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Abstract Herein, we propose that viral infection can induce
a deficient cell stress response and thereby impairs stress
tolerance and makes tissues vulnerable to damage. Having a
valid paradigm to address the pathological impacts of viral
infections could lead to effective new therapies for diseases
that have previously been unresponsive to intervention.
Host response to viral infections can also lead to autoim-
mune diseases like type 1 diabetes. In the case of Newcastle
disease virus, the effects of viral infection on heat shock
proteins may be leveraged as a therapy for cancer. Finally,
the search for a specific virus being responsible for a con-
dition like chronic fatigue syndrome may not be worthwhile
if the disease is simply a nonspecific response to viral
infection.

Introduction

Many viral infections leave hosts with chronic fatigue, pain,
myalgias, and organ inflammation. These lasting symptoms

P. L. Hooper (<))

Division of Endocrinology, Metabolism, and Diabetes,
School of Medicine, University of Colorado,
Anschutz Medical Campus,

Aurora, CO 80045, USA

e-mail: phoopermd@gmail.com

L. E. Hightower

Department of Molecular and Cell Biology,
University of Connecticut,

Storrs, CT 06269, USA

P. L. Hooper
Department of Anthropology, University of New Mexico,
Albuquerque, NM 87131, USA

P. L. Hooper

Santa Fe Institute,
Santa Fe, NM 87501, USA

Published online: 14 July 2012

associated with viral infections may be the result of loss of
the host’s protein-based stress response. Unlike eukaryotes
and bacteria, viruses do not have heat shock proteins (Hsps)
and rely on host Hsps for viral protein folding. As a result,
processes that regulate host stress proteins are likely targets
of strategic manipulation by both viruses and infected hosts.

Some viruses take advantage of a host's activated cellular
stress response and are able to increase replication when
Hsps are high. Several viruses in fact stimulate a major
increase in Hsps toward this end, such as human papilloma-
virus (Song et al. 2010), adenovirus (Glotzer et al. 2000;
Madara et al. 2005), polyomaviruses, and dengue viruses
(Reyes-Del Valle et al. 2005). Other viruses, however, suffer
a reduction in replication when host Hsps are high, such as
human immunodeficiency virus (HIV) and influenza A,
where Hsp70 inhibits viral gene expression and replication
(Kumar et al. 2011; Li et al. 2011). It is therefore not
surprising that some viruses known for inducing chronic
fatigue and malaise act to limit the host stress response,
including influenza A, West Nile virus, herpes simplex
virus, and hepatitis C. Hosts, on the other hand, can respond
to viral infections through several defensive maneuvers,
including generation of a fever, immunological defense,
interferon production, and reduction of protein synthesis—
including reduced Hsp synthesis—which set hosts up for
adverse symptoms.

This paper will address consequences to hosts when the
Hsp stress response is impaired due to viral infection. The
background for research in this area is provided by the
detailed study of Newcastle disease virus (NDV) over the
past three decades, presented in the first section below. The
subsequent section then provides a brief review of indolent
viral diseases that are associated with an impaired tissue
stress response. We then address two conditions—type 1
diabetes and chronic fatigue syndrome (CFS)—both of
which may result from viral insult and impaired Hsps.
Finally, we propose a mechanism whereby viral blockade
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of the stress response can be used therapeutically to destroy
tumors without damaging healthy tissues.

Background: NDV

The potential for major interactions between viruses and
host protein machinery is well illustrated by the case of
NDV. This paramyxovirus comes in both highly virulent
(strain Australia-Victoria, AV) and naturally occurring avir-
ulent strains (strain New Jersey LaSota, strain B1-Hitchner).
In addition, a set of mutants called noncytopathic (nc)
mutants have been isolated from a chemically mutagenized,
cloned stock of NDV-AV (Mandansky and Bratt 1978). Like
avirulent strains of NDV, the nc mutants induce reduced
levels of viral mRNA in infected chicken embryo cells
(Mandansky and Bratt 1981a). Consequently, fewer viral
proteins accumulate, and host cell protein synthesis is rela-
tively better preserved in comparison to the virulent parent
strain AV.

A study was carried out that compared cellular stress
protein Hsp90, Hsp70, Hsp23, and the glucose-regulated
protein Grp78 (now known as one of the endoplasmic
reticulum stress proteins) after infection by different strains
of NDV. The study demonstrated that infection by avirulent
B1-Hitchner and avirulent NJ-LaSota markedly raised Hsp
protein levels, while the virulent strain AV severely reduced
Hsp70 and Hsp23 levels and nearly eliminated Hsp90 and
Grp78 levels (see Fig. 1). Peptide mapping comparisons to
authenticate cellular stress proteins induced by the arginine
analog L-canavanine identified NDV-induced Hsp90,
Grp78, Hsp70, and Hsp23 as authentic cellular stress pro-
teins (Collins and Hightower 1982).

At the time of Madansky and Bratt’s nc mutant studies in
the late 1970s, the ability of NDV avirulent strains to induce
cellular stress proteins was not yet known. However, the
published gel patterns of the nc mutants clearly show the
stimulated production of these proteins. Relative to virulent
strains like AV, avirulent strains and the nc mutants have a
much reduced capacity for cell killing (in terms of lytic
plaque formation in cell cultures) and much longer embry-
onic death times in infected eggs (Mandansky and Bratt
1981b). Cell and embryo killing correlated directly with
viral RNA and protein levels, and inversely correlated with
levels of host cell proteins. Although it was not appreciated
at the time, extensive cell killing and short mean embryo
death times also inversely correlated with cellular stress
protein levels (Collins and Hightower 1982).

In retrospect, both the cytosolic/nuclear stress response
and unfolded protein response (UPR) were induced by the
virulent and avirulent strains. The UPR signature protein
BiP (Grp78) is among the induced stress proteins (Fig. 1).
We now interpret these responses in light of current
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understanding as likely caused by competition by viral
proteins for molecular chaperones, including viral nucleo-
capsid production in the cytosol, and viral glycoprotein
production in the endoplasmic reticulum. The virulent
strains also induce increased stress protein mRNA levels
early in infection, demonstrating that the nuclear signal for
activation of stress response genes is generated, but net
avian Hsp protein synthesis is blocked at the stage of protein
translation (Collins and Hightower 1982). It is clear from
these studies that stimulating production of stress proteins is
part of the avirulent phenotype, even though we do not
know the exact role that these proteins play in countering
cell and embryo killing by viruses. One can speculate that
inadequate levels of molecular chaperones needed to facil-
itate the folding and assembly of essential cellular proteins
and organelles contributed to the killing by the virulent
strain. As we will discuss herein, recent evidence that Hsps
modulate major survival pathways such as apoptosis and
mitosis is likely part of the answer as well.

The case study of NDV showed that a diminished stress
protein response in the host correlates with the severity of
disease inflicted by the virus. These observations provided
an early clue that a diminished capacity to produce Hsps
could have a deleterious effect on infected hosts. Research
since that time has shown that interactions between viruses
and host stress protein machinery can be either highly spe-
cific to individual viral proteins and particular Hsps, or part
of a more general viral host response. Below we review a
variety of cases showing viral-induced deficiencies in Hsp
synthesis at the level of translation, as well as deficiencies in
the stress response due to direct viral protein—Hsp
interactions.

Viruses associated with impaired Hsps
West Nile virus

West Nile virus (WNV) is a member of the Flaviviridae
family, the best-known member of which is Yellow Fever
Virus. The Flaviviridae are single-stranded RNA viruses in
which the virion strand is also the mRNA, and which
assemble in the cytoplasm into icosahedral virions com-
posed of one type of capsid protein. While the majority
(90 %) of West Nile virus infections in humans are innoc-
uous, some infections produce meningitis and encephalitis,
and are noted for long-term convalescence and fatigue
(Kramer et al. 2007). The capsid of WNV is a major path-
ogenic protein that is associated with growth arrest of host
cells. Pertinently, WNV capsid protein binds to the
substrate-binding domain of Hsp70, both of which are in
the cytoplasm of infected cells. Capsid binding to Hsp70
disrupts the functional role of Hsp70 in ensuring protein



Viral infection reduction in stress response: implications for disease

HN—

Fo—

NPF—

Actin—

M—

Fig. 1 Comparison of protein synthesis in uninfected cultured chicken
embryo cells and cultures infected at moi=5 PFU/ml with virulent
NDV-AV, avirulent NDV strains B1-Hitchner, and NJ-LaSota. The
cultures were incubated for 6 h at 40.5 °C, then radiolabeled for
30 min with 35S-methionine. Extracts were prepared in gel sample
buffer, and polypeptides were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. Extracts of radioactively labeled
polypeptides from uninfected and infected cells labeled with radioac-
tive methionine were compared. a Fluorogram of a 7 % polyacryl-
amide gel. Lane I uninfected cultures, lane 2 strain AV infected, lane 3
strain B1-Hitchner infected, lane 4, strain NJ-LaSota infected. The
positions of avian Hsp70, Grp78, and Hsp90 are marked with the
arrows on the right side. These avian stress proteins were verified by
peptide mapping (Collins and Hightower 1982). Left side arrows mark

folding. Specifically, the folding function of Hsp70 and
Hsp40 complexes in restoring enzyme activity is impaired
as viral titers increase. Furthermore, WNV capsid induces
cytotoxicity—via caspase-induced apoptosis and mitochon-
drial dysfunction—that is attenuated by Hsp70. The data
support the notion that direct binding of WNV capsid to
Hsp70 may mediate illness severity in the host (Oh and
Song 20006).

Influenza A

Influenza viruses have a singled-stranded segmented
genome. They are called negative strand viruses because the
genomic segments are complementary to the viral mRNA.
These segments reassort during viral reproduction, allowing
influenza viruses to rapidly produce new strains of highly
infectious respiratory viruses. Influenza A is often responsible
for seasonal epidemics and sporadic pandemics, with symp-
toms of myalgia, pneumonia, and even death. The influenza

major NDV polypeptides: L large polypeptide, the transcriptase, HN
haemagglutinin-neuraminidase glycopolypeptide, Fo the precursor to
the fusion glycopolypeptide, F fusion glycopolypeptide, NP nucleo-
capsid polypeptide, M matrix polypeptide. The position of cellular
actin is marked as well. b Portion below 46 kDa of a fluorogram of a
9 % polyacrylamide gel on which the extracts described in a were
separated in order to retain the small Hsp23 on the gel for comparison.
Lane [ strain AV, lane 2 strain NJ-LaSota, lane 3 strain B1-Hitchner,
lane 4 cultures treated with the arginine analog canavanine to induce
authentic cellular stress proteins (Hsps) including avian Hsp23 (equiv-
alent to mammalian HspB1); lane 5 uninfected, untreated control
cultures. The NDV matrix polypeptide position and that of cellular
actin are marked as well

viral protein NS1 inhibits processing of Hsp70 pre-mRNA,
thus blocking Hsp70 protein expression (Shimizu et al. 1999).
Interestingly, with early infection, Hsp70 RNA in the nucleus
increases 25 to 30 times basal levels, and yet only a minimal
amount of mRNA enters the cytoplasm for translation. Initial-
ly, there is a modest rise in cytoplasmic Hsp70, followed by a
drop. The effect of upregulation of Hsp70 is to limit apoptotic
effects by binding to Apaf-1, which inhibits apoptosome
formation and caspase-9 recruitment. It is thought that the
initial high Hsp levels assure low cell death rates that can
maximize viral replication. However with time, Hsp70 levels
fall and another viral protein M1 binds to Hsp70, resulting in
caspase induction of apoptosis, cell lysis, and virus release
(Halder et al. 2011).

Epstein—Barr virus

Epstein—Barr virus (EBV) is another member of the herpes-
virus family that forms circular DNA molecules that reside
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in the cell nucleus and rarely integrate into the host
genome. Humans are the natural hosts wherein only
two cell types, squamous epithelial cells and B lympho-
cytes, are known to be infected. Squamous epithelial
cells undergo a lytic infection with progeny virus pro-
duction and cell death. Infection causes mononucleosis
and Burkett’s lymphoma. Mononucleosis often produces
fatigue and malaise that may persist for months and
years. In the past, it was thought by some investigators
to be a major cause of CFS. However, presently it is
not considered the cause of CFS because it does not
meet criteria for Koch’s postulates (i.e., criteria to es-
tablish causal relationship between infection and dis-
ease). With respect to Hsps and EBV, Hsp70 is bound
by Epstein—Barr nuclear protein antigen-LP, an antigen
that is high early in infections. The protein—protein
interaction is observed both in vivo and in vitro. It is
possible that the sequestration of Hsp70 impairs the
stress response, and therefore contributes to the complex
of symptoms associated with this infection. The protein—
protein complex also contributes to immortalization of B
lymphocytes, which primes the cells to malignant trans-
formation. Thus, the total effect of this viral-Hsp inter-
action may not just be a loss of the stress response but
also promotion of oncogenesis—in this case the devel-
opment of Burkett’s lymphoma (Kitay and Rowe 1996).

Herpes simplex virus

Human herpes simplex viruses have double-stranded linear
DNA genomes capable of integrating into the host cell
genome. Herpes simplex virus type 1 (HSV-1) is transmitted
orally and causes cold sores and fever blisters. Herpes
simplex virus type 2 (HSV-2, commonly known as genital
herpes) is sexually transmitted and has been linked to cer-
vical cancer. HSV-2 is ubiquitous and contagious, and can
be fatal when passed to the placenta and fetus. In a study of
herpes exacerbation during pregnancy, placentas from med-
ically terminated pregnancies demonstrated low Hsp70 lev-
els in placental homogenates and were associated with high
herpes antibody titers. Low Hsp70 levels also corresponded
with high caspase-3 levels and apoptotic nuclei. The find-
ings suggest that the viral infection suppresses Hsp70 levels,
thereby promoting caspase activation and apoptosis
(Lutsenko et al. 2010).

It was also recently demonstrated that HSV-1 inhibits the
unfolded protein response (UPR) during the early stages of
infection of cultured human cells. Viral inhibition of UPR
frees the virus from fidelity control of protein synthesis and
can increase the efficiency of viral replication 1,000-fold
(Burnett et al. 2012; Lutsenko et al. 2010). Loss of UPR
disrupts endoplasmic reticulum homeostasis and can there-
by lead to a number of pathological sequelae (see below).
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Hepatitis C

Hepeatitis C virus (HCV) is a noncytopathic hepatotrophic
virus that infects only humans and chimpanzees. It has a
positive sense single-stranded RNA genome and reproduces
in the cytoplasm of cells before undergoing membrane
budding. HCV infection is associated with cirrhosis, liver
failure, and hepatocellular carcinoma. In a study of liver
tissue biopsied from patients with HCV infection, reductions
in GRP78 levels—a member of the Hsp70 family key to
effecting the UPR in the endoplasmic reticulum—were
observed compared to normal liver tissue. As with
HSV1, the researchers proposed that loss of this stress
protein might encourage viral replication and thus max-
imize viral load. Interestingly, loss of UPR was not
associated with inflammation or fibrosis in this study.
However, reduced UPR induced by HCV infection may
expose the endoplasmic reticulum to stress, leading to
the development of a suite of disecases—diabetes, can-
cer, and neurodegenerative disease—all of which show
increased prevalence in subjects with HCV infection
(Engin and Hotamishgil 2010; McPherson et al. 2011).

Double-stranded RNA-dependent protein kinase (PKR),
interferon, and type 1 diabetes

In order to limit viral exploitation of host protein produc-
tion, hosts have evolved defensive strategies to limit all
protein synthesis and particularly Hsp protein synthesis.
PKR is an intracellular pathogen stress sensor that responds
to double-stranded RNA and interferon. PKR also responds
to endoplasmic reticulum stress and inflammation due to
nutrient excess (Nakamura et al. 2010; this topic is dis-
cussed further in “Implications and extensions” section).
Activated PKR arrests protein synthesis and Hsp translation
via phosphorylation of translation initiation factor elF2«
(Van Der Kelen et al. 2009; see Fig. 2). In an animal model
of colitis, injection of interferon and TNF-«x activated PKR,
and resulted in markedly impaired Hsp25 and Hsp70 protein
synthesis at the translational level; Hsp25 and Hsp70 were
in fact nearly absent in the gut mucosa, while the mRNA of
these proteins remained unaffected. The authors observed
that the cytokines blocked Hsp70 synthesis twice as much as
they blocked (3-actin, suggesting that while there is a global
reduction in protein translation, Hsp70 is blocked more
aggressively (Hu et al. 2007). In the case of NDV, however,
reduction in protein translation was more global, and not
specific to Hsps. More studies are needed to clarify if and
when cytokines' blockade of protein synthesis pertains to all
host proteins, or Hsps more specifically.

Pancreatic beta cell destruction in type 1 diabetes may be
tied directly to interferon disruption of the Hsp response.
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Fig. 2 Interferon, PKR, and elF2« mediate the effect of viral infection
on protein translation including Hsp 70

Evidence for this is provided by the following observations:
first, interferon is present at high levels in beta cells of
patients that died at the onset of type 1 diabetes (Foulis et
al. 1991); second, interferon levels are elevated in both
animal models of type 1 diabetes and in patients with new-
onset diabetes (Kallmann et al. 1997); third, increased serum
interferon concentrations are associated with rapid disease
progression (Kaas et al. 2011); fourth, the Hsp70 response to
heat shock is markedly impaired in newly diagnosed type 1
patients; fifth, interferon blocks the Hsp70 response in white
blood cells in a similar manner to the defect observed at the
onset of type 1 diabetes (Burkart et al. 2008); and finally,
interferon combined with TNF-« and IL-1f3 blocks GRP78
translation, thus impairing the UPR in pancreatic beta cells
of a mouse model of type 1 diabetes (NOD; Tersey et al.
2012). The net effects of this virally induced disruption of
the beta cell stress response are endoplasmic reticulum
stress, NF-kB activation, and beta cell death. Additionally,
impaired folding of major beta cell proteins (insulin,
GADG65, 1A-2, ZnT-8, and chromogranin A) initiates the
production of neo-self antigens, triggering autoimmunity
in individuals with a genetic predisposition to diabetes—
an idea recently proposed by O’Sullivan-Murphy and Urano
(2012). Parallel virally induced reductions in Hsp25/27 (as
noted in Fig. 1) could increase presentation of MHC class 1
autoantigen and lead to beta-cell lysis by CD8(+) T cells
(Nagarja et al. 2012). Ultimately, the viral infection sets up a
one-two punch—first making beta cells vulnerable, and then
immunologically eliminating them.

Consistent with these effects, an increased prevalence of
autoimmune disease is observed when interferon is used to
treat diseases like hepatitis B, hepatitis C, or multiple scle-
rosis. Reports observe that interferon therapy is associated
with an increase in autoimmune thyroid disease, type 1
diabetes, membranous nephropathy, and other self-antigen-
induced diseases (Mammen et al. 2012; Radhakrishnan
et al. 2005; Scavone et al. 2010; Tosone et al. 2007,
Tsai et al. 2012).

Therapeutically, one would predict that raising the stress
response might mitigate the autoimmune destruction of the
beta cell. Indeed, mild hyperthermia once per week for

32 weeks in the genetic mouse model of type 1 diabetes
(NOD) eliminated the development of type 1 diabetes dur-
ing the hyperthermic period, with lasting effects such that
only a few animals developed the disease in the 20 weeks
after the therapy stopped (Capitano et al. 2008). We con-
clude that modulation of Hsps by diverse stimuli like inter-
feron or heat shock may promote or prevent autoimmunity,
depending upon whether they repress or augment Hsps.

Chronic fatigue syndrome

Chronic fatigue syndrome (CFS), also known as myalgic
encephalomyelitis, is a condition with no specific etiology,
but which has been associated with a host of viral and
bacterial infections. Examples include EBYV, described pre-
viously, and xenotropic murine leukemia virus-related virus,
which recently received international press when key papers
implicating the latter virus were retracted. These events
serve to emphasize the difficulties encountered in associat-
ing CFS with a distinct pathogen.

We propose that CFS is not the result of a specific
infection but rather a more general response of the body to
infection. In particular, infectious impairment of the stress
response, as the examples we have described herein suggest,
could make subjects vulnerable to even minor stresses and
injury. Indeed, subjects with CFS are not resilient to life
stresses: a strikingly minimal stress like walking five blocks
can leave a person with CFS feeling exhausted for several
days. In studies comparing subjects with CFS to healthy
control subjects, the stress protein response to exercise is
significantly blunted. A study comparing serum Hsp27 and
Hsp70 of CFS patients versus control subjects before and
after an incremental exhaustive bicycle session found lower
baseline Hsp 70 levels in the CFS group compared to the
control group. Hsp27 and Hsp70 also failed to rise as high
and as fast in the CFS group as in their healthy control
counterparts (Jammes et al. 2009). A more recent study of
CFS patients divided subjects into those that had postinfec-
tion CFS and those that did not. Hsp27 and Hsp70 levels
failed to rise with exercise in subjects with infection-
associated CFS, and in fact decreased from baseline—which
may explain why CFS subjects often complain of exhaus-
tion after moderate exercise (Jammes et al. 2011). Further-
more, CFS muscle biopsies contain mitochondria with
functional and morphological defects consistent with an
impaired intracellular stress defense (Myhill et al. 2009).
Finally, studying aging subjects, Mets and colleagues have
reported that monocyte and lymphocyte Hsp27 correlates
positively with fatigue resistance (Beyer et al. 2012).

While the etiology of CFS is presently regarded as mul-
tifactorial, prior infections—particularly viral infections—
are likely major CFS triggers. In support of an infectious

@ Springer



P.L. Hooper et al.

culprit, a study of CFS versus control subjects observed
elevated titers of PKR protein and interferon, with minimal
overlap of values with the control group (Vojdani et al.
2007). Elevated interferon titers were also detected in vet-
erans ill with chronic fatigue associated with the Gulf War
(Zhang et al. 1999). Interferon administration itself produces
fatigue and has been used as model to study CFS (personal
communication, J. Jones, CDC)

If CFS symptoms reflect an impaired Hsp state, then
improving the Hsp response should improve the condition.
Indeed, a nutraceutical product (ADAPT-232 forte), which
combines extracts from three herbs (Eleutherococcus senti-
cosus, Schizandra chinensis, and Rhodiola rosea), raises
Hsps in response to exercise. This same agent is effective
in reducing fatigue and improving performance in a
placebo-controlled trial of patients with CFS (Panossian
et al. 2009).

Viral infection for cancer therapy

Surprisingly, recent research has established that some viral
infections can be used as oncolytic agents to treat cancer. In
particular, NDV has been found to induce tumor cell death
with little or no harm to noncancer cells of the host. So in
addition to poultry, NDV can also kill cancer, while sparing
healthy human tissue. Currently, there are 600 citations that
support the use of NDV in cancer therapy. Zamarin and
Palese (2012) have published a very thorough and useful
review of this literature.

The cytotoxicity of cancer chemotherapeutic agents is
often brought about by mitochondrion-initiated cell death.
The outer membrane of the mitochondrion becomes perme-
able, resulting in the release of cytochrome c into the cyto-
plasm, which triggers caspase proteases to activate apoptosis
(Reed 2011). Hsps play a key role in modulating apoptosis
and cell death. For example, Hsp27 (HSPB1) is a negative
regulator of apoptosis. It binds directly to cytochrome c re-
leased from mitochondria, which prevents the binding of
Apaf-1 to procaspase-9, inhibiting its activation. Through this
relatively direct and specific blockade, Hsp27 interferes with
mitochondria-mediated caspase-dependent cell death (Bruey
et al. 2000). Hsp70 also blocks stress-activated apoptosis by
several different pathways. Under stress conditions for exam-
ple, Hsp70 (HSPA1A) inhibits Bax activation, which is
required for release of proapoptotic factors from mitochondria
(Stankiewicz et al. 2005). In addition to a major role in
facilitating protein folding pathways, there is evidence that
Hsp70 can block stress-induced apoptosis by a mechanism
independent of chaperone function (Chow et al. 2009).

Another link between stress proteins and tumor growth
involves chaperone-mediated autophagy (CMA), a process
distinct from the more commonly studied macroautophagy.
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As malignant cells are associated with robust activity of
CMA, evidence demonstrates tumor growth and metastasis
can be decreased and apoptosis stimulated by reducing
CMA (Kon et al. 2011). We propose that viral modulation
of the levels of molecular chaperones (i.e., stress proteins)
directly modulates CMA in tumor cells. It is further antici-
pated that the virulence of NDV strains is inversely corre-
lated with CMA levels.

Low Hsp25/27 induction by virulent strains of NDV
increases tumor necrosis and will increase antigen presenta-
tion and activate cytotoxic CD8(+) T cells (Nagarja et al.
2012; see Fig. 1b, in which the avian version of the small
Hsps is Hsp23). Thus, inducing cell death by reducing the
level and functionality of Hsps in cancer cells is an attractive
strategy for cancer therapy (Galluzzi et al. 2006; Jego et al.
2010). Zamarin and Palese (2012) noted that virulence of
NDV strains in birds correlates directly with their oncolytic
properties. We suggest that there is also a direct correlation
between the ability of virulent strains to inhibit host protein
synthesis—including cellular stress protein synthesis—and
the oncolytic properties of NDV. In general terms, these
proteins, especially when intracellular, establish a cytopro-
tected state in cells and tissues that is antiapoptotic, anti-
inflammatory, and at least transiently antimitotic. Hsp70
levels are often used as a marker for the cytoprotected state.
The observation that virulent strains of NDV impair Hsp70
translation (Collins and Hightower 1982) predicts that these
strains could be effective in blocking the establishment of a
cytoprotected state and consequently promote apoptosis.
Additionally, the oncolytic effect of NDV is enhanced by
influenza protein NS1 (Mansour et al. 2011). The NS1
protein of the highly pathogenic avian HSN1 influenza virus
is currently believed to be responsible for the increased
virulence of the strain (Li et al. 2006). Relevantly, NS1
inhibits cleavage of Hsp70 premRNAs, blocking the forma-
tion of mature mRNAs (Shimizu et al. 1999). Furthermore,
NS1 binds to Hsp90, promoting an association of Apaf-1
with cytochrome ¢ and activating the cytotoxic caspase
cascade (Zhang et al. 2011). Thus, NDV alone and NDV
enhanced with viral Hsp-blockade proteins like NS1 are
efficacious in treating a host of malignancies—breast, lung,
prostate, colon, melanoma, gliablastoma, neuroblastoma,
and sarcoma (Ravindra et al. 2009).

Interferon has been used directly as an oncolytic agent for
decades in human malignancies. Clinically beneficial thera-
peutic activity of interferon has been demonstrated in hairy cell
leukemia, Kaposi's sarcoma, CML, B- and T cell lymphomas,
melanoma, myelomas, and renal cell carcinoma (Gutterman
1994). Interferon has been thought to be effective by enhanc-
ing the immune response to cancer, but it also activates apo-
ptosis (Chawla-Sarkar et al. 2002). As noted above, like NDV,
interferon may function as an oncolytic agent by activating
PKR and ultimately impairing Hsp translation in the tumor. In
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fact, data suggest that NDV induction of interferon may con-
tribute to its oncolytic activity (Mansour et al. 2011).

Acting in the opposite direction, certain viral infections that
induce Hsps may promote oncogenesis. Two examples of
viral induction of Hsps associated with cancer are EBV and
Burkitt’s lymphoma, mentioned above, and human papillo-
mavirus (HPV) and cervical cancer. An oncogene of HPV, 16
E7, is associated with increased expression of Hsp70 (Liao et
al. 2005), and further induction of Hsp70i (HSPA1A/B) with
heat shock enhances viral replication in HPV-infected kerati-
nocytes (Song et al. 2010). Song and coworkers propose that
increased Hsp 70i may be a key factor promoting oncogene-
sis. They note that HPV alone does not produce cancer, but
that added factors like smoking, chronic inflammation, multi-
parity, and oral contraceptives are associated with nitric oxide
induction of Hsp70i and genetic mutations. High Hsp70
expression correlates epidemiologically as a determining fac-
tor in cervical cancer (Ciocca and Calderwood 2005). In
cervical cancer lesions, Hsp70 levels correlate with lesion
severity (Castle et al. 2005). Thus, viruses can act as oncolytic
agents by knocking out Hsps, or as oncogenic agents when
they stimulate aberrantly high levels of Hsps.

Implications and extensions

Many chronic illnesses—diabetes, myocarditis, nephritis,
arthritis, encephalitis, asthma, bronchitis, and chronic fa-
tigue syndrome—are often preceded by a nonspecific viral
illness. In fact, Hotamisligil and colleagues have proposed
that PKR acts as a pathogen sensor that sparks inflammatory
processes basic to metabolic disease pathogenesis. They
suggest that PKR activation plays a key role in initiating
both type 1 and 2 diabetes, and note that PKR activation in
hepatitis C may contribute to the high prevalence of diabetes
associated with this infection (Nakamura et al. 2010). Rel-
evantly, both types of diabetes are associated with impaired
cellular stress response, and are ameliorated by restoration
of the stress response (Hooper 2007; van Eden et al. 2005;
Wieten et al. 2010). Therefore we ask: “Is a viral impairment
of the cellular stress response a major contributor to the
pathogenesis of numerous diverse diseases?”

A remarkable postviral disease that lacks pathogenic
explanation is Reye’s syndrome. This acute catastrophic
illness typically occurs in children who are treated with
aspirin during a viral illness. The child rapidly becomes ill
and develops multi-organ failure. Low Hsps are observed in
sepsis and acute respiratory distress syndrome (Singleton
and Wischmeyer 2007; Weiss et al. 2000). Does the fact
that aspirin activates elF2«, the same molecule activated by
interferon and viral illness, lead to a doubled impact of
impaired Hsp protein translation and loss of tissue defenses?
(Silva et al. 2007). Indeed, an intramitochondrial defect in

mitochondrial enzyme processing has been observed in
Reye’s syndrome, and a reduced Hsp state has been pro-
posed to be responsible for this abnormality (Van Coster
et al. 1991).

Given the interplay between viral infections and the host
stress response, one might predict that a compound that
raises Hsps may alter the clinical impact of a viral infection.
Indeed, Salidroside—an extract of R. rosea that is in Adapt-
232 mentioned above—has been observed to reduce the
severity of coxsackie myocarditis. Salidroside administra-
tion reduces myocardial inflammation and apoptosis, pre-
serving myocardial function in coxsackie-infected animals
(Wang et al. 2009). Similarly, geranylgeranylacetone
(GGA), an Hsp inducer, is effective as an antiviral in treat-
ing influenza A infection. GGA limits viral replication,
blocks synthesis of the virulent viral protein NS1, and limits
weight loss and pulmonary infiltration (Unoshima et al.
2003). GGA has been used clinically for decades to treat
gastric ulcers, is safe in humans, and inexpensive.

In addition to influenza A, other viral infections that are
impaired by high Hsp expression—and which may therefore
be sensitive to Hsp-raising agents—are caused by rhinovirus
(Conti et al. 1999), rotavirus (Pavlovic et al. 1992), polio-
virus (Conti et al. 1996), vesicular stomatitis virus (Rossi et
al. 1996), Sindbis virus (Mastromarino et al. 1993), leuke-
mia virus type 1 (D'Onofrio et al. 1994), and HIV1 (Kumar
et al. 2011). To have agents that could treat diseases as
ubiquitous as the common cold, as fatal as HIV, or as high
impact as influenza pandemics would be a boon to mankind.
Could an Hsp inducer be administered when type 1 diabetes
is first diagnosed, and thereby limit beta cell destruction?
On a similar note, Parkinson’s disease symptoms have been
observed following seasonal influenza (Toovey et al. 2011).
As it is known that Hsps have a protective role in limiting
the impact of Parkinson’s (Aridon et al. 2011), Hsp-inducing
medications could limit the ultimate downstream impacts of
influenza infections on health. It is worth noting, however,
that while raising Hsps may be protective in the case of
some viral infections, in other cases, increasing Hsps could,
theoretically, augment viral replication.

Studying the interplay between virus and host as it relates
to stress proteins can reveal insights that generate a new
vision of disease causation and presentation. We hope that
the thoughts introduced in this perspective will generate
novel hypotheses that can be tested and which can lead to
efficacious therapies for a wide range of disease states.
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