Journal of Cancer Therapy, 2017, 8, 962-1029
http://www.scirp.org/journal/jct

ISSN Online: 2151-1942

ISSN Print: 2151-1934

Q‘:‘ Scientific
¢S Research

9,90, arc
0.00 Publishing

The Heat Shock Protein Story—From Taking
MTORC1,2 and Heat Shock Protein Inhibitors
as Therapeutic Measures for Treating Cancers
to Development of Cancer Vaccines

Peter Chin Wan Fung?*, Regina Kit Chee Kong?

'Division of Medical Physics, Department of Medicine, University of Hong Kong, Hong Kong, China
2School of Traditional Chinese Medicine, Southern Medical University, Guangzhou, China

Email: *peterallegro333@gmail.com

How to cite this paper: Fung, P.C.W. and
Kong, RK.C. (2017) The Heat Shock Pro-
tein Story—From Taking mTORCI1,2 and
Heat Shock Protein Inhibitors as Thera-
peutic Measures for Treating Cancers to
Development of Cancer Vaccines. Journal
of Cancer Therapy, 8, 962-1029.
https://doi.org/10.4236/jct.2017.811086

Received: October 7, 2017
Accepted: November 25, 2017
Published: November 28, 2017

Copyright © 2017 by authors and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution-NonCommercial
International License (CC BY-NC 4.0).
http://creativecommons.org/licenses/by-nc/4.0/

Abstract

Heat shock proteins (HSPs) serve to correct proteins’ conformation, send the
damaged proteins for degradation (quality control function). Heat shock fac-
tors (HSFs) are their transcription factors. The protein complexes mTORI1
and 2 (with the same core mTOR), the phosphoinositide-dependent protein
kinase-1 (PDKI1), the seine/threonine-specific protein kinase (Akt), HSF1,
plus their associated proteins form a network participating in protein synthe-
sis, bio-energy generation, signaling for apoptosis with the help of HSPs. A
cancer cell synthesizes proteins at fast rate and needs more HSPs to work on
quality control. Shutting down this network would lead to cell death. Thus in-
hibitors of mTOR (mTORI) and inhibitors of HSPs (HSPI) could drive cancer
cell to apoptosis—a “passive approach”. On the other hand, HSPs form com-
plexes with polypeptides characteristic of the cancer cells; on excretion from
the cell, they becomes antigens for the immunity cells, eventually leading to
maturation of the cytotoxic T cells, forming the basic principle of preparing
cancer-specific, person-specific vaccine. Recent finding shows that HSP70 can
penetrate cancer cell and expel its analog to extracellular region, giving the
hope to prepare a non-person-specific vaccine covering a variety of cancers.
Activation of anti-cancer immunity is the “active approach”. On the other
hand, mild hyperthermia, with increase of intracellular HSPs, has been found
to activate the immunity response, and demonstrate anti-cancer effects. There
are certain “mysteries” behind the mechanisms of the active and passive ap-
proaches. We analyze the mechanisms involved and provide explanations to
some mysteries. We also suggest future research to improve our understand-
ing of these two approaches, in which HSPs play many roles.
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1. Introduction to the Basic Function of Heat Shock Proteins

Numerous proteins are synthesized in the cells to function as enzymes for vari-
ous physiological functions. Through evolution, a very sophisticated “quality
control and repair system” has been developed for survival of the organisms,
from primitive to advanced species alike. A cell-system must maintain proteins
in their functional states by facilitating their proper folding, or their degradation;
this process is called protein homeostasis or proteostasis. A very delicate equili-
brium between synthesizing proteins and quality control, with degradation in-
volved, is of prime importance for survival. The key families of proteins partici-
pating in the quality control functions are the heat shock protein (HSP)/chaperone
families. A certain number of HSPs of various families are constitutively synthe-
sized and are translocated to the proper sites for action; some can also be found
in extra-cellular space. This is the situation when there is no disturbance from
the external environment. To show some basic functions of this quality control
machinery schematically, we present Figure 1. The left part of Figure 1(a) indi-
cates a properly folded protein. A newly synthesized protein (called a naive one)
may be in an unfolded form; aging or disease may also cause it to unfold (middle
part of the figure). Some constitutive heat shock protein(s) will fold the unfolded
structure to its proper form. Part (b) represents the situation where naive syn-
thesis, aging/disease may also disturb the protein’s structure so that it become
misfolded. The body needs special HSP(s) to refold it to its functional form. Part
(c) indicates that during aging or under certain pathological condition, some
proteins may be damaged. The host cell needs HSP(s) to send it for degradation
in the lysosome. In fact, a ubiquitin-dependent proteasome system is at work in
the lysosome to identify and degrades unwanted proteins, called defective ribo-
somal products (DRiPs), in the cytoplasm of all cells. During de novo protein
synthesis by the ribosome, around 3% of the proteins belongs to types (b) and
(c) of Figure 1, resulting from gene mutation, transcriptional and translational
mistakes. Signals are sent from the lysosome to the cell nucleus, initiating
mRNA translation of proteins so needed for such physiological processes [1].
HSP 90, HSP70 plus HSP40 participate in processes (b) and (c). These two
processes are competitive, but process (c) proceeds if a protein is in a state
beyond repair. The green structure with a small and large unit in Figure 1(d)

represents the ribosome where the protein translation takes place. Apart from
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Figure 1. General basic functions of Heat Shock Proteins as chaperones. (a) When a pro-
tein is synthesized and “shaped” properly in the endoplasmic reticulum, it is in a particu-
lar folded conformation. Aging or disease may cause it to unfold. A naive protein may be
unfolded too. Some constitutive heat shock protein(s) will fold the unfolded structure to
its proper form. (b) A naive protein, due to age/disease, may be misfolded. The body
needs HSP(s) to refold it to its functional form. (c) Also, during aging or under certain
pathological condition, some proteins may be damaged. The body needs HSP(s) to send it
for degradation. Processes (b) and (c) are competitive. Process (c) will happen if the pro-
tein is beyond repair. (d) Proteins are synthesized via a complicated series of procedures
which are well established. The green structure represents the ribosome where the protein
is translated from mRNA. If there are not enough HSPs to handle processes (a)-(c), these
proteins are prone to aggregate into a lump. Protein aggregation inside the cells are asso-
ciated with diseases [2]. Figure 1 was hand-painted by author PCWF.

the general bio-synthesis, during stress stimuli, more proteins are synthesized

naturally. If there are not enough HSPs to handle processes (a)-(c), these pro-
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teins, may they be of the same type, or of difference ones, together with DRiPs,
are prone to aggregate. Protein aggregation inside the cells are associated with
diseases (such as AD in the brain), and may even cause cell death. Hence, HSPs
are indispensable in cell survival. More details may be found in Figure 2 (see al-
s0 [2]). Detail description is presented in Section 5.

In living, a number of signals (or stresses) often come from outside the cell
rather frequently, and a series of sensors/receptors at the cell membrane exist
there to pass on these signals to a machinery/network within the cell and parts of
this machinery must be closely interacting with the membrane sensors/receptors.
These stresses include heat shock, sudden change in pH value, change in osmotic
stress, presence of heavy metals, occurrence of hypoxia, ischemic injury and
others. Such stresses are in general transient, depending on the nature of the
disturbances. Therefore, during stressful conditions, more HSPs are synthesized,
and they are called inducible HSPs (iHSPs).

Based on the simple schematic representation in Figure 1, since HSPs are es-
sential ones to make other proper proteins which take parts in numerous physi-
ological reactions for survival, it is not at all surprising to find that HSPs to be
evolutionarily conserved in basically all types of species, being around 2.6 billion
years old. Plant HSP70 is found to be about 70% homologous with human
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Figure 2. mTOR Complex 1 (mTORC1) is composed of the “core” protein mTOR, plus four other subunits Raptor, MLSTS,
PRAS40, and DEPTOR. In order to synthesize proteins, the mTORCI complex must also be attached to a ribosome. The complex
mTORCI received signals from growth factors, amino acids, mechanical stimulus, oxidative stress, and cytosolic energy availabil-
ity to activate gene expressions of proteins. The mRNA passes between the small unit and large unit (which contains the tRNA) of
the ribosome. The sequence of amino acids building up the newly synthesized protein enters the Endoplasmic Reticulum for
“quality control” as explained in Sections 1 and 2. Since some of those proteins synthesized are beyond repair, they must be de-
gradated. The protein Ragulator, interacting with the Rag GTPases, recruits the mTORC1 complex and amino acids to the surface
of lysosomes, where Rheb is localized and can act on mTORCI, because lysosomes are locations where degradations of proteins
take place. Remark that the heat shock factor 1 (HSF1) is also attached to mTORCI; on being released, HSF1 is translocated to the
nucleus and cause activation of a group of HSPs’ expressions. The synthesized HSPs work as chaperones in the ER and near mito-
chondria as explained. Activation of the PDK1-Akt-mTORC2 pathway is also shown in the same diagram. Receptor tyrosine ki-
nases (RTKs) are cell surface receptors for many polypeptide growth factors, cytokines, and hormones, including insulin. Phos-
phatidylinositol-3 kinase (PI3K), which is a signaling molecule, is recruited to the cell membrane by the activated growth factor
receptors. Phosphatidylinositol 4,5-bisphosphate or PIP, or PI(4,5)P,, is a minor phospholipid component of cell membranes.
Then lipid PIP, generates the activation of lipid PIP,, another phospholipid that resides inside the cell membrane, leading to the
activation of the “master kinase” PDK1. PDK1 activates 4 kinases: (1)-(3) Protein Kinase A, B, C and (4) Ribosomal protein kinase
-1 P70-S6K (or S6K1). Protein Kinase B is also called Akt protein. In the mTORC2 pathway, the isoform Akt2 is involved, which
activates the mTORC2. The ribosomal protein kinase S6K1 is attached to a small unit of the ribosome, which in general is free
inside the cytosole. Thus, PDK1 regulates both mTORC1 & 2 complexes. mTORC2 also controls the Glut4 receptor, which is ac-
tivated by the ChREBP a and S complex in adipose and muscle, thus involving in metabolism. Glucose/carbohydrate enters the
cell undergoes glycolysis and the product becomes the fuel of the mitochondria for bio-energy production. Note that mTORC?2 is
located in the MAM, a layer between a mitochondrion and the surface of an ER. Grp75 is a chaperone of the HSP90 family, par-
ticipating in Calcium ion transfer from store to the mitochondria to work on the electron transport chain. Recent studies indicate
that HSP70 activates mTORC2, which also participates in the translation of mRNA to protein after the initial stage (by the
mTORC]I). Therefore, a ribosome is drawn in the neighborhood of mTORC2 complex. On the other hand, the tumor suppressor
LKBI1 activates the AMPK pathway, leading to activation of the TSC 1 and 2 complex, which inhibits protein Rheb and hence
mTORCI, as a negative regulation to protein biosynthesis. Sufficient bio-energy inside the cell inhibits the AMPK pathway, and
thus effectively activating the synthesis proteins. AMPK also regulates the activity of the forkhead box transcription factors
(FOXO), which gives signal to the nucleus of apoptosis in case there is insufficiency in bio-energy. Hence, sufficient intracellular
energy also rescues the cell from apoptosis. PTEN is the negative feed-back protein for the activation of PDK1, and thus control-
ling the amount of energy generated by the mitochondrion. In this figure, some typical locations of the dominant HSPs are shown.
In particular, we note that recent findings show that HSP40 works closely with HSP70, and they are therefore expected to be colo-
calized in their active forms [30]. We note also that recent discovery indicates that the small HSPs are regulators of cell death, and
their locations could then be translocated from the cytosole to the nucleus when they function as such [33]. Active mTORC2 pro-
tein is also found to be close to the cell membrane [79]. Finally, p53, as an anti-cancer protein, activates AMPK, effectively leading
to apoptosis. The network in this diagram is well-known by researchers in this field by now, with different settings, depending on
the proteins involved in the text. The authors compiled results from many sources without major adaptation, to the best of recol-
lection of the authors. Figure 2 was hand-painted by author PCWEF.

HSP70 [3]. These proteins are generally anti-inflammatory intracellularly but
become pro-inflammatory extracellularly as a warning signal to foreign intru-
sion.

Through rather extensive studies in the past several decades, we now know
that each HSP is consists of two basic types of protein structures, the molecular
chaperones and co-chaperones, which together handle protein conformation
briefly sketched above. There are several families of heat shock proteins to be
classified in more details in the next section. In general, the number attached af-
ter the symbol HSP represents the (approximate) molecular mass in units of
kDa; several of these numbers are not all accurate due to their discoveries at dif-

ferent times, under different conditions.
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For simplicity, the “intermediate steps” are omitted in Figure 1. We add in a
few words here. First the unfolded protein transits to the intermediate state with
the help of HSP90, 70, 40 and others. If the unfolded proteins form aggregates,
they may be rescued by the members of the HSP100 family and go to the inter-
mediate state. Proteins at the intermediate state can also form aggregates and
they are degraded by the appropriate enzymes. The “proper intermediate pro-
teins” interact with ATP-dependent chaperones in the families of HSP90, 70;
these chaperones work with the assistance of co-chaperons (e.g., Bagl, Hip, and
Hdjl, as the non-client binding molecules that assist in protein folding mediated
by HSP70 and HSP90) proceed to make sure that the intermediate proteins have
the proper conformations to become the natural native proteins [4].

It was learned long ago that heat or other shocks induce HSP genes to express
only in the presence of heat shock elements (HSE) in the genes’ non-transcribed
regulatory sequences [5]. Heat shock factors (HSFs) are proteins that bind spe-
cifically to these HSE sequences. Therefore, it is commonly accepted now that
the expressions of the HSPs are regulated mainly by heat shock factors, in par-
ticular heat shock factor 1 (HSF1) [6].

When certain dysplasia and carcinogenesis is in progress, many proteins gen-
erated are abnormal in structure. For a cancer cell to exist as such, we consider
that it needs many more HSPs because the growth and cell cycle progression is
abnormally fast, leaving a large number of peptides/proteins inside the cell to go
through the steps sketched in Figure 1. When the HSPs are bound to these
clients (proteins being handled), they form complexes and have certain signa-
tures of the special carcinogenesis process involved. Many HSP complexes are
found to be in close proximity of the cancer cells, and have been invoked to be
participating in the carcinogenesis process in many studies. In fact, they appear,
together with some other proteins, as small lumps of molecules, outside, around
a cancer, now to be called the “exosomes”. During the past decade, a number of
anti-cancer drugs have been designed/developed employing certain HSP inhibi-
tors. In in vivo studies, these drugs do show anti-cancer effects (see e.g. [7]).

On the other hand, whole body or local mild hyperthermia has been applied
along or in adjunct with radiotherapy/chemotherapy as anti-cancer therapy for
2/3 decades (see e.g. [8]). We know that hyperthermia will induce more HSPs to
be synthesis in response to the heat shock. So there seems to be a big contradic-
tion between finding many HSPs in the exosomes and many HSPs intracellularly
to protect the host organism.

Moreover, the PDK1-Akt-mTOR network is involved in the growth, survival,
apoptosis of a cell, and a string of enzymes are regulating a large number of
reactions in a holistic way. So far we know, the mTORC1 complex is regulating
the synthesis of proteins (plus other functions) and the mTORC2 complex is in-
volved more in metabolism and protein “shaping” in the neighborhoods of the
quality control factory—endoplasmic reticulum, as well as the mitochondrion,
with the help of many HSPs. The mTORCI & 2 are not working alone, but re-
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gulating each other via down-stream pathways (Section 5, Figure 2). To inhibit
excessive protein synthesis, a series of inhibitors of mTOR1,2 (mainly mTORC1,
such as the well-known rapamycin; see also [9]) have been found, studied rather
extensively up to clinical trials to treat cancer, with certain efficacies plus side
effects.

While developing a number of inhibitors of HSPs and mTORCI to treat can-
cer, the cancer vaccines have also been developed around the past decade. The
basic principle is based on the existence of HSP-complexes with cancer signa-
tures as antigens on the cell surface; these antigens activate antigen-presenting
cells (APC) to internalize such HSP-complexes via endocytosis and re-present
these antigens with major histocompatibility complexes (MHCI, MHCII) mole-
cules on the cell surface, to the CD4+ T & CD8+ T cells respectively. The lym-
phocytes can register the antigen signals, leading eventually to cytotoxic action
on the cancer cells, after maturation. There is also new evidence that even the
helper T cells (CD4+ T) can also become cytotoxic lymphocytes directly if the
cancer cells are MHCII positive. The role played by efficient trafficking, via ad-
hesion molecules, of the antigen-presenting cells and T cells through the post-
capillary venous swellings called high endothelial venules (HEV) across the can-
cer, is also important and is discussed in this paper, because heat shock and
overexpression of nitric oxide endothelial synthase [10] would lead to vessel di-
lation, counteracting the hypoxia condition, which is well-known to be impeding
the arrival of medicine during chemotherapy treatment.

Numerous regulatory pathways are involved in a single cell in physio-pa-
thological processes. Though some interactions are more prominently or more
easily detected/observed scientifically, we need to consider the contributions
from as many interactions as possible. All analyses are thus limited by practical
reasons; all we can do is to identify certain key regulators or check-points so that
therapeutic measures can be developed and applied, leading to beneficial effects.
As communication is very fast nowadays, detail reviews, based on discoveries of
different groups and on different aspects published from time to time serve to
help understanding the progress of curing this particular disease which is better
specified by hallmarks rather than a small number of well-defined pathways.
Suitable treatments can then be developed accordingly with fine adjustments
from time to time. Therefore, review for this disease is inevitably long.

In Section 2, we introduce the classes of HSPs and their basic functions. The
typical evidence on the benefits of mild hyperthermia alone or adjunct to other
therapies is presented in Section 3. Since heat shock would lead to synthesis of
HSPs, we might, at first sight, expect that cancers are short of HSP. On the con-
trary, abundant HSPs and HSFs proteins are found among cancers of various
types. Typical examples of these findings are reviewed in Section 4, including the
report on the maintenance of cancer stem-like cells by HSF1. The detailed re-
view of the key regulatory functions of the PDK1-Akt-mTOR-HSF network is

presented in Section 5. Some examples of various drugs targeting mTORC1
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and/or mTORC2, HSPs, or their combinations relevant to the discussion of this
paper are reviewed in Section 6. The basic principles of the HSP70-based cancer
vaccines are reviewed in Section 7, including analyzing the roles played by
HSP70 in the cross-presentation process, which is the key process that a cancer
vaccine works. There are quite a number of “mysteries” or unexpected results
behind in the development reviewed in the materials up to Section 7. In Section
8, we attempt to provide some answers/explanations to some of these issues. In
particular, we discuss the discovery that mild hyperthermia improves trafficking
of APC and T cells through the narrow vessels around the cancer site with the
help of adhesion molecules, and a detail account of the mechanism of the
cross-presentation process. We also introduce the finding that HSP70 complex
can induce NK cells to eradicate cancer. The plausibility of preparing a cancer
vaccine to cover a wide range of cancers is also analyzed. The evidence of mild
hyperthermia being able to protect the integrity of the telomeres is briefly dis-
cussed. Several examples of FDA approved HSP-based and mTOR-based (also
closely related to HSP function) anti-cancer drugs, plus a HSP-based cancer vac-
cine are discussed also. In Section 9, we put forth some suggestions on develop-
ing therapeutic measures/vaccines to treat cancers (as a matter of principles) and
further research. We find that HSPs are involved in many interactions discussed
in this paper. Our suggestions include works that are related to finding clues to
unanswered questions of the stated inhibitors and vaccines, inclusion of anal-
ysis in lipidomics, analysis of gene mutations using whole-exome sequencing
(WES) of multiple regions of individual cancer biopsies, a technology already
being used in some clinical organizations. Despite still facing some hurdles
ahead, our analysis seems to suggest that biomedical scientists and medical ex-
perts would see dawn to the state where cancer might mostly disappear, and if
they emerge, most of them can be cured with proper fine tuning therapeutic
treatments, as a matter of principle.

Cancer is the second leading cause of death globally, and was responsible for

8.8 million deaths in 2015; about 1 in 6 deaths are caused by cancer [11].

2. Classes and General Functions of Heat Shock Proteins
2.1. The Large HSP110 Family and Grp170 Family

There are several classes of HSPs according to their molecular masses: One of
the largest family of HSP so far found, tentatively called the HSP110 family, has
three members—HSP110, APG-1 & APG-2, being found in humans, rodents and
some primitive organisms such as Drosophila, Arabidopsis and a few others.
Another member of “large HSP family” is Grp-170, having members found in
humans, rodents, Saccharomyces cerevisiae, Drosophila, Caenorhabditis plus a
few others [12]. Different members of the HSPs are found in the cytoplasm,
nucleus, mitochondria, and endoplasmic reticulum (ER). We only specify the
sites for those members related to their functions discussed in this paper.

HSPs, in the initial step of their action, can recognize exposed hydrophobic
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surfaces short of nonnative proteins and these surfaces should be buried in the
native states to avoid protein-aggregation. HSPs then work in a series of steps to
help producing proper native proteins. Historically, glucose starvation, oxygen
deprivation, or calcium ionophores (capable of transporting ions across lipid
membrane) could lead to disruption of the function of the ER, resulting in ac-
cumulation of the yet unfolded proteins in the lumen of ER. A number of stress
proteins respond to this disruption and help to fold/refold the defective proteins.
Such stress proteins were named glucose-regulated proteins (Grps) then. In
mammals, the three main Grps are Grp78, Grp94, and Grpl170. Hence in litera-
ture, two different names refer to the same protein if they are homologous in
structure. Grp78, Grp94 are homologous to cytoplasmic HSP70 and HSP90 re-
spectively and they are therefore referred to as the same proteins. Grp94 will be
discussed with the group of HSP90 [12].

2.2. The HSP100 Family

The member HSP104 in this family was found in the budding yeast Saccharo-
myces cerevisiae. In general, members of this HSP family are involved in the
function of thermotolerance [13]. Organisms with mutation of this gene cannot
survive in both ends of extreme temperatures. The other members ClpA, B, C
were found in bacteria such as the cytosol of E. coli. Recently, HSP105a is found
to be a new member of this family, working as mammalian disaggregation/re-

folding machine, and is anticipated to protect neuronal diseases [14].

2.3. The HSP90 Family

The most abundant chaperone family is the HSP90 family with 21 clients and 23
co-chaperones [15]. A HSP90 does not participate in de novo folding of most
proteins but facilitates stabilization, refolding of denatured proteins after stress,
and working on the final maturation of a selected client protein to the proper
native form [16]. A HSP90 protein has a flexible dimeric structure composed of
three different domains [17]. In carrying out physiological function, a number of
co-chaperones and several hundred client proteins have been found so far to be
attached to HSP90 to form a complex; recent discovery reveals that one co-
chaperone is the Heat Shock Factor 1 (HSF1), the key protein which can induce
transcription of other HSPs [18]. There are four isoforms in this family: 1) in-
ducible cytosolic HSP90aq, 2) constitutive cytosolic HSP904, 3) the Endoplasmic
Reticulum localized glucose regulated protein 94 (Grp94, or Hsp90bl), 4) the
mitochondrial tumor necrosis factor receptor type 1l-associated protein (HSP75,
which is encoded by the gene TRAP1 in human, having a mass < 90 kDa). A re-
cent discovery reports that Hsp90 binds to the cytoplasmic tail of the LDL re-
ceptor-related protein-1 (LRP-1), anchoring the receptor at the dermal fibrob-
last’s membrane. On the other hand, the cell secrets HSP90« into the extra cel-
lular matrix and HSP90a binds and signals (via the LRP-1 receptor) to promote
fibroblast motility during the wound closure process [19]. It is proposed in the

same paper that a similar wound healing process might be at work in other parts
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of the body. The chaperone Grp94, or HSP90b1l contributes to the “working
factory” ER on protein conformal quality control briefly mentioned in Section 1,
including storing calcium for such process [20]. Since HSP75 (TRAP1) is located
in the mitochondrion, we have to introduce the mitochondrial Permeability
Transition Pore (PTP), which is a protein formed in the inner membrane of the
mitochondrion during certain pathological conditions. Opening of the pore in-
creases the permeability transition of the inner membrane, allowing small cyto-
solic molecules to enter into the mitochondrial matrix, leading to swelling and
malfunction of the mitochondrion. The result is cell death through apoptosis or
necrosis. HSP75 (TRAP1) interacts with preotein Cyclophillin D1 which con-
trols the function of the PTP. Note also that the Complex II (of the respiratory
chain) consists of four units: 1) succinate dehydrogenase, (SDHA); 2) succinate
dehydrogenase [ubiquinone] iron-sulfur subunit; 3) succinate dehydrogenase
complex subunit C; 4) succinate dehydrogenase complex, subunit D. TRAP1 al-
so keeps the Complex 2 of the respiratory chain active, in order to avoid reduc-
tion of glycolysis and oxidative phosphorylation of the respiratory chain. More-
over, recent studies show that TRAP1 is also found in the intracellular domain of
the type 1 receptor for the tumor necrosis factor (TNFR-1IC) on the ER [21].
This protein can activate the transcription factor NF-«B, mediate apoptosis, and
function as a regulator of inflammation. Moreover, HSP75 is suspected to par-
ticipate in largescale folding of chromatin fibers in the interphase nucleus also
[22]. Note that the member Grp94 is attached to the ER, but other members can
be found in the cytosol.

2.4. The HSP 70 Family

The HSP members of this family [23] [24] are mainly monomeric proteins that
reside in any adenosine-5’-triphosphate (ATP)-containing eukaryotic intracellu-
lar compartment and more are found in cell membranes [25]. Human HSP70
proteins can be classified into seven evolutionary groups, with different C-
terminal domains and N-terminal domains, which are likely to define their dis-
tinctive functions [23]. HSP70s are also brought into organelles. One can say
that members of the HSP70 family control various processes of cellular proteos-
tasis. Nine typical HSP70s are within the molecular range of (65 - 80 kDa) and
six have molecular mass > 80 kDa. Extracellular HSP70s carry out immunomo-
dulatory functions as cross-presenters of immunogenic peptides via the major
histocompatibility complex (MHC) found on the surfaces of cells (in all higher
vertebrates), helping the immune system to recognize foreign substances. In
humans a MHC complex is also called the human leukocyte antigen (HLA) and
functions as a chaperokine which stimulates innate and adaptive immunity as
well as stimulating the innate immune responses mediated by natural killer (NK)
cells (see review of [24]). Note also that the “immunoglobulin heavy-binding
protein” or Grp78 or BiP is located in the lumen of the ER. The 67 kDa member
of this family, called calnexin, is responsible for folding the MHC class 1a-chain

in the membrane of the ER. The major chaperone of Escherichia coli is called
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DnaK, which is a member of this family. Therefore, HSPs (in particular HSP70)
are involved in many physiological functions and are relevant to development of
anti-cancer vaccine and drugs, as will be clear later. A HSP70 also has a few

hundred clients.

2.5. The HSP 60 Family

The members of this family have molecular masses around 60 kDa [26] [27]. It is
considered as a mitochondrial chaperonin responsible for refolding and trans-
portation of proteins from the cytoplasm into the mitochondrial matrix. Heat
Shock Protein 60 is found to be a putative endogenous ligand of the Toll-Like
Receptor-4 (TLR4) Complex. The activation of TLR4 triggers the intracellular
signaling pathway NF-«B and production of inflammatory cytokines, leading to

the activation of the innate immune system.

2.6. The HSP 40 Family

In an attempt to identify and to characterize additional components of the HS
response that may be aberrantly expressed in obese subjects, using the human
RT?-Profiler PCR Array to target the HSR, the authors in [28] carried out a si-
multaneous screening of the expression profile of 84 heat shock-related genes
and compared the resulting expression pattern with that of the control nor-
mal-weight subjects. They reported the existence of the HSP 40 family. A mem-
ber called DNAJB3 in this family was found to be down-regulated in obese sub-
jects both at the RNA and protein levels. HSP-40 members can be expressed
both by constitutive process and also induced by stress. Members of this family
are closely related to diabetes. Recent findings show that HSP40 works closely
with HSP70, and they are therefore expected to be colocalized in active forms
[29] [30].

2.7. The Small HSP Family

Members of this family have small molecular masses within the range (12 to 43
kDa). They prevent stress induced aggregation of partially denatured proteins
and promote their return to native conformations under certain physiological
conditions [31]. Ten sHSPs, (called HSPB1-10), many of which are present at
high concentrations in muscle and implicated in disease, are present in humans
[32]. The ones commonly discussed are HSP 22, 25, 27 and 28. These proteins
are found in the cytosol and have the ability to suppress protein aggregation.
Recent discovery indicates that the small HSPs are regulators of cell death, and

their locations could then be translocated to the nucleus [33] [34].

2.8. Deletion of HSF1 Gene in Mammalian Cells Completely
Abrogates HSPs Induced by Heat Shock and
Other Types of Stresses

HSFs are the primary regulators of stress-inducible expressions of HSPs in eu-
karyotic cells. HSF1, which is the dominant heat shock factor of the heat shock
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factor family, normally exists as a non DNA-binding monomer which undergoes
trimerization in response to cellular stress. HSP90 is considered to be the sensor
to trigger such a trimerization process of HSF1 [35].

In general, the HSFs bind heat shock elements (HSEs) within the promoter
regions of HSP genes [36]. Of interest is the finding that deletion of HSF1 in
mammalian cells allows normal basal expression of HSPs but completely abro-
gates HSPs induced by heat shock and other types of stresses [37]. In another
study, using 1) HSF1 wild-type (+/+), 2) HSF1 heterozygous (+/-), and 3) HSF1
null (—/=) mice HSP17"", and Embryonic Fibroblasts (Cells from recombinant
clones), it was reported that constitutive expression of multiple HSPs (with HSPs
27, 60, 70 as examples) in these cultured embryonic cells was not affected by us-
ing any of the three stated genetic models. On the other hand, thermotolerance
(being able to survive high temperatures —43°C for 60 min in the experiment)
was not attained in HSF17/7 cells. Their main conclusion is therefore: consti-
tutive and inducible HSPs participate in distinct physiological functions [38].
Though only a limit of animal and cell types have been invested in studies such
as that mentioned above, since the HSFs and HSPs are highly conserved
throughout evolution, we consider such a conclusion remains true in our discus-

sion.

3. Mild Hyperthermia as a Therapeutic Measure to Treat
Cancers

3.1. Typical Examples of Anti-Cancer Effects of Mild
Hyperthermia, with Cases in Adjunct to Radio/Chemo
Therapy

Compelling evidence in the past two decades shows that local heating tumors
within the temperature range of 39°C - 45°C would induce anti-tumor immuni-
ty action. In practice, there are general three ways to treat cancer patients via
heating: 1) Whole body mild hyperthermia within the temperature 39°C - 41°C.
2) Regional mild hyperthermia applied to a relatively large area of the body, such
as a leg, also within 39° - 41° (the surface temperature can be one or two degrees
higher as the temperature reaching the tumor site is lower due to heat absorp-
tion). 3) Local hyperthermia to the tumor itself with a range of i) 41°C - 45°C
(without causing serious injury to normal tissues), or application of ii) high
temperature (even up to 80°C) for a very short time interval intending to ablate
the tumor, with focusing technique such as radio frequency radiation. Methods
1) and 2) mimic fever reaction. Method 3) is intended to trigger immunity re-
sponse usually not encountered in fever, a point to be echoed in point (e) below
[8] [39] [40]. Mild hyperthermia technique can be applied as an adjunct measure
of other treatments such as chemotherapy. When cells are exposed to hyper-
thermia, there are many changes in morphology and functions of proteins—to
name a few: a) Temperatures in the range of 39°C - 45°C can arrest cell prolife-

ration and kill cells. b) Change in membrane characteristics would modify cell
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morphology (an aspect to be followed up in Section 9.10 on lipidomics). ¢)
Members of the transient receptor potential (TRP) superfamily of the cation
channels are found to be temperature sensitive, and we expect a change ie in
intra- and extra-cellular level of calcium ion, which is the most important
second messenger [41]. d) The secondary structures of proteins are extremely
sensitive to heat, and hyperthermia could lead to protein denaturation [42]. e)
Change in immunity activities, some of which could result from d) [43]. We
consider all these changes are related directly or indirectly with carcinogenesis,
to be amplified in later Sections.

Now innate immunity is the first line of defense and is mediated by granulo-
cytes, monocytes, immature dendritic cells (DCs), natural killer (NK) cells, and
cytokines. After heating cancer cells in vitro at 39.5°C for 6 hours, it was ob-
served that the expression of ligand (MICA) (which is a Natural Killer Group 2D
(NKG2D) receptor) induced on infected cells or cancer cells was increased (but
not the MHC class I molecules), leading to increase in the chances of recognition
and killing by the NK cells [44]. However, another research group reported that
heating cancer cells at 43°C for only 30 min, the surface MHC class I molecules
increased, more CD8+ T cells were activated and there was a better anti-cancer
immunity response [45]. The above two results mean that different hyperther-
mija dosage would lead to activation of different receptors on the cancer cell
membrane as schematically shown in reference [46]. Already discussed in Sec-
tion 2.8, HSF1 responds only to stress. Hyperthermia would increase the number
of the inducible HSPs which contain potential cancer antigens HSPs, some of
which are secreted outside the cells. These antigens are mixed with some other
secreted peptides/proteins to be called exosomes on and around the cancer cell
membrane, which contain the potential cancer antigens to be picked up by the
antigen-presenting cells (APC) leading to killing of the cancer cells via cross-
presentation mechanism to be explained in more details in Section 8. Moreover,
immune cells such as NK cells, CD8+ T cells and DCs around the tumor struc-
ture are also activated at a temperature ~40°C (after a relatively long duration
~6 hours), leading to enhanced immunity response against cancer cells [46]. It
was also showed in another study that heating antigen-specific CD8+ T cells in
vitro at 39.5°C (for 6 hours) increases antigen specific, soluble cytokine interfe-
ron gamma (IFNy) production, which then participates in anti-cancer activity
[47].

One interesting property in an in vivo study using mice models and magnetic
nanoparticles is that the DCs in the heated cancer region migrate to the lymph
node with better efficiency than the ones in the unheated tumor [48]. We have
already noted that poor diffusion though blood vessel hinders the therapeutic
chemical and immunity cells to reach the cancer site. It has been shown that in
situ local hyperthermia increases the diameter of arterioles entering the cancer
region by 35% [46], allowing better trafficking of CE+8 T cells to undergo extra-

vasation from the vessel via adhesion molecule receptors, whose expressions are
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also enhanced by mild hyperthermia, an aspect to be amplified in Section 8.

In another investigation, twenty-eight patients suffering from the following
cancers participated in a test on the T cells activity after hyperthermia at 41.8°C
for 60 hours, in adjunct to radio/chemo-therapy: metastatic colorectal cancer,
cholangiocellular cancer, pleural mesothelioma, soft tissue sarcoma, ovarian
cancer, non-small-cell lung cancer. In these clinical trials, the activities of both
CD4+ and CD8+ T cells were significantly enhanced after the fever-like hyper-
thermia (priming at 48-hr post-treatment) [49]. There are many other cases re-

porting the anti-cancer effects of mild hyperthermia [50] [51].

3.2. The Evidence of Strong Anti-Cancer Effects of a Combined
Hyper- and Hypo-Thermic Modality on Mammary Metastatic
Cancer to the Lungs Based on in Vivo Animal Model
Study-HSP70 Appeared to Play Key Roles in Restoring
Immunity Power Which Has Been Suppressed by
Myeloid Derived Suppressor Cells (MDSCs)

Under quite a number of clinical settings, hyperthermia is used in combination
with other therapy, in order to achieve a better therapeutic result. On the other
hand, myeloid derived suppressor cells (MDSCs) are a heterogenous group of
immune cells originated from bone marrow stem cells. Under pathological con-
ditions such as chronic infections, neoplastic disorders, increase in reactive oxy-
gen species, nitric oxide generated v7a inducible nitric oxide synthase, cytokines
and many factors would effectively alter the haematopoiesis process (see Figure
1 of [52]), with the result that these cells proliferate and possess strong immu-
nosuppressive activities by interacting with other immune cells—including T
cells, dendritic cells, macrophages and NK cells. The consequence is that carci-
nogenesis is promoted. In addition to their suppression on innate (via modula-
tion of cytokine production of macrophages) as well as suppression on adaptive
immune responses, MDSCs have also been reported to promote tumor angioge-
nesis. MDSCs, which could well be a high potential cause of metastatic cancer,
were already found in blood circulation, spleen, lung and liver [52]. Therefore, it
is important to find out if hyperthermia could change this immunosuppressive
property of the MDSCs, for the benefits of the patients.

Using a transplantable mammary cancer cell line, the mammary metastatic
lung cancer murine model was created [53]. A special combined hyper- and hy-
po-thermia program was tried on these animal models: 1) Radio frequency (RF)
hyperthermia at 50°C for 15 min; 2) hypothermia at —20°C for 5 minutes; 3)
then followed by RF heating again at 50°C for 10 minutes. The result of this
treatment was compared with that of surgical resection or RF hyperthermia
treatment 1) alone. Based on analysis of the survival rate, serum HSP70, charac-
teristics of lungs & splenocytes, the main findings were: a) HSP70 induced
MDSC differentiation into mature macrophages in splenocytes on day 10 after
the stated three-step heat treatment. b) HSP70 induced MDSC differentiate into

matured macrophages in serum in vitro. c¢) Reduced expression of inducible ni-
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tric synthase (iNOS) in MDSCs. Note that iNOS could help to produce a large
amount of nitric oxide, which combining with the free radicals super oxide
(produced automatically in mitochondria during energy production) would
form the detrimental free radical peroxynitrite ONOO-. Peroxynitrite could af-
fect the structure of the molecules on the surface of any cell. In this case, T cells
(as example) became inactive (see Figure 1 of ref [54]). d) HSP70 induced
MDSC differentiate into matured DC in vitro. e) There is a significantly larger
amount of HSP70 released from necrotic cancer cells in tumor stroma, implying
more cancer cells have been killed. f) Reduction in number of immunosuppres-
sive MDSCs and increase of splenic immune effector cells. g) There was a higher
survival rate as compared to pure RF hyperthermia and surgical resection mod-
els. In short, this very recent study indicates that using this combined hyper- and
hypo-thermia method, HSP70 seemed to be able to inactivate the harmful
MDSCs and restore the immune cells to participate in their normal immunity
duty, thus inhibiting the metastasis process of mammary metastatic lung cancer
model [53]. That immunity cells being sensitive to temperature change is
well-known, learned through the benefits of fever during infectious attack, but
the restoration of immunity power after such hyper- and hypo-thermia treat-
ment is new. The power of HSP70 in promoting maturity of immunity cells is

well demonstrated.

4. On the Other Hand, There Are Numerous Examples
Showing the Association of HSFs and HSPs with the
Progress of Carcinogenesis

4.1. HSPs Are Found in Cancer Cites

There are many reports depicting the correlation of overexpression of HSPs and
carcinogenesis. For example, HSP27 expressions from specimens of 77 patients
suffering from the late stage of ovarian carcinoma were determined in ref [55].
All these patients received cisplatin- and doxorubicin-based chemotherapy. In
30 patients, HSP27 immunostaining was positive in 86% of patients before and
in 72% of patients after the stated chemotherapy. HSP27 expression was not re-
lated to any clinic-pathologic factor, including p53 expression. In particular, the
authors concluded “... however, the prognostic impact of HSP27 appears to be
somewhat weak and not independent. Which mechanism is responsible for the
possible impact of HSP27 on the biological behavior of ovarian carcinoma re-
mains to be elucidated”. In another clinical study [56], 10 specimens of dysplas-
tic nodules and 38 specimens of hepatocellular carcinoma were obtained from 52
hepatitis B surface antigen-positive patients. Immunohistochemical analyses of
the following HSPs were carried out in the stated specimens at different stages of
carcinogenesis: HSP27, HSP60, HSP70, HSP90, glucose regulated protein Grp78,
and Grp94. The expressions of HSPs are generally up-regulated during the de-
velopment of the disease. In particular, expressions of Grp78, Grp94, or HSP90

were reported to be correlated significantly with vascular invasion and intrahe-
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patic metastasis. In the investigation of [57], it was reported that up-regulated
expressions of Grp78 and Grp94 were possibly involved in pathogenesis, growth,
invasion, and metastasis of gastric carcinomas. They were considered objective
markers for the aggressive behavior and poor prognosis of the disease [57].
Many take the view that constant stressful conditions exist in the cancer envi-
ronment, with HSPs helping cancer cells to survive, and to obtain invasive phe-
notypes under these stresses. For some time, upregulation of HSPs have been
taken as diagnostic and prognostic markers in a number of cancers, eventually
leading to the development of inhibitors of certain HSPs and HSF1 as therapeu-
tic medicines for a number of cancers (see more details in the review of [58]).
We note also that there appears to be a tumor-selective effect of hyperthermia
in a critical range of temperature (40°C - 43°C) in vivo when applied adjunct to

chemotherapy [59].

4.2. HSF1 Has a Role in the Maintenance of Cancer Stem-Like Cells
(CSCs)/Cancer-Initiating Cells (CICs) Independent of Stress

A stress-responsive system is essential in primitive organisms as well as humans
for survival because various kinds of stress occur frequently. For obvious rea-
sons, (normal) stem cells and repair/regenerate cells of the organ are equipped
with such stress resistance ability [60]. However, another type of stem cells,
called cancer stem-like cells (CSCs)/cancer-initiating cells (CICs) were also iso-
lated from several tumors of breast, lung, colon and prostate. Cancer stem cells
(CSCs) are defined as a small population of cancer cells having the ability of high
self-renewal, differentiation, and having cancer-initiating functions. The stress-
responsive mechanisms are related to malignant phenotypes. Recent studies
have demonstrated that aldehyde dehydrogenase 1 (ALDH1) is a marker for
CSCs in adult cancers (see e.g. [61]). Injection of 10* ALDH"®" cells isolated
from endometrioid adenocarcinoma (HECI1) cell line, cancer initiation was ob-
served in 10 out of 11 mice models in [62]. Note that siRNA is a synthetic RNA
duplex designed to specifically target a particular mRNA for degradation. The
upstream transcription factor of HSP27 is heat shock factor-1 (HSF1) which
could be activated by phosphorylation at the serine 326 residue (pSer326) in
CSCs/CICs, and the evidence of phosphorylation at pSer326 is considered to be
necessary for induction of HSP27. In this very recent paper [62], using human
ovarian cancer samples, the authors showed that higher expressions of HSF1
pSer326 and hence transcription of HSP27 is associated with the survival of the
CSCs/CICs in these samples. The authors also noted that in the in vitro experi-
ment, both down-regulation and overexpression of HSF1 affect cancer-
sphere-formation under non-stress conditions. These results indicate that HSF1
has a role in the maintenance of CSCs/CICs independent of stress, when these
cells are matured. Based on the discussed in Section 2.8, HSF1 is only responsi-
ble for the transcription of the inducible HSPs, such result in [62] is surprising,

and deserves re-confirmation and further study of similar experiments, to find
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out whether HSF1 would significantly induce transcription of HSPs constitu-

tively.

5. The PDK1-Akt-mTOR-HSF1 Network
5.1. The mTORC1 Pathway

Growth represents the synthesis of new cellular components, which include
nucleic acids, proteins, and lipids. Growth is obviously related to the availability
of nutrients and energy. When the levels of these two sources are low, the or-
ganism must have developed a set of machinery 1) to suppress biosynthesis, 2) to
recycle the already old proteins in order to maintain an internal source of meta-
bolites for survival. Under the steady state condition, this machinery must en-
sure the synthesis and degradation rates are balanced, and must maintain that
the components are synthesized in the proper conformations (Section 1). This
machinery must be very robust to adjust for the emergence of external stimuli,
which could occur in unpredictable ways. Malfunction of this complex machi-
nery is certainly related to aging, various diseases, or even death. Two crucial
protein complexes mTORC1 & mTORC2, are working in concert with other
proteins and lipids in this machinery for such purposes. They share the same
core protein mTOR (Figure 2). The multicomponent kinase mTORCI is a nu-
trient/energy/redox sensor and controls protein synthesis for cells to grow, via
the normal mRNA translation. In addition to the “core” protein mTOR, the
mTORC1 Complex 1 is composed of the regulatory-associated protein Raptor,
mammalian lethal with SEC13 protein 8 (or subunit MLST8), PRAS40, and
DEPTOR. These five-member complex regulates cell growth by coordinating
signals from growth factors, cytosolic energy levels, mechanical stimuli, oxida-
tive stress and amino acids (and their derivatives) availability, and is deregulated
in diseases such as cancer and diabetes.

Under physiological conditions, if the signals favors the generation of pro-
teins, mTORCI sends signals to the nucleus to activate gene expressions of the
relevant proteins. The mRNA of the gene passes between the small unit and
large unit of the ribosome (which contains the tRNA), resulting in de novo pro-
tein synthesis. The sequence of amino acids then enters the ER for “quality con-
trol” of the naive protein.

On the other hand, the tumor-suppressor LKB1, which encodes a serine-
threonine kinase, directly phosphorylates and activates the 5' adenosine mono-
phosphate-activated protein kinase (AMPK), which is a central metabolic sen-
sor. AMPK regulates lipid, cholesterol and glucose metabolism in liver, muscle
and adipose tissue [63]. Biochemically, AMPK phosphorylates the tumor-sup-
pressor complex TSC1-TSC2 (hamartin-tuberin) which also helps to inhibit
mTORCI.

Recently, it has been found that the Rag GTPases (there are 4 isoforms A, B,
C, D found in mammals and B is the one involved in the interaction here),

which are members of the Ras family, transmit signals on the levels of glucose
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and amino acid to mTORCI, playing a role to initiate the mTORCI1 pathway
[64]. Moreover, it has been demonstrated that the protein Rheb is required for
amino acids to activate the mTORCI1 pathway [65] [66]. The protein Ragulator,
interacting with the Rag GTPases, recruits the mTORC1 complex and amino
acids to the surface of lysosomes, where Rheb is localized. We can say that the
Ragulator-Rag-GTPases complex serves as an amino acid-regulated docking site
for mTORCI on the lysosomal membrane [67]. This part of the mTOR pathway
is necessary, because some of the newly synthesized proteins may be beyond re-
pair in their structure (Section 1). Degradation of them is carried out in the ly-
sosome. The analysis in [68] revealed that Rheb has a significant positive effect
on the binding of the 4E-binding protein 1 (4E-BP1) to mTORCI, thus activat-
ing the mTORC1 complex, but not the mTORC2 complex [69]. In short, when
amino acids enter a cell, the mTORCI pathway is activated [70] and the mTORC1
complex is translocated to lysosomal membrane structures and also to the
neighborhood of a ribosome [67].

Note that the heat shock factor 1 (HSF1) is also attached to mTORCI1. On be-
ing released, HSF1 is translocated to the nucleus and causes activation of a group
of HSPs’ expressions. The synthesized HSPs work as chaperones in the ER and
near mitochondria.

The p53 protein is obviously involved in the mTORCI1 pathway. It has been
demonstrated that activation of p53 would inhibit the action of AMPK and
hence the action of the TSC1/TSC2 complex, leading to natural cell death, a re-
sult similar to energy deprivation [71]. In 2000, plasmids expressing chicken
HSF3, mouse c-Myb (a gene taking part in cell growth and neoplastic transfor-
mation), and human p53 were constructed in ref [72]. The result of this in vitro
study indicates that p53 suppresses the c-Myb-induced activation of HSF, in line
with the well-known property of the anti-cancer effect of the p53 protein via
promoting cell apoptosis or cell cycle arrest. The simple schematic diagram
representing the crucial pathways related to mTORCI is shown on the left side
of Figure 2.

5.2. The mTORC2 Pathway and Its Connection with the mTORC1
Pathway, Forming the PDK1-Akt-mTOR-HSF1 Network

Activation of the Akt-mTORC?2 pathway is also shown in the same diagram. The
complex mTOR?2 is composed of five sub-units: mTOR, mLST8, Rictor (large
protein with molecular weight of 200 kDa), SIN1 (has several isoforms with mo-
lecular weights ranging from 52 to 80 kDa), and PROTOR, which is insensitive
to the drug rapamycin [73]. Receptor tyrosine kinases (RTKs) are cell surface
receptors for many polypeptide growth factors, cytokines, and hormones, in-
cluding insulin. Phosphatidylinositol-3 kinase (PI3K), which is a signaling mo-
lecule, is recruited to the cell membrane by the activated growth factor receptors.
Phosphatidylinositol 4,5-bisphosphate or PIP, or PI(4,5)P,, is a minor phospho-

lipid component of cell membranes. Then lipid PIP, generates the activation of
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lipid PIP,, another phospholipid that resides inside the cell membrane, leading
to the activation of the “master kinase” PDK1 (phosphoinositide-dependent
protein kinase-1).

Now PDPKI1 activates the following enzymes. 1) Protein kinase A, (PKA)
whose activity is dependent on cellular levels of cyclic AMP and is a regulator of
glycogen, sugar, and lipid metabolism. 2) Protein kinase C, (PKC), which is a
member of the family of protein kinase enzymes which are involved in control-
ling the function of other proteins through the phosphorylation of hydroxyl
groups of serine and threonine amino acid residues. 3) Ribosomal protein kinase
F-1 P70-S6K (or S6K1), the phosphorylation of which induces protein synthesis
at the ribosome. 4) Protein Kinase B or Akt. The ribosomal protein kinase f-1
P70-S6K (or S6K1) is attached to the small unit of the ribosome which in general is
free inside the cytosole. For the generation of protein, a ribosome is attached to
mTORCI (Section 5.1). Thus, PDK1 regulates both mTORCI and 2 complexes.

mTORC2 also controls the Glut4 receptor, which is activated by the ChREBP
a & f complex, mainly found in muscle and adipose [74]. Glucose/carbohydrates
enters the cell undergoes glycolysis and the product becomes the “fuel” of the
mitochondrion for bio-energy production. Note that mTORC2 is located in the
MAM, a layer between a mitochondrion and the surface of an ER. In fact, there is
direct evidence that the ER, mitochondria, and MAM (mitochondria associated
ER membrane) are physically joined together by the IP3 receptor (IP3R)-Grp75-
VDACI1 (voltage-dependent anion-selective channel 1) trimeric complex [75].

The inositol 1,4,5-trisphosphate receptor (IP3R) is on the endoplasmic reti-
culum (ER) and the voltage-dependent anion channel (VDAC) is located on the
outer mitochondrial membrane. Remember that Grp75 (TRAP1) is classified as
a member of the HSP90 family. The mitochondria must be working within a
very narrow range of Ca® concentration for proper metabolic rate for survival,
and the Ca* ion is supplied by the calcium store in the ER. Isolating ER from
mouse liver extract, the proteins Rictor and Sinl (and hence mTORC2) were
identified at the MAM. Therefore, we can say that Grp75 participates in regulat-
ing the electron transport chain process.

On the other aspect of the whole regulatory network, the tumor suppressor
LKBI activates the AMPK pathway, leading to activation of the TSC 1 and 2
complex, which inhibits Rheb and hence mTORCI, as a negative regulation (left
side of Figure 2). Sufficient bio-energy inside the cell inhibits the AMPK path-
way [63], and thus effectively activating the synthesis proteins. AMPK also regu-
lates the activity of the fork head box transcription factors (FOXO), which gives
signal to the nucleus for apoptosis. Sufficient intracellular energy also rescues the
cell from apoptosis.

PTEN is the negative feed-back protein for the activation of PDK1, and thus
controlling the amount of energy generated by the mitochondria in the cell.
Note also that HSP70 is required for mTORC2 formation and its activity via in-
teraction with Rictor [76]. Whereas mTORCI is responsible in the initial process
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of RNA translation, there is evidence that coordinated control of mRNA transla-
tion and processing of nascent polypeptides (as generated in the large unit of the
ribosome) requires the participation of mTORC2 by interacting with the ribo-
somal protein S6 [77] [78]; in other words, mTORC2 is also physically associated
with a ribosome. There are many ribosomes inside a cell. Whether mTORC1
and 2 are physically associated with the same ribosome is not yet fully unders-
tood. The active mTORC2 protein is also found to be closed to the cell mem-
brane [79]. Thus, the two complexes are working in an intermingled way, and
the locations are yet to be identified under different situations.

The mTORC2 pathway is also shown schematically on the right-hand side of
Figure 2. Many HSPs have to be involved in shaping the newly synthesized pro-
teins in the proper forms. We do not specify all the types of HSPs involved,
but refer the reader back to Section 2 for details. Summarizing, the PDK1-Akt-
mTOR-HSF1 network, a name assigned to the complex regulation mechanism of
all the pathways schematically represented in Figure 2, plays very important role
in metabolism, growth, survival of a cell in general.

Recent findings show that HSP40 works closely with HSP70, and they are ex-
pected to be colocalized in active forms [29] [30]. Recent discovery also indicates
that the small HSPs are regulators of cell death, and their locations could then be
translocated to the nucleus when they function as such [33].

A well balance mechanism of the PDK1-Akt-mTOR-HSF1 network is of
prime importance in health. Upsetting this balance, such as over synthesis of
proteins either constitutively, or responding to continuous external stress (such

as ROS), could fall into hallmarks of carcinogenesis, quick aging, or diabetes.

5.3. Influence of Mechanical Stimuli on the Protein Complex
mTORC1

Half a century ago, an antifungal-antibiotic compound produced by microbes
(Streptomyces hygroscopicus) was isolated and subsequently named rapamycin.
Rapamycin was found later to inhibit the phosphorylation of the mitogen-acti-
vated 70 kDa ribosomal protein S6 kinase (p7056K) leading to cell cycle arrest
from the G1 to S phase, implying rapamycin would suppress growth [80]. The
mechanistic target of rapamycin (mTOR) is found in the multiprotein complex,
mTORCI, and has been inferred to regulate protein synthesis and skeletal mus-
cle mass. As skeletal muscle makes up around 45% (by weight) of the whole hu-
man body, such muscle also plays crucial role in the regulation of the metabol-
ism process in normal life [81]. Hence, the maintenance of skeletal muscle mass
is important for mobility, (indirectly) disease prevention and quality of life. Ob-
viously, a balance of the rates of protein synthesis and protein degradation is the
determining factor of muscle mass homeostasis. Muscle mass homeostasis can
be shifted either way quickly due to variations in nutrients, neural activity, cyto-
kines, growth factors, hormones and mechanical loading, among which me-

chanical loading plays the key role (see e.g. [82]).
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Activity of S6K1 has been linked to activation of mTORCI. In general, exer-
cise is anticipated to be related to mTORCI1 activity. However, the correlation of
mTORCI activation and the specific type of exercise (such as endurance exer-
cise, which is characterized by the repetition of low to moderate force contrac-
tions over a prolonged period of time) is still under investigation (see review of
[83]). Since there is no evidence, and one does not see the logic that exercise
would lead to carcinogenesis, we consider that proper activation of the mTORC1
pathway is part of healthy living.

5.4. Activation of Helper T Cells by the Two mTOR Complexes

Apart from participating in metabolism and growth, there is increasing evi-
dence that the mTOR complexes also integrate signals from the immune micro-
environment to promote dendritic cell activation and maturation, to regulate
(killer) T cell activation against energy.

The first step (called signal 1) of adaptive T cell response is the ability of T cell
receptors (TCR) to specifically recognize a large number of different antigens.
For a T cell to take action, it has to receive another signal (Signal 2), which is a
specie-specific accessory signal delivered by the antigen-presenting cell (APC).
When the peripheral membrane protein B7 (or during virus infection, this pro-
tein could be a virus peptide) is located on the surface of an APC, and a surface
receptor protein called CD28 is found on the membrane of a T cell, the interac-
tion/binding between B7 and CD28 causes the activation of T cell, recognizing
the APC. Now the activation of the APC is considered to be the result of stimu-
lation by virus-associated, pathogen-associated molecular patterns (PAMPs).
This is a typical (positive) signal 2. If another protein CTLA-4 (a cytotoxic
T-lymphocyte-associated protein 4 (a “check-point” for immunity regulation))
appears on the surface of the T cell, there is no interaction between the APC and
T cell, leading to T cell tolerance (we may call it a negative signal 2). If the T cell
receives a net positive signal, immunity action takes place. For non-infectious
response such as cancer and organ transplant, the “Danger theory” states that in
this model, immune activation (of the APC) occurs when antigen is presented
together with the “danger signals”, which could be fragments of DNA, RNA,
HSPs, serum amyloid A protein, uric acid and also cytokines. These are naturally
released to the extra-cellular matrix during cell necrosis. Thus, the antigen-pre-
senting process is not simple, and the mechanism must be through the function
of some intracellular components after integrating a series of intracellular and
extracellular signals from the microenvironment [84].

It is also interesting to learn that CD4+ T cells in the absence of mTOR would
not differentiate into effector cells which are relatively short-lived activated cells,
but would become Foxp3+ regulatory (T) cells. Regulatory T (Treg) cells play
crucial role in regulation of immune responses to self-antigens & allergens, de-
monstrating immune responses to infectious agents and tumors, whereas the

transcriptional factor Foxp3 is a lineage specification factor of Treg cells [85].
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Using gene-knockout mice model T-Rheb—/- mice, it was demonstrated that
m-TORCI1 signaling leads to the differentiation of helper T cells of the types Thl
and Th17, but m-TORC2 signaling leads to the differentiation of helper Th2
cells. Of interest also is that cytokines IL-12 and IFN-y promote the sustained
activation of mTORCI activity in CD8+ T cells [86]. Note that Type 1 helper
cells produce interleukin (IL)-2, gamma-interferon (IFN-y) and tumor necrosis
factor-B (TNFp), and they induce delayed-type hypersensitivity reactions. Re-
lated to carcinogenesis, there is evidence that Thl renders macrophages to kill
cancer cells [87]. Th17 cells secret cytokines IL-17A, IL-17F, IL-21, and IL-22.
Th17 cells with their effector cytokines mediate host defense against extracellular
bacterial infections, and are involved in the pathogenesis of many autoimmune
diseases [88]. The effects of Th17 on the cancer microenvironment are still un-
clear [89]. On the other hand, Th2 cells express cytokines IL-4, IL-5, IL-6 and
IL-10, which very effectively lead to the secretion of, particularly Immunoglobu-
lins E (IgE), being antibodies participating in allergic responses, by B lympho-
cytes [90]. In another group, transferring ovalbumin (OVA)-specific Thl or Th2
into mice bearing MHC class II OV A-expressing cancer cells (A20-OVA, or
lymphoma cells expressing ovalbumin), it was demonstrated in [91] that both
types of helper T cells have strong anti-cancer immunity activities. Very recent
study under clinical setting shows that the combination of Thl and Th2 cells
have anti-cancer effects of lymph node metastasis [92].

As the inhibition of the mTORCI signaling has been shown to be related to
anti-cancer effects, but the evidence of this Section 5.4 just reviewed suggests the
opposite result. Such a result indicates that the involvement of the PDK1-Akt-
mTOR-HSF1 network must have very subtle, regulatory properties, as expected.
The pro- or anti-carcinogenesis process has to be considered in a holistic man-

ner. This issue will be followed up in Section 8.

5.5. The FOXO, Intrinsic, & Extrinsic Pathways of Apoptosis

A naturally occurring cell death process is critical for the development of multi-
cellular organisms and survival factors which suppress the intrinsic cell death
machinery so that a balance is reached, while protein synthesis is going on and is
regulated [93]. It is well known that cell cycle progression is activated by cyc-
lin-dependent kinases (CDKs) which are a family of multifunctional enzymes
that can regulate/modify different protein substrates involved in cell cycle pro-
gression. Cyclins are the activators of these enzymes. Cyclins D, E, A, B of this
family are involved in the progression of the G1, S, G2, phases, eventually to
mitosis. Hence, inhibitors of these cyclins (CDKIs), such as the CDKI p27KIP1,
will cause cycle arrest. Now Akt can phosphorylate FOXO3 (Figure 2) on the
three residue sites: T32, $253 and S315 both in vitro and in vivo. It has been
shown that down regulation of PI3K-AKT pathway (e.g. through inhibition by
PTEN) leads to translocation of the dephosphorylated FOXO3A into the nuc-
leus. Nuclear FOXOs (in particular FOXO3A) activates several pro-apoptotic
genes, such as BIM, PUMA which suppress the cell cycle gene CCND2 (a typical
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cell cycle gene) by direct transcriptional control [94]. Hence, down regulation of
the PI3K-Akt pathway, or effectively, lack of growth factors (remembering
mTORC2 is also the up-stream activator of Akt) leading to inhibition of both
mTORCI,2 would cause accumulation of FOXOs in the nucleus (see Figure 2 and
Figure 3). The activation of BIM, PUMA (in the nucleus by FOXOs) down regu-
lates CCND2 and the consequence is apoptosis. Moreover, there is evidence that
protein FOXOs upregulate CDKI p27KIP1, and hence promote cell cycle arrest at
the G1/S boundary, and we can view that FOXOs cause apoptosis by arresting the
cell at the G1/S boundary [94]. Note that all the FOXO1, FOXO3, and FOXO4 are
expressed in mammals. FOXO1 is highly expressed in adipose, while FOXO3 is
abundant in various tissues including brain, heart, kidney, and spleen. We use the
symbol FOXO 1, 3 to represent such proteins in the majority of organs here [94].

On the other hand, there are two other cell death processes. Cysteine-aspartic
proteases (caspase), are a family of protease enzymes (about 12 in human) in the
cytoplasm, playing essential roles in programmed cell death including apoptosis,
pyroptosis and necroptosis, but we will consider only apoptosis here. The apop-
topic caspases are subclassified as: Initiator caspases (caspase-2, caspase-8, cas-
pase-9, caspase-10) and executioner caspases (caspase-3, caspase-6 and cas-
pase-7). First note that the BCL2 family members form hetero- or homodimers
and act as anti- or pro-apoptotic regulators, plus other functions. Proteins BAK
and BAX are two such members and BAK is constitutively attached to the outer
membrane of the mitochondria (OMM), whereas BAX is in the cytosole [95].
Cell stress activates pro-apoptotic protein BID, and recruits BAX to BAK, leading
to activation of the BAK/BAX system. Once activated, BAK and BAX form proteo-
lipid pores in the OMM, allowing release of cytochrome c to the cytosole, pro-
moting caspase activation. The cytosolic cytochrome ¢ binds to the heptameric
apoptotic protease activating factor 1 (APAF-1) in the cytoplasm; APAF-1, then
recruits initiator caspase-9 there, forming the (Apaf-1-cytochrome-c-caspase 9)
complex, which is also called apoptosome. After activation, the caspase 9 leaves
the structure and activates executioner caspases which then participate in de-
gradation of cellular components. This process is called intrinsic apoptosis [96].
On the cell membrane there are receptors called death receptors such as the FAS
receptor (FasR, also known as apoptosis antigen 1, APO-1). Fas forms the death-
inducing signaling complex (DISC) upon Fas ligand (such as TNF-related pro-
tein) to the cytoplasmic tail of the receptor (called the death domain), which re-
cruits the adapter protein such as Fas-associated protein with a death domain
(FADD), in response to the stated stimulus of ligand binding. FADD would, in
turn, activate an initiator caspase (e.g. caspase 8). This caspase activates typically
executioner caspase 3, leading to apoptosis. This apoptotic process, being trig-
gered by an external source, is called an extrinsic apoptosis. In Figure 3, we
present a schematic diagram of these three processes. We do not list the different
caspase members because the pro-caspases are found in different subcellular
compartments (such as only pro-caspase-2 was found in the nuclear fraction)

related to their activation mechanisms, the details of which are still under research
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Figure 3. The BCL2 family members form hetero- or homodimers and act as anti- or pro-apoptotic regulators, plus
other functions. Proteins BAK and BAX are two such members. BAK is constitutively attached to the outer mem-
brane of the mitochondria (OMM) [95]. Cell stress recruits BAX to BAK and the BAK/BAX system is activated.
Once activated, BAK and BAX form proteolipid pores in the OMM, allowing release of cytochrome c to the cyto-
sole, promoting caspase activation. Apoptotic protease activating factor 1 (APAF-1) is found in the cytoplasm;
APAF-1, then recruits initiator caspase-9 there, forming the (Apaf-1-cytochrome-c-caspase 9) complex, which is
also called apoptosome. After activation, the caspase 9 leaves the structure and activates executioner caspases which
then participate in degradation of cellular components. This process is called intrinsic apoptosis [96]. Death recep-
tor Fas forms the death-inducing signaling complex (DISC) upon Fas ligand binding (with Tumor necrosis factor
TNF, say). Such binding activates the cytoplasmic tail of the receptor (called the death domain), which recruits the
adapter protein, forming and activating a structure called “Fas-associated protein with a death domain (FADD)”, in
response to the stated stimulus of ligand binding. FADD would, in turn, activate an executioner caspase, such as
caspase 3, leading to apoptosis, as schematically represented in the figure. This process is called extrinsic apoptosis.
Following the pathways in Figure 2, downregulation of PI3K-AKT pathway (e.g. through inhibition by PTEN)
leads to translocation of the dephosphorylated FOXO3A into the nucleus. Nuclear FOXO3A activates several
pro-apoptotic genes, such as BIM, PUMA which suppress the cell cycle gene CCND2 (a typical cell cycle gene), re-
sulting cell cycle arrest. DNA fragmentation occurs. With reference to the functions of pathways mentioned in
Figure 2, effectively, dowregulation of mTORCI1,2 or PI3K-AKT pathway leads to apoptosis. This is the known
third apoptotic pathway. There is cross-talk between FOXOs and caspases in fibroblasts [100]. Figure 3 was
hand-painted by author PCWF.
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[97] [98]. The intrinsic and extrinsic processes are adopted from Figure 2 of [99]
and FOXO-dependent pathway follows from Figure 2 of this paper, with more
specification. We would remark that there is also cross-talk between FOXOs and
caspases in fibroblasts [100], so that effectively all the three pathways stated may
form a network. We will leave that aspect alone until there is more evidence of
such relation from more cell types.

5.6. PERK-elF2a-ATF4-CHOP Apoptotic Signaling Machinery

In addition to the three apoptotic pathways described above, there is another
pathway which is related to the mechanism of drug action within the scope of
this paper. When a naive protein enters the ER, members of the HSP70 family
(Section 2) called Grp78, Grp94, Calreticulin are doing the quality control work
in ER. Apart from treating a naive protein in three ways as introduced in Section
1, driving the cell to apoptosis is another action. The overall action to accumula-
tion of misfolded proteins inside ER is called Unfolded Protein Response (UPR).
The UPR has three functions: 1) adaptive response which attempts to restore
homostasis (Figure 1); 2) feedback control, which turns off 1) if there are too
many misfolded proteins accumulated inside ER, then 3) there is pathway to
drive the cell to death [101]. For 3) to act, note that the Inositol-requiring en-
zyme 1 (IRE1), which is an ER-transmembrane protein, is sensing and respond-
ing to ER stress. IRE1 contains an ER luminal stress-sensing domain and a do-
main called RNase facing the cytoplasm. Upon receiving signal for action 3),
IRE1 proteins oligomerize and activate their RNase activity [102]. There are two
more proteins at the ER membrane; one is the protein kinase RNA-like endop-
lasmic reticulum kinase (PERK) which activates itself by oligomerization and
autophosphorylation of the domain facing the luminal side. Activation of PERK
in turn activates the third transmembrane protein, ie. transcription factor (ATF4),
which functions as a basic transcription factor. The activated ATF4 causes transla-
tional attenuation by directly phosphorylating the a subunit of the regulating in-
itiator (called elF2a) of the mRNA translation pathway [103]. ATF4 also en-
hances the expression of pro-apoptotic CCAAT/enhancer-binding protein-ho-
mologous protein (CHOP), leading eventually to translational attenuation of the
protein machinery involved in running the cell cycle progression. The result is
the cell is arrested in the G1 phase-apoptosis occurs [104]. In other words, inhi-
bition of HSP70 in cancer cells would drive the cells to follow the PERK-elF2a-
ATF4-CHOP apoptotic pathway, leading to anti-cancer effects. Here CCAAT is
a box motif in many enhancers. This is one reason for choosing HSP70 inhibi-

tors as potential anti-cancer drugs.

6. What Have We Learned from Experiments Using
Inhibitors of HSP90, mTOR, HSF1 to Treat Cancer Cells,
in Vitro and in Vivo?

6.1. Passive Potential Drugs

Inhibition of protein synthesis via inhibition of the mTORC1,2 complexes, trig-
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gering natural death of cancer cells through activation of p53, inhibition of HSPs
and HSF1, deprivation of amino acids, food, growth factors can stop cancer pro-
liferation to different degrees. We call these drugs “passive potential drugs/
measures”, as they have profound effects also on healthy cells. We will review
below some relevant benefits of certain typical ones being studied extensively

recently in their anti-cancer action below.

6.2. Targeting HSP90 Alone

Heat shock protein 90 (HSP90), together with its co-chaperones, can help over
200 nascent polypeptides to fold correctly, eventually leading to synthesis of the
proper proteins for constitutive cell signaling, physiological processes, and adap-
tive responses to various stresses. Now we know that this complex machi-
nery/structure participates even in transcriptional regulation and chromatin re-
modeling. In cancer, accumulation of mutated proteins, presence of high level of
reactive oxygen species, low pH, or even the presence of an abnormal number of
chromosomes (not 45 or 47, aneuploidy disease) form an unfavorable microen-
vironment for the cancer cells to survive. It is obvious intuitively that an inhibi-
tor of HSP90 is one class of potential drugs to be considered as a clinical meas-
ure to kill cancer cells. This typical inhibitor disrupts HSP90 activity by replac-
ing ATP in the N-terminal nucleotide-binding pocket. Such inhibition destabi-
lizes a large number of oncoproteins, leading to blockade of tumorigenic signal-
ing pathways, resulting in arrest of cancer cell proliferation, with further induc-
tion of apoptosis [105]. There are over 13 such inhibitors being tested and many
are used in pre- and some in clinical trials. Novobiocin, geldanamycin, 17-AAG
(tanespimycin), NVP-AUY922, NVP-HSP990 are five among those potential
medicines [7] [106]. The last two members (NVP-AUY922, NVP-HSP990) have
shown anti-cancer effects in primary cancer cells and animal models of mela-
noma, myeloma, gastric cancer, non-small-cell lung cancer (NSCLC), hepato-
cellular cancer, sarcoma, and breast cancer (see review in [107]). Of interest,
human cancer xenograft models (ie. human cancer cells being transplanted, ei-
ther under the skin or injected into the specific organ) GTL-16, NCI-H1975,
BT474, and MV4 were implanted subcutaneously into mice models. Standard
pharmacokinetics-pharmacodynamics analysis shows that NVP-HSP990 is a
potent and selective HSP90 inhibitor, inhibits growth of a range of cancer cells
just stated. We would not discuss the details of these xenograft models here.
However, we would emphasize that the importance of physiological functions
of the HSPs as explained in details in previous sections. A very sharp balance has
to be achieved for the host to survive and killing cancer cells at the same time. It
is of importance to understand the mechanism via which any HSP inhibitor
works, the details of which are hot lines of research at present. In fact inhibitors
of several HSPs are under clinical trials (see e.g. [108]). We found that one FDA
approved drug Gilotrif, which is a client of HSP90, together with a HSP90 inhi-
bitor showed much better anti-cancer effects than using Gilotrif alone in in vivo

animal study (see Table 1).
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Table 1. Examples of HSP-based cancer vaccine and HSP-related anti-cancer drugs.

FDA approved drugs
to treat cancer

Basic mechanism of action proposed

Type of cancers & reference
support of mechanism(s) before
or after FDA approval

Sipuleucel-T
(Oncophage Vitespen)
HSP based cancer
vaccines first
approved in
April, 2010

The drug Gilotrif
(afatinib), which is a
client protein of
HSP90, was approved
by FDA on July
2013 to treat
non-small-cell-lung
cancer. Ganetespib, an
HSP90 inhibitor,
together with gilotrif
as combination of
anti-cancer measure
in in vivo mice model
study is discussed
here.

0OSU-03012 (Ar-12)
Pre-Clinical Trial

0OSU-03012 (Ar-12)
Clinical Trial, Phase I
was announced in
2013 [179]

Torisel
(temsirolimus),
approved by FDA in
May, 2007;
intravenous injection

Afinitor (everolimus),
approved by FDA in
April 2012, oral

Person-specific vaccine. In preparation, first HSPs and antigens are isolated
from a patient’s cancer cells. The HSP/antigen complexes are made into a
vaccination. The patient receives injection once a week. Peptides of
HSP member Grp96 to be cross-presented to immunity cells,
thereby killing the cancer cells with such recognition.

The epidermal growth factor receptor (EGFR) is a tyrosine kinase
receptor. HERs are also transmembrane tyrosine kinase receptors. These
receptors belong to the ErbB receptor family. They are known to be
expressed by, and involved in the growth of a number of cancer cells.
Gilotrif was demonstrated to bind the kinase domains of EGFR, HER2 &
HER4 and thus irreversibly inhibits tyrosine kinase autophosphorylation,
resulting in downregulation of ErbB signaling. However, these kinases are
clients of, and binding strongly to HSP90 [173]. It is therefore not surprising
that HSP90 inhibitor Ganetespib, combined with inhibitor Gilotrif of such
kinases would reduce the synthesis of other HSPs other than HSP90
(because HSP90 is bound to heat shock factor 1; see Figure 2), and would
enhance the inhibition of the mTORCI1 pathway, causing stronger
anti-cancer effects (as compared to the situation using Gilotrif alone)
in in vivo mice model study reported [174], in our opinion.

High level of Akt was frequently detected in brain tumor such as Vestibular
schwannoma. At first, this drug was developed from cyclooxygenase-2
inhibitor celecoxib.OSU-03012 is an inhibitor of the upstream
protein PDK1, leading to inhibition of protein synthesis induced
by the mTORC1 pathway, therefore it could be interpreted
effectively as mTOR inhibitor initially.

More recently, it was found that OSU-03012 suppresses HSP70 member
GRP78/BiP expression that causes PERK-dependent apoptosis.

Interferes with the growth and spread of cancer cells in the body via
inhibiting protein synthesis initiated by the mTOR pathway. These
proteins include those that regulate progression through the cell cycle.
It is also used jointly with interleukin 2 and interferon alpha.

FKBP-12 is an immunophilin and peptidyl-prolyl cis-trans isomerase, and
Everolimus binds to FKBP-12, forming a complex. This complex binds to
mTORCI kinase directly, and inhibits the mTORCI pathway, leading to
inhibition of protein synthesis of the cancer cell.

Prostate cancer according to [172].
Refer to review on mechanism of
some prototype vaccines in
Section 7.1 and 7.2. Consult
discussion on possible non-person-
specific, non-cancer-specific vaccine
in Section 8.

The support of the drug Gilotrif to
treat metastatic non-small cell lung
cancer with EGFR mutations is based
mainly on the clinical trial reported
in [175]. See Sections 2 and 3, with
Figure 2 of the present paper on
functions of HSP90. See also [176]

Brain tumor like Vestibular
schwannoma according to [177]
[178]. See Section 5.2 with Figure 2
on details of mechanism according to
authors’ review opinion.

The drug was inferred to treat
glioblastomas also according to
[180]. See Section 5.6 on the
PERK-elF2a-ATF4-CHOP apoptotic
signaling machinery for details,
according to authors’ review opinion.

Kidney cancer (metastatic renal cell
carcinoma) according to [181]. See
Section 5.2 with Figure 2 for the
protein synthesis mechanism, and
Section 5.3 with Figure 3 on
FOXO-translocation induced
apoptosis, according to
authors’ review opinion.

It was approved by FDA to treat
renal angiomyolipoma associated
with tuberous sclerosis complex, but
the study of reference [182] reports
that the drug has efficacy on
proliferation of giant cell astrotomas,
pulmonary and skin lesions
associated with tuberous
sclerosis complex.
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Continued
The human epidermal growth factor receptor 2 (HER2), which is encoded
i K To treat hormone
by the ErbB2 gene, is a protein that appears on the surface of some breast . .
X . . receptor-positive, HER2-negative
cancer cells. HER2-negative breast cancers have little or no HER2 protein
. . . breast cancer. Phase 3
Afinitor and are considered to be low-grade cancers. A cancer is called . . K
. . . trial in patients with
(everolimus), hormone-receptor-positive (or HR+) and the cancer cells, like normal .
. . hormone-receptor-positive
approved July 2012, breast cells, may receive signals from the hormone that could promote .
. . . R i advanced breast cancer showing
oral growth. FKBP-12 is an immunophilin and peptidyl-prolyl cis-trans . .
. . i ’ . that the addition of everolimus to
isomerase, and Everolimus binds to FKBP-12, forming a complex. This docrine th h . d
endocrine therapy shows improve
complex binds to mTORCI1 kinase directly, and inhibits the mTORCI1 Py P
i B K i efficacy [183] [184].
pathway, leading to inhibition of protein synthesis of the cancer cell.
Autocrine factor such as insulin-like growth factor 1, has been implicated in
the proliferation of pancreatic neuroendocrine tumor cells [185]. The
Afinitor growth factor activates both the mTORC1,2 complexes and the network .
K . . . K . o X To treat advanced pancreatic
(everolimus), FDA described in Section 3 (see Figure 2). Everolimus inhibits the protein .
i . X neuroendocrine tumors. [186] [187].
approved May mTOR and thus the mTOR pathway of protein synthesis. Based on the third . . .
) . See details of Section 3 of this paper.
2011, oral trial of the key reference, everolimus has been shown to reduce cell

proliferation, angiogenesis, and glucose uptake in

in vitro and/or in vivo studies [185].

6.3. If One Attempts to Inhibit HSP90, HSF1 Has to Be Knocked
down Too

Oozytes from Xenopus laevis frogs were kept at 18°C. After heat shock at 33°C
for 1 hr, treatment with a HSP90 inhibitor novobiocin significantly diminished
HSF1-HSE-binding activity in a dose-dependent manner. The analysis of the
same paper points out that as HSF1 is closely associated with the HSP90 com-
plex, three mechanisms have to be considered related to the function of the
HSP90 inhibitor as a potential drug. The drug has to 1) inhibit the chaperone
function of the HSP90 itself; 2) inhibit the trimerization of HSF1, so as to inhibit
HSF1-HSE binding; 3) inhibit the transcription of HSP genes in the nucleus. The
outcome of that study already suggests that one specific inhibition (on HSP90 as
a chaperone) is not sufficient for at least as a temporary anti-cancer therapy. In
fact, inhibition of HSP90 has been shown to increase HSF1 trimer stability and
prolongs the heat shock response [109].

On the other hand, the newly developed RNA interference (RNAi) technique
is an RNA-mediated gene silencing mechanism. In a cell system, “silencing” is
achieved via the delivery of a double-stranded RNA (dsRNA) that matches the
mRNA target sequence. The dsRNA can be delivered as a siRNA (short interfer-
ing RNA) via transfection, or shRNA (short hairpin RNA or shRNA) by trans-
fection or viral delivery of a plasmid. Analysis of a large scale RNAi screen has
already been proved to be useful to understand the gene function of a cell sys-
tem. Applying this large scale RNAi technique to samples from 50 liver cancer

patients, HSF1 was identified as a sensitizer of HSP90 inhibitor, and that a com-

DOI: 10.4236/jct.2017.811086

989 Journal of Cancer Therapy


https://doi.org/10.4236/jct.2017.811086

P. C. W. Fung, R. K. C. Kong

bination of HSF1 inhibitor and HSP90 inhibitor has a pronounced effect in inhi-
biting the action of HSP90 [107]. The RNAi technique with HSF1 knockdown
and application of HSP90 inhibitor (NVP-HSP990 or NVP-AUY922) was also
applied to mice models and the following cancer cell lines: melanoma (A375,
A2058), hepatocellular carcinoma (Hep3B, Huh7) and colon cancer (HCT116).
The results substantiate the suggestion that the transcriptional activities of HSF1
induced by a HSP90 inhibitor provide a feedback mechanism to limit the activity
of the HSP90 inhibitor [107].

6.4. Targeting mTOR Cascade Alone

Intrahepatic cholangiocarcinoma (CCA) is an aggressive cancer with poor
prognosis [110]. Applying mTOR inhibitor to CCA models/subjects lead to
some success [111]. On the other hand, the PI3K/Akt/mTOR signaling network
(Sections 5.1 and 5.2) also plays important roles in survival, apoptosis, metabol-
ism, motility, and angiogenesis of cells, including normal and CCA cells. For at
least a decade, the rapamycin and its analogues (called rapalogs in general) have
been applied to treat a variety of cancers in many model/clinical studies, with
some success and some irresponsive results [9] [112]. Two inhibitors of mTORC1
have already been approved by FDA as anti-cancer drugs, and we list them in
Table 1.

6.5. Targeting Both mTOR Cascade with NVP-BEZ235 and HSP90
with NVP-AUY922—Studies Using Cancer Cells from Patients
and in Vivo Animal Models

In the ABC-02 trial, 410 patients, suffering from locally advanced or metastatic
cholangiocarcinoma, gallbladder cancer, or ampullary (opening to duodenum)
cancer, were randomly assigned to receive (A) cisplatin (as a cytotoxic agent)
plus gemcitabine as compared to those treated with (B) gemcitabine alone. The
median overall survival was 11.7 months among the 204 patients in group (A)
and 8.1 months among the 206 patients in group (B) respectively. There were
327 deaths. In the 8.2 months follow-up trial, the authors concluded that pa-
tients in group (A) were associated with a significant survival advantage without
the addition of substantial toxicity [110]. More recently, specimens were ob-
tained from 78 patients with macroscopic appearance of CCA who had under
gone hepatectomy between 1989 and 2006 [113]. These specimens were stained
for HSP90 and PTEN in order to analyze the involvement of the Akt-mTOR
pathway and function of HSP90 (Figure 2). Physical examination, blood tests
(CEA & CA 19-9), ultra-sound examination of the remnant liver were followed
up. Statistical analysis revealed that poor nutritional status, positive margin sta-
tus (cancer cells extending to the edge of the tissue), high HSP90 and low PTEN
expressions were correlated independently to the (predicted) unfavorable overall
survival in these macroscopic appearance-CCA patients after hepatectomy. Then

the effects of treatment on the cancer cells were analyzed with treatment 1)
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NVP-AUY922 (an HSP90 inhibitor), or treatment 2) NVP-BEZ235 (an Akt-mTOR
pathway inhibitor), or treatment 3), which is a combined treatment of 1) & 2). It
was demonstrated in the in vitro study that treatment 3) induced cancer cell
death. Based on in vivo study, it was also demonstrated that a specific combina-
tion dosage of NVP-AUY922 & NVP-BEZ235 caused tumor regression in a CCA
rat animal model (see Figure 5 of [113]). We would, however, remark that
blocking the systemic Akt-mTOR pathway and the activity of HSPs would inter-
fere with normal cell proliferation and (normal) cell function. It would be im-
portant, in our opinion, to analyze in what ways the inhibitor NVP-AUY922 af-
fect the function of HSP90 complex, which has over 200 clients and being at-
tached to the HSF1, the release of which would induce transcription of a series of
HSPs.

7. Knowledge Learned from Experiments Striving to
Develop Cancer Vaccines Based on Antigens Bound to
Heat Shock Proteins, with a Series of Examples
Emphasizing on the Roles of HSP70

7.1. Immunized with Antigens Prepared from the HSPs of

the Host, One of the Earliest Cancer Vaccines Was
Prepared

As mentioned in Section 2.8, the heat shock response triggered by HSF1 is
“faithful” to the host (cancer) cell for its survival—HSF1 controls numerous HSP
gene expressions, reprogramming the cells to acquire the ability to inhabit, and
invade, in a stressful, toxic tumor niche [114]. With the help of self-generated
HSPs, the conventional therapy is impeded, and even favors metastatic condi-
tions (Section 3.2). For this major reason, HSPs were considered by a number of
scientists/(clinical experts) to be the cause of carcinogenesis, and many HSP in-
hibitors have been developed to treat cancer as explained in a previous section.
On the other hand, cancer cells often carry mutated or aberrant proteins, and
they appear as peptides/short proteins which become tumor-associated antigens
(TAA). These antigens would stimulate the host immunity response at the can-
cer site. The crucial and “intrinsic” methodology of anti-cancer therapy is there-
fore to identify these antigens and find, or induce endogenously ways to present
these antigens to the immunity cells for the usual process of immunity response.
Over a decade ago, immunized with antigens prepared from the HSPs of the
host, one of the earliest cancer vaccines was prepared [115]. Following, various
experiments from different groups demonstrated that these antigens can elicit
antigen-specific cytotoxic T lymphocytes (CTLs) to react, and a number of expe-
riments on preparation of cancer vaccines began to be developed. At first, it was
thought that the antigen is cancer-specific and person-specific, but the discovery
to be discussed in Section 7.3 suggests that cancer vaccine to cover at least a
range of cancers might be prepared, potentially over-coming the practical hur-

dles that a large number of human cancer specimens and a large number of can-
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cer cell lines are needed to make various vaccines for therapeutic usage.

7.2.In the Prototype Cancer Vaccines Preparation,
Either HSP70-Complex with Peptides, or Pure HSP70 Was
Used as Antigen for Cancer Vaccine, Leading to Promising
Efficacy under Different Settings

The roles played by HSP90 have been reviewed in Section 2. We will concentrate
on the mechanisms involving other HSPs, particularly HSP70, which is the
second abundant HSP in the human body. Through such series of investigations
in the past decade, several prototypes of cancer vaccines have been developed.
There is HSP70 vaccine associated with peptide derived from fusion of DC and
(ovarian & breast) cancer cells [116], having the result of inducing T cells that
expressed high levels of IFN-y (which could kill cancer cells). This study, plus
some others (see e.g.an earlier study [117]), suggests at least for some cancers, it
is important to keep the complex HSP70-TAA as antigen, rather than just the
TAA peptide itself. In another very recent example, intratumorally injection of
purified HSP70 to an in vivo model of metastatic (from muscle to the lungs)
RA-2 rat rhabdomyosarcoma showed superior anti-cancer effect as compared
with a HSP70 mixture with tumor antigens. Note that the HSP70 protein was
purified from bovine muscle and then mixed with tumor extract from the rat
model. The authors particularly remarked: “The most interesting observation
was that exogenous HSP70, by extrusion of its cellular analog, increased the
sensitivity of tumor cells to cytotoxic lymphocytes in the appropriate assay”
[118].

Note that similar in vitro experimental evidence with C6 glioblastoma cells
was also reported in 2014. In particular, injection of pure human recombinant
HSP70 caused a remarkable delay in tumor growth and elongation of the surviv-
al time of animal models. It was noted also that the therapeutic effect was ac-
companied by the growth of specific CD4+ and CD8+ T lymphocytes and acti-
vation of cytotoxic NK cells [119].

Moreover, photodynamic therapy has been applied to treat human glioblas-
toma spheroids (derived from patient) in vitro. It was observed that the treat-
ment might have generated an altered cancer microenvironment, promoting
adaptive immunity. Cancer cells were observed to undergo necrosis (or apopto-
sis) releasing cancer antigens that can be taken up by DCs. It was inferred that
HSPs induced on the surface or released by the cancer cell promote DC matura-
tion. To test whether HSP70 was involved in promoting DC activity, the sphe-
roids were pre-incubated with goat-anti-human HSP-70 polyclonal IgG antibody
[120] [121], and the answer was positive.

Another interesting study involving HSP70 & NK cells in anti-cancer effects
was reported earlier. Four cell lines of human pancreas carcinoma cells (Colo357)
and human colon (CX2) carcinoma cells were separated, using HSP70-specific

monoclonal antibody respectively into the four sublines: Colo—/Colo+ and CX—/
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CX+ [122]. Different amounts of HSP70-specific monoclonal antibody were
mixed with these cell lines so that these four cell lines only distinguish in their
percentages of HSP70 membrane-positive cells with the following characteriza-
tions: Colo— (34%), Colo+ (73%); CX— (20%), CX+ (90%). It was found that the
NK cells migrated specifically toward TKD (which is a partial HSP70 sequence
Thr-Lys-Asp-Asn-Leu-Leu-Gly-Arg-Phe-Glu-Leu-Ser-Gly, known to be able to
stimulate the cytolytic activity of NK) and exosomes derived from Colo+ and
CX+ carcinoma cells, and the HSP70-specific antibody completely abrogated the
stated “induced” migratory activity of NK cells. The result is: the NK cells killed
the HSP70-expressing pancreas and colon cancer cells readily. Thus, it appears
that HSP70 plays a rather profound role, across species, in the stated existing
therapy to treat cancer, leading to positive anti-cancer effects. We found there
was one person-specific, cancer-specific vaccine approved by FDA, to treat

prostate cancer; see Table 1.

8. Discussions—Attempting to Provide Some Answers to a
Number of Mysteries/Controversies in Treating Cancers
with Passive Potential Drugs Discussed in Section 6, and
the Development of General HSP-Based Cancer Vaccines

8.1. The Difference in Functions of Intracellular and
Extra-Cellular HSPs

Since HSPs have been detected in the circulation, they must have been excreted
from the host cells. In fact, recent research points to two extremities of the duties
performed by these HSPs. Intracellular functions have just been discussed in the
previous sections: they are mainly protective in handling protein folding prob-
lems. Once they are secreted, they perform their immunity duties—being pro-
inflammatory (see Table 1 of [123]). Moreover, it was found that HSPs from a
certain family (with different sizes) were associated with a range of cancerous
peptide antigens in cancer cells. It was exactly this property that cancer vaccines
might be developed as they would recognize cancer cells when injected inside
the human body, playing the role of antigen presentation [124] [125] [126].
Moreover, we have presented brief evidence that HSP70 could induce the im-
munity of the natural killer cells, which are not cancer-type-specific at the end of
Section 7.2. More details will be followed up in later sections.

A protein needs to have an N-terminal hydrophobic signal sequence in order
to be secreted through the conventional process into the interstitium. Inflam-
matory cells, however, release polypeptides by secretory lysosomes, and can se-
cret cytokine IL-1p outside the cell [127]. Since HSPs do not possess the
N-terminal hydrophobic signal sequences, they are expected to be secreted ra-
ther through a way similar to that associated with cytokine secretion. There are
other ways of secretion too [128]. Having gone through the above analysis, it is
not difficult to see that two schools of thought emerge. In one school of thought

on immunity response is: there are damage-associated molecular pattern mole-

DOI: 10.4236/jct.2017.811086

993 Journal of Cancer Therapy


https://doi.org/10.4236/jct.2017.811086

P. C. W. Fung, R. K. C. Kong

cules (DAMPs), or signals/molecules called “alarmins”, which induce pro-in-
flammatory activation of macrophages, further contributing to the progression
of injury of certain organ [129]. Since there are reports of detecting HSPs in
cancer cells and at sites associated with inflammatory situations, HSPs are con-
sidered as examples of DAMPs. Another trend of analysis is that HSPs can cap-
ture intracellular antigens and present them to antigen-presenting cells, mediat-
ing the crosspriming of recipient cells [130]. In fact, HSPs can be secreted in free
form (thus bringing out antigen signal), as membrane-bound molecules, or be-
ing leaked out from cells during necrotic death [123]. These extra-cellular HSPs
are highly immunostimulatory. Note that if a cell undergoes apoptosis, the cell
membrane remains as an envelope with phospholipid phosphatidylserine, as a
signal for engulfment by macrophages and the cytosolic materials are not re-
leased to the interstitium to trigger inflammatory signals. In summary, intracel-
lular HSPs are protectors of proteins and health of the host cell directly, but ex-
tra-cellular HSPs are pro-inflammatory, but still can play a very important pro-

tective role of the living organism in a different way.

8.2. Two Distinctive Ways of Phagocytosis to Engulf Dead Cells

In addition, adapting the analysis in [123], the phagocyte (in treating apoptotic
cells) would release interleukin-10 (IL-10) & transforming growth factor-g,
which are anti-inflammatory. In contrast, during necrotic death, the cytosolic
materials such as urate, nucleic acids, chromatin proteins are leaked out; in this
case, the phagocyte would release interleukin-6 (IL-6), tumor-necrosis factor in-
stead, which would induce inflammatory action taken by other immunity cells
(see Figure 2 of [123]). Such a difference in engulfment of cells with these two
types of deaths can be realized intuitively: necrotic death leaks out antigens. De-
pending on the types of cell death (apoptosis or necrosis), the phagocytes emit
different cytokines, which affect the action of other immunity cells.

8.3. Systemic Mild Hyperthermia Can Shift the Pro-Inflammatory
Activity of IL6 to Anti-Tumorigenic Function by Promoting
Trafficking of DCs, as Antigen Presenting Cells, from Narrow
Tumor Vasculature to the Tumor Site through Extravasation

Before we discuss in details the cross-presentation mechanism, we need to study
the plausible mechanism by which the immunity cells reach the cancer site.

The microenvironment of a cancer region is generally chronic inflammatory,
inducing the recruitment of 1) heterogenous immune cells originated from bone
marrow stem cells (or called “myeloid-derived suppressor cells”, or MDSCs), 2)
mature T helper cells expressing surface protein CD4, 3) tolerogenic dendritic
cells (which can induce/maintain immune tolerance) and 4) tumor-associated
macrophages (which can be derived from circulating monocytes or resident tis-
sue macrophages). During carcinogenesis, these cells usually are not strong
enough to destroy the cancer-induced immunosuppression and to restore nor-

mal immune surveillance.
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Note that thermoregulation involves extensive neural and vascular networks
in the skin and visceral organs to maintain an optimal range of temperatures
within the body for the benefit of the host organism, and is one homeostatic sys-
tem in all vertebrates. It has been known for long that fever is a body response to
the acute phase of infection or injury. That such a response has been maintained
throughout evolution for over about several hundred million years strongly sug-
gests that it is beneficial to immunity and overall survival [131]. Since the rise in
temperature to regulate the immune system is only a few degrees C around the
ambient body temperatures for many species known, we hypothesize, in the
branch of thermal medicine, that such a response is evolutionarily-conserved,
and there exists sensitive “thermal set points” that regulate the immune system.
Intuitively, one could expect that externally applied hyperthermia to a body re-
gion would cause the body to offer a counter reaction to restore the temperature
in that particular region; this response might change the patho-physiological
conditions, including the conditions of the immune response.

Hyperthermia increases blood flow rate in the vasculature with enhancement
of cancer cells metabolism, leading to increased hypoxia-inducible factor (HIF-1),
increased ROS production and induction of vascular endothelial growth factor
(VEGF) expression (which stimulates vasculogenesis) [132].

Since there are seemingly contradictory results on whether HSPs are pro- or
anti-cancer, we will discuss in more details here on how the immunity system
works after the cancer cells are formed. Since there are ample examples report-
ing the benefits of mild hyperthermia as anti-cancer therapy, we will discuss in
more details the crucial steps with experimental evidence as to how the immun-
ity cells interact with the cancer cells there when they are treated with mild
hyperthermia of <43°C, similar to the temperature reached (at the cancer site)
after some enduring exercise. First, we will introduce a very interesting process
of T cells trafficking.

Cancer has long been linked to inflammation and a number of pro-inflam-
matory cytokines, among which cytokine IL6 has been considered to support
cancer cell proliferation, survival, and metastatic dissemination. It is known that
tumor-associated macrophages (TAM), neutrophils, myeloid-derived suppressor
cells (MDSC), and CD4+ regulatory T cells (Treg) are among the key immune
cells that have demonstrated to drive neoplastic progression, and all these cells
secret IL6, plus other cytokines and factors [133] [134]. In fact, clinically, cancer
patients have poor prognosis when their serum concentrations of IL-6 are high
[135]. On the other hand, paradoxically, IL-6 has been shown by different groups
to interfere with the development/differentiation of antigen-presenting cells such
as dendritic cells (DC) that are necessary for priming cytotoxic T cells which are
anti-cancer [136] [137]. Let us consider the environment of a cancerous region.
It is known that the hypoxia-inducible factor 1-a (HIF-1-a), is considered to be
the master transcriptional regulator of cellular and developmental response to
hypoxia. It is known clinically that high interstitial pressure (high ISFP) would
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impede the arrival of chemotherapeutic medicine to reach the cancer site and
hypoxia does not support the efficacies of both chemo- and radio-therapies be-
cause blood vessels are too narrow, though many in number, in the tumor re-
gion. During an inflammatory response, via IL6 signaling or mild hyperthermia
at (38°C - 40°C), the endothelial cells (pinkish in Figure 4) of the blood vessel
mobilize the protein called E-selectin (an adhesion molecule) from inside the cell
to the endothelial cell surface (orange in Figure 4). When the T cell rolls along
the internal blood vessel wall, the E-selectin binds to protein L-selectin of the T
cell. The T cell is tethering and rolling with such binding. After chemokine acti-
vation, a C-C-motif chemokine receptor 7 (CCR7, marked yellow) appears on
the surface of the T cell. The counter-part of this chemokine activation on the
endothelial cell is C-C motif chemokine ligand 21 (CCL21) [138]. After this
stage, the T cell rolls on while developing an integrin called lymphocyte-associated

antigen 1 (LFA-1) which anchors firmly on another adhesion molecule-intercel-
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Figure 4. Better trafficking of immune cells to the tumor site via mild hyperthermia or IL 6 trans-signaling.
During an inflammatory response, via IL6 signaling, the endothelial cells (pinkish in Figure 4) of the blood
vessel mobilize the protein called E-selectin (an adhesion molecule) from inside the cell to the endothelial
cell surface (orange in Figure 4). When the T cell rolls along the internal blood vessel wall, the E-selectin
binds to protein L-selectin (triggered by IL6 signaling) of the T cell. The T cell is tethering and rolling with
such binding. After chemokine activation, a C-C-motif chemokine receptor 7 (CCR7, marked yellow) ap-
pears on the surface of the T cell. The counter-part of this chemokine activation on the endothelial cell is
called C-C motif chemokine ligand 21 (CCL21). After this stage, the T cell rolls on while developing an inte-
grin called Lymphocyte-associated antigen 1 (LFA-1) which anchors firmly on another adhesion molecule
called Intercellular Adhesion Molecule 1 (ICAM-1). After this anchorage, the T cell starts to migrate at ran-
dom directions [139], and have better chance of extravasation from the blood vessel, and reaching the cancer
site in the lymph node. The cancer cells are painted in blueish-grey color, with HSP complex (red circle with
yellow intrusion) as antigen. The endothelial wall in practice is the wall of a post-capillary venous swellings
called High endothelial venules (HEV). To kill cancer cells, the T cells have to leave from the HEV via extra-
vasation and IL6 or mild hyperthermia (38°C - 40°C) marks the initiation of the cytotoxic process [140].
Figure 4 was hand-painted by author PCWF.
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lular adhesion molecule 1 (ICAM-1). After this anchorage, the T cell starts to
migrate at random directions [139], and has a better chance of extravasation
from the blood vessel to the cancer site in the lymph node (or, in general, the in-
terstitium). The cancer cells are painted in blueish-grey color, with HSP complex
(red circle with yellow intrusion) as antigens. The endothelial wall in practice is
the wall of a post-capillary venous swellings called high endothelial venules
(HEV). To kill cancer cells, the T cells have to go through extravasation from the
HEV. We do not know whether mild hyperthermia is the cause of IL6 secretion,

but either factor starts the initiation of the cytotoxic process [140].

8.4. Updated Mechanism of Cross-Presentation and Cytotoxic
Action of Anti-Cancer Immunity, with Emphasis on the
Roles of Inducible, Rather than Constitutive HSPs
and the Mannose Receptors

Consider the situation where the APC are in the vicinity of cancer cells. It is well
established that the antigen presenting cells include dendritic cells, macrophag-
es, Langerhans cells and B cells. In order to study the mechanism of antigen
presentation, the lymphoid macrophage line P388D1 and the (immortalized) DC
line D2SC/1 were used in [141] as antigen presenting cells. The choice of in-
cluding both macrophages and DCs was suggested by experiments based on pos-
itive stimulation of CTLs by macrophages pulsed with HSP gp96/peptide com-
plexes in vitro. In other words, the HSPs are taken up by the macrophages and
are represented (cross-presented) by the MHC class I molecules of the macro-
phages, leading to cytotoxic action of lymphocytes [142]. Electron microscopy
examination suggests that receptor (of APC)—mediated endocytosis (RME)
processes of HSPs by the macrophages and Langerhans cells do take place [142].
With standard labelling techniques, the MHC1 molecules and HSPs were re-
vealed to be co-localized in the endosomal structures, where transfer of HSP as-
sociated peptides onto MHC class I molecules occur. It was only realized several
years ago that HSP90 is responsible to “pull out” antigen from the endosome (a
membrane-bound compartment inside eukaryotic cells, thought to be originated
from the Golgi apparatus) to the cytosole where MHCI molecule is located; the
detailed mechanism is described in [143]. In Figure 5(a), we show schematically
the result reported in [144]: the HSP complex (the red circle represents the HSP
and the yellow cylindrical part represents the peptide, considered as one key part
of the antigen) from the exosomes around the cancer cell move to the mannose
receptor of the APC [142]. Based on the study of reference [141], we suggest that
the (mannose) receptors for the HSP-associated antigen during carcinogenesis
have been developed on the APCs through evolution. Figure 5(b) indicates the
endocytosis process, and the mannose receptor with the antigen is within the
cytosole. There are MHC I (bright green) and II molecules in general. MHCIs
are found near the endosome (purple) [144]. We neglect the function of CD4+

T cell (with MHCII in the conventional concept) for simplicity in discussion.
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Figure 5. Cross or representation of antigen in anti-cancer immunity. (a) The antigen
presenting cell (APC) can be dendritic cells, macrophages and Langerhans. The Mannose
receptor (deep green) of APC receives the HSP complex (as part of the exosomes, which
contain other proteins or fragments) from the vicinity of a cancer cell. Perforins are small
pores on the cancer surface. (b) When a Mannose receptor captures an antigen, endocy-
tosis begins, and the Mannose receptor with the antigen is within the cytosole. There are
MHC I (bright green) and II molecules in general. MHCIs are found near the endosome
(purple), a membrane-bound compartment inside eukaryotic cells, thought to be origi-
nated from the Golgi apparatus. We neglect the involvement of CD4+ T, which contains
MHCIL, for simplicity in discussion. (c) The antigen is passed from the Mannose recep-
tors to the MHCI molecules. (d) The MHCI molecules with the attached antigens are
re-expressed on the cell surface of the APC. Cytokines are sent from APC to the potential
cytotoxic T cells to signal the degree of maturation. Figure 5 was hand-painted by author
PCWFE.

Figure 5(c) indicates that the antigen is passed from the mannose receptors to
the MHCI molecules. Figure 5(d) indicates that the MHCI molecules with the
attached antigens are re-expressed on the cell surface of the APC. Cytokines are
sent from APC to the potential cytotoxic T cells to signal different stages of ma-
turation, and such maturation process is already known; this aspect is not shown
for simplicity. We represent schematically in Figure 6(a) that after activation,
the cytotoxic T lymphocytes (CTL) recognize the HSP complex as antigen. The
T cell receptor (TCR) is attached to the antigen on the surface of the cancer cell,
and granzymes are sent from CTL to the cancer; the cytotoxic granzymes pass
through perforins (having pores) and enter the cytosole, killing the cancer cell.

Polypeptide-related sequence is a cell surface glycoprotein encoded by the MICA
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Figure 6. Cytotoxicity action of CTL and NK. (a) After activation, the cytotoxic T lymphocytes
(CTL) recognize the HSP complex as antigen.The T cell receptor (TCR) is attached to the antigen
on the surface of the cancer cell, granzymes are sent from CTL to the cancer; the cytotoxic gran-
zymes pass through Perforins (having pores) and enter the cytosole, killing the cancer cell. (b)
Polypeptide-related sequence is a cell surface glycoprotein encoded by the MICA gene within the
MHC locus, and is called the MICA protein [145]. For a normal cell, MICA has a similar struc-
ture as a MHCI molecule. For a cancer cell, MICA works as a stress-induced ligand for the Natu-
ral killer group 2, member D (NKG2D) receptor of the natural killer cell (NK).When NKG2D
binds to MICA, granzymes are sent from NK through the Perforins to the cancer cell to take the
cytotoxic action. It is inferred in [46] that sensitization of MICA in cancer cell of subjects oc-
curred after local mild hyperthermia at 39.5°C for 6hours or 43°C for 30 minutes; the NK can
readily bind to MICA and exert its cytotoxicity. Figure 6 was hand-painted by author PCWF.
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gene within the MHC locus, and is called the MICA protein [145]. For a normal
cell, MICA has a similar structure as a MHCI molecule. For a cancer cell, MICA
works as a stress-induced ligand for the natural killer group 2, member D
(NK2D) receptor of the natural killer cell (NK). It is inferred in [46] that sensiti-
zation of MICA in cancer cell of subjects occurred after application of local mild
hyperthermia at 39.5°C for 6 hr or 43°C for 30 min; the NK2DNK can readily
bind to MICA and exert its cytotoxicity. In Figure 6(b), we show the idea that
when NK2D binds to MICA, granzymes are sent from NK through the perforins
to the cancer cell to take the cytotoxic action. Some induced HSPs must have
been involved to cause this anti-cancer effect.

We would remark that around two decades ago, in order to study the influ-
ence of HSP70 expression in the tumorigenicity on cancer cells in the rat colon
carcinoma model, various clones (such as HSPs) with different tumorigenic po-
tentials have been obtained from the same parental tumor to test their efficacies.
Only some clones showed some positive tumorigenic effects. It is of great inter-
est that among “possible antigens” tested, tumors co-segregated with expression
of inducible HSP70 (iHSP70) but not with constitutive HP70 (cHSP70), imply-
ing there is a distinctive difference in tumorigenicity of (iHSP70) and (cHSP70)
[146]. Heat shock would induce the (inducible) expressions of HSPs, including
iHSP70. Therefore, the anti-cancer effect of hyperthermia is in line with the ex-
perimental findings of [146]. It was also remarked that the receptor-mediated
antigen presentation is up to 10,000-fold more efficient than the presentation of
peptides taken up by the conventional phagocytosis [144]. In other words, the
existence of the mannose receptors on DCs gives them a very high capacity to
present glycosylated antigens with very few cell concentrations. It is interesting
to note that no colocalization of mannose receptor and MHCII molecules were
found. MHCII molecules are associated with presentation from APC to imma-
tured T cells which require other cytokine signals and conditions to be matured.
The result on the stated cross-presentation involving the mannose receptor for
direct cytotoxic action against cancer also avoids the formation of CD4+ T cells
to become Treg cells, resulting cancer tolerance [144]. It is already known that
exogenous HSP-70 binds macrophage lipid raft microdomain and stimulates
phagocytosis—we anticipate that such a process is involved in both MHC-I and

MHC-II presentation of antigens [147].

8.5. In Vitro Evidence of Extra-Cellular HSP70 or Its Sequence
Induces Migration of natural Killer Cells to Kill the
Cancer Cells

Following up with the discussion in the last section, extracellular localized HSPs,
in particular HSP70s play key roles in the activation of the immune system. The
NK cells, the first line of defense, do not have to find their specific match to
identify an invader and have no memory. They use the CD16, a receptor mole-

cule of the Ig superfamily, on the NK cell’s membrane to recognize and bind to
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any cancer cell or virally infected cell. There is direct evidence that membrane-
bound HSP70 was identified as a target structure for the cytolytic attack by the
NK cells which secret granzymes [148].

It is established that the Rab GTPases regulate many steps of membrane traf-
fic. Study of enrichment of the Rab protein indicates that both inducible and
constitutive cytosolic proteins HSP70, TKD peptide (a partial HSP70 sequence)
and Bag-4 (a short molecular chaperone), but not Grp94 (chaperone inside ER),
were detected outside the cancer cell as exosomes, which are nano-sized vesicles.
These exosomes are “treasures” to induce elimination of cancer cells. Whether

Rab GTPases would regulate the secretion of HSPs is an interesting issue.

8.6. The Evidence That CD4+ T Cells Can Be “Trained” to Have
Cytotoxic Power against MHCII Positive Cells also

CD4+ T cells have been thought to play a “helper” role in promoting the matu-
ration of CD8+ T cells which kill the cancer. Most of the conclusions on the
immunity mechanism related to T cells are based on in vitro experiments. Since
CD4+ T cells are associated with MHCII molecules, much more attention has
been paid to MHCI-related cytotoxic action of CD8+ T cells. However, over two
decades ago, it was reported that transfection of syngeneic MHC class II genes
into the (transplantable) mouse fibrosarcoma model Sal abrogates the malig-
nancy of the tumor in the autologous host, and protects the host against subse-
quent challenges with the same type of cancer [149]. Following the previous
study, using the transgenic severe combined immunodeficiency (SCID) mice
models which lack B cells and antibodies, but with many more CD4+ T cells
than CD8+ T cells, it was demonstrated that CD4+ T cells (alone) have strong
anti-tumor effects against the mineral-oil induced plasmacytomas (MOPC, A
which is a discrete, solitary mass of neoplastic monoclonal plasma cells in either
soft tissue or bone). This tumor develops in the peritoneal cavity of oil-injected
BALB/c mice, which is an albino, laboratory-bred strain of the house mouse
[150]. An interesting investigation has also been reported recently [151]. The
cancer cells of BALB/c origin, called MOPC315 of the stated melanoma secrets a
protein called myeloma M315, which is endocytosed and processed by APCs (of
BALB/c origin). A fragment encompassing residues 91 - 101 is presented on the
MHC class II molecule I-E d to cloned Id-specific 4B2A1 CD4 + T cells. After
injection, the mouse model now becomes the Id-specific TCR transgenic mouse
model (4B2A1) which has the Id-specific CD4+ T cells. These T cells were found
to be able to kill MHCII (positive) cells directly like effector CD8+ T cells. It was
inferred that the primary activation of the “naive” cancer-specific CD4+ T cells
required presentation of cancer-specific antigen by the MHCII molecules origi-
nated by the cancer cell itself [151] [152].

The reader is referred to Figure 1(a) and Figure 1(d) of [151] on such prin-
ciple. This result is certainly another positive step in cancer eradication. Howev-

er, the hurdle is to transfer common cancer cells to MHCII positive cancer cells.
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The success would be another cancer vaccine itself. We will not discuss the ra-
ther involved process about presentation of antigen by MHCII molecule by can-

cer cells here in this paper.

8.7. Plausibility of Preparing Non-Person-Specific, Almost
Non-Cancer-Specific Vaccine to Cover a Wide Range of
Cancers, Based on Very Recent Evidence that Injection of
Pure HSP70 into Cancer Can Penetrate Cancer Cells and
Pulls Its Intracellular Analog Outside of the Cell, Providing
Enhanced Anti-Cancer Effects

In Section 7, the vaccines developed have to be at least cancer specific. In a new
study, employing a model of RA-2 rat rhabdomyosarcoma, it was discovered
that injection of pure HSP70 (derived from Bovine) into the tumor demonstrates
an effective anti-tumor prophylactic effect as compared with an HSP70 mixture
with cancer antigens. Following, in the same study, pure human recombinant
HSP70 was injected into brains of rats with intracranial C6 glioma tumor. It was
reported that such injections caused a significant delay in cancer growth and in-
crease in the survival rate of the animals bearing the stated cancer. Moreover, the
therapeutic effect was reported to be accompanied also by the growth of specific
CD4+ and CD8+ T lymphocytes and activation of cytotoxic NK cells. Such
treatment contributes to increase of both innate and adaptive immunity abilities
[118]. There are in fact other reports using pure HSP70 as therapy. For exam-
ples, HSP70 in a hydrogel composition was applied on the skin surface on top of
B16 mouse melanoma. In this case, significant inhibition of tumor growth and
elevation of the survival rate was reported [153].

To study the mechanism behind the anti-cancer effects of HSP70, in vitro ex-
periments were carried out in which C6 glioma or B16 melanoma cells incubated
with fluorescently labeled HSP70 being stained with antibody recognizing the
TKD-peptide; TKD-peptide is a partial HSP70 sequence capable of stimulating
the cytolytic and proliferative activity of NK cells [119]. This study revealed that
exogenous HSP70 caused the endogenous HSP70 to be released to the extracel-
lular matrix. Now phloretin can increase the efficacy of HSP70 penetration into
B16 mouse melanoma cells through promotion of pore formation in the cell
membrane. In [154], phloretin was therefore applied together with pure HSP70,
leading to elevation of cancer cell sensitivity to cytotoxic lymphocytes by 16% -
18%, a result inferred to arise from more (endogenous) HSP70 molecules re-
leased to the external side of the cell membrane.

We anticipate that whereas pure HSP70 was “driven” into the cancer cell, the
“expelled” endogenous HSP70 complexes carry with them the polypeptides hav-
ing the signature of cancer, as antigens to be recognized by the cytotoxic cells.
Instead of using phloretin, the interaction of dipole modifiers with amphoteri-
cin-ergosterol complexes can also enhance the penetration effect of HSP70
[155]. There is evidence that HSP70, but not other HSPs, has strong affinity to
lipid raft in the brain. We suspect that lipid rafts help the trafficking of HSP70 at
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least intracellularly [156]. That the usage of HSP70 as an anti-cancer drug has
passed through the pre-clinical test, as reported in [154]. We refer the readers to
other examples taking pure HSPs as anti-cancer drugs in reference [119].

Based on the experimental results in the sub-sections of 8 so far presented, it
is definitely plausible to prepare a small number of HSP-based vaccines in the
near future that cover a variety of cancers. We have concentrated on the me-
chanism action of HSP70, but do not exclude a few other HSPs may work in a
similar way. Since HSP90 and HSP70 are the two most abundant HSPs in the
human body, naturally they deserve to be considered with top priority. The rest

of Section 8 provides further support.

8.8. Antigens from HSP27 and HSP90 in Multiple Myeloma Cells
Can Be Used to Develop Cancer Vaccine for Such Cancer, as
another Example

Normally, plasma cells produce antibodies and play a key role in immune func-
tion. However, uncontrolled proliferation of these cells in the bone marrow leads
to multiple myeloma (MM), causing bone pain, bone fractures, anemia, and in-
fections, and is the second most common haematological malignancy in U.S.A.
[157]. The first step to establish an effective cellular immunotherapy is to find
antigens with strong immunogenicity that is expressed in most myeloma pa-
tients. Note that myeloma cells synthesize many abnormal/monoclonal proteins
which are mis-folded, unfolded or forming aggregates. From the view point of
the cancer cells, the cells must synthesize many HSPs as chaperones, plus other
proteins for their survival. Among the proteins synthesized by the cancer cells
include many oncoproteins, such as IKKa and IKKS which are involved in the
NF-«B signaling pathway. Thus, any measure leading to down regulation or in-
hibition of HSP90 a family class A member 1 (HSP90 AA1l) or HSP90, Heat
Shock Protein Family B (Small) Member 1 (HSPB1) or commonly known
HSP27 and heat shock protein family A member 13 (HSPA13), or HSP70, cause
apoptosis of myeloma cells (see, e.g. [158] [159]). Employing four human mye-
loma cell lines (U266, RPMI-8226, ARH77 and LP-1) and multiple myeloma
cells donated by patients, plus human leukocyte antigen-A*0201 (HLA-A2.1)
transgenic mice models, a number of findings were reported in [159], which are
summarized below: 1) Expressions of HSP90, HSP70, HSPA27 are elevated in
most multiple myeloma cells (from 350 patients), compared with normal (cells
from 24 healthy volunteers) using Cancer Outlier Profile Analysis. 2) We have
explained that the peptide associated to a HSP is considered to be the (selective)
target for development of cancer vaccine. The peptides called aa362 and aa670
derived from HSP90, the peptide hp70 from HSP70 and the peptide hp27 from
HSP27, were identified to be potentially capable of binding to the human leuko-
cyte antigen-A*0201. Among these 4 peptides, aa670 and hp27 were found to
have the highest binding affinity (same order of magnitude of the flu matrix
peptide). Such a result indicates that the HSP90-complex and the HSP27-complex

are relevant members to be considered as therapeutic measure for treating mul-
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tiple myeloma. 3) After immunization of HLA-A*0201-transgenic mice with the
peptides aa670 and hp27 (as antigens), splenocytes isolated from such mice were
found to contain abundant peptide-specific T lymphocytes, and CD8+ T lym-
phocytes. These T cells were found to be able to kill the autologous antigen-pre-
senting cells pulsed with HSPs, but not the unpulsed ones. 4) The detection of
HSPs peptide-specific cytotoxic T lymphocytes were found in the blood of mul-
tiple myeloma patients as well as healthy volunteers. Such a result indicates that
the peptides mentioned could be presented by antigen presenting cells naturally.
The CD8+ T could recognize and kill these cells in healthy normal. Result 4)
substantiates result 3) on the antigenicity property of the HSP-associated peptides.

8.9. Overexpression of Constitutive HSPs Is Not the Cause, but the
Consequence of Carcinogenesis

It is known generally that during aging, the HSP synthesis in most cells declines.
In particular, the heat shock response of some classes of neurons weakens in
certain regions of Alzheimer’s disease (AD) or neuro-degenerative patients, re-
sulting in decrease in the ability to deal with proteotoxic stress [160]. In contrast
to normal aging cells, it is found that there are de novo increases (or expansion
of HSP expression) in HSP synthesis in many cancer cell lines (see e.g. [161]).
More HSPs are synthesized and released are the reasons for such a result, as ex-
plained before. In fact, there are epidemiological studies showing negative cor-
relation between the risk of cancer in persons with AD or other neurodegenera-
tive diseases. Based on epidemiological studies, it was noted that cancer survi-
vors have a 20% - 50%, relatively low risk of developing AD and Parkinson’s dis-
ease, and patients with these neurodegenerative conditions have a significantly
lower incidence of developing cancer [162]. In making the above statements, we
refer to decrease in constitutive HSPs in the aged, and over expression of constitu-
tive HSPs in cancer cells. There is a room for adjustment-through increasing the
level of inducible HSPs by mild hyperthermia in the aged and neuro-degenerative
patients. In doing that, it seems that these patients are subject to a higher risk of
developing cancer. However, mild hyperthermia amounts to increase in tempera-
ture resulting from exercise; there is no evidence that exercise is correlated to a
higher risk of cancer, and is harmful to the neuro-degenerative patients.

In order to participate in a series of physiological functions, a (large) HSP has
to be detached from its client peptides (proteins). HSP70 and other chaperones
utilize an ATPase domain to hydrolyze ATP and then take on a free conforma-
tion [163]. The small HSP27 does not have such an ATPase domain, and HSP70
can react to take away the clients from HSP27; therefore, HSP70 appears to play
role in “activating” the smaller HSPs. The key effector of HSP gene transcription
is heat shock factor 1 (HSF1).

It is undebatable that HSPs functions as chaperones for proteostasis for
healthy and cancer cell alike. In many situations, there may not be sufficient
constitutive HSPs in normal cells/organells to initiate activation of the antigen

presenting cells in the manner already reviewed. In that case, more inducible heat
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shocks would be helpful, explaining the many papers reporting the anti-cancer ef-
fects of mild hyperthermia. In our view, the presence of HSPs, and HSF1 around

cancer sites is not the cause, rather as the consequence of carcinogenesis.

8.10. Upon Mild Hyperthermia, Sub-Telomeric DNA Is Found to Be
a New Target of HSF1 with the Physiological Function of
Maintaining Telomere Integrity. HSF1 Is Not a Factor Driving
the Specie to Extinction, but Protects the Host Organism

Under physiological conditions, HSF1 is in a complex with other proteins in a
monomeric inactive state. Upon heat shock or other types of stress, HSF1 un-
dergoes an activation process involving post-translational modifications, nuclear
localization and trimerization. The HSF1 trimer then binds to heat shock ele-
ments (HSEs) throughout the genome whose consensus-sequence is a tandem
array of three oppositely oriented “AGAA” motifs [164]. In humans, so far ten
isoforms are found: HSF1, 2, 3, 4, 5; HSF2BP, HSFX1, X2, HSFY1, Y2.

On the other hand, a telomere is a region of repetitive nucleotide sequences at
each end of a chromosome, protecting that end from 1) deterioration or 2) from
fusion with neighboring chromosomes. Structural stability is maintained by a
shelterin/telosome complex so that 3) this end region is not recognized as a
double-strand break by the DNA damage repair machinery, which triggers fu-
sion in 2). There are 6 proteins in this complex and TRF2 is the one that effec-
tively protects process 2). Telomeres are transcribed by RNA polymerase II into
a heterogeneous long non-coding RNA chain called telomeric repeat containing
RNA (TERRA) [165].

In [166], 1) HeLa wild type cells (derived from cervical cancer cells), 2) hu-
man foreskin fibroblasts transfected with the catalytic subunit of the telomerase
TERT (HFF2 cells) were the models of study. HSF1 knock-out cells were also in-
cluded in the study. Standard wet lab and dry lab techniques were used to carry
out the investigation. Comparing stressed (mild hyperthermia at 43°C) and un-
stressed cells, it was found that HSF1 was required for TERRA accumulation.
The HSF1 expression in the wild type HelLa cells was found to maximize be-
tween 30 - 45 min at 43°C. In particular, it was shown in [166] that upon appli-
cation of mild hyperthermia at 43°C as a stress, HSF1 binds to subtelomeres (of
the telomeres that contain heat shock elements) to trigger TERRA accumulation
and protects the telomeres from the plausible accumulation of “telomericdys-
function-induced foci” (TIF) caused by stress exposure. In other words, the
sub-telomeric DNA is found to be a new target of HSF1 with the physiological
function of maintaining telomere integrity. Moreover, telomeric DNA damages
are significantly enhanced in HSF1 deficient cells. Therefore, just mild hyper-
thermia is linked up directly with longevity itself. This investigation substan-
tiates the study of a different group where HSE was identified within TERRA
proximal promoters on seven chromosome ends [167]. We infer that the result
can be applied to healthy and cancer cells alike, because we consider the result

mentioned is an intrinsic property of the telomeres in the DNA. This new result
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explains the benefits of healthy cells in organs under mild hyperthermia like ex-
ercise. Similarly, the cancer cells enjoy the same benefits along the line of lon-
gevity. In the long run, HSF1 is not a factor driving the specie to extinction, else
HSFs and HSPs would not have been conserved throughout evolution.

It is almost a common knowledge that carcinogenesis involves 1) growth
without the influence of growth factor, 2) escaping from natural cell death and
senescence pathways, 3) promotion of angiogenesis, plus 4) metastasis [168]. We
would remark that HSF1 protects the integrity of telomeres is a homeostasis
process for cell health, rather than causing the cell to escape from the normal
senescence pathways. We would remark also that tipping the balance too much
to the other side would effectively extending the telomeres, with conditions fa-
vorable to the hallmarks of carcinogenesis, resulting in positive correlation of

cancer development.

8.11. Examples of HSP-Based Vaccine and HSP-Related
Anti-Cancer Drugs

We aim to provide the basic mechanisms behind the plausible benefits of treat-
ing cancer patients with mainly HSP70-based vaccine, HSP inhibitors and
mTORC1,2 inhibitors, mild hyperthermia (which amounts to enhance inducible
HSP activity), and to highlight certain crucial questions to be answered in future
experiments. In the recent few years, there are several hundred trials using indi-
vidual or combination of HSPs inhibitors to treat various types of cancers, from
animal studies, in vitro cell line investigations, to preclinical trials, and even a few
on clinical trials. A number of HSP-based, non-HSP-based cancer vaccines are also
under study. It is far too long to list these studies, even in the simplest tabular for-
mat, in this paper. The readers are referred to two references [169] [170] which
lists many tens of HSP inhibitors under various stages of trials, with different
combinations of HSP inhibitors. If we provide particulars relating to the biomedi-
cal mechanisms of the potential measures/drugs and present the results of analyses
here, our paper will be exceesive long, with lots of materials outside the main
theme. It takes years usually for a potential drug to become FDA approved drugs.

In this section, we would rather review/analyze in a concise manner several
drug examples more closely related to the mechanisms presented in this paper.
The drugs or their combination with potential components are FDA drugs.

In searching through the literature, we have found one HSP-based cancer vac-
cine, which is person-specific, cancer-specific, approved by FDA in 2010. The
action of a HSP-based vaccine has been discussed in the text. This is listed as
column one in Table 1. The basic mechanisms of action is entered in the second
column, and the key references, the sections and figures of this paper related to
each item is presented in the second and third columns. The drug Gilotrif, which
is a FDA approved drug to treat non-small-cell-lung-cancer, is purposely chosen
because it is a client of HSP90, bringing the connection of tyrosine kinase recep-

tors to HSP(s), an important fact hardly emphasized in literature. Gilotrif in
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combination of a HSP90 inhibitor (Ganetespib) demonstrated stronger an-
ti-cancer effects in 7n vivo animal study, than in the situation where only Gilotrif
was used. This result suggests that combination of such type would have a po-
tential to become a very good anti-cancer drug.

The drug with symbol name OSU-0312 (Ar-12) appears twice in the table,
because it was demonstrated to have anti-cancer effects in two seemingly differ-
ent pathways. In the preclinical trial, it worked as a PDK1 inhibitor, and hence
mTOR inhibitor. During the phase I clinical trial, it was found that it inhibited
HSP70 also, driving the cancer to follow the PERK-CHOP apoptosis machinery,
which is described in details in Section 5.6. If one goes through Sections 3 and 5 of
this paper, the result in the clinical trial is expected. Such result is also important in
developing anti-cancer drugs, because regulation of HSP70 member (in particular
Grp78) is connected to the PERK-dependent apoptosis process. We list the drug
temsirolimus, approved by FDA as an mTOR inhibitor to treat metastatic renal
cancer and interpret the cancer cells go through the FOXO-translocation-induced
apoptosis (see Figure 3). The drug everolimus, an mTOR inhibitor, was approved
by FDA three times in two years to treat renal, astrotomas cancers associated with
tuberous sclerosis complex, plus breast and pancreas cancers. There are three roles
for this drug alone; the mechanisms in the second columns of the three roles are
slightly different because some different proteins are involved in the mTOR inhi-
bition processes. Having gone through the mechanism of actions briefly described
for the other drugs in the table, as well as the detail discussion of the PDK1-Akt-
mTOR-HSF1 network, the several apoptosis pathways in the text, it is easy to fol-
low the proposed actions in the second column of the three rows pertaining to
everolimus. The reader can also consult [171] relating to discussion of part of the

stated mechanism associated to potential liver cancer treatment.

9. Some Crucial Unanswered Questions, Debatable Issues
and Certain Proposals for Future Research/Treatment

9.1. Debatable Issue: Two Faces of the Same Coin and Proposed
Strategy to Treat Cancers, as a Matter of Principle

It is tempting to ask the question: why do intracellular HSPs play such strong
protective role, but play such a strong pro-inflammatory and immunity role,
once outside the cell?2 We would provide a speculative answer here: all living or-
ganisms need HSP to survive; in fact, a plant HSP70 has 70% homology with that
of humans. HSPs are treasures, and are to be used in the “quiescent” condition
intracellularly. The immunity system has evolved to a state to recognize the fact
that if a cell is secreting too many HSPs, that host cell must be in big trouble, and
the best way for the host organism to survive is to eliminate that cell by cytotoxic
T cell or natural killer cell. Moreover, another recent discovery that after mild
hyperthermia, the NK cells would develop the NKG2D receptor on its surface to
which the MICA molecule on the surface of a cancer cell binds, (Figure 6) is a

further addition to the immunity strength. In view of the analysis presented

DOI: 10.4236/jct.2017.811086

1008 Journal of Cancer Therapy


https://doi.org/10.4236/jct.2017.811086

P. C. W. Fung, R. K. C. Kong

from different angles, and guided by intuition, we hold the view that in general,
building the strength in our immunity system, i.e. using anti-cancer vaccine as a
preventive measure, is certainly the best choice, if the vaccine does not bring in
serious side effects. However, based on the analysis presented schematically in
Figure 2, as a matter of principle, we speculate that the inhibitors of HSPs and
mTORCI could well be very useful, but we need to see the therapeutic results for
some time and find out the response of the healthy cells to these passive drugs. It
is tempting to speculate that using special drug delivery technique (such as using

nano-particles) to target the tumor might be worth considering.

9.2. Proposal of Further Research: What Is the Status of the
Client Proteins Attached to a HSP when a HSP Inhibitor Is
Applied to Treat Cancer?

As stated in Section 8 and Table 1, though many HSP inhibitors (HSPI) and
their combinations are being tried by different research groups, we have found
only one HSPI drug has been approved by FDA. It provides positive efficacy to
treat non-small-cell-lung-cancer in subjects, and gastric cancer cells in in vitro
study. Referring to the left side of Figure 2, a HSP90 is attached to the HSFI,
HSP40, plus over 200 protein clients. HSP90 also participates in the protein
folding machinery in ER (right side of Figure 2). When a HSPI acts a HSP, some
clients may be released, and some may be damaged altogether. Logically, some of
these clients take part in physio-pathological functions of some kinds. We have
to learn from future experiments what pathways are triggered after the action of
the HSPI. So far, as we have emphasized in Section 8.11, tyrosine kinase recep-
tors are clients of HSP90.

Likewise, the mTORCI,2 complexes are attached to a number of HSPs. We
need to know what become of these HSPs after the application of mTORCI,2
inhibitor to treat cancer cells. We have pointed out that inhibition of mTORI, 2
complexes could cause translocation of FOXO1, 3 to the nucleus, initiating an
apoptosis process. We wish to find out the efficient ways to send cancer cells to

any one of the apoptosis processes discussed in Sections 5.5 and 5.6.

9.3. Proposal of Further Research: Understanding the
Translocation Mechanism of Endogenous HSP70-Complex
from Cancer Cells to Extracellular Domain by
(Injected/Penetrated) Exogenous Pure HSP70—The
Hope of Developing a General Cancer Vaccine

Now refer to Section 8.7 on preparing a rather general vaccine to cover a range
of cancers. To understand the translocation mechanism of endogenous HSP70
with peptides from cancer cell to join the “exosome pool” is of prime impor-
tance. It has been suggested that either one or all the following processes are at
work: 1) a classical, endocytotic pathway, 2) non-classical process involving se-
cretory lysosomal endosomes process [128], 3) via lipid rafts trafficking me-

chanism [119]. Further research on the details of this particular “HSP replace-
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ment” mechanism is necessary. Moreover, we might have to learn also tech-
niques such as the application of pholoretin [154], dipole modifier [155] as
means of (exogenous) HSP70 penetration to the cancer site. In addition, the ex-
position of endogenous HSP70 complex causes maturity of both types of T cells,
plus activation of NK cells [119]. This issue echoes the benefits of mild hyper-
thermia which has similar effects of promoting innate immunity ability as illu-
strated in Figure 6(b). There is also evidence that mild hyperthermia enhance
immunity of T cells as discussed in Section 3.1. The main issue of this section is
driving to develop vaccine and covers a large number of cancers, avoiding per-
son-specific, cancer-specific restrictions as much as possible. In passing, we would
remark that over two decades ago, it was already known that extracellular HSP70
enhances the rate and capacity of macrophage-mediated phagocytosis at 6 times
the basal rate [147]. It is constructive to find out whether other pure HSPs have
similar ability. We put forth the notion that other HSPs (not only HSP70) may

also form bases for preparation of anti-cancer vaccines.

9.4. Proposal of Further Research: Analysis of the Activity of the
Relevant Cells as a Function of Temperature

There is ample evidence that mild hyperthermia plays protective role in an-
ti-cancer action (Section 3.1). Temperature-dependent investigation of the rele-
vant action of cells (including the immunity cells certainly) and proteins, lipids

in the development of anti-cancer measures is desirable.

9.5. Proposal of Further Research: It Is Important to Understand
how and under What Conditions Constitutive HSPs Are
Synthesized

Although we understand the activation of HSF, inducing its binding with HSE in
the nucleus, would lead to synthesis of inducible HSPs of various types. What is
the up-stream factor of constitutive HSPs? From the study of [62], it seems that
some un-identified factor(s) would activate the generation of constitutive HSPs,
and the process declines with age.

Understanding the answer to the above question leads us to find out if there is
any method to enhance the generation of constitutive HSPs, because the amount
of the inducible HSPs can be increased simply by applying hyperthermia. Over
one decade ago, Western-blot analysis with HSP90 antibody showed that the
leukemia cells contained much higher concentration of HSP90 than the normal
peripheral mononuclear cells. The gene expression of HSP90a was also found to
be enhanced in the leukemia cell lines and the acute leukemia cells from patients
as compared with the normal blood cells [188]. Finding mechanism/drug to
knock out gene expression of HSP90 is perhaps a therapy to treat leukemia, re-
membering also the question asked in Section 9.1: what is the response of
healthy cells to HSPI. Further research to understand the abnormal gene expres-
sion of HSP90a is desirable, in our opinion. Such study may be analyzed togeth-

er with the gene mutation study in Section 9.10. In traditional Chinese medicine,
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warm Bian stone and moxibustion treatments have a long history as noninvasive
health-care measures, and to treat a number of diseases, based on application of

mild hyperthermia and mechanical stimulation [189].

9.6. Proposal of Further Research: To Understand the Mechanism
behind the Hyper-, Hypo-Thermia Treatment Reviewed in
Section 3.3

There is evidence that the myeloid derived suppressor cells would promote can-
cer invasion, as reviewed in Section 3.3. Using a special hyper- and hypo-thermia
treatment, however, HSP70 seemed to be able to inactivate the harmful (to the
host patient) MDSCs and restore the immune cells to participate in their normal
immunity duty, thus inhibiting the metastasis process of mammary metastatic
lung cancer model. It would be interesting and of practice importance on re-
peating such experiments on other cell lines and investigate the change in beha-

vior of the cells involved during the cooling period.

9.7. Proposal of Further Research: On Cancer Vaccine for the
Advanced State of Cancer with Participation of CSC/CIS

We have reviewed in Section 4.2 that there is as a small population of cancer
cells, called cancer stem-like cells (CSC) or cancer-initiating cells (CIS) having
the ability of high self-renewal, differentiation, and having tumor-initiating
functions. We need to target these cells at the advanced/metastatic state of can-
cer. The studies cited in Section 4.2 suggests that HSP27 may be a good target to
develop cancer vaccine at least for a number of cancers such as breast, lung, co-
lon and prostate cancers [62]. Moreover, it was found in [190] that a HSP40
family protein, homolog, subfamily B, member 8 (DNAJB8), which is expressed
preferentially in the CSC/CIC population cancer cells, is a novel CSC antigen,
particularly in renal cell carcinoma (RCC) and testis cancer. Thus, we have to
work on the mechanism why such cancer-specific HSPs (especially the smaller
ones) can be taken as antigens in developing cancer vaccines, particularly for the
advanced state of carcinogenesis. It is worth noting that HSF1 has a role in the
maintenance of CSCs/CICs independent of stress, when these cancer cells are
formed. Such surprising result suggests that the known physiological aspect that

HSF1 is activated only by stimuli may have to be re-examined.

9.8. Controversy: The Combined Activation of mTORC1,2 Was
Found to Inhibit Lymph Node Metastasis in Patients

There is evidence that mTORCI,2 combined lead to activation of Thl and Th2
cells as discussed in Section 5.3. Figure 7 summarizes the very recent finding of
anti-lymph node metastasis of the combined effects of Th1 and Th2 under clinical
setting. There seems to be a contradiction in results reviewed in Section 5.3 and
other examples of using mTOR inhibitors to treat cancers, showing positive effica-
cies. However, our opinion is that the seemingly controversy comes from a game

of tug of war. To be amplified in the concluding remarks.
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Figure 7. mTORCI1 and mTORC2 activates Thl, Th17 and Th2 cells respectively. The
combined activation of these immunity cells was found to inhibit lymph node metastasis
in patients (Section 5.3). IgE is immunoglobulin, an antibody in the immune system.
Other symbols have been defined before.

9.9. Proposal of Further Research: On Suitable Exercise for
Patients

Also in Section 5.3, we have discussed the influence of mechanical stimuli on the
protein complex mTORCI. Knowing the correlation of mTORC1 activation and
the specific type of exercise (such as endurance exercise, which is characterized
by the repetition of low to moderate force contractions over a prolonged period
of time) might be a guide to the type of exercise to be recommended to cancer
patients, within their physical ability [83]. Non-invasive treatment might then

work partly as mTOR inhibitor in a self-regulated manner in the body.

9.10. Supporting the Determination of Early Markers of
Carcinogenesis Based on Lipidomics

During the discussion of HSP intra-extra-cellular translocation in Section 9.3, we
have come across lipid raft as a vehicle. Extracellular HSP70 binds the macro-
phage membrane, on its lipid raft microdomain. Disruption of lipid properties
of the cell membrane, and hence characteristics of lipid rafts, HSP70-raft inte-
raction would abrogate the HSP-mediated increase in phagocytosis [147].
Although a Eukaryotic cell membrane maintains an overall bilayer structure
under physiological conditions, it contains other lipid like phosphatidylethano-
lamine (PE), which has a small polar headgroup; such a geometrical shape in-
duces the occurrence of local high-membrane curvature, supporting the modifi-
cation of the bilayer structure into a nonbilayer one, such as inverted hexagonal
phase. In fact, the membrane structure is precisely regulated, to canter for fu-
sion, endocytosis, signaling, and for the activity of certain membrane-bound
enzymes [191]. An exogenous stress such as heat shock can cause transient
membrane defects, with accompanying change in permeability, resulting in flui-
dization and the formation of nonbilayer structure. There are also changes in li-
pid-based signaling cascades and alterations in calcium transport. The sHSPs
have sequence related to the vertebrate lens-crystallins in the eye. A number of
sHSPs (HSP17, 25, 27) are found to participate, by interaction with the lipids in
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the membrane, to restore the integrity of the membrane under thermal fluctua-
tions [191] [192]. A cancer cell also acquires thermotolerance which is undesira-
ble in therapeutic treatment. Recent investigation using B16 melanoma cell (a
murine skin cancer cell line) suggests that the lipid rafts microdomains, rather
than de novo synthesis of HSPs, play the more crucial role in acquisition of
thermotolerance in these skin cancer cells [193]. Alerted by the basic origin of
thermotolerance (plus other stress-tolerance based on similar argument) leads us
to realize the importance of lipidomics. In fact, there are more and more new
types of lipids found in the recent several years [194]. A total of 84 patients with
early-stage breast cancer (stage 0-II) and 110 with benign breast disease partici-
pated in a recent study. 367 lipid species (containing mainly various phospholi-
pids) were identified by lipidomics. The authors identified 15 lipid species which
could be considered to form a panel as a set of plasma biomarkers for the diag-
nosis of early breast cancer [195]. Hopefully, similar analysis can be conducted
for other cancers. In our opinion, the study on the interaction of each set of
(marker) lipids with the de novo synthesis of HSPs is also useful, because change
in lipids in the cell membrane is likely to be associated with the change in the ef-
fects of heat shock.

9.11. Supporting the Inclusion of Genetic Mutation Analysis
during the Evolution of Carcinogenesis

Cancer is a genetic disease and that somatic mutations of oncogenes and tumor
suppressor genes are now considered to be the initiating factors in carcinogene-
sis. However, as the cancer evolves, there could well be change in the characte-
ristics of mutations within a group of cancer cells. Cancer genome sequencing
has recently been developed to study the underlying genetic aberrations that
drive carcinogenesis. Intratumor heterogeneity (ITH) has been investigated in
cancer using whole-exome sequencing (WES) of multiple regions of individual
cancer biopsies under clinical setting. For example, up to 70% of mutations were
found to occur in a heterogeneous pattern across spatially separated locations in
particular renal cancers [196]. Somatic mutations in the MAPK pathway were
found to be the driver events in the majority of melanomas, implying that the
mTORCI1 pathway might be involved. Moreover, evolution of three distinct ac-
tivating PI3K phosphatidylinositol 3-kinase catalytic subunit PI3K CA muta-
tions (p.V344G, p.R38H, and p.H1047R) and a stop mutation in PI3K R1 in a
large lymph node metastasis (Mm1641) were reported [197]. These two sets of
results suggest that members of the PDK1-Akt-mTOR network might be mu-
tated. The mTORCI1 inhibitor was considered as an anti-cancer drug was based
originally on the growth property reviewed in Section 5. The results just men-
tioned in [197] using the recent genome sequencing technique suggests that
some members of the PDK1-Akt-mTORC2 pathway might be mutated also for
melanoma to develop. Injecting cells from a human prostate cancer cell line
PC-3 (null for PTEN) into mice with the Rictor gene knocked out would inhibit
the development of prostate cancer as compared to control. Such a result sug-
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gests that mTORC2 is required for the formation of prostate cancer (see Section
5 for more details of Rictor and PTEN) [198]. Perhaps due to such evidence,
mTORC2 inhibitor has been suggested might be a useful anti-cancer drug also
[199]. While patients are treated with anti-cancer drugs based on various expe-
rimental and medical principles, it seems that whole-exomesequencing (WES) of
multiple regions of individual cancers is a useful monitoring technique to ana-
lyze the development and to offer adjusting treatment during carcinogenesis.
Whether mutation has occurred in members of the mTORC2 pathway, in the
cases where mTOC?2 inhibitors work as anti-cancer drugs, is still an unanswered

question at this stage.

10. Concluding Remarks

We believe that as we proceed in biomedical research, using any modality, we
would come up with a large number of pathways which are inter-connected.
Using the “holistic approach”, analyzing problems from various angles, is neces-
sary. The analysis process is however limited by the complexity of the living or-
ganism, which is a complex system in modern technical definition. In practice,
we can only identify certain key steps at a time, and incorporate works of differ-
ent groups to advance just a single step. Detailed review from time to time can
serve a bit in this purpose, and it is with such motivation the authors have writ-
ten this article. Going through the updated representative analyses of the in vi-
tro, in vivo, and clinical investigations, we observe that two main strategies are
taken, attempting to cure the cancer disease. The passive modality is to block out
the growth of proteins by inhibiting mTOR1, 2 and/or inhibiting the abundant
HSPs/HSF1 so that the cancer cells cannot survive. In doing so, one of the sever-
al apoptotic processes would be in play, if the drug/measure demonstrates an-
ti-cancer activity. However, we wish to learn more on their effects on healthy
cells if these inhibitors are taken orally or by injection also. It is a tug-of war be-
tween the effects of activating the immunity system using vaccination (which is
speculated to be much strengthened if mild hyperthermia is applied) and the
usage of inhibitors to cut off the living sources of the cancer cells. The rather de-
tail analysis of this paper seems to suggest that there is hope in developing a
general cancer vaccine covering a range of cancers. Of course, there are still un-
answered questions as listed in Section 9, waiting for results of further research.
Moreover, we want to understand the mechanism of participation of the cancer
stem-like cells at the late stage of carcinogenesis, to know more characteristics of
the occurrence of heterogeneity in mutations even within one tumor, to find out
the alteration of the lipid structure of the cancer cells in the course of develop-
ment of the disease. Therefore, inclusion of genetic profile analysis, as well as
analysis using techniques in the new field of lipidomics during therapeutic
treatment might be helpful, as a matter of principle. Despite the above com-
ments, we hold the optimistic opinion to speculate that scientists and clinical
experts are walking along a path towards a state when most cancers might not
appear, and if they do, most cancers might be cured in ten to fifteen years’ time,

DOI: 10.4236/jct.2017.811086

1014 Journal of Cancer Therapy


https://doi.org/10.4236/jct.2017.811086

P. C. W. Fung, R. K. C. Kong

based on the detail analysis of various contributions from different groups pre-

sented in this paper. We have found that HSPs play crucial roles in many path-

ways—this is the first paper of our series on the HSP story.
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