-
tional maintenance of others depends on the continuous interaction with DnaK. Thus,
DnaK was proposed to be a central hub of the chaperone network in the E. coli cell.
Proteins in eukaryotic cells are on average larger as compared to prokaryotic organ-
isms and hence demand much more attention from the protein quality control network.
Thus, in the course of evolution, the Hsp70 system developed into a very sophisticated
machinery, which determines the fate and regulates the activity of many proteins.

Considering the central role which Hsp70s play in the proteostasis network in the
cell, it is not surprising that deregulation of the Hsp70 activity leads to pathophysi-
ological processes, particularly cancer and neurodegeneration. Therefore, under-
standing the basic molecular principles how the Hsp70 machinery functions is
important from a medical perspective, and the Hsp70-substrate interactions are one
of the key aspects here. Although the basic principles of the Hsp70-peptide interac-
tions are rather well understood, the knowledge on the mechanism of Hsp70-protein
interactions begins only to emerge. One of the limitations in this aspect is the lack
of a high-resolution structure of Hsp70-protein substrate complexes. Another open
question is how the flexibility of the SBD affects substrate specificity of different
Hsp70s, since different Hsp70 homologs seem to have different conformational
plasticities within their substrate-binding cleft, resulting in different kinetic param-
eters of Hsp70-substrate interactions [136]. Hsp70s in eukaryotic organisms are
targets for multiple post-translational modifications, which might provide yet
another complexity level of the regulation of Hsp70-substrate interactions and
should be addressed in the future.
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Chapter 2
Molecular Chaperone Inhibitors

Michael A. Moses, Abbey D. Zuehlke, and Len Neckers

Abstract Hsp70 and Hsp90 are molecular chaperones (heat shock proteins) that
facilitate client protein maturation, stabilization of aggregation-prone proteins,
quality control of misfolded proteins and maintenance of proteins in an activation-
competent conformation. In general, these Hsps are part of the cellular proteostasis
network that functions in normal and disease states to maintain protein homeostasis.
Recent data suggest a role for certain components of the proteostasis network (e.g.,
the proteasome) in various aspects of immune responses, and lately molecular chap-
erones have also been suggested to play a role in immunity, although the exact
nature of their function remains somewhat controversial. Given the growing impor-
tance of Hsp90 and Hsp70 in a number of different diseases, including cancer and
neurodegenerative maladies, as well as their role in contributing to protein homeo-
stasis in health and disease, pharmacologic targeting of Hsp70, Hsp90 and their
respective co-chaperones remains an area of intense investigation, although the
impact of Hsp inhibition on immune cells and systems remains poorly understood.

Keywords Heat shock protein 90 - Heat shock protein 70 - Proteostasis -
Chaperone inhibitors - Co-chaperone inhibitors

2.1 The Hsp70 and Hsp90 Chaperone Cycle

Hsp70 and Hsp90 are chaperones that facilitate protein maturation, stabilization of
aggregation-prone proteins, quality control of misfolded proteins, and maintenance
of proteins in an activation-competent conformation. Proteins that rely on Hsp70
and Hsp90 for function are shuttled from Hsp70 to Hsp90 utilizing a co-chaperone-
assisted cycle. Co-chaperones play a role in client transfer, ATPase regulation and
conformational dynamics of chaperones. Given the importance of these chaperones
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in a number of different diseases, including cancer and neurodegenerative maladies,
targeting Hsp70, Hsp90, and their respective co-chaperones remains an area of
intense investigation, although the impact of such strategies on immune cells and
systems remains less well understood [1, 2].

2.2 Hsp90 Inhibitors and Their Binding Sites

2.2.1 Hsp90 N-Terminal Inhibitors

Hsp90 inhibition gained interest following the discovery of Hsp90 as a target for the
natural products geldanamycin (GA) and radicicol (RD) [3-5]. Drugging Hsp90
through the use of GA resulted in reduced cancer cell line growth and caused onco-
genic protein depletion [6]. Hsp90 exists as a dimeric protein with each monomer
containing an N-terminal domain (NTD) that binds ATP, a middle domain that inter-
acts with co-chaperones and clients (and is required for ATP hydrolysis), and a
C-terminal dimerization domain. These regions undergo substantial ATP-influenced
conformational changes in order for Hsp90 to properly chaperone its clientele. The
absence of bound nucleotide results in Hsp90 preferring an open conformation
(NTDs not dimerized) with its C-terminal domains dimerized. Nucleotide interac-
tion results in transient dimerization of the NTDs and strengthens Hsp90-client
interactions. Following ATP hydrolysis, Hsp90 proceeds back to the open confor-
mation. Crystal structure analysis determined the binding site for GA and RD to be
within the Hsp90 N-terminal ATP-binding domain [7-9]. Although these com-
pounds efficiently disrupted Hsp90 function, they were not useful for clinical appli-
cation due to their toxicity and low stability.

The selectivity of GA and RD toward Hsp90 is due to the fact that the N-terminal
ATP-binding pocket of Hsp90 contains the unique Bergerat fold geometry found
only within the select GHKL subgroup of ATPases [7, 10]. This has allowed devel-
opment of less toxic, highly specific, and more stable Hsp90 inhibitors that mimic
GA and RD interaction within the ATP-binding pocket.

2.2.2 Benzoquinone Ansamycin Inhibitors

GA is a benzoquinone ansamycin antibiotic isolated from Streptomyces hygro-
scopicus. Once bound to Hsp90, GA adopts a folded position with the planes of
the benzoquinone and the ansamycin macrocycle close to parallel [9]. The benzo-
quinone group binds near the entrance of the pocket, and the ansamycin ring,
which resembles a five amino acid polypeptide, inserts into the pocket [8]. The
most notable site of interaction is within the deepest contacts of the pocket at the
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Fig. 2.1 Three N-terminal domain (NTD) binding Hsp90 inhibitors utilize different contacts
within the ATP-binding pocket and differentially affect NTD subdomains. Crystal structure of the
Hsp90 dimer is shown on right. The NTD of one Hsp90 protomer (within black box) is shown in
the left panels bound to, respectively, the benzoquinone ansamycin geldanamycin (a), the macro-
cyclic lactone radicicol (b), or the purine analog PU-H71 (¢). In each case, drugs are shown in red.
Refer to text for details

highly conserved amino acid Asp93 of Hsp90. This is because the region in which
Asp93 is located is otherwise mostly hydrophobic [8]. Mutation of this position
disrupts Hsp90 function and inhibits nucleotide binding [11, 12]. Although GA is
effective at inhibiting Hsp90, the bioreduction of the semiquinone radical creates
a toxic superoxide radical [13].

A compound closely related to GA, 17-allylamino-17-demethoxy geldanamycin
(17-AAG), was the first Hsp90 inhibitor to enter into clinical trials. This compound
replaced the 17-methoxy moiety of GA with a 17-alkylamino group to reduce toxic-
ity [14]. Despite displaying anticancer efficacy in Phase I clinical trials, especially
in combination with trastuzumab in HER-2 positive breast cancer patients, 17-AAG
development was discontinued due to poor water solubility and dose-limiting hepa-
totoxicity [15]. Other benzoquinone ansamycin analogs that have been evaluated in
humans include 17-DMAG, IPI-504, and 17-AG. However, there are currently no
benzoquinone ansamycin compounds in clinical trials. The binding pose of the ben-
zoquinone ansamycins to Hsp90 is shown in Fig. 2.1a.
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2.2.3 Radicicol and Analogous Inhibitors

RD, another natural product Hsp90 inhibitor, is a macrocyclic lactone antibiotic that
was isolated from Monosporium bonorden in 1953 [16]. In 1998, RD was found to
compete with GA for the Hsp90 ATP interaction site [5]. Similar to GA, RD binding
mimics the ADP-bound conformation of Hsp90 and interacts with Asp93 in a man-
ner similar to GA (Fig. 2.1b). Compared to GA, however, RD binds in a different
orientation and has greater affinity for the ATP pocket [9]. RD is oriented in the
opposite direction of GA with the aromatic ring directed toward the bottom of the
pocket and the macrocycle facing toward and making contacts with the top of the
pocket. RD also adopts a folded conformation, but it is less dramatic than that of
GA, with the macrocycle and aromatic ring approximately perpendicular instead of
parallel [9]. RD does not, however, display antitumor activity due to its rapid metab-
olism in vivo [17].

To increase stability, the 2'-ketone of radicicol was converted to an oxime [18].
This led to the production of KF25706, which is metabolically stable and displays
potency against several human cancer cell lines and rodent xenograft models [18].
The complexity of this compound, however, made it difficult for large-scale produc-
tion. The resorcinol moiety of RD behaves in a similar manner as the adenine ring
of ATP and is required for Hsp90 inhibition. Utilizing the resorcinol ring, several
inhibitors have been created and have undergone clinical evaluation. A resorcinol
triazole compound created by Synta Pharmaceuticals (STA-9090, ganetespib) has
been shown to have high affinity for Hsp90 and to inhibit its activity at concentra-
tions as low as 10 nM. Ganetespib also displays increased tumor penetration with
low toxicity [17].

Workman and co-workers screened a library of 56,000 compounds and identified
CCTO018159, which contains the resorcinol-anchoring unit of radicicol [19]. Further
development of CCT018159 resulted in the creation of the resorcinylic isoxazole
amide NVP-AUY922/VERS52296 (Novartis/Vernalis). Additional resorcinol analogs
include KW-2478 (Kyowa Hakko Kirin Pharma) and AT13387 (Astex
Pharmaceuticals). Currently, ganetespib is involved in several clinical trials, as are
KW-2478 and AT13387. NVP-AUY922 is no longer being clinically evaluated due to
failure to show clinically meaningful responses at the maximum tolerated dose [17].

2.2.4 Additional Hsp90 Second-Generation Inhibitors

Utilizing knowledge of the natural product inhibitors’ interactions with the Hsp90
ATP pocket resulted in the development of additional synthetic compounds with
increased potency and reduced toxicity. Purine-based compounds were designed to
mimic the folded structure adopted by GA and RD when bound to Hsp90. These
compounds contain an adenine group, a CH2 or S linker, and a right side aryl group.
The adenine binds the pocket in a similar manner to ATP and maintains the direct
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hydrogen bond from N6 to Asp93 on Hsp90. The first inhibitor created was PU3
[20, 21]. Although this compound showed efficacy in oncogenic cell lines, it was
not as potent as 17-AAG. Further modification of PU3 to improve interaction with
Hsp90 resulted in the synthesis of PU-H71. This compound shows higher activity
toward oncogenic cells and is a potent inhibitor of Hsp90 activity [22, 23]. PU-H71
contains an N9 alkane off of the adenine group. This amine moiety protrudes from
the ATP-binding cavity out into the solvent, and, as it does not interact directly with
the protein, it is amenable to further modifications that may improve its pharmaco-
logical properties (Fig. 2.1c) [24]. Currently, PU-H71 is being evaluated in patients
with advanced malignancies. Other purine scaffolds have been created including
CNF2024/BIIB021 (Biogen Idec), MPC-3100 (Myriad Pharmaceuticals Inc.), and
Debio 0932 (Curis). CNF2024/BIIB021 and Debio 0932 have both been evaluated
in Phase I and II clinical trials.

Benzamide compounds represent another class of Hsp90 inhibitors. These drugs
utilize their benzamide group to mimic adenine, with the amide group forming
hydrogen bonds with Asp93 and Thr184 [25]. Benzamide Hsp90 inhibitors include
SNX-5422, developed by Serenex and acquired by Pfizer, which is a prodrug of the
active metabolite SNX2112. SNX-5422, now owned by Esanex, remains under
clinical evaluation. Another benzamide compound, created by Taiho Pharmaceutical,
Co. Ltd., is the 4-(1H-pyrazolo[3,4-b]pyridine-1-yl)benzamide TAS-116 [26]. TAS-
116 is currently being evaluated in recently initiated clinical trials.

2.2.5 Consequences of Different N-Terminal Inhibitors
Jor Hsp90 Specificity and Conformation

From protein crystallography, it is clear that these chemically diverse NTD-
interacting Hsp90 inhibitors bind to the ATP pocket and share many of the same
contacts. However, there are subtle differences in these drugs’ interactions with
Hsp90 and their sensitivity to various identified posttranslational modifications.
These properties result in subtle changes in Hsp90 conformation upon drug binding
[27]. Figure 2.1 displays some of the different NTD inhibitor interactions with
Hsp90. Based on these data, it is likely that a better understanding of each inhibi-
tor’s binding preferences may allow for the creation of inhibitors with greater cel-
lular specificity and/or potency.

2.2.6 Hsp90 C-Terminal Inhibitors

Utilizing nucleotide affinity cleavage, a second ATP-binding pocket was discov-
ered within the C-terminus of Hsp90 [28]. The natural product novobiocin was the
first C-terminal inhibitor identified. The site of novobiocin interaction is proximal
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to the C-terminal dimerization domain, and novobiocin binds in a bent ADP-like
state. This C-terminal nucleotide pocket does not interact with GA or RD and novo-
biocin does not interact with the Hsp90 NTD [29]. Novobiocin structure contains
three features: a benzamide side chain, a coumarin core, and a noviose sugar.
Utilizing the structure of novobiocin, Blagg and colleagues synthesized the com-
pound A4 and its analogs. These compounds were coumarin-modified ring systems
that mimic adenine and guanine with additional strategically placed hydrogen bond
acceptors and donors to fit the C-terminal nucleotide pocket with greater affinity
and higher specificity [30]. The most potent novobiocin analog created to date is
KU-174 [31]. This compound has shown efficacy in several cancer cell lines and
promotes the degradation of Hsp90 clients without induction of the heat shock
response (HSR)—a transcriptional program that responds to environmental stress
to promote survival in both normal and transformed cells [32]. An additional
C-terminal inhibitor is epigallocatechin-3-gallate (EGCG), the most abundant cat-
echin in green tea. This compound has reported anticancer activity and was found
to interact with the same region in Hsp90 as novobiocin (amino acids 538-728)
[33-35]. Other less-specific C-terminal inhibitors include the platinum-containing
chemotherapeutic agent, cisplatin, and the microtubule stabilizer, Taxol [36]. To
date, none of the novobiocin-derived C-terminal inhibitors have been evaluated in
the clinic. However, the ability of these compounds to inhibit Hsp90 without induc-
ing the cytoprotective HSR makes their continued development worthwhile.

23 Grp%4

Grp9%4 is an endoplasmic reticulum (ER)-restricted Hsp90 paralog. Like the cytosolic
Hsp90 paralogs, nucleotide binding is important for Grp94’s chaperone activity.
Grp94 helps to buffer proteotoxic stress in the ER and regulates the stability of mem-
brane-associated and membrane-secreted proteins, including immunoglobulins,
Toll-like receptors, integrins, and growth factors [37]. As such, Grp94 is likely to
play a role in immune function and diseases associated with the secretory pathway.

2.3.1 Allosteric Inhibitors of Grp94

Due to the structural similarities of the ATP-binding pocket among Hsp90 paralogs,
all NTD Hsp90 inhibitors not only target cytosolic Hsp90o/p but Grp94 (and TRAP-
1, the mitochondrial Hsp90 paralog) as well, making it impossible to decipher the
individual contribution(s) of these paralogs to different disease states [6, 38]. However,
unlike the other Hsp90 paralogs, Grp94’s ATP-binding pocket contains a QEDGQ
amino acid insertion that creates a unique secondary hydrophobic binding cleft. This
structural distinction is the basis for the development of Grp94-selective inhibitors.
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Combining library screening with computational modeling, the Chiosis laboratory
examined purine scaffolds that possessed a higher affinity for Grp94 compared to the
other Hsp90 paralogs. One such compound, PU-H54, was demonstrated to be highly
selective for Grp94, as evidenced by decreased IGF-II secretion and membrane traf-
ficking of Toll-like receptors. Furthermore, the use of PU-H54 revealed the specific-
ity of Grp94 for membrane-associated HER2 in high HER2-expressing breast cancer
cells, suggesting a role for support of the malignant phenotype by Grp94 in a tumor-
selective manner [39].

The Blagg laboratory has also synthesized selective Grp94 inhibitors. The co-
crystal structure of the pan-Hsp90 inhibitor, radamide, with yeast cytosolic Hsp90
and canine Grp94 identified differential binding interactions with these chaper-
ones [40]. Optimization of structure-activity relationships led to the development
of radamide analogs with higher affinity for Grp94, including BnIm and KUNG29
(compound 40), that interact with Phel99 and Tyr200 in Grp94’s secondary
pocket. Cell-based assays determined that these Grp94 inhibitors also block
IGF-II and Toll-like receptor trafficking [40—42]. Furthermore, they display anti-
proliferative activity against a multiple myeloma (immunoglobulin secreting) cell
line and anti-migratory behavior in a breast cancer model [41], consistent with
Grp94’s role in the maturation and trafficking of proteins involved in protein
secretion and metastasis.

2.4 Hsp90 Co-Chaperone Inhibitors

Hsp90 function relies on an ordered progression through a number of nucleotide-
influenced conformations. Throughout its ATPase cycle, helper co-chaperone pro-
teins bind and release Hsp90 in order to assist in processes such as conformational
dynamics and nucleotide and client interactions. Although the functional impor-
tance of all the co-chaperones has not been fully characterized, studies focused on
individual co-chaperones demonstrate that they each play distinct roles with respect
to Hsp90 regulation. Co-chaperone proteins are also uniquely regulated in different
illnesses, thus identifying them as molecular targets of potential interest for phar-
maceutical development. p50?7 is a co-chaperone that binds the open (NTD undi-
merized) conformation of Hsp90 and is known for its role in recruiting kinase
clients to the Hsp90 chaperone machinery, as si-RNA knockdown of p50©%3’
results in client kinase degradation [43]. Furthermore, ATP-competitive kinase
inhibitors such as vemurafenib and lapatinib have been found to disrupt kinase-
p50°437 interaction, which also results in degradation of the oncogenic kinases
B-Raf and ErbB2, respectively [44]. Another client recruiting co-chaperone, Hop,
binds the open conformation of Hsp90 and bridges Hsp70 to Hsp90 for client load-
ing. Disruption of Hop-Hsp90 interaction leads to the proteasome-mediated degra-
dation of a diverse set of chaperone clients and causes cell cycle arrest, inhibition
of cell adhesion, and apoptosis [45].
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Following ATP interaction, Hsp90 proceeds into a closed (NTD dimerized) con-
formation. While in this conformation, Hsp90 interacts with immunophilin proteins
at its C-terminus. These immunophilins are most well studied for their impact on
steroid hormone regulation. FKBP51 is an immunophilin made up of two FKBP-
like domains, which contain its peptidyl-prolyl isomerase activity, as well as a tet-
ratricopeptide repeat (TPR) domain for its interaction with the Hsp90 C-terminal
MEEVD motif. Although FKBP51 binds several nonselective inhibitors including
cyclosporin A, rapamycin, and FK506, a recent study identified ligands that selec-
tively interact with and inhibit FKBP51 [46, 47]. The use of these ligands in mice
resulted in improved endocrine feedback and stress-coping behavior, suggesting a
new paradigm for antidepressant development [47].

P23 interacts with the N-terminal domain of Hsp90 while it is in complex with the
immunophilin proteins and stabilizes the closed conformation. As Hsp90 interacts
strongly with clients while in the closed conformation, inhibition of p23 results in cli-
entinstability. The natural product celastrol inhibits p23 by altering its three-dimensional
structure, leading to rapid formation of amyloid fibrils [48]. Another natural product,
gedunin, was found to bind directly to p23 and to inactivate its function, as well as to
disrupt its interaction with Hsp90. This inhibition resulted in destabilized nuclear
receptors, with no impact on Hsp90-dependent kinases, and led to cancer cell death via
apoptosis [49]. Further analysis of co-chaperone interaction with and regulation of
Hsp90 may allow for alternative methods of inhibiting Hsp90 function.

2.5 Hsp70/Hsc70

Simply, there are two main forms of Hsp70, one that is constitutively expressed
(Hsc70) and one that is stress induced (Hsp70), although each main form is com-
prised of multiple isoforms. Hsp70 (unless otherwise noted “Hsp70” will be used to
refer to all family members) consists of two main domains: a nucleotide-binding
domain (NBD), responsible for binding ATP, and a substrate-binding domain
(SBD), which binds hydrophobic regions of immature or misfolded proteins. The
NBD is further divided into four subdomains IA, ITA, IB, and IIB, which encompass
a deep ATP-binding pocket. Residues implicated in the binding of nucleotide to
Hsc70 include Glu268, Lys271, Arg272, Ser275, and Arg342 in subdomain IIB and
Thr13, Thel4, and Tyrl5 in subdomain IA [50, 51]. Hsp70 interaction with co-
chaperones such as J-domain proteins (Hsp40s/Dnals) and nucleotide exchange
factors (Bag family members) influence its ATPase activity and provide substrate
specificity. Because Hsp70 regulates numerous oncogenic client proteins (many of
which rely on Hsp90 for stability) and chaperones other client proteins involved in
neurodegenerative disease and viral infections, Hsp70 is an attractive therapeutic
target for a number of pathologies [52]. Evidence suggests that Hsp70 is druggable
and inhibitors have been identified that bind to either the NBD or SBD. Herein we
discuss three main types of Hsp70 inhibition: ATP competitors, allosteric inhibitors,
and peptide mimetics.
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2.6 Hsp70/Hsc70 Inhibitors and Their Binding Sites

2.6.1 ATP-Competitive Inhibitors of Hsp70/Hsc70

The strong binding affinity of ATP for Hsp70 has made it difficult to develop com-
petitive inhibitors. However, Vernalis took advantage of structure-based design and
utilized the adenosine fragment of ATP as a suitable starting point for further devel-
opment and optimization of agents targeting the Hsp70 NBD. Because an X-ray
crystal structure of full-length human Hsp70 has yet to be solved and crystal struc-
tures of isolated Hsp70 domains are not suitable for drug binding studies, Vernalis
took advantage of the crystal structure of Hsc70 (whose sequence and structure are
similar to that of Hsp70) complexed with the nucleotide exchange factor Bagl to
identify a hit molecule binding to the Hsc70/Hsp70 ATP-binding cleft [51].
Following sequential rounds of structure-guided synthesis, VER-155008 was devel-
oped as a pan-Hsp70 ATP-competitive inhibitor. VER-155008 competes with ATP
for binding to the Hsp70 NBD, contacting similar residues as ATP (Tyr15, Arg272),
and possesses biological activity in a variety of model systems [53]. It inhibits the
proliferation and migration of cancer cells [54] and has been used to confirm a role
for Hsp70 in pathogenicity and virulence [55].

In a cell-based screen to identify imidazoles with apoptosis-inducing activity,
Williams and colleagues discovered apoptozole as an Hsc70/Hsp70 interactor [56].
Further elucidation of its mechanism of action determined that apoptozole binds to
the ATPase domain of Hsp70, interacting with Ser275 and Arg272 in the ATP-
binding pocket, and inhibits its ATPase activity [57, 58]. The pro-apoptotic effects
of apoptozole are attributed to its ability to block the interaction of Hsp70 with
apoptotic protease-activating factor-1 (APAF-1), a known Hsp70 client protein,
thereby promoting caspase-dependent cell death in vitro and in vivo [58].

2.6.2 Allosteric Inhibitors of Hsp70/Hsc70

One of the first reports of an Hsp70 inhibitor identified MKT-077, a cationic rhodo-
cyanine isolated from a screen of compounds that exhibited effects on cancer cell
viability [59, 60]. MKT-077 was first shown to bind Hsc70 [61] and the mitochon-
drial Hsp70 family member mortalin [62]. However, it wasn’t until 2011 when the
Gestwicki laboratory relied on NMR to show MKT-077 interacts with ADP-bound
Hsc70 by inserting itself in a negatively charged allosteric pocket near the NBD
(although it does not compete with nucleotide for binding). Interestingly, the residues
at this site (Glul75, Asp199, Asp206) are conserved among major Hsp70 family
members and appear to be important in ATP hydrolysis [63]. The ability of MKT-077
to lock Hsp70 in an ADP-bound conformation, where interaction with clients is
strongest, likely halts the chaperone cycle in place and allows for interaction with
Hsp90 and with the E3-ubiquitin ligase co-chaperone CHIP (C-terminal
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Hsp-interacting protein). CHIP/Hsp70 complexes are thought to function in protein
triage to clear cells of terminally misfolded proteins. Although MKT-077 is effica-
cious in some cancer models [64], it was found to be rapidly metabolized in mouse
liver microsomes, limiting its clinical utility [65].

Identification of the binding pocket and orientation of MKT-077 led to the genera-
tion of YM-01, an MKT-077 analog. Like MKT-077, YM-01 locks Hsc70/Hsp70 in
an ADP-bound conformation where interaction with substrates is strongest, thus
delaying their dissociation from the chaperone complex and promoting their ubiqui-
tination by CHIP. Notably, both MKT-077 and YM-01 are not toxic to normal cells
[66-68], suggesting these compounds and their analogs may only be efficacious in
cells addicted to Hsp70, similar to results with Hsp90 inhibitors [1]. YM-01 has been
evaluated in preclinical models where Hsp70 plays a role in buffering proteotoxic
stress. In breast cancer cells, YM-01 affects a number of signaling nodes controlled
by Hsp70 (FoxM1, survivin, p21, HuR, Src, Hifl) in vitro and in vivo [69]. Studies
in this model system revealed the importance of the Hsp70 nucleotide exchange fac-
tor, Bag3. Treatment of breast cancer cells with YM-01 not only locked Hsp70 in an
ADP-bound conformation but concomitantly weakened its interaction with nucleo-
tide exchange factor Bag3, thus preventing substrate release and stalling the chaper-
one cycle [69]. YM-01I has also been shown to have activity in neurodegenerative
disorders. In spinobulbar muscular atrophy, characterized by the accumulation of
toxic protein aggregates, YM-01 promotes the clearance of toxic polyglutamine-
expanded androgen receptor aggregates to alleviate neurotoxicity [70]. Others have
used YM-01 in Alzheimer’s disease models to reduce tau levels and restore synaptic
function [68]. Notably, it appears that the critical reliance of cells on Hsp70 for pro-
tein triage decisions identifies neurodegenerative disorders as a unique group of dis-
eases in which targeting of Hsp70 may prove to be beneficial [71].

Further optimization of the MKT-077 and YM-01 scaffold led to the synthesis of
JGI98 [72]. JGI98 occupies the same allosteric site that binds MKT-077 but has
markedly increased stability and is significantly more potent in inhibiting breast
cancer proliferation in vitro and xenograft growth in vivo compared to MKT-077
[69, 73]. Collectively, these results support the hypothesis that Hsp70-Bag3 regu-
lates a number of oncogenic signaling pathways. In addition, the use of these inhibi-
tors has validated the role of Hsp70 in viral protein homeostasis and replication of
Dengue virus and other flaviviruses including yellow fever, West Nile virus, and
Japanese encephalitis virus [74]. As such, viral infections are likely an additional
indication for which these inhibitors may be efficacious.

In a screen of purine-like compounds that discriminate between Hsp70 and
Hsc70, the Haystead laboratory identified HS-72. HS-72 is a selective allosteric
inhibitor of Hsp70 that does not inhibit Hsp70-mediated ATP hydrolysis but,
instead, induces a conformational change reducing ATP affinity. Site-directed muta-
genesis suggests HS-72 may bind at or near cysteine 306, a non-conserved residue
among Hsp70 family members that potentially allows its Hsp70-selective activity.
HS-72 possesses cellular activity as it inhibits cancer cell proliferation and leads to
protein aggregation in vitro. HS-72 is also effective in the MMT V-neu breast cancer
mouse model [75] and displays anti-dengue virus activity [76].
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The Chiosis laboratory utilized computational modeling to identify druggable
allosteric sites in Hsp70. YKS, whose chemical structure is based upon a 2,5'-thiopy-
rimidine scaffold, targets a cleft region outside the Hsp70 ATP/ADP binding domain
(around subdomains IB and IIB) and forms a covalent bond with a reactive cysteine
(cysteine 267) inside this pocket. Modeling also suggests YKS interacts with
Leu237, Val238, Asp234, Arg 264, and Glu268. In-cell binding assays revealed
YKS5 binds both Hsc70 and Hsp70 and inhibits the Hsp70-dependent folding of an
artificial substrate. Consistent with these effects, YK5 promotes the degradation of
Her2, Raf-1, and Akt, oncogenic kinases that utilize the Hsp70 chaperone complex
for stability prior to Hsp90-associated maturation [77].

Other strategies to target Hsp70 involve manipulating its interaction within
higher-order multi-chaperone complexes. Gestwicki and colleagues screened a
library of compounds and identified the flavonoid myricetin as binding to an alloste-
ric pocket on bacterial Hsp70 (DnaK) adjacent to the NBD. By interacting with
subdomains IB and IIB of DnaK, myricetin precludes Dnal (bacterial Hsp40) from
interacting with and stimulating DnaK’s ATPase activity [78]. The resulting struc-
tural change also prevents the binding and chaperoning of substrates by DnaK, a
property which may underlie myricetin’s anticancer activity.

The Gestwicki laboratory has also identified additional compounds that stimu-
late or inhibit Hsp70 function in the presence of J-domain (Hsp40) proteins.
Based on an earlier observation that large T-antigen (which has a J-domain) stim-
ulation of Hsp70 ATPase activity could be inhibited by the dihydropyrimidine
MAL3-101 [79], similar structure-activity guided synthesis led to identification
of the dihydropyrimidine compound 115-7¢ [80]. 115-7c binds to subunit ITA of
DnaK at a site partially overlapping with J-domain responsive residues and acts
as an artificial co-chaperone, stimulating Hsp70 ATPase activity (in the presence
of ATP or ADP). Residues in the adjacent IA subdomain are also responsive to
115-7c promotion of ATPase activity. Interestingly, 115-7c binds with better
affinity to DnaK in the presence of DnalJ, which may be attributed to a more favor-
able binding pose in the DnaK-DnaJ complex. Compound 115-7c was also con-
verted from activator to inhibitor (116-9¢) by addition of a bulky diphenyl group
to create steric clash with DnaK, thereby inhibiting DnaK-Dnal interaction and
DnaK ATPase activity [80].

2-Phenylethynesulfonamide (PES) and its derivatives (PES-CI, PET-16) are the
only inhibitors shown to bind to the Hsp70 substrate-binding domain. PES was
identified from a screen of small molecules that activated pS3-mediated apoptosis
[81]. Probing cell lysate with biotinylated PES led to the identification of Hsc70 and
Hsp70 as its targets [82]. The use of truncation mutants and co-crystal structures
revealed that PES and its analog PET-16 bind to the Hsp70 SBD in the ADP-bound
form, making contact with residues L.392, P396, 1.399, G482, A503, and S504 of
Hsp70 [82-85]. Efficacious in cell culture and in a Myc-induced lymphoma mouse
model, these inhibitors block Hsp70 interactions with client proteins and co-
chaperones (CHIP, Bag-1, Hsp40). As a result, client proteins accumulate in
detergent-insoluble fractions, and both the ubiquitin-proteasome and lysosome-
autophagy cellular protein clearance systems are disrupted [86].
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2.6.3 Peptide Mimetics Targeting Hsp70/Hsc70

As mentioned, Hsp70 interacts with Bax and APAF-1 to suppress their activity.
Other pro-apoptotic interactors of Hsp70 include apoptosis-inducing factor (AIF),
which binds to the Hsp70 SBD and is sequestered by Hsp70. By perturbing this
interaction with ADD70, a peptide mimetic of AIF, cancer cells are sensitized to a
variety of pro-death signals [87]. Furthermore, ADD70 treatment potentiated the
infiltration of CD8* T cells in tumors in vivo, pointing to a role of Hsp70 in regulat-
ing anticancer immunity [88]. The discovery of peptide aptamers that bind Hsp70
has further validated the concept that antagonism of Hsp70 sensitizes cancer cells to
anticancer agents in vitro and in vivo while affecting host immune function.
Treatment of B16F10 tumor-bearing mice with an aptamer targeting the Hsp70
ATP-binding domain triggered a host antitumor response associated with increased
infiltration of macrophages and T lymphocytes, confirming the importance of
Hsp70 in anticancer immunity [89].

2.7 Hsp40

Hsp40 (a family of DnalJ/J-domain proteins) functions to prevent aggregation of
nascent polypeptides. The chaperone is also responsible for delivering clients to
Hsp70 and for stimulating Hsp70 ATPase activity. Although pharmacologic target-
ing of Hsp40 has not been extensively explored, the fact that Hsp40 binds numerous
oncoclients and has been shown to play a role in the viral life cycle suggests that it
may be a promising molecular target in cancer and viral diseases [90]. From a
screen of drug-like compounds, a group of phenoxy-N-arylacetamides was identi-
fied for their ability to inhibit protein refolding in a reticulocyte lysate-mediated
luciferase refolding assay. Using a more defined system with purified Hsp70 and
Dnal proteins, it was shown that this class of compounds binds directly to DnaJ and
inhibits Hsp70/Dnal-mediated luciferase refolding [91].

2.8 Small Hsps-Hsp27

Hsp27 is as a stress-inducible, HSF-1-regulated chaperone protein that functions in
an ATP-independent manner, making it difficult to target with small molecules.
Instead, Hsp27 activity is regulated by phosphorylation and undergoes a high degree
of oligomerization (like other small Hsps): while small oligomers foster degrada-
tion of client proteins through ubiquitin-mediated proteasome degradation, large
oligomers act to stabilize misfolded proteins and to prevent aggregation. Hsp27 has
been reported to be cytoprotective, preventing apoptosis during proteotoxic stress,
and thus it may support the malignant phenotype [92].
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2.8.1 Antisense Oligonucleotides Targeting Hsp27

OGX-427 is a second-generation antisense oligonucleotide targeting Hsp27
mRNA. Hsp27 has been shown to facilitate androgen receptor (AR) transcriptional
activity in prostate cancer cells, highlighting a novel role for this Hsp [93]. Treatment
of prostate cancer cells with OGX-427 in vitro and in vivo promotes AR ubiquitina-
tion and degradation and reduces tumor burden [93, 94]. Furthermore, OGX-427
reduces the metastatic potential of PC3 cells in vivo, validating a role for Hsp27 in
cell migration and invasion [95]. As is the case for Hsp90 and Hsp70 inhibitors, it
appears that inhibiting Hsp27 expression can sensitize cancer cells to chemotherapy
[96, 97] and radiation [98], as well as to molecularly targeted therapies such as
erlotinib [97]. Notably, OGX-427 synergizes with Hsp90 inhibitors to reduce pros-
tate cancer growth [94]. In clinical trials, OGX-427 was well tolerated and led to
PSA decline in a number of men with prostate cancer. Furthermore, those prostate
cancer patients on an OGX-427 regimen were more likely to be progression-free
after 12 weeks [92]. OGX-427 continues to be clinically evaluated, especially in
men with advanced prostate cancer.

2.9 Small Hsps: Clusterin

Clusterin is another stress-inducible small Hsp that exerts cytoprotective effects.
Like Hsp27, clusterin functions in an ATP-independent manner but demonstrates
chaperone-like properties, regulating protein homeostasis and preventing the aggre-
gation and precipitation of proteins [92]. By sequestering the pro-apoptotic factor
Bax, clusterin also has anti-apoptotic activity, and its expression is associated with
resistance to a number of therapeutic agents [99].

2.9.1 Antisense Oligonucleotides Targeting Clusterin

As with OGX-427, clusterin can be targeted with an antisense oligonucleotide
(OGX-011). In preclinical studies, OGX-011 promoted apoptosis of prostate can-
cer cells in vitro and inhibited tumor growth and metastatic potential in a prostate
cancer xenograft model [100]. Due to clusterin’s role in therapeutic resistance, it is
not surprising that knockdown of clusterin expression with OGX-011 has syner-
gistic activity when combined with radiation and chemotherapy [92]. Additionally,
its combined activity with targeted agents such as enzalutamide, an AR antagonist,
in prostate cancer is also greater than the activity of either agent alone [101]. Given
clusterin’s regulation by the Hsp90-induced HSR, co-administration with OGX-
011 has been shown to markedly enhance the efficacy of the Hsp90 inhibitor,
PF-04929113, to induce cell death and blunt AR (an Hsp90 client) expression and
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Table 2.1 A list of published chaperone inhibitors (not including Hsp90 inhibitors)

Drug Target References
PU-H54, Bnlm, KUNG29 Grp9%4 [39-42]
Selective ligands FKBP51 [46, 47]
Celastrol, gedunin p23 [48, 49]
VER-155008 Hsc/Hsp70 [51, 53, 54]
Apoptozole Hsc/Hsp70 [56-58]
MKT-077, YM-01, JG98 Hsc/Hsp70 [59-70, 72-74]
HS-72, YK5, MAL3-101 Hsp70 [75-77,79]
Myricetin DnaK [78]

115-7¢ DnaK/DnaJ-DnaK complex [80]

116-9¢ DnalJ-DnaK complex [80]

PES, PES-CI, PET-16 Hsc/Hsp70 [81-86]
ADD70 Hsp70 [87, 88]
Peptide aptamers Hsp70 [89]
Phenoxy-N-arylacetamides Dnal [91]
0GX-427 Hsp27 [93-97]
OGX-011 Clusterin [100-103]

transcriptional activity [100]. In patients undergoing radical prostatectomy, OGX-
011 was well tolerated and decreased clusterin expression in tumor and lymph
node tissue [102]. When combined with docetaxel and prednisone, OGX-011 pro-
vided a significant survival advantage in men with metastatic prostate cancer [103].
However, other studies have not confirmed these findings and OGX-011 continues
to be clinically evaluated.

With the continued interest in developing small molecule and peptide-based
chaperone inhibitors, an ever-expanding list of chaperone-targeted reagents has
been developed. The impact of these diverse inhibitors on host immune function and
their potential synergy or antagonism with immune-directed therapy remains an
important subject for ongoing preclinical and clinical investigation (Table 2.1).
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Chapter 3
Extracellular Heat Shock Proteins
as Stress Communication Signals

Antonio De Maio

Abstract Intercellular communication is a fundamental process necessary to main-
tain homeostasis and to mount an orchestrated response to stress. Although heat
shock proteins (HSP) play a critical role by participating in the repair of damaged
products as a result of the stress in the intracellular milieu, it is now evident that they
play an alternative role when they escape from the cells and are placed in circula-
tion, participating in a systemic stress response. Extracellular HSP appear as signal-
ing molecules involved in intercellular communication during stress conditions.
They have been found to modulate the function of many target cells. Moreover,
extracellular HSP have been detected in several biological fluids, particularly from
patients suffering from a large number of maladies. Extracellular HSP are released
by many cell types and by several mechanisms, including passive dissemination
after necrosis and active export by a nonclassical secretory pathway. Among several
potential mechanisms for the export of HSP, their release associated with extracel-
lular vesicles has gained increasing support. The appearance of extracellular vesi-
cles containing HSP emerges as a new form of cellular communication during stress
conditions directed at avoiding the propagation of the insult.
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3.1 Introduction

Cellular communication is a major physiological event that is crucial to maintain
homeostasis. In this regard, unicellular organisms use chemical gradients to syn-
chronize their metabolism and growth. Plants release volatile compounds as signals
to coordinate development, attract pollinizing insects, and repel predators.
Multicellular organisms send signals to their counterpart cells to regulate metabo-
lism, growth, and stress response. Intercellular communication is particularly
important in tissue homeostasis, in which a synchronized propagation of signals
among cells is required to adapt to changes in nutrients and other environmental
factors. For example, hepatocytes within the hepatic acinus are interconnected by
various mechanisms of communication to modulate their response to changes in the
delivery of nutrients, such as glucose and oxygen. Cellular communication is also
critical for an efficient response of the immune system. Thus, the communication
between T, B, and antigen-presenting cells is necessary to orchestrate the adaptive
immune response. Similarly, macrophages, dendritic cells, and neutrophils secrete
cytokines and chemokines in response to infection and injury to promote an initial
response to the insult. Therefore, a coordinated intercellular communication is vital
to preserve normal physiological conditions and mount a sound response to stress.

3.2 Types of Cellular Communication

Cells communicate by a variety of mechanisms. The most common is via soluble
molecules that are placed in the extracellular environment or in circulation directed
at interacting with adjacent or distant cells. A typical example of this type of com-
munication is when hormones and cytokines are released by a certain type of cell
and captured by another via specific receptors. The ligand-receptor interaction trig-
gers a signal transduction pathway within the plasma membrane or within internal
compartments directed at activating the right response to the external stimuli. In
other cases, cells communicate via surface contact molecules, such as adhesion pro-
teins, resulting in cellular synapses [1]. A great example is the immune synapse
between antigen presenting cells and lymphocytes [2]. Cells in close proximity can
also interact via exchanging surface molecules by the direct transfer of plasma
membrane portions, which is known as trogocytosis, by membrane tethers, or by
nanotubes [3]. A very important form of cellular communication is via the transfer
of low-molecular-weight metabolites via gap junctions. Gap junctions are larger
channels or pores formed by similar proteins within the plasma membrane of adja-
cent cells that allow the passage of ions (e.g., calcium), nucleotides (e.g., ATP), and
other small molecules in a regulated process, creating a network of signals across
the multicellular environment [4].

An alternative mechanism for cellular communication is mediated by the release
of membrane vesicles into the extracellular medium. These extracellular vesicles
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(ECV) contain surface molecules, lipids, and cargo (e.g., proteins, nucleic acids,
carbohydrates, and ions). The critical aspect of ECV is that they contain a large
number of molecules within a very small volume [5-7]. These ECV are captured by
target cells delivering the cargo, such as signaling proteins or microRNAs, which
can modulate the function of the receiving cell. More importantly, the target cell
senses a multiplicity of different molecules simultaneously, which is likely to result
in a synergy of information. In other words, different components within ECV could
concurrently activate various cellular pathways. Moreover, the concentration of a
ligand within a small vesicle (e.g., 100 nm in diameter) is theoretically calculated in
the millimolar range, which is much larger than the circulating concentration of any
hormone. ECV could also travel long distances, delivering information to very dis-
tant cells. The fact that ECV are formed by membrane-encapsulated macromole-
cules assures the protection of the cargo from external environmental factors, such
as circulating proteases and RNAses. The final stage for communication via ECV
requires the recognition by the target cell that it could be mediated by various mech-
anisms. For example, ECV may contain surface molecules that are recognized by
specific receptors on target cells acting as “zip codes.” In addition, ECV could be
taken by cells in a non-receptor-mediated process, such as macropinocytosis, or
they could fuse with the plasma membrane delivering the cargo into the cytosol.

3.3 Extracellular HSP as Communication Signals

Heat shock proteins (HSP) were first discovered as part of the cellular response to
elevated temperatures, initiated by the discovery of the heat shock response by
Ritossa [8], followed by the identification of HSP by Tissieres et al. [9]. Subsequent
studies showed that HSP correspond to a large family of proteins expressed after a
variety of stress conditions [10, 11]. Various homologs to the stress-inducible HSP
were identified afterward participating in normal basic cellular processes, including
folding of newly synthesized polypeptides, translocation of polypeptides across
subcellular compartments, assembly of macromolecule complexes, stabilization of
receptors, and signal transduction [11, 12]. The capability of folding denatured pro-
teins or stabilizing protein complexes gave rise to their denomination as molecular
chaperones [13]. Various HSP belong to particular families that are classified
according to their molecular weight, for example the Hsp70 family, which has a
molecular weight of 70 kDa, is composed of four members: Hsp70 (the stress induc-
ible form), Hsc70 (the constitutive cytosolic form), Mit70 and Grp78 (both constitu-
tive forms located in the mitochondria and endoplasmic reticulum, respectively).
Recently, a new nomenclature for HSP has been proposed [14], displayed in
Table 3.1.

Although the most recognized function of HSP is as molecular chaperones in the
cytosol and other subcellular compartments, they have been found outside cells.
The first observations regarding the presence of HSP in the extracellular environ-
ment was made on Hsp70 by studies of Tytell et al. [15] and Hightower and Guidon
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Table 3.1 Classification of Family name | Common name | New name
HSP HSP100 | HSPI05 HSPH1
HSP110 HSPH2
Grpl70 HSPH4
HSP90 HSP90«x HSPC2
HSPI0B HSPC3
Grp9%4 HSPC4
HSP70 HSP70(HSP72) | HSPA1

HSC70(HSP73) HSPAB
Grp78(BIP) HSPAS
Utp70 (Grp75) | HSPA9
HSP40 HSP40 (Dnaj) | DNAJBI
Small HSP | aA-Crystallin HSPB4
aB-Crystallin HSPBS

HSP25 HSPB1
HSP27 HSPB2
HSP20 HSPB6
HSP22 HSPBS
Chaperonins | GloEL (HSP60) | HSPD1
GIoES HSPE1

[16]. These pioneer findings were followed by more recent observations document-
ing the presence of Hsp70 in the extracellular medium in a variety of conditions
(reviewed by De Maio) [6]. Today, practically all members of the HSP family have
been detected outside cells. Thus, Hsp90a (HSPC3) was identified as a secreted
oxidative stress-induced factor by vascular smooth cells [17]. Hsp90p (HSPC4) was
reported released by osteosarcoma cells [18]. Grp75 (HSPA9) or mortalin, which is
a mitochondrial chaperone protein, has been shown to be released after complement
treatment of cells [19]. Grp78 (HSPAS) and Grp94 (HSPC4), which are endoplas-
mic reticulum (ER) residents, have been found in the extracellular space [20-22].
HSP60 (HSPD1) has been detected in circulation of patients suffering from various
conditions [23]. Hsp25/27 (HspB1) was observed in the extracellular environment
of astrocytes [24]. Finally, a large member of the HSP family, Grp170 (HSPH4), has
also been detected outside cells [25].

Extracellular HSP are secreted by a variety of cell types and captured by others.
The function of extracellular HSP has not been associated to their chaperone activ-
ity, which is not surprising since it requires cochaperones and nucleotides for the
function. On the contrary, extracellular HSP act as signaling molecules involved in
the communication between cells, inducing an array of activities. For example,
Hsp70 (HSPAT1) secreted by parenchymal cells has been shown to induce a robust
activation of macrophages [26-28], dendritic cells [29], and natural killer cells [30,
31]. Extracellular Hsp70 has also been shown to modulate the response of mono-
cytes to endotoxin [32, 33], activate chemotaxis [34], and phagocytosis [35-37].
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They also could modulate antigen presentation [36]. Mycobacterium tuberculosis-
derived DnaK has been shown to polarize macrophages to M2-like phenotype [38]
and induce anti-inflammatory response [39]. Recently, Hsp70, Hsp90 (HSPC), and
Hsp40 (DNAJB1) have been proposed to promote protein homeostasis in distant
cells [40]. Moreover, extracellular Hsp70 has been associated with both immunos-
timulatory and immunosuppressive activities [41]. Extracellular Hsp90 has been
shown to transport antigens from the outside to the cytosol, resulting in cross-
presentation [42]. Small HSP are also secreted by cells and modulate the immune
system [43]. Hsp90a was detected outside cells participating in wound reepithelial-
ization and healing [37, 44, 45]. Extracellular Hsp70 has been shown to affect car-
diomyocyte contractile dysfunction [46], and increase tumor growth and resistance
to apoptosis [46]. Exogenous Hsp70 appeared to disrupt gap junction communica-
tion between human microvascular endothelial cells [47].

Extracellular HSP may be recognized by a variety of cell surface targets [48].
The list of potential receptors for extracellular HSP is large, including CD91 [49,
50], CD40 [13, 51], Scavenger receptor A [52], Lox 1 [53], mannose receptor [54],
and even the p-subunit of ATP synthase [55]. Recently, Hsp70 was shown to bind to
Siglec-5 and Siglec-14, which are Ig-superfamily lectins on mammalian leukocytes
that recognize sialic acid-bearing glycans [56]. Some lipids have also been pro-
posed as targets for HSP, such as sphingolipids [57, 58], phosphatidylserine [59, 60]
and phospholipid bis(monoacylglycero)phosphate [61]. In general, it appears that
HSP have a large appetite for molecules, raising the possibility that a single receptor
model may not be correct.

3.4 Extracellular HSP in Pathological Conditions

Extracellular HSP has been associated with several clinical conditions, following
their detection in various biological fluids (Table 3.2). In addition, antibodies against
HSP have been found in the serum of a variety of patients [23, 62]. For example,
circulating levels of Hsp70 and Hsp60 or their antibodies have been proposed as a
risk factor for coronary heart disease [63—65]. Similarly, Hsp60 has been detected
in circulation of individuals suffering from cardiovascular diseases [66, 67].
Extracellular Hsp25 has been shown to reduce cardiotoxicity induced by doxorubi-
cin [68]. Hsp70 has been reported to be present in the serum of patients with chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma [69]. Hsp27 has been
detected in the serum of patients with chronic pancreatitis and pancreatic carcinoma
[70, 71]. Hsp60 has also been observed in the saliva and serum of patients with type
2 diabetes mellitus [72] and Hsp70 in patients presenting diabetic ketoacidosis [73].

Extracellular HSP have been associated with infection and other pathologies.
Thus, extracellular Hsp70 has been identified following acute infection in humans
[86]. Hsp70 and Hsp60 were found in wound fluids at the site of soft tissue injury
[83]. Moreover, the presence of Hsp70 in circulation has also been linked with
improved survival of critically ill patients [80-82]. In other studies, Hsp70 was
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Table 3.2 Heat shock proteins in clinical conditions

Pathology HSP Reference

Heart disease Hsp70, Hsp60 [66]
[63]
[74]
[75]
[64]
[65]
[46]
Cancer Hsp70, Hsc70 [76]
[77]
[78]
[69]
Liver cirrhosis Hsp70 [69]
Hepatitis [69]
Pancreatitis Hsp27 [71]
[70]
Diabetes Hsp60, Hsp70 [79]
[73]
[72]
Trauma Hsp70, Hsp60 [80]
[81]
[82]
[83]
Ischemia—reperfusion injury Hsp70 [75]
[84]
[85]
Infection Hsp70 [86]
[87]
Preeclampsia Hsp70 [88]
[89]

found to be released from human fetal membranes after exposure to E. coli [87].
Hsp70 has also been detected in normal and pathological pregnancies, including
preeclampsia [88, 89]. Moreover, Hsp70 has been observed in amniotic fluid [90].
Circulating Hsp70 has been detected after extenuating exercise [91-93]. Finally,
extracellular Hsp70 was present in the blood of experimental rodent models of dia-
betes [94], sepsis [95], and ischemia—reperfusion injury [85].

The central nervous system has also been a target for extracellular HSP activity.
For example, extracellular Hsp70 has been observed after brain and spinal cord
ischemia [84]. Several small HSP, including Hsp20 and Hsp22, have been detected
in closed proximity of amyloid (3 deposits in the brains of Alzheimer disease patients
[96]. Moreover, they were found to block amyloid f aggregation in vitro [96, 97].
Similar observations regarding inhibition of amyloid p aggregation have been
made for Hsp70 and Hsp90 [98] and Hsp40 [99]. Moreover, HspB1 (Hsp25/27)
was reported released by astrocytes in response to amyloid B exposure [24].
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Extracellular Hsp70 has been shown to protect Schwann cells [100] and neurons
[101]. Both aA-crystallin (HSPB4) and aB-crystallin (HSPBS5) have been reported
to protect astrocytes from various toxic agents [102].

3.5 Mechanisms of HSP Export

Extracellular HSP are released from at least two different sources. HSP are dissemi-
nated by a passive process secondary to cell lysis after necrosis [29, 85] or exported
by an active mechanism independent of cell death, which could not be blocked by
typical inhibitors of the ER-Golgi pathway, such as brefeldin A [16, 79]. The only
exceptions are ER-resident HSP, Grp78 and Grp94, which are already in place
within the classical secretory pathway. In contrast, the majority of HSP lack the
consensus signal required for secretion via the ER-Golgi pathway. Therefore, they
are likely exported by an alternative mechanism that has been named the nonclassi-
cal or unconventional secretory pathway. Many proteins besides HSP use this path-
way for export, including interleukin-1p, high-mobility group box 1, galectin 1 and
3, and fibroblast growth factor 1 [103].

The major argument against the active export of HSP is that these proteins are
localized in the cytosol. In order to reach the extracellular environment, they need to
cross the plasma membrane. Thermodynamically, the passing of a protein across a
lipid membrane results in a less favorable change of free energy [104]. Therefore, it
should not be a spontaneous process. In spite of the prior assumption, there is sub-
stantial evidence that Hsp70s can spontaneously get inserted into lipid bilayers.
Indeed, our pioneering work showed that Hsc70 got inserted into artificial lipid
bilayers opening ion conductance pathways [105]. This observation has been con-
firmed by others [106] and extended to Hsp70 [28]. Additional studies showed that
both Hsp70 and Hsc70 interact with liposomes resulting in their aggregation in a
process that was concentration dependent and requiring the presence of nucleotides
[4]. Moreover, Hsp70 have been demonstrated to get spontaneously and selectively
inserted into phosphatidylserine (PS) liposomes, forming high molecular mass oligo-
mers [107]. The interaction of Hsp70 with PS liposomes has been confirmed by oth-
ers [108]. Similarly bacterial Hsp70 (DnaK) also gets inserted into liposomes, but the
translocation was not lipid specific and only forms dimeric forms within the mem-
brane [109]. These observations suggest that HSP, at least Hsp70, could move spon-
taneously from the cytosol into the plasma membrane. Indeed, Hsp70 has been
extensively reported to be present in the plasma membrane of transformed cells [110,
111]. The presence of Hsp70 on the plasma membrane was resistant to acid washes
indicating that it was actually inserted into the lipid bilayer [28, 57]. Therefore, the
question that emerges is whether Hsp70 could also spontaneously come out from the
lipid membrane outside the cells. Although this option has not been demonstrated
experimentally, it may be an interesting possibility to explain the extracellular release
of this protein. Other mechanisms that have been proposed for the active secretion of
HSP include the lysosome—endosome pathway, in which the protein translocates into
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the lysosome lumen via ATP-binding cassette (ABC) transport-like system and is
further released outside cells via the endocytic process [112]. This pathway has also
been proposed for the secretion of IL-1f, which also moves from the cytosol to out-
side the cell without passing through the ER-Golgi pathway [113]. Other studies
have suggested the release of Hsp70 via secretory-like granules [114].

A well-accepted mechanism for the export of HSP is their association with ECV
[6]. These vesicles are derived from the plasma membrane by various processes.
Protuberances or blebs can be formed in the outer side of the plasma membrane by
aprocess of ectocytosis, resulting in the release of large vesicles known as microves-
icles (>1 pm) particles or smaller vesicles named ectosomes (about 100 nm).
Alternatively, ECV could be produced by endocytosis of the plasma membrane-
forming endosomes. The membrane of these endosomes invaginates toward the
lumen resulting in the formation of new vesicles included within a large vesicle that
has been named multiple vesicular bodies X. The vesicles inside the multiple vesic-
ular bodies have the same topology of the plasma membrane. When these multiple
vesicular bodies fuse with the plasma membrane the vesicle content within the
lumen are released outside the cell. ECV derived from this process are known as
exosomes [5, 6]. There is extensive evidence that HSP are present within different
ECYV that is summarized in Table 3.3. The detection of HSP within ECV has primar-
ily been made by mass spectroscopic analysis and, in some cases, confirmed by
Western blotting. Since HSP are mainly present in the cytosol, their localization
within ECV was assumed to be in the lumen as a result of trapping these proteins
during the formation of the vesicles. However, it has been proposed that the compo-
sition of ECV is not random but rather a very selective process [6, 115]. Other
observations have shown that HSP are located within the membranes of ECV, as in
the case of Hsp70 [28, 31, 116], Hsp90 [117], and Hsp60 [118, 119]. The presence
of HSP on the membrane (surface) of ECV is important because it may explain a
specific interaction with target cells, most likely by a process mediated by surface
receptors. On the contrary, the potential biological role of HSP within the lumen of
ECV is less evident, which should require the fusion of the vesicles with the plasma
membrane or by the burst of ECV liberating the cargo within the extracellular
milieu. The presence of HSP on the membrane of ECV has led us to postulate that
insertion into the lipid bilayer is the first step in the secretion of this protein [6].
Additional observations have shown that the export of Hsp70 and Hsc70 within
ECV was blocked by the reduction of membrane cholesterol levels [79, 120].
Indeed, Hsp70 within ECV was resistant to nonionic detergents, such as Triton
X-100, suggesting that the protein is within lipid rafts in the vesicles [28]. In this
regard, several studies have shown that Hsp70 is present within lipid rafts of cells
[28, 79, 121, 122].

Although the evidence for the active secretion of HSP from living cells is well
established, it cannot be ignored that, under other circumstances, HSP are released
into the extracellular medium after cell necrosis. Indeed, the concentration of
HSP70 released after necrosis could be potentially very high [29]. In this regard,
expression of HSP70 has also been observed after ischemia—reperfusion (I/R)
injury, which resulted in a necrotic focus [85].
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Table 3.3 Detection of HSP in ECV

HSP Cells Reference
HSP70 Dendritic cells [123]
HSP90 Dendritic cells [124]
HSP70 Peripheral blood mononuclear cells [125]
HSP70, HSC70, B cells [126]
HSP27, HSP90
HSC70/HSP70 Reticulocytes [127]
HSP70, HSP90, Grp78 Hepatocytes [128]
HSP60 Cardiac myocytes [118]
HSP70 Pancreas carcinoma [31]
Colon carcinoma
HSP70 Hepatoblastoma [28]
HSP70 Thymolymphoma [116]

Mammary carcinoma
Colon carcinoma

HSP90 Glioblastoma [129]
Fibroblastoma
Mammary gland adenocarcinoma
HSP90, HSC70 Mesothelioma [130]
HSP60 Cardiac myocytes [118]
HSP60 Bronchial carcinoma [119]
Lung adenocarcinoma
Erythroleukemia
HSP70 Mycobacterium smegmatis and Mycobacterium | [131]

avium-infected RAW 264.7

3.6 The Stress Observation System

There is clear evidence that cells secrete ECV during normal physiological condi-
tions as well as after stress. We have argued that the composition of ECV reflects the
physiological stage of the cell [6]. Thus, constitutive proteins are present in ECV
derived from cells under normal conditions, such as CD9 and CD63, which belong
to the family of tetraspanin proteins [132]. During stress conditions, ECV should
reflect the insult type, such as the presence of stress-inducible HSP. Then, ECV are
recognized by other cell types, in particular cells of the immune system, as part of
an assessment of the stress conditions. If there is not stress, it is unlikely that there
is a response. However, ECV during stress conditions are likely to activate the
immune system to prepare a preemptive response directed at avoiding the propaga-
tion of the insult (Fig. 3.1). The process of sensing stress via ECV has been termed
“Stress Observation System” [6]. Thus, ECV derived from macrophages infected
with intracellular pathogens were observed to activate uninfected macrophages by a
Toll-like receptor and myeloid differentiation factor 88 dependent mechanism
[133]. They also induced polymorphonuclear leukocyte recruitment in lungs after
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Fig. 3.1 During normal physiological conditions, cells release ECV containing markers for cel-
lular homeostasis that when captured by immune cells do not trigger any response. However, the
composition of these ECV changes after stress, resulting in a signal for the immune system to
mount an appropriate response directed at mitigating the insult.

intranasal delivery [133]. Moreover, ECV containing Hsp70 isolated from
mycobacteria-infected cells induced an inflammatory response in macrophages
[134]. ECV containing Hsp70 on their surface displayed a robust and specific acti-
vation of macrophages, which was higher than the same concentration of recombi-
nant Hsp70 in solution [28]. Finally, Hsp70-positive ECV were also found to
stimulate the cytotoxic capacity of NK cells [31].

3.7 Conclusions

HSP appear to display a different role in the extracellular environment than the
well-characterized function as molecular chaperones. Extracellular HSP emerge as
new signaling molecules involved in intracellular communication. The presence of
extracellular HSP has been detected in biological fluids from individuals suffering
from a large number of illnesses. Therefore, they are likely to become biomarkers
of various disease conditions. Extracellular HSP are released by many cell types and
by at least two main mechanisms, including the passive dissemination after necrosis
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or an active export process independent on cell death, named the nonclassical secre-
tory pathway. Extracellular HSP come in various flavors. Thus, they can be found in
a soluble form within biological fluids, trapped in the lumen of ECV or exposed to
the surface of these vesicles in a membrane-bound fashion. Finally, HSP associated
with ECV appear to be part of a mechanism directed at both alerting the immune
system to the presence of an insult and avoiding the propagation of stress.
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Chapter 4
The Heat Shock Protein-CD91 Pathway
and Tumor Immunosurveillance

Robert J. Binder

Abstract The intracellular functions of HSPs have been well studied and delineate
a clear role in the unfolded protein response. The functions of extracellular HSPs
are only beginning to be appreciated. Specifically, extracellular localization of HSPs
endorses the initiation of immune responses against aberrant cells. This chapter
examines the role of extracellular HSPs, and the receptor CD91, in immunosurveil-
lance of cancers. Although the concept of cancer immunosurveillance was described
over 100 years ago, a molecular description of how the immune responses is initi-
ated has been lacking. Incorporating the HSP-CD91 pathway into cancer immuno-
surveillance provides the first mechanism of how immune responses are primed.

Keywords Dendritic cell - Chaperone - Tumor immunity - T regs

4.1 Heat Shock Proteins as Chaperones of Macromolecules

Heat shock proteins have long been known for their function as chaperones within
cells, where they assist proteins and polypeptides fold into their native, most stable
configurations [1, 2]. Many HSPs are inducible by cellular stress [1], a condition
where there is a heightened requirement for chaperone function. However, several
other HSPs are constitutively expressed. Recently, the chaperone function of HSPs
has been shown to be required for transport of other macromolecules. These macro-
molecules include peptides derived from homeostatic protein turnover [3-9]. This
latter function has been implicated in several immunological processes and path-
ways. For example, peptides in the MHC I processing and presentation pathway are
shuttled by HSPs in the cytosol and endoplasmic reticulum [4—6]. Although the
normal expression pattern of HSPs is solely intracellular, under certain pathological
conditions, HSPs can be found in the extracellular environment, free as a diffusible
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soluble protein [10, 11], as part of the extracellular matrix [11] or on the membrane
of cells [12]. Infection by pathogens, hostile cancer microenvironments, and inflam-
mation associated with these events, very frequently, if not always, include cell
death which leads to passive release of these abundant chaperones [10]. As described
below, the chaperone function of HSPs is critical to its role in the immune system.

4.2 Immune Responses Elicited by Extracellular HSPs

In the extracellular environment, select HSPs have been shown to elicit immune
responses of diverse nature [13-25]. This remarkable property was first observed
when gp96 was isolated as the immunogenic entity of tumor cells [13]. In that pio-
neering study, when mice where immunized with gp96 preparations derived from a
tumor, they became resistant to a subsequent challenge of that tumor. This phenom-
enon has been replicated for hsp70 [14], hsp90 [15], calreticulin [16], grp170 [17],
and hsp110 [17], the major chaperones of cells. HSPs chaperone peptides [3-9], and
when isolated from tumor cells, the peptide repertoire includes tumor antigens [8, 9,
13—17]. In other words, purified HSP-peptide complexes represent the antigenic
fingerprint of the cell from which they are isolated. This has been empirically tested.
In several antigenically defined systems, HSPs have been shown to be associated
with antigens that ultimately get presented by MHC I and MHC Il molecules thereby
dictating T cell specificities of the immune response. These systems include HSPs
isolated from tumors [8, 9, 26-28], infected cells [29-34], allo-MHC cells [35, 36],
and cells expressing model antigens [35-38]. In studies where crystal structures of
HSPs have been resolved, peptide binding pockets have been clearly identified [39—
41]. Over two decades of work has elucidated the major immunological mecha-
nisms through which HSPs prime immune responses. These mechanisms are
dependent on the ability of HSP to bind cell surface receptors on antigen-presenting
cells (APC) [42]. In the extracellular environment, HSPs engage a cell surface
receptor, CD91, which is expressed by most APCs [20, 43-55]. On conventional
dendritic cells, CD91 acts as an endocytic receptor to internalize HSP-peptide com-
plexes [43—46]. Several other cell surface receptors for the immunogenic HSPs have
been proposed and are discussed elsewhere [42]. Following CD91-dependent endo-
cytosis, the HSP-peptide complexes are processed, and the peptides enter the path-
ways for antigen presentation for MHC I [43, 44, 47] or MHC 1I [45, 48] of the
APC. CD91 also acts as a signaling receptor [20]. Upon engagement by HSPs, vari-
ous signaling and transcription factors are activated following phosphorylation of
the CD91 cytoplasmic chain, leading to production and secretion of cytokines and
upregulation of co-stimulatory molecules [10, 20, 51]. On conventional dendritic
cells, the signaling pathways and outcomes are responsible for and supportive of
Th1 responses and subsequent HSP-mediated rejection of tumors and pathogens
following vaccination. Interestingly CDO91 is expressed by hematopoietic cells of
both myeloid and lymphoid origin including macrophages and a variety of DC sub-
sets [52-55]. When HSPs are in the extracellular environment, HSPs can engage
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CDO91 on any cell in that microenvironment or can drain to lymph nodes and engage
(additional) cells at this distal site [52]. Using fluorescent tags, HSPs were shown to
engage cDCs in vivo at doses capable of priming Thl responses [52]. However,
increasing amounts of HSPs will engage additional cells, including pDCs [53, 91].
The exact phenotype of the immunological responses is determined by the CD91*
APC engaged by the extracellular HSP. For example, pDCs engage extracellular
HSPs but do not cross-present HSP-chaperoned peptides nor upregulate B7 or CD40
[53], promoting an immune-regulatory phenotype characterized by T reg [91].
These responses have been harnessed for immunotherapy of autoimmune disease
and amelioration of tissue allograft acceptance [21-23]. Engagement of cDCs by
the same HSPs promote Th1 response that reject tumors [43, 44, 47, 52]. The influ-
ence of other tumor-secreted molecules, besides HSPs, in the immediate microenvi-
ronment potentially also plays a role in the resulting immune response [20].
Molecules like HMGBI1 [56], dsDNA [57], and cytokines [20] have been shown to
be immunologically important and could complement or antagonize the responses
emanating from the HSP-APC interaction. For example, tumor-secreted TGF-f syn-
ergizes with HSP/CD91-dependent IL-6 and TNF-a released from APCs to prime
Th17 responses [20]. The resulting immunological response elicited by extracellular
HSPs will be dependent on the influence of local APCs on cross-priming by ¢cDCs
in the draining lymph node. Many of these mechanisms, while demonstrated in
murine models, also hold true in the human setting [58, 59].

4.3 Extracellular HSPs as the Molecular Signature
for Immunological Responsiveness

A majority of the findings described above have been performed in a vaccination
setting where purified HSPs are administered to rodents or humans [13-19, 21-24].
However in studies examining HSPs released from cells in situ, the same stimula-
tion of APCs can be observed [52, 60]. Under pathological conditions and cell
death, HSPs are released from cells and delivered to the extracellular environment
[10-12]. Mechanisms of active secretion of HSPs have also been put forward to
explain the extracellular presence of HSPs, but these are not fully elucidated [61].
Since HSPs contain no consensus sequences for such cellular trafficking and secre-
tion, it is hard to conceive the cell biology comprising such a pathway, especially for
the cytosolic HSPs. Thus, a passive release mechanism, when membrane integrity
is compromised, appears more likely. Examples of these pathological conditions
leading to HSP release include cellular infection by bacteria and viruses, cancer,
trauma, and associated inflammation. Collectively, HSPs are the most abundant pro-
teins in cells accounting for >5% of the proteome [1]. Thus, they are ideal indicators
to the immune system of cellular aberrancy. There are now six key HSPs known to
be rapidly recognized by the APCs [13—17] via cell surface receptor(s). The surpris-
ing discovery of the HSP receptor expressed on APCs afforded a molecular
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description of these immunological mechanisms [43]. Since the receptor(s) offers a
significant degree of specificity for recognition of intracellular content, they become
key players in the immune system, allowing HSPs to be critical initiators and medi-
ators of resulting immune responses. Following the initiation of antigen-specific
immune responses against cancers or pathogen-infected cells, extracellular HSPs
exacerbate existing inflammatory conditions or suppress ongoing immunity [60].
There is currently a well-developed picture on the cross-presentation of HSP-
chaperoned peptides to which T cells are primed and pathways which lead to the
release of cytokines, including the pro-inflammatory IL-1, IL-6, and TNF-« [10,
20]. Thus, extracellular HSPs have been implicated in the etiology, progression,
and/or resolution of several diseases including cancer and rheumatoid arthritis [60,
62, 63]. In rtheumatoid arthritis, the presence of extracellular hsp70 and gp96 in
synovial fluid of inflamed joints has been shown to stimulate local APCs which
release pro-inflammatory cytokines. These events constitute a cycle of tissue
destruction, increased release of HSPs, and increased inflammation [62, 63].
Recognition of endogenous molecules (HSPs) by their respective receptors can be
compared on many levels to the recognition of pathogen-associated molecular pat-
terns (PAMPs) by pattern recognition receptors (PRRs) [64].

4.4 The Role of Extracellular HSPs in Tumor
Immunosurveillance

The original concept of immunosurveillance was that the immune system recog-
nized aberrant cells and eliminated them before progression to cancer occurred
[65-67]. We now know that priming of T cell and NK cell immunity is necessary for
rejection of aberrant cells. In the absence of such immunity in mice [68, 69] or in
humans [70], achieved by the loss of these immune cells themselves or their effector
molecules, multiple and frequent tumors arise. The tumors that arise under these
immune-compromised conditions are less edited compared to tumors from wild-
type mice [68, 71]. The literature, however, until recently, failed to reconcile two
issues. The first pertains to the miniscule amount of antigen available for priming T
cell responses at the very earliest stages of nascent tumor development [72, 73]. The
realization that most tumor rejection antigens are unique and derived from mutated
proteins [74—77] predicts that antigen levels in (emerging) tumors (and the quantity
available for cross-presentation) are minute and, as a soluble protein, have indeed
been shown to be insufficient for cross-priming of T cell responses [72, 73]. Yet, T
cell responses are easily measurable at these early time points of tumorigenesis (e.g.
[78,79]). Mechanisms of antigen transfer and cross-presentation described for other
systems [80—87] where antigen is abundant or supraphysiological are not justifiable
for nascent emerging tumors. Thus, a super-efficient mechanism must exist for anti-
gen cross-presentation in this setting [88]. Experimental evidence shows that these
quantitative restrictions are satisfied if one invokes the HSP-peptide complexes
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Release of HSP-peptide complexes Dendritic cells engage Activated T cells and NK cells eliminate
from aberrant, pre-malignant cells HSPs via CD91, mature, aberrant (pre-malignant), antigen positive
prime T cells and activate cells, prior to formation of cancer
NK cells

Fig. 4.1 HSPs prime immune responses responsible for eradication of premalignant cells. HSPs
released from aberrant, membrane-compromised cells engage dendritic cells in the draining lymph
nodes via the receptor CD91. Dendritic cells mature and cross-present HSP-chaperoned antigens
to T cells. T cells are primed and NK cells are activated by these DCs. Activated effector cells
eliminate aberrant, premalignant cells prior to formation of cancer

released by tumor cells as a mechanism of antigen transfer [60, 88]. When tumor
antigen levels are low, peptides derived from tumor antigens and chaperoned by
HSP are efficiently cross-presented by APCs, a system that is dependent on CD91
expressed on APCs [43, 44]. One microgram of total immunogenic HSP (an amount
that will be present in <10,000 cells) will chaperone approximately a nanogram of
a specific antigenic/mutated peptide. This amount of antigen is sufficient for cross-
priming only when chaperoned by the HSP (Fig. 4.1).

The second issue relates to the stimuli in the setting of nascent, emerging tumors
that results in co-stimulation for T cell priming. Over the millennia, the immune
system has evolved to recognize PAMPs associated with pathogens but are neces-
sarily absent in the host [64]. PAMPs generate co-stimulation and cytokines for T
cell priming through well-defined pathways. Nascent tumors lack PAMPs and so
will be unable to elicit co-stimulation via PRRs. Interestingly, a very short list of
molecules of host origin, typically called DAMPs, can do so [10, 20, 56, 57]. HSPs
are the prototypical DAMPs, the first group of host molecules found to stimulate
DC:s to release cytokines, upregulate co-stimulatory molecule expression [10], and
prime immune responses [13]. The HSP/DAMP receptor, CD91, channels intracel-
lular signals to achieve this, and the co-stimulation provided by APCs has been well
defined [10, 20]. Thus, tumor-derived HSP-peptide complexes are a single entity
with the capacity of priming robust antigen-specific T cell responses, without the
requirement of additional adjuvanticity or antigen.
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HSPs have been known to require NK cell activity for effective antitumor immu-
nity [89]. Immunization with tumor-derived HSPs does not lead to tumor rejection
in mice devoid of NK cells. NK cell activity in mice immunized with HSPs has
recently been examined and showed that HSPs activate NK cells indirectly via the
stimulated DC. NK cells are preferentially required for their helper rather than their
cytotoxic function [92]. Thus, HSPs have the capacity of priming T cell and NK cell
activity which coordinately and cooperatively reject established or nascent emerg-
ing tumors. We present a new picture of tumor immunosurveillance, one that has the
HSP-CDO1 pathway at the center of cross-priming T cell and activation of NK cell
responses (Fig. 4.1).

The requirement for T cells or NK cells in tumor immunosurveillance has been
shown by their selective deficiency which effectively renders the host susceptible to
multiple and frequent cancers as they are unable to eliminate nascent, emerging
tumor cells [68, 69]. One would therefore predict that deficiencies in HSPs, CDO91,
or components of this pathway would similarly abrogate T and NK cell immunity
and lead to enhancement of tumor growth. Several of these aspects have been tested
empirically to date. In genetically engineered mice with selective deficiency of
CD91 in APCs, HSPs are unable to cross-present chaperoned peptides and stimulate
co-stimulation [60]. These mice thus fail to mount tumor-specific T cells and con-
trol tumor growth. The immunogenic HSPs play redundant roles in cross-priming,
and since their collective deletion in mice is not feasible, the alternative experiment
with deficiencies in HSPs is technically challenging. However, when HSPs are col-
lectively deleted in tumor cell lysates, the resulting lysates are incapable of priming
tumor-specific immunity, even though they contain soluble tumor antigen [72].
These results cumulatively point to the HSP-CD91 pathway as essential for priming
immune responses against tumors and for tumor immunosurveillance. While other
DAMPs such as HMGB1 and dsDNA may contribute additional cytokines or co-
stimulation through APCs, they do not appear to be essential for tumor immunity,
but may influence ongoing responses.

4.5 Conclusion

Defining the role of tumor-derived HSPs and CD91 in tumor immunosurveillance is
still in its infancy, but the current experimental evidence supporting this premise is
significant. There is now an original molecular mechanism as to how immune
response, constituting CTL and NK cell activity, is initiated against a nascent,
emerging tumor and how this leads to rejection of tumors. The evidence supporting
this model also fulfils the quantitative restrictions defined by the scarcity of the
tumor antigens. In a tumor microenvironment, with release of multiple HSPs and in
the presence of several different APC populations, the immune response is fluid but
can be of the Thl type for tumor rejection. This response may also be fine-tuned by
other factors such as additional DAMPs or molecules associated with DNA damage
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[90]. The clinical implications of HSP-mediated immunogenicity are currently
being investigated.
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Chapter 5
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Abstract Design of highly pure and safe vaccines in post-genomic era unfortu-
nately includes the inherent lack of immunostimulatory properties of proteins and
peptides. Vaccine adjuvants are therefore considered key components in modern
vaccinology since they provide the necessary help of enhancing the immune
responses. Over the past two decades, Dr. Podack’s laboratory has developed an
exciting and avant-garde reagent: a heat shock protein-based vaccine, chaperone
gp96, that generates effective antitumor and anti-infectious immunity in vivo. State-
of-the-art secreted gp96-Ig vaccine provides within one molecule strong adjuvant
properties and antigen specificity for cross-priming CD8 T cells and activation of
innate immunity. Gp96-peptide complexes were identified as an extremely efficient,
femto-molar pathway of MHC I-mediated antigen cross-presentation, generating
CD8 CTL responses detectable in the blood, spleen, liver, intestinal and reproduc-
tive tract lamina propria, and intraepithelial compartment, respectively. These stud-
ies provided the first evidence that cell-based gp96-Ig-secreting vaccines may serve
as a potent modality to induce not only systemic but also mucosal immunity. The
gp96-Ig vaccine strategy has been utilized in clinical trials for non-small cell lung
cancer (NSCLC) patients and as prophylactic SIV vaccine to protect nonhuman
primates from mucosal infection upon challenge with SIV, demonstrating the feasi-
bility and benefits of this approach for both safety and efficacy.
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5.1 Introduction

Vaccines represent one of the greatest triumphs of modern medicine. Over the past
centuries, vaccine development has followed Pasteur’s principles of isolation, inac-
tivation, and injection of pathogen organism [1]. This led to the development of
bacterial and viral vaccines that are composed of whole killed pathogens, live-
attenuated pathogens, or purified components from pathogens (subunit vaccines and
recombinant proteins/peptides/DNA vaccines) (Fig. 5.1).

The goal of vaccination is the generation of strong immune response to the
administrated antigen able to provide a long-term protection against infection. Type
of the immunity that can be induced by vaccination are antibody or T cell-specific
immune responses. Most vaccines licensed so far induce antibodies [1, 2]. On the
other side, a literature suggests that cytotoxic T cells are important in protection
from infectious diseases (HIV, TB) and cancer [3-5].
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Fig. 5.1 Balancing immunogenicity and tolerability by different vaccine approaches. The effect of
different vaccine approaches (replicating live-attenuated pathogens, non-replicating killed/inacti-
vated whole pathogens, subunit or purified antigens, secreted gp96-Ig and purified antigen with
adjuvant) on the vaccine-induced immunogenicity/protective immunity and vaccine tolerability/
safety. Improving the anticipated benefits (efficacy) of immunization while decreasing their poten-
tial risks (adverse reactions) underpins the development of all new vaccines and is a key factor
driving innovative vaccine design such as secreted gp96-Ig vaccine approach




5 Bridging the Gaps in the Vaccine Development: Avant-Garde Vaccine Approach... 77

Although most vaccines induce good memory responses, the type of memory
induced by different vaccines may be considerably different. Inmune responses to
natural infection and vaccination suggest that the type and duration of immune
memory are largely determined by the magnitude and complexity of innate immune
signals that imprint the acquired immune primary responses. In addition, while vac-
cines containing a limited number of purified antigens generally have improved
tolerability/safety profiles compared with live-attenuated and whole-pathogen vac-
cines, they are also often less immunogenic due to the removal of pathogenic fea-
tures of the organism (Fig. 5.1) [6]. Improving the anticipated benefits (efficacy) of
immunization while decreasing their potential risks (adverse reactions) underpins
the development of all new vaccines and is a key factor driving innovative vaccine
design such as secreted gp96-Ig vaccine approach [7].

Furthermore, existing vaccines for infectious disease have been developed
mostly against pathogens that show no or limited antigenic variation and that can be
controlled by neutralizing serum antibodies. In contrast, the conquest of pathogens
that display more variable antigens (HIV, M. Tuberculosis, P. falciparum) and
require T cell immunity remains elusive. The vaccine principles necessary for the
generation of appropriately activated cellular immunity mediated by CD8+ cyto-
toxic T cells for infectious diseases also apply to therapeutic cancer vaccines.
Effective cancer immunotherapy is widely believed to originate with appropriately
activated CD8+ cytotoxic T cells (CTL) to tumor antigens displayed on MHC I;
however, the vast majority of cancer vaccine approaches in development lead to
preferential display of vaccine antigen (either purified or cell based) on MHC II fol-
lowing macrophage-mediated phagocytosis of vaccine cells or protein.

The innovative approach taken by our laboratory relies on secreted gp96-Ig
chaperoning infectious or tumor antigenic proteins that are efficiently taken up by
activated APCs and cross-presented via MHC I to CD8 CTL, thereby stimulating an
avid, antigen-specific, cytotoxic CD8 T cell response (Figs. 5.1 and 5.2). The
immune system has evolved to recognize free gp96-peptide complexes and other
chaperones and uses chaperoned antigenic peptides to activate both arms of the
immune system: innate and adaptive arm (Fig. 5.2). Current knowledge suggests
that antigen-presenting cells (APCs), such as dendritic cells, play a key intermedi-
ary role between the innate and adaptive responses and are critical in determining
the direction of the adaptive immune response [8]. The ideal vaccine, therefore,
would initiate an innate immune response capable of directing the adaptive immune
response toward efficient activation and removal of the specific pathogen, followed
by the development of immune memory. The limited ability of highly purified vac-
cines to induce protective immunity appears to be related to their failure to induce
maturation of APCs. Gp96-Ig-secreted vaccines are capable of initiating both innate
immunity (activation of APCs, pro-inflammatory cytokine release, activation of NK
cells) and adaptive immune responses (priming, activation, and proliferation of
antigen-specific CTLs) that lead to successful clearance of the antigen/pathogen
(Fig. 5.2). Gp96-peptide complexes are internalized via receptor-mediated endocy-
tosis (CD91, TLR2/4 and SRA, LOX-1). The peptides enter the MHC pathway of
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Fig. 5.2 The effect of gp96-peptide complex on the antigen-presenting cell (APC). Gp96-
chaperoned peptides are released from cells only upon necrotic cell death. Gp96-peptide com-
plexes are internalized via receptor-mediated endocytosis (CD91, TLR2/4 and SRA, LOX-1). The
peptides enter the MHC pathway of antigen processing and presentation. Ultimately, the peptides
chaperoned by gp96 are presented on MHC I and MHC II molecules (adaptive immune effects).
Gp96 also trigger signaling receptors to activate NF-kb. APCs mature and upregulate costimula-
tory molecules and release cytokines, chemokines, and NO (innate immune effects)

antigen processing and presentation. Ultimately, the peptides chaperoned by gp96
are presented on MHC I and MHC II molecules (adaptive effects) (Fig. 5.2). A sec-
ond fundamental property of gp96 is an inherent adjuvanticity, which is secondary
to gp96 interaction with toll-like receptors 2 and 4. Gp96 binding to TLR2 and
TLR4 on dendritic cells and macrophages leads to upregulation of costimulatory
molecules B7-1, B7-2, CD40, and MHC II and the release of cytokines and chemo-
kines IL-12, IL-1p, TNF-a, RANTES, MCP-1, and nitric oxide [9-13]. These out-
comes involve the stimulation of the central signaling molecule NF-kb and its
translocation into the nucleus [9]. In vivo, APCs are also stimulated to migrate to
regional lymph nodes [14, 15].

Above-described gp96 immune properties have been used successfully in murine
models of cancer, in nonhuman primates for SIV prophylaxis, and in clinical trials
for the treatment of non-small cell lung cancer patients.
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5.2 The Visionary Work of Dr. Eckhard Podack
and Development of the State-of-the-Art Secreted
gp96-Ig Vaccine Approach

During his scientific career, Dr. Eckhard Podack made numerous seminal discover-
ies that have contributed to our understanding of innate and adaptive immunity
[16-36]. In the mid-1980s, he established the mechanism of eukaryotic cell killing
by cytotoxic T cells and natural killer cells. This work led to the discovery of a dis-
tinct pore-forming protein in cytotoxic T cells [28]. Dr. Podack named this new
molecule perforin, which forms transmembrane channels in target cells to induce
their cellular lysis. Perforin is a critical component of cytotoxicity to fight viral
infection and is involved in tumor and transplant rejection and in the pathogenicity
of autoimmune diseases [23, 24]. To translate his discoveries regarding lymphoid
killing pathways to therapeutic cancer intervention, in the mid-1990s, he developed
vaccine that generates potent CDS8 cytotoxic T lymphocyte (CTL) responses [37].
The strategy he employed was based on the process of antigen cross-presentation
and the role that one of heat shock chaperons, gp96, plays in this process. He has
been able to modify gp96 into a secretory chaperone protein which, because of its
various properties, dramatically augments the frequency of antigen-specific
CTL. The degree of CTL expansion seen with gp96-Ig vaccination exceeds that
seen with any other vaccine approach to date and suggests that this approach using
anovel secreted form of heat shock protein gp96 could be used as preventive as well
as therapeutic tool to significantly augment antitumor and antiviral immunity [7].
Applying this general concepts across a broad spectrum of diseases, Dr. Podack
developed gp96-based cellular vaccines for cancer (non-small cell lung carcinoma
(NSCLC), bladder cancer, pancreatic and ovarian carcinoma) [38], SIV and HIV
[35], and malaria, and currently, work is in progress to develop gp96-Ig vaccines
against leishmania and zika virus (Fig. 5.3). Studies are ongoing in experimental
systems in the laboratory and this approach has moved into the clinic, including
phase 2 trials for bladder cancer and phase 1b for NSCLC. As cell-based vaccines,
the gp96-Ig approach met with skepticism but over time overcame hurdles and was
accepted by FDA regulation resulting in the formation of a Biotech Startup com-
pany (Heat Biologics) conducting clinical studies.

In this review article, we want to acknowledge Dr. Podack’s innovative and
visionary work in the gp96 vaccine development arena (Fig. 5.3).

5.2.1 Construction of gp96-Ig

In the Journal of Immunology in November 15, 1999, vol. 163 no. 10 (pg. 5178-
5182) [37], Dr. Podack and his team Dr. Yamazaki and Nguyen have reported for the
first time that modification of endoplasmic reticulum heat shock protein gp96 to
KDEL-deleted gp96-Ig fusion protein resulted in the secretion of gp96 together
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Fig. 5.3 Secreted gp96-Ig vaccine approach and Dr. Eckhard Podack visionary vaccine develop-
ment work

with bound peptides from transfected tumor cells. To generate the gp96-Ig fusion
protein, the KDEL sequence was deleted and replaced with the hinge, CH2 and
CH3 domains of murine IgG1 (16-23) (Fig. 5.3); double-stranded gp96 cDNA was
prepared from Jurkat DNA (24) and amplified by PCR. The hinge, CH2 and CH3
domains of murine IgG1, was amplified by using murine IgG1 cDNA as a template
and mutating the three cysteines of the hinge portion to serines (21, 25). Gp96 was
inserted into eukaryotic expression vector, pPBCMGSNeo and pPBCMGHis (26-29),
and transfected into different mouse cell lines, SCLC-2, SCLC-7, B16F10, MC57,
LLC NIH3T3, EL4, E.G7, and P815, and human cell lines HEK-293, AD100,
MiaPaca, and JEG-3.

Tumor cell lines transfected with secreted form of gp96 were more immuno-
genic, and secreted gp96-Ig was responsible for decreased tumorigenicity. In this
initial study, it was confirmed that immunization with tumor cell-secreting gp96-
Ig generates efficient tumor-rejecting CD8 cytotoxic T cells (CTLs) without
requirement for CD4 or macrophage help [25, 37]. Later on it was also confirmed
that the ability of the vaccine to stimulate CTL expansion is significantly inhibited
in the presence of an established tumor [39, 41]; however, this study also demon-
strated that more frequent vaccinations were sufficient to retard growth of the
established tumors.
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5.2.2 Principles of Secreted gp96-Ig Vaccine Approach

Heat shock proteins/chaperones and their chaperoned peptides are released from
cells primarily upon necrotic cell death that may be caused by infection, trauma,
nutrient deprivation, extreme cell stress, or by tumor necrosis [9]. Gp96 has evolved
to serve as a molecular warning signal for necrotic cell death. The unique localiza-
tion of gp96 to the ER, and local exposure to all peptides destined for presentation
on MHC 1, likely influenced the acquisition of both the dual antigen-delivery and
antigen-presenting cell adjuvant properties of gp96. These properties make gp96
one of the few endogenous signals that can both activate and deliver antigen to
APCs (Fig. 5.2). Further, the specific transfer of gp96 chaperoned antigens by
antigen-presenting cells to MHC I through the cross-presentation pathway endow
gp96 with truly unique characteristics as a basis for a CD8+ T cell-specific vaccine
protein (Fig. 5.2). To take advantage of this unique adjuvant effect and ability to
transport relevant peptides, we set up a model system that imitates necrotic cell
death with regard to the release of HSP (Fig. 5.4a and b). This system allowed us to
analyze the immunological effects of HSP in vivo independent of infectious agents
and cell death.

The bulk of proteins in the ER are destined for secretion or for insertion into the
plasma membrane or membranes of other cellular organelles. Proteins residing
permanently in the ER, to which group gp96 belongs, are retained there by the
KDEL retention signal usually located at the C-terminus of the protein (Fig. 5.4a).
Replacing the KDEL sequence of gp96 with the hinge, CH2 and CH3 domain of
murine IgG1, an Ig isotype inefficient in Fc receptor binding, and transfection of
the cDNA into cells resulted in the secretion of gp96-Ig into the culture supernatant
where it was quantitated by Western blotting and ELISA (Figs. 5.3 and 5.4b).
Western blotting with a monoclonal antibody specific for gp96 confirmed the iden-
tity of the fusion protein, predicted molecular mass of 120 kDa (Fig. 5.4b) [37, 40].
In model systems in mice, we have shown that gp96-Ig-transfected, antigen-
expressing cells secrete gp96-Ig in vivo and stimulate cognate systemic cellular
CDS8 CTL immune responses. Generated antigen specific CD8 memory responses
are independent of CD4 help and CD40L and can be established in the absence of
lymph nodes [25, 33, 41, 42].

As shown in Figs. 5.4 and 5.5, gp96 is a dimer, able to provide a protected cavity
for protein folding and peptide binding [43, 44]. Removal of peptides chaperoned
by HSPs abrogates the immunogenicity of HSP preparations [45, 46]. The peptide-
binding properties of gp96 have been investigated by several groups and found to be
both unusually promiscuous and highly stable [47-49]. There is disagreement about
the location of the peptide-binding domain which has been located to both the
C-terminal portion of the protein near the dimerization domain [50, 51] and to the
N-terminal domain [52-54]. In contrast to MHC I, gp96 is capable of binding pep-
tides with variable length and composition. In addition to binding potentially anti-
genic peptides, gp96 has a protein-binding domain which is involved in chaperoning
the folding of newly synthesized proteins: IgGs, some integrins, and all of toll-like
receptors [55-57].
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Fig. 5.4 Secreted gp96-Ig. Gp96 is a naturally occurring protein that stays within all normal and
tumor/infected cells (a, b). The reason gp96 cannot leave living cells is because it contains a reten-
tion signal; KDEL Gp96 containing KDEL sequence is retained in ER after sorting in the Golgi
apparatus by retrograde transport (a, b). Only necrotic cells can release gp96 (a). We developed
genetically modified gp96 by replacing the retention signal with a secretion signal, IgG1-Fc (b).
Gp96-Ig-chaperoned peptides are exported together with other secreted proteins and can be
detected in the cell supernatant by ELISA and Western blotting. Western blotting on whole cell
lysate with a monoclonal antibody specific for gp96 confirmed the identity of the fusion protein,
predicted molecular mass of 120 kDa and endogenous gp96 of 96 kDa (b). Cells that secret gp96-
Ig generate a very powerful immune response against its target

The properties and location of gp96 in the ER place it into a strategic position to
come into contact with virtually all proteins and peptides that are present in a cell
and are used for MHC I loading. If the cell is infected by viruses or other intracel-
lular parasites, gp96 also serves as chaperone for viral and other pathogen proteins
[58]. Similarly, gp96 serves as chaperone for tumor-associated antigens expressed
by tumor cells [59]. We took advantage of the unique peptide-binding properties of
gp96 to develop two different secreted gp96 vaccine strategies (Fig. 5.5). First one
is used for the development of antitumor vaccine and relays on the transfection of
different tumor cell lines. Second strategy, development of anti-infectious disease
vaccine, deploys 293 cells as a vaccine cells. In the antitumor vaccine approach,
transfected tumor cells indeed secreted gp96 and, when transplanted into syngeneic
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mice, were rejected by the immune system. The untransfected parental tumor cells,
in contrast, grew and killed the mice. Immune rejection was dependent on CD8 but
independent of CD4 cells and CD40 ligand [25]. In anti-infectious disease approach,
by transfecting 293 cells with gp96-1g and combination of plasmids encoding dif-
ferent infectious antigens (SIV/HIV retanef, gag, gp120, plasmodium antigens),
secreted gp96STVHIV]g induces a STV-/HIV-specific CD8 CTL response [40].

5.3 The State of the Knowledge of Antitumor Vaccination
with gp96-Ig

5.3.1 Allogeneic gp96 Vaccine

The use of purified gp96 from autologous tumor biopsies as autologous tumor vac-
cine given as a bolus injection has shown encouraging results, as discussed else-
where [7]. However, the need of viable tumor for vaccine generation has been a
limitation, and the clinical results have been modest. In order to bypass the need of
viable autologous tumor for vaccine generation and to make a vaccine that can be
applied to all patients with the same type of cancer, our group developed a novel
gp96-Ig-secreting and allogeneic tumor cell-based vaccine [37]. As described previ-
ously, this vaccine strategy stimulates the generation of potent, polyepitope-specific,
multi-cytokine-secreting CTL responses against all antigenic tumor epitopes pres-
ent in the tumor vaccine cell. We showed that allogeneic tumor cells transfected
with and secreting gp96-Ig work equally well as vaccine cells as autologous cells.
Using irradiated allogeneic gp96-Ig-transfected tumor cells as vaccine, the vaccine
cells are still alive but replication is incompetent and will survive for several days in
the vaccinated patient. The live vaccine cells continue to secrete gp96-Ig and stimu-
late CD8 CTL responses. The continuous release of gp96 is a more appropriate and
stronger stimulus for CD8 priming than a bolus of gp96 [25]. In addition, the use of
allogeneic tumor cells overcomes the need for tumor from each patient and makes a
universal vaccine. Finally, the work from our laboratory [41, 39] showing that fre-
quent immunizations with gp96-Ig dampened the growth of certain experimental
tumors suggested that such a protocol restored antitumor immunity and overcame
tumor-induced immunosuppression. Allogeneic tumor cell-based vaccine strategy
is summarized on Fig. 5.6.

The use of allogeneic tumor cells as a source of tumor antigens chaperoned by
secreted gp96-Ig and cross-presented via MHC I to patient CD8 T cells is based on
the hypothesis that allogeneic tumors have an overlapping repertoire of similar
tumor antigens analogous to allogeneic melanomas and allogeneic small cell lung
cancers [37, 60—62]. Gene array analyses of many tumor types, including NSCLC
tumors [63], support the notion of sharing tumor-associated antigens.
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We have developed a gp96-Ig and allogeneic tumor cell-base vaccine
strategy that:
Stimulates

1. Generation of potent, polyepitope specific, multi-cytokine secreting, CD8
cytotoxic T lymphocytes (CTL) against all antigenic tumor epitopes present in
the tumor-vaccine cell.

2. Mediates efficient tumor antigen MHC | cross presentation (at femto-molar
antigen concentration) via vaccine-gp96-Ig activated patient dendritic cells
(DC) and NK cells and generates potent CD8 CTL response

3. With this strategy, specific knowledge of tumor associated antigens is not
required

4. Stimulating the generation of potent allogeneic and tumor-polyepitope
specific, multi-cytokine secreting CD8 CTL against any or all antigenic tumor
epitopes present in the umor-vaccine cell is a novel approach to tumor
vaccine therapy

Fig. 5.6 Principles of gp96-Ig allogeneic tumor cell-base vaccine. Four major effects of gp96-Ig
allogeneic tumor cell-based vaccine

Our group conducted a phase 1 trial in stage IIIB/IV non-small cell lung cancer
(NSCLC) to evaluate the safety and feasibility of this approach reviewed in Strbo
et al. [7]. We also evaluated for the first time in patients the method of frequent vac-
cination. Patients were vaccinated with a gp96-Ig-secreting allogeneic NSCLC line
(AD100-gp96-1g), irrespective of their HLA type. Although the study is limited in
lacking a control arm and in having been closed prematurely by the institution for
reasons entirely unrelated to the study, it offers extremely interesting insights into
the effects of therapeutic vaccine immunotherapy. Our method of preparing vac-
cines from established allogeneic tumor cell lines by transfection with gp96-Ig pro-
vides a relatively simple and inexpensive way to conduct tumor-vaccine
immunotherapy. Off-the-shelf allogeneic vaccines are of great advantage as thera-
peutic option. Furthermore, in this single institution study of 18 patients, the tumor
cell-based gp96-Ig-secreting AD100-gp96-Ig vaccine was found to have an accept-
able safety profile, achieving a significant disease control rate in a heavily pretreated
population and a substantial CD8 CTL response. Our data indicates that CTL
responses are required to obtain a clinical benefit, but that in the majority of patients,
the tumor burden was too extensive to achieve complete stop or reverse tumor pro-
gression with the gp96-Ig-induced CTL response. Several groups have shown a
correlation with tumor burden and elevated level of regulatory T cells (Treg) in cir-
culation, which in turn act to suppress immunity [64, 65]. It is believed now that
patients with minimal tumor burden are the best candidates for immunotherapy
[66]. Hence, further evaluation in a phase 2 trial, both in NSCLC and other tumor
types, in the patients with minimal tumor burden is warranted.
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5.3.2 Combined Therapeutic Approach

T cells infiltrated in tumor tissue are often capable of recognizing tumor-associated
antigen, but they coexist with their target, tumor cells, without significant antitumor
activity. However, when isolated from tumor tissue, those tumor-infiltrated T cells
could kill the tumor cells efficiently in vitro [67]. These studies indicate that tumors
establish a stern environment for antitumor immune cells, cells that can be active
effector cells otherwise.

Immunosuppression in the tumor microenvironment involves CTLA-4 and
PD-immunosuppressive signal, anti-inflammatory cytokines (IL-10, TGF-p),
enzymes (indoleamine-2,3-dioxygenase), and professional immunoregulatory
cells [regulatory T cells, myeloid-derived suppressor cells (MDSCs)] [68, 69]. The
identification of immunosuppressive mechanisms in tumors pointed out molecular
targets to restore the antitumor immune response. Thus, these negative immuno-
regulatory mechanisms, so-called immune checkpoints, became a focus in drug
discovery. The effort resulted in FDA approval of anti-CTLA-4 and anti- PD-1
antibodies for cancer treatment. This achievement finally convinced people that
immunotherapy of cancer is realistic, and it further encouraged the development of
inhibitors of other immune checkpoint molecules [70-72].

While the current results observed in patients treated with antitumor vaccines are
still deceiving, it looks probable that the combination of tumor vaccines with new
maneuvers to eliminate tumor-induced immunosuppression [73, 74] will soon lead
to a new form of cancer management.

We think that the success of complete tumor rejection is in combined therapeu-
tic approach: combining the most potent multi-epitope-specific CD8 CTL vaccine
with the most potent reversal of tumor-induced immune suppression. In this combi-
nation, multi-epitope-specific CD8 CTLs are generated by gp96-Ig-secreting tumor
cells which now can perform their task of killing tumor cells without interference
by tumor-induced suppression signals. Extracellular adenosine has been known as
an inhibitor of immune functions [75]. When cells are deprived of nutrients or
oxygen, insufficient ATP biosynthesis tends to lower the ATP/adenosine ratio.
Indeed, tissue hypoxia strongly represses proliferation of activated T cells [76].
Interestingly, extracellular adenosine is known to accumulate under hypoxic condi-
tions. Currently, we are investigating the novel approach of using anti-hypoxia in
combination with immunotherapies. Most recently we showed that breathing 60%
oxygen, which is a standard medical procedure, can overcome tumor hypoxia [22,
77]. We are the first to show the impressive improvement of immune responses by
hyperoxia with 60% oxygen. Moreover, the dramatic effectiveness of gp96-Ig vac-
cination in combination with 60% oxygen for the treatment of large established
tumor burdens is highly innovative, and we believe the combination therapy with
2p96-Ig may foretell a breakthrough with significant impact on the cancer field
with benefits for patients.
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5.4 The State of Knowledge of Anti-Infectious Vaccination
with gp96-Ig

5.4.1 Secreted SIV/IHIV gp96-Ig Vaccine

The most successful vaccines have been against diseases where the causal pathogen
does not have major anti-immune defense mechanisms. Many pathogens, including
hepatitis C virus (HCV) and human immunodeficiency viruses (HIV), M. tubercu-
losis (TB), and Plasmodium falciparum have evolved complex immune evasion
strategies and require a high level of effector T cell activation for their eradication.
So far, these pathogens have proved intractable to existing vaccination strategies.
Heat shock proteins possess significant properties that support their inclusion and
testing in the next generation of infectious disease vaccines.

The use of viruses and bacteria or of viral vectors or attenuated viruses for induc-
tion and analysis of the immune response relies to a large extent on the ability of
viral or bacterial components to activate the immune system (e.g., via pattern recog-
nition receptors). Live-attenuated vaccines against small pox and yellow fever elicit
brisk, polyepitope-specific, polyfunctional CD8+ T cell responses that contribute to
protection [78, 79]. Similarly, in live-attenuated SHIV-immunized macaques, poly-
functional T cell responses are associated with a better control of challenge virus
replication [80, 81]. The cell-based secreted gp96-Ig vaccines, by prolonged in vivo
secretion of immunogenic gp96-Ig peptide complexes, resemble viral replication
and contribute to the cytotoxic response by providing immune stimuli comparable
to attenuated viruses. Although non-viral and non-bacterial in nature, gp96-mediated
CDS8 CTL responses bear the hall marks of memory responses characteristically
seen after viral or bacterial infections. We attribute this observation to the adjuvan-
ticity of gp96 which is specifically directed toward cross-priming, cytotoxic CDS8
CTL responses [82].

Our vaccine, denoted as 293-gp965™VIg, was made by transfecting 293 cells with
2p96-Ig and plasmids encoding SIV-retanef, SIV-gag, and SIV-gp120 (retanef is a
fusion protein of rev nef and tat) provided by Drs. Franchini, Felber, and Pavlakis
(NIH) in collaboration. The significance of the cell (HEK-293 cells, not containing
T antigen) is that it acts as a “pump” continuously secreting gp96-Ig over 3—4 days
and activating immune responses until the cells are rejected by allo- or anti-SIV
responses. In effect, continuous secretion of gp96-Ig provides a continuous stimulus
quite similar to replicating attenuated viruses, which provide excellent protection
when used as vaccines. Thus, when cells containing SIV antigens and secreting
gp96°1Vlg are injected into recipients, secreted gp965Vlg induces a SIV-specific
CDS8 CTL response. As described above, gp96 is a potent Th1 adjuvant by activating
APCs and NK cells (Fig. 5.2). In addition gp96-Ig chaperones client peptides
derived from SIV antigens (Fig. 5.5). Gp96-Ig is endocytosed by CD91 on the acti-
vated APCs, and the client peptides are cross-presented by MHC I, priming antigen-
specific CD8 T cells. Since adjuvant and antigenic peptide (epitope) are part of the
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same molecular complex, cross-presentation and priming of antigen-specific CD8 T
cells are extraordinarily efficient requiring only femto-molar (1075 M) antigenic
peptide [25]. Polyepitope specificity is achieved because gp96-Ig carries all client
peptides generated from the transfected SIV antigens by the proteasome and trans-
located by TAP into the ER of the host DC. The client peptides are further trimmed
and selected for MHC I presentation by the host DC. Thus, any T cell epitope pres-
ent in the transfected SIV antigen will be cross-presented by the host MHC I and
primes corresponding antigen-specific CD8 T cells. This principle provides the
largest degree of polyepitope specificity possible to be presented by any MHC I
type. The strong adjuvant and Th1 activity of gp96-Ig provide for multi-cytokine
CTL responses [25, 34, 40]. Importantly, self-peptides do not generate CD8 CTL
responses due to normal tolerance mechanisms. We have not observed any signs of
autoimmunity in mice, macaques, or humans (in vaccine trials for lung cancer) in
any of our gp96-1lg-based vaccine studies.

5.4.1.1 Gp96°"VIg as a Novel Adjuvant for Antibody Production

Gp96-Ig-chaperoned peptides are cross-presented primarily by MHC I. Accordingly,
gp96-Ig-based immunization generates powerful CD8 CTL responses but little anti-
body [35, 40, 83]. Since gp96-Ig is a potent adjuvant for DC activation, addition of
protein antigen, gp120, resulted in uptake by DC via classical endo- or pinocytosis
and presentation of processed antigen by MHC II to generate help for B cell anti-
body production [35]. The gp96-Ig-induced Thl environment induced isotype
switching of B cells to generate IgG1 and IgG3 antibodies that bind to Fc receptors
on macrophages and NK cells and activate complement and may contribute to STV
virus neutralization.

We used transcriptional profiling of host responses to vaccination and subse-
quent repeated SIV challenges to further understand the protective effects of a
novel secreted gp96-Ig vaccination strategy [84]. Focusing on postchallenge com-
parisons, in particular for protected animals, we identified a host response signa-
ture of protection comprised of strong interferon signaling after the first challenge,
which then largely abated after further challenges [84]. We also identified a host
response signature, comprised of early macrophage-mediated inflammatory
responses, in animals with undetectable viral loads 5 days after the first challenge
but with unusually high viral titers after subsequent challenges. Statistical analysis
showed that prime-boost vaccination significantly lowered the probability of infec-
tion in a time-consistent manner throughout several challenges. Given that humoral
responses in the prime-boost group were highly significant prechallenge correlates
of protection, the strong innate signaling after the first challenge suggests that
interferon signaling may enhance vaccine-induced antibody responses and is an
important contributor to protection from infection during repeated low-dose expo-
sure to SIV [84].
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5.4.1.2 Protection from Mucosal STVmac251 Infection Requires Strong
Mucosal CTL and Antibody Responses

The ultimate goal of the HIV research community is the development of protective
vaccine. Only one HIV vaccine trial in humans (RV144), to date, has demonstrated
partial vaccine efficacy [85], and vaccine protection was achieved in the absence of
a strong neutralizing antibody response. With the novel combination of cell-secreted
gp96°"VIg and gp120 protein as immunogen, we have achieved significant reduc-
tion (73%) in the risk for SIV acquisition in nonhuman primates [35]. Protection
from mucosal SIVmac251 infection was associated with strong mucosal CTL and
non-neutralizing antibody responses. The antibody isotype suggested TH1 polariza-
tion. Our control vaccines that generated either SIV-specific CTL or SIV-specific
antibodies had no protective effect suggesting that specific CTL and antibodies are
required for protection.

Using the novel principle for generating SIV-specific Th1 CTL and Th1 antibod-
ies described above, we have achieved for the first time significant protection (73%)
against infection by up to 7 weekly rectal challenges with highly pathogenic
SIVmac251 (Fig. 5.5) [35]. Unlike STVmac239 which is a cloned virus, STVmac251
is not cloned and has considerable sequence diversity. In our study, the combination
of gp965™VIg with gp120-protein was required for protection. CTL alone or antibody
alone did not provide protection [35]. 73% immunization efficiency is an encourag-
ing starting point for further development of the immunization strategy and to
understand which immune responses are required for better protection from
SIVmac251. We hypothesize that mucosal antibody in the mucus of rectum and
vagina will trap the virus in the mucus antibody network, preventing contact with
mucosal cells and hence preventing infection. The viruses that penetrate the barrier
reaching and infecting cells require CTL or NK or other cytotoxic responses to
eliminate infected cells to prevent viral replication and spreading.

5.4.1.3 DNA-Based Vaccination in Association with Electroporation (EP)

An important component of our gp96™VSN-g vaccine strategy is the use of live but
irradiated cells as vaccines that after injection act as a “pump” continuously secret-
ing gp96-Ig for several days (average 3-5), thereby activating immune responses in
the same fashion as attenuated viral vaccines do. Recently, we utilize an attractive
mode of vaccine delivery, DNA-based vaccination in association with electropora-
tion (EP). Muscle cells are co-transfected with gp96-lIg, HIV/SIV antigens by
in vivo electroporation. Upon transfection the muscle cells continuously secrete
2p96-Ig chaperoning HIV/SIV peptides that are MHC I cross-presented by gp96-
activated DC to CD8 cells generating potent HIV/SIV-specific CTL. We have shown
previously that cell-based gp96-lg-mediated cross-priming and clonal expansion of
CD8 T cells by DC are ~20 million-fold more efficient compared to cross-priming
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by protein antigen alone [25]. This efficiency is achieved by the fact that gp96 unites
in one molecule strong adjuvant activity and antigen specificity by chaperoning
antigenic (SIV/HIV) peptides.

5.4.2 Secreted gp96-1g Malaria Vaccines

Malaria infects nearly 250 million people annually and causes almost one million
deaths. An effective vaccine against malaria would be a valuable public health tool,
complementing anti-malaria drugs, vector control, and environmental modification.
Despite intensive research, no malaria vaccine is commercially yet available. The
vaccine farthest along in field testing is based on a single malaria antigen (circum-
sporozoite protein, CSP) and is not as effective as experimental radiation-attenu-
ated whole-parasite vaccines. When immune responses to the protective irradiated
parasite vaccines are analyzed, no single target antigen has been identified that
explains the full extent of host immunity. Protection is thought to be strongly asso-
ciated with interferon-gamma (IFN-y) secretion by CD8+ T cell immunity during
the liver stage of infection. This suggests that protective vaccines should be designed
that are specifically capable of stimulating malaria antigen-specific CD8+ T cell
responses. We developed a multi-antigen malaria vaccine, which is specifically
designed to generate high levels of antigen-specific CD8 CTL that localize to the
liver. Secreted gp96-Ig chaperoning Plasmodium falciparum (Pf) sporozoite pro-
teins are efficiently taken up and cross-presented by activated DC via MHC I to
CDS8 CTL, thereby stimulating an avid, antigen-specific, cytotoxic T cell response.
The generation of a powerful, cytotoxic anti-sporozoite CD8 CTL response by the
vaccine is expected to provide prophylactic immunity against malaria by killing
infected liver cells, thereby preventing blood stage infection.

5.5 Summary

The concept of stimulating the body’s immune response is the basis underlying vac-
cination. Secreted gp96-Ig vaccines act by initiating the innate immune response
and activating antigen-presenting cells (APCs), thereby inducing a protective adap-
tive immune response to a tumor and pathogen antigens. Several key properties
distinguish gp96-based vaccination strategies from all other peptide-, protein-, or
DNA-based vaccines:

1. gp96 is efficient in antigen cross-presentation at physiologic concentrations of
antigen (picogram range), so even endogenous amounts of gp96-antigenic pep-
tide complexes secreted by vaccine cells induce robust CTL responses.

2. gp96 is itself a natural adjuvant since dendritic cells are activated by gp96 bind-
ing through CD91 and TLR receptors.
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2p96 does not need to be given in a complex with an artificial adjuvant to stimu-
late an immune response.

Since peptides are presented on vaccine recipient’s dendritic cells, it is possible
to vaccinate with allogeneic cells containing the appropriate antigens and secret-
ing gp96-Ig across MHC barriers.

Secreted gp96-Ig vaccines provide an exciting and avant-garde strategy for the

development of much needed vaccines; data from clinical trials are now needed to
confirm that gp96-Ig vaccines provide an effective new approach in man.
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Chapter 6

Regulation of the Extracellular Matrix
by Heat Shock Proteins and Molecular
Chaperones

Natasha Marie-Eraine Boel and Adrienne Lesley Edkins

Abstract The extracellular matrix (ECM) serves as a scaffold for cells within tis-
sues and is composed of an intricate network of glycoproteins, growth factors and
matricellular proteins which cooperatively function in cell processes such as migra-
tion, adhesion and wound healing. ECM morphology is constantly undergoing
remodelling (synthesis, assembly and degradation) during normal cell processes
and when deregulated may contribute to disease. Heat shock proteins (Hsps) are
involved in regulating processes that determine the assembly and degradation of the
ECM at multiple levels, in both normal and diseased states. These roles include
mediating the activation of ECM-degrading enzymes, maintaining matrix stability
and clearing aggregated/misfolded proteins. Hsp may serve as chaperones and
receptors or have cytokine-like functions. In this chapter, we review how Hsp90,
Hsp70, Hsp40 and a number of ER resident chaperones contribute to ECM regula-
tion. The role of the non-Hsp chaperones, SPARC and clusterin in the ECM is also
discussed.

Keywords Extracellular matrix - Chaperone - Hsp90 - Hsp70 - Hsp40 - sHsp

6.1 The Extracellular Matrix

A substantial portion of the volume of tissues is extracellular space occupied by an
intricate network of macromolecules constituting the extracellular matrix (ECM).
The ECM is the noncellular component of tissues and organs, which exists to pro-
vide essential physical and biochemical cues for the cell and is one of the most
important regulators of cellular and tissue function in the body [1]. The ECM is
composed of approximately 300 proteins [2] encompassing structural proteins,
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Table 6.1 Molecules constituting the extracellular matrix
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ECM protein Function Link with disease References

Fibronectin Structural glycoprotein. Roles in cell | Fibrosis, tumour [3-5]
migration, growth, differentiation progression

Collagen Structural glycoprotein. Cell-ECM Fibrosis, tumour [4,6-9]
links, tissue rigidity and strength. progression,
Several types exist with distinct cardiovascular disease
functions

Laminin Structural glycoprotein. Cell Fibrosis, tumour [4,10]
adhesion, migration, differentiation | progression

Vitronectin Glycoprotein associated with loose | Fibrosis, tumour [155-157]
connective tissue and involved in progression
wound healing and blood coagulation

Elastin Provides structural integrity mainly | Cardiovascular disease, | [3, 158]
in connective tissues and arteries cancer

Dentin matrix Regulates nucleation of Osteoporosis [159, 160]

protein 1 hydroxyapatite in bone ECM

SPARC/ Non-structural. Mediates cell-matrix | Arthritis, cancer, [11,12,

osteonectin interactions and collagen diabetes, osteoporosis | 161]
biosynthesis

Thrombospondin | Non structural. Cell-matrix Angiogenesis [158, 162]
interactions

Osteopontin Non-structural. Ca-binding Osteoporosis [159, 163]
glycoprotein involved in attachment
of cells in mineralized bone matrix

Tenascin Non-structural. Mediates Tumour progression, [158, 164]
inflammatory processes mainly in inflammation
connective tissues

glycoproteins, growth factors and matricellular proteins (a partial list is presented in
Table 6.1). These ECM molecules are divided into two subgroups: the basement
membrane (BM) which underlies epithelial cells and interstitial/stromal ECM
which constitutes the intercellular spaces. The BM is composed largely of laminins,
type IV collagen and proteoglycans [6], whilst the stromal ECM includes collagens
type I, I and III, fibronectin (FN), vitronectin (VN) and elastin [13]. Each tissue in
animals has a specific type of ECM; the ECM of bone tissue is comprised of colla-
gen fibres and bone mineral, whilst blood plasma constitutes the ECM of blood.
Fibroblasts are the major cells responsible for synthesising and maintaining the
ECM in connective tissue, whilst chondrocytes and osteoblasts are responsible for
cartilage and bone ECM formation, respectively [14].

The ECM plays important roles in structural support and cell signalling and con-
tains proteins and growth factors involved in regulating cell proliferation, migration,
polarity and survival [1, 15], where it also plays important roles in the tumour
microenvironment. The interaction of cells with the ECM is particularly important
for regulating these processes. Cell-ECM adhesion, as well as the bidirectional
communication between the ECM and the actin cytoskeleton, is mediated by ECM
receptors [3]. These include transmembrane integrins, discoidin domain receptors
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(DDRs), CD44, syndecans and urokinase-type plasminogen activator receptor
(uPAR), all of which are important in inducing biomechanical signals, cell adhesion
and migratory functions [6, 16]. The importance of the ECM is made evident by the
large array of diseases that may arise from abnormalities in the ECM, including
autoimmune and inflammatory diseases, cancer and atherosclerosis [17]. The matri-
cellular proteins are nonstructural modulators of extracellular signals and are pre-
sumed to assist in providing a linkage between the ECM and cell surface receptors.
These include thrombospondins, SPARC (secreted protein acidic and rich in cyste-
ine), osteopontins and tenascin [18]. Many of these ECM proteins contain multiple
domains with specific binding sites for macromolecules or receptors [1].

The ECM is highly dynamic and is constantly being remodelled to accommodate
its variety of functions, a process which occurs in both physiological and pathologi-
cal cases [19, 20]. Components of the ECM are degraded by matrix-degrading
enzymes such as matrix metalloproteinases (MMPs), serine and threonine prote-
ases, heparanases, cathepsins and a disintegrin and metalloproteinase with throm-
bospondin motifs (ADAMTs) [21]. This degradation of the ECM is tightly
controlled, and changes in matrix homeostasis can have detrimental effects on
essential cellular processes [22]. The ECM can be remodelled by proteolytic cleav-
age of ECM molecules by extracellular proteases, tensile stress or in response to
signals transmitted by ECM receptors or growth factors [7, 20, 23]. Tissue homeo-
stasis requires a balance between ECM synthesis and degradation. Perturbing
homeostasis by loss of function mutations or modifications of ECM molecules and
excessive deposition or removal of ECM components results in progression of vari-
ous disease states including fibrosis, cancer and other developmental abnormalities
[6, 7]. The ECM is of great importance in the tumour microenvironment as it may
serve to promote or prevent tumour progression [8]. Cancer development and pro-
gression requires constant remodelling of the ECM which it does by regulating vari-
ous pathways in cancer cells. For example, increased expression and deposition of
collagen and fibronectin promote breast tumour rigidity resulting in poor prognosis
[24, 25]. The recognised importance of the ECM in mediating disease has increased
targeted therapies of the ECM [3]. The ECM is dynamic and constantly being
remodelled in response to cellular cues. A substantial portion of the ECM is com-
prised of extracellular proteins, whose structure needs to be maintained during these
dynamic remodelling processes. This is achieved in part by the activity of Hsp,
which regulates the activity of some ECM proteins in both intracellular and extra-
cellular compartments.

6.2 Heat Shock Proteins (Hsps) and Molecular Chaperones

Heat shock proteins (Hsps) are ubiquitous, highly conserved proteins which play
similar roles in both eukaryotes and prokaryotes. These families of proteins are
broadly categorised according to their molecular weight, small Hsps, Hsp40, Hsp60,
Hsp70, Hsp90 and Hsp100, each having distinct functions within the cell [26].
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Under conditions of stress, such as heat or hypoxia, Hsps accumulate in the cell to
prevent protein misfolding and aggregation [27]. Hsps are catalysts for protein fold-
ing, and many act in ATP-dependent cycles together with a host of accessory pro-
teins to regulate multiple processes, including folding, proteolysis, aggregation and
translocation, which are required for cellular homeostasis. Certain Hsps function as
molecular chaperones to facilitate the correct folding of nascent polypeptides and
maintain protein homeostasis. Molecular chaperones are well-known ubiquitous
proteins involved in maintaining proteostasis by functionally assisting nascent pep-
tide folding or refolding of denatured or misfolded proteins [27]. Chaperones act at
the level of protein folding to maintain correctly folded and active states of intracel-
lular proteins, assembly of complexes and protein transport [28, 29]. The same is
true for proteins requiring export from the cell, including cytokines, extracellular
matrix (ECM) proteins and receptors. Due to the high degree of stress and interac-
tions of extracellular proteins which might occur in the extracellular environment,
Hsps are also responsible for stabilising misfolded and/or aggregated proteins extra-
cellularly [30]. Numerous studies have focussed on identifying the roles of intracel-
lular Hsp as molecular chaperones, but much less is known about the extracellular
pool of Hsp and how they function in the extracellular space. Some have proposed
that extracellular chaperones are derived from the intracellular counterparts via
apoptosis [31], necrosis [32] or secretion by exosomes [33, 34]. Functional roles
have been postulated for extracellular Hsp chaperones including cancer cell inva-
sion and migration [35, 36] facilitating the immune response [37—41] and in the
pathogenicity of bacterial and viral infections [42]. It is known that uncontrolled
protein folding or aggregation can lead to protein deposition disorders (PDD), many
of which are associated with extracellular protein deposits that often contain chap-
erones [43]. Also, given the highly stressful and oxidising environment of the extra-
cellular space [44, 45], there would appear to be a clear requirement for extracellular
Hsp to control the stability of extracellular proteins and prevent protein aggregation.
However, there is still debate as to whether Hsp can function as bona fide chaper-
ones in the extracellular milieu or whether they rather fulfil a cytokine-like role in
this compartment. Below we describe the role of some Hsp and chaperones and how
they may contribute to the regulation of the ECM, at either an intracellular or extra-
cellular level.

6.3 Regulation of the ECM by Hsp90

Cytosolic Hsp90 is one of the most abundant molecular chaperones in eukaryotes,
comprising 1-2% of the total protein content within cells and increasing to 4-6%
under conditions of stress [46]. There are two cytosolic isoforms of Hsp90 (Hsp90a
and Hsp90p) as well as organelle resident isoforms (Grp94 in the endoplasmic retic-
ulum/ER and TRAP1 in the mitochondrion). Hsp90 is responsible for maintaining
the active conformation of over 300 intracellular client proteins and is a central
component of the network of molecular chaperones in the cell which cooperates
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with Hsp70 and other co-chaperones and cofactors to regulate the folding, stability
and activity of client proteins [47—49].

6.3.1 Extracellular Hsp90 and the ECM

Hsp90 can exist as both intracellular and extracellular forms. In 1986, Ullrich and
colleagues identified Hsp90 on the surface of mouse cells [50]. Since then Hsp90
has been detected by several groups in the extracellular space and on the surface of
various cell types including fibrosarcoma, neuronal cells [35, 51, 52] and breast
cancer [53]. The term “extracellular” is often used interchangeably to describe both
membrane-bound and extracellular soluble forms of Hsp90. It is not known by what
mechanism Hsp90 localises to the extracellular space, but since these proteins lack
a secretory signal sequence, it must follow an alternative pathway to that of the
canonical Golgi transport secretory pathway [33]. Various Hsps as well as co-
chaperones such as Hop and p23 have been found on the plasma membrane and in
the extracellular space [34, 54, 55].

Fibronectins are glycoproteins that allow for cells to move through the ECM by
creating cell-ECM connections together with collagens and cell surface integrins.
Fibronectin (FN) is secreted by cells in an unfolded, soluble form and upon binding
of integrins is able to form insoluble dimers to create a meshwork of FN fibres [56,
57]. The deposition of ECM molecules including collagen and thrombospondin has
been shown to be dependent upon the presence of FN fibrils [58]. FN plays a major
role in the stability and organisation of the ECM, although the exact processes that
regulate FN catabolism are not well understood [59, 60].

Hunter and colleagues reported FN as a novel interacting protein of extracellular
Hsp90 and suggested a direct role for Hsp90 in FN matrix stability and remodelling
[53] (Table 6.2). Surface-associated Hsp90 and extracellular soluble Hsp90p were
identified in breast cancer cell lines including Hs578T, MDA-231 and MCF-7 cells,
and a complex containing Hsp90 and FN was identified by immunoprecipitation
and tandem mass spectrometry. The authors further showed the direct binding of FN
and Hsp90 in vitro and colocalisation of these proteins in breast cancer cell lines
[53]. Addition of exogenous Hsp90P in Hs578T cells increased the formation of
extracellular FN matrix, whilst knockdown of Hsp90a or Hsp90f decreased the
proportion of extracellular FN matrix, suggesting a role for extracellular Hsp90 in
FN fibril formation. Upon inhibition of Hsp90 by novobiocin (NOV) but not gel-
danamycin, the FN matrix was observed to become unstable and degraded by a
receptor-mediated endocytic mechanism (Fig. 6.1) [53]. The exact mechanism by
which Hsp90 influenced the FN matrix is presently unknown. It is not clear whether
extracellular Hsp90 acted as a chaperone, cytokine or receptor for FN during inter-
nalisation or whether this Hsp90-mediated turnover of FN requires an additional
receptor. We have preliminary unpublished evidence to suggest the latter. We identi-
fied a putative extracellular complex that exists between FN, Hsp90 and low-density
lipoprotein receptor-related protein 1 (LRP1). Internalisation of FN upon inhibition
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Table 6.2 Overview of some chaperones involved in regulation of the ECM

Chaperone Location Function in ECM References
Hsp90 Intra- and Regulates turnover of FN [53]
extracellular
Intra- and Regulation of proteases for degradation of | [52]
extracellular ECM
Grp94 ER, extracellular | Regulates processing of integrins [9, 61]
Mediates cell signalling at the cell surface
to promote cell motility
Hsp90, Hop, Intra- and Forms a complex to assist in activation of [52]
Hsp70, p23 extracellular proteases
Hsp70 Intra- and Activates cytokines contributing to [62]
extracellular accumulation of ECM proteins
Hsp47 ER, extracellular | Procollagen maturation and collagen fibril | [63-65]
processing in ECM
Grp78/Bip ER, extracellular | Endocytoses DMP1 in bone matrix. [10, 66,
Binds cell surface receptors mediating 67]
ECM degradation
Regulates transport of ECM proteins in ER
Hsp25/Hsp27 Cytoplasm, ER Trafficking of mature, active aggrecan to [68]
the cell surface
MRIJ/DNAJB6 Cytoplasm Regulates uPAR-dependent cell adhesion to | [69, 70]
VN
Clusterin Extracellular Clearing aggregates associated with protein | [71, 72]
deposition disorders
SPARC Extracellular Stabilizes procollagen [124, 142]
Binds various ECM proteins
Regulates levels of matrix
metalloproteinases

of Hsp90 by NOV appears to require the presence of LRP1 (unpublished observa-
tions). Given that both FN and Hsp90 bind LRP1, it may be that NOV mediated its
effects on FN either by modulating the Hsp90-FN-LRP1 complex to promote
LRP1-mediated endocytic clearance of extracellular FN or by activation of a signal-
ling pathway due to a change in the Hsp90-LRP1 interaction or indeed a combina-
tion of both mechanisms (unpublished observations).

Hsp90 has also been shown to regulate the function of FN-binding integrins in
the ECM (Table 6.2). Inhibition of cell surface Hsp90, with the small molecule,
cell-impermeable N-terminal inhibitor DMAG-N-oxide, suppressed 1 integrin-
mediated cell invasion in Matrigel invasion assays in T24 human bladder cancer,
PC3M prostate cancer and B16 murine melanoma cancer cell lines [73]. FN induces
the association of integrins and c-Src at focal adhesion points, a key component in
the cell migration process [74]. Tsutsumi and colleagues analysed focal adhesion
assembly by immunoprecipitation of fl-integrin on FN coated and uncoated sur-
faces to determine that DMAG-N-oxide reduced c-Src binding to integrin.
Disrupting the FN-stimulated interaction of f1-integrin with c-Src by the extracel-
lular Hsp90 inhibitor reduced cell adhesion to the ECM and decreased cell motility
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Fig. 6.1 Schematic illustration of intracellular and extracellular regulation of the ECM by Hsp/
molecular chaperones. Soluble matrix molecules are modified and processed in the ER by ER
molecular chaperones and enzymes and subsequently transported to the cell surface presumably
bound to chaperones for secretion. Extracellularly, ECM molecules assemble into polymeric com-
plexes to form a structural scaffold or associate with the ECM assisted in part by extracellular Hsp/
chaperones which may serve as receptors to mediate this cell-ECM association. Proteases acti-
vated by Hsp/chaperones degrade the scaffold in response to normal tissue turnover or wound
healing, and the matrix molecules are internalised often via receptor-mediated endocytosis either
by binding to cell surface receptors or chaperones or both. Misfolded and/or aggregated matrix
molecules are bound by extracellular Hsp/chaperones for clearance from the ECM and subsequent
intracellular degradation

[73]. Again, the mechanism by which Hsp90 reduced integrin-c-Src binding remains
undefined.

In addition to FN, extracellular Hsp90 has also been shown to regulate ECM
proteases (Table 6.2). In a proteomic screen for extracellular proteins that are impor-
tant in cell invasion, extracellular Hsp90a was identified to interact with and acti-
vate MMP2 [52]. MMPs are central players in cell migration and invasion due to
their ability to digest ECM components and cleave cell adhesive contacts [75].
Co-immunoprecipitation revealed a complex of Hsp90 and co-chaperones including
Hsp70, Hsp40, Hop and p23, which assisted Hsp90a in activating MMP2 extracel-
lularly in MDA-MB-231 breast cancer cells [52]. Using zymography, the authors
showed that in the presence of this complex, MMP2 activation was enhanced by
33% in an ATP-independent manner and was able to promote cell migration [35,
52]. However, the mechanism of activation by this extracellular complex is still
unclear, and it is unknown whether extracellular Hsp90a acts as a chaperone or
cytokine in its role in activating MMP2.
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In HT-1080 fibrosarcoma cells, plasmin activation assays demonstrated the abil-
ity of extracellular Hsp90a to activate a second extracellular protease, plasmin, by
converting it from its precursor, plasminogen, to the active plasmin in much the
same way as that of MMP2 [33]. In the presence of DMAG-N-oxide, there was a
32% decrease in activated plasmin. Using transwell migration assays, inhibition of
extracellular Hsp90a decreased tumour cell migration compared to control treated
cells. Cell migration is dependent in part on proteolysis of the ECM, and these data
suggest that plasmin may be contributing to cell migration via remodelling of the
ECM and highlight the important regulatory role for Hsp90 in this process [33].
McCready and colleagues identified a cohort of extracellular Hsp90a-interacting
proteins by mass spectrometry, most of which were in their inactive, precursor
forms and which they propose are activated by extracellular Hsp90a. They suggest
that the potential role for extracellular Hsp90a may be through the appropriate acti-
vation of these proteins which then contribute to cell migration and invasion by
enhancing remodelling of the ECM (Fig. 6.1) [33]. However, the mechanism by
which Hsp90 activates these extracellular proteases remains undefined, although
McCready and colleagues speculate that it may involve the proteolytic processing
of inactive, precursor forms of these pro-invasive proteins [52, 76].

6.3.2 ER-Resident Hsp90, Grp94 and the ECM

Proteins destined for secretion from cells are folded in the endoplasmic reticulum
(ER) where a variety of chaperones and enzymes act to ensure protein quality con-
trol. The environment in the ER has been likened to that of the extracellular space
as both of these are highly oxidising environments [44, 77]. During protein synthe-
sis, various ER Hsps, including Grp94, assist in the folding and translocation of
various membrane and secretory proteins, including components of the ECM [77,
78] (Table 6.2).

Grp94, an ER homolog of Hsp90, is specifically required for processing of sev-
eral integrins in haematopoietic stem cells (HSC) which are essential for mediating
the interaction of these cells with the stem cell niche and ECM [79]. Grp94 knock-
out HSC:s in adult bone marrow were unable to express a4 integrin since Grp94 is
essential for the processing and proper folding of a4 integrin [80]. Grp94 null HSCs
consequently showed reduced binding to FN at the cell surface thereby impairing
HSC interactions with its surrounding niche [81]. Interestingly, Grp94 has also been
localised to the cell surface of various cancers, suggesting a possible role in mediat-
ing cell signalling to promote cell proliferation and motility [61, 79].

Cartilage oligomeric matrix protein (COMP) is a glycoprotein of the thrombos-
pondin family of extracellular matrix proteins found in the cartilage, ligaments and
tendons [82]. Although it is a small component in the ECM, mutations of COMP are
the main cause of pseudoachondroplasia (PSACH), a skeletal dysplasia [83, 84].
Using immunoprecipitation and fluorescence resonance energy transfer (FRET)
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analyses, Hecht and colleagues demonstrated that the ER chaperones calreticulin,
protein disulphide isomerase (PDI) and Grp94 are involved in transporting normal
COMP to the ECM and selectively retaining mutant COMP molecules in the ER of
PSACH chondrocytes [85]. Previous studies by this group also showed two other
ECM molecules, aggrecan and type IX collagen, to be retained in the ER in these
cells [86]. These studies highlight the importance of the quality control mechanisms
by Grp94 in preventing mutated and misfolded ECM proteins from being exported
to the cell surface.

6.4 Regulation of the ECM by Hsp70

Hsp70 forms one of the major Hsp families and is responsible for binding client
proteins in their inactive conformation and, together with Hsp40, participates in de
novo and stress-related protein folding. For certain groups of client proteins, the
Hsp70-Hsp40 system also prepares the client protein for transfer to the Hsp90 com-
plex [47, 87].

6.4.1 Extracellular Hsp70 and the ECM

Vascular smooth muscle cells (SMCs) produce a majority of the ECM proteins, the
abnormal accumulation of which leads to cardiovascular diseases such as athero-
sclerosis [88]. SMCs have been found to overexpress the stress-inducible form of
Hsp70 [89], and increased levels of Hsp70 have been observed in cardiovascular
disease. Extracellular Hsp70 interacts with Toll-like receptors (TLR) inducing
vascular pro-inflammatory cytokine synthesis which impacts on the ECM
(Table 6.2). Amongst the known cytokines, transforming growth factor-beta
(TGFp) is one of the main regulators of ECM synthesis, cell growth, differentia-
tion, migration and proliferation of SMCs [90, 91]. Studies by Gonzolas-Ramos
[62] demonstrate that extracellular Hsp70 binds TLR4 in human aorta SMCs
which activates ERK and JNK (regulators of TGFP1 transcriptional activation)
causing an abnormal increase in ECM protein synthesis (including FN and colla-
gen I) as observed by immunoblotting. They further showed that the increase in
FN protein synthesis was inhibited upon TGFf1 inhibition with a blocking anti-
body. Consistent with this observation, siRNA knockdown of TLR4, with which
extracellular Hsp70 interacted, rendered SMCs unable to induce synthesis of
TGFp1. Since TGFf is a major regulator of collagen and FN deposition [92], this
highlights a role for extracellular Hsp70 as a pro-fibrotic regulator of ECM synthe-
sis and induces structural changes in the vascular walls of SMCs characteristic of
atherosclerosis [62, 88]. Hsp70 thus potentially plays dual roles in atherosclerosis
as both a chaperone [89] and a cytokine [93].
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6.4.2 ER-Resident Hsp70, BiP and the ECM

BiP, also referred to as Grp78, is part of the Hsp70 family of chaperones which
primarily functions in the ER for folding and assembly of membrane and secretory
proteins (Fig. 6.1 and Table 6.2). Apart from its function as a molecular chaperone
in the ER, BiP has also been found as a secreted protein [94], where it may possess
extracellular functions in regulating inflammatory cytokines [95], and at the cell
surface where it serves as a signalling receptor for o, macroglobulin (,M) [96] and
facilitates entry of viruses [40].

Ravindran and colleagues identified BiP at the cell surface of mouse preosteo-
blasts and mouse primary calvarial osteoblast cells [66]. Although not much is
known about the function and expression of BiP in the ECM, the authors demon-
strated BiP could bind and endocytose type I collagen [97] and dentin matrix pro-
tein 1 (DMP1), a protein in bone ECM responsible for regulating hydroxyapatite
[66] (Table 6.2). Using a solid-phase binding assay to demonstrate the interaction of
native BiP secreted from the cell with type I collagen, the authors presented evi-
dence for a regulatory role of this ER chaperone in the formation of mineralized
matrix. BiP was shown to initiate calcium phosphate nucleation in vitro, an impor-
tant process in maintaining calcium ions in the ECM during mineralized matrix
formation [66].

Co-immunoprecipitation and immunofluorescence revealed Pl-integrins and
BiP in a complex at the cell surface of HT-29 and SW480 colon cancer cell lines, as
well as the colocalisation of uPAR with integrins and BiP [67]. This colocalisation
of uPAR and BiP is thought to increase levels of the matrix-degrading protease,
plasmin, by promoting the close association of uPA and plasminogen. This causes
the conversion of plasminogen to plasmin which enhances degradation of the
ECM. Increased levels of BiP at the cell surface have been observed in metastatic
cancer cells, where it reportedly bridges with f1-integrin and uPAR to mediate deg-
radation of the ECM and promote invasion in Matrigel transwell assays [67].
Considering integrins cluster at the leading edge of migrating cells [98], and uPAR
associates with integrins to promote cancer progression, the interaction of BiP with
integrins and uPAR should directly affect cell-matrix adhesion to facilitate ECM
degradation by activating the uPAR protease system, thereby promoting cell
invasion.

6.5 Regulation of the ECM by Hsp40

The human genome encodes for over 30 distinct Hsp40 members [99-101] also
referred to as DNAJ proteins [102]. Hsp40 proteins have a characteristic J-domain
at its N-terminus, and members of this family are divided into types I, IT and III (or
DNAIJ A, B and C) [103]. The Hsp40 family is ubiquitously expressed, and its main
function is to regulate the ATP-dependent binding of substrates to Hsp70 [47, 87],
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although certain Hsp40 isoforms have also been shown to have independent chaper-
one activity [104, 105].

6.5.1 MRJ/DNAJB6 and the ECM

Urokinase plasminogen activator receptor (UPAR) is an important regulator of ECM
proteolysis and cell-ECM interactions and signalling [106]. uPAR is involved in
numerous processes including wound healing and tumour progression [106, 107].
The urokinase plasminogen activator (uPA) binds to uPAR converting plasminogen
to plasmin which actively digests ECM molecules and further activates MMPs for
ECM proteolysis [108, 109]. uPAR also interacts with integrins, VN, cytokeratin
and epidermal growth factor receptor (EGFR) to activate cell signalling pathways
[107, 110]. uPAR-dependent cell adhesion to VN in the ECM is important in wound
healing, immune response and tissue remodelling, and this interaction has been
described on the surface of endothelial and U93 cells [111]. Lin and colleagues
demonstrate this uPAR/VN interaction to be, in part, regulated by the Hsp40 MRJ
(also referred to as DNAJB6) [69]. MRJ (mammalian relative of DNAJ) is a class 11
member of the Hsp40 family and is an important co-chaperone of Hsp70 [32]. Lin
and colleagues identified MRJ and Hsp70 to form a tripartite complex with uPAR
by co-immunoprecipitation. This complex regulates uPAR-mediated cell migration
and adhesion to VN in HEK293 human embryonic kidney and HCT116 human
colon carcinoma cells [70]. Using wound healing and transwell assays in HCT116
cells, the authors showed that knockdown of Hsp70 and/or MRIJ significantly
decreased cell surface uPAR, resulting in reduced adhesion to VN thereby inhibiting
cell migration. The authors propose a mechanism that suggests decreased cell sur-
face levels of uPAR due to MRJ depletion cause a loss in expression of MMPs
which abrogates ECM degradation, thereby preventing cell migration [70]. This
highlights an important role of this tripartite complex in promoting matrix degrada-
tion. They further demonstrated using co-IPs that the interaction of uPAR is specific
to Hsp70 and MRJ in HCT116 and MDA-MB-231 cell lines, respectively, and fur-
ther speculate this interaction to occur in the cytoplasm. Little is known about the
interaction of the MRJ/Hsp70 complex with uPAR and the exact mechanism of how
it regulates uPAR-mediated adhesion to VN, but expression of these proteins have
been shown to correlate with poor prognosis in breast cancer [112].

Studies by Mitra and colleagues also reported MRJ to be a major regulator of
breast cancer metastasis by altering the transcription of key secreted ECM proteins
involved in migration and invasion. Using qPCR and tandem mass spectrometry
analyses, expression of MRJ in MDA-MB-435 cells was shown to decrease the
expression of osteopontin and osteonectin amongst others [100]. Osteopontin is an
important ECM glycoprotein involved in regulating adhesion and migration in vari-
ous cancers. Osteonectin (also known as SPARC) is also part of the ECM and
important in migration. Reports have demonstrated that osteopontin expression is
significantly increased in melanomas [113] and is associated with poor clinical
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outcome in several cancer cells including breast, colon and ovarian cancers. Mitra
and coworkers found an inversely proportional relationship between the transcript
levels of osteopontin and MRJ in melanoma species using qPCR analysis [100,
114]. MRJ was demonstrated to form a complex with heat shock cognate protein,
Hsc70, and protein phosphatase, PP2A, to dephosphorylate glycogen synthase
kinase 3p (GSK3p). This dephosphorylation regulates Wnt/p-catenin signalling by
activating GSK3p to downregulate osteopontin [114].

6.5.2 ER Resident Hsp40, Hsp47 and the ECM

Hsp47, sometimes called colligin, J6 or gp46, is a substrate-specific, ER-resident
Hsp40 chaperone belonging to the serpin family of serine protease inhibitors [115],
which binds exclusively to procollagens in the ER [116, 117]. Collagen is one of the
most abundant proteins in mammalian tissues (about 25%), and its unique helical
structure necessitates a specific chaperone system [118]. Hsp47 binds and chaper-
ones many types of collagen including types -1V, which extends to both fibrillar
collagen and basement membrane collagen [119]. Hsp47 was first shown to interact
with type IV collagen at the cell surface of mouse F9 embryonal carcinoma and
teratocarcinoma-derived parietal endoderm cell lines, where it was presumed to be
involved in collagen cross-linking [116]. Studies performed in Hsp47 knockout
mice demonstrated a critical importance for this chaperone in the synthesis and
maturation of procollagens as well as the extracellular collagen matrix [63, 120].
This was determined by immunohistological analysis of the Hsp47~"~ fibroblasts
which showed an observed decrease in collagen fibril accumulation and an increase
in intracellular accumulation of procollagen, whilst levels of FN and laminin
remained unaffected [120]. Procollagen is secreted from cells and is converted into
collagen by the removal of the N- and C-terminal propeptides by procollagen metal-
loproteinases extracellularly, allowing for the assembly of collagen fibrils in the
ECM [118]. Hsp47 transiently binds nascent procollagen peptides which enter the
ER co-translationally and assists in the folding and stabilisation of procollagen
(Fig. 6.1). Hsp47 then assists in the formation of triple helical procollagens medi-
ated largely by enzymes within the ER, including PDI and peptidylprolyl isomerase
(PPIase) as well as ER chaperones, Grp94, BiP, calnexin and calreticulin [121]. As
the triple helical procollagen progresses from the ER to the cis-Golgi, Hsp47 dis-
sociates from procollagen and is recycled back to the ER [63, 117]. Procollagen
molecules associate to form aggregates which are secreted from the cell and in this
form are proposed to facilitate extracellular fibril formation [122, 123]. Procollagens
at the cell surface may be cleaved by specific proteases to allow for the formation of
collagen fibrils in the ECM [123]. Extracellularly, various other protein interactions
regulate collagen fibril formation such as those with FN, integrins and SPARC
[124]. Interestingly, the expression of Hsp47 has been shown to correlate with that
of collagen. In some cell types that do not produce any collagen, such as
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macrophages, lymphocytes, myeloid leukaemia and HEK293 embryonic kidney
cells, Hsp47 is also lacking [117, 125].

Hsp47 may also exert a pathological role as has been described in studies show-
ing a correlation between increased Hsp47 expression and development of solid
tumours [64]. The SERPINHI gene encoding Hsp47 is amplified in various human
cancers [126]. Increased expression and deposition of FN and collagen have been
linked to enhanced tumour growth and invasion; however, not much is known about
how these ECM proteins are regulated during cancer progression [24, 127]. Recent
studies by Zhu and colleagues in breast cancer lines (Hs578T, MDA-MB-231, T4-2,
BT549) showed the molecular chaperone Hsp47 to be a key protein in regulating the
ECM gene network, whereby increased expression of Hsp47 was shown to promote
cancer progression in part by enhancing secretion and deposition of collagen and
FN [64]. The mRNA levels of Hsp47 and FN were significantly correlated in these
breast cancer cell lines. Using gene co-expression network analysis, Zhu and col-
leagues identified Hsp47 (SERPINH]) as a central node in regulating the ECM tran-
scription network and revealed that Hsp47 expression, regulated by microRNA
(miR)-29, is activated during breast cancer development which increased expres-
sion of collagen I, collagen IV and FN levels. Several microRNAs, miR-29, miR-
200 and miR-300, were found to be enriched in ECM network genes [64]. miR-29
has recently been identified to alter the tumour microenvironment through repres-
sion of the ECM transcription network [128] and may modulate Hsp47 expression
by activating the TGFp pathway [64]. Reduced miR-29 levels increased Hsp47
expression, thereby activating the ECM network in breast cancer. Xenograft assays
showed that Hsp47 silencing significantly inhibited tumour growth in vivo due to
reduced deposition of collagen and FN. Addition of exogenous FN to Hsp47
depleted breast cancer cells and was able to partially restore invasiveness.
Considering Hsp47 knockdown reduced focal adhesions in breast cancer cells (a
major regulator of FN deposition), it might be plausible that reduced tumour cell
invasiveness in Hsp47~"~ cells is also due to an indirect effect on FN deposition [64].
The expression of Hsp47 has also been identified on the surface of human oral squa-
mous cell carcinomas and LL/2 murine epidermoid carcinoma cell lines where it
can bind procollagen molecules [78]. Co-immunoprecipitation of cross-linked spe-
cies in each of the human and murine carcinoma cell lines identified Hsp47 in asso-
ciation with collagens and the tetraspanin transmembrane protein CD9 [78]. CD9
allows Hsp47 to anchor to the cell membrane where it can bind the procollagen
peptides and modulate tumour cell migration by acting as a serpin protein inhibitor
or as a receptor for collagen [78, 129].

Most fibrotic diseases occur due to excessive accumulation of matrix proteins as
a result of either uncontrolled synthesis and/or degradation [17]. Accumulation of
collagen comprises the bulk of fibrotic mass, and, since Hsp47 has been shown to
be upregulated in fibrotic diseases and is a collagen-specific chaperone, it provides
a selective target for controlling fibrotic disease, provided one can specifically target
Hsp47 [65]. A study by Sato and colleagues observed a reduction in collagen accu-
mulation in liver cirrhosis following the delivery of Hsp47-specific siRNA pack-
aged for targeted delivery to hepatic cells [130].



110 N. M.-E. Boel and A. L. Edkins

6.6 Regulation of the ECM by Small Heat Shock Proteins
(sHsps)

Hsp25 is a murine homolog of Hsp27 belonging to the family of small heat shock
proteins (sHsps), and it plays a role in regulating metastasis via the ECM [131]. The
Hsp25 gene occurs throughout eukaryotes and the protein is constitutively expressed.
Aggrecan is a secreted protein consisting of two globular domains, G1 and G3, and
is a major component of cartilage ECM [132]. By transfection studies in Chinese
hamster ovary (CHO) cells by Zheng and colleagues, Hsp25 was demonstrated to
bind nascent G3 of aggrecan in the cytosol during a translocational pause, after
which Hsp25 in complex with G3 entered the ER lumen where it assisted proper
folding of this aggrecan domain. Interestingly, Hsp25 was not able to bind the G1
domain of aggrecan. Zheng and colleagues propose that following dissociation of
Hsp25 from G3 in the ER, G3 acts as an “intramolecular chaperone” by binding the
nascent G1 domain to assist in correct folding and formation of aggrecan core pro-
tein which is subsequently modified in the Golgi and secreted to the extracellular
space where it forms part of the ECM [68, 133].

6.7 Non-Hsp Chaperones Regulating the ECM

6.7.1 Clusterin

Clusterin was one of the first secreted proteins to be identified as a mammalian
extracellular chaperone. It has similar chaperone activity to the small heat shock
proteins (sHsps) in that its expression is induced by heat shock [134, 135], and it
stabilises conformations of proteins [121, 136], although it cannot catalyse pro-
tein refolding [134]. Clusterin has been proposed to be responsible for regulating
ECM protein deposition by clearing potentially pathological aggregates (includ-
ing extracellular amyloid deposits associated with Alzheimer’s disease) from the
extracellular space by binding one of the LDL receptors and targeting degrada-
tion of aggregated proteins to lysosomes [71, 72]. Extracellular protein deposits
are associated with numerous diseases including Creutzfeldt-Jakob disease, age-
related macular degeneration, atherosclerosis, pseudoexfoliation syndrome and
Alzheimer’s disease [137]. The uptake of aggregated complexes and protein
deposits may play an important role in PDD [138]. Clusterin therefore may play
an important role in PDD by interacting with and chaperoning A peptides in the
extracellular space associated with Alzheimer’s disease and assisting in Ap pep-
tide clearance via receptor-mediated endocytosis commonly by megalin (LRP2)
or LRP1 [139-141].
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6.7.2 SPARC/Osteonectin

SPARC, also called osteonectin or BM-40, is a glycoprotein belonging to the matri-
cellular group of proteins and has no structural role in the ECM but rather serves to
mediate cell-matrix interactions [11, 142]. SPARC is abundantly expressed in tis-
sues undergoing repair and remodelling (such as during foetal bone development
and wound healing) and in pathologies such as cancer, arthritis and diabetes [11].
Osteonectin is one of the most abundant non-collagenous matrix proteins in bone
[143]. It is synthesised by fibroblasts and macrophages at wound sites and may
regulate the deposition and assembly of ECM proteins [144]. In bovine aortic endo-
thelial cells, addition of exogenous SPARC was able to significantly decrease the
synthesis of FN and thrombospondin [144]. In synovial fibroblasts, SPARC
increased levels of various MMPs involved in tissue remodelling, highlighting a
role for SPARC in regulating components of the ECM including proteases and pro-
tease inhibitors (e.g. PAI-1) that affect cell-ECM interactions [12, 145]. SPARC
interacts with a variety of factors that modulate the ECM, one of which is TGFf1
which has been shown to consequently regulate expression of SPARC in fibroblasts
[142]. In a review by Martinek and colleagues, they propose SPARC to have chap-
erone activities similar to that of Hsp47 in binding and stabilising procollagen mol-
ecules and triple helices being transported from the ER [124]. Interestingly, SPARC
binds to a domain on procollagen which serves as a binding site for several ligands
such as integrins and FN [146] thereby influencing the activity of ECM molecules
responsible for fibrillogenesis and remodelling.

6.8 Concluding Remarks

Regulation of the ECM by Hsps occurs at various levels within the cell both intra-
cellularly and extracellularly (Fig. 6.1). The importance of the array of ER chaper-
ones in regulating the ECM by ensuring only fully functional ECM molecules are
secreted from the cell has been highlighted. Once outside, some of the Hsps and
chaperones have been demonstrated to remain associated with ECM components
which may highlight additional extracellular regulatory roles of these chaperones
(Fig. 6.1). Some Hsp may regulate the ECM gene network by altering transcrip-
tional activation of certain ECM molecules and/or cytokines which enhances or
reduces ECM synthesis and deposition thereby modulating matrix dynamics.
Further to this, Hsps have been demonstrated to regulate activation of various ECM-
degrading enzymes and the clearance of unstable ECM molecules or aggregates. As
presented here, it is not uncommon for molecular chaperones to exhibit concomitant
intracellular and extracellular regulation of ECM proteins.

Unfortunately, particularly in the context of extracellular Hsp, we still do not
have a clear understanding of the mechanisms by which many Hsps function in the
ECM. For example, in the case of extracellular Hsp90 and Hsp70, it is not clear
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whether these chaperones are functioning as an extracellular chaperone or as a cyto-
kine. It is well established that intracellular Hsp90 and Hsp70 chaperone function is
dependent on the formation of multi-chaperone complexes driven by the availability
of ATP [147, 148]. ATP is secreted into the extracellular environment by some cell
types [149-151]. However, the concentration of ATP in the extracellular environ-
ment is considered to be below the threshold required for intracellular chaperones,
suggesting that the extracellular functions may be independent of ATP. Indeed,
extracellular chaperones like clusterin are ATP-independent [152]. However, the
absence of a requirement for ATP in the case of Hsp90 is not consistent with the
effect of DMAG-N-oxide on some extracellular Hsp90 functions [153], as this is an
N-terminal, ATP-competitive inhibitor [73]. It is possible that Hsp70 and Hsp90 are
not acting as traditional chaperones in this ATP-limited environment but rather fulfil
a cytokine-like role by activating intracellular signalling pathways that culminate in
the associated biological changes [154]. Indeed, extracellular Hsp90 has been
shown to activate Akt signalling downstream of the receptor LRP1, and Hsp70 can
activate JNK and ERK downstream of the Hsp70-TLR4 complex [4, 5].

It is clear that many questions remain unanswered. The challenge ahead lies in
establishing mechanisms by which these chaperones are able to regulate the ECM
in different environments. Given that evidence implicating the ECM in disease pro-
gression is increasing, studies aimed at targeting Hsp that regulates ECM homeosta-
sis in pathology should be prioritised [17].
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Chapter 7

Roles, Mechanisms, and Opportunities

of Heat Shock Protein gp96/grp94

in Infections and Inflammation-Associated
Malignancies

Songdong Meng and Zihai Li

Abstract Heat shock proteins (HSP) gp96 (grp94) play an important role in modu-
lating innate and T cell immunity via interaction with toll-like receptors (TLRs) and
chaperoning antigenic peptides for antigen presentation to MHC molecules. These
immunological properties of gp96 have inspired development of gp96-based pro-
phylactic and therapeutic vaccines against various pathogens, including influenza
virus, human papillomavirus, Mycobacterium tuberculosis, hepatitis B virus, and
herpes simplex virus in mice models. Besides the already known underlying coun-
terback mechanisms, the intrinsic characteristic of gp96 that simultaneously induce
both effector T cell response and regulatory T cells (Tregs) may account for the
modest efficiency of gp96-based immunotherapy against chronic infections and
cancer. There is thus a strong need for identifying novel combination strategies
(e.g., Treg inhibition, and immune checkpoint targeting) for designing a more effec-
tive gp96-based vaccine against pathogen infections. In addition, targeting cell
membrane gp96 might provide a novel therapeutic approach as certain pathogens
induce translocation of endoplasmic reticulum-resided gp96 to cell surface.
Placenta-derived gp96 has the ability to initiate antitumor T-cell immunity via asso-
ciation with multiple embryo-cancer antigens against chronic infection-associated
cancers. Further understanding of the placental gp96 associated-carcinoembryonic
antigen repertoires that orchestrate immune defense networks against pathogen-
induced cancer formation may allow ample opportunities to provide an effective
strategy in cancer prevention and therapy.
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Abbreviations

ALT Alanine aminotransaminase

APC Antigen-presenting cell

BCG Bacillus Calmette-Guerin

ConA  Concanavalin A

CTL Cytotoxic T lymphocyte

CTLA4 Cytotoxic T lymphocyte-associated antigen-4
DC Dendritic cell

DENA  Diethylnitrosamine

Foxp3  Forkhead/winged helix transcription factor
hbcag Hepatitis B core antigen

hbsag Hepatitis B surface antigen

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

HCV Hepeatitis C virus

HPV Human papillomavirus

HSP Heat shock protein

HSV Herpes simplex virus

IL Interleukin

LPS Lipopolysaccharide

mab Monoclonal antibody

MHC Major histocompatibility complex
MDP Muramyl dipeptide

MAPK  Mitogen-activated protein kinase
NLRP3 NLR family, pyrin domain containing 3
PD-1 Programmed death-1

PD-L1  Programmed death 1 ligand 1

TAP Transporter associated with antigen processing
TB Tuberculosis

TLR Toll like receptor

TNF Tumor necrosis factor

7.1 Introduction

Both humoral and cellular immunity play critical roles in the control of pathogen
infections. In general, humoral immunity plays major roles in prophylactic activity
by neutralizing antibody against invading pathogens, whereas cellular immunity is
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believed to play key roles for control and clearance of intracellular pathogens (e.g.,
virus and Mycobacterium). The elimination of intracellular pathogens is mainly
mediated by robust antigen-specific CD8+ T cell (CTL) and helper T cell responses
for acute and self-limited infections, while chronic infection is characterized by
weak T-cell responses [1-3].

Heat shock protein (HSP) gp96 (glucose-regulated protein 94, GRP94) is an
endoplasmic reticulum (ER)-resident chaperone that has the unique capability to
associate with antigenic peptides. Both rodent models and clinical trials have dem-
onstrated that gp96 purified from tumors or complexed with viral antigens in vitro
elicits antitumor effects or antigen-specific CTL immunity against tumors and
viruses [4—6]. The immunogenicity of gp96 is attributed to its ability to activate both
the innate and adaptive immune responses, as summarized below. First, together
with HSP70 and HSP90 in the cytosol, gp96, TAP (transporter associated with anti-
gen processing) molecules, and calreticulin in the ER are thought to constitute a
relay line for antigenic peptide transfer from the cytosol to MHC class I molecules
in a concerted and regulated manner [7]. Under intradermal or subcutaneous immu-
nization, gp96-antigen complexes access the draining lymph node and enter profes-
sional antigen-presenting cells (APCs) such as dendritic cells (DCs) through gp96
receptor CD91-mediated or/and scavenger receptor-mediated mechanisms. The
associated antigens are eventually presented to MHC I and II molecules [8—10].
This leads to activation of antigen-specific CD8+ and CD4+ T cell responses.
Second, gp96 itself binds to and acts as a master chaperone for Toll-like receptors
(TLRs) (e.g., TLR2, TLR4, and TLR9) on APCs, stimulating proinflammatory and
Thl-type cytokine (TNF-a, IL-1f, and IL-12) secretion [11, 12]. Third, gp96 also
interacts with CD91, which leads to CD91 phosphorylation and activation of NF-kB
and p38 MAPK. This allows for the maturation of APCs, releasing cytokines, and
priming of T-helper (Th) cells [13].

Currently, two major types of adjuvants are used in human vaccines against viral
and bacterial infections, i.e., aluminum salts-based adjuvants and oil-in-water emul-
sions. Aluminum salts are mainly used to improve humoral immune responses and
the polarized Th2 cell response in a vaccine, likely via NLRP3 inflammasome acti-
vation or the release of the endogenous danger signal, uric acid [14]. However, their
capability to stimulate a cellular immune response is rather limited [15]. The oil-in-
water emulsion-based adjuvants (such as ASO3 (GlaxoSmithKline (GSK), MF59
(Novartis), and AF03 (Sanofi Pasteur)) are currently the most widely used compo-
nent for vaccines and promote a mixed Th1 and Th2 cell response, likely by activat-
ing DCs or increasing antigen uptake [16]. However, the currently used adjuvant
vaccines in general could not effectively induce potent and cross-protective T cell
immunity against pathogen infections, although a broader antibody response is
observed. Given the critical role of T cell-mediated immune responses in protection
against intracellular pathogen infections, especially in control of established infec-
tions, it is urgently necessary to explore new adjuvants for prophylactic and thera-
peutic vaccines that can augment T cell responses.



126 S. Meng and Z. Li

7.2 HSPs-Mediated Balance Between Regulatory
and Responder T Cells

7.2.1 Enhanced Treg Function by gp96

In both mice and humans, the Treg population is identified by high expression of
IL-2R a chain (CD25). Forkhead/winged helix transcription factor (Foxp3) is also
expressed by and required for development and function of Tregs. The widespread
distribution of Tregs as a key checkpoint in both lymphoid and nonlymphoid tis-
sues, and the selective recruitment of Tregs to different tissue sites control tissue
inflammation in autoimmunity, infection, and cancer development [17].
CD4+CD25+Foxp3+ Treg suppresses the activation, proliferation, and effector
functions of many cell types including CD4+ and CD8+ T cells, playing an impor-
tant role in the maintenance of immunologic tolerance to self-antigen (Ag), as well
as pathogens and tumors.

HSP gp96 and its N-terminal fragment were found to have the ability to augment
CTL responses against pathogens such as hepatitis B virus (HBV). However, admin-
istration of higher amounts of gp96 was detrimental to the adjuvant effect and
decreased the capability of mice to generate an immune T-cell response [18].
Titration of gp96 dose (0, 0.5, 5, 10, 20, 50, 100, and 200 pg/mice) demonstrated
that immunization with 10-20 pg/mice of gp96 induced the highest CTL response
in mice, which decreased dramatically when the immunization dose increased to
50-100 pg. Other studies involving gp96 as adjuvant have also indicated that high-
dose gp96 administration can downregulate inflammatory events and antitumor
effect. This result has been attributed to the activation of Treg or myeloid suppressor
cells. Indeed, immunization with gp96 with HBV antigens simultaneously stimu-
lated both antigen-specific CTL and Treg activity. Activation of CTL at low dose of
2p96 was far more pronounced than Treg activation. Treg population and suppres-
sion increased with elevated gp96 dose, eventually abrogating the T-cell response
induced by immunization. In addition, low dose cyclophosphamide treatment could
restore the T-cell responses loss after high-dose gp96 adjuvant injection by suppres-
sion of Treg activation. These studies reveal that gp96-induced immune response
appears to be the reflection of the overall effects of CTL and Treg [19].

7.2.2 Mechanisms of gp96-Mediated Treg Activation

In murine genetic models that delete gp96 in a Treg lineage-specific fashion, gp96
is shown to be essential for Treg maintenance and function, as loss of gp96 resulted
in instability of the Treg lineage and impairment of their suppressive functions.
Tregs without gp96 were unable to maintain Foxp3 expression levels, resulting in
systemic accumulation of pathogenic IFN-y-producing and IL-17-producing T
cells. Mechanistic study showed that gp96 plays essential roles in maintaining
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TGF-p bioavailability and Treg function by chaperoning both GARP and integrins
[20]. As Tregs are one of the major barriers impeding antipathogen and antitumor
immune responses, suppression of Tregs by blocking gp96 would reverse immune
tolerance and thus promote pathogen and cancer immunity [21].

TLR2 and TLR4 ligands and agonists modulate Treg proliferation, survival, and
function by directly acting on the Treg population [22], and gp96 interacts with
TLRs and activates innate immunity [11]. HSP gp96 directly binds to Tregs via
interaction with TLR2 and TLR4, thus activating the NF-kB pathway, which pro-
motes Foxp3, IL-10, and TGF-f1 expression. As Foxp3 and the suppressive cyto-
kines IL-10 and TGF-f play key roles in Treg function, gp96 may modulate Tregs
function via direct interaction with TLR2 and TLR4 on the surface of Tregs [23].

The activation of Tregs requires high-dose gp96 stimulation, whereas low-dose
gp96 could induce effector T cells. This may be due to the limited access of gp96 to
Tregs, which only account for ~3% of total splenocytes. Another explanation is that
the anergy state of Tregs in a normal host requires a high amount of gp96 binding to
its surface to activate downstream signaling.

7.2.3 Harness of the Two-Edged Sword of gp96 Activity

Immunization with high-dose gp96 induces Treg activities. Thus, dose-dependent
manipulation of Treg cell activity may have a therapeutic potential to restrain
immune hyperactivation in autoimmunity, inflammation, and allograft rejection. As
hepatic T lymphocytes and NK cells-mediated inflammation are involved in the
pathogenesis of HBV-induced chronic liver diseases, Tregs play a key role in intra-
hepatic immune regulation. Treg frequency has been shown to be inversely corre-
lated with immune-mediated liver injury and pathogenesis of HBV-associated
fibrosis progression and liver failure [24]. In concanavalin A (Con A)- and anti-
CD137-induced severe liver hepatitis mouse models, high-dose gp96 immunization
elicited rapid and long-lasting protection of mice against liver injury, as evidenced
by decreased number of parameters including alanine aminotransaminase (ALT)
levels, hepatic necrosis, serum proinflammatory cytokines (IFN-y, TNF-a, and
IL-6), and number of IFN-y+CD4+ and IFN-y+CD8+ T cells in the spleen and liver.
In contrast, CD4+CD25+Foxp3+ Treg frequency and suppressive function were
both increased by high-dose gp96 stimulation, and the protective effect of gp96
could be generated by adoptive transfer of Treg cells from gp96-immunized mice
[23]. Thus, high-dose gp96-based therapy could be developed against immune-
mediated liver destruction in T-cell-mediated immune hyperactivation syndromes.
The induction of Treg activities by gp96 may also explain why vaccinations with
autologous tumor-derived gp96 or complexes of gp96-pathogen-derived antigens
have generated relatively modest antitumor activities in both rodents and clinical
trials [25]. Notably, the blockade of Treg by a monoclonal antibody or low dose
cyclophosphamide significantly increased gp96-HBV peptide complex-mediated
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anti-HBV CTL responses and synergistically enhanced gp96 tumor vaccine-induced
antitumor immunity in mouse models [26]. As there are already drugs in clinical
trials targeting Treg [27, 28], combination of gp96 vaccine with Treg inactivation is
a promising strategy for breaking tumor immune evasion and deserves further eval-
uation for the treatment of chronic infection and cancer. Clearly, investigation on the
mechanisms of Treg activation/inactivation during gp96 immunization is important
for developing better combination strategies in the future.

7.3 HSP-Based Prophylactic Vaccines Against Pathogens

7.3.1 HSP-Adjuvanted Influenza Vaccine

The emergence of pandemic influenza strains that have acquired interspecies trans-
mission to human (e.g., the 2009 HINI1 swine virus epidemic worldwide or the
more recent surge of the H7NO9 avian virus in China) posed a great threat to public
health. The vaccine-induced protective neutralizing antibodies (Abs) that target the
outer hemagglutinin (HA) and neuraminidase (NA) proteins of influenza viruses are
highly strain specific, and thus, the current vaccines against seasonal influenza
strains are ineffective for different strains due to the variability of influenza A virus.
Current split-virion vaccines with or without aluminum adjuvant induce a highly
humoral immune response but fail to induce cytotoxic T-lymphocyte immunity,
which plays a utilitarian role in inducing cross-protection against various subtypes
of influenza virus as T cell epitopes are generally derived from conserved internal
components of the virus [29-32].

Because conventional inactivated vaccines do not effectively induce CTLs, two
current strategies are used to increase the magnitude of cellular immunity to vacci-
nation and elicit robust cross-protection. One is the use of conserved viral antigens
(e.g., NP and M2) or T cell epitopes to provide cross-protective immunity and
develop universal influenza vaccines [31, 33]. The other is to incorporate mucosal
adjuvants (e.g., chitosan, TLR3-specificdouble-stranded RNA oligonucleotide, or
polyl:polyC) into the vaccines for intranasal immunization [34, 35]. It is also attrac-
tive to incorporate T cell adjuvants into the current widely used split or inactivated
vaccines to induce cross-clade protective immunity. Immunization with HSP gp96
as adjuvant led to a dramatic increased antigen-specific T cell response to a pan-
demic HINI split vaccine. Notably, gp96 elicited a cross-protective CD8+ T cell
response to the internal conserved viral protein NP. Although the split pHINT1 vac-
cine alone has low cross-protective efficiency, adding gp96 as an adjuvant effec-
tively improved the cross-protection against challenge with a heterologous virus in
mice [36]. This reveals the novel property of gp96 in boosting the T cell response
against conserved epitopes of influenza virus and its potential use as an adjuvant for
human prepandemic inactivated influenza vaccines against different viral subtypes.
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7.3.2 HSP-Adjuvanted Human Papillomavirus (HPV) Vaccines

HPYV infection is strongly associated with cervical cancer, especially for HPV types
16 and 18. Constitutive expression of the viral oncoproteins E6 and E7 is observed
in the majority of cervical tumor cells. HSP110, a major HSP of eukaryotic and
mammalian cells, could induce HPV E7 epitope-specific T cell response in C57BL/6
and HLA-A2 transgenic mouse model. In addition, HSP110 complexed with E7
epitope elicited stronger ex vivo and in vivo antitumor responses than emulsified
complete Freund’s adjuvant vaccine [37]. Besides HSP110, calreticulin, HSP70,
and gp96 could also act as potent immunoadjuvant to enhance antigen-specific anti-
viral T cell immunity. The recombinant HPV16 E7-gp96 or calreticulin N terminal
fusion proteins induce higher E7-specific and IFN-y+T cell response compared to
E7 protein alone, greatly delaying the tumor occurrence and growth, and generating
potent antiangiogenic effects in mice [38, 39].

7.3.3 HSP-Adjuvanted BCG Vaccines

Tuberculosis (TB) continues to pose a serious threat to public health and inflict
enormous economic burden to the society despite major progress in therapies.
Mycobacterium tuberculosis (M.tb), which infected around two billion people
worldwide, is a major etiological factor in the development of TB. The BCG vac-
cine, an intradermal vaccine using live attenuated Mycobacterium bovis bacillus, is
the most wildly used vaccine covering more than 80% of populations in regions
endemic for TB. However, its efficacy in preventing TB varies from 0% to 80%,
which may be dependent on patient age and immune status, TB location and the
geographic area [40]. As in the natural course of M.tb infection, robust pathogen-
specific CD4+, CD8+ T and Th17 cell responses are observed during self-limited or
latent infections, whereas active infection is characterized by only weak and
impaired T cell responses; T cells are believed to play a critical role in the control of
M.tb infection and TB disease [3].

Two major types of adjuvants are available for BCG vaccines, i.e., aluminum salts-
based adjuvants and oil-in-water emulsion MF59. Alum adjuvant improves antibody
immune responses and the polarized Th2 cell response, and MF59 promotes a mixed
Th1 and Th2 cell response. However, their capability to stimulate a cellular immune
response is rather limited. There was no evidence of induction of the cellular-medi-
ated immune response and protective potential of using these adjuvants in BCG vac-
cine [41-43]. Immunization with gp96 adjuvant could induce a significantly increased
number of antigen-specific T cells and IFN-y-producing CD4+ and CD8+ T cells.
The adjuvant effects of gp96 were also reflected by enhanced secretion of the Th1-
type cytokines by splenocytes from gp96-immunized mice. The superior T cell
immune responses induced with the aid of gp96 correlated with improved protection
against challenge with BCG infection (S. Meng, unpublished data). This reveals the
novel property of gp96 in boosting T cell responses against mycobacteria infection
and its potential use as an adjuvant for BCG vaccine.
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7.4 HSP-Based Therapeutic Vaccines Against Pathogens

7.4.1 Enhancement of gp96-Mediated T Cell Responses

Despite the immune-regulatory and adjuvant activities of HSP gp96 which induces
both innate and adaptive immunity, the effectiveness of gp96-based immunotherapy
has been limited. The mechanisms of gp96 activity are still not fully understood,
and evidence from different sources has indicated several alternative mechanisms
for gp96-induced T cell responses. The internalization of gp96-peptide complexes,
which is essential for cross-presentation of antigenic peptides and T cell activation,
may be CD91 independent, and that heparin sulfate proteoglycans play an important
role in the surface binding of gp96 [44-46]. Moreover, some tumor cells constitu-
tively express receptor associated protein (RAP) that can bind CD91 with high
affinity and thereby competitively block its association with gp96 [47]. Given the
apparent dependence of gp96-mediated immune responses on the uptake and inter-
nalization of gp96 into APCs, it is critical to explore ways to improve these pro-
cesses and enhance the capacity of gp96 in antigen presentation.

The TAT protein transduction domain (PTD), derived from the HIV-1 trans-
activator of transcription (TAT) protein, is a short basic region comprising residues
49-57 (RKKRRQRRR), which has been shown to mediate protein transduction in
both mice and cultured cells [48]. Many TAT fusion proteins have been generated to
deliver a wide variety of size-independent molecules into cells, including peptides,
proteins, antisense oligonucleotides, large iron beads, and liposomes [49-52]. The
fusion of gp96 with TAT peptide can significantly improve the internalization of
gp96 into macrophages and produce dramatic increases of gp96-mediated HBV-
specific CTL responses and antiviral efficiency in HBV transgenic mice.
Furthermore, the addition of TAT also enhanced gp96-induced antitumor T cell
immunity in the B16 melanoma model, supporting the hypothesis that efficient
transduction and internalization of gp96-peptide complexes into APCs determine
the outcome of gp96-based immunotherapy. Such enhancement of gp96 internaliza-
tion and its capacity for antigen presentation could promote gp96-mediated CTL
responses [53]. This helps to design a more efficient approach to improve the
immune activity for this unique T cell adjuvant.

7.4.2 GpY96-Based Therapeutic Vaccine Against HBV

More than 350 million people worldwide are chronically infected with HBV. Chronic
HBYV infection continues to be a major public health problem as around 15-40% of
infected patients will develop life-threatening complications such as cirrhosis, liver
failure and hepatocellular carcinoma (HCC). Broad repertoire and strong magnitude
of HBV-specific T cell responses are thought to play key roles for virus control and
clearance [54]. Immunization with combined HBsAg and HBcAg formulation
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along with gp96 led to a marked enhancement in antibody and cellular responses
toward both HBsAg and HBcAg in HBV transgenic mice. The superior immune
responses induced with the aid of gp96 correlated with the improved antiviral effect
by vaccination with HBsAg and HBcAg. Immunization with gp96 adjuvant vaccine
reduced serum HBsAg level and HBcAg expression in liver tissue by 45% and 90%
at maximum, respectively, and decreased serum HBV-DNA level by more than
1000-fold to below or close to the lowest detection limit. Treatment with gp96 elic-
ited an overall 30-40% decrease of Tregs which negatively regulate cellular and
antibody immunity during HBV infection [53]. This study reveals the novel prop-
erty of gp96 in immune modulation and its potential use for breaking immunotoler-
ance in immunotherapy of chronic HBV infection.

7.4.3 HSP70-Based Therapeutic Vaccine Against HSV-2

Herpes simplex virus (HSV)-2, which infects around half a billion people between
the ages of 15 and 49, is the leading cause of genital ulcer diseases worldwide.
Studies from both mice and humans have demonstrated that viral structural and
nonstructural proteins are major targets of HSV-specific CD4+ and CD8+ T cells,
serving as candidates to be incorporated in herpes vaccine candidates [55]. Human
Hsc70 protein complexed with HSV-2 peptides was tested for safety and immuno-
genicity in a Phase I clinical trial. The HSP70-based vaccine was well tolerated and
safe. All immunized participants demonstrated a statistically significant CD4+ T
cell response to HSV-2 antigens, and the vaccine induced a statistically significant
CD8+ T cell response as well. This is the first candidate vaccine against HSV-2
which induces a broad CD4+ and CD8+ T cell response in HSV-2 positive partici-
pants, and the first HSP-based vaccine to elicit immune responses against viral anti-
gens in humans [56].

7.5 HSP as a Target in Chronic Pathogen Infection-
Associated Cancer

7.5.1 HSP gp96 as a Target in Chronic HBV Infection
and Hepatocellular Carcinoma (HCC)

Numerous preclinical and clinical studies demonstrate the pathogenic roles of
chronic HBV infection and inflammation in HCC [57-59]. In chronic hepatitis B,
protumorigenic inflammation, which is characterized by liver-infiltrating Th2 cells,
Tregs, and M2 macrophages, as well as elevated TNF-a, IL6, IL-1a, and IL-1p
expression, may induce persistent hepatocyte regeneration and survival, increasing
the neoplastic transformation of hepatocytes [60, 61]. Several inflammation-related
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signaling pathways are involved in hepatocarcinogenesis, including the NF-kB,
JAK-STAT, Raf/MAPK/ERK, Wnt-p-catenin, IRAK-1, and PI3K/AKT/mTOR
pathways. Uncovering specific targets of these intertwining pathways may assist in
developing more efficient liver cancer treatments.

HSP gp96 mainly functions as a molecular chaperone that participates in the
folding and biogenesis of target proteins and guides their assembly and maturation
[62, 63]. The normally ER-resident gp96 translocates to the cell membrane under
certain circumstances. For example, some microbial stimuli such as Listeria mono-
cytogenes and Escherichia coli K1 infections upregulate the cell membrane expres-
sion of gp96 [64-66]. Aminoacyl tRNA synthetase complex-interacting
multifunctional protein 1 (AIMP1) may play a critical role in regulating cell mem-
brane expression of gp96 by affecting the interaction between gp96 and KDELR1 in
the ER [67, 68]. Cell membrane gp96 displays different roles in different contexts,
such as a bacterial receptor during infections and the incentive for autoimmune
diseases [69]. Notably, CD24 was found to be involved in gp96-driven autoimmune
disease through regulation of myeloid-derived suppressor cells [70].

HSP gp96 is significantly upregulated in chronic hepatitis B and HCC. Chronic
inflammation-mediated regulation of gp96 expression requires a NF-xB cis-
regulatory element on the gp96 promoter. Lipopolysaccharide (LPS), muramyl
dipeptide (MDP), tumor necrosis factor (TNF), and IL-4 could all induce gp96
expression in macrophages and dendritic cells [71]. HBV X protein also promotes
2p96 expression through NF-kB activation, and increased gp96 can in turn promote
HBYV replication, providing new insights into the regulatory network between gp96
and chronic inflammation/HBV infection [72]. Liver-specific gp96 deletion in mice
resulted in a tremendous growth disadvantage in that the remaining small percent-
age of gp96(+) hepatocytes regenerated disproportionally, rendering them more
predisposed to carcinogenesis by diethylnitrosamine (DENA) treatment [73]. In
addition, elevated gp96 expression and gp96 translocation to cell membrane are
significantly correlated with tumor metastasis and poor prognosis in HBV-infected
liver cancer patients.

Mechanistic studies revealed that gp96 promotes p53 degradation through
increasing Mdm?2 E3 ligase activity, indicating antiapoptotic activity of gp96 [74].
Moreover, gp96 also chaperones multiple strategically important oncogenic clients
such as integrin, Wnt coreceptor, IGF1, and TLR [73]. Importantly, cell membrane
2p96 directly binds to uPAR and HER2, stabilizes these oncoproteins, and thereby
increases their downstream signaling. Targeting cell membrane gp96 with the
monoclonal antibody or inhibitor suppress uPAR or HER2-driven cell growth, sur-
vival, and invasion [75, 76]. Moreover, the C-terminal domain of cell membrane
2p96 directly interacts with estrogen receptor (ER)-a36 on the cell membrane of
tumor cells. This interaction stabilizes the ER-a36 protein, thereby increasing its
signaling, which, in turn, increases tumor cell growth and invasion. Targeting mgp96
with siRNA or monoclonal antibody blocks the mgp96-ER-a36 interaction and
inhibits cancer growth and invasion both in vitro and in vivo [77]. These results vali-
date that cell membrane gp96 is a potential therapeutic target for chronic HBV
infection-induced HCC.
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Fig. 7.1 Chronic HBV infection and inflammation-induced gp96 expression and cell membrane
translocation plays an important role in HCC development, growth and metastasis. Elevated gp96
promotes p53 degradation, indicating antiapoptotic activity of gp96. Importantly, cell membrane
gp96 directly binds to uPAR and HER2, stabilizes these oncoproteins and thereby increases their
downstream signaling. The monoclonal antibody or inhibitor to target cell membrane gp96 greatly
suppresses liver tumor growth and metastasis, validating that cell membrane gp96 is a potential
therapeutic target for chronic HBV infection and liver cancer

Considering the key role of cell membrane gp96 in the regulation of chronic
HBYV infection-induced HCC apoptosis, metastasis and growth, gp96 may be an
attractive target in chronic HBV infection, which has several implications. First, it
may help to address the underlying mechanism of antiapoptotic characteristics in
HBV-infected liver cancer. Second, cell membrane gp96 may function as a
scaffolding protein to increase uPAR stability and facilitate HER2 dimerization on
the cell membrane. Third, more importantly, the cell membrane localization of the
normally ER-resident gp96 may serve as a potential negative prognostic marker for
chronic hepatitis B and HCC. Given that cell membrane gp96 exists predominantly
in malignant but not in normal cells, targeting cell membrane gp96 might provide a
novel therapeutic approach for chronic HBV infection and HCC (Fig. 7.1).

7.5.2 HSP gp96 as a Target in Inflammation-Associated Colon
Cancers

Colon carcinogenesis can be driven by infection of microbes. Macrophages play a
key role in the development of inflammation-associated colon cancers. Reduced
colitis and inflammation-associated colon tumorigenesis were observed in gp96
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specific KO mice in macrophages. Gp96 deletion led to reduced mutation rates of
f-catenin, increased efficiency of the DNA repair machinery. Reduced expression
of proinflammatory cytokines, including IL-17 and IL-23 were also observed in the
tumor microenvironment [78]. Thus, the molecular chaperone gp96 in tumor-
associated macrophages seems to be involved in driving inflammation-associated
colon cancer [79]. Given that peptide-based inhibitors [80] and purine scaffold
inhibitors [81] could effectively inhibit gp96 conformational changes and chaper-
one functions, targeting gp96 may provide a therapeutic opportunity against
inflammation-associated colon cancers.

7.5.3 Placenta-Derived gp96 in the Regulation of T-Cell
Immunity Against Pathogen Infection and Inflammation-
Induced Cancer

Chronic infection and inflammation was estimated to contribute to occurrence of
20% of all cancers, such as chronic HBV or HCV infection induced HCC,
Heliobacter pylori-induced gastric cancer, microbiota infection and inflammation-
mediated colon cancer, and HPV (human papillomavirus) infection-induced cervi-
cal cancer. Epidemiological studies of somatic mutations show that around 30% of
human malignancies are linked to tobacco use, 35% to diet, 14-20% to obesity, 18%
to infectious agents, and 7% to radiation or environmental pollutants. Turning the
chronic precancerous inflammatory microenvironment (e.g., Th2-polarized immu-
nity) into an anticancer microenvironment (e.g., Th1-polarized immunity) seems to
be an attractive approach for cancer prevention and therapy [82].

It is well documented that chronic pathogen infection-mediated development of
cancer undergo a long period of incubation time, in the matter of years or even lon-
ger, during which the surviving preneoplastic cells have to accumulate mutations to
escape the immunosurveillance mechanism, or maintain dormant state via cell cycle
arrest to resist elimination [83]. Most neoplastic cells and tumors express embry-
onic antigens to some extent, which are called carcinoembryonic antigens. Normal
cells usually gain embryonic phenotype during neoplastic progression in develop-
ing tumors, and the expression or reexpression of embryonic genes is involved in
this process. Due to the striking similarity of antigen expression pattern between
cancer and embryonic tissues, immunization with embryonic material or cancer
stem cells in mice could effectively inhibit transplantable tumor growth and prevent
tumorigenesis and carcinogenesis caused by viral and chemical agents [84—87].

Similar to other fetal tissues, the placenta also displays high carcinoembryonic
antigens, such as IGF2, HIG-2-a, GPC3, pregnancy-associated plasma protein A
(PAPP-A), and MUCT [88]. Immunization with placental gp96 induced significant
and long-term antitumor T-cell immunity in B16-F10 melanoma and TUBO breast
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cancer mice models. Of note, placental gp96 elicited total protection against 7,
12-dimethylbenz(a)-anthracene (DMBA)-induced mammary tumors in rats, dieth-
ylnitrosamine (DEN)-induced HCC and azoxymethane (AOM)/dextran sodium sul-
fate (DSS)-induced colon cancer. The antitumor activity of placental gp96 was
further observed in HER?2 transgenic mice. Mechanistic studies revealed that pla-
cental gp96 bound to HER2- and MUCI-derived epitopes and activated tumor
antigen-specific T-cell responses ([89] and Meng S, unpublished data]. Placenta-
derived gp96 could be therefore used as a multivalent cancer vaccine for both pre-
ventive and therapeutic purposes. Deep and comprehensive analyses of the peptide
repertoire which is associated with placenta-derived gp96 are needed to further dis-
sect its T-cell-mediated immune responses against various tumors and its use as a
potential prophylactic cancer vaccine in humans, especially those with a high risk
for developing chronic infection-associated neoplastic diseases.

7.6 Conclusion and Perspective

Since its discovery in the chemically induced sarcomas as a tumor rejection antigen
more than 20 years ago [90], the autologus gp96, purified from cancers or pathogen-
infected cells, as prophylactic and therapeutic vaccines has been extensively studied
in both animal models and human clinical trials. However, the effectiveness of
g2p96-based vaccines in immunotherapy so far seems to be limited probably due to
immune tolerance, including Tregs and the inhibitory immune receptors such as
CTLA4 and PD-1/PD-L1, as well as lack of molecularly defined appropriate anti-
gens for better vaccine optimization.

There is now compelling evidence that gp96 is involved in diverse aspects of
innate and adaptive immunomodulation. As immune checkpoint inhibitors against
CTLA-4, PD-1 pathway and others have emerged as a successful treatment approach
for patients with advanced cancer, a combination strategy of HSP vaccination with
means to breaking immune tolerance may prove to be a fruitful future direction for
both cancers and chronic infectious diseases. In addition, it is also worthwhile to
further explore the mechanisms and feasibility of placental gp96 as multivalent pro-
phylactic and therapeutic cancer vaccine, as well as high-dose gp96-induced Tregs
in treatment of pathogen-associated immune hyperactivation and autoimmune
diseases.

Finally, the intrinsic roles of HSPs including gp96 in oncogenesis and viral
infections have been elevated to the center stage. Detailed molecular and mechanis-
tic studies of gp96 and its client network in these settings will undoubtedly create
more opportunities for developing gp96-targeted therapies against cancer and infec-
tious diseases.
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Chapter 8

An Ancestral Immune Surveillance System
in the Amphibian Xenopus Connecting
Certain Heat Shock Proteins with Classical
and Nonclassical MHC Class I Molecules

Check for
updates

Jacques Robert, Maureen Banach, and Eva-Stina Edholm

Abstract Studies in the amphibian Xenopus, a vertebrate species that diverged
from a common ancestor with mouse and human more than 350 million years ago,
provide evolutionary insights into the convergent roles of certain hsps such as gp96
and HSP70 as well as classical and nonclassical MHC class I molecules in cancer
immune surveillance. Evidence that in Xenopus gp96 and HSP70 can elicit potent
antitumor responses dependent on antigen representation by nonclassical MHC
class Ib molecules and presumably involving innate T cells suggests the existence
of an ancestral immune surveillance system in antigen-presenting cells such as mac-
rophages integrating hsps with classical and nonclassical MHC molecules. The par-
ticular connection revealed in Xenopus between hsps and nonclassical MHC
molecules presenting conserved patterns to innate T cells affords new avenues to
develop therapeutic strategies against cancer.

Keywords Comparative immunology - Innate T cells - Tumor immunity - Evolution
- Unconventional T cells

8.1 Introduction

Heat shock proteins (hsps) are evolutionarily ancient and highly conserved molecu-
lar chaperones constituting several multigenic families that are produced by all cell
types and perform essential biological functions under normal as well as stressful
physiological conditions [1]. Some of these hsps including gp96 (a member of the
hsp90 family) and the cytosolic 70 kDa hsps or HSP70 (defining indistinctively
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both the inducible hsp72 and the constitutively expressed hsc73) have received a lot
of attention because of their potential use in tumor immunotherapy (reviewed in
[2—4]). HSP70 and gp96 have been shown to elicit potent CD8 T-cell responses
specific against the antigenic peptides they chaperone not only in humans and mice
[5-7] but also in frogs [8, 9]. These hsp-mediated CD8 T-cell responses are MHC
class I restricted and depend on the internalization of the hsp-antigen complexes by
endocytic receptors such as the a2-macroglobulin receptor CD91 at the surface of
antigen-presenting cells (APCs; [10, 11]). This is followed by the representation of
chaperoned antigenic peptides by MHC class Ia molecules on APCs to CD8 T cells
[7, 12, 13]. The functional connection between hsp chaperoning and MHC class I
antigen presentation may have even further ramifications than previously thought
considering that in addition to classical MHC class Ia (class Ia) a growing number
of nonclassical MHC class Ib (class Ib) and class I-like gene have been character-
ized (reviewed in [14, 15]). Some of these class Ib genes encode proteins that are
hypothesized to be indicators of intracellular stress and malignancy (reviewed in
[16, 17]. The potential role of these class Ib molecules is of particular relevance in
immune surveillance and recognition of aggressive class Ia low or negative tumor
cells through their interaction with T-cell receptors and/or non-T-cell inhibitory or
triggering receptors expressed by NK and unconventional T cells.

Focusing on two of the most conserved hsps, gp96 and hsp70, studies in the
amphibian Xenopus have provided compelling evidence that the immunological
properties of these molecular chaperones, especially their significant antitumor
responses, have been conserved during evolution (Reviewed in [18]. Comparably,
while nonclassical MHC class Ib genes in Xenopus do not share a direct common
ancestor with their mammalian counterparts, some of these genes encode molecules
with striking analogous functions including class Ib-restricted unconventional
T-cell-mediated antitumor immune responses.

We review here recent advances using the amphibian Xenopus to explore the
potential of an ancestral immune surveillance system composed of hsps such as
2p96 and hsp70, endocytic receptors such as CD91 and classical and nonclassical
MHC class I molecules.

8.2 The Xenopus Immune System

The immune system of the South African clawed frog Xenopus laevis exhibits all
the basic elements of jawed vertebrate immunity. The primary immune organs thy-
mus and spleen and adaptive B- and T-cell effectors expressing a wide Ig and TCR
repertoire generated by RAG-mediated somatic diversification as well as innate cell
effectors such as neutrophils and macrophages are all conserved in Xenopus
(reviewed in [19]). In fact, the fully sequenced and annotated genomes of two dif-
ferent Xenopus species, X. tropicalis and X. laevis, have provided compelling
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evidence of the remarkably high degree of overall conservation of immune genes
between Xenopus and human.

One intriguing aspect of anuran amphibians such as Xenopus that is not encoun-
tered in mammals is that the development of the immune system occurs at two dis-
tinct times: first during larval life and then again during the metamorphic transition
from tadpole to adult [20, 21]. Specifically, the Xenopus thymus is first colonized by
embryonic stem cells a few days after fertilization [22]. During metamorphosis, the
thymus loses about 90% of its lymphocytes [23]. This loss is followed by a second
wave of stem cell immigration [24, 25]. The tadpole is free-swimming and amena-
ble to a variety of surgical (e.g., thymectomy, transplantation) and nonsurgical (e.g.,
adoptive transfer of leucocytes, injection of hormones, antibodies) interventions.
Therefore, studies in Xenopus tadpoles can be helpful in collecting valuable infor-
mation otherwise difficult to gather from in utero studies in mammals (e.g., devel-
opment of self-tolerance to adult-specific antigens, acquisition of a second T-cell
repertoire, and ontogeny of T-cell subsets in a natural setting).

A second aspect of Xenopus immunology that makes it attractive as a model is
the absence of classical MHC class Ia protein expression in tadpoles until the onset
of metamorphosis. Surface class Ia expression is first detected on erythrocytes and
on splenic leukocyte populations at pro-metamorphic stages [21, 26, 27]. Although
tadpoles are immunocompetent and have CD8 T cells, the larval thymus lacks sig-
nificant expression of class Ia and LMP7 genes until metamorphosis, which sug-
gests an inefficient class Ia-restricted T-cell education during larval life [21, 28].
Conversely, multiple class Ib genes are expressed by thymocytes at the onset of
thymic organogenesis consistent with a role of class Ib molecules in early T-cell
development.

Thus, the high degree of functional conservation of the Xenopus immune system
with human, the natural class Ia-deficient tadpole stages, as well as the amenability
of Xenopus to in vivo experimentation make it a highly relevant nonmammalian
model (reviewed in [19, 29]). In particular, Xenopus is well suited to study tumor
immune surveillance and as such has proven instrumental to exploring innovative
approaches for cancer immunotherapy (reviewed in [19, 30]).

8.3 Lymphoid Tumors and Tumor Immunity in Xenopus

X. laevis is the only amphibian species in which a series of true lymphoid tumor cell
lines have been derived and characterized from spontaneously occurring thymic
tumors ([31, 32]. Two similar thymic tumors were also reported at the Xenopus
colony at Tulane University around the same time [33]. More recently, another type
of spontaneous leukocytic, possibly monocytic, tumor very different from the thy-
mic tumors originally characterized was described [34].

Importantly, the occurrence of spontaneous thymic tumors in MHC-defined inbred
and X. laevis/X. gilli isogenetic clones has provided a unique opportunity to derive
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lymphoid tumor lines growing in in vitro culture as well as in vivo following trans-
plantation in compatible X. laevis host [32, 35]. From the partially inbred F strain
homozygous of the fMHC haplotype, two different tumor lines (B3B7 and ff-2) were
derived, whereas from the isogenetic clone LG-15 heterozygous for the MHC haplo-
type a/c, 15/0 and 15/40 lines were obtained. These cell lines are all nonadherent and
grow continuously at 27 °C with a generation time of 18-24 h [36]. All four tumor
lines share a mixed immature T-/B-cell phenotype: they all express several pan T-cell
markers such as CD8 and CD5 but have also rearranged their Ig gene loci. All the
tumor cell lines also express the cortical thymocyte-specific Xenopus cell surface
marker (CTX), a marker of immature thymocytes that in the organism is only
expressed by cortical thymocytes [37, 38]. Another salient feature exhibited by all
these tumor lines is the expression of high level expression of several Xenopus non-
classical MHC class Ib (XNC) genes, including XNC1, 4, 10, and 11 as well as
B2-microglobulin [39]. In contrast, only the ff-2 tumor expresses low levels of classi-
cal MHC class Ia at the cell surface, whereas 15/0, 15/40, and B3B7 cell lines are all
class Ta-negative [32, 35].

Two of these lymphoid tumor cell lines have remained transplantable in com-
patible hosts. The ff-2 tumor is transplantable in the MHC homozygous f/f par-
tially inbred F strain, whereas the 15/0 can grow in the isogenetic LG-15
background. Interestingly, the ff-2 tumor line is tumorigenic when transplanted
into F tadpoles but not into F adults. The rejection of ff-2 tumor in F adults is
abrogated by y-irradiation that preferentially depletes thymocytes and is impaired
in T-cell-deficient thymectomized animals, which suggests the critical involve-
ment of adult T cells that differentiate just after metamorphosis [35, 40].
Comparably, the 15/0 tumor cells are highly tumorigenic when transplanted into
both tadpole and adult LG-15 hosts [32, 35]. In addition, the 15/0 tumor line is
transplantable and tumorigenic in another isogenetic clone, LG-6, that shares the
same MHC haplotypes (a/c) with LG-15 animals but differs at multiple minor
histocompatibility (H) loci [41]. This difference in minor H-antigens has been
instrumental in exploring antigen-specific antitumor immunity in Xenopus as
delineated in the next chapter.

Initial in vivo and in vitro studies have revealed that in X. /aevis as in mammals
NK and CDS8 T cells are critical antitumor cell effectors [41]. Briefly, the involve-
ment of NK cells was demonstrated by anti-NK antibody treatment followed by
tumor transplantation assays and by an in vitro cytotoxic assay [41-43]. Thymectomy
at early developmental stage before cell precursor immigration and sublethal
y-irradiation that mainly affect dividing thymocytes and circulating T cell provided
evidence of CD8 T cells requirement to control malignancy [35, 40, 44]. Importantly,
taking advantage of the absence of class Ia expression by 15/0 tumor cells has
allowed us to shed light on the unappreciated roles of nonclassical MHC class Ib
molecules and unconventional class Ib-restricted T cell in X. laevis tumor immunity
(see Chap. 5).
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8.4 Conservation of Antitumor Properties of Heat Shock
Proteins

The X. laevis tumor immunity model has provided evolutionary evidence of the
ability of certain hsps such as the endoplasmic resident gp96 and the cytosolic
HSP70 to elicit potent antitumor protective T-cell responses. In mammals, these
molecules can induce pro-inflammatory cytokines, stimulate NK cells, and elicit
potent cytotoxic CD8 T-cell responses against the antigenic peptides they chaperone
[2—4]. The representation of antigens chaperoned by these hsps in the context of
MHC class Ia by APCs critically involves the endocytic receptor CD91 [10, 11] as
well as other scavenger receptors [45—47]. The additional interaction of these hsps
with various signalling receptors such as TLRs is associated with their ability to
stimulate inflammation [48, 49].

Given the high degree of evolutionarily conservation of gp96 and hsp70 across
vertebrate and even invertebrate species, it was of interest to determine whether the
immunostimulatory properties of these hsps, especially regarding antitumor immu-
nity, were also conserved in amphibians such as Xenopus. Using minor H-Ags dif-
ferences between LG-15 and LG-6 cloned frogs, it was first demonstrated that, as in
mouse and human, both gp96 and hsp70 were able to represent chaperoned minor
H-Ags and generate efficient CD8 T-cell responses recognizing and killing targets
expressing the same minor H-Ags in a MHC-restricted fashion [8]. Immunization
by direct subcutaneous injection of hsp70 or gp96 chaperoning minor H-Ags as
well as by adoptive transfer of macrophages pulsed with hsp70/gp96-minor H-Ag
complexes was shown to generate immunological memory to minor H-Ags leading
to accelerated rejection of minor H-Ag-matched skin grafts [8, 50]. As in mammals,
Xenopus gp96 and HSP70 can interact with the endocytic receptor CD91 at the
surface of APCs, which leads to its rapid internalization and the representation of its
bound antigens by MHC class Ia [51]. These studies in Xenopus strongly suggest
that certain hsps (gp96, HSP70) and hsp receptors (CD91) are all integral parts of
an ancestral system of immune surveillance. The importance of this system in con-
trolling neoplasia is highlighted by its conservation for more than the 350 million
years that separate amphibian and mammals from their common ancestor.

Furthermore, since, in contrast to skin grafts, the 15/0 lymphoid tumor does
not express class Ia molecules, our comparative tumor immunity model has per-
mitted investigation of the potential roles of hsps in stimulating MHC class
Ta-unrestricted NK and unconventional T cells in the context of antitumor immu-
nity. Both in vivo and in vitro studies demonstrated that immune responses
against 15/0 tumor cells in X. laevis involve NK cells and unconventional classi-
cal class Ia-unrestricted CD8 cytotoxic T cells (CCU-CTLs) that both were
shown to kill 15/0 tumor cells but not class Ia expressing non-tumoral lympho-
blast targets in vitro [41]. The critical involvement of chaperoned antigens in
hsp-mediated anti-15/0 tumor immune responses in the absence of class Ia pre-
sentation is supported by several lines of evidence. For both gp96 and hsp70,
native forms purified from non-tumoral organs (e.g., liver) or recombinant forms
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Fig. 8.1 Schematic of the antigen representation assay developed in Xenopus. Peritoneal macro-
phages elicited by stimulation with heat-killed E. coli are recovered from LG-6 adults by perito-
neal lavage and used as APCs. Hsps are purified from 15/0 tumor WT or stable transfectant
expressing tagged recombinant Xenopus hsps. Since 15/0 tumor is on the LG-15 background, hsps
chaperone both minor H and tumor Ags. LG-6 macrophages are pulsed for 1 h on ice with the hsp
complexes at a concentration of 0.5-1 mg per 1 x 10° cells, extensively washed, and then adop-
tively transferred into LG-6 recipients (5 x 10° cells per animal). Hsp-mediated immune responses
elicited against minor H-Ags can be monitored in vivo by monitoring the rejection time of minor
H-disparate LG-15 skin graft. Hsp-mediated antitumor immune response can be monitored by
determining the time of tumor appearance following injection of 15/0 tumors

produced from bacteria or non-15/0 cells (e.g., B3B7 cells) did not elicit signifi-
cant anti-15/0 tumor immune response and the removal of ligands from hsp70 by
ADP abrogated anti-15/0 immunogenicity [9, 50].

To specifically address MHC class Ia-dependent and class la-independent anti-
gen representation, we developed an in vivo adoptive cell transfer assay using X.
laevis peritoneal macrophage (pMac) as APCs that is depicted in Fig. 8.1. First, we
demonstrated that adoptive transfer of pMac exposed to either gp96- or hsp70-
minor H-Ags complexes generated a CD8 T-cell response specifically against minor
H-skin Ags and that this response was dependent on the endocytic receptor CD91
[51]. We then showed that a similar but class Ia-independent representation of hsp
chaperoned antigens was involved in the case of the anti-15/0 tumor immune
response [50]. Accordingly, LG-6 pMac exposed to tumor-derived gp96 and adop-
tively transferred into LG-6 hosts markedly impaired the growth of transplanted
15/0 tumor in a CD91-dependent manner.
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In the case of hsp70, we went further to distinguish the respective role of the
inducible hsp72 and the cognate or constitutively expressed hsc73. Although these
two types of cytosolic hsp70 share very similar primary structure, they exhibit sig-
nificant differences in their peptide- or ligand-binding domains, subcellular local-
ization, and some of their function [52]. To be able to examine the tumor
immunogenicity of each hsp70 isoform, we produced X. laevis recombinant cognate
hsc73 and the inducible hsp72 from stable 15/0 tumor transfectants. Both hsp72 and
hsc73-Ag complexes exhibited a similar ability for eliciting class Ia-mediated T-cell
responses against minor H-Ag skin grafts. In contrast, our in vivo representation
assay revealed that hsp72 was more potent than hsc73 in generating protective
immune responses against the class Ia-negative 15/0 tumors in an Ag-dependent and
putatively class Ib-mediated manner. This study provided the first evidence that
although hsc73 is as potent as hsp72 in facilitating class la-restricted T-cell
responses, it is less efficient than hsp72 in eliciting class la-unrestricted antitumor
T-cell responses that are class Ib-mediated.

8.5 Conserved Roles of Nonclassical MHC and Innate
T Cells in Tumor Immunity

As a method of immune evasion, tumors often downregulate their class Ia expres-
sion and thus facilitate their escape from conventional T-cell-mediated immune rec-
ognition and killing [53]. Importantly, loss of class Ia expression constitutes a loss
of “self-signal” and can subsequently render malignant cells more susceptible to
NK cell-mediated cytotoxicity. Consequentially, in order to avoid NK-mediated
killing, many different types of tumors induce or upregulate the expression of class
Ib genes [16]. Accordingly, an increased expression of certain class Ib molecules
has been postulated to be an indicator of malignancy and/or intracellular stress [16].
Although the critical implication of classical MHC class Ia in tumor immune sur-
veillance by eliciting effective antitumor CD8 cytotoxic T-cell effectors is well
established from Xenopus to mammals, the roles of nonclassical MHC class Ib mol-
ecules and the effectors interacting with these molecules from NK to unconven-
tional and innate T cells are less well understood.

The functional relevance of class Ib molecules in the cancer field is still unclear
and often contradictory. Clinical studies have confirmed class Ib upregulated expres-
sion as a hallmark of certain tumors and shown that this typically correlates with
unfavorable prognostics. HLA-E and HLA-G, in particular, have been shown to be
indicators of poor clinical outcome in several different types of cancer [54-58]. On
the other hand, other class Ib proteins, both in human and mouse, have been credited
with the ability to mediate protective immunity against a variety of different can-
cers. In fact, due to their critical regulatory roles in immunity, certain class Ib mol-
ecules have emerged as attractive therapeutic targets against malignant neoplastic
growths [59, 60]. Among potential class Ib targets, CD1d is perhaps the most
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studied. CDI1d is critical for the development and function of CDId-restricted
invariant natural killer T-cells (iNKT) cells, which despite their relatively small
numbers play critical regulatory roles promoting antitumor responses [59—61].
Several ongoing clinical trials are evaluating the effect of CD1d-mediated stimula-
tion of iNKT cells with a-galactosylceramide (a-GalCer) on cancer patients
(reviewed in [62]). Even though no clear tumor regression was observed, the iNKT-
based therapies increased INF-y blood levels, provided disease stabilization, and
prolonged mean survival in patients no longer responding to chemo- or
radiotherapies.

However, efficient clinical implementation of CD1 and iNKT cell-based thera-
pies is still far from realization and requires a deeper and comprehensive under-
standing of the biology of this system.

From an evolutionary perspective, both class Ia and class Ib genes have been
found in all jawed vertebrates studied to date (reviewed in [63]). Although relation-
ships between evolutionarily distant class Ib molecules are difficult to establish,
functional analogs, such as the primate HLA-E and the mouse Qa-1b, have been
identified [64]. Representatives of the CD1 family of genes are found in mammals
[65, 66], birds [67, 68], and reptiles [69] but in neither fish nor amphibians. In X.
laevis there are at least 23 class Ib (XNCs) genes that, like other vertebrate class Ibs,
are heterogeneous, less polymorphic, and less ubiquitously expressed than class Ia
[39, 70-72]. Many of these XNC genes have an unusually high degree of conserva-
tion between X. laevis and X. tropicalis species both in primary sequence and
genomic organization [70, 72]. The strong gene selection maintained in these two
Xenopus species that diverged from a common ancestor as long ago as primates and
rodents (~65 million years; [73]), is in support of important biological functions of
XNC genes.

In this context, the high expression levels of several XNC genes by tumor lines
derived from several independent lymphoid thymic tumors take on particular rele-
vance. The possible involvement of certain XNC genes and XNC-restricted innate T
cells in tumorigenesis and antitumor immunity in connection with hsps are all excit-
ing avenues of investigation offered by the Xenopus model. To begin elucidating the
functions of these XNCs in our tumor immunity model, we have chosen a loss-of-
function reverse genetic approach based on RNA interference to silence XNCs at the
level of the tumor. More specifically, the relevance of these XNCs for 15/0 tumori-
genicity was investigated both indirectly by silencing b2m, which is usually required
for surface expression of MHC class I molecules including class Ibs, and directly by
silencing the expression of multiple XNC genes by targeting a consensus sequence
shared by most XNC transcripts [74]. In fact in the case of XNC10, we were able to
show the requirement of b2m surface expression. Interestingly, both types of silenc-
ing resulted in comparable results. 15/0 tumor transfectants deficient in either b2m
or XNCs expression were more susceptible to NK-mediated killing but more resis-
tant to killing by CD8 T cells in vitro. Moreover, 15/0 tumor transfectants were
more tumorigenic in vivo upon transplantation in LG-15 adult recipients [74]. The
faster tumor development of these XNC- or b2m-deficient tumor transfectants
despite their decreased resistance to NK cell killing in vitro further suggested an
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important involvement of unconventional T cells interacting with XNC molecules
rather than being restricted by MHC class Ia molecules.

However, further elucidation of the role of distinctive XNC gene products in this
tumor model has revealed this to be more complex than previously thought. XNC10
represented an ideal candidate to focus on, since it is among the highest XNC
expressed in 15/0 tumor and it is conserved, not only in X. laevis and tropicalis but
also across ten different Xenopus species. Intriguingly, the specific silencing of
XNC10 in 15/0 tumor resulted in an acute rejection of these tumor transfectants by
syngeneic LG-15 adults as well as naturally class Ia-deficient LG-15 tadpoles [75].
In tadpoles, the rejection was more potent toward 15/0 tumor transfectants with
stronger XNC10 knockdown. Furthermore, the rejection of XNC10-deficient tumors
implicated cell-mediated cytotoxicity that could be enhanced by priming [75]. As
such, XNCI0 is necessary for the immune evasion of the thymic-derived 15/0
tumors to escape immune recognition and class Ia-independent cytotoxicity. Taken
together these findings suggest that various XNC molecules have different and pos-
sibly even opposing roles in immune surveillance, underlining the critical roles of
class Ib molecules in tumor immunity. It is possible that different XNCs interact
with distinct effector cells resulting in a balance between inhibitory and activating
signals leading to either increased or decreased tumorigenicity.

8.6 Conserved Roles of Class Ib-Restricted Innate T Cell
in Antitumor Immunity

Among MHC class Ib-restricted effector cells, innate T (iT) cells such as CD1d-
restricted iNKT cells have recently emerged as a potentially critical component of
tumor immunity as they can orchestrate both innate and adaptive immunity [76-79].
These lymphocytes are T cells with natural killer cell markers and expressing semi-
invariant T-cell receptor (TCR) repertoires [14]. Although iT cells generally occur
at low frequencies [80], they can control immune responses via rapid and potent
release of either pro-inflammatory or anti-inflammatory cytokines [81].

Notably, we have recently demonstrated that iT cells are not only conserved in
Xenopus, but may constitute a more prominent component of their immune system
than in mammals, especially during tadpole life [82]. To date we have been able to
characterize the iT cell subset restricted by XNC10 [15, 82]. Using a reverse genetic
approach combining transgenesis with RNA interference, we showed that XNC10
is required for the development of these iT cells. Furthermore, based on TCR diver-
sity, XNC10 tetramer binding, and CDS8 antibody staining, two subpopulations have
been characterized within the Xenopus XNC10-restricted iT cells, type I XNC10-T*/
CD8— and XNC10-T4m+CD8"m* which are reminiscent of mammalian type [ iNKT
and type II NKT cells, respectively [82].

Interestingly, rapid infiltration of XNC10-iT cells is observed following intra-
peritoneal 15/0 tumor transplantation into LG-15 tadpoles [75]. Similar early
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infiltration of XNC10-iT cells also occurs when transplanting ff-2 tumor into inbred
F tadpoles (Banach and Robert, unpublished observations). Intriguingly, knock-
down of XNCI10 in 15/0 tumor triggers a substantially increased infiltration of
XNC10-iT cells, which is again consistent with the use of XNC10 as an immune
evasion strategy by the 15/0 tumors.

8.7 Conclusions and Perspective

Antigen presentation by classical MHC class Ia molecules as a way to induce potent
antigen-specific CD8 T-cell responses is a pivotal component of the immune sur-
veillance system. More specifically, in the context of tumor immune surveillance,
APCs are postulated to acquire tumor antigens generated by deregulated gene
expression and/or mutations from the malignant cell and then generate an adaptive
T-cell response specific to these antigens. Hsps, such as cytosolic HSP70, and
ER-resident gp96 can contribute to elicit this antitumor response by chaperoning
tumor antigens thus facilitating efficient cross-presentation as well as by enhancing
the co-stimulation responses important for potent activation of T cells.

Here, we propose that hsps, classical MHC class Ia, nonclassical MHC class Ib
molecules, and their respective effector cells are integrated in an ancestral immune
surveillance system (Fig. 8.2). Indeed, the critical involvement of class Ib molecules

Hsp-Ag complex TCF?@

Hsp-PAMP )
complex re-presentation iTCR
(3) Class Ib
responses

Class Ib I

Pro-inflammatory __
esponses

APC (Macrophages, DC)

Fig. 8.2 Proposed ancestral immune surveillance system. Hsp-peptide complexes released in the
extracellular compartment from infected or stressed cells (e.g., apoptosis, cell lysis) are internal-
ized by APCs through receptor-mediated endocytosis (e.g., CD91). (1) Antigenic peptides chan-
neled into the class Ia presentation pathway activate CD8 T cells. (2) Hsps internalized by the same
receptors or interacting with other receptors (e.g., TLRs) stimulate pro-inflammatory responses.
(3) Hsps are proposed to also stimulate class Ib-mediated responses by an as yet unknown mecha-
nism that is likely to be Ag-specific and involve iT cell populations
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in amphibian hsp-mediated antitumor responses and the finding that class
Ib-restricted antitumor iT cells are present and prominent outside mammals raise
the intriguing possibility that this system is ancestral and widespread across jawed
vertebrates. Although the role of nonclassical MHC molecules and unconventional
T cells, including iT cells in tumor immunity, is still far from fully elucidated, the
inherent ability of class Ib molecules to present nonprotein antigens such as lipids
and other conserved molecular motifs or patterns offers an extended avenue of
detectable antitumor determinants. The limited variation of these class Ib-binding
patterns and their conservation during evolution could be exploited as target of
choice for future immunotherapy. In addition, the potent and rapid activation of
unconventional class Ia-unrestricted T cells such as iT cells may be critical in pro-
moting antitumor versus pro-tumor suppressive microenvironments.

In this context, the ability of hsps to also promote iT cell responses through class
Ib molecules is a promising new avenue to investigate. Given that during tumor
progression class Ia molecules are often downregulated, cancer immunotherapies
that exploit class Ia-restricted T-cell effectors are usually insufficient to maintain
potent antitumor responses. Conversely, as some class Ib molecules remain
expressed on tumors or in some cases are even upregulated, these molecules and
their interacting immune effector cells could serve as additional persisting immuno-
genic targets. Thus, the elucidation of the roles of class Ib molecules in tumor
immunity is of fundamental scientific and clinical interest.
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Chapter 9 )
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Ronald J. Fecek, Subhara Raveendran, Manoj Chelvanambi,
and Walter J. Storkus

Abstract Heat shock proteins (HSPs) are highly abundant proteins found in all cell
types in the body, where they comprise approximately 1-2% of the cellular pro-
teome. Due to the physiologically stressful conditions of the progressive tumor
microenvironment (TME, i.e., hypoxia, acidosis, and high interstitial fluid pres-
sure), expression of HSPs in tumor cells can be increased by a factor of two- to
tenfold over that found in normal cells. Larger HSPs (HSP70 and HSP90) maintain
the structural integrity of a broad range of tumor client proteins associated with
oncogenesis and disease progression. HSPs can also be translocated to the tumor
cell surface or shed into the extracellular space where they have recently been found
to serve as “chaperokines” capable of modulating the function of antigen-presenting
cells and immune effector cells. This chapter will provide a summary of the
pleiotropic impact of HSPs on tumor immunity and suggest strategies by which
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HSP inhibitors (HSPi) might be best applied to optimize the antitumor efficacy of
combination immunotherapy approaches.

Keywords Adoptive cellular therapy - Cytotoxic T lymphocytes - Heat shock
protein - Histone deacetylase inhibitors - HSP inhibitors - Immunotherapy -
Regulatory cells - Tumor microenvironment - Vaccine - Vascular normalization

9.1 Tumor Cell Overexpression of HSPs Is Correlated
with Poor Clinical Outcome

All major HSP families (HSP27, HSP40, HSP60, HSP70, HSP90, HSP110), a range
of co-chaperone molecules (such as BAG3 among others), as well as drivers of HSP
transcription (such as HSF1) have been reported to be activated/overexpressed in
many forms of human cancer, where they may serve as prognostic biomarkers of
poor clinical outcome and resistance to conventional chemotherapy and/or radio-
therapy [1-13]. Higher expression levels of tumor-associated HSF1 and HSPs have
been associated with tumor cell proliferative potential, survival and invasiveness/
aggressiveness [2, 7, 14], disease stage [15], overall survival (OS; [15-20]), and
progression-free survival (PES; [5, 9, 21-23]) in human acute myelogenous leuke-
mia (AML), osteosarcomas, and carcinomas of the bladder, breast, cervix, colon
endometrium, liver, lung, prostate, stomach, and uterus. In hepatocellular carci-
noma (HCC), the tumor suppressor molecule HBP21, which limits the interaction
of HSP70 with its client proteins, is downregulated in association with advanced
clinical stage and poor prognosis [14]. Interestingly, a loss-of-function mutation in
HSP110 (HSP110AE9) has been identified in colorectal carcinoma (CRC), leading
to limited translocation of wild-type HSP110 to the tumor cell nucleus, and patients
with this mutation exhibit increased tumor sensitivity to genotoxic chemotherapeu-
tic agents [9]. Similarly, CRC patients with microsatellite instability and deletions
in HSP110 display superior clinical responses to treatment with chemotherapy [24].
Transcriptional activation of HSF1 in tumor cells may occur via the direct action of
oncogenes/oncogenic signaling pathways [25-27], leading to facilitated nuclear
translocation of HSF1 and subsequent transcription of HSPs (i.e., HSP 27, HSP70,
HSP90; [7, 28]) based on hypoxia response elements (HREs) in their promoter
regions [29]. Depletion of HSF1 leads to reduced tumor cell expression of HSPs
(i.e., HSP27, HSP40, HSP70, and HSP90) and to tumor cell apoptosis and slowed
tumor growth in vivo [30].
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9.2 Impact of Tumor Cell Intrinsic HSPs on Cancer Cell
Development, Progression, and Interaction
with the Immune System

HSP90 together with HSP40, HSP70, HIP, and HOP forms a super-chaperone
machine that operationally refolds and stabilizes a broad range of denatured tumor-
associated client proteins in an ATP-dependent manner [31]. This effectively
extends the functional life span of HSP client proteins, many of which are known to
play key roles in support of the molecular “hallmarks of cancer” (i.e., pro-oncogenic
pathways associated with tumor development, survival (cytoprotection), progres-
sion and metastasis, and resistance to immune-mediated rejection; [32-34];
Fig. 9.1).

In the latter instance, tumor cell HSP90 overexpression has profound impact on
the inactivation of protective host immune responses. For example, the HSP9O0 cli-
ent protein HER2 can be translocated into nucleus of human breast carcinoma cells
where it can bind and transactivate the COX-2 promoter in support of the produc-
tion of prostaglandin E2 (PGE,; [36]). Similarly, the activity of tumor cytosolic
prostaglandin E2 synthase is regulated by HSP90 [37, 38]. Notably, PGE, drives the
induction and maintenance of cancer-associated myeloid-derived suppressor cells
(MDSC), the enhancement of Treg functionality, and suppression of antitumor

Cancer Hallmark HSP(90) Client Examples

Aerobic Glycolysis GLUT1, SDHB
Enhanced Proliferation BRAF, CRAF, EGFR, Her2, IGF-1R, KIT,
RAF-1, SRC
Evading Cell Death AKT, BCL2, BCLxL, clAP1, MCL1, PTEN,
Survivin
Evading Growth B-Catenin, CCND1, CDK4, E2F1, p16,
@ Suppression p53, RB
*F ﬂ » Genomic Instability ATM, CHK1, DNA-PK, MGMT, RAD51
Pro-Angiogenesis HIF-1o, PDGFR, STAT3, VEGFR1,
* VEGFR2
Pro-Invasion/Metastasis ANGPTL4, EPHA2, FAK, LOX, MET,
e MMP2, MMP9
Client Protein F Replicative Immortality ALDH1, OCT4, NANOG, TERT

Carcinogenic Inflammation  FGFR, NLRs, RIP, SGTI, TLRs
Immune Evasion HER2, MUC1, NOS2, STAT3

Fig. 9.1 Tumor HSPs reinforce the hallmarks of cancer. Hanahan and Weinberg (Cell.
2011;144:646-74, Cell. 2000;100:57-70 [35]) defined hallmarks of cancer that support tumor
development, proliferation, growth, invasiveness/metastasis, and resistance to programmed cell
death and immune-mediated control. Many proteins that are operationally involved in these pro-
oncogenic programs represent HSP(90) client proteins (with some relevant examples provided for
each cancer hallmark)
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T/NK effector cell functions [39, 40]. HSP9O client cancer-associated MUC1 mucin
inhibits human T-cell activation and proliferation [41, 42]. Inducible nitric oxide
synthase (NOS2) is also a tumor cell overexpressed HSP90 client (https://www.
picard.ch/downloads/Hsp90interactors.pdf) that has been correlated with poor clini-
cal prognosis in a range of cancer types [43—-45]. Tumor NOS2 promotes the induc-
tion of functional myeloid-derived suppressor cells via the modulation of VEGF
release [46, 47]. Furthermore, HSP90 client STAT3-dependent signaling in tumor
cells promotes TGF-3 production/secretion and the suppression of innate and adap-
tive immunity [48].

As will be discussed later in this chapter, HSPs also play central contributions to
the function and orchestration of the antigen-processing and MHC-presentation
machinery of tumor cells which directly impact the ability of these aberrant cell
populations to be recognized and regulated by protective T effector cells [49].

As a consequence, targeted disruption of the expression or function in tumor
cells would be expected to profoundly limit cancer growth, progression, and metas-
tases and to have dichotomous effects on tumor cell regulation by the immune sys-
tem. On one hand, the destabilization of HSP clients linked to the development of
suppressor MDSC and Treg would be anticipated to improve chances for protective
immune cell eradication of neoplastic cells, while on the other hand, if HSP func-
tion were too severely antagonized, CD4* and CD8* T-cell recognition of tumor
cells might be hindered.

9.3 Immune Modulation by Tumor Extracellular HSPs
(eHSPs)

In addition to their conventional molecular chaperone functions within tumor cells,
it has become increasingly apparent that under certain conditions, tumor HSPs can
access the extracellular microenvironment (i.e., eHSPs) via cell lysis (releasing free
eHSPs), in the context of shed microvessels or exosomes where they constitute an
abundant cargo, and via their translocation to the tumor cell surface during a pre-
apoptotic state (Fig. 9.2). Once expressed on the cell surface or circulating in the
tumor interstitial fluid or in serum/plasma, eHSP can profoundly affect immune
function in either a positive or negative manner [50, 51].

eHSPs (i.e., HSP70, HSP90, gp96) along with calreticulin (CRT) expressed on
the cell surface of dying/dead tumor cells are characteristic of “immunogenic cell
death” (ICD), whereby eHSPs and CRT provide an “eat me” signal to host DC via
their binding to HSP receptors (i.e., HSP-R, including LRP1/CD91, CD40, TLR2/4,
CD14, CD35, Lox-1, and SR-A), leading to the uptake of eHSP* tumor cell bodies
and the processing and (cross)presentation of antigens by matured DC that conse-
quently sponsor the activation, expansion, and differentiation of antitumor T cells
(Fig. 9.2; [52-56]). A range of cancer chemotherapy agents (including anthracy-
clines such as doxorubicin, the proteasome inhibitor bortezomib, irradiation, and
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Fig. 9.2 The multifactorial role of eHSPs in modulating adaptive immunity against tumor-
associated antigens. Although HSPs, including HSP90, are well-appreciated for their capacity to
sustain the life span of tumor-intrinsic proteins that are operationally involved in cancer develop-
ment and progression, it has become increasingly evident that the immune system has evolved key
sensors to monitor tumor-extrinsic HSPs (eHSPs released from dying tumor cells, shed/secreted in
the context of subcellular exosomes or expressed on the tumor cell surface during the process of
“immunogenic cell death (ICD)””). Tumor eHSP complexes (containing bound peptides or decorat-
ing the surface of tumor exosomes (TEX) or tumor cells undergoing ICD) can bind to receptors
(such as CD91 or SREC-1, etc.) expressed by dendritic cells, leading to the transmission of activat-
ing or regulatory signals that promote DC maturation into inflammatory/regulatory antigen-(cross)
presenting cells capable of priming/restimulating antitumor T cells (including cytotoxic T lympho-
cytes; CTL) or driving the expansion and functional activation of Treg. After HSP-peptide com-
plexes bind to receptors on the DC cell surface, these complexes are endocytosed (1) and delivered
to the endoplasmic reticulum (ER), where the HSP-cargo peptides may be loaded into nascent
MHC class I complexes (2), making them transport-competent to the cell surface for subsequent
recognition cognate class I-restricted CD8* T cells (3). Endocytosed HSP-peptide complexes may
also access the MHC class II processing pathway, resulting in coordinate DC induction of tumor
antigen-specific CD4* T cells (not shown)

photodynamic therapy (PDT)) have all been reported to increase tumor cell surface
eHSP60, eHSP70, and eHSP90 expression and the process of ICD [55, 57-60].
eHSP tumor cells have also been reported to serve as superior targets for NK cell-
mediated killing [61].

While tumor cell-bound eHSPs appear to be largely immunostimulatory in their
nature, cell-free tumor eHSPs (in the form of shed exosomes or soluble proteins)
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can lead to either the promotion or inhibition of protective immune cell function. In
the case of tumor exosome (TEX)-associated eHSPs, it has recently been reported
that eHSP70 in TEX enhances the suppressive activity of MDSC in a pSTAT3- and
TLR2/MyD88-dependent manner [62, 63]. In mice treated with eHSP70, the per-
centage of peripheral CD11b*Gr-1* MDSC is dramatically increased, although this
can be mitigated by the injection of a blocking anti-HSP70 antibody [63]. eHSP70 in
TEX interacts with TLR2 expressed by MDSC leading to heightened suppressor
cell function, with the injection of a peptide aptamer binding to the ECD of mem-
brane eHSP70 which interferes with eHSP70/TLR2 interaction demonstrated to
decrease the number of MDSCs in tumor-bearing C57B1/6 mice in association with
slowed tumor progression [64]. Conversely, TEX eHSP70 has been shown to acti-
vate NK cells for improved tumoricidal function and to promote the maturation of
APCs capable of stimulating alloreactive CD4* T-cell responses in vivo [65].
Similarly, free HSPs released into the extracellular space upon physical disrup-
tion of dying tumor cells have been reported to mediate dichotomous effects on the
immune system. For instance, high doses of tumor-free HSPs have also been
reported to inhibit the generation of antigen-specific T cells [50, 66-68]. eHSP10
can be overexpressed and released by ovarian carcinoma cells into the peripheral
blood and ascites of patients, where it has been reported to reduce T-cell expression
of a member of the TCR signaling complex (CD3-{), rendering T effector cells
hyporesponsive to subsequent antigenic stimulation [69]. Tumor shed eHSP27 pro-
motes monocyte differentiation into tumor-associated macrophages (TAM) express-
ing  MHCIT*CD86°*PD-L1MeLT2Me L T4Me"  phenotype, known to be
pro-angiogenic in breast cancer patients [70]. Free eHSP60 promotes T effector cell
cross-tolerance by preferentially supporting enhanced Treg function [71, 72], likely
via an indirect mechanism affecting APCs [73, 74]. eHSP70 promotes functional
Treg and their increased secretion of immunosuppressive TGF-f and IL-10 that may
be accentuated in the presence of IL-2 [75]. Treg are similarly induced by vaccines
integrating high doses of gp96 in mice [76]. High-dose tumor-derived gp96 binds to
CDO91* pDC, leading to (1) NFkB activation and translocation to the nucleus, (2)
subsequent methylome remodeling and upregulation of NRP1 in pDC, and (3) pro-
motion/activation of immunosuppressive Treg cells [77, 78]. Herber et al. have also
reported that DC (CD11c*CD8a* and conventional DC but not pDC) in tumor-bear-
ing mice and humans exhibit dysfunction and high levels of triglycerides as a con-
sequence of the selective DC upregulation of the SR-A (aka CD204) scavenger
receptor [79], which is known to bind and internalize large HSPs (i.e., hsp110 and
grp170), leading to suboptimal induction of antigen-specific T-cell responses [80].
This suggests that therapeutic strategies that are too efficient in promoting acute
and extensive tumor cell apoptosis/necrosis could result in high levels of free eHSP
release leading to the (counterintuitive and selective) promotion of regulatory DC
function and Treg-dominated immune responses. Controlled therapy-induced tumor
cell death (via the use of metronomic approaches) might instead be preferred, since
more moderate amounts of purified tumor HSP70 and gp96 (which bind tumor-
derived peptides) can been used in vaccine formulations to effectively (cross)prime
therapeutic antitumor CD8* T-cell responses in vivo in both mice and cancer patients
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[68]. In such cases, eHSPs can interact with CD91* DC, resulting in their matura-
tion (in association with enhanced MHC presentation and secretion of pro-
inflammatory cytokines/chemokines such as IL-12p70) and their ability to cross
prime protective Type-1 CD8* T cells [81]. Such considerations might allow for the
improvement of clinical trials implementing vaccines based on tumor-associated
eHSP70 (mostly phase I) or eHSP90 (phase I-III) that have demonstrated immuno-
genicity but rarely lead to objective clinical responses [82—84].

9.4 Effects of HSP Inhibitors (HSPi) on Tumor Cell
Immunogenicity In Vitro and In Vivo

A broad range of HSP inhibitors have been developed over the past several decades
primarily in order to antagonize (at low nanomolar concentrations) the ability of
HSP70/90 to sustain tumor cell expression of oncoproteins and “hallmark” path-
ways associated with tumor growth, survival, metastasis, and the genotoxic action
of chemo- or radiotherapy, with 17 different HSP90i advancing to clinical trials for
the treatment of more than 1000 cancer patients to date [85-90]. However, it has
become increasingly clear that the functional antagonism of HSP(90) function on a
systemic level will also impact the nature of tumor cell surveillance by the immune
system, particularly in the therapeutically relevant TME [91-94].

The ability of tumor cells to be recognized by specific CD4* and CD8* T cells is
dependent on tumor cell presentation of cognate peptides in the context of MHC II
and MHC I molecules, respectively, with further “fine tuning” of T-cell-tumor inter-
actions modulated by the action of tumor cell-expressed co-stimulatory/co-
inhibitory molecules and adhesion molecules [95-98]. Since many tumor-associated
antigens are overexpressed, non-mutated proteins that are also expressed by normal
host somatic tissues, “self-tolerance” mechanisms typically restrict the tumor anti-
gen-specific T-cell repertoire to clonotypes harboring only modest functional avid-
ity for tumor cell recognition [99]. Notably, HSP90i have been reported to enhance
tumor cell MHC molecule expression and/or tumor antigen-derived peptide presen-
tation by MHC I/II molecules on the surface of tumor cells, thereby facilitating the
ability of moderate avidity T cells to recognize and react against treated tumor cells
vs. untreated tumor cells or normal cells [100-102]. Such conditional HSP90i-
dependent alterations in the MHC-presented “peptidome” allow at least certain spe-
cies to exceed the operational tolerance threshold of the host’s T-cell repertoire,
allowing for the activation and mobilization of a previously silent T effector cell
cohort with potential to mediate antitumor activity. Modulations in tumor immuno-
genicity induced by interventional drugs such as HSP90i become even more impor-
tant clinically given pervasive reports for MHC and antigen-processing/presentation
abnormalities in heterogeneous cancer cell populations in vivo that correlate with
low levels of MHC-peptide complexes on the tumor cell surface and with disease
progression and poor patient survival [103—105].
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Fig. 9.3 HSP90i promote the conditional processing and MHC class I presentation of client
protein-derived T-cell epitopes in tumor cells. HSP90i interfering with ATP binding result in the
delivery of client proteins to the multi-catalytic 26S proteasome complex (1) for degradation into
peptides in the tumor cell cytoplasm (2). A fraction of this “wave” of client protein-derived pep-
tides may be translocated into the tumor cell ER in a TAP-dependent manner (3) and loaded into
nascent MHC class I complexes (4). Such MHC-client peptide complexes may then be shipped to
the tumor cell surface (5), where they may be recognized by specific CD8* T cells (6). Depending
on additional signals conveyed by DC-to-T cells (i.e., signal 2 is contributed by the balance of co-
stimulatory [CD40, CD70, CD80, CD86, 4-1BBL, OX40L, among others] versus co-inhibitory
molecule interactions [PD-L1, PD-L2, among others], signal 3 reflects the balance between
secreted pro-inflammatory versus regulatory/suppressive factors), the functional polarity of resul-
tant CD8* T effector cells may be imprinted. Notably, the ability of client peptide-specific CD8* T
cells to recognize HSP90i-treated tumor cells exhibits a temporal “prozone,” with optimal recogni-
tion occurring several days after drug treatment [92, 100, 101]. Sustained delivery of HSP90i leads
to subsequent diminishment in tumor cell recognition by CTL. The reasons for specific T-cell
hyporeactivity at later time points are likely to be multifactorial and may reflect the confounding
influence of compensatory HSP70 upregulation in tumor cells that limits client protein processing,
the accumulated inhibitory action of HSP90i on proteasome function, and/or to drug-induced
upregulation of immune checkpoint molecules, among other possibilities

One manifestation of this therapeutic strategy involves treatment with HSP90i to
promote the conditional processing and MHC presentation of HSP90 client proteins
in tumor cells (Fig. 9.3). In particular, many of these overexpressed/accumulated
client proteins are critically involved in supporting cancer hallmark pathways
(Fig. 9.1), making them less dispensable to tumor cells attempting to become
antigen-loss variants in the face of specific immune selective pressure. One of the
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first validations of this concept was provided in a report by loannides and colleagues
[106] in which a 20-h treatment of SKOV3.A2 human ovarian carcinoma cells with
the HSP90i geldanamycin (GA) resulted in the enhanced proteasome-dependent
processing and tumor cell HLA-A2 class I presentation of a peptide epitope (E75;
derived from the oncogenic HSP90 client protein HER?2) to specific cytotoxic CD8*
T cells in vitro. Analogous results have since been reported for HSP90i-heightened
CD8" T-cell targeting of the tumor cell overexpressed pro-metastatic HSP90 client
proteins EphA2 and MET (Fig. 9.1) in vitro and in vivo. Kawabe et al. demonstrated
that the treatment of human HLA-A2*, EphA2* melanoma cells with HSP90i
17-DMAG enhanced their recognition by EphA2-specific CD8* T-cell lines and
clones in vitro via a mechanism that was dependent on both the proteasome and
TAP peptide translocation into the ER after the initial Sec61-dependent retro-
translocation of EphA2 protein into the tumor cytoplasm [101]. Subsequent studies
in mice using an MCA205 sarcoma model demonstrated that oral administration of
17-DMAG acted synergistically with specific vaccination against EphA2 or with
adoptive anti-EphA2 CD8* T-cell therapy in slowing tumor growth, via a mechanism
involving transiently enhanced T-cell recognition of not only EphA2* tumor cells
but also EphA2* tumor-associated vascular endothelial cells (VEC), but not EphA2*
VEC from the kidneys of these tumor-bearing animals [92-94]. Since recent find-
ings suggest that VEC in the stressful milieu of the tumor microenvironment also
overexpress HSPs (including HSP90) versus VEC in non-diseased organs, this may
broaden the relevance of this therapeutic paradigm to include HSP90i-improved
immune targeting of tumor stromal cell populations. Interestingly, the ability of
HSP90i to serve as a beneficial co-therapy in these models was shown to be highly
dose- and schedule-dependent, with an intermediate dose (15 mg/kg/day for 5 days)
proving to be optimally therapeutic. Higher or lower doses of 17-DMAG for longer
or shorter periods of time yielded less therapy benefit. Similar results have also been
published by others [102], where low (2.5 pg) but not high (10 pg) doses of HSP90i
GA improved the antitumor efficacy of DNA-based vaccines against HSP90i client
proteins HER2 or MET, with GA determined to improve tumor infiltration by CD8*
T cells and NK cells and to sensitize tumors to specific T cell-mediated killing.
Intriguingly, many HSPs (HSP27, HSP60, HSP70, HSP90) are “self-clients” that
encode MHC-presented peptide epitopes recognized by specific CD4" and CD8* T
effector cells and/or by CD4* Treg [107-111]. Notably, anti-HSP90 CD8* T cells
were shown to mediate significant anti-myeloma efficacy when applied in ACT
approaches in Hu-SCID tumor models [109]. Moving forward, it will be most inter-
esting to discern whether HSPi promotes improved recognition of tumor cells by
HSP-specific T cells in vitro and in vivo.

It is important to note that HSP90i have also been reported to improve CD8*
T-cell recognition of tumor cell antigens that are not direct HSP90 client proteins.
Haggerty et al. provide a comprehensive report that 12 distinct HSP90i that antago-
nize HSP90 via different mechanisms are all capable of leading to the increased
transcription and synthesis of melanocyte-lineage antigens (i.e., MART-1, gp100,
and TRP-2) in murine B16 melanoma cells and two human glioma cell lines.
HSP90i improved B16 recognition by anti-MART-1 T effector cells in vitro, with an
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optimal dose and schedule of 0.1-1 pg/ml for 3 days [100]. Although the authors
also suggest that HSP90i treatment of tumor cells resulted in their increased expres-
sion of cell surface MHC class I molecules [100], other studies failed to discern
similar HSP90i induction of tumor cell MHC expression [92-94, 101, 112, 113].
Since the impact of HSP90i is presumed to be indirect, it is possible that the kinetics
of tumor cell alterations in MHC class I expression may vary between the various
model systems, making this an important biomarker to consider in prospective
translational and clinical studies implementing HSP90i.

Published studies have yet to describe an impact of HSPi on tumor cell expres-
sion of MHC class II molecules and their ability to present tumor antigen-derived
peptides to cognate CD4* T cells, despite the knowledge that HSP90 plays an
important role in antigen presentation to T lymphocytes via major histocompatibil-
ity complex class II molecules [114, 115]. It is also somewhat surprising that HSPi
effects on tumor cell expression of co-stimulatory (i.e., CD40, CD70, CD80, CDS6,
GITR-L, OX40L, and 4-1BBL, among others; [116]) or co-inhibitory/immune
checkpoint molecules (i.e., PD-L1, Galectin-9/LGALS9, HVEM, TIGIT ligands,
VISTA, among others; [117]) have yet to be comprehensively investigated. These
will clearly represent high-priority targets for future studies that could shape the
design of combination clinical protocols involving the administration of HSPi and
immune potentiating agents, such as anti-PD-L1.

9.5 HSPis Can Have a Negative Impact on T Cell-, NK Cell-,
and DC-Mediated Immunity When Applied in High
Doses (Fig. 9.4)

Although a clear clinical intent for applying HSPi is to interrupt the intrinsic array
of pro-oncogenic signaling taking place within tumor cells themselves and within
the stroma of the TME, immune cells also require HSPs to sustain intrinsic client
proteins crucial to their expansion, differentiation, survival, and functionality. In
particular, antigen-presenting cells, B/T effector cells, and NK cells can be nega-
tively impacted in vitro and in vivo by the presence of (high-dose) HSPi, prompting
some investigators to implement HSPi-based treatment strategies in the setting of
autoimmunity and solid organ transplantation where inflammatory immunity is con-
traindicated and Treg responses are instead preferred [118-122].

Hence, HSP90i have been demonstrated to promote apoptosis or hyporespon-
siveness (reduced cytotoxicity and/or production of effector cytokines/chemokines)
in B cells, T cells, and NK cells in a dose-dependent manner [123-127]. At the
molecular level, treatment of T cells with HSP90i promotes the degradation of a
broad spectrum of intrinsic client proteins that includes the TCR, as well as TCR
co-receptors (i.e., CD3, CD4, CDS8), co-stimulatory molecules (i.e., CD28, CD40L),
and TCR-proximal signaling (i.e., LAT, LCK, ZAP70) molecules [123, 128-130].
Treatment of T cells with HSP90i also results in reduced Thl cell expression of
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Fig. 9.4 Dichotomous impact of HSP90i on cells within the TME. HSP90i have clearly demon-
strated antitumor benefits based on their direct effects on tumor cells (i.e., inhibition of prolifera-
tion, promotion of apoptosis, suppression of cancer stem cells, enhancement of recognition by
CD8* T cells and NK cells) and tumor-associated stromal cells (i.e., inhibition of angiogenesis and
the promotion of “vascular normalization,” alteration in chemokine profiles resulting in enhanced
Teff recruitment and reduced infiltration by suppressive Treg cells and MDSC). High, continuous
dosing of HSP90i is contraindicated for optimal antitumor immune function, based on this regi-
men’s known ability to inhibit proximal TCR signaling (based on its impact on client proteins such
as Lck among others), leading to reduced T-cell proliferation, inhibition of co-stimulatory signal-
ing and reduced capacity of Teff to produce inflammatory mediators such as IFN-y, as well as to
its predilection to support Treg-mediated immunosuppression (either directly or indirectly via
regulatory effects on antigen-presenting cells). Sustained, high-dose application of HSP90i also
perturbs innate cell effector functions in DC and NK cells. HSP90i can inhibit full DC maturation
by interfering with TLR-mediated signaling and NFkB activation, resulting in DC that are deficient
in their ability to (cross)prime Type-1 T-cell responses based on inhibition of DC IL-12p70 pro-
duction and expression of co-stimulatory molecules and APM components. In NK cells, HSP90i
have been reported to inhibit expression of NK-activating receptors (NKAR) and to limit the cyto-
toxic function of these effector cells

HSPIO0 client protein MTORC1 (Raptor) that inhibits memory responses, leading to
T-cell dysfunction and/or anergy [131]. Innate immune function can also be
impaired by HSP90i, since NK cell conditioning with GA leads to diminished
expression of a range of cell surface-activating receptors, including CD2, CD11a,
CD9%4, NKp30, NKp44, NKp46, and KARp50.3 [123]. Furthermore, eHSP70-
facilitated cross presentation of the tumor oncofetal antigen 5T4 by CD91* DC can
be prevented by HSP70i [132], and others have reported that HSP90i preclude opti-
mal DC maturation by limiting NFxB activation [126, 127], resulting in only feeble
stimulation of cognate T-cell responses [125]. DC expression of MHC class I mol-
ecules can also be reduced in the presence of high-dose (1 pM for 24—48 h) HSP90i
GA in vitro [133].
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9.6 Clinical Considerations in Applying HSPis to Enhance
Antitumor Immunity

Despite these many examples supporting the immunosuppressive action of HSPi
when applied to isolated immune cell populations in vitro, or under high-dose regi-
mens in vitro and in vivo, one is struck by the reality that HSPi can act as effective
“adjuvants” or conditioning agents in support of cancer vaccines and immunothera-
pies when using metronomic (lower-dose) or discontinuous schedule regimens
(Fig. 9.5; [92-94, 102]).

So, how does one consolidate both sets of data in a physiologic cancer immunol-
ogy “systems biology” in order to maximize the immune-based component inherent

HSP90i Treatment Regimens

Low-Dose High-Dose (MTD)
Metronomic/ Chronic/
Discontinuous Continuous

Beneficial

Impact on Anti-Tumor
Immunotherapy

Detrimental

Fig. 9.5 Recommended use of HSP90i in low-dose metronomic/discontinuous regimens for opti-
mal immunotherapeutic benefit in the cancer setting. Given the myriad of client proteins impacted
by HSP90i in tumor cells, tumor-associated stromal cells, and protective immune cells within the
TME (and peripheral tissue compartments of a treated patient), HSP90i treatment regimens associ-
ated with optimal, durable clinical benefits will likely involve dosing far below established MTDs
for this drug class, with only intermittent periods of drug delivery. Such dosing/scheduling will
allow for a clinically preferred balance to be achieved between drug-associated suppression of the
tumor-intrinsic “hallmarks of cancer” while limiting collateral inhibition of immune cell function
that appears increasingly relevant to the mechanism of action underlying the antitumor efficacy of
many chemotherapeutic agents. In particular, lower-dose, intermittent delivery of HSP90i may
promote vascular normalization and the recruitment of anti-client protein CTL into the TME where
they may better recognize cognate MHC class I-presented peptide complexes on the tumor cell
surface, in a manner unopposed by regulatory cell populations such as Treg and MDSC. Vascular
normalization may also result in improved DC infiltration of the TME, allowing for improved cross
priming of an expanded antitumor T-cell repertoire over time (i.e., epitope spreading), which has
been associated with durable objective clinical responses in patients treated using a range of immu-
notherapy approaches. Ideally, such low-dose HSP90i regimens might be combined with immuno-
therapies employing immune checkpoint blockade antibodies and/or ACT using patient T cells
expanded (or engineered to express TCR reactive) against tumor overexpressed HSP90 client pro-
teins, such as EphA2 or Her2/neu, among many others
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to the antitumor efficacy associated with HSPi-based therapies? Firstly, HSPis tend
to be sequestered/retained in the TME vs. plasma for extended periods of time after
systemic delivery into patients or tumor-bearing mice [134—138]. This suggests that
drug doses (far below the MTD) provided on an intermittent schedule would likely
be required to achieve a sustained level of HSPi that optimizes the antitumor effi-
cacy of immune cells within the TME. Although such treatment regimens might not
optimize the ability of HSPi to inhibit tumor-intrinsic hallmarks of cancer (Fig. 9.1)
in vivo, the ability to provide synergistic coverage in antagonizing “more” hall-
marks may lead to greater durability in HSPi therapy benefits due to memory devel-
oped in the adaptive antitumor immune response. Less acute, catastrophic killing of
tumor cells would theoretically limit the quantity of free eHSPs released, avoiding
HSP-R (i.e., CD91)-mediated regulatory signals in DC [77, 78] in support of
improved antitumor T effector cell cross priming/restimulation.

Beyond considering the simple interplay of tumor cells and their products (HSP-
related or otherwise) with isolated immune cells, one must consider the broader
implications of HSPi impact on the field of battle in which the protective immune
cells combat cancer cells, i.e., the TME. Notably, the progressor TME is both (1)
intrinsically poor in recruiting protective immune cell populations and (2) hostile to
the survival/function of infiltrating immune (nonregulatory) effector cells based on
the suppressive impact of hypoxia, acidosis, high interstitial fluid pressure, MDSC,
and Treg [139-142]. All of these suppressive indices can be made more favorable as
a consequence of “vascular normalization” (VN) driven by antiangiogenic agents
targeting EGFR-, HER2-, VEGFR-, and/or PDGFR-mediated signaling pathways in
tumor-associated blood vessel cells and their recruited precursor cells [143—148].
The process of VN involves the trimming of chaotic vascular arborization in the
TME, improved pericyte coverage of residual vascular conduits, reestablishment of
tissue normoxia, and improved vascular integrity and tissue perfusion (with reduced
acidosis and enhanced infiltration by immune effector cells in response to inflam-
matory chemokines produced in the tumor stroma). From an immunologic perspec-
tive, VN is also associated with reductions in the levels of MDSC and Treg within
the TME [149]. Since the major VN targets represent known HSP90 client proteins
(Fig. 9.1), it should not come as a surprise that treatment with (low-dose) HSP90i
has been reported to optimally promote VN in the tumor lesions of treated individu-
als (Fig. 9.4; [92, 93]). In particular, the treatment of established murine tumors
with low doses of orally administered HSP90i (17-DMAG) for no more than 5 days
resulted in coordinate immunotherapeutic benefits including (1) slowed tumor
growth or regression in association with reduced vascular arborization, (2) activa-
tion of stromal cell production of CXCR3 ligand chemokines known to recruit
Type-1 T effector cells, (3) activation of vascular endothelial cells to express
VCAMI used to facilitate Type-1 T-cell extravasation into the TME, (4) improved
levels of antitumor CD8* TIL, (5) reduction in levels of MDSC and Treg in the
TME, and (6) enhanced/prolonged recognition of tumor cells by CD8* T cells reac-
tive against the HSP9O0 client protein EphA2 [92].
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9.7 Conclusions and Future Directions

HSPs interact with, and stabilize, an ever-increasing number of client proteins that
support normal cellular homeostasis. However, in malignant cells HSPs are com-
monly overexpressed and subjugated to extend the fate of an array of pro-tumor and
anti-immune client proteins that serve as markers of poor disease prognosis. Since
HSPs are ubiquitously expressed, it comes as little surprise that HSPis, when applied
at high doses, exert undesired “on-target” toxicities to normal cell populations,
including immune cells (i.e., DC, T cells, and NK cells, among others). In the case
of HSP90i, high-dose treatment regimens targeting both tumor cells and tumor-
associated blood vessels may lead to catastrophic tumor cell death and the release
of tumor eHSPs in large quantities, leading to DC subversion and the induction of
regulatory (pro-tumor) immune responses, rather than the desired induction of pro-
tective T and NK cell responses. Since systemically administered HSPis are retained
for extended periods of time in the TME, where the operation of therapeutic immune
cells must be conserved for optimal clinical benefit, dosing/scheduling regimens
must be carefully selected to avoid exceeding thresholds associated with protective
DC, T-cell, and NK cell inactivation.

The ability of HSPi to promote VN also implies that systemically applied drug
will be delivered into the TME more efficiently [149], which might suggest the
consideration of protocols involving HSPi dose de-escalation over an extended
period of treatment in order to optimize the immune-stimulatory component associ-
ated with HSPi-based therapies. Since HSPis promote VN, leading to T effector cell
recruitment, logical combination immunotherapy protocols could integrate active
vaccination to elicit increased frequencies of circulating antitumor T effector cells
(reactive against tumor-associated proteins including HSP client proteins). To mini-
mize any deleterious effects of HSPi on vaccine priming of antitumor T cells in vivo,
one could also implement HSPi combination therapies involving the use of adop-
tively transferred antitumor (ex vivo expanded or genetically engineered to express
recombinant TCRs or chimeric antigen receptor (CAR)s). Furthermore, the antitu-
mor efficacy of these approaches would be expected to be bolstered by the addi-
tional inclusion of immune checkpoint blockade (ICB) via the administration of
antagonist antibodies against PD-1, PD-L1, and CTLA4, among others [150]. Given
the profound autoimmune sequela associated with ICB-based therapies, such toxici-
ties will need to be carefully monitored in any prospective combination HSPi + ICB
protocols.

In closing, it is also tempting to note that strikingly similar immunomodulatory
effects have been observed for histone deacetylase inhibitors (HDAC:H) that can also
operationally serve as HSP90i given their ability to promote the hyperacetylation of
lysine residues in HSPs that are critical to its function as a chaperone molecule
[151-153]. Like HSPi, HDACi have been reported to exert both immunostimulatory
and immunosuppressive effects in vitro and in vivo [154], with recent reports sug-
gesting that HDACi coordinately enhance DC, NK, and T-cell function against
tumor cells [155, 156]. HDACI can increase tumor cell sensitivity to attack medi-
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ated by T and NK cells based on tumor cell upregulation of MHC/CS or NK/NKT
cell ligands ([94, 157-159]) and protect T cells in the TME from apoptotic cell
death by suppressing Fas expression on T effector cells [160]. Furthermore, HDACi
have been found to synergize with immunotherapies (i.e., vaccines and ACT
approaches) to yield objective responses in the cancer setting [158, 161, 162]. Given
their dichotomous effects on the immune system, the clinical use of HDACi to aug-
ment therapeutic antitumor immunity would likely be subject to the same consider-
ations for reduced dose and intermittent scheduling as has been previously suggested
for HSPi applications. Furthermore, since HDACi have been reported to upregulate
checkpoint molecules (such as PD-L1 on tumor cells; [163]), it may be particularly
cogent to consider co-therapies using ICB in the clinical setting at outset.
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