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Abstract

There is substantial research being conducted on the relationships between the gut microbiome,
the immune response and health and disease. Environmental temperature and heat stress are
known to modify the gut microbiome. Changes in core temperature have been linked, in multiple
phyla, to altered microbiome composition and function. This raises the question of whether local/
regional or whole body thermal therapies which targettumors in the abdomen, peritoneal cavity, or
pelvis influence the gut microbiome. To date, there is little information on whether thermal
therapy exerts positive or negative effects on the microbiome. This is an intriguing question since
there is growing interest in the immunological impact of various thermal therapies.

The goal of this brief review is to highlight research on how environmental conditions, particularly
temperature (internal as well as external temperatures) influences the gut microbiome. Given the
potential for temperature shifts to modulate gut microbe function and composition, it is likely that
various forms of thermal therapy, including hyperthermic intraperitoneal chemotherapy (HIPEC),
deep regional, and whole body hyperthermia influence the microbiome in ways that are currently
not appreciated. More research is needed to determine whether thermal therapy induced changes in
the microbiome occur, and whether they are beneficial or detrimental to the host. Currently,
although approaches to microbiome modification such as dietary intervention, fecal transfer,
probiotics and prebiotics are being developed, the potential of temperature manipulation has, as
yet, not been explored. Therefore, new research could reveal whether perturbations of the
microbiome composition that have negative health consequences (dysbiosis) could be an important
target for treatment by thermal medicine.
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Introduction:

Thermal medicine has evolved to include a variety of technologies that are linked by the
goal of using temperature manipulation in tissues or fluids to reduce the severity
pathological conditions, especially cancer. Substantial pre-clinical and clinical evidence
exists that demonstrate that thermal manipulation of tissues containing tumors can result in
long-lasting suppression of tumor growth when used alone or in combination with other
therapies!->. Whole body thermal therapy is being tested for the treatment of cancer®,
inflammatory diseases such as rheumatoid arthritis’, and even psychological conditions such
as depression8 . Importantly, in several of these conditions, there is the potential for the
temperature of large regions of the Gl tract (including cecum and rectum), located in areas
directly heated or in close contact with the major bolus of heat delivered to a tumor, to
experience significant hyperthermia. As outlined below, the gut microbial content (the
microbiota and its genome, often referred to as just the microbiome) has recently been
discovered to have a major impact on host biology, including the immune system, and,
conversely, the host and its physiological responses to environmental factors are now
recognized as major determinants of the microbiome. Indeed, the microbiome is exquisitely
sensitive to a variety of external factors. Studies are accumulating showing that an important
determinant of microbiome composition and function in plants and animals ranging from
kelp, to insects, to amphibians, to poultry are environmental and core body temperatures
9-12 We suggest here the possibility that various thermal therapies being used world-wide
have the potential for altering microbiome composition, an effect which could have either
positive or negative consequences for health and response to therapies. Therefore learning
more about how thermal therapies being used for cancer and other diseases influence the gut
microbiome is an important area for future research.

Substantial recent evidence demonstrates critical interactions between the
immune system, the gut microbiome and cancer.

That the microbiota and the immune systems, which co-evolved, have regulatory interactions
is well established!3, however, we are just beginning to appreciate how this relationship
plays out in cancer development and response to therapies. Recent observations have
supported the conclusion that the overall response to both radiotherapy 14-21 and
chemotherapy 22-28 depend on induction of an anti-tumor immune response. Additionally,
immunotherapies are inherently dependent on the quality of the immune response?®.
Therefore, in light of the mutual interaction of the immune system and the microbiome as
well as the recognized importance of the anti-tumor immune response in tumor control, it is
important to consider how changes in the microbiome affect the anti-tumor immune
response and ultimately may regulate response of tumors to therapies, especially
immunotherapies.

One of the first groups to look at the role of the microbiome in response to anti-cancer
therapies found that the anti-tumor effect of cyclophosphamide was dependent on the gut
microbiome and was lost in antibiotic treated or germ-free/specific pathogen free mice;
furthermore, they identified an accumulation of a specific population of Ty17 cells in the
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spleens of treated mice30. Another group found that responses to both platinum-based
chemotherapy and CpG-oligonucleotide based immunotherapy were significantly reduced
following antibiotic depletion of the microbiome in C57BL/6 mice and this loss was
dependent on changes in the inflammatory cells in the tumor microenvironment31. In nude
mice, engraftment of a rat xenograft tumor altered the microbiome, and treatment (by
gavage) with a plant-extract Saponin (GpS) inhibited tumor growth and changed the gut
microbiome, such that the microbiome of the treated tumor-bearing mice differed from that
of tumor-bearing control mice32. Interestingly, GpS did not alter the microbiome of non-
tumor bearing mice over the 10 day treatment period32. These authors concluded that further
investigations were warranted to determine whether the effects of GpS on the microbiome
(in addition to direct effects on the tumor) are a component of the anti-cancer effect of this
treatment. These data support the conclusion that the microbiome does play a role in the
response of tumors to chemotherapy and we can expect that in the future the differential
roles of direct effects on tumor cells vs. immune effects will become better understood. To
date, similar studies in the context of radiotherapy remain to be done33,

Given that the microbiome plays such a role in modulating the immune response, it is
important to consider how the microbiome (and factors which may potentially perturb the
normal microbiome) may affect responses to current, exciting immunotherapies such as
checkpoint inhibitors, which currently have a response rate of about 20%29. Within the last
2-3 years, it has become clear that not only are the microbiomes of responders and non-
responders different, but that fecal transfer can actually convey the associated phenotype to
recipient mice. It has been reported that the microbiome influences the response to
checkpoint inhibitors in mice and patients: anti-CTLA434, anti-PD-1 in melanoma3®:3¢ and
other epithelial tumors3”. Zitvogel’s group examined a large patient cohort (with lung, renal,
and urethral solid tumors) and found that patients who received antibiotics at the time of
anti-PD-1 administration had faster relapses and lower overall survival than other patients
who did not receive antibiotics and they identified certain species of bacteria associated with
this result that when administered to mice, conveyed sensitivity to anti-PD-137. Wargo’s
group conducted similar studies on melanoma patients, identified a favorable bacterial
profile in responders, and showed that this was associated with a more favorable immune
contexture in the tumors of patients and recipient mice3®. At the same time, Gajewski’s
group reported similar findings in a different group of melanoma patients, also finding that a
favorable microbiome profile in responders was associated with enhanced T-cell responses
and better tumor control that could be conveyed to a mouse model of melanoma3®.
Interestingly, each group identified different “favorable” bacteria, indicating that certain,
unidentified, mechanisms may be shared by different bacterial species, but that the response
to anti-PD-1 is clearly related to the status of the microbiome in both mice and humans.
Because of this clear relationship between the status of the microbiome and the anti-tumor
immune response and tumor immune contexture and response to therapy, it is important to
consider factors that can perturb or sculpt the microbiome. These data could point to ways
that manipulation of the microbiome could be developed as a therapeutic approach to
improve responses to cancer therapies38-40,
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The composition of the gut microbiome is influenced by many
environmental variables
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The composition and relative proportions of the microbiome are easily perturbed and can be
altered by a variety of factors. One of the earliest factors to be identified was diet. Given the
known contributions of the microbiota to digestion, it is not surprising that differences in the
microbiome of lean vs. obese mice and human volunteers were identified and that transfer of
microbiota from either lean or obese mice to recipient mice phenocopied the donor weight
gains, indicating that the microbiota of obese mice were better able to harvest energy from
the diet4142, Analysis of the microbiota revealed a difference in the relative proportions of
Firmicutes and Bacteroidetes with obese individuals having a higher proportion of
Firmicutes 4142, The role of the microbiota in obesity continues to be a major topic of
investigation.

Recently, there has been a growing awareness of how environmental factors influence the
outcomes of studies using pre-clinical mouse models. The choices for these parameters
(including density, lighting, noise, room temperature) are mandated by The Guide for Care
and Use of Laboratory Animals*3 and are usually not reported in the literature. However, it
is clear that many of these choices have the potential to affect the microbiota in these mice.
For instance, a comparison of deer mice captured from the wild vs. deer mice raised in
captivity showed that their microbiomes differed significantly, with the wild mice having
higher diversity in their gut microbiome communities. When captured mice were let go into
the wild and the recaptured a few weeks later, their microbiome had rapidly changed to
become like that of mice in the wild demonstrating how sensitive the microbiome is to
changes in the environment#4. In another study, even transfer to a different, cross-campus
facility altered the microbiome*®. As concerns have arisen over the reproducibility of
experiments, both in the same lab over time and between labs, the potential role of the
microbiome in experimental reproducibility has been raised6. It was found that the same
strain of mice obtained from different sources*” had different microbiomes and this is an
independent source of variability between experiments*8. One approach to this problem is
development of protocols for standardizing the microbiome of control and experimental
mice?? . On the other hand, differences in experimental outcomes which depend on the
composition of the microbiome, can tell us a lot about how the microbiome impacts disease
processes and accompanying immune responses. For instance, Parker et al® point out that
this could affect conclusions drawn about associations between certain disease phenotypes
and the microbiome and furthermore, these authors suggest that experiments be repeated at
different facilities with records of environmental factors and microbiome analyses. In an
example of a compelling study demonstrating this effect, one group looked at severity of
malarial infection in C57BI/6 mice purchased from different vendors and found that not only
did the microbiome differ, but mice varied widely in susceptibility to plasmodium infection
and subsequent mortality; interestingly, given the known involvement of the microbiome in
immunity, resistant mice had an increased humoral immune response®L. This group further
demonstrated that treatment with certain bacterial species could confer some degree of
protection, suggesting manipulation of the microbiome as a therapeutic approach.
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In addition to diet, several other environmental factors can alter the microbiome, including
but not limited to water, bedding, light (type and circadian effects), temperature, caging type
and how often they are changed, humidity and even the people that come into contact with
the mice. The impact of two different bedding materials and four methods of water
purification (8 combinations of commonly used choices) on gut microbiome were recently
investigated®?; this compared caecal and fecal microbiota and found that these two factors
could alter the microbiota (primarily in caecal samples) and should be taken into
consideration. In a study of the effects of chronic noise, Cui et al found a significant effect
on the microbiome including an increase in the Firmicutes: Bacteroidetes ratio, and, in turn,
an acceleration of aging related changes in a mouse model of Alzeheimer’s disease®3.
Another environmental variable that is subject to alterations is light exposure. Routinely,
animal facilities maintain mice in 12 hrs of light/ 12 hours of darkness and this is associated
with a circadian oscillation in the microbiome which is lost when animals are kept in D/D,
and the D/D animals also show an alteration in microbial composition, with an elevation in
Clostridia in the small intestine®. This points out that there is likely a time-of-day effect
when sampling the microbiome>®. Different types of light exposure can have an effect; mice
exposed to UV irradiation showed a skewing of the microbiome towards increased
Firmicutes: Bacteroidetes ratio®. Furthermore, Circadian disruption can alter the gut
microbiome®” and sensitivity to anti-tumor therapies®®.

In addition to these environment factors, the methods of collection and storage can also
impact the bacterial taxa that are detected. This is particularly relevant to experiments in
which the samples will be stored and processed at a later time, such as when samples are
collected during field work or longitudinally over the duration of an experiment. Recently
published studies have highlighted the biased profiles that the result from different storage
methods when compared to results from analysis of freshly obtained samples; for instance,
storage in EDTA reduces a-diversity and storage under hypoxic conditions alters the relative
abundance of all detected phyla®®. These authors found that although each condition causes
some change, storage at —=80°C results in the fewest®?. A second study tested methods for
storage of field specimens (including freeze/thaw, —20°C, 4°C, ambient temperature, and
several preservatives and identified three with alternation no higher than those found in
technical replicates (95% ethanol, Whatman FTA cards, and OMNIgene Gut).%0 From these
studies it is clear that the methods of collection and storage should be thoughtfully selected
and reported.

Evidence that temperature can influence the composition and function of

microbiome

In terms of housing choices, there have been a handful of studies which demonstrate that the
room temperature in which laboratory mice are housed has the potential to alter gut
microbiome. One of these studies examined changes resulting from imposed cold stress
(such as housing mice at 4°C for several days) and preliminary results of this study showed
that this exposure can altered the microbiome of research mice®L. Our lab has previously
reported that the mildly cool temperatures of subthermoneutral housing is sufficient to cause
suppression of the anti-tumor immune response and a study by Giles et al®? is, to date, the
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only study which has reported that housing mice at 22°C increased the Firmicutes:
Bacteroidetes ratio compared to when mice are housed at 30°C. Worthman and colleagues
recently reported that cool housing leads to increased production of bile acids which in turn
alter the microbiome to promote thermogenesis in lab mice83. Neither of these papers looked
at tumor bearing mice. This is an important area that needs more research to clarify the
relationships between housing temperature choice, microbiome composition, immune
system development, immune responses, and and related effects of other stressors in
preclinical mouse models, all of which have potential to significantly effect outcomes of pre-
clinical disease research.

There has been considerable numbers of studies demonstrating that environmental
temperature can affect the composition of the bacterial microbiome in a large variety of
organisms. This includes land dwelling animals (including arachnids such as deer ticks®4) ,
insects and vertebrates (including amphibians) as well as rodents and humans. Additionally,
there have been studies on the impact of ocean temperatures on the microbiome
functionality of members of diverse phyla including fish and sea urchins®®, and even plants
such as kelpl2. These studies have revealed that the gut microbiome is very sensitive to
ambient and internal temperature. These studies are generating increasing recent interest
because of the importance of being able to predict the impact of both short term weather
changes and more long-term climate shifts on the health of these species, and their
relationship to humans. One very recent study reveals that tropical fish are able to adapt
better to changes in their thermal environment by a coordinated adaptation process involving
not only the host fish, but also the microbiome, and this interaction is thought to help fish
and other organisms better survive temperature extremes®® (see also commentary in
ScienceDaily®7).

In addition to microbiome composition itself, multiple aspects of gut function, including
digestive status, in vertebrates are temperature dependent and it is likely that temperature
induced alterations to the gut may directly influence the microbiota which may, in turn, be
influenced by, the relationship between digestion and environmental temperature. For
example, a recent study® shows that gut microbiota mediate the relationship between
temperature and digestive efficiency and energy assimilation, gut passage time and
metabolic response to feeding in ectotherms. Even a biobehavioral response such as
“huddling” to conserve body heat is sufficient to alter microbial composition in small
mammals and studies have revealed a “co-evolutionary mechanism between gut microbiota
and host behavior during the cold to save energy during the winter in endotherms. Huddling
is a long conserved interactive behavioral strategy that many mammals use to maximize their
survival in harsh environments. Zhang et al. hypothesized that the ability of huddling to alter
energy usage and thermoregulation could shape caecal microbiota in small mammals, such
as voles®8. In their study, voles were maintained either in a group where they could huddle
or as separate individuals and exposed to warm (23 £ 1°C) and cold (4 + 1°C) air
temperature. Their research revealed that remodeling of gut microbiota was associated not
only with host core temperature but also huddling activity which ultimately serves to
orchestrate overall host metabolic and thermal homeostasis; most intriguingly, huddling
remodels gut microbiota to reduce energy requirements in a small mammal species during
cold exposure.
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What are mechanisms by which temperature affects intestinal microbes? A major focus is on
the sensitivity of the gut intestinal barrier to temperature, but the mechanisms by which heat
stress alters intestinal permeability are not fully understood. Just a single layer of epithelial
cells (enterocytes) connected by tight junctions forms the intestinal barrier that controls
transport of molecules from the luminal compartment (containing microbial populations) to
the lamina propria and the blood vessels which supply the epithelial barrier. Important
factors seem to be inflammation and hypoxia, each of which can regulate intestinal “tight
junction” (TJ) proteins (such as occludin and claudins) along with proteins such as heat
shock proteins, hypoxia-inducible factor (HIF)89.70,

It is important to note that in the face of increased body temperature in response to
environmental heat that mammals direct blood to the surface of the body to maximize
radiant heat loss, and this change in directed blood flow is accompanied by vasoconstriction
of the Gl tract’L. This may exert tensional stress on tight junctions which enhance leakiness
but also may change the conformation of transport proteins. In one study using growing
pigs, heat stress reduces the intestinal barrier integrity and favors intestinal glucose
transport’2. Heat stress (generated by exposure to an environmental temperature of 35 °C for
24 hours was associated with an increased rectal temperature of ~1.6 °C and increased
respiration rates of 2 fold’2. Numerous other studies have shown that heat stress is
associated with an increase in intestinal permeability, not only in whole animal studies, but
also from using isolated intestinal segments, which show that heat stress results in increased
permeability to endotoxin or dextran (reviewed in Dokladny et al”3. In mice using running
wheels in a warm environment, body temperature was elevated to ~ 39.5°C) and exhibited
elevated intestinal permeability compared with control animals at a 4 hour time point’4.
Thus, exercise in the heat is sufficient to alter intestinal epithelial barrier function and tight
junction proteins. However, while Doklady et al’3 state that there is evidence that prolonged
exercise or heat stress can produce an increase in gut permeability, more research is needed
on this topic, and using different animal models.

In humans, due to ethical reasons, there is little direct experimental evidence under
controlled environments regarding the onset of intestinal permeability classic (i.e., non-
exertional) hyperthermic conditions. Instead, most data are available from studies of patients
being treated for heat stroke. Among these individuals, frequently a core temperature of

42 °C is reached. Plasma endotoxin, which is used as an indirect measure of intestinal
permeability, has been observed to be elevated’>. Plasma endotoxin levels were observed to
decrease after cooling for approximately an hour but remained higher than individuals who
have been at thermal neutral conditions.

The potential for thermal therapies currently in place for the treatment of
cancer and other diseases to influence the gut microbiome may be high.

Together these data related to the impact of elevated temperature on gut function and
microbial compositions raise intriguing questions regarding the impact of thermal therapies
for cancer. For example, 42°C is often within the target temperature for local or regional
hyperthermia treatments to the abdomen. Moreover, in Hyperthermic intraperitoneal

Int J Hyperthermia. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hylander and Repasky Page 8

chemotherapy (HIPEC) applications, the intestines may be directly bathed in heated
chemotherapeutic fluids for an hour or more. Whole body hyperthermia protocols routinely
keep mice at a higher core temperature for several hours’:76.77. To date, there have been no
analyses of gut microbiome even in experimental tumor bearing mice treated with
hyperthermia protocols. And, the opportunity to conduct such studies is growing each year.

A variety of thermal therapies are being tested not only for cancer treatment, but also for the
treatment of inflammatory diseases, and even psychological conditions such as depression8.
Thermal therapies include external and internal heating devices that have been used for
several decades for the treatment of several different types of cancers, both superficial in
location (i.e., melanoma, chest wall breast cancer recurrences) and tumors of deeper
occurrence, as bladder, cervix, abdominal tumors, sarcomas and other cancer have been
developed, and now adding to a growing base of correlative information about the properties
of heating. Many of these treatments have been delivered to non-extremity tumors, which are
located in the abdomen, or retro-abdominal positions and as such, come very close to
regions of the small and large intestine. Careful thermal dosimetry has been conducted in
these trials which provide a wealth of information on the characteristics of deep heating. For
example, Juang et al”® measured thermal dose not only to the region of the tumor, which had
a mean thermal dose of 21.3 +- 16.5 CEMA43, but they also measured the thermal dose to the
rectum which was 1.6 +- 1.2 CEM43 (CEM43 is a unit of standardization of thermal dose
and indicates the “cumulative equivalent minutes at 43°C” , it is a measure of thermal
exposure plus damage’?). These data indicate that while most of the thermal dose can be
steered toward the tumor, there is also a temperature shift in the regions surrounding the
tumor, including in the Gl tract. In addition to regional direct heating, temperature of the
surrounding tissues also increases due to the passage of hormothermic blood through the
tumors as its being heated, with the heat being deposited in adjacent cooler tissues. As a
result, it is very likely that protocols that are aiming to treat cancer have already been
affecting the microbiome.

Another major series of deep hyperthermia for cancer involves cervical cancer as a target. In
another example, Lee et al. have measured the effect of modulated electro-hyperthermia on
the temperature and blood flow in human cervical cancer8?. Their data that regional heating
of the pelvic volume not only increased the tumor and peritumoral temperature (measured
directly with a temperature probe inserted into the cervical os, but it also increased blood
flow into and out of the heating region as measured using 3D color Doppler ultrasound by
determining peak systolic velocity/end-diastolic velocity ration (S/D ration) and the
resistance index (RI) within blood vessels. Using this heating protocol, all patients exhibited
an increased peritumoral temperature of at least 1-2 degrees C, while 3 patients had an
increase of approximately 3.5 degrees C, which was maintained for at least 30 minutes.

Conclusions and Future Studies:

The gut microbiome exerts multiple levels of control on the immune system, inflammation,
metabolism and energy usage and more, all of which influences the homeostatic balance.
Disruption in the interactions between the microbiome and the host can lead to increased
risk of several diseases, including cancer, autoimmunity, diabetes and other diseases.
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Environmental factors have a major impact on the homeostatic control of the microbiome
and temperature shifts in core body emerge as a major factor which can impact microbiome
function, in part, because of the sensitivity of the gut epithelium to temperature.

Thermal medicine applications, particularly those treatments which deliver local/regional
heating to pelvic, abdominal, or cervical cavities, could be impacting the gut microbiome
and thus present important opportunities to assess the impact of temperature on the human
gut microbiome composition and function (Fig. 1). Thermal dosimetry or blood flow
measurements amply demonstrate the potential for heated blood to warm regions of the Gl
tract. Similarly, in mouse studies, whole body hyperthermia as well as local heating
procedures is likely creating heat stress or mild heat stroke-like conditions which could be
affecting the gut microbiome.

At the current time, we do not know whether thermal medicine applications can alter the
microbiome and this is an important question for future research, not only in patients, but
also in animal models, particularly mice, that are used to study thermal applications for
diseases such as cancer, arthritis, diabetes and other diseases. Conversely, many humans
suffer from conditions related to a dysfunctional microbiome. It could be very important to
test whether heat treatments are able to modulate the microbiome and help re-establish a
more “healthy” condition. Without a doubt, new research focusing on cellular and molecular
mechanisms by which hyperthermia influences the microbiome of the gut is needed. At the
present time, thermal therapy applications offer one of the only opportunities to obtain
bodily fluids or fecal samples from patients undergoing hyperthermia to areas containing
segments of the gut. This type of study may reveal significant clinical and therapeutic
implications.
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Figurel.
Under normal conditions, the microbiome and the immune system interact to regulate each

other and maintain a homeostatic balance. The composition of the microbiome is sensitive to
environmental factors such as diet and a variety of other stressors (including temperature)
and dysbiosis is associated with several disease states. It has been reported that the
composition of the microbiome directly regulates response to anti-cancer chemotherapy and
immunotherapy. However, the effect of thermal therapy of the microbiome and anti-tumor
immune response is unknown.
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