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Abstract: The temperature of a solid tumor is often dissimilar to baseline body temperature and,
compared to healthy tissues, may be elevated, reduced, or a mix of both. The temperature of a tumor
is dependent on metabolic activity and vascularization and can change due to tumor progression,
treatment, or cancer type. Despite the need to function optimally within temperature-variable tumors,
oncolytic viruses (OVs) are primarily tested at 37 ◦C in vitro. Furthermore, animal species utilized
to test oncolytic viruses, such as mice, dogs, cats, and non-human primates, poorly recapitulate the
temperature profile of humans. In this review, we discuss the importance of temperature as a variable
for OV immunotherapy of solid tumors. Accumulating evidence supports that the temperature
sensitivity of OVs lies on a spectrum, with some OVs likely hindered but others enhanced by elevated
temperatures. We suggest that in vitro temperature sensitivity screening be performed for all OVs
destined for the clinic to identify potential hinderances or benefits with regard to elevated temperature.
Furthermore, we provide recommendations for the clinical use of temperature and OVs.
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1. Introduction

Solid tumors generate heat due to increased vascularization and metabolic activ-
ity [1,2]. This provides many tumors with a distinctive elevated temperature compared
to surrounding healthy tissues and forms the rationale for detection and diagnosis of
breast cancers using thermal imaging [1,3,4]. In contrast, necrotic regions of tumors and
certain tumor types, including primary glial tumors and soft tissue lipomatous tumors, are
generally cooler than surrounding healthy tissue [5,6]. Tumor temperatures below 37 ◦C
often occur as a byproduct of reduced tumor metabolic activity and/or insufficient tumor
vasculature [5]. Despite being a core aspect of the cancer phenotype, cancer research has
largely ignored the importance of temperature.

Oncolytic viruses (OVs) are a promising class of cancer therapeutics with the ability
to preferentially target and kill tumor cells through a multimodal mechanism of action,
leaving healthy tissues relatively unaffected [7]. These mechanisms include direct oncolysis
via virus replication, the expression of therapeutic transgenes, the induction of antitumor
immune responses via in situ vaccination, starvation of tumor cells via vascular shutdown,
and the lethal cell–cell fusion of infected tumor cells [7–11]. Despite the need for OVs to
perform optimally at temperatures above and below 37 ◦C in solid tumors, OVs are almost
exclusively tested and optimized at 37 ◦C. Whereas the effect of elevated temperatures on
OVs is relatively understudied, it appears that some OVs may be enhanced and others
hindered by elevated temperatures [12–17]. This potential divergence in functionality at
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elevated temperatures is compounded, as OV therapy often generates fevers in patients,
further increasing the temperature at which OVs may need to perform [18]. Although
a similar divergence of OV functionality at lower temperatures is possible, the absence
of research in this area makes speculation difficult. The differential effect of temperature
on OVs has major implications with respect to optimization of OV therapies for clinical
use. Furthermore, current animal models used in cancer research poorly recapitulate the
temperature profile of humans; mice are unable to generate fevers, whereas dogs, cats,
and non-human primates have higher baseline body temperatures than humans [19–23].
Overall, a significant refocusing of the cancer and OV fields on understanding the role of
temperature is needed.

In this review, we describe the interplay between tumors, OVs, and temperature. A
particular focus is placed on elevated temperatures and how OVs, whether heat-sensitive
or heat-enhanced, can be optimized for improved anticancer efficacy, providing recommen-
dations for researchers, clinicians, and regulatory agencies.

2. Tumors and Temperature

The heat-generating capacity of tumors is a dynamic variable, changing throughout
their progression. Two key parameters work in concert to determine the heat-generating
capacity of a tumor: tumor cell metabolism generating heat as a byproduct and vascular-
ization within and around a tumor, which supplies the oxygen and nutrients required for
tumor cell proliferation [1,2]. In the early stages of tumor development, a lack of vascula-
ture limits tumor cell metabolism, tumor growth, and, ultimately, heat generation [24,25].
For example, Gimbrone et al. demonstrated that without access to a sufficient blood supply,
the growth of a tumor is limited to 1–2 mm3 in diameter [25]. In this situation, a lack
of sufficient oxygen causes tumor hypoxia, acting as an angiogenic switch to initiate the
formation of new blood vessels [26]. This process, like the act of releasing a foot off the
brake pedal, sparks exponential tumor growth, with maximal heat generated at the same
time. In later stages of progression, tumors may experience a reduction in heat generation
due to the development of necrosis. The longstanding belief as to the development of
necrosis is that a tumor outgrows its blood supply due to an imbalance of metabolic activity
and vascularization (Figure 1). In contrast, Markwell et al. argues that this late-stage
tumor necrosis occurs naturally because of intravascular thrombosis, likely initiated by
the overexpression of pro-coagulants by tumor cells [27]. The shutdown of tumor blood
vessels then leads to local hypoxia, necrosis, and reduced tumor cell metabolic activity,
which are associated with reduced tumor temperature. Subsequently, tumors may again
experience localized increases in temperature as the development of hypoxia and necrosis
restructure the tumor microenvironment (TME), favoring invasiveness and accelerated
tumor growth [27]. As demonstrated for some glial tumors, the heterogeneity of metabol-
ically active tumor cells and regions of necrosis can result in tumors with a marble-like
thermal phenotype, with regions of higher and lower temperatures [28]. As identified by
Li et al., the hypoxic area surrounding regions of necrosis in glial tumors contains brain
tumor stem cells [29]. Overall, the temperature of a tumor varies during its progression
and is ultimately a byproduct of vascularization and high metabolic activity.
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Figure 1. The effects of oncolytic virus (OV) therapy and physiological changes on tumor temperature.
OV therapy can increase tumor temperature by (A) causing fevers in recipients and (B) inducing
antitumor immune responses, which increase inflammation and heat generation. OV therapy can also
decrease tumor temperature by (C) destroying tumor vasculature and (D) causing direct oncolysis
of tumor cells, which increases the number of necrotic regions. Physiological changes can also
impact tumor temperature. Physiological changes such as (E) increased tumor vasculature and
(F) increased metabolic activity of tumor cells can contribute to increases in tumor temperature.
(G) Tumor cells have also been shown to overexpress procoagulants which can cause intravascular
thrombosis, decreasing tumor temperature due to hypoxia, necrosis, and reduced metabolic activity
of tumor cells.

The heat-generating characteristics of tumors have led to the use of thermal imaging
for the detection and diagnosis of cancers, particularly breast cancers [1,3,4]. Elevated
temperatures have been demonstrated for a handful of cancer types, including those of the
breast, bladder, lung, skin, and brain [1,3–5,28,30–32]. Studies examining the temperature



Biomedicines 2022, 10, 2024 4 of 22

of lung and bladder cancers revealed an average elevated temperature of ~1 ◦C compared
to surrounding normal tissues [30,31]. Interestingly, Yahara et al. determined the average
temperature of breast tumors to be 1.79 ± 0.88 ◦C higher than that of the surrounding
tissue [1]. A similar difference was reported by Zhao et al., who identified an average of
1.33 ◦C elevation in breast tumor temperatures in comparison to patient armpit temperature.
This equates to an absolute tumor temperatures ranging from 37.17 to 38.44 ◦C [33]. The
importance of vasculature in determining tumor temperature cannot be understated, as
studies have found that increased blood flow and microvessel density correlated with
tumor temperatures [1,30,31]. Elevated temperatures have also been detected for metastatic
brain tumors [5,28,34]. For example, in a case study examining a patient with metastatic
intracortical melanoma, Kateb et al. found an average temperature difference of 1.7 ◦C [5].
The absolute cortical temperatures recorded for the tumor and healthy brain tissues ranged
from 33.5 to 36.5 ◦C and 33.1 to 33.5 ◦C, respectively. During surgery, the surface of the
brain is ~4 ◦C cooler than the normal physiological temperature (37 ◦C) because of the
lower operating room temperature (19–20 ◦C) [5]. Therefore, the actual temperature range
of some metastatic brain tumors may be closer to 37.5–40.5 ◦C, which suggests an overlap
with fever-range temperatures (38–41 ◦C) and hyperthermic treatment (38–45 ◦C) used in
the clinic [35].

Although tumors tend to be elevated in temperature, certain tumors and tumor types
have been associated with reduced temperatures. In a study measuring the cortical tumor
temperature of six patients with brain tumors (two with metastatic tumors and four with
astrocytomas), Koga et al. identified an average temperature reduction of ~2.0 ◦C compared
to surrounding healthy tissues [36]. This corresponded to absolute temperature ranges of
31.1–35.6 ◦C and 33.0–36.6 ◦C for tumors and healthy cortex, respectively. Several studies
have identified that primary brain tumors of glial origin tend to be hypothermic or lower in
temperature than the surrounding healthy tissues [5,28,34]. These studies provide evidence
for a distinction between hypothermic primary brain tumors and hyperthermic metastatic
brain tumors. Kateb et al. suggested that factors contributing to the lower temperature of
primary brain tumors may include a low density of tumor microvessels, lower metabolism
in the area surrounding the tumor, greater cerebral spinal fluid in the surrounding tissue,
and tumor necrosis [5]. In addition to brain tumors, soft tissue tumors, such as lipomas
and atypical lipomatous tumors, have the potential for reduced temperatures [6]. In a
thermographic study of soft tissue tumors, Shimatani et al. identified a slight reduction in
temperature (0.05 ± 0.17 ◦C) of the skin located superficial to tumors in 30% (30/100) of
patients. Although not a direct measure of core tumor temperature, these findings raise the
possibility of reduced temperatures for soft tissue tumors. Shimatani et al. proposed that
poor tumor blood flow may be one of the factors contributing to the lower temperatures they
identified, based on a previous study demonstrating that lipoma tumors have lower internal
vascular flow [6,37]. These studies support the role of reduced vasculature, metabolism,
and the presence of tumor necrosis in determining lower tumor temperatures.

The temperature of a tumor can also be affected by therapeutic treatments, as some
treatments can generate large numbers of necrotic tumor cells through direct killing or
through vascular disruption, thus decreasing the overall metabolic activity and heat gen-
eration of a tumor [38]. Tepper et al. showed that following treatment, the temperature
of DA3 murine mammary carcinomas was reduced and correlated with core regions of
necrosis [38]. In contrast, treatments that cause patients to experience systemic fevers,
such as OV-based immunotherapies, are expected to cause transient increases in tumor
temperature [18]. To the best of our knowledge, no studies have reported the tempera-
ture of a patient’s tumor following OV administration. However, we postulate that the
temperature of a patient’s tumor would increase proportional to the intensity of the fever
they experience. This suggests that the temperature an OV faces would vary depending on
the baseline temperature of the tumor and the intensity of a patient’s fever. In addition to
fever, OV treatment often results in the generation of a robust antitumor immune response
accompanied by an influx of highly metabolically active and proinflammatory leukocytes,
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potentially contributing to enhanced heat generation in a tumor [39]. Therefore, in the
case of treatment by OVs, fever and the resulting inflammatory profile of a tumor may
contribute to a transient increase in temperature.

3. Tumors, OVs, and Heat Shock Proteins

Heat shock proteins (Hsps) are highly conserved, stress-responsive proteins that are
substantially upregulated in response to a wide variety of chemical and physical stressors,
most notably heat shock [40,41]. Many Hsps function as molecular chaperones, helping
to refold misfolded or aggregated proteins during times of cellular stress to promote cell
viability [41]. Hsps further promote cell survival through the inhibition of apoptosis and
by directing unsalvageable proteins for degradation via the proteasome [42–47]. Cancers
are dependent on Hsps for their development, progression, and survival—a phenomenon
extensively reviewed by Lang et al. and Seclì et al. [48,49]. In short, Hsp synthesis is active
in a wide range of tumor cells, resulting in the overexpression of key Hsps, including Hsp27,
Hsp70, and Hsp90. The significance of elevated Hsps is underpinned by their essential
roles in mediating traits intrinsic to tumor cells, such as dysregulated cell division, escape
from programmed cell death and senescence, de novo angiogenesis, and increased invasion
and metastasis [48]. Hsps overexpressed by tumors can also function extracellularly to
modify the TME for immunosuppression via binding to leukocytes, as well as transfer to
other cell types via tumor-derived exosomes [49]. For these reasons, the inhibition of Hsps
has emerged as a novel anticancer strategy [47]. The majority of Hsp inhibitors designed to
date target Hsp90, as Hsp90-dependent substrates are associated with all ten hallmarks
of cancers [50]. Unfortunately, targeting individual Hsps and using Hsp inhibitors as
monotherapies have not been highly effective clinically due to feedback loops within the
heat shock response, as well as issues with toxicity. For example, Hsp90 inhibition leads to
a strong induction of Hsp70, thus allowing Hsp70’s cytoprotective capabilities to protect
cancer cells from death [47]. Furthermore, Hsps are essential components of the stress
response in healthy cells, contributing to potential drug-induced toxicity.

A large number of viruses, including most OVs, rely on Hsps as essential components
for replication (Table 1) [51,52]. Interestingly, due to its essential chaperoning capabilities,
Hsp90 appears to be the most widely exploited Hsp among viruses [50–52]. For example,
Hsp90 is involved in stabilizing numerous viral structural and non-structural proteins, as
well as cellular factors exploited by viruses for replication [51]. Due to the essential nature
of Hsps in the replication of a broad range of viruses, Hsp inhibitors have demonstrated
significant antiviral activity [51]. Although Hsp90 inhibitors have demonstrated the most
potential as antivirals, it is also important to note that among Hsp inhibitors, those targeting
Hsp90 are currently overrepresented in drug libraries because many Hsp90 inhibitor
analogues have been developed in the cancer chemotherapeutics field [50,53].

The cancer treatment field has arrived at an understanding that monotherapies, even
those using OVs, will not consistently achieve curative outcomes. As such, combination
approaches with OVs have garnered significant interest. Given that both OVs and cancers
rely on Hsps, the combination of Hsp inhibitors and OVs for the treatment of solid tumors
seems counterintuitive. However, this combination has proven to be effective for some
OVs. For example, measles virus (MeV) requires Hsp90 for the stabilization of its viral
polymerase to allow for transcription of viral genes and subsequent replication [54,55].
However, the combination of MeV and the Hsp90 inhibitors, geldanamycin (GA) or its
less toxic analogue, 17-allylamino-17-demethoxygeldanamycin (17-AAG), augmented MeV
cytotoxicity in a few types of cancer cell lines [56]. The current understanding of the
mechanism is that following Hsp90 inhibition, Hsp70 is upregulated, which is essential
for MeV replication and enhanced cytotoxicity [56]. Although both Hsp90 inhibitors and
oncolytic MeV are currently in clinical trials for the treatment of malignancies, no clinical
studies testing the combination of the two have been conducted [57,58].

The combination of an OV with an Hsp inhibitor for enhanced oncolytic potential has
also been shown for adenovirus (AdV). The combination of an AdV overexpressing the
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melanoma differentiation-associated gene-7 (mda-7) with GA or 17-AAG led to enhanced
killing of human lung cancer cell lines [59]. Pataer et al. reported that the enhanced
cytotoxicity of this combination therapy may have been associated with the inactivation of
Akt (also known as protein kinase B) by GA, a protein which is often exploited by cancer
cells to prevent apoptosis [59,60]. Although not investigated by Pataer et al., it is also
possible that the Hsp90 inhibitor-mediated upregulation of Hsp70 may have played a role,
as the overexpression of Hsp70 has been shown to enhance the oncolytic activity of AdV in
human A549 lung cancer cells [61].

Beyond MeV and AdV, the combinatorial potential of Hsp inhibitors and OVs for
enhanced cancer cell killing has not been investigated. The involvement of Hsp70 in the
replication cycle of other OVs supports the possibility that other OVs may be enhanced
through a similar Hsp70-mediated mechanism (Table 1). For example, similarly to MeV and
AdV, vaccinia virus (VACV) requires both Hsp90 and Hsp70 for efficient replication [62–67].
Hsp70 is uniquely upregulated by VACV and is required for the expression of VACV
early and late genes, attesting to its importance in viral replication [63,66,67]. Therefore,
it is possible that the combination of VACV and Hsp90 inhibitors may result in enhanced
oncolytic activity through a similar Hsp70-mediated mechanism. Additionally, tumor-cell-
adapted rotaviruses with oncolytic capacity have been shown to utilize various Hsps for
entry into target tumor cells, including Hsp40, Hsp60, Hsp70, constitutively expressed
Hsp70 (heat shock cognate 70; Hsc70), and Hsp90 [68]. As shown by Rico et al., these
tumor-cell-adapted rotaviruses bound most strongly to Hsp70 [68]. Therefore, Hsp90
inhibition could potentially enhance viral entry through the overexpression of Hsp70.

In some OVs, Hsp90, but not Hsp70, has been shown to play a role in viral replication.
Therefore, it is plausible that a combination with Hsp90 inhibitors could be detrimental
to the overall efficacy for these particular OVs. Overall, the combination of OVs and Hsp
inhibitors is largely understudied. Combinatorial testing for enhanced tumor cell killing
has only occurred with two OVs and with only two Hsp inhibitors, GA and 17-AAG, both
of which target Hsp90. Future studies should determine the effects of combining inhibitors
of Hsp27 and Hsp70 with MeV, AdV, and all other clinically relevant OVs in both animal
models of cancers and in humans.

Table 1. Examples of heat shock protein (Hsp) involvement in oncolytic virus replication.

Virus Heat Shock Protein Function References

Adenovirus Hsp90
Potentially involved in transcription of

early and late genes
Interaction with E1A protein

[53,69]

Herpes simplex virus
type 1

Hsp90

Interacts with VP16 for transcription of
HSV-1 alpha genes

Potentially involved in nuclear
transport of viral capsid protein

Upregulated during late viral infection

[70–72]

Hsp20/Hsp27 Overexpression inhibited replication in
Vero cells [73]

Measles virus

Hsp90 Stabilization of viral polymerase
(L protein) [54,74]

Hsp70/72
Interacts with nucleocapsid protein

Enhances viral transcripts, replication,
and cytopathic effects

[15,74,75]

Hsp40 Required for interaction with Hsp70/72 [76]

Gp96 Function unknown; upregulated
during infection [77]
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Table 1. Cont.

Virus Heat Shock Protein Function References

Grp78 Function unknown; upregulated
during infection [77]

Rotavirus Hsc70/Hsp40/

Hsp60/Hsp70/Hsp90 Utilized for entry [68]

Vaccinia virus

Hsp90

Involved in release of the viral genome
from the viral core

Involved in the assembly of new virions
Involved in maturation of the capsid,
potentially through interaction with

viral core protein 4a
Involved in the expression of early and

late genes

[62–65]

Hsp70
Upregulated during infection

Involved in the expression of early and
late genes

[63,66,67]

Hsp27 Involved in the expression of early and
late genes [63]

Hsp105 Required for post-replication formation
of nascent virions [62]

Vesicular stomatitis virus

Hsp90 Stabilization of viral polymerase
(L protein) [52,54,78]

Hsp60 Required for transcriptase complex and
found in virus particles [55]

Gp96 Required for glycoprotein binding to
cells for infection [79]

Hsp = heat shock protein; E1A = early region 1A; VP16 = virion protein 16; Grp78 = 78-kDa glucose-regulated
protein; Hsc70 = heat shock cognate 70.

4. Combination Therapies Using OVs and Hyperthermia

The heating of tumors to temperatures of 38–45 ◦C, known as hyperthermic treat-
ment, has demonstrated clinical promise in combination with chemotherapy and radia-
tion [80,81]. As reviewed by Repasky et al., hyperthermic treatment can act as a potent
immunotherapeutic by enhancing tumor vascular perfusion, tumor immunogenicity, im-
munological functions, lymphocyte trafficking, and cytokine activity [35]. Therefore, there
is considerable potential for synergy between hyperthermic treatment and oncolytic viral
immunotherapy for enhanced anticancer efficacy. Studies investigating the combination of
hyperthermic treatment and OVs also have the potential to provide insight into the effect
of tumor- and fever-range temperatures (38–41 ◦C) on OVs. A summary of the research on
the combination of hyperthermia and OVs is outlined below.

4.1. Adenoviruses

In a clinical trial treating advanced cancers, a recombinant replication-deficient AdV
vector overexpressing the p53 tumor suppressor gene (rAd-p53) was delivered intra-
tumorally weekly and followed two days later with microwave-induced hyperthermia
(42–44 ◦C for one hour) [82]. This therapy was tested with or without radiotherapy and
demonstrated a modest improvement in overall survival. The combination of AdV with
hyperthermia has also been shown to enhance cellular uptake of AdV, transgene expres-
sion, cytotoxicity, and virus yield in various tumor cell types in vitro, which translated
into enhanced survival of cancer-bearing mice [12,83]. Most notably, an AdV encoding
for the Escherichia coli cytosine deaminase (CD) herpes simplex virus type 1 thymidine
kinase (HSV1-tk) fusion suicide gene (CD/TK) under control of the cytomegalovirus (CMV)
promoter was combined with a 4-h 41 ◦C heat shock at 16 h post AdV infection [83]. This
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strategy resulted in a 5–20-fold increase in CD-TK transgene concentrations and enhanced
tumor cell killing. This effect was further enhanced when combined with radiation. AdV
has also been tested in combination with gold nanorod-mediated mild hyperthermia (42 ◦C)
for the treatment of head and neck tumor cells [12]. Jung et al. demonstrated that hyperther-
mic treatment applied at different times, both pre- and post-AdV treatment, could result in
a significant increase in enhanced green fluorescent protein (eGFP) transgene expression.
The effect of febrile-range hyperthermia (39.5 ◦C) on AdV cytolytic and replicative ability
in both normal and transformed cells has also been investigated. Investigating two AdVs,
AdV serotype 5 and an oncoselective AdV ONYX-015, Thorne et al. demonstrated that
the cytolytic and replicative abilities of both AdVs were significantly hindered in non-
transformed cells at 39.5 ◦C [84]. In transformed cells, both AdVs retained oncolytic activity
in the majority of tumor cells tested at the elevated temperature. However, decreases
in effective doses were observed. Oncolytic activity and replication of ONYX-015 was
enhanced at 39.5 ◦C in a subset of tumor cells, including the human metastatic prostate
cell line LNCaP [84]. Therefore, the combinatorial benefit of fever-range hyperthermia
and oncolytic AdVs is likely tumor-cell-dependent. These findings also support the no-
tion that fever-range hyperthermia has the potential to improve the therapeutic index of
oncolytic AdVs.

4.2. Herpes Simplex Virus Type 1

Both in vitro and in vivo studies have investigated the combination of herpes simplex
virus type 1 (HSV-1)-vectored oncolytic virotherapy with hyperthermia. Notably, Eisen-
berg et al. examined the application of a 42 ◦C hyperthermia pretreatment for one, two, or
four hours followed by a two-hour rest for cells at 37 ◦C prior to treatment with HSV-1. This
combination therapy showed enhanced killing in three human pancreatic cancer cell lines,
with a 10–50% increase in cell killing and a twofold increase in production of HSV-1 [13].
This study provided compelling evidence for a role of Hsp72 in the mechanism of this
combination therapy, as small interfering RNA-mediated knockdown of Hsp72 abrogated
therapeutic efficacy, with a concomitant elimination of virus replication. The combination
of intratumorally delivered HSV-1 followed by hyperthermia at 41–42 ◦C for 30 min has
also shown efficacy in nude rat models of hepatocellular carcinoma and ovarian cancer,
demonstrating the greatest reductions in tumor size relative to both monotherapies [85,86].
One limitation of this study was the use of nude rats, which lack functional T cells, which
are often key for effective anticancer immunotherapies in humans.

4.3. Vaccinia Virus

To date, only hyperthermia pretreatment has been investigated in combination with
VACV for potential enhancement of antitumor activity. Chang et al. tested the combina-
tion of a four-hour, 41 ◦C hyperthermia pretreatment followed by VACV-based oncolytic
virotherapy in the murine colon adenocarcinoma MC-38 cell line in vitro and in vivo [14].
They demonstrated that hyperthermia pretreatment did not significantly enhance direct
tumor oncolysis or replication of VACV, but instead enhanced tumor access/targeting of
intravenously delivered VACV through a mechanism of increased tumor vascular per-
meability. This study supports the notion that hyperthermia pretreatment can enhance
vascular permeability of tumors for enhanced delivery of therapeutic agents.

4.4. Avian Orthoavulavirus 1

Besides AdV, avian orthoavulavirus 1 (AOaV-1), formerly known as Newcastle disease
virus, is the only other OV that has been tested in combination with hyperthermia in
humans. Schirrmacher et al., at the Immunological and Oncological Center Cologne in
Germany, treated two patients—one with metastatic breast cancer and one with metastatic
prostate cancer—using a combination therapy of AOaV-1, hyperthermia, and autologous
antitumor dendritic cell (DC) vaccination [17,87,88]. This treatment strategy was repeatedly
administered over a 1–2-year period and resulted in the long-term remission of both
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patients. While this combination therapy appears beneficial, a definitive conclusion cannot
be made without thorough in vitro, in vivo, and clinical testing in a controlled clinical
trial setting.

While no other studies have investigated the combination of AOaV-1 and hyperthermia
for the treatment of solid tumors, the effect of elevated temperatures on AOaV-1 as a
vaccine vector for infectious diseases has been investigated. DiNapoli et al. found that
the replication of AOaV-1 was enhanced at temperatures of 38–41 ◦C [89]. They proposed
that the ability of AOaV-1 to replicate at elevated temperatures is related to the fact that
birds, the host organism of AOaV-1, have higher basal body temperatures than humans, i.e.,
40–41 ◦C [89]. These findings are promising and support the need for studies to investigate
the temperature sensitivity of AOaV-1 in the context of cancers.

4.5. Measles Virus

A potential combinatorial effect of MeV with hyperthermia for enhanced tumor cell
killing has not yet been investigated. However, Vasconcelos et al. investigated the effect
of heat shock on MeV in a non-tumor cell context and showed that heat shock enhanced
the replication and cytotoxicity of MeV on Vero cells, suggesting a potential benefit in
combination with hyperthermia [90]. In contrast, Oglesbee et al. demonstrated that a
30-min, 41 ◦C hyperthermia pretreatment of non-tumor-bearing mice followed by intracra-
nial infection with MeV resulted in enhanced viral clearance and protection compared to
controls, suggesting that hyperthermia hinders MeV in vivo [77]. However, this study also
suggested that the increased viral clearance was mediated through an enhanced anti-MeV
immune response, which could translate to an enhanced antitumor immune response in a
tumor-bearing murine model. However, no conclusions can be made about the potential for
MeV-based immunotherapies in combination with hyperthermia in a tumor-bearing situation.

4.6. Vesicular Stomatitis Virus

Like MeV, the combination of vesicular stomatitis virus (VSV) and hyperthermia for
enhanced antitumor potential has not yet been investigated. Marco and Santoro inves-
tigated the effect of heat shock on VSV replication in a non-cancer in vitro setting [16].
Using MA104 African green monkey kidney cells, Marco and Santoro demonstrated that
a short-term, high-temperature heat shock (20 min at 45 ◦C) significantly hindered VSV
replication and virus yield. These findings support the possibility that VSV and potentially
other OVs may be hindered by the elevated temperatures of hyperthermia. It is important
to note that 45 ◦C is on the higher end of hyperthermic treatments, and further research is
needed to determine what effect lower hyperthermic temperatures (38–41 ◦C) would have
on the replication of VSV and its efficacy against tumor cells.

Based on the evidence presented above, the combination of OVs, such as AdV, HSV-1,
VACV, and AOaV-1, with hyperthermia is potentially an effective anticancer treatment
(Table 2). However, the potential for temperature-dependent inhibition of OVs remains if
this combination is not carefully designed. For example, hyperthermia in the moderate-to-
high range (41–45 ◦C) was primarily tested in combination with OVs, largely overlooking
the clinically relevant range of mild hyperthermia (38–41 ◦C) [35]. Thorne et al. showed
that the combinatorial benefit of hyperthermia and OVs may occur in a tumor-cell-type de-
pendent manner and could increase the safety profile or therapeutic index of some OVs [84].
Further research is needed to better understand which OVs for which types of cancer may
benefit from combination with hyperthermic treatment. The evidence presented above also
supports the notion that hyperthermia has the potential to enhance OV immunotherapy
when delivered before, during, or following viral delivery. Further research is warranted to
determine the optimal delivery time of hyperthermic treatment for each OV. For example,
while hyperthermic pretreatment was shown to enhance VACV entry into tumors, it is
unclear what benefits may be achieved when delivered in parallel or following VACV deliv-
ery [14]. As hyperthermia can be repeatedly administered, we recommend that researchers
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test hyperthermia applied before, during, and after OV treatment [91]. A strategy using
multi-dosing hyperthermia may achieve additional therapeutic benefits.

Table 2. Temperature sensitivity of various oncolytic virus platforms.

Virus Temperature Sensitivity Supporting Information References

Adenovirus Heat-enhanced

Hyperthermia enhances cellular uptake,
transgene expression, cytotoxicity, and
virus yield in various cancer cell lines

in vitro

[12,83]

Oncolytic and replicative ability of
oncoselective adenovirus (ONYX-015)

maintained or enhanced in certain
tumor cells under fever-range

hyperthermia (39.5 ◦C)

[84]

Enhanced antitumor efficacy in vivo
and in humans when combined

with hyperthermia
[82]

Avian orthoavulavirus 1
Heat-enhanced

Combination with hyperthermia and
autologous antitumor dendritic cell

vaccination resulted in the long-term
remission of two patients with

metastatic breast and prostate cancer

[17,87,88]

Replication enhanced at temperatures
of 38–41 ◦C [89]

Cold-sensitive Replication hindered at temperatures
below 37 ◦C [89]

Herpes simplex virus
type 1 Heat-enhanced

Hyperthermic pretreatment enhanced
HSV-1-mediated killing of human

pancreatic cancer cell lines and
HSV-1 yield

[13]

Intratumoral delivery of HSV-1
followed by hyperthermia enhanced

efficacy in nude rat models of
hepatocellular carcinoma and ovarian

cancer

[85,86]

Measles virus Unclear
Replication and cytotoxicity in Vero

cells enhanced by heat shock [90]

Hyperthermic pretreatment hindered
virus replication in a

non-tumor-bearing intracranial model
[77]

Vaccinia virus Heat-enhanced
Hyperthermic pretreatment enhanced

tumor targeting of intravenously
delivered virus

[14]

Vesicular stomatitis virus Heat-sensitive
Replication in MA104 cells hindered by

short-term, high-temperature heat
shock (20 min at 45 ◦C)

[16]

5. Combination Therapy of OVs and Heat-Related Transgenes and Promoters

To augment OV-based cancer immunotherapies, OVs can potentially be combined
with two heat-related elements: heat-related transgenes and/or the use of heat-activated
promoters. To the best of our knowledge, oncolytic AdV is the only OV that has been tested
in combination with these strategies.

5.1. Heat-Related Transgenes and OV Therapy

Although Hsps are exploited by tumor cells to facilitate the tumorigenic phenotype,
they can also be exploited as immunotherapeutic enhancers [92]. As outlined by Das et al.,
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Hsps have the ability to chaperone and present a broad repertoire of tumor antigens to DCs,
resulting in the activation of both innate and adaptive antitumor immune responses [92].
Furthermore, Hsps present on the surface of tumor cells can function as targets for nat-
ural killer-cell-mediated killing. The ability of Hsps to chaperone tumor peptides in an
immunogenic manner has facilitated the development of Hsp-tumor peptide vaccines. This
treatment strategy involves the surgical removal of a portion of a patient’s tumor, purifying
Hsp-tumor peptide complexes, and subsequently delivering these back into a patient’s
tumor. Despite having shown promise in clinical settings, difficulties in tumor resection or
extracting sufficient quantities of Hsp-tumor peptide complexes has limited the applicabil-
ity of this therapy. Researchers have discovered that inclusion of an Hsp70 transgene in an
oncolytic AdV can overcome these limitations and further enhance therapeutic efficacy [93].
This combined approach resulted in an AdV capable of overexpressing Hsp70 that can
accomplish the same function of Hsp-tumor peptide presentation, in addition to providing
oncolytic activity to kill tumor cells and further enhance antitumor immunity.

AdV-Hsp70 has demonstrated effective killing of a variety of tumor cells in vitro
and enhanced efficacy in vivo, capable of shrinking tumors and extending survival of
mice [94–96]. In a phase I clinical trial, the safety and efficacy of a recombinant oncolytic
AdV serotype 2 overexpressing Hsp70, designated as H103, was investigated in 27 patients
with advanced solid tumors [93]. Dosages ranging from 2.5 × 107 to 3 × 1012 viral particles
of H103 were tested via intratumoral injection. Fever was reported as a common adverse
event, occurring in 78% (21/27) of patients. Of those who experienced a fever, ~33% (7/21)
experienced grade I, ~62% (13/21) experienced grade II, and ~5% (1/21) experienced
grade III. The objective response (complete response + partial response) to H103 was 11%
(3/27), with transient and partial regression of distant, uninjected tumors also observed in
these three patients. Overall, this trial demonstrated that intratumoral administration of
H103 was safe and showed promise of antitumor activity, warranting further investigation.
Wang et al. generated an E1B55kD-deleted oncolytic AdV encoding for the heat shock
transcription factor 1 (HSF1) gene, demonstrating that overexpression of HSF1 enhanced
AdV-mediated oncolysis of human breast cancer cells [97]. Utilizing xenograft models of
human breast or colorectal cancers, they demonstrated enhanced oncolysis and replication
mediated by the recombinant AdV, which was accompanied by significant tumor shrinkage.
Although this strategy and these transgenes have only been tested in the context of oncolytic
AdV, we predict that a beneficial effect would be demonstrated for other OVs, especially
those that have been shown to benefit from the overexpression of Hsp70 during their
replication, such as MeV and VACV.

5.2. Heat-Activated Promoters and OV Therapy

A heat-related strategy that has shown promise in enhancing the safety of OV im-
munotherapy is the use of heat-activated promoters, also referred to as “hyperthermia-
regulated immunogene therapy”. This strategy was thoroughly reviewed by Li and De-
whirst and will only be briefly touched upon here [98]. This strategy involves an OV, either
replication-competent or incompetent, encoding a therapeutic transgene under the control
of a heat-activated promoter. A typical promoter used in this strategy is that which drives
the expression of Hsp70B. Following administration of the OV into a tumor, heat in the
form of hyperthermia is be applied in the range of 39–43 ◦C, activating the promoter and
resulting in the production of the therapeutic transgene. This method leads to robust trans-
gene expression, as cells may devote as much as 90% of their protein synthesis machinery
to the production of Hsps during heat shock. For example, Brade et al. showed an 800-fold
increase in expression of a β-galactosidase transgene under the control of the Hsp70b
promotor from an adenoviral vector [99]. This strategy also allowed for reduced toxicity of
an AdV vector encoding for the IL-12 gene [100]. Under the control of an Hsp promoter and
in combination with hyperthermia, systemic IL-12 toxicity in a murine melanoma model
was considerably reduced with minimal effect on efficacy. Overall, this OV/heat-related
strategy has shown promise for oncolytic AdV but has been largely ignored otherwise. Fur-
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ther work is needed to test this strategy in the context of other OVs to determine whether
similar benefits could be achieved.

6. Cold Temperatures, Cold Shock Proteins, Oncolytic Viruses, and Cancers

In addition to temperatures above 37 ◦C, oncolytic viruses are tasked with performing
at temperatures below 37 ◦C in clinical settings. For example, certain types of tumors,
such as primary glial tumors and soft tissue lipomatous tumors, have been shown to be
hypothermic [5,6]. In glial tumors, cancer stem cells reside in the area surrounding regions
of necrosis, which are associated with lower temperatures [29,38]. However, very little is
known about the relationship between cold temperatures, OVs, and cancers. In this section,
we discuss the involvement of environmental temperatures, cold shock proteins (Csps),
and OVs in the field of cancer immunotherapy.

Statistical and epidemiological analyses suggest a positive correlation between cold
environmental temperatures and cancer risk [101–104]. For example, in an analysis of
188 countries grouped by average annual temperature, Sharma et al. demonstrated that
countries within the lowest average annual temperature had the highest cancer mortality
rate [102]. Although there is limited research investigating the exact mechanisms of this
correlation, there are some possible explanations. One proposed theory is that oxygen free
radicals generated as a byproduct of the thermogenic response to a cold environment could
cause oncogenic mutations, thereby increasing cancer incidence [105]. Alternatively, the
relationship between increased cancer risk and colder temperatures may be explained by
a third variable, Vitamin D status. Vitamin D is naturally produced by the body through
exposure to ultraviolet B radiation and is associated with reduced cancer risk [102,106,107].
Individuals living in colder countries, which are often in middle- and higher-latitude re-
gions, have reduced ultraviolet B radiation exposure and reduced vitamin D production,
serving as a potential mechanism for increased cancer risk [103,106,107]. Additional possi-
ble relationships between cold temperatures, various biological functions, and cancers have
been extensively outlined by Bandyopadhayaya et al. [101]. Another explanation for the
link between colder temperatures and cancers, with greater supporting research, are Csps.
Csps are synthesized in response to cold shock and have one or more cold-shock domains
that can bind to RNA and/or DNA to regulate transcription [108,109]. Csps also serve
other functions, such as regulating translation, splicing, RNA sequestration, and mRNA
stability [109,110]. Since Csps have a wide range of influence on protein regulation, they
have been investigated for their role in diseases, especially cancers [109].

Y-box binding protein-1 (YB-1) is a Csp upregulated in cancer cells [111]. Numerous
studies have demonstrated that YB-1 is associated with breast cancers, non-small cell
lung cancers, synovial sarcomas, ovarian cancers, and prostate cancers [111–117]. One
study utilized a murine model with suppressed YB-1 expression to investigate its role in
cancers [118]. In the mice lacking YB-1, angiogenesis was disrupted, and tumor growth
was prevented, proving that YB-1 plays a role in cancer progression. YB-1 can also be
cleaved and secreted; therefore, extracellular functions and be detectable in the serum of
patients [119]. Consequently, YB-1 and other Csps, could be used as a potential marker for
cancer [120–123].

Unr (upstream of N-ras), also known as cold shock domain-containing E1 protein, is an-
other Csp that regulates cell differentiation and expression of several proto-oncogenes [124].
Its oncogenic properties have been reported in pancreatic cancers, melanomas, and col-
orectal cancers [125–128]. For example, Liu et al. identified that Unr is overexpressed
in pancreatic cancers and is required for cancer cell invasiveness and cancer develop-
ment [125]. Other Csps are also under investigation to understand their association with
cancers that may function through different mechanisms, such as the RNA-binding protein
Lin28, which contributes to cancer stem cell formation [129]. Overall, the link between
Csps and cancers has been demonstrated, but further research is required to understand
how their functions may work with or against cancer therapies.
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The targeted inhibition of Csps has the potential to enhance anticancer therapies. For
example, Zeng et al. demonstrated that the small interfering RNA-mediated knockdown of
two Csps, RNA-binding motif protein 3 and cold-inducible RNA binding protein, enhanced
the therapeutic response of human prostate cancer cells to chemotherapy [130]. Zeng et al.
suggested that the downregulation of Csps in cancer cells mimicked the effect of heat
treatment, rendering the cancer cells more susceptible to chemotherapy [130].

Despite a relationship between cold temperatures and Csps with cancers, little research
has been conducted to investigate the relationship between cold temperatures and oncolytic
viruses. Although tested in a non-cancer context, one study investigated the temperature
sensitivity of AOaV-1 as a vaccine vector. DiNapoli et al. demonstrated that not only was
AOaV-1 replication enhanced at elevated temperatures but also that AOaV-1 replication
was hindered at temperatures below 37 ◦C (Table 2) [89]. This evidence shows that cold-
sensitive OVs may exist, emphasizing the need for further research characterizing the
temperature sensitivity of OVs.

7. Temperature and Animal Models

Animal models are essential for the development of viral therapeutics. However, it is
important to understand the limitations of each animal model to guide the understanding
and interpretation of data generated from these models, as well as the application of find-
ings to human health. Due to limitations or a lack of accounting for these limitations when
conducting research, the average rate of successful translation from animal models to clini-
cal cancer trials is <8% [131]. In particular, the potential role of temperature among animal
models has been largely neglected in the published literature on oncolytic therapeutics and
cancers. In this section, we review the role of temperature and its application in preclinical
and translational animal models.

7.1. Murine Models

Rodents represent the most commonly used animal model in biological research due
to their anatomical and physiological similarity to humans, as well as their ease of handling
and maintenance [132]. Although mice and humans have similar basal body temperatures
(median of 37.0 ◦C in humans and 36.6 ◦C in mice), the febrile response in mice is dissimilar
to that of humans [133]. The febrile response of humans and many other mammals spans
a wide range, i.e., 1–4 ◦C above basal body temperature [134]. Contrastingly, the body
temperature of mice often decreases in response to viral infection [19,135]. The published
literature suggests that murine models do not properly recapitulate the phenomenon
of pyrexia that commonly presents in human patients in response to viral infections.
For example, administering recombinant interleukin-1β to mice at doses at or near the
maximum tolerable dose only increased their average body temperature to ~38 ◦C [136,137].
Similarly, subcutaneous administration of near-toxic doses of turpentine, a proinflammatory
chemical associated with induction of pyrexia, only raised the body temperature of mice
by ~1 ◦C [138,139]. Thus, promising oncolytic therapies that work well in mice may be
adversely affected in humans during pyrexia, as the lack of fever in mice may result in an
overestimation of the potential utility of a heat-sensitive oncolytic therapy.

A potential method to circumvent the limitation of a lack of fever in mice could be
to perform whole-body hyperthermia (WBH) via external heating to simulate different
grades of fever. It is important to note that WBH and fever are different processes, and
WBH does not fully recapitulate a natural febrile response. One main difference is that
during fever, the hypothalamus-regulated body temperature set point is raised, promoting
the induction of heat via thermogenesis [35]. During WBH or local hyperthermia, because
the normal hypothalamic set point is not raised, the body actively works to reduce body
temperature back to homeostasis. Furthermore, while hyperthermia has been shown to
result in an enhancement of leukocyte functions, this is surpassed by what occurs during
natural fevers. Thus, overall, mice are a poor research model for investigations wherein
the natural febrile response is relevant, such as for cancers and OV immunotherapies. We
argue that inferences with respect to parameters such as OV replication dynamics, tissue
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distribution, and safety through testing in murine models should be made cautiously until
the potential for a causal role of temperature can be directly investigated and determined.

Another temperature-related issue quietly plaguing murine-related cancer research
is housing temperatures. The standard housing temperatures of mouse facilities set by
regulatory agencies ranges from 22 to 26 ◦C, most commonly set at 22 ◦C [140]. The
thermoneutral temperature (TT) of mice, i.e., the temperature at which the basal metabolic
rate is capable of maintaining body temperature, is 29–31◦C [141]. Therefore, mice used for
research are housed ~10 ◦C lower than their TT. Eng et al. demonstrated that although the
body temperature of mice housed at standard temperature (ST, 22 ◦C) versus TT (31 ◦C) did
not differ significantly, the plasma concentrations of norepinephrine, a neurotransmitter
responsible for the activation of thermogenesis, was nearly doubled in mice housed at
ST [142]. This evidence supports the notion that mice are in a constant state of mild cold
shock, a form of constant stress, causing the body to utilize thermogenesis to maintain body
temperature [141–143]. Eng et al. also showed that concentrations of Hsps of 70, 90, and 110
remained unaltered between the two groups. However, during whole-body hyperthermia,
the induction of Hsps between the two groups differed. Following hyperthermia, mice
housed at ST exhibited increased induction of Hsps in brain, heart, and lung tissues
compared to mice housed at TT. Eng et al. concluded that researchers working on Hsps or
any type of stress response in mice should consider conducting experiments at multiple
housing temperatures to obtain a clearer understanding of the results. It is paramount to
recognize that cancers and the TME itself produce and are acted upon by various stressors
that play major causal roles in cancer development and progression, as well as response
to therapy. For example, Kokolus et al. demonstrated that being in a constant state of
cold shock significantly affected murine tumor models and that tumor engraftment and
tumor growth was significantly reduced at TT (31 ◦C) [144]. Interestingly, Kokolus et al.
demonstrated no differences in tumor growth between the two temperatures when using
nude mice, which lack complete immune systems [144]. Their evidence suggests that
the antitumor immune response in mice housed at ST (22 ◦C) was hindered compared to
those housed at TT [144]. This result is in agreement with other studies that have shown
lower housing temperatures to negatively affect murine leukocytes, such as DCs, in both
tumor-bearing and non-tumor-bearing mice [145]. Overall, the use of mice that are not
in a constant state of cold shock by using thermoneutral housing temperatures could
considerably increase the relevance of results generated in preclinical testing.

7.2. Companion Animals

The body temperature of other species within the translational cancer research pipeline,
such as companion animals like dogs and cats, is often overlooked. Canines and felines
are valuable translational models, as they generate cancers spontaneously, have anatomic
and immune systems comparable to those of humans, and are heterogenous, outbred pop-
ulations [146,147]. Furthermore, companion animals with cancers, like humans, respond
to OVs with fevers, which often reach high-grade levels [148–150]. However, unlike mice
(36.6 ◦C), companion animals (37.5–39.5 ◦C) have higher resting body temperatures than
humans (~37 ◦C) [20,21]. Therefore, if utilizing an OV sensitive to the effects of heat, its
efficacy and safety profile could potentially be underestimated and overestimated, respec-
tively, within these models. In contrast, if utilizing an OV that is amenable to or enhanced
by elevated temperatures, then efficacy or toxicity may be overestimated compared to what
might be observed in humans.

7.3. Non-Human Primates

The U.S. Food and Drug Administration, Health Canada, and other health regulatory
agencies often request that safety testing of OVs be conducted in non-human primates (NHPs)
prior to testing in humans. Similar to companion animals (37.5–39.5 ◦C), NHPs (37–39.5 ◦C)
have higher normal body temperatures compared to humans (~37 ◦C) [22,23,151]. NHPs also
develop pyrexia in response to OV therapy, which has implications for testing the safety of
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OVs that are attenuated at temperatures >37 ◦C [22]. For example, Pol et al. evaluated a prime
multi-boost vaccination strategy with Maraba virus in tumor-free NHPs and recorded
body temperatures [22]. It was noted that cynomolgus macaques had higher baseline body
temperatures than humans, with all test subjects remaining between 38–40 ◦C throughout
the course of treatment. Therefore, studies in NHPs might lead to an overestimation of
maximum tolerable doses of temperature-sensitive OVs. Therefore, we recommend that
regulatory agencies assigned to oversee clinical trials consider developing a policy to
determine the replication potential of OVs at temperatures that are relevant to the species
in which toxicity studies will be performed.

8. Conclusions and Future Directions

OVs show considerable promise for the treatment of solid tumors but encounter dif-
ficulties associated with performing at temperatures above and below 37 ◦C. In a wide
range of tumors, high levels of metabolic activity and vascularization result in tempera-
tures 1–4 ◦C higher than surrounding healthy tissues, a range that may be even higher
when factoring in OV-induced fevers in patients [1,5,30–32]. In contrast, reduced metabolic
activity and tumor vasculature, as well as the presence of necrotic regions in certain
tumor types, can contribute to temperatures below 37 ◦C [5,6,38]. Despite spanning a
wide temperature range, the impact of tumor temperature on OV therapeutic efficacy
has largely been overlooked. This review supports the concept that cold-sensitive, heat-
sensitive, and heat-enhanced OVs exist and that tumor temperature may affect OV treat-
ment outcomes. Although still in its infancy, most research has focused on the combi-
nation of OV immunotherapy and heat-related therapies for enhanced antitumor effi-
cacy [12–14,17,83,93,99]. Most notably, the combination of hyperthermia and OVs, such as
AdV, HSV-1, VACV, and AOaV-1, shows potential for enhanced efficacy in the treatment of
solid tumors [12–14,17,82,83,85,86,88]. However, a substantial amount of work in this area
remains, including determining the optimal dosing and timing of hyperthermic treatment
for each OV and cancer type. The reported characterization of OV temperature sensitiv-
ity must be interpreted with caution, as the majority of supporting literature is derived
from studies that utilized moderate-to-high-range (41–45 ◦C) hyperthermia. Therefore,
it is important that future studies investigate the effect of natural tumor and fever-range
temperatures (38–41 ◦C) on OVs.

The more accurate an animal model is at recapitulating the human scenario, the more
translational relevance such studies can hold. This review provides compelling evidence
that temperature is an important variable that should be taken into consideration for both
tumor and OV biology at all preclinical stages. However, current animal models utilized
in the cancer translational research pipeline, such as mice, cats, dogs, and NHPs, do not
fully recapitulate the temperature profile of humans [19–23,135]. These findings raise
legitimate concerns regarding resource and time management, as well as implications
for safety testing. For example, murine cancer models are largely used as the first stage
of OV screening in vivo, yet housing temperatures cause mice to be in a constant state
of cold shock, thus affecting both tumor and immunobiology [141–145]. We echo the
recommendation of Kokolus et al. that studies using murine cancer models should be
conducted at the thermoneutral temperature (~31 ◦C) of mice [144]. At the other end of the
translational pipeline, NHPs have historically been utilized for OV safety testing prior to
phase I human clinical trials. The higher basal body temperatures of NHPs, in combination
with an OV-induced febrile response, could generate very high temperatures, which may
inhibit heat-sensitive OVs, potentially resulting in an overestimation of their safety [22].
Therefore, we recommend that regulatory agencies request data to determine the ability of
an OV to replicate at baseline temperatures, as well as at elevated temperatures associated
with febrile NHPs.

As preclinical data accumulate regarding temperature sensitivity and enhancement
of OVs, clinicians will be able to use this knowledge to enhance the efficacy of OV im-
munotherapy for their patients. For example, while working with heat sensitive OVs,
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clinicians may find that placing additional importance on treating fevers with antipyretics
or reducing a patient’s body temperature through the use of cold-water baths may improve
therapeutic outcomes. Clinicians could also consider delivering an OV at night, when an
individual’s body temperature is at its lowest (~0.6 ◦C lower) due to the natural human
diurnal rhythm [152]. In contrast, while working with heat-insensitive or heat-enhanced
OVs, a focus on combination with heat-related therapies, such as hyperthermia, can be
investigated for the enhancement of treatment efficacy. As suggested by Throne et al., these
strategies could also include minimizing the use of antipyretics to allow a patient’s fever to
act synergistically with the OV. Careful investigation and monitoring of patients would
be required to avoid the risk of increased toxicity. Similarly, in the context of cold tumors,
hyperthermic treatment may be used to elevate the tumor temperature to improve the
functionality of cold-sensitive OVs.
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37. Szymańska, A.; Szymański, M.; Gołąbek, W.; Drelich-Zbroja, A.; Jargiełło, T. Doppler Ultrasound Appearance of Neck Tumors. J.
Ultrason. 2018, 18, 96–102. [CrossRef] [PubMed]

http://doi.org/10.1038/mt.2011.26
http://doi.org/10.3390/cancers10070216
http://doi.org/10.1021/acsnano.6b06530
http://doi.org/10.1016/j.surg.2010.05.005
http://doi.org/10.1089/hum.2005.16.435
http://doi.org/10.1099/0022-1317-79-9-2239
http://doi.org/10.1099/0022-1317-74-8-1685
http://doi.org/10.3892/ol.2014.2588
http://doi.org/10.1016/j.virusres.2019.197675
http://doi.org/10.3201/eid1001.020616
http://doi.org/10.2460/javma.244.10.1170
http://doi.org/10.1080/2162402X.2018.1512329
http://doi.org/10.1016/j.ebiom.2016.09.022
http://doi.org/10.1038/nrc724
http://doi.org/10.1084/jem.136.2.261
http://doi.org/10.1007/s00018-019-03351-7
http://doi.org/10.1007/s00401-021-02401-4
http://doi.org/10.3171/jns.2004.101.6.0960
http://doi.org/10.1016/j.ccr.2009.03.018
http://doi.org/10.1200/JCO.2001.19.3.676
http://doi.org/10.1186/1471-2407-3-1
http://doi.org/10.1016/j.ijthermalsci.2010.10.019
http://doi.org/10.1109/MEMB.2007.913292
http://www.ncbi.nlm.nih.gov/pubmed/18270051
http://doi.org/10.3171/jns.2002.97.6.1460
http://www.ncbi.nlm.nih.gov/pubmed/12507150
http://doi.org/10.1158/2326-6066.CIR-13-0118
http://doi.org/10.2176/nmc.27.1033
http://www.ncbi.nlm.nih.gov/pubmed/2450288
http://doi.org/10.15557/JoU.2018.0014
http://www.ncbi.nlm.nih.gov/pubmed/30335917


Biomedicines 2022, 10, 2024 18 of 22

38. Tepper, M.; Shoval, A.; Hoffer, O.; Confino, H.; Schmidt, M.; Kelson, I.; Keisari, Y.; Gannot, I. Thermographic Investigation of
Tumor Size, and Its Correlation to Tumor Relative Temperature, in Mice with Transplantable Solid Breast Carcinoma. J. Biomed.
Opt. 2013, 18, 111410. [CrossRef]

39. Allison, K.E.; Coomber, B.L.; Bridle, B.W. Metabolic Reprogramming in the Tumour Microenvironment: A Hallmark Shared by
Cancer Cells and T Lymphocytes. Immunology 2017, 152, 175–184. [CrossRef]

40. Richter, K.; Haslbeck, M.; Buchner, J. The Heat Shock Response: Life on the Verge of Death. Mol. Cell 2010, 40, 253–266. [CrossRef]
41. Lindquist, S.; Craig, E.A. The Heat-Shock Proteins. Annu. Rev. Genet. 1988, 22, 631–677. [CrossRef]
42. Bruey, J.M.; Ducasse, C.; Bonniaud, P.; Ravagnan, L.; Susin, S.A.; Diaz-Latoud, C.; Gurbuxani, S.; Arrigo, A.P.; Kroemer, G.; Solary,

E.; et al. Hsp27 Negatively Regulates Cell Death by Interacting with Cytochrome C. Nat. Cell Biol. 2000, 2, 645–652. [CrossRef]
43. Garrido, C.; Brunet, M.; Didelot, C.; Zermati, Y.; Schmitt, E.; Kroemer, G. Heat Shock Proteins 27 and 70: Anti-Apoptotic Proteins

with Tumorigenic Properties. Cell Cycle 2006, 5, 2592–2601. [CrossRef]
44. Ravagnan, L.; Gurbuxani, S.; Susin, S.A.; Maisse, C.; Daugas, E.; Zamzami, N.; Mak, T.; Jäättelä, M.; Penninger, J.M.; Garrido, C.;

et al. Heat-Shock Protein 70 Antagonizes Apoptosis-Inducing Factor. Nat. Cell Biol. 2001, 3, 839–843. [CrossRef]
45. Parcellier, A.; Brunet, M.; Schmitt, E.; Col, E.; Didelot, C.; Hammann, A.; Nakayama, K.; Nakayama, K.I.; Khochbin, S.; Solary,

E.; et al. HSP27 Favors Ubiquitination and Proteasomal Degradation of P27 Kip1 and Helps S-phase Re-entry in Stressed Cells.
FASEB J. 2006, 20, 1179–1181. [CrossRef]

46. Lanneau, D.; de Thonel, A.; Maurel, S.; Didelot, C.; Garrido, C. Apoptosis versus Cell Differentiation: Role of Heat Shock Proteins
HSP90, HSP70 and HSP27. Prion 2007, 1, 53–60. [CrossRef]

47. Jego, G.; Hazoumé, A.; Seigneuric, R.; Garrido, C. Targeting Heat Shock Proteins in Cancer. Cancer Lett. 2013, 332, 275–285.
[CrossRef]

48. Lang, B.J.; Guerrero-Giménez, M.E.; Prince, T.L.; Ackerman, A.; Bonorino, C.; Calderwood, S.K. Heat Shock Proteins Are Essential
Components in Transformation and Tumor Progression: Cancer Cell Intrinsic Pathways and Beyond. Int. J. Mol. Sci. 2019,
20, 4507. [CrossRef]

49. Seclì, L.; Fusella, F.; Avalle, L.; Brancaccio, M. The Dark-Side of the Outside: How Extracellular Heat Shock Proteins Promote
Cancer. Cell. Mol. Life Sci. 2021, 78, 4069–4083. [CrossRef]

50. Koren, J.; Blagg, B.S.J. The right tool for the job: An overview of Hsp90 inhibitors. In Advances in Experimental Medicine and Biology;
Springer: Berlin/Heidelberg, Germany, 2020; Volume 1243, pp. 135–146.

51. Wang, Y.; Jin, F.; Wang, R.; Li, F.; Wu, Y.; Kitazato, K.; Wang, Y. HSP90: A Promising Broad-Spectrum Antiviral Drug Target. Arch.
Virol. 2017, 162, 3269–3282. [CrossRef]

52. Connor, J.H.; McKenzie, M.O.; Parks, G.D.; Lyles, D.S. Antiviral Activity and RNA Polymerase Degradation Following Hsp90
Inhibition in a Range of Negative Strand Viruses. Virology 2007, 362, 109–119. [CrossRef]

53. Liu, M.; Jiang, L.; Cao, W.; Wu, J.; Chen, X. Identification of Inhibitors and Drug Targets for Human Adenovirus Infections. Viruses
2022, 14, 959. [CrossRef]

54. Bloyet, L.-M.; Welsch, J.; Enchery, F.; Mathieu, C.; de Breyne, S.; Horvat, B.; Grigorov, B.; Gerlier, D. HSP90 Chaperoning in
Addition to Phosphoprotein Required for Folding but Not for Supporting Enzymatic Activities of Measles and Nipah Virus L
Polymerases. J. Virol. 2016, 90, 6642–6656. [CrossRef] [PubMed]

55. Qanungo, K.R.; Shaji, D.; Mathur, M.; Banerjee, A.K. Two RNA Polymerase Complexes from Vesicular Stomatitis Virus-Infected
Cells That Carry out Transcription and Replication of Genome RNA. Proc. Natl. Acad. Sci. USA 2004, 101, 5952–5957. [CrossRef]
[PubMed]

56. Liu, C.; Erlichman, C.; McDonald, C.J.; Ingle, J.N.; Zollman, P.; Iankov, I.; Russell, S.J.; Galanis, E. Heat Shock Protein Inhibitors
Increase the Efficacy of Measles Virotherapy. Gene Ther. 2008, 15, 1024–1034. [CrossRef] [PubMed]

57. Msaouel, P.; Opyrchal, M.; Dispenzieri, A.; Peng, K.W.; Federspiel, M.J.; Russell, S.J.; Galanis, E. Clinical Trials with Oncolytic
Measles Virus: Current Status and Future Prospects. Curr. Cancer Drug Targets 2017, 18, 177–187. [CrossRef] [PubMed]

58. Kim, Y.; Alarcon, S.; Lee, S.; Lee, M.-J.; Giaccone, G.; Neckers, L.; Trepel, J. Update on Hsp90 Inhibitors in Clinical Trial. Curr. Top.
Med. Chem. 2009, 9, 1479–1492. [CrossRef]

59. Pataer, A.; Bocangel, D.; Chada, S.; Roth, J.A.; Hunt, K.K.; Swisher, S.G. Enhancement of Adenoviral MDA-7-Mediated Cell
Killing in Human Lung Cancer Cells by Geldanamycin and Its 17-Allyl- Amino-17-Demethoxy Analogue. Cancer Gene Ther. 2007,
14, 12–18. [CrossRef]

60. Chang, F.; Lee, J.T.; Navolanic, P.M.; Steelman, L.S.; Shelton, J.G.; Blalock, W.L.; Franklin, R.A.; McCubrey, J.A. Involvement of
PI3K/Akt Pathway in Cell Cycle Progression, Apoptosis, and Neoplastic Transformation: A Target for Cancer Chemotherapy.
Leukemia 2003, 17, 590–603. [CrossRef]

61. Haviv, Y.S.; Blackwell, J.L.; Li, H.; Wang, M.; Lei, X.; Curiel, D.T. Heat Shock and Heat Shock Protein 70i Enhance the Oncolytic
Effect of Replicative Adenovirus. Cancer Res. 2001, 61, 8361–8365.

62. Mok, H.G.W. Vaccinia Virus Requires Heat-Shock Proteins for Genome Replication and Virion Assembly. Ph.D. Thesis, University
College London, London, UK, 2019.

63. Filone, C.M.; Caballero, I.S.; Dower, K.; Mendillo, M.L.; Cowley, G.S.; Santagata, S.; Rozelle, D.K.; Yen, J.; Rubins, K.H.; Hacohen,
N.; et al. The Master Regulator of the Cellular Stress Response (HSF1) Is Critical for Orthopoxvirus Infection. PLoS Pathog. 2014,
10, e1003904. [CrossRef]

http://doi.org/10.1117/1.JBO.18.11.111410
http://doi.org/10.1111/imm.12777
http://doi.org/10.1016/j.molcel.2010.10.006
http://doi.org/10.1146/annurev.ge.22.120188.003215
http://doi.org/10.1038/35023595
http://doi.org/10.4161/cc.5.22.3448
http://doi.org/10.1038/ncb0901-839
http://doi.org/10.1096/fj.05-4184fje
http://doi.org/10.4161/pri.1.1.4059
http://doi.org/10.1016/j.canlet.2010.10.014
http://doi.org/10.3390/ijms20184507
http://doi.org/10.1007/s00018-021-03764-3
http://doi.org/10.1007/s00705-017-3511-1
http://doi.org/10.1016/j.virol.2006.12.026
http://doi.org/10.3390/v14050959
http://doi.org/10.1128/JVI.00602-16
http://www.ncbi.nlm.nih.gov/pubmed/27170753
http://doi.org/10.1073/pnas.0401449101
http://www.ncbi.nlm.nih.gov/pubmed/15069200
http://doi.org/10.1038/gt.2008.30
http://www.ncbi.nlm.nih.gov/pubmed/18356818
http://doi.org/10.2174/1568009617666170222125035
http://www.ncbi.nlm.nih.gov/pubmed/28228086
http://doi.org/10.2174/156802609789895728
http://doi.org/10.1038/sj.cgt.7700989
http://doi.org/10.1038/sj.leu.2402824
http://doi.org/10.1371/journal.ppat.1003904


Biomedicines 2022, 10, 2024 19 of 22

64. Geller, R.; Taguwa, S.; Frydman, J. Broad Action of Hsp90 as a Host Chaperone Required for Viral Replication. Biochim. Biophys.
Acta Mol. Cell Res. 2012, 1823, 698–706. [CrossRef]

65. Hung, J.-J.; Chung, C.-S.; Chang, W. Molecular Chaperone Hsp90 Is Important for Vaccinia Virus Growth in Cells. J. Virol. 2002,
76, 1379–1390. [CrossRef]

66. Jindal, S.; Young, R.A. Vaccinia Virus Infection Induces a Stress Response That Leads to Association of Hsp70 with Viral Proteins.
J. Virol. 1992, 66, 5357–5362. [CrossRef]

67. Kowalczyk, A.; Guzik, K.; Slezak, K.; Dziedzic, J.; Rokita, H. Heat Shock Protein and Heat Shock Factor 1 Expression and
Localization in Vaccinia Virus Infected Human Monocyte Derived Macrophages. J. Inflamm. 2005, 2, 12. [CrossRef]

68. Rico, J.; Perez, C.; Hernandez, J.; Guerrero, C.; Acosta, O. Cell Surface Heat Shock Protein-Mediated Entry of Tumor Cell-Adapted
Rotavirus into U-937 Cells. Folia Microbiol. 2021, 66, 623–638. [CrossRef]

69. Dalidowska, I.; Gazi, O.; Sulejczak, D.; Przybylski, M.; Bieganowski, P. Heat Shock Protein 90 Chaperones E1a Early Protein of
Adenovirus 5 and Is Essential for Replication of the Virus. Int. J. Mol. Sci. 2021, 22, 2020. [CrossRef]

70. Wang, Y.; Wang, R.; Li, F.; Wang, Y.; Zhang, Z.; Wang, Q.; Ren, Z.; Jin, F.; Kitazato, K.; Wang, Y. Heat-Shock Protein 90α Is Involved
in Maintaining the Stability of VP16 and VP16-Mediated Transactivation of α Genes from Herpes Simplex Virus-1. Mol. Med.
2018, 24, 65. [CrossRef]

71. Zhong, M.; Zheng, K.; Chen, M.; Xiang, Y.; Jin, F.; Kaiqi, M.; Qiu, X.; Wang, Q.; Peng, T.; Kitazato, K.; et al. Heat-Shock Protein 90
Promotes Nuclear Transport of Herpes Simplex Virus 1 Capsid Protein by Interacting with Acetylated Tubulin. PLoS ONE 2014,
9, e99425. [CrossRef]

72. Li, F.; Jin, F.; Wang, Y.; Zheng, D.; Liu, J.; Zhang, Z.; Wang, R.; Dong, D.; Zheng, K.; Wang, Y. Hsp90 Inhibitor AT-533 Blocks HSV-1
Nuclear Egress and Assembly. J. Biochem. 2018, 164, 397–406. [CrossRef]

73. Vahabpour, R.; Soleymani, S.; Roohvand, F.; Zabihollahi, R.; Bolhassani, A. In Vitro Anti-Viral Effects of Small Heat Shock Proteins
20 and 27: A Novel Therapeutic Approach. Curr. Pharm. Biotechnol. 2019, 20, 1011–1017. [CrossRef]

74. Katoh, H.; Kubota, T.; Nakatsu, Y.; Tahara, M.; Kidokoro, M.; Takeda, M. Heat Shock Protein 90 Ensures Efficient Mumps Virus
Replication by Assisting with Viral Polymerase Complex Formation. J. Virol. 2017, 91, e02220-16. [CrossRef]

75. Carsillo, T.; Traylor, Z.; Choi, C.; Niewiesk, S.; Oglesbee, M. Hsp72, a Host Determinant of Measles Virus Neurovirulence. J. Virol.
2006, 80, 11031–11039. [CrossRef]

76. Couturier, M.; Buccellato, M.; Costanzo, S.; Bourhis, J.M.; Shu, Y.; Nicaise, M.; Desmadril, M.; Flaudrops, C.; Longhi, S.; Oglesbee,
M. High Affinity Binding between Hsp70 and the C-Terminal Domain of the Measles Virus Nucleoprotein Requires an Hsp40
Co-Chaperone. J. Mol. Recognit. 2010, 23, 301–315. [CrossRef] [PubMed]

77. Oglesbee, M.J.; Pratt, M.; Carsillo, T. Role for Heat Shock Proteins in the Immune Response to Measles Virus Infection. Viral
Immunol. 2002, 15, 399–416. [CrossRef] [PubMed]

78. Neidermyer, W.J.; Whelan, S.P.J. Global Analysis of Polysome-Associated MRNA in Vesicular Stomatitis Virus Infected Cells.
PLoS Pathog. 2019, 15, e1007875. [CrossRef] [PubMed]

79. Bloor, S.; Maelfait, J.; Krumbach, R.; Beyaert, R.; Randow, F. Endoplasmic Reticulum Chaperone Gp96 Is Essential for Infection
with Vesicular Stomatitis Virus. Proc. Natl. Acad. Sci. USA 2010, 107, 6970–6975. [CrossRef]

80. Issels, R.D.; Lindner, L.H.; Verweij, J.; Wust, P.; Reichardt, P.; Schem, B.C.; Abdel-Rahman, S.; Daugaard, S.; Salat, C.; Wendtner,
C.M.; et al. Neo-Adjuvant Chemotherapy Alone or with Regional Hyperthermia for Localised High-Risk Soft-Tissue Sarcoma: A
Randomised Phase 3 Multicentre Study. Lancet Oncol. 2010, 11, 561–570. [CrossRef]

81. Jones, E.L.; Oleson, J.R.; Prosnitz, L.R.; Samulski, T.V.; Vujaskovic, Z.; Yu, D.; Sanders, L.L.; Dewhirst, M.W. Randomized Trial of
Hyperthermia and Radiation for Superficial Tumors. J. Clin. Oncol. 2005, 23, 3079–3085. [CrossRef]

82. Li, X.; Xiao, S.; Li, Y.; Zhang, S. Clinical Antiangiogenic Effect of Recombinant Adenovirus-P53 Combined with Hyperthermia for
Advanced Cancer. Chin. J. Cancer Res. 2013, 25, 749–755. [CrossRef]

83. Lee, Y.J.; Lee, H.; Borrelli, M.J. Gene Transfer into Human Prostate Adenocarcinoma Cells with an Adenoviral Vector: Hy-
perthermia Enhances a Double Suicide Gene Expression, Cytotoxicity and Radiotoxicity. Cancer Gene Ther. 2002, 9, 267–274.
[CrossRef]

84. Thorne, S.H.; Brooks, G.; Lee, Y.-L.; Au, T.; Eng, L.F.; Reid, T. Effects of Febrile Temperature on Adenoviral Infection and
Replication: Implications for Viral Therapy of Cancer. J. Virol. 2005, 79, 581–591. [CrossRef]

85. Li, Y.; Zhao, S.; Zhang, F.; Jin, G.; Zhou, Y.; Li, P.; Shin, D.; Yang, X. Molecular Imaging-Monitored Radiofrequency Hyperthermia-
Enhanced Intratumoral Herpes Simplex Virus-Thymidine Kinase Gene Therapy for Rat Orthotopic Ovarian Cancer. Int. J. Hyperth.
2020, 37, 101–109. [CrossRef]

86. Song, J.; Zhang, F.; Ji, J.; Chen, M.; Li, Q.; Weng, Q.; Gu, S.; Kogut, M.J.; Yang, X. Orthotopic Hepatocellular Carcinoma: Molecular
Imaging-Monitored Intratumoral Hyperthermia-Enhanced Direct Oncolytic Virotherapy. Int. J. Hyperth. 2019, 36, 344–350.
[CrossRef]

87. Volker, S. A New Strategy of Cancer Immunotherapy Combining Hyperthermia/Oncolytic Virus Pretreatment with Specific
Autologous Anti-Tumor Vaccination—A Review. Austin Oncol. Case Rep. 2017, 2, 1006. [CrossRef]

88. Schirrmacher, V.; Stücker, W.; Lulei, M.; Bihari, A.S.; Sprenger, T. Long-Term Survival of a Breast Cancer Patient with Extensive
Liver Metastases upon Immune and Virotherapy: A Case Report. Immunotherapy 2015, 7, 855–860. [CrossRef]

http://doi.org/10.1016/j.bbamcr.2011.11.007
http://doi.org/10.1128/JVI.76.3.1379-1390.2002
http://doi.org/10.1128/jvi.66.9.5357-5362.1992
http://doi.org/10.1186/1476-9255-2-12
http://doi.org/10.1007/s12223-020-00845-x
http://doi.org/10.3390/ijms22042020
http://doi.org/10.1186/s10020-018-0066-x
http://doi.org/10.1371/journal.pone.0099425
http://doi.org/10.1093/jb/mvy066
http://doi.org/10.2174/1389201020666190729104648
http://doi.org/10.1128/JVI.02220-16
http://doi.org/10.1128/JVI.01438-06
http://doi.org/10.1002/jmr.982
http://www.ncbi.nlm.nih.gov/pubmed/19718689
http://doi.org/10.1089/088282402760312296
http://www.ncbi.nlm.nih.gov/pubmed/12479391
http://doi.org/10.1371/journal.ppat.1007875
http://www.ncbi.nlm.nih.gov/pubmed/31226162
http://doi.org/10.1073/pnas.0908536107
http://doi.org/10.1016/S1470-2045(10)70071-1
http://doi.org/10.1200/JCO.2005.05.520
http://doi.org/10.3978/j.issn.1000-9604.2013.12.05
http://doi.org/10.1038/sj.cgt.7700433
http://doi.org/10.1128/JVI.79.1.581-591.2005
http://doi.org/10.1080/02656736.2020.1711973
http://doi.org/10.1080/02656736.2019.1569731
http://doi.org/10.26420/austinoncolcaserep.1006.2017
http://doi.org/10.2217/imt.15.48


Biomedicines 2022, 10, 2024 20 of 22

89. DiNapoli, J.M.; Ward, J.M.; Cheng, L.; Yang, L.; Elankumaran, S.; Murphy, B.R.; Samal, S.K.; Collins, P.L.; Bukreyev, A. Delivery to
the Lower Respiratory Tract Is Required for Effective Immunization with Newcastle Disease Virus-Vectored Vaccines Intended
for Humans. Vaccine 2009, 27, 1530–1539. [CrossRef]

90. Vasconcelos, D.; Norrby, E.; Oglesbee, M. The Cellular Stress Response Increases Measles Virus-Induced Cytopathic Effect. J. Gen.
Virol. 1998, 79, 1769–1773. [CrossRef]

91. Hurwitz, M.D. Hyperthermia and Immunotherapy: Clinical Opportunities. Int. J. Hyperth. 2019, 36, 4–9. [CrossRef]
92. Das, J.K.; Xiong, X.; Ren, X.; Yang, J.M.; Song, J. Heat Shock Proteins in Cancer Immunotherapy. J. Oncol. 2019, 2019, 3267207.

[CrossRef]
93. Li, J.L.; Liu, H.L.; Zhang, X.R.; Xu, J.P.; Hu, W.K.; Liang, M.; Chen, S.Y.; Hu, F.; Chu, D.T. A Phase I Trial of Intratumoral

Administration of Recombinant Oncolytic Adenovirus Overexpressing HSP70 in Advanced Solid Tumor Patients. Gene Ther.
2009, 16, 376–382. [CrossRef]

94. Wang, W.; Ji, W.; Hu, H.; Ma, J.; Li, X.; Mei, W.; Xu, Y.; Hu, H.; Yan, Y.; Song, Q.; et al. Survivin Promoter-Regulated Oncolytic
Adenovirus with Hsp70 Gene Exerts Effective Antitumor Efficacy in Gastric Cancer Immunotherapy. Oncotarget 2014, 5, 150–160.
[CrossRef]

95. Ren, Z.; Ye, X.; Fang, C.; Lu, Q.; Zhao, Y.; Liu, F.; Liang, M.; Hu, F.; Chen, H.Z. Intratumor Injection of Oncolytic Adenovirus
Expressing HSP70 Prolonged Survival in Melanoma B16 Bearing Mice by Enhanced Immune Response. Cancer Biol. Ther. 2008, 7,
191–195. [CrossRef]

96. Huang, X.F.; Ren, W.; Rollins, L.; Pittman, P.; Shah, M.; Shen, L.; Gu, Q.; Strube, R.; Hu, F.; Chen, S.Y. A Broadly Applicable,
Personalized Heat Shock Protein-Mediated Oncolytic Tumor Vaccine. Cancer Res. 2003, 63, 7321–7329.

97. Wang, C.; Dai, Z.; Fan, R.; Deng, Y.; Lv, G.; Lu, G. HSF1 Overexpression Enhances Oncolytic Effect of Replicative Adenovirus. J.
Transl. Med. 2010, 8, 44. [CrossRef]

98. Li, C.Y.; Dewhirst, M.W. Hyperthermia-Regulated Immunogene Therapy. Int. J. Hyperth. 2002, 18, 586–596. [CrossRef]
99. Brade, A.M.; Ngo, D.; Szmitko, P.; Li, P.X.; Liu, F.F.; Klamut, H.J. Heat-Directed Gene Targeting of Adenoviral Vectors to Tumor

Cells. Cancer Gene Ther. 2000, 7, 1566–1574. [CrossRef]
100. Lohr, F.; Hu, K.; Huang, Q.; Zhang, L.; Samulski, T.V.; Dewhirst, M.W.; Li, C.Y. Enhancement of Radiotherapy by Hyperthermia-

Regulated Gene Therapy. Int. J. Radiat. Oncol. Biol. Phys. 2000, 48, 1513–1518. [CrossRef]
101. Bandyopadhayaya, S.; Ford, B.; Mandal, C.C. Cold-Hearted: A Case for Cold Stress in Cancer Risk. J. Therm. Biol. 2020, 91, 102608.

[CrossRef]
102. Sharma, A.; Verma, H.K.; Joshi, S.; Panwar, M.S.; Mandal, C.C. A Link between Cold Environment and Cancer. Tumor Biol. 2015,

36, 5953–5964. [CrossRef]
103. Moan, J.; Lagunova, Z.; Bruland, Ø.; Juzeniene, A. Seasonal Variations of Cancer Incidence and Prognosis. Dermatoendocrinology

2010, 2, 55–57. [CrossRef]
104. Lehrer, S.; Rosenzweig, K.E. Cold Climate Is a Risk Factor for Thyroid Cancer. Clin. Thyroidol. 2014, 26, 273–276. [CrossRef]

[PubMed]
105. Dang, C.V. Links between Metabolism and Cancer. Genes Dev. 2012, 26, 877–890. [CrossRef] [PubMed]
106. Garland, C.F.; Garland, F.C.; Gorham, E.D.; Lipkin, M.; Newmark, H.; Mohr, S.B.; Holick, M.F. The Role of Vitamin D in Cancer

Prevention. Am. J. Public Health 2006, 96, 252–261. [CrossRef] [PubMed]
107. Grant, W.B.; Mohr, S.B. Ecological Studies Of Ultraviolet B, Vitamin D And Cancer Since 2000. Ann. Epidemiol. 2009, 19, 446–454.

[CrossRef]
108. Phadtare, S.; Alsina, J.; Inouye, M. Cold-Shock Response and Cold-Shock Proteins. Curr. Opin. Microbiol. 1999, 2, 175–180.

[CrossRef]
109. Lindquist, J.A.; Mertens, P.R. Cold Shock Proteins: From Cellular Mechanisms to Pathophysiology and Disease. Cell Commun.

Signal. 2018, 16, 63. [CrossRef]
110. Heinemann, U.; Roske, Y. Cold-Shock Domains—Abundance, Structure, Properties, and Nucleic-Acid Binding. Cancers 2021, 13,

190. [CrossRef]
111. Dahl, E.; En-Nia, A.; Wiesmann, F.; Krings, R.; Djudjaj, S.; Breuer, E.; Fuchs, T.; Wild, P.J.; Hartmann, A.; Dunn, S.E.; et al. Nuclear

Detection of Y-Box Protein-1 (YB-1) Closely Associates with Progesterone Receptor Negativity and Is a Strong Adverse Survival
Factor in Human Breast Cancer. BMC Cancer 2009, 9, 410. [CrossRef]

112. Blenkiron, C.; Hurley, D.G.; Fitzgerald, S.; Print, C.G.; Lasham, A. Links between the Oncoprotein YB-1 and Small Non-Coding
RNAs in Breast Cancer. PLoS ONE 2013, 8, e80171. [CrossRef]

113. Shibahara, K.; Uchiumi, T.; Kuwano, M.; Maehara, Y.; Sugio, K.; Osaki, T.; Yasumoto, K.; Kohno, K. Nuclear Expression of the
Y-Box Binding Protein, YB-1, as a Novel Marker of Disease Progression in Non-Small Cell Lung Cancer. Clin. Cancer Res. 2001, 7,
3151–3155.

114. Guo, T.; Zhao, S.; Wang, P.; Xue, X.; Zhang, Y.; Yang, M.; Li, N.; Li, Z.; Xu, L.; Jiang, L.; et al. YB-1 Regulates Tumor Growth by
Promoting MACC1/c-Met Pathway in Human Lung Adenocarcinoma. Oncotarget 2017, 8, 48110–48125. [CrossRef]

115. Le Boeuf, F.; Selman, M.; Son, H.H.; Bergeron, A.; Chen, A.; Tsang, J.; Butterwick, D.; Arulanandam, R.; Forbes, N.E.; Tzelepis,
F.; et al. Oncolytic Maraba Virus MG1 as a Treatment for Sarcoma. Int. J. Cancer 2017, 141, 1257–1264. [CrossRef]

http://doi.org/10.1016/j.vaccine.2009.01.009
http://doi.org/10.1099/0022-1317-79-7-1769
http://doi.org/10.1080/02656736.2019.1653499
http://doi.org/10.1155/2019/3267207
http://doi.org/10.1038/gt.2008.179
http://doi.org/10.18632/oncotarget.1430
http://doi.org/10.4161/cbt.7.2.5254
http://doi.org/10.1186/1479-5876-8-44
http://doi.org/10.1080/0265673021000017082
http://doi.org/10.1038/sj.cgt.7700267
http://doi.org/10.1016/S0360-3016(00)00788-4
http://doi.org/10.1016/j.jtherbio.2020.102608
http://doi.org/10.1007/s13277-015-3270-0
http://doi.org/10.4161/derm.2.2.12664
http://doi.org/10.1089/ct.2014;26.273-276
http://www.ncbi.nlm.nih.gov/pubmed/25558467
http://doi.org/10.1101/gad.189365.112
http://www.ncbi.nlm.nih.gov/pubmed/22549953
http://doi.org/10.2105/AJPH.2004.045260
http://www.ncbi.nlm.nih.gov/pubmed/16380576
http://doi.org/10.1016/j.annepidem.2008.12.014
http://doi.org/10.1016/S1369-5274(99)80031-9
http://doi.org/10.1186/s12964-018-0274-6
http://doi.org/10.3390/cancers13020190
http://doi.org/10.1186/1471-2407-9-410
http://doi.org/10.1371/journal.pone.0080171
http://doi.org/10.18632/oncotarget.18262
http://doi.org/10.1002/ijc.30813


Biomedicines 2022, 10, 2024 21 of 22

116. Kamura, T.; Yahata, H.; Amada, S.; Ogawa, S.; Sonoda, T.; Kobayashi, H.; Mitsumoto, M.; Kohno, K.; Kuwano, M.; Nakano, H. Is
Nuclear Expression of Y Box-Binding Protein-1 a New Prognostic Factor in Ovarian Serous Adenocarcinoma? Cancer 1999, 85,
2450–2454. [CrossRef]

117. Giménez-Bonafé, P.; Fedoruk, M.N.; Whitmore, T.G.; Akbari, M.; Ralph, J.L.; Ettinger, S.; Gleave, M.E.; Nelson, C.C. YB-1
Is Upregulated during Prostate Cancer Tumor Progression and Increases P-Glycoprotein Activity. Prostate 2004, 59, 337–349.
[CrossRef]

118. Setoguchi, K.; Cui, L.; Hachisuka, N.; Obchoei, S.; Shinkai, K.; Hyodo, F.; Kato, K.; Wada, F.; Yamamoto, T.; Harada-Shiba,
M.; et al. Antisense Oligonucleotides Targeting Y-Box Binding Protein-1 Inhibit Tumor Angiogenesis by Downregulating
Bcl-XL-VEGFR2/-Tie Axes. Mol. Ther. Nucleic Acids 2017, 9, 170–181. [CrossRef]

119. Frye, B.C.; Halfter, S.; Djudjaj, S.; Muehlenberg, P.; Weber, S.; Raffetseder, U.; En-Nia, A.; Knott, H.; Baron, J.M.; Dooley, S.; et al.
Y-Box Protein-1 Is Actively Secreted through a Non-Classical Pathway and Acts as an Extracellular Mitogen. EMBO Rep. 2009, 10,
783–789. [CrossRef]

120. Rohr, I.; Braicu, E.I.; En-Nia, A.; Heinrich, M.; Richter, R.; Chekerov, R.; Dechend, R.; Heidecke, H.; Dragun, D.; Schäfer, R.; et al.
Y-Box Protein-1/P18 as Novel Serum Marker for Ovarian Cancer Diagnosis: A Study by the Tumor Bank Ovarian Cancer (TOC).
Cytokine 2016, 85, 157–164. [CrossRef]

121. Tacke, F.; Kanig, N.; En-Nia, A.; Kaehne, T.; Eberhardt, C.S.; Shpacovitch, V.; Trautwein, C.; Mertens, P.R. Y-Box Protein-1/P18
Fragment Identifies Malignancies in Patients with Chronic Liver Disease. BMC Cancer 2011, 11, 185. [CrossRef]

122. Tacke, F.; Galm, O.; Kanig, N.; Yagmur, E.; Brandt, S.; Lindquist, J.A.; Eberhardt, C.S.; Raffetseder, U.; Mertens, P.R. High
Prevalence of Y-Box Protein-1/P18 Fragment in Plasma of Patients with Malignancies of Different Origin. BMC Cancer 2014, 14,
33. [CrossRef]

123. Ferreira, A.R.; Bettencourt, M.; Alho, I.; Costa, A.L.; Sousa, A.R.; Mansinho, A.; Abreu, C.; Pulido, C.; Macedo, D.; Vendrell, I.;
et al. Serum YB-1 (Y-Box Binding Protein 1) as a Biomarker of Bone Disease Progression in Patients with Breast Cancer and Bone
Metastases. J. Bone Oncol. 2017, 6, 16–21. [CrossRef]

124. Elatmani, H.; Dormoy-Raclet, V.; Dubus, P.; Dautry, F.; Chazaud, C.; Jacquemin-Sablon, H. The RNA-Binding Protein Unr Prevents
Mouse Embryonic Stem Cells Differentiation toward the Primitive Endoderm Lineage. Stem Cells 2011, 29, 1504–1516. [CrossRef]

125. Liu, H.; Li, X.; Dun, M.D.; Faulkner, S.; Jiang, C.C.; Hondermarck, H. Cold Shock Domain Containing E1 (CSDE1) Protein Is
Overexpressed and Can Be Targeted to Inhibit Invasiveness in Pancreatic Cancer Cells. Proteomics 2020, 20, 1900331. [CrossRef]

126. Martinez-Useros, J.; Georgiev-Hristov, T.; Fernández-Aceñero, M.J.; Borrero-Palacios, A.; Indacochea, A.; Guerrero, S.; Li, W.;
Cebrián, A.; Del Pulgar, T.G.; Puime-Otin, A.; et al. UNR/CDSE1 Expression as Prognosis Biomarker in Resectable Pancreatic
Ductal Adenocarcinoma Patients: A Proof-of-Concept. PLoS ONE 2017, 12, e0182044. [CrossRef]

127. Wurth, L.; Papasaikas, P.; Olmeda, D.; Bley, N.; Calvo, G.T.; Guerrero, S.; Cerezo-Wallis, D.; Martinez-Useros, J.; García-Fernández,
M.; Hüttelmaier, S.; et al. UNR/CSDE1 Drives a Post-Transcriptional Program to Promote Melanoma Invasion and Metastasis.
Cancer Cell 2016, 30, 694–707. [CrossRef]

128. Martinez-Useros, J.; Garcia-Carbonero, N.; Li, W.; Fernandez-Aceñero, M.J.; Cristobal, I.; Rincon, R.; Rodriguez-Remirez, M.;
Borrero-Palacios, A.; Garcia-Foncillas, J. UNR/CSDE1 Expression Is Critical to Maintain Invasive Phenotype of Colorectal Cancer
through Regulation of c-MYC and Epithelial-to-Mesenchymal Transition. J. Clin. Med. 2019, 8, 560. [CrossRef]

129. Thornton, J.E.; Gregory, R.I. How Does Lin28 Let-7 Control Development and Disease? Trends Cell Biol. 2012, 22, 474–482.
[CrossRef]

130. Zeng, Y.; Kulkarni, P.; Inoue, T.; Getzenberg, R.H. Down-Regulating Cold Shock Protein Genes Impairs Cancer Cell Survival and
Enhances Chemosensitivity. J. Cell. Biochem. 2009, 107, 179–188. [CrossRef]

131. Mak, I.W.Y.; Evaniew, N.; Ghert, M. Lost in Translation: Animal Models and Clinical Trials in Cancer Treatment. Am. J. Transl. Res.
2014, 6, 114–118.

132. Bryda, E.C. The Mighty Mouse: The Impact of Rodents on Advances in Biomedical Research. Mo. Med. 2013, 110, 207–211.
133. Refinetti, R. The Circadian Rhythm of Body Temperature. Front. Biosci. 2010, 15, 564–594. [CrossRef]
134. Evans, S.S.; Repasky, E.A.; Fisher, D.T. Fever and the Thermal Regulation of Immunity: The Immune System Feels the Heat. Nat.

Rev. Immunol. 2015, 15, 335–349. [CrossRef] [PubMed]
135. Klein, M.S.; Conn, C.A.; Kluger, M.J. Behavioral Thermoregulation in Mice Inoculated with Influenza Virus. Physiol. Behav. 1992,

52, 1133–1139. [CrossRef]
136. Li, S.; Ballou, L.R.; Morham, S.G.; Blatteis, C.M. Cyclooxygenase-2 Mediates the Febrile Response of Mice to Interleukin-1β. Brain

Res. 2001, 910, 163–173. [CrossRef]
137. McLay, R.N.; Kastin, A.J.; Zadina, J.E. Passage of Interleukin-1-Beta across the Blood-Brain Barrier Is Reduced in Aged Mice: A

Possible Mechanism for Diminished Fever in Aging. Neuroimmunomodulation 2000, 8, 148–153. [CrossRef]
138. Horai, R.; Asano, M.; Sudo, K.; Kanuka, H.; Suzuki, M.; Nishihara, M.; Takahashi, M.; Iwakura, Y. Production of Mice Deficient in

Genes for Interleukin (IL)-1α, IL-1β, IL-1α/β, and IL-1 Receptor Antagonist Shows That IL-1β Is Crucial in Turpentine-Induced
Fever Development and Glucocorticoid Secretion. J. Exp. Med. 1998, 187, 1463–1475. [CrossRef]

139. Leon, L.R.; Kozak, W.; Peschon, J.; Kluger, M.J. Exacerbated Febrile Responses to LPS, but Not Turpentine, in TNF Double
Receptor-Knockout Mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1997, 272, R563–R569. [CrossRef]

140. US NIH Guide for the Care and Use of Laboratory Animals: Eighth Edition—National Research Council, Division on Earth and
Life Studies, Institute for Laboratory Animal Research, Committee for the Update of the Guide for the Care and Use of Laboratory

http://doi.org/10.1002/(SICI)1097-0142(19990601)85:11&lt;2450::AID-CNCR21&gt;3.0.CO;2-U
http://doi.org/10.1002/pros.20023
http://doi.org/10.1016/j.omtn.2017.09.004
http://doi.org/10.1038/embor.2009.81
http://doi.org/10.1016/j.cyto.2016.06.021
http://doi.org/10.1186/1471-2407-11-185
http://doi.org/10.1186/1471-2407-14-33
http://doi.org/10.1016/j.jbo.2017.01.002
http://doi.org/10.1002/stem.712
http://doi.org/10.1002/pmic.201900331
http://doi.org/10.1371/journal.pone.0182044
http://doi.org/10.1016/j.ccell.2016.10.004
http://doi.org/10.3390/jcm8040560
http://doi.org/10.1016/j.tcb.2012.06.001
http://doi.org/10.1002/jcb.22114
http://doi.org/10.2741/3634
http://doi.org/10.1038/nri3843
http://www.ncbi.nlm.nih.gov/pubmed/25976513
http://doi.org/10.1016/0031-9384(92)90472-E
http://doi.org/10.1016/S0006-8993(01)02707-X
http://doi.org/10.1159/000054275
http://doi.org/10.1084/jem.187.9.1463
http://doi.org/10.1152/ajpregu.1997.272.2.R563


Biomedicines 2022, 10, 2024 22 of 22

Animals. Available online: https://books.google.ca/books?hl=en&lr=&id=Vp5mgXtxYdQC&oi=fnd&pg=PP2&dq=Guide+
for+the+Care+and+Use+of+Laboratory+Animals&ots=FsXde2IDp4&sig=ZvpAlS2_aJU-5sfrIYdnNK1z75A&redir_esc=y#v=
onepage&q=GuidefortheCareandUseofLaboratoryAnimals&f=false (accessed on 3 July 2022).

141. Gordon, C.J. Thermal Physiology of Laboratory Mice: Defining Thermoneutrality. J. Therm. Biol. 2012, 37, 654–685. [CrossRef]
142. Eng, J.W.L.; Reed, C.B.; Kokolus, K.M.; Repasky, E.A. Housing Temperature Influences the Pattern of Heat Shock Protein Induction

in Mice Following Mild Whole Body Hyperthermia. Int. J. Hyperth. 2014, 30, 540–546. [CrossRef]
143. Karp, C.L. Unstressing Intemperate Models: How Cold Stress Undermines Mouse Modeling. J. Exp. Med. 2012, 209, 1069–1074.

[CrossRef]
144. Kokolus, K.M.; Capitano, M.L.; Lee, C.T.; Eng, J.W.L.; Waight, J.D.; Hylander, B.L.; Sexton, S.; Hong, C.C.; Gordon, C.J.; Abrams,

S.I.; et al. Baseline Tumor Growth and Immune Control in Laboratory Mice Are Significantly Influenced by Subthermoneutral
Housing Temperature. Proc. Natl. Acad. Sci. USA 2013, 110, 20176–20181. [CrossRef]

145. Kokolus, K.M.; Spangler, H.M.; Povinelli, B.J.; Farren, M.R.; Lee, K.P.; Repasky, E.A. Stressful Presentations: Mild Cold Stress
in Laboratory Mice Influences Phenotype of Dendritic Cells in Naïve and Tumor-Bearing Mice. Front. Immunol. 2014, 5, 23.
[CrossRef]

146. Rowell, J.L.; McCarthy, D.O.; Alvarez, C.E. Dog Models of Naturally Occurring Cancer. Trends Mol. Med. 2011, 17, 380–388.
[CrossRef]

147. Cannon, C.M. Cats, Cancer and Comparative Oncology. Vet. Sci. 2015, 2, 111–126. [CrossRef]
148. Hummel, J.; Bienzle, D.; Morrison, A.; Cieplak, M.; Stephenson, K.; DeLay, J.; Woods, J.P.; Lichty, B.D.; Bridle, B.W. Maraba

Virus-Vectored Cancer Vaccines Represent a Safe and Novel Therapeutic Option for Cats. Sci. Rep. 2017, 7, 15738. [CrossRef]
149. Leblanc, A.K.; Naik, S.; Galyon, G.D.; Jenks, N.; Steele, M.; Peng, K.W.; Federspiel, M.J.; Donnell, R.; Russell, S.J. Safety Studies on

Intravenous Administration of Oncolytic Recombinant Vesicular Stomatitis Virus in Purpose-Bred Beagle Dogs. Hum. Gene Ther.
Clin. Dev. 2013, 24, 174–181. [CrossRef]

150. Naik, S.; Galyon, G.D.; Jenks, N.J.; Steele, M.B.; Miller, A.C.; Allstadt, S.D.; Suksanpaisan, L.; Peng, K.W.; Federspiel, M.J.; Russell,
S.J.; et al. Comparative Oncology Evaluation of Intravenous Recombinant Oncolytic Vesicular Stomatitis Virus Therapy in
Spontaneous Canine Cancer. Mol. Cancer Ther. 2018, 17, 316–326. [CrossRef]

151. Laffins, M.M.; Mellal, N.; Almlie, C.L.; Regalia, D.E. Evaluation of Infrared Thermometry in Cynomolgus Macaques (Macaca
Fascicularis). J. Am. Assoc. Lab. Anim. Sci. 2017, 56, 84–89.

152. Refinetti, R.; Menaker, M. The Circadian Rhythm of Body Temperature. Physiol. Behav. 1992, 51, 613–637. [CrossRef]

https://books.google.ca/books?hl=en&lr=&id=Vp5mgXtxYdQC&oi=fnd&pg=PP2&dq=Guide+for+the+Care+and+Use+of+Laboratory+Animals&ots=FsXde2IDp4&sig=ZvpAlS2_aJU-5sfrIYdnNK1z75A&redir_esc=y#v=onepage&q=GuidefortheCareandUseofLaboratoryAnimals&f=false
https://books.google.ca/books?hl=en&lr=&id=Vp5mgXtxYdQC&oi=fnd&pg=PP2&dq=Guide+for+the+Care+and+Use+of+Laboratory+Animals&ots=FsXde2IDp4&sig=ZvpAlS2_aJU-5sfrIYdnNK1z75A&redir_esc=y#v=onepage&q=GuidefortheCareandUseofLaboratoryAnimals&f=false
https://books.google.ca/books?hl=en&lr=&id=Vp5mgXtxYdQC&oi=fnd&pg=PP2&dq=Guide+for+the+Care+and+Use+of+Laboratory+Animals&ots=FsXde2IDp4&sig=ZvpAlS2_aJU-5sfrIYdnNK1z75A&redir_esc=y#v=onepage&q=GuidefortheCareandUseofLaboratoryAnimals&f=false
http://doi.org/10.1016/j.jtherbio.2012.08.004
http://doi.org/10.3109/02656736.2014.981300
http://doi.org/10.1084/jem.20120988
http://doi.org/10.1073/pnas.1304291110
http://doi.org/10.3389/fimmu.2014.00023
http://doi.org/10.1016/j.molmed.2011.02.004
http://doi.org/10.3390/vetsci2030111
http://doi.org/10.1038/s41598-017-15992-4
http://doi.org/10.1089/humc.2013.165
http://doi.org/10.1158/1535-7163.MCT-17-0432
http://doi.org/10.1016/0031-9384(92)90188-8

	Introduction 
	Tumors and Temperature 
	Tumors, OVs, and Heat Shock Proteins 
	Combination Therapies Using OVs and Hyperthermia 
	Adenoviruses 
	Herpes Simplex Virus Type 1 
	Vaccinia Virus 
	Avian Orthoavulavirus 1 
	Measles Virus 
	Vesicular Stomatitis Virus 

	Combination Therapy of OVs and Heat-Related Transgenes and Promoters 
	Heat-Related Transgenes and OV Therapy 
	Heat-Activated Promoters and OV Therapy 

	Cold Temperatures, Cold Shock Proteins, Oncolytic Viruses, and Cancers 
	Temperature and Animal Models 
	Murine Models 
	Companion Animals 
	Non-Human Primates 

	Conclusions and Future Directions 
	References

